


Preface

In terms of sub-topics, the world of carbohydrates is an extremely heterogeneous world. Quite often,
only the word ‘carbohydrate’ forms a connection between the different continents. Although (poly)
saccharides have already been in use for decades in various industrial applications, and polysaccharide-
based vaccines are on the market, new developments make them challenging for deep investigations
and novel (biomolecular) applications. But nowadays carbohydrate biochemistry and molecular biology
focused on glycoconjugates may also rejoice in a high level of interest from the biomedical and
pharmaceutical side. Carbohydrate-mediated communication between biomolecules on the molecular
level, glycoprotein engineering, and oligo- and polysaccharide immunology are all aspects of this fast
growing area. Structural analysis including conformational analysis and organic/enzymatic synthesis of
carbohydrates are cornerstones of nearly all of the developments mentioned. It is evident that carbo-
hydrate research/glycoscience on a high level can only be successful in a multidisciplinary approach.
After genomics and proteomics, glycomics is also ready for a key position in life sciences.
Comprehensive Glycoscience brings together glycochemistry, glycoanalysis, glycobiology, glyco-

medicine, glyco(bio)technology, food and industrial glycoscience, and glycobioinformatics – glycoproteins,
glycolipids, proteoglycans, glycosylphosphatidylinositol anchors, and polysaccharides – the microbial,
animal, plant, and human world – health and disease. In a collection of 118 chapters in four volumes,
and in the electronic version via Science Direct, highly-recognized glycoscientists (academic and
industrial scientists, polysaccharide experts and glycoconjugate experts, chemists of all disciplines,
biochemists, biologists, and medical doctors) give insight into their glycoworld. Volume 1 contains
23 chapters that give an Introduction to Glycoscience and then focuses on the Organic and Enzymatic
Synthesis of Carbohydrates. Volume 2, also of 23 chapters, deals with Analysis and Structural Aspects
of Glycans as well as with Polysaccharide Functional Properties. Then, in Volume 3, with 36 chapters,
attention is paid to the Biochemistry of Glycoconjugate Glycans and to Carbohydrate-mediated Interac-
tions. Finally, in Volume 4, also of 36 chapters, Cell Glycobiology and Development as well as Health and
Disease in Glycomedicine are the topics of interest.
The glycoknowledge is discussed by the authors on a basic (tutorial) level as well as on a more

advanced level, depending on the topic. Referring to older reviews and key papers discloses the
glycoliterature broadly. This makes Comprehensive Glycoscience a real encyclopedia for master
students, Ph.D. students, professors, and industrial scientists, interested in the state of the glyco-art.

Johannis P. Kamerling
Utrecht University, Utrecht, The Netherlands
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1.01.1 Introduction

Carbohydrates belong, together with nucleic acids, proteins, and lipids, to the most important classes of organic-

chemical natural products on earth. In terms of abundance, this class of compounds constitutes more than 50% of the

dry weight of the biomass. Via a highly complex biochemical process, plants produce using CO2 and H2O, and

catalyzed by light, carbohydrate C6H12O6, predominantly glucose (photosynthesis). The generic term ‘carbohydrate’

refers to former views that carbon-containing compounds, possessing hydrogen and oxygen in the molar ratio of 2:1,
1



2 Basics Concepts and Nomenclature Recommendations in Carbohydrate Chemistry
had to be substances built up from carbon and water: Cn(H2O)n. Later structural studies indicated that these groups of

compounds were not hydrates of carbon, but polyhydroxylated organic substances. Nowadays, the terms ‘carbohy-

drate’, ‘saccharide’, ‘sugar’, and ‘glycan’ are used interchangeably. The term ‘saccharide’ is derived from the word for

‘sugar’ in several early languages, such as sarkara in Sanskrit, sakcharon in Greek, and saccharum in Latin. They all refer

to the sweet character of the carbohydrates initially discovered. In recent years, the term ‘glyco’ is often used as a

prefix of another term to indicate the involvement of carbohydrate in that particular area: glycoscience, glycochem-

istry, glycobiology, glycomedicine, glycomics, glycoanalysis, glycosynthesis, glycoarray, and so on.

Originally mainly associated with agrochemical compounds, carbohydrates have been shown to be constituents of all

living organisms. They contribute to a great variety of functions, of which the most important are: (1) major source of

metabolic energy, (2) structural components of cell walls and the extracellular matrix, and (3) recognition sites on cell

surfaces (adhesion, signaling). They occur as such, but also in conjugated form with proteins and lipids, generally

described as glycoconjugates. In these glycoconjugates, the carbohydrate part can be responsible for its solubility,

stability, and life span, like in proteins, but also for guiding its trafficking. Comprehensive Glycoscience – From Chemistry to

Systems Biology reviews the state of the art in the different carbohydrate fields: plant and microbial polysaccharides,

glycoproteins, proteoglycans (polysaccharides belonging to the class of glycosaminoglycans), glycolipids, glycosylphos-

phatidylinositol anchors, lipopolysaccharides, oligosaccharides, and many conjugated forms of small oligosaccharides.

Officially, the term glycoproteins includes proteoglycans, but in general the latter biopolymers are discussed separately.

In the present ‘omics’ era, glycomics is a next step in differentiation after genomics and proteomics. It is defined as the

full characterization of the entire repertoire of glycans in a living organism.

Carbohydrates can be divided in several ways. A frequently occurring division distinguishes (1) monosaccharides,

(2) oligosaccharides, (3) polysaccharides, and (4) substances derived from monosaccharides. In this classification,

monosaccharides are the single carbohydrate building blocks, the monomeric constituents of glycan chains. They

cannot be hydrolyzed into more simple substances with the characteristics of a carbohydrate. Oligosaccharides are

defined as carbohydrates that comprise 2–10 monosaccharides, linked together in a linear or branched way. These

oligomers are called di-, tri-, tetra-, penta-, hexa-, hepta-, octa-, nona-, and decasaccharides. The term polysaccharides

is used for glycan chains built up from more than 10 monosaccharides, linked together in a linear or branched way,

thereby forming a huge family of biopolymers. However, it should be noted that the borderline between oligosaccha-

rides and polysaccharides is not drawn strictly.

Over the years, nomenclature committees of the IUPAC/IUBMB (IUPAC¼International Union of Pure and

Applied Chemistry; IUBMB¼International Union of Biochemistry and Molecular Biology) have formulated docu-

ments with recommendations how to describe specific aspects of carbohydrates. At the moment, the following

documents are available on the internet:1,2 (a) Nomenclature of Carbohydrates (recommendations 1996); (b) Symbols

for Specifying the Conformation of Polysaccharide Chains (recommendations 1981); (c) Nomenclature of Glycopro-

teins, Glycopeptides and Peptidoglycans (recommendations 1985); (d) Nomenclature of Glycolipids (recommenda-

tions 1997); (e) Nomenclature of Cyclitols (recommendations 1973); (f) Numbering of Atoms in myo-Inositol

(recommendations 1988). These documents formed the basis for writing the major part of this chapter. But traditional

ways of describing carbohydrates, which deviate from these recommendations, will also receive attention, as well as

recent recommendations formulated by the USA Consortium for Functional Glycomics.3
1.01.2 General Features of Monosaccharides

When looking at the chemical structure of monosaccharides, the typical structural features of polyhydroxy aldehydes

or polyhydroxy ketones are observed. According to the IUPAC/IUBMB recommendations, in the carbohydrate

nomenclature, polyhydroxy aldehydes are called aldoses, and polyhydroxy ketones ketoses.1,2 The term ‘aldose’ is

constructed from the elements ‘ald’ of aldehyde and ‘ose’, being the suffix for a sugar. In a similar way, the term

‘ketose’ is built up from the elements ‘ket’ of ketone and ‘ose’.

For monosaccharides, a classification system based on the number of carbon atoms has been established. Here, in

numbering the carbon atoms, the aldehyde function in aldoses is given the locant 1; in ketoses, the ketone function

receives the lowest possible locant, thereby distinguishing 2-ketoses, 3-ketoses, etc. In this classification system,

glyceraldehyde can be considered as the simplest aldose, an aldotriose, and 1,3-dihydroxy-acetone as the simplest

ketose, a ketotriose (Figure 1). As will be seen below, only for these smallest forms the name does not end in ‘ose’.

In Table 1, an overview is presented of both the aldo- and the keto-series, wherein the more generally used term

‘ulose’ instead of ‘ketose’ is included.
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Figure 1 The simplest aldose and ketose structures in Fischer projection formulas, together with different ways of

presenting a tetrahedral carbon atom in glycoscience.

Table 1 Nomenclature connecting aldoses/ketoses and number of carbon atoms

No. of C atoms Aldose series Ketose series

3 C atoms Aldotriose Ketotriose Triulose

4 C atoms Aldotetrose Ketotetrose Tetrulose

5 C atoms Aldopentose Ketopentose Pentulose

6 C atoms Aldohexose Ketohexose Hexulose

7 C atoms Aldoheptose Ketoheptose Heptulose

8 C atoms Aldooctose Ketooctose Octulose

9 C atoms Aldononose Ketononose Nonulose
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One of the structural features of monosaccharides from aldotriose and tetrulose on is that they are chiral molecules

with one or more asymmetric carbons. Here, a basic aspect in organic chemistry is introduced, namely, stereochemis-

try. Chiral molecules, having nonsuperimposable mirror images, asymmetric carbons being carbons bonded to four

different atoms or groups, asymmetric carbons as chirality centers.
1.01.3 Historical Background of Chirality in Carbohydrates

The phenomen of chirality brings us back to 1891, the year that Emil Fischer published his famous paper ‘Über die

Configuration des Traubenzuckers und seiner Isomeren’ in the German scientific journal Berichte (‘Concerning the

configuration of glucose and its isomers’), an article dealing with the stereochemistry of the monomeric building

block glucose, a real milestone in carbohydrate history. After Dumas had formulated, in 1843, the empirical formula

CH2O for the compound with the name glucose, and it had become evident for Fittig and Bayer in the years 1868–70

that glucose had to be an open polyhydroxy aldehyde chain of six carbon atoms, the knowledge in 1886 had so far

accumulated that four different monosaccharides with the same brutoformula C6H12O6, named glucose, fructose,

galactose, and sorbose, had been identified. The scientific reports about stereochemistry dating from 1874 of both

Van’t Hoff and Le Bel, suggesting that the presence of asymmetric carbon atoms in certain organic chemical

compounds had to be the cause of the earlier observed property of optical activity of these compounds, formed in

fact the introduction to the world-famous stereochemical investigations of Fischer. In the paper mentioned above,

Fischer stated clearly ‘‘Alle bisherigen Beobachtungen in der Zuckergruppe stehen mit der Theorie des asymme-

trischen Kohlenstoffatoms in so volkommener Übereinstimmung, dass man schon jetzt den Versuch wagen darf,

dieselbe als Grundlage für die Klassification dieser Substanzen zu benützen’’ (‘‘as all observations made so far for

carbohydrates are in such a good agreement with the asymmetric carbon atom theory, it will be allowable to risk

already now to utilize this theory as a basis for the classification of these substances’’). The fact that in theory, for

glucose, eight different structural formulas could be constructed, whereby the absolute configuration was not taken
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into account, did not form a problem for Fischer. He was able to work out structural relationships for the aldohexoses

glucose, mannose, and gulose, the ketohexose fructose, and the aldopentoses arabinose and xylose, in terms of relative

configurations of the hydroxy groups at the asymmetric carbon atoms. In his approaches, he made use of various

chemical reactions such as osazone formation, oxidation of aldehyde functions and/or hydroxymethyl groups, and

chain elongation via aldehyde functions, of course in combination with polarimetric measurements. To formulate the

differences in structure, he made use of the projection formula concept introduced by himself. However, one problem

he could not solve was that of the absolute configuration of the compounds. So, he made a choice with only half a

probability of being correct, and many years later, in the 1950s, it turned out that his chosen structural model for

dextrorotary glucose ¼  D-glucose was the right one. It were Bijvoet and co-workers who solved in 1951 the latter

problem indirectly via crystallographic studies of tartrate.
1.01.4 From Acyclic Forms to Cyclic Forms and Back

1.01.4.1 Fischer Projection Formulas of Acyclic Forms

The description of spatial structures on a flat page needs careful arrangements with respect to the three-dimensional

conformation and the way of projection. In glycoscience, the Fischer D, L-nomenclature, as developed for monosac-

charides, is still followed. In special cases, however, use is made of the Cahn–Ingold–Prelog R ,S-nomenclature. As is

illustrated in Figure 1, a tetrahedral carbon atom in a flat Fischer projection is represented by two crossed lines. The

horizontal lines represent the bonds coming out of the plane to the viewer, whereas the vertical lines represent the

bonds going out at the backside of the plane.

Worked out for tetroses, pentoses, and hexoses (Figure 2 ), the spatial structure, drawn in a wedge-and-dash eclipsed

form, is oriented in such a way that the carbon chain is seen vertically with the C atom of the carbonyl group placed on

top (aldoses; carbon atom with locant 1), or as close to the top as possible (ketoses). For the projection per chiral
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C atom, the vertical C–C bonds are going into the plane and the horizontal C–H and C–OH bonds are coming out of

the plane. As a next step, the structure oriented in this way is projected in a flat Fischer projection. It may be clear, that

using the energetically disfavored eclipsed conformation for the projection, the Fischer projection is not intended to

reflect a true representation of the energetically most favored conformation. However, over the years, it turned out to

be a useful projection in presenting and discussing monosaccharide structures. When in the Fischer projection the OH

group at the bottommost asymmetric C atom, in fact the chiral C atom with the highest locant, projects on the right,

the compound is defined to have the D -configuration. In case of a left-side projection of the latter OH group, the

compound is defined to have the L -configuration. For nomenclature purposes, the highest-numbered chiral C atom is

called the configurational atom. The stereochemical orientation at the chiral centers with lower locants relative to the

orientation of the OH group used for the D/L -configuration in compounds up to four chiral centers is reflected by the

historically introduced names (trivial names). It should be noted that in case of the presence of a second CO group, for

example, a COOH group, the aldehyde function has a higher priority in locant number than the COOH group. The

same holds in case of a ketone. Finally, it is essential to realize that the D (dextro) and L (laevo) system reflects a

theoretical agreement; the symbols (þ ) and (–), quite often seen in connection with a saccharide, reflect a physical

value, that is, the sign of the optical rotation value, measured in a polarimeter.

To differentiate between stereochemically different monosaccharide structures of the same aldo- or keto-series, a

number of names and connected definitions are in use. These names are: enantiomers, diastereomers, epimers, and

anomers. Pairs of enantiomers are nonsuperimposable mirror-image molecules. Pairs of diastereomers are stereomers

that are not enantiomers. Pairs of epimers are diastereomers that differ in configuration at only one asymmetric carbon.

Pairs of anomers are pairs of epimers that differ in configuration at the (hemi-)acetal carbon (the anomeric center; see

Section 1.01.4.2).

In Figure 3 , Fischer projection formulas of the D-enantiomers of the common aldotriose, aldotetroses, aldopento-

ses, and aldohexoses are presented, including their trivial names and their abbreviations when defined (presented

without D). An old saying for remembering the structures of the eight aldohexoses is: ‘‘All altruists gladly make gum in

gallon tanks.’’ It reflects the systematic interchange of OH groups at the three chiral centers, C2, C3, and C4, used for

the trivial naming in relation to the orientation of the OH group at C5. The L-enantiomers of the various aldoses are
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Figure 3 Fischer projection formulas of the D-enantiomers of the common aldotriose, aldotetroses, aldopentoses, and

aldohexoses, including their trivial names and abbreviations (presented without D). The configurational prefixes correlate

with the red parts in the structures.
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the complete mirror images of the structures presented in Figure 3, as worked out in Figure 4 for D- and L-glucose.

So, following the definitions introduced above, D-erythrose and L-erythrose are enantiomers. But D-erythrose and

D -threose are diastereomers or C2 epimers. And D-glucose and D-galactose are C4 epimers. In Figure 5, Fischer

projection formulas of the D-enantiomers of the common tetrulose, pentuloses, and hexuloses are depicted, including

their trivial names and their abbreviations when defined (presented without D).
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Figure 5 Fischer projection formulas of the D-enantiomers of the common tetrulose, pentuloses, and hexuloses, including

their trivial names and abbreviations (presented without D).
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1.01.4.1.1 Systematic names using Fischer projection formulas of acyclic forms
As indicated above, for the aldoses with three to six C atoms and the 2-ketoses with four to six C atoms, a system of

trivial names is in use. Most of these names have a historical background. A generally applicable nomenclature system

for naming monosaccharides, in which the trivial names play an important role, has been formulated by IUPAC/

IUBMB, and first recommendations were already published in 1969.1,2 In this system, systematic names are formed

from a stem name and a configurational prefix or prefixes. For aldoses, the stem names are triose, tetrose, pentose,

hexose, heptose, octose, nonose, decose (see Table 1 ). For ketoses, the stem names are tetrulose, pentulose, hexulose,

heptulose, octulose, nonulose, deculose (see Table 1 ); to indicate the position of the keto function, ulose is preceded

by the locant of the carbonyl group, for example, hex-2-ulose, non-3-ulose. The trivial names of the aldoses up to four

C atoms form the basis of the configurational prefixes in both the aldoses and the ketoses. The various configurational

prefixes have been included in Figure 3 , being the red parts in the various Fischer projection formulas. They are

printed in lowercase italics, and are preceded by either the Fischer D - or  L-, as appropriate, printed in small-capital

roman letters (D -glycero, D- er ythro , etc.).
1.01.4.1.1.1 Aldoses

The chain of the aldose is numbered in such a way that the carbonyl group is at position 1. Following the nomenclature

rules, monosaccharides with a trivial name like D -glucose, D-mannose, and D-ribose are systematically named D- gluco-

hexose (Figure 6), D-manno -hexose, and D-ribo-pentose, respectively. When starting a new sentence, the first letter of

the stem name will be typed as a capital, but not the configurational prefix: D- gluco-Hexose. Of course, for these

examples, it is much more convenient to use their trivial names than their systematic names. However, the usefulness

of the nomenclature system will become clear when going to aldoses with more than four chiral centers. Here, two or

even more configurational prefixes are added to the stem name, as will be illustrated for two higher aldoses ( Figure 6).

Generally, the prefixes are assigned in order to the chiral centers in groups of four, beginning with the group proximal

to C1. The prefix relating to the group of C atom(s) farthest from C1 is cited first. So, the heptose is systematically

named D-glycero-D-galacto-heptose, and not D-galacto-D-glycero-heptose. In a similar systematic evaluation, the nonose

is named L-ribo -D- gluco-nonose, and not D- gluco-L -ribo-nonose. Following the description in Section 1.01.4.1, it may be

clear that the latter two compounds contain two configurational atoms.
1.01.4.1.1.2 Ketoses

The chain of the ketose is numbered in such a way that the carbonyl function receives the lowest possible locant. In

the case of 2-ketoses, the locant 2 may be omitted if no ambiguity can arise; especially in a biochemical context this is

quite often seen. Following the nomenclature rules, monosaccharides with a trivial name like D-fructose and D-sorbose
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Figure 6 Fischer projection formulas and systematic names of a hexose, a heptose, and a nonose. Red and blue colors

have been used to visualize the specific configurational prefixes.
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are systematically named D- arabino-hex-2-ulose ( Figure 7) and D -xylo-hex-2-ulose, respectively. Here also it holds

that at the beginning of a new sentence the stem name is typed with a capital, but not the configurational prefix: D -

arabino -Hex-2-ulose. It should be noted that the Chemical Abstracts Ser vice (CAS) frequently uses somewhat deviating

nomenclature rules. In the CAS system, D-fructose is called D -arabino -2-hexulose; here, the locant for the carbonyl

group precedes the stem name. For monosaccharides with an odd number of C atoms having the carbonyl group in the

middle of the chain, a choice between alternative names is made on the basis of which comes first in the alphabet.

In Figure 7, a series of examples is presented that illustrate the different agreements: L -glycero- D-gluco -oct-2-ulose,

D -xylo-hex-3-ulose (not L- xylo-hex-4-ulose, because the locant order of the carbonyl function is 3 > 4), L -threo -D-gulo -

non-3-ulose, L- gluco-hept-4-ulose (not D -gulo-hept-4-ulose, because in the alphabetical order of the configurational

prefixes gl > gu), L -er ythro-L -gluco -non-5-ulose (not D- threo-D -allo-non-5-ulose, because in the alphabetical order of the

configurational prefixes e > t ; at this stage of assigning a systematic name, the alphabetical order D > L does not play a

role). The various examples make clear that for ketoses with the carbonyl group at C3 or a higher-numbered C atom,

the carbonyl group is ignored in choosing the appropriate configurational prefix or prefixes according to the stem

names in Figure 3. To illustrate again the CAS system of naming compounds, being not in accordance with the

IUPAC/IUBMB system, L -threo -D- gulo-non-3-ulose is called L -glycero- D-gluco -D- glycero-3-nonulose. Here, the sets of

chiral centers on either side of the carbonyl group are separated, before counting the chiral centers.
1.01.4.1.1.3 Deoxy sugars

Another important group of monosaccharides are the deoxy sugars. Like many of the aldoses and 2-ketoses, several

deoxy sugars also have historically determined trivial names. Typical examples comprise the 6-deoxy sugars L -fucose

( ¼ 6-deoxy- L-galactose; L-Fuc), D -quinovose ( ¼ 6-deoxy- D-glucose; D -Qui), and L -rhamnose (¼ 6-deoxy- L -mannose;
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L-Rha). Systematic names are usually preferred when deoxygenation occurs at one of the chiral centers of the parent

sugar. Here, the systematic name consists of the prefix ‘deoxy’, preceded by the locant of the position of the

deoxygenated C atom and followed by the stem name with such configurational prefixes as necessary to describe

the configuration(s) at the chiral centers present in the deoxy sugar. In a similar way as already discussed for the

aldoses and ketoses, in deoxy sugars also the configurational prefixes are cited in order commencing at the end farthest

from C1. In Figure 8 , six examples are presented, wherein the rules have been worked out. Following the

nomenclature system, the systematic name for L-fucose is 6-deoxy- L -galacto -hexose. The structure called 4-deoxy-

D- xylo-hexose is an example which illustrates that when the CH2 group divides the chiral centers into two sets, it is

ignored for the purpose of assigning a configurational prefix. Therefore, this compound should not be named 4-deoxy-

D- glycero-L -threo -hexose. In a biochemical context, this compound is often named 4-deoxy-D-galactose or 4-deoxy- D-

glucose, also illustrating that eliminating one of the chiral centers leads in fact to two trivial-derived names. It is

advised that, when a (shorter) trivial-derived name is preferred in a report, the systematic name is included once as a

reference name. In a similar way, the structure called 3-deoxy- D- arabino -hexose should not be named 3-deoxy- D-

er ythro- L-glycero -hexose. Figure 8 also includes an example of a mixed keto/deoxy sugar: 5-deoxy-D -arabino -hept-3-

ulose. Here, the carbonyl group receives the lowest possible locant, as already explained for the ketoses. Taking into

account all rules discussed so far, it may be evident that the keto/deoxy sugar should not be named 5-deoxy- D -glycero-

D- glycero-L -glycero-hept-3-ulose. Finally, to show that two enantiomers can have different trivial names by history, the

structures of abequose and colitose are presented. Their systematic names are 3,6-dideoxy-D -xylo-hexose and

3,6-dideoxy-L -xylo-hexose, respectively.
1.01.4.1.1.4 Amino sugars

Well-known examples of amino sugars, with generally accepted trivial names in both organic chemistry and biochem-

istry, are D-glucosamine (D-GlcN) (Figure 9), D -galactosamine (D-GalN), and D -mannosamine ( D-ManN). Here, the
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trivial names include that C2 bears the amino function instead of a hydroxy function. However, in the systematic

nomenclature approach, the replacement of a hydroxy group by an amino group is seen as a substitution of the

appropriate hydrogen atom of the corresponding deoxy sugar by the amino group. Furthermore, for the stereochemis-

try, the amino group is regarded as being equivalent to a hydroxy function. This means that although D-glucosamine is

also called 2-amino-2-deoxy- D-glucose, its systematic name is 2-amino-2-deoxy- D- gluco-hexose (alphabetical order,

a > d; see Section 1.01.6.1). Another biological relevant example, depicted in Figure 9, is a compound with the trivial

name neuraminic acid (Neu); using the systematic nomenclature it is called 5-amino-3,5-dideoxy-D -glycero-D -galacto -

non-2-ulosonic acid. In fact, the compound can be considered as derived from a ketoaldose (aldoketose, aldosulose).

Furthermore, it is a deoxy sugar as well as an amino sugar. The term ‘onic acid’ indicates an oxidized aldehyde function

(see Section 1.01.4.1.1.5). Note that the trivial name neuraminic acid specifically refers to the enantiomer mentioned

above, which means that the name D -neuraminic acid is not correct. In a similar way, the name D-muramic acid does

not exist; the trivial name muramic acid (Mur) corresponds with 2-amino-3- O-[( R)-1-carboxyethyl]-2-deoxy- D-glucose.

When the amino group is substituted, in case of trivial names the substitution is indicated by a prefix preceded by

the locant N , for example, N-acetyl- D-glucosamine (D-GlcNAc) (Figure 9 ), N-acetylneuraminic acid (Neu5Ac). When

the whole substituted amino group is considered as a prefix, the structure of N -acetyl-D -glucosamine is called

2-acetamido-2-deoxy- D-glucose; its systematic name is 2-acetamido-2-deoxy- D -gluco-hexose. It should be noted that

such trivial names also exist that do not imply replacement of a hydroxy group by an amino function. A typical example

is bacillosamine with the systematic name 2,4-diamino-2,4,6-trideoxy- D-gluco -hexose (for a discussion of the alpha-

betical order of the prefixes, see Section 1.01.6.1) ( Figure 9).
1.01.4.1.1.5 Reduction and oxidation of monosaccharides

Due to the presence of aldehyde, keto, and hydroxy functions in carbohydrates, reduction and oxidation reactions are

interesting options for modifying native materials. But also, as such, reduced and oxidized forms do occur in nature.

Distinct recommendations for naming these carbohydrates are found in the IUPAC/IUBMB documents, and are

discussed now ( Figure 10). 1,2

Reduction of the aldehyde function of an aldose or the keto function of a ketose (ulose) leads to an alditol, whereby

the suffix ‘ose’ is changed into ‘itol’. Typical examples are the conversion of D-glucose into D-glucitol (D -Glc-ol)

( D-gluco -hexose into D -gluco -hexitol). Or the conversion of D -fructose (D- arabino -hex-2-ulose) into a mixture of

D -glucitol ( D-gluco -hexitol) and D -mannitol (D -manno -hexitol). The latter example demonstrates clearly how useful

the trivial name nomenclature can be. However, for higher monosaccharides, the systematic nomenclature rules

are followed, for example, reduction of D -er ythro- L- galacto-octose yields D -er ythro -L- galacto-octitol (the potential name

D -threo -L- gulo-octitol is not correct; see Section 1.01.6.1).

When the aldehyde group of an aldose is oxidized, a so-called aldonic acid is formed. Here, in both trivial and

systematic names of the aldose, the suffix ‘ose’ is replaced by ‘onic acid’ (see the systematic name of neuraminic acid
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Figure 10 Naming reduced and oxidized aldoses. The changes in suffix are marked blue.
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in Section 1.01.4.1.1.4). Salts are named by changing the ending ‘onic acid’ into ‘onate’, denoting the anion; the same

holds for esters. Some of the examples worked out for the C1 oxidation of D -glucose are as follows: D-gluconic acid

(free acid); sodium D -gluconate (salt); methyl D-gluconate (ester).

In case of oxidation of the primary hydroxy group in aldoses, yielding alduronic acids, the suffix ‘ose’ of the

systematic or trivial names is replaced by ‘uronic acid’. For the anion and ester the ending ‘ose’ is changed into

‘uronate’. Examples worked out for the C6 oxidation of D -glucose are as follows: D -glucuronic acid (free acid); sodium

D-glucuronate (salt); methyl D-glucuronate (ester). Following rules that are discussed in Sections 1.01.4.2 and 1.01.5.5,

D-glucuronic acid ( D-GlcA) in its pyranose ring form with a free anomeric center is called D-glucopyranuronic acid; in

its pyranose ring form as methyl b-glycoside it is called methyl b-D-glucopyranosiduronic acid.
When both the aldehyde function and the primary hydroxy group of an aldose are oxidized, a so-called aldaric acid is

formed. Now, the suffix ‘ose’ of the systematic or trivial names is changed into ‘aric acid’; in salts and esters, the ending

‘ose’ is changed into ‘ate’. Examples worked out for the C1/C6 oxidation of D -glucose are the following: D-glucaric

acid (free acid); disodium D-glucarate (salt); 1-methyl hydrogen D-glucarate (monoester); 1,6-dimethyl D-glucarate

(diester).
1.01.4.2 Cyclic Forms Using Fischer Projection Formulas

Under acidic or alkaline conditions, alcohols undergo a rapid and reversible nucleophilic addition reaction with

aldehydes or ketones, affording hemiacetals (hydroxy ethers). The equilibrium normally favors the aldehyde or

ketone, and the yield of the hemiacetal is low. In contrast, monosaccharides with a suitable carbon-chain length,

having both hydroxy and carbonyl functions, undergo intramolecular (cyclic) hemiacetal formation. Here, the equi-

librium favors cyclic forms, and ‘open chain’ forms occur only in trace amounts. Stable five-(4 C atoms and 1 O atom)

and six-(5 C atoms and 1 O atom) membered ring forms are the result. To illustrate the intramolecular hemiacetal

formation, Figure 11 presents the cyclization of D -glucose into a six-membered ring and the cyclization of D -fructose

into a five-membered ring, making use of Fischer projection formulas. A six-membered ring is called a pyranose ring

(abbreviated p), a five-membered ring a furanose ring (abbreviated f ) (see Section 1.01.4.3). Carbohydrates with a

‘hidden’ aldehyde or keto group present are called reducing sugars.

In the case of D -glucose, the hydroxy group at C5 reacts intramolecularly with the aldehyde group (C1). As the

carbonyl carbon C1 of the open-chain form becomes an additional asymmetric carbon in the hemiacetal formation, two

pyranose rings are formed in fact. To describe the stereochemistry around C1 (denoted the anomeric C atom), the

terms a and b have been chosen. The symbol a is used when the OH group attached to C1 projects in the same

direction as the OH group at the configurational atom (here, to the right because of the D-configuration at C5/formally

cis -orientiation of the two O atoms in the projection). The symbol b is used when the OH group bonded to C1 projects

in the opposite direction as the OH group at the configurational atom (here, to the left because of the D-configuration

at C5/formally trans-orientation of the two O atoms in the projection). Generally, in pentoses and hexoses, the

configurational atom is used as the anomeric reference atom. In naming the cyclized forms, D-glucose is preceded
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by a or b and the segment ‘pyrano’ is inserted in the trivial name, yielding a- D-glucopyranose ( a- D-Glc p) and

b- D-glucopyranose ( b- D-Glc p). In view of the foregoing discussion, it should be stressed that the mirror image of

a- D-glucopyranose is a- L-glucopyranose, and not b-L -glucopyranose (Figure 12).
In the case of D-fructose, the hydroxy group at C5 reacts intramolecularly with the ketone group (C2). As the

carbonyl carbon C2 of the open-chain form becomes now an additional asymmetric carbon in the hemiacetal
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formation, in fact two furanose rings are formed. Here, in the cyclized form, C2 is called the anomeric C atom, and

the projection rules to name the a- and b-anomers are identical to those given above for D -glucose. So, D -fructose

is preceded by a or b and the segment ‘furano’ is inserted in the trivial name, yielding a-D-fructofuranose ( a- D-Fru f )
and b-D-fructofuranose (b-D -Fru f).
1.01.4.2.1 Systematic names Using Fischer projection formulas of cyclic forms
When discussing the systematic naming for acyclic forms of monosaccharides in their Fischer projection formulas, the

system of configurational prefixes was introduced, a system that could handle more than four chiral centers. As

explained in Section 1.01.4.2, when monosaccharides in their acyclic form are converted into cyclic forms, extra chiral

centers, named anomeric centers, are created. The orientations of the new hydroxy groups are described with the a/ b
coding system, whereby configurational atoms act as anomeric reference atoms. This connection needs for its

application in defining systematic names for cyclized monosaccharides with two or more configurational prefixes,

meaning two or more configurational atoms, a further precision in terms of which configurational atom is used as the

anomeric reference atom. In Figure 13 , the configurational atoms have been indicated with a red arrow in the

pyranosidic Fischer projection formulas of D -gluco-hexose, L -glycero- D-manno -heptose, and 5-acetamido-3,5-dideoxy-

D- glycero-D -galacto-non-2-ulosonic acid. Green arrows have been used to indicate the anomeric reference atom in the

three structures. The situation for the already-discussed D-gluco -hexose is evident: the red and the green arrows

coincide, and the presented structure is a-D-gluco -hexopyranose. The choice of the anomeric reference atom in the two

other examples makes clear that, when multiple configurational prefixes are used, the anomeric reference atom is the

configurational atom of the group of chiral centers next to the anomeric center that is involved in the heterocyclic ring.

For assigning the anomeric configuration to L -glycero- D-manno -heptopyranose, the highest-membered chiral center of

the D -manno -fragment is used, leading to L- glycero-a-D -manno -heptopyranose. In a similar reasoning, the third structure

in Figure 13 has to be named 5-acetamido-3,5-dideoxy- D- glycero-b-D -galacto -non-2-ulopyranosonic acid.
1.01.4.3 Cyclic Forms Using Haworth Representations

Although highly important for explaining the D/L and a/b rules discussed so far under Section 1.01.4, the drawings of
the cyclic forms of the Fischer projection formulas are not very realistic. They show long C–O–C bonds between the

(anomeric) C atoms involved in the ring formation via the O bridge. More realistic drawings of the cyclic forms were

introduced by Haworth in the 1920s, and are called Haworth representations. These representations, being planar

rings, are not projections in the plane of the paper, but perspective drawings. In these drawings, the planar rings are

orientated almost perpendicular to the plane of the paper, but viewed from slightly above, so that the edge closer to

the viewer is drawn below the more distant edge. The atoms connected to the ring C atoms are placed in vertical

positions. In Figure 14 , Haworth representations of an aldohexopyranose, an aldohexofuranose, a 2-ketohexopyr-

anose, a 2-ketohexofuranose, an aldoheptopyranose, and a 2-ketononopyranosonic acid, together with the structures of
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Figure 13 Fischer projection formulas in cyclic form and systematic names of various monosaccharides. The anomeric
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O

1

2

34

5

6

HO

OH

HOH2C

1

23

4

5

6

O

OH

C

1

23

4

5

6

O

C

H

H

OH

HO OH

H

HO

CH2OH

H

H H

OH
OAcHN

H

H

OH H

COOH

OH

H

C

CH OH

CH2OH

H OH

H

O

CH2OH

H

H

OH

HO

OHH

OH

H

H

H

OH

H

H

H

CH2OH

HO H

OO

OO

1

2

34

5

6
O

H

H

H

H

HO

OH H

OH

CH2OH

HO

CH2OH

OH

H

H

H

TetrahydropyranPyran

TetrahydrofuranFuran

OH

Aldohexopyranose Aldohexofuranose 2-Ketohexopyranose 2-Ketohexofuranose

Aldoheptopyranose2-Ketononopyranosonic acid

1

23

4

5

6

7

1

2

34

7

8

9

5

6

Figure 14 Haworth representations of various monosaccharides in pyranose or furanose ring form. The pyran and furan

structures have been included for comparison.
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the compounds that functioned as models for the terms pyranose ( p) and furanose ( f ) (pyran/tetrahydropyran and

furan/tetrahydrofuran), are depicted. In D-aldohexopyranose rings (example: a-D -glucopyranose), the ring O atom is

placed in the back right-hand corner of the ring, with the anomeric C1 atom at the right-hand end, whereas the ring

bonds closer to the viewer are thickened. When unconventional Haworth representations with the O atom in other

positions are desirable, these modifications should be carried out with great care, as mistakes can be easily introduced.

In D -aldohexofuranose rings (example: a-D-glucofuranose), the ring O atom is placed away from the viewer, with

the anomeric C1 atom at the right-hand end, whereas the ring bonds closer to the viewer are thickened. In the

D -ketohexose examples worked out for a-D -fructopyranose and a- D-fructofuranose, identical protocols are followed,
now with the anomeric C2 atom placed at the right-hand end. These rules lead to a clockwise numbering of the ring

atoms. As in Fischer projection formulas, the H atoms connected to the C atoms are quite often omitted in Haworth

representations also. The Haworth representations of the heptose and nonose structures correlate with the Fischer

projection formulas of these structures in Figure 13 . For the mirror images of these Haworth representations, no

general recommendations have been formulated. From Figure 15 , it can be deduced that starting from a-D -glucopyr-

anose, a-L-glucopyranose mirror image I is closest to the D representation, including the clockwise numbering of the

ring atoms.

In many nomenclature questions, the Fischer projection formulas are the best to generate the right names for new

compounds. Therefore, knowledge of the structural relationship between Fischer projection formulas and Haworth

representations is extremely important. In Figures 16–19 , the bridge between the two types of drawings is visualized

for a/b-D -glucopyranose, a/b-D -glucofuranose, a/b-D -galactofuranose, and a/b- D-fructofuranose, respectively.
Figure 16 shows the conversion of D -glucose (Fischer projection formula) into a/b-D-glucopyranose (Haworth

representation). The first step is the conversion of the projection into the related energetically disfavored eclipsed

conformation. This three-dimensional structure is rotated for 90�  , so that the horizontal structure has the aldehyde
function C1 at the right-hand side and the primary hydroxy function C6 at the left-hand side. To create a pyranose
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ring, a rotation of 120 �  around the C4–C5 bond is carried out, bringing HO5 at the left-hand side in the plane of the

main carbon chain (eclipsed conformation). Then, HO5 is ring-closed at the backside with C1 (hemiacetal formation),

yielding a ring structure that is easily converted into the Haworth representation. To deduce the a/b configuration in a
Haworth representation is not always easily done, as the relation with the D /L coding is no longer visible like in

a Fischer projection formula. Here, it is recommended to use the orientation of the functional group at C2 (when

no substituent is present at C2, use C3) in a virtual Fischer projection formula.

In a similar way, a Haworth representation can be created for a/b- D-glucofuranose ( Figure 17) and a/b-D -galacto-

furanose (Figure 18). Here, rotations of 120 �  are carried out around the C3–C4 bond in the three-dimensional

horizontal eclipsed conformation. This leads to an upward orientation of the C5–C6 part in D-glucofuranose, and a

downward orientation of the C5–C6 part in D -galactofuranose. In Figure 19 , the conversion of D-fructose into a/b-D -

fructofuranose is worked out. Note that in this case the ring closure of HO5 is carried out with C2.
1.01.4.4 Cyclic Forms Using Mills Depictions

Mills depictions are sometimes seen in reports dealing with the organic synthesis of carbohydrates, especially when

additional rings are present. In these drawings, the main hemiacetal ring is placed in the plane of the paper. Dashed

bonds denote substituents below the plane, and thickened bonds above the plane. Figure 20 shows a few examples of

such drawings.
1.01.5 Structural Aspects of Monosaccharides

1.01.5.1 Monosaccharide Conformations

In reality, pyranose ring structures can occur in two chair ( C ), six boat (B), six skew (S ), and twelve half-chair (H )

conformations (Figure 21 ). The included map of pyranose ring interconversions was taken from Ref. 4. For energy

reasons, in practice, chair conformations C strongly dominate. The B, S, and H conformations mainly occur in case of
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double bonds or specific substituents, or in intermediate situations. As is illustrated in Figure 22 , for b-D-glucopyr-
anose, transformation of a Haworth representation leads theoretically to two chair conformations, called 4 C1 (D) and
1C4( D), with opposing orientations of the substituents (equatorial vs axial). However, for this monosaccharide, only the
4C1 chair conformation is of importance. It is energetically the most favored chair with the fewest nonbonded

interactions, and all OH groups and the CH2 OH group (driving force) in equatorial position. This conformation is

also the relevant one for a-D -glucopyranose and the a/b-anomers of D-galactose and D -mannose, having one or two

axial OH groups. But in other cases the preferences can be different. For example, in a-D-idopyranose, the 1 C4 chair

conformation dominates (the four equatorial OH groups win from the axial CH2OH group), whereas for b-D-
arabinopyranose both chair conformations are in equilibrium with each other (no driving force of a CH2OH group)

(see also Chapter 2.11).
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Furanose ring structures occur in twist (T ) and envelope (E ) conformations, and in Figure 23 the population of 20

relevant conformations is shown. The included map of furanose ring interconversions was taken from Ref. 4. The

difference in energy between the different conformations on the circle is in general low, whereby the orientations of

the substituents form the driving forces to occur in selected three-dimensional forms (see also Chapter 2.11 ). As an

illustration, two conformations for b-D-glucofuranose are included in Figure 22.
Finally, Figure 24 shows the easiest way to transform chair conformations of D -monosaccharides into those of

L-monosaccharides, as illustrated for b-D -galactopyranose and b- L-galactopyranose.

1.01.5.2 Mutarotation

When dissolved in water, each aldose or ketose occurs in a monosaccharide-specific equilibrium of a-pyranose,
b-pyranose, a-furanose, b-furanose, and acyclic (open chain) forms. Starting from one of the pure ring forms, this

equilibrium is reached by reversible ring openings of the hemiacetals (anomers) to the acyclic form, followed by

reclosures (Figure 25 ). This process is called mutarotation, referring to changes in optical rotation to an equilibrium

value when pure anomeric forms of monosaccharides are dissolved in water. Although the equilibration is slow at

neutral pH, it is catalyzed by either dilute acid or base. Thermodynamic stability of the different forms is of

importance for the final molar ratio in a monosaccharide. In general, the acyclic forms are only present in trace

amounts, for example, in the case of D-glucose its amount is < 0.03%. Typical examples of equilibrium molar ratios for

a series of aldoses are presented in Table 2.

1.01.5.3 Anomeric Effect

Although equatorially oriented OH groups in monosaccharide pyranose ring forms are energetically more favored

than axial ones (see Section 1.01.5.1), the anomeric OH group with a free choice for the axial or equatorial position
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(see Section 1.01.5.2) does not follow this rule exactly. Table 2 shows for each of the examples a substantial percentage

of the anomeric OH group in axial position, which means that at a first glance the preference for the equatorial position

is surprisingly low. The preference of the anomeric OH group for the axial position is called the anomeric effect, a term

introduced by Lemieux in the 1960s (for the exo-anomeric effect, see Section 1.01.7.2). The anomeric effect plays an

important role in carbohydrate organic synthesis. It increases when the electronegativity of the substituent at the

anomeric center increases, and it decreases going to solvents with a high dielectric constant.

Two main explanations have been offered for the origin of the anomeric effect: (1) an explanation based on

favorable/unfavorable dipole–dipole interactions between the ring O atom and the anomeric OH group (substituent),

and (2) an explanation based on favorable/unfavorable orbital–orbital interactions between the ring O atom and the

anomeric OH group (substituent). As nowadays the second theory is the most accepted one, this explanation is

visualized in Figure 26 for D -glucopyranose (36% a- D-Glc p and 64% b-D-Glc p). Here, a parallel overlap of the axial
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Table 2 Ratios of anomers for a series of aldoses in aqueous solution

Monosaccharide a-p b-p Total p a-f b-f Total f

D-Ribose 20 56 76 6 18 24

D-Arabinose 63 34 97 3

D-Allose 18 70 88 5 7 12

D-Altrose 27 40 67 20 13 33

D-Glucose 36 64 100 <1

D-Mannose 67 33 100 <1

D-Galactose 27 73 100 <1
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Figure 26 Anomeric effect; favorable/unfavorable orbital–orbital interactions between the ring O atom and the anomeric

OH group in the a- and b-anomeric forms of D-glucopyranose in the 4C1 conformation. For a full discussion, see text.
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molecular orbital with a lone pair of electrons on O5 and the ‘back lobe’ of the smolecular orbital of the C1–O1 bond

(s* antibonding molecular orbital) enables hyperconjugative delocalization of the electron pair, resulting in a stabili-

zation of the a-pyranose anomer over the b-pyranose anomer. The latter explanation is supported by X-ray studies,

showing that in the a-pyranose form the C1–O1 bond is longer and weaker than in the b-pyranose form, and the
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C1–O5 bond shorter and stronger. In case of monosaccharides with an axially oriented OH group at C2, next to the

anomeric center, an additional effect, called the D -2 effect, comes into play. A typical example is found in Table 2 :

D -mannopyranose, occurring for 67% in the a-pyranose form and for 33% in the b-pyranose form.
1.01.5.4 Rotamers

In monosaccharides with an exocyclic hydroxymethyl group three staggered situations about the CH–CH2 OH bond

(for aldohexoses the C5–C6 bond) can be considered. As the CH2 OH group is a prochiral element, to differentiate

between the two H atoms, the R/S system is used. To describe the three rotamer situations of O6 with respect to O5

and C4 – GG, GT, and TG (G, gauche (�60 �  ); T, trans (� 180 �  ) – depending on the choice of the reference atom,

different definitions for the torsion angle o (also called w5) about the exocyclic bond are in use. According to the
IUPAC/IUBMB recommendations, the reference atom in the ring is the C atom with the number one lower than that

of the substituted C atom. 1,2 The reference atom in the exocyclic CH2 OH group is the O atom. Making use of

Newman projections (view along the C5–C6 bond from C5 to C6), the three definitions with C4, O5, or H5 as

reference atom in an aldohexose are schematically presented in Figure 27 .
1.01.5.5 Glycosides

Generally, reaction of a hemiacetal OH group with an alcohol function in an acid-catalyzed reaction leads to the

formation of an acetal. Also, monosaccharides, having the free anomeric center as hemiacetalic center, can be

converted into acetals by reaction with an alcohol. The formed acetals are called glycosides. Here, in both trivial

and systematic names of aldoses and ketoses, the suffix ‘ose’ is changed into ‘oside’. The alcohol-derived group is

called the aglycone. In this system, glycuronic acid is transformed into glycosiduronic acid and glyculosonic acid into

glyculosidonic acid.

The glycoside formation is a very complex chemical process. Under specific conditions, each monosaccharide

gives finally a reproducible alkyl/aryl glycoside mixture of a-pyranoside, b-pyranoside, a-furanoside, and b-furanoside
forms ( Figure 28). For instance, reaction of D-glucose with 1 M methanolic HCl (24 h, 85 � C) yields 72% methyl

a-D-glucopyranoside, 26% methyl b-D-glucopyranoside, and 2% methyl D-glucofuranoside. However, D-galactose

yields 47% methyl a-D-galactopyranoside, 24% methyl b-D-galactopyranoside, 7% methyl a-D-galactofuranoside,
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Figure 27 Description of rotamer situations of O6 with respect to O5 and C4 in an aldohexose in the 4C1 conformation.
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and 22% methyl b-D -galactofuranoside. According to the IUPAC/IUBMB recommendations,1,2 the aglycone is

presented as a separate word, being not connected via a hyphen with the name of the glycoside, for example, methyl

a-D-glucopyranoside, and not methyl-a-D -glucopyranoside. Being nonreducing sugars (absence of ‘hidden’ aldehyde

or keto group), glycosides do not anomerize (do not show mutarotation) in water.
1.01.6 Naming Monosaccharide Derivatives, Oligosaccharides, Polysaccharides,
and Derivatized Oligosaccharides

1.01.6.1 Naming Monosaccharide Derivatives

In this section, a series of typical examples is presented, illustrating how to apply the IUPAC/IUBMB recommenda-

tions in naming monosaccharide derivatives. 1,2 For getting full insight into this rather complicated area, it is advised to

consult the complete IUPAC/IUBMB document ‘Nomenclature of Carbohydrates’. 1,2

Figure 29 shows a series of acyclic monosaccharide derivatives. The first example deals with the product that is

formed by reduction of L-glucose (Figure 29a ). In fact, the alditol of L -glucose can be called L-glucitol or D-gulitol,

depending on which of the two terminal C atoms is given locant 1. In selecting the preferred parent name, L-glucitol,

use is made of which comes first in the alphabet: gl > gu (this holds also for configurational prefixes). The second

example is the product formed by reduction of 5-deoxy-D -lyxose, called 1-deoxy- D-arabinitol, and not 5-deoxy- D-

lyxitol (Figure 29b ). In naming the alditol of 5-deoxy- D -lyxose, it is considered as a product in which the aldehyde

group of D-arabinose has been replaced by a methyl group, yielding a 1-deoxygenated D -arabinitol. This makes it

possible to apply the alphabetical order rule for the stem name-derived alditols: a > l. In this context, it should be noted

that for the 6-deoxy sugars with trivial names such as fucose, quinovose, or rhamnose, trivial-derived alditol names are

allowed: fucitol (Fuc-ol), quinovitol (Qui-ol), or rhamnitol (Rha-ol), respectively. The systematic equivalents of the

trivial names D-fucitol and L-fucitol are 6-deoxy- D-galactitol and 1-deoxy- D-galactitol (not 6-deoxy- L -galactitol; stem

names the same, D > L ), respectively.

Three other examples focus on O-methylated/O-acetylated alditols, as obtained in structural studies, applying

methylation analysis protocols (see Chapter 2.01 ). The mono-O-methylated alditol ( Figure 29c) is called 4- O-methyl-

D-xylitol, and not 2-O -methyl- L-xylitol. For the preferred choice between the two alternatives, the configurational

atom of the related aldoses ( D-xylose and L-xylose) is important: D > L. The tri-O-methylated alditol (Figure 29d ) is

called 2,3,5-tri- O-methyl- D -mannitol, and not 2,4,5-tri- O-methyl- D -mannitol. The discrimination rules discussed so far

(alphabet; D /L) do not solve this nomenclature question. Now, the additional rule says to select the name that gives the

lowest set of locants to the substituents present: 2,3,5 > 2,4,5. The O-acetylated/O-methylated alditol (Figure 29e)

is named 2- O-acetyl-5- O-methyl- D-mannitol, and not 5-O -acetyl-2-O -methyl- D-mannitol. This example illustrates

that in ranking substituents, the alphabetic order is followed: a (of acetyl) > m (of methyl). After the substituents

have been placed in alphabetical order, the lowest locant is given to the first-cited substituent: 2 (of 2-O-acetyl) > 5 (of

5-O -acetyl).

In Figure 30 , the alphabetization of substituents in cyclic monosaccharide derivatives is illustrated. The name of

the compound in Figure 30a is methyl 3-azido-4- O -benzoyl-6-bromo-2,3,6-trideoxy-2-fluoro- a-D -allopyranoside. The
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alphabetical order of the groups is indicated by a > be > br > d > f, thereby ignoring the prefix ‘tri’. The IUPAC/

IUBMB recommendations 1,2 say that when there are no brackets, or within any brackets, the alphabetical

order ignores ‘di’, ‘tri’, etc. The name of the compound in Figure 30b is 2-acetamido-1,3,4-tri- O -acetyl-2,6-

dideoxy- a-L -galactopyranose, whereby the prefixes ‘di’ and ‘tri’ are ignored. The alphabetical order of the groups

follows aceta > acety > d. The name of the compound in Figure 30c is methyl 2,3,4-tri- O -acetyl-1-thio-6- O-trityl-

a- D-glucopyranoside, with a > th > tr. The name of the compound in Figure 30d is 3-O-acetyl-4- O -benzoyl-2- O-methyl-

a- D-mannopyranuronic acid, with a > b > m. In case of the corresponding methyl glycoside, the name becomes

methyl 3-O-acetyl-4- O-benzoyl-2- O-methyl- a-D-mannopyranosiduronic acid, and in case of the sodium salt it becomes

sodium (methyl 3-O-acetyl-4- O -benzoyl-2- O-methyl- a-D -mannopyranosid)uronate. The name of the compound in

Figure 30e is 4-O-acetyl-3,6-di- O-benzyl-2-deoxy-2-phthalimido- a-D -glucopyranosyl trichloroacetimidate; for the

alphabetical order of the groups, a > b > d > p, the prefix ‘di’ is ignored. The name of the compound in Figure 30f

is 2-O -acetyl-3-O -benzyl-(R )-4,6- O-benzylidene- a-D -glucopyranosyl bromide, with a > benzyl > benzyli. Note that the

residue formed by detaching the anomeric hydroxy group from a monosaccharide is named by replacing the terminal

‘e’ of the monosaccharide name by ‘yl’.

Finally, Figures 30g and 30h illustrate how careful one should be when dealing with assigning anomeric config-

urations, thereby always going back to original Fischer projection formulas. In b- D-glucuronic acid (Figure 30g) (b-D -

gluco -hexopyranuronic acid), present as a monosaccharide constituent in glycosaminoglycans, the anomeric hydroxy

group is in equatorial position. However, for dehydrated b- D-glucuronic acid (Figure 30h ), with a double bond
between C4 and C5, also having the anomeric hydroxy group in equatorial position, the systematic name becomes

4-deoxy- a-L -threo -hex-4-enopyranuronic acid.
1.01.6.2 Naming Oligosaccharides

Reaction of the hemiacetal OH group (anomeric OH group) of monosaccharide A with an OH group of monosaccha-

ride B results in the formation of an acetal A–B and water. The formed glycoside is a disaccharide, and the acetal
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stituents in the text.
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linkage between the two monosaccharide residues is called the glycosidic linkage. When the OH group of monosac-

charide B is also a hemiacetal OH group, a nonreducing disaccharide (A $B) is obtained, called a glycosyl glycoside, or

in case of pyranose ring forms, a glycopyranosyl glycopyranoside. In all other cases, a reducing disaccharide (A ! B) is

formed, having a nonreducing unit A (acetal) and a reducing unit B (hemiacetal); it is called a glycosylglycose or in case

of pyranose ring forms, a glycopyranosylglycopyranose. The glycosidic linkage between the two monomers can exist in

a or b configuration. If possible, trivial names are used for the constituting monosaccharides, otherwise systematic

names. In fact, this system follows the use of trivial and systematic names already discussed for monosaccharides. It

should be noted that the setup of the coupling of two monosaccharides in this way is only of theoretical importance. In

carbohydrate synthesis, anomeric center activation/protection/deprotection protocols have to be followed to realize

the aimed coupling of monomers.

In Figure 31 , three examples are presented, which will be used to illustrate the IUPAC/IUBMB nomenclature

recommendations, including abbreviated forms.1,2 As is evident from the naming of oligosaccharides above, free

glycose is replaced by glycosyl; in a similar way, free glycuronic acid is transformed into glycosyluronic acid and free

glyculosonic acid into glyculosylonic acid. In this context, it is worthwhile to mention that the glycosyl variant of

neuraminic acid/sialic acid is, according to IUPAC/IUBMB recommendations, 1,2 neuraminosyl/sialosyl; however,

traditionally, neuraminyl/sialyl is used (see also Section 1.01.9).

The full name of the disaccharide (Figure 31a ) with the trivial name maltose is a-D-glucopyranosyl-(1 !4)- D-

glucopyranose. Quite often maltose is called D -maltose, but this is not correct; the D /L nomenclature is only applicable

to monosaccharides. Maltose is a reducing disaccharide, because the right-side D-glucose unit has a hemiacetal OH

group. The abbreviation in extended form is a-D -Glcp-(1!4)- D-Glcp; in condensed form, Glc(a1-4)Glc; in short form,

Glca-4Glc or Glca4Glc. So, when the ring form is a pyranosidic one, the p is not included in the condensed and

short forms. When the D or L configuration of the monosaccharide is known, it is not included in the condensed

and short forms. Besides the recommended abbreviations, several variants are seen in the literature; the most frequent

variants are Glca1-4Glc or Glca1!4Glc. In case of the b anomer only (b-maltose), the extended form abbreviation

is a-D-Glcp-(1!4)-b-D-Glcp.
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The full name of the reducing trisaccharide (Figure 31b) with the trivial name cellotriose (not D -cellotriose)

is b-D -glucopyranosyl-(1 ! 4)-b-D -glucopyranosyl-(1 ! 4)-D -glucopyranose. The abbreviation in extended form is

b- D-Glcp-(1 ! 4)-b-D-Glc p-(1! 4)-D -Glcp; in condensed form, Glc( b1-4)Glc(b1-4)Glc; in short form, Glcb-4Glc b-
4Glc or Glcb4Glcb4Glc.

Nonreducing oligosaccharides (no free hemiacetal group) are named as glycosides. In the case of a trisaccharide,

this can be a glycosylglycosyl glycoside or a glycosyl glycosylglycoside, as appropriate. This means that the full name

of the nonreducing trisaccharide (Figure 31c) with the trivial name raffinose is a-D -galactopyranosyl-(1 ! 6)-a-D -

glucopyranosyl b-D -fructofuranoside (sequential (end-to-end) naming) or b- D-fructofuranosyl a-D -galactopyranosyl-

(1 !6)- a-D-glucopyranoside (alphabetical order naming: glucose preferred to fructose for citation as glycoside). The

abbreviation in extended form is a-D -Galp-(1! 6)- a- D-Glc p-(1 $ 2)-b-D-Fru f ; in condensed form, Gal(a1-6)Glc( a1-2b)
Fru f ; in short form, Gal a-6Glc a-bFruf or Gala6Glcab Fru f.
The various presentations of a branched structure will be illustrated using a Lewis x epitope connected to mannose

as part of a glycoprotein N-glycan (see Section 1.01.8). In branched oligosaccharides, terms designating branching are

enclosed in square brackets; the longest chain is regarded as the parent. If two chains are of equal length, the one with

the lower locant at the branch point is preferent. This means that the IUPAC/IUBMB full name of the terminal part of

the N-glycan is

a- L-fucopyranosyl-(1 !3)-[b-D -galactopyranosyl-(1 ! 4)]-2-acetamido-2-deoxy- b-D-glucopyranosyl-(1 !2)- a-D-
mannopyranosyl-(1 ! (when it is an isolated tetrasaccharide, it ends with !2)- D-mannose)

However, the traditionally full name, found in the literature, will be (Fuc and Gal interchanged):

b- D-galactopyranosyl-(1 !4)-[ a-L -fucopyranosyl-(1!3)]-2-acetamido-2-deoxy- b-D-glucopyranosyl-(1 !2)- a-D-
mannopyranosyl-(1 !
This example, whereby the branching recommendation is not followed, has been chosen to demonstrate that for

historic reasons some oligosaccharides in the literature are handled otherwise. Then, this holds, of course, also for the

different abbreviated forms of the Lewis x epitope, which will be presented below following the IUPAC/IUBMB

recommendations, but taking into account the historical view (Fuc and Gal interchanged).1,2

The abbreviation in extended form is written as

b-D-Galp-(1→4)-b-D-GlcpNAc-(1→2)-a-D-Manp-(1→
3       

1      
a-L-Fucp             

→
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or more common nowadays is

b -D-Galp-(1→4)-b -D-GlcpNAc-(1→2)-a-D-Manp-(1→
/            

a-L-Fucp-(1→3)                                        

In condensed form, the abbreviations in two or one lines become

Gal(b1-4)GlcNAc(b1-2)Man(a1- or Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2)Man(a1- or 
                       | 
         Fuc(a1-3)

Gal(b1-4)GlcNAc(b1-2)Man(a1-
                     /  
    Fuc(a1-3)  

Additional condensed non-IUPAC forms, frequently seen, are

Galb1-4(Fuca1-3)GlcNAcb1-2Mana1- or Galb1→4(Fuca1→3)GlcNAcb1→2Mana1→ or

Galb1-4GlcNAcb1-2Mana1-
              3
             /
  Fuca1

In short form, the abbreviations become

Galb -4(Fuca -3)GlcNAcb -2Mana - or Galb4(Fuca3)GlcNAcb2Mana or Galb4GlcNAcb2Mana
|                        

Fuca3                        

1.01.6.3 Naming Polysaccharides

In this section, extended forms of three polysaccharides are presented, that illustrate how the IUPAC/IUBMB

recommendations are used in this field.1,2 For full carbohydrate details of polysaccharides, see Chapters 1.04

and 1.05.

[3)-b -D-Glcp-(1→4)-b -D-GlcpA-(1→4)-b-D-Glcp-(1→]n 

[4)-a-L-Rhap-(1→6)-b -D-GalpN-(1→]n 

[5)-a-L-Araf-(1→5)-a-L-Araf-(1→5)-a-L-Araf-(1→5)-a-L-Araf-(1→]n

a-L-Araf

3

1

→

a-L-Araf

2

1

→

However, polysaccharides with branching points are also written as

[5)-a-L-Araf-(1→5)-a-L-Araf-(1→5)-a-L-Araf-(1→5)-a-L-Araf-(1→]n

a-L-Araf-(1→2)a-L-Araf-(1→3)
   / /
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Figure 32 Structures of different oligosaccharide derivatives, to support the discussion on naming, including the alpha-

betization of substituents, in the text.

28 Basics Concepts and Nomenclature Recommendations in Carbohydrate Chemistry
1.01.6.4 Naming Derivatized Oligosaccharides

To illustrate the naming of derivatized oligosaccharides, specifically focusing on alphabetization, a few examples

are presented in Figure 32 . As already discussed regarding the naming of nonsubstituted oligosaccharides

(see Section 1.01.6.2), here in branched oligosaccharides also, terms designating branches are enclosed in square

brackets. Furthermore, the longest chain is regarded as the parent, and if two chains are of equal length, the one with

the lower locant at the branching point is preferred.
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The disaccharide structure in Figure 32a is called octyl (3,6-di-O-benzyl-2-deoxy-2-phthalimido- b-D -glucopyrano-

syl)-(1 ! 2)-3,4,6-tri-O-benzyl- a- D-mannopyranoside. The alphabetic order of the substituents follows from: b > d > p.

So, the positions of the substituents do not play a role at this stage. As already indicated in Section 1.01.6.1 dealing with

the naming of monosaccharide derivatives, the prefix ‘di’ is ignored.

The trisaccharide structure in Figure 32b is called octyl (2,3-di-O -acetyl-4-O -allyl-6- O -trityl-b-D -galactopyranosyl)-

(1!4)-(3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-D-glucopyranosyl)-(1!2)-3,4-di-O-benzyl-6-deoxy-6-fluoro-a-D-
mannopyranoside. The alphabetical order of the substituents in each of the three units follows from ac>al>t; b>d>p;

b>d>f. The prefixes ‘di’ and the positions of the substituents are ignored. Using this example, it is interesting to also

include the former, highly complicated, way of naming oligosaccharides, as this system is widely found in

older literature: octyl 2-O-[4-O-(2,3-di-O-acetyl-4-O-allyl-6-O-trityl-b-D-galactopyranosyl)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-b-D-glucopyranosyl]-3,4-di-O-benzyl-6-deoxy-6-fluoro-a-D-mannopyranoside. In fact, it is a system

based on substitutions only.

The trisaccharide structure in Figure 32c is called allyl (2,3,4-tri- O -p-toluoyl- b-D-glucopyranosyl)-(1 ! 3)-[(3,4,6-tri-

O-acetyl-2-deoxy-2-phthalimido-b-D-galactopyranosyl)-(1!6)]-4-O-acetyl-2-deoxy-2-phthalimido-b-D-galactopyra-
noside. The alphabetical order of the substituents in each of the two units follows from a>d>p; a>d>p. The

prefix ‘tri’ and the positions of the substituents are ignored.

The full name of the heptasaccharide structure in Figure 32d is called methyl (2,3,4-tri- O-benzoyl- b-D -

xylopyranosyl)-(1!2)-[(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl)-(1!3)][(2,3,4,6-tetra-O-acetyl-a-D-mannopyrano-

syl)-(1!6)]-(4-O-benzoyl-b-D-mannopyranosyl)-(1!4)-(3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-D-glucopyranosyl)-
(1!4)-[(2,3,4-tri-O-benzyl-a-L-fucopyranosyl)-(1!6)]-3-O-benzyl-2-deoxy-2-phthalimido-b-D-glucopyranoside.
1.01.7 Torsion Angles for Glycosidic Linkages and Exo-Anomeric Effect

1.01.7.1 Torsion Angles for Glycosidic Linkages

For the determination of three-dimensional structures of glycan chains, the orientations of the glycosidic bonds are

essential. To describe these orientations, two torsion angles are in use: f and c; in case of an exocyclic C atom, the
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text.
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rotamer angle o is added (Figure 33a ). In this nomenclature system, the anomeric C atom of residue i is coupled via

an oxygen bridge with a C atom of residue ( i – 1). According to the IUPAC/IUBMB recommendations, the ring O atom

of residue i is the reference atom. 1,2

This means that for an aldopyranose the torsion angle f is defined as O5( i)–C1( i)–Ox (i – 1)–Cx ( i – 1) and for

an aldofuranose as O4(i )–C1(i )–Ox (i – 1)–Cx (i – 1). The torsion angle c is defined as C1( i)–Ox (i – 1)–C x (i – 1)–C(x – 1)

( i – 1).

However, in the literature, other definitions for f and c are also applied. Therefore, it is recommended to inspect

very carefully that how f and c are defined, when reading a paper dealing with conformational analysis.

In Figure 33b , the various definitions have been worked out for an aldohexopyranosyl-(1! 4)-aldohexopyranosyl

( a-D-glucopyranosyl-(1 !4)- a-D-glucopyranosyl) element:

f : t (O5�–C1�–O4–C4) y : t (C1�–O4–C4–C3) IUPAC/IUBMB

f: t (H1�–C1�–O1�(4)–C4) y : t (C1�–O1�(4)–C4–H4) Non-IUPAC/IUBMB

y : t (C1�–O1�(4)–C4–H4)f: t (C2�–C1�–O1�(4)–C4) Non-IUPAC/IUBMB

Note that, as glycosylations occur at the anomeric C atom, mechanistically the glycosidic O atom belongs to the

‘reducing unit’. So, O4 is preferred over O10  . Comparable definitions hold for (1-2) and (1-3) linkages.

For an aldohexopyranosyl-(1 ! 6)-aldohexopyranose element, the various definitions are as follows:

f : t (O5�–C1�–O6–C6) y : t (C1�–O6–C6–C5) IUPAC/IUBMB

f : t (H1�–C1�–O1�(6)–C6) y : t (C1�–O1�(6)–C6–C5) Non-IUPAC/IUBMB

y : t (C1�–O1�(6)–C6–C5)f : t (C2�–C1�–O1�(6)–C6) Non-IUPAC/IUBMB

For an explanation of the rotamer angle o, see Section 1.01.5.4.
1.01.7.2 Exo-Anomeric Effect

In pyranoside forms, preferred conformations have been found to exist for exocyclic, glycosidic C–O bonds. This

phenomenon, formulated by Lemieux, has been called the exo-anomeric effect. The exo-anomeric effect has a strong

influence on the torsion angle f , and is therefore an important factor in directing the relative positioning between two

monosaccharide residues. Model studies, comprising energy calculations on the conformations of dimethoxymethane,

yielded minima values for f of about 60 �  (Figure 34a ).
In Figure 34b, three Newman projections are presented for the situation around the anomeric C atom in methyl

b-D-glucopyranoside, whereby C1–Oaglycone is the axis in the projection from C1 to Oaglycone. In the situations (i) and

(ii), stabilizing interactions occur between one molecular orbital with a lone pair of electrons on the Oaglycone atom and

the ‘back lobe’ of the molecular orbital associated with the s-bond between C1 and O5 (s* antibonding molecular

orbital). Therefore, situation (iii) is energetically not favorable. Situation (i) is preferred over situation (ii), because

in situation (i) lower steric interactions exist between the methyl group and the substituents at C1 (f�–60�,
O5–C1–Oaglycone–Caglycone, IUPAC/IUBMB nomenclature; f�þ60�, H1–C1–Oaglycone–Caglycone, non-IUPAC/

IUBMB nomenclature). The parallel overlap results in a lengthening of the endocyclic C1–O5 bond and a shortening

of the exocyclic C1–Oaglycone bond.

Looking at the three Newman projections for the situation around the anomeric C atom in methyl a-D-glucopyrano-
side (Figure 34c), in the situations (ii) and (iii) stabilizing interactions occur between one molecular orbital

with a lone pair of electrons on the Oaglycone atom and the ‘back lobe’ of the molecular orbital associated with

the s-bond between C1 and O5 (s* antibonding molecular orbital). Therefore, situation (i) is energetically not

favorable. Situation (iii) is preferred over situation (ii), because in situation (iii) lower steric interactions exist
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between the methyl group and the substituents at C1 (f �þ60�  , O5–C1–Oaglycone –Caglycone , IUPAC/IUBMB nomen-

clature; f � –60 �  , H1–C1–Oaglycone–Caglyco ne, non-IUPAC/IUBMB nomenclature). The parallel overlap results in a

lengthening of the endocyclic C1–O5 bond and a shortening of the exocyclic C1–Oaglycone bond.
1.01.8 Naming Glycoproteins

According to the IUPAC/IUBMB recommendations (1985), the term glycation is proposed for all reactions that link a

carbohydrate in a covalent way to a protein, to give a glycoprotein. 1,2 This means that both glycoside formation

and amination (Schiff base reaction/Amadori rearrangement) fall under this definition. In this section, attention is

only paid to nomenclature recommendations for glycoproteins that include glycoside formation (Figure 35 ), more

specifically glycoproteins that include Asn-linked carbohydrate chains. For full carbohydrate details of all classes

of glycoproteins, including also the subclass of proteoglycans, and glycosylphosphatidylinositol anchors, see

Chapter 1.02.

Proteins that are glycosylated at L -Asn are called N-glycoproteins or N-glycosylproteins, whereby the linkage

between the monosaccharide involved and the side chain of Asn is called the N -glycosyl linkage; a typical example

is the linkage between b-D -GlcNAc and Asn. The carbohydrates are called N-glycans or N-linked oligosaccharides/

sugar chains. Note that the prefix N- appears in normal style, and not in italic style (IUBMB recommendation, 1992);

however, this recommendation is not generally followed in the literature. In a similar way, proteins that are glycosy-

lated at L -Ser or L-Thr are called O-glycoproteins or O-glycosylproteins, whereby the linkage between the monosac-

charide involved and the side chain of Ser/Thr is called the O -glycosyl linkage; typical examples comprise the linkage

between a-D -GalNAc, b- D-GlcNAc, a- D-Man or b- D-Xyl and Ser/Thr. The carbohydrates are called O-glycans or

O-linked oligosaccharides/sugar chains. Proteins that are glycosylated both via N - and O-glycosyl linkages are called

N-,O-glycoproteins or N,O-glycoproteins. Besides the O-glycoproteins with Ser and Thr as attachment sites,

O-glycoproteins having other amino acids as attachment sites also do occur. Proteins that are glycosylated with
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a-D-Man at the side chain of L-Trp are called C-glycoproteins. For more details about the different types of

carbohydrate–peptide linkages in glycoproteins, see Chapters 1.02 and 2.01.

The monosaccharide–amino acid coupling products are defined as glycosyl-amino-acids and the proposed abbrevia-

tions are: (GlcNAc-)Asn, (GalNAc-)Ser, (GalNAc-)Thr, and so on. The parentheses around the monosaccharide are

needed to indicate that the monosaccharide is connected to the functional group in the side chain of the amino acid

instead of to the a-amino group of the amino acid. Full names are, for example, 2-acetamido-N-(L-aspart-4-yl)-

2-deoxy-b-D-glucopyranosylamine or N 4-(N-acetyl-b-D-glucosaminyl)asparagine for (GlcNAc-)Asn; 2-acetamido-O-

(L-ser-3-yl)-2-deoxy-a-D-galactopyranosylamine or O3-(N-acetyl-a-D-galactosaminyl)serine for (GalNAc-)Ser. In case

of oligosaccharides coupled to an amino acid, the general term glyco-amino-acid has been defined; more specific terms

such as oligosaccharylasparagine have also been proposed.

According to the IUPAC/IUBMB recommendations,1,2 the N-glycans can be divided into three classes, all having

the same pentasaccharide core Man(a1-3)[Man(a1-6)]Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N):

Man(a1-6)

Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn

Man(a1-3)

\

/
(condensed form, three lines)

Mana6

Manb4GlcNAcb4GlcNAcbAsn

Mana3

\

/
(short form, three lines)

Mana1

Manb1-4GlcNAcb1-4GlcNAc-Asn

Mana1

\

/

(frequently used non-IUPAC form)
6

3
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The classes are (for full details, see Chapter 1.02 ):

1. Oligomannose type, with a variable number of D -Man residues. However, in literature, the traditional term high-

mannose type is mainly seen. To discriminate between the mannose-containing N-glycans with different degrees

of polymerization, as generated in the biosynthetic pathways of different species, it may be better to use the term

oligomannose type for up to nine Man residues (Man� 9GlcNAc 2 ) and the term high-mannose type for more than

nine Man residues (Man> 9GlcNAc 2 ) (this then also includes the terms polymannose or hypermannose used for

yeast-glycoprotein-derived N-glycans). The term paucimannose type is used in the literature to describe the

truncated N-glycans Man< 5GlcNAc 2 with or without fucosylation.

Man(a1-2)Man(a1-6)

Man(a1-2)Man(a1-3)

Man(a1-2)Man(a1-2)Man(a1-3)

Man(a1-6) Man9GlcNAc2
\

/ \

/
Man(b1-4)GlcNAc(b1-4)GlcNAc

2. N-Acetyllactosamine type, earlier mentioned complex type, and containing D -GlcNAc, D-Man, D-Gal, L-Fuc, and

sialic acid. This class is subdivided into monoantennary {GlcNAc( b1-2)Man( a1-3) antenna}, diantennary
{GlcNAc( b1-2)Man( a1-3) and GlcNAc( b1-2)Man( a1-6) antennas}, two types of triantennary {GlcNAc( b1-2)
[GlcNAc( b1-4)]Man( a1-3) and GlcNAc( b1-2)Man( a1-6) antennas; GlcNAc( b1-2)[GlcNAc( b1-6)]Man( a1-6)
and GlcNAc( b1-2)Man(a1-3) antennas}, tetraantennary {GlcNAc(b1-2)[GlcNAc(b1-4)]Man(a1-3) and GlcNAc(b1-
2)[GlcNAc(b1-6)]Man(a1-6) antennas}, and pentaantennary {GlcNAc(b1-2)[GlcNAc(b1-4)]Man(a1-3) and GlcNAc

(b1-2)[GlcNAc(b1-4)][GlcNAc(b1-6)]Man(a1-6) antennas} chains. A so-called bisecting GlcNAc(b1-4) residue can
occur at the b-Man residue, whereas Fuc(a1-6) and/or Fuc(a1-3) can occur at the Asn-bound GlcNAc residue. For

diantennary chains, the traditional term biantennary chains is used very frequently. In view of all the findings after

publication of the last IUPAC/IUBMB recommendation, for example, the occurrence of GalNAc(b1-4)GlcNAc

(L ac di NA c; D-GalNAc) besides Gal( b1-4)GlcNAc (LacNAc), or the occurrence of Xyl( b1-2) (D -Xyl) at the

b-Man residue, it might be better to return to the earlier term complex type.

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-4)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-6)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

\

\

/

/

Man(b1-4)GlcNAc(b1-4)GlcNAc

An example of presenting substitutions in the antennas has already been worked out for the Lewis x structure

connecting to Man in Section 1.01.6.2. The official abbreviation for N-acetylneuraminic acid is Neu5Ac, but

NeuAc is also used. The outdated abbreviations NANA and NeuNAc should not be used anymore.

3. Hybrid type, being a mixture of oligomannose- and N-acetyllactosamine-type elements.

Man(a1-6)

Man(a1-6)

Man(a1-3)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Man(b1-4)GlcNAc(b1-4)GlcNAc
\

/

\

/
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For glycopeptide sequences also, official recommendations are available, and a few examples are given as illustration.

(condensed form/two lines) Gal(b1-3)GalNAc(a1-O)
 |   

-Ala-Thr-Ala- 

-Ala-[Gal(b1-3)GalNAc(a1-O)]Thr-Ala- (condensed form/one line) 

(short form/two lines) Galb3GalNAca  

-Ala-Thr-Ala- 

-Ala-(Galb3GalNAca)Thr-Ala- (short form/one line) 
1.01.9 Naming Glycolipids

In the majority of the glycolipids, the glycosphingolipids, the basic element is Gal(b1-4)Glc( b1-1)Cer (Cer ¼ ceramide;

Figure 36 ), and in this section attention is only paid to nomenclature recommendations for this specific glycolipid

group. For full details of glycolipid glycans, see Chapter 1.03.

The IUPAC/IUBMB recommendations for naming glycosphingolipids1,2 in a semisystematic way using trivial

names for ‘root’ structures as a prefix are summarized in Table 3. Roman numerals I–IV are incorporated for particu-

lar glycose residues. Using this system, a name is built up as follows: (root name)(root size)osylceramide, for

example, lactotetraosylceramide (Gal b3GlcNAcb3Galb4GlcCer; second root structure in Table 3 ). The root name

applies also to structures that are shorter than the root given in Table 3, for example, gangliotriaosylceramide

(GalNAc b4Galb4GlcCer; residue IV is missing). Rules for substitution and extension have also been documented.

Note that in case of a disaccharide element, the correct suffix of the root size is ‘di’ and not ‘bi’, whereas for

a trisaccharide element the suffix is ‘tria’ and not ‘tri’ (in order to differentiate the trisaccharide residue from the

three-carbon triose).

An example of a substitution is III 2 -a-fucosylglobotriaosylceramide: Fuca2Gala4Galb4GlcCer or III 2 -a-Fuc-
Gb3 Cer. The combination globotria reflects a globo root structure missing the nonreducing terminal unit IV

(GalNAc b3). Then, the prefix III 2 -a-fucosyl indicates the substitution of GalNAc b3 in the root structure by Fuca2
(2 is found back in the superscript of III). In the shortest abbreviation also, Gb3 hints for the missing of the terminal

unit, as in an intact root structure it is Gb4 .

An example of an extension is IV3 -b-galactosylglobotetraosylceramide: Galb3GalNAcb3Gala4Galb4GlcCer or IV 3 -

b-Gal-Gb4 Cer. The combination globotetra reflects an intact globo root structure. Then, the prefix IV 3- b-galactosyl
indicates the extension at GalNAc b3 with Galb3 (3 is found back in the superscript of IV).
An example of a sialoglycosphingolipid (ganglioside) is IV3-a- N-glycoloylneuraminosyl-II 3 -a- N- acetylneur ami nosylgan-

gliotetraosylceramide: Neu5G ca3Galb3GalNAc b4[Neu5Aca3]Galb4GlcCer or IV3 -a-Neu5Gc,II 3 -a-Neu5Ac-Gg4Cer.

The combination gangliotetra reflects an intact ganglio root structure. Then, the prefix IV3-a-N-glycoloylneur-
aminosyl indicates the extension at Galb3 with Neu5Gca3 (3 is found back in the superscript of IV), and the prefix
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Table 3 Nomenclature recommendations for glycosphingolipids

Root Symbol Root structure

IV III II I

Ganglio Gg Galb3GalNAcb4Galb4Glc

Lacto Lc Galb3GlcNAcb3Galb4Glc

Neolacto nLc Galb4GlcNAcb3Galb4Glc

Globo Gb GalNAcb3Gala4Galb4Glc

Isoglobo iGb GalNAcb3Gala3Galb4Glc

Mollu Mu GlcNAcb2Mana3Manb4Glc

Arthro At GalNAcb4GlcNAcb3Manb4Glc
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II3 -a- N-acetylneuraminosyl represents the extension at Galb4 with Neu5Aca3 (3 is found back in the superscript of II).
Note that besides ‘glycoloyl’, ‘glycolyl’ is also in use.

In naming sialoglycosphingolipids (gangliosides), in general, the IUPAC/IUBMB system is not followed, but the

traditional Svennerholm abbreviations are used. In this system, ganglioside is indicated by the letter G. The number

of sialic acids is reflected by M for mono-, D for di-, T for tri-, and Q for tetrasialoglycosphingolipids. A number is then

assigned to the migration order of the compound in a specific chromatographic solvent system on TLC, leading to

GM3, GM2, GM1a, GM1b, GD3, GD2, GD1a, GD1b, and so on (see Chapter 1.03 ). This system is also used

traditionally with subscripts: GM3 , GM2 , and so on.
1.01.10 Naming Cyclitols

Cyclitols are derived from cyclohexane, wherein three or more ring C atoms bear a hydroxy group. In glycoscience,

they are mainly known because of the occurrence of myo-inositol in glycosylphosphatidylinositol anchors (Figure 35 ).



Table 4 Symbols for monosaccharide residues and derivatives thereof. Using the examples of monosaccharide

derivatives, other abbreviations can be constructed (based on IUPAC/IUBMB tables1,2)

Name Abbreviation

Allose All

Altrose Alt

Apiose Api

Arabinose Ara

Arabinitol Ara-ol

Tyvelose (3,6-dideoxy-D -arabino-hexose) Tyv

Fructose Fru

Fucose Fuc

Fucitol Fuc-ol

Galactose Gal

Galactitol Gal-ol

Galactosamine GalN

N-Acetylgalactosamine GalNAc

b - D-Galactopyranose 4-sulfate b- D-Galp4S / b- D -Galp(4S)
4-O -Methylgalactose Gal4Me

Glucose Glc

Glucose 6-phosphate Glc6P
Glucosamine GlcN

2,3-Diamino-2,3-dideoxy- D -glucose GlcN3N

Glucitol Glc-ol

N-Acetylglucosamine GlcNAc

Glucuronic acid GlcA

Ethyl glucopyranuronate GlcpA6Et
Quinovose Qui

Gulose Gul

Idose Ido

Iduronic acid IdoA

Lyxose Lyx

Mannose Man

Muramic acid (see Section 1.01.4.1.1.4) Mur

myo-Inositol Ins

Neuraminic acid (see Section 1.01.4.1.1.4) Neu

N-Acetylneuraminic acid Neu5Ac/NeuAc

5-N-Acetyl-9-O-acetyl-neuraminic acid Neu5,9Ac2
N-Acetyl-2-deoxy-neur-2-enaminic acid Neu2en5Ac

N-Glycoloylneuraminic acid Neu5Gc/NeuGc

3-Deoxy-D-manno-oct-2-ulosonic acid Kdo

Rhamnose Rha

3,4-Di-O-methylrhamnose Rha3,4Me2
Psicose Psi

Ribose Rib

Ribose 5-phosphate Rib5P
Ribulose Rul

2-Deoxyribose dRib

Digitoxose (2,6-dideoxy-D-ribo-hexose) Dig

Sorbose Sor

Tagatose Tag

Talose Tal

Xylose Xyl

Xylulose Xul

2-C-Methylxylose Xyl2CMe

Abequose (3,6-dideoxy-D-xylo-hexose) Abe
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To give an impression of the differences in structure of the various inositols, being 1,2,3,4,5,6-cyclohexanehexols, in

Figure 37 these structures are presented.
1.01.11 List of Abbreviations and Symbol Nomenclature

Finally, in Table 4, a summary of recommended abbreviations, already partly used in the foregoing discussion, is

presented.

After the introduction of a symbol nomenclature system for N- and O-glycoprotein glycans in the 1970s by

Vliegenthart and co-workers, nowadays several symbol nomenclature systems are in use to describe carbohydrate

chains. Some of them find broad applications whereas others are used in a more narrow area, as will become evident

from the different chapters in this book series.
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1.02.1 Introduction: Characteristic Features of the Sugar Chains

Many proteins produced by multicellular organisms contain covalently linked sugar chains, and are called glycopro-

teins. However, functional aspects of the sugar moieties of glycoproteins were ignored during the long history of

protein research, simply because it was difficult to investigate the structures of sugar chains.

In contrast to nucleic acids and proteins, sugar chains with varying structures can be formed by using a small number

of monosaccharide units. Let us consider the smallest unit of chains: A–B. In the case of nucleic acid, assigning

adenylic acid to A and guanylic acid to B makes only one structure. In the case of protein also, only one structure is

formed when A and B are assigned to valine and serine, respectively. In the case of sugar chains, however, many

isomeric structures are formed. Suppose that A and B are assigned to galactose and mannose, respectively. As shown in

Figure 1, galactose can be linked at the four hydroxyl groups of mannose: C-2, C-3, C-4, and C-6.

Accordingly, four isomeric structures can be formed. Owing to the ability of the galactose residue to take two

anomeric configurations, a (solid line in Figure 1) and b (dotted line in Figure 1), the number of possible isomeric

structures becomes eight. Furthermore, galactose residue can occur in the form of furanose or pyranose, as shown in

Figure 1. Thus, 16 isomeric structures are possible for the disaccharide Gal-Man. When the number of units increases

to three, four, etc., only one structure can be formed by assigning a particular unit at each position in the case of nucleic

acids and proteins, because they are linear constructs. In contrast, the number of isomeric sugar chains increases by

geometrical progression, because branching can occur in the sugar chains larger than a disaccharide. This means that

sugar chains, but not nucleic acids and proteins, have the following characteristic feature: they can form multiple

structures with a small number of units.

In addition to the structural multiplicity, another factor makes the structural study of the sugar chains of glycopro-

teins difficult. Many glycoproteins contain more than one sugar chain in one molecule. Even in the case of a

glycoprotein containing only one sugar chain, there is a widespread micro-heterogeneity1 in sugar chain structures

since formation of incomplete chains is easily induced because of the absence of a template in the biosynthetic

machinery of sugar chains. Therefore, each sugar chain must be separated before it can be subjected to structural

study. Following the development of many sensitive methods, which have been established since the 1970s,1a reliable

sugar chain structures could be obtained.
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1.02.2 N-Linked and O-Linked Sugar Chains of Mammalian Glycoproteins

1.02.2.1 Structural Characteristics of N-Linked and O-Linked Sugar Chains

The major sugar chains of glycoproteins can be classified into two groups: O-linked and N-linked (Figure 2). An

O-linked sugar chain contains an N-acetylgalactosamine residue at its reducing terminus, which is linked to the

hydroxyl group of either serine or threonine residue in a polypeptide chain. N-Linked sugar chains are linked to

the amide group of asparagine residues of a polypeptide chain. This sugar chain contains an N-acetylglucosamine

residue at its reducing terminus. Since the N-linked sugar chains found in glycoproteins usually contain more than

10 monosaccharides, the structural multiplicity of this sugar chain is theoretically enormous. Indeed, it might

be impossible to elucidate the biological information included in the sugar chains of glycoproteins, if we had to

handle such a large number of isomers. Fortunately, studies of the sugar chain structures of various glycoproteins have

revealed that a series of structural rules exists in them, and variable regions are limited to parts of their structures.

The N-linked sugar chains of glycoproteins contain as a common core the pentasaccharide: Mana1-6(Mana1-3)
Manb1-4GlcNAcb1-4GlcNAc, which is called the ‘trimannosyl core’.2 Based on the structures and locations of

the sugar residues added to the trimannosyl core, N-linked sugar chains are classified into three subgroups

(Figure 3).3 Complex-type sugar chains contain no other mannose residues than those in the trimannosyl core.

Outer chains with an N-acetylglucosamine residue at their reducing termini are linked to the two a-mannosyl residues

of the trimannosyl core. High-mannose-type sugar chains contain only a-mannosyl residues in addition to the

trimannosyl core. The Mana1-6(Mana1-3)Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAc group is commonly

included in this type of sugar chain (see dashed lines in Figure 3). Hybrid-type sugar chains were so named because

they have the characteristic features of both complex-type and high-mannose-type sugar chains. One or two
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a-mannosyl residues are linked to the Mana1-6 arm of the trimannosyl core as in the case of the high-mannose type,

and the outer chains found in the complex-type sugar chains are linked to the Mana1-3 arm of the core. Presence or

absence of the a-fucosyl residue linked to the C-6 position of the proximal N-acetylglucosamine residue (named ‘core

fucose’) and the b-N-acetylglucosamine residue linked to the C-4 position of the b-mannosyl residue of the triman-

nosyl core (named ‘bisecting GlcNAc’) contributes to the structural variation of complex-type and hybrid-type sugar

chains.

N-Linked sugar chains are formed by a series of complex pathways including dolichol-linked intermediates to form

dolichyldiphosphoryl-Glc3Man9GlcNAc2, transfer of the tetradecasaccharide en bloc to the asparagine residue of the

polypeptide chain, which constructs the Asn-Xaa-Ser/Thr sequence, followed by a series of processing, and maturation

pathways as will be described in detail in Chapters 3.01 and 3.02. In this biosynthetic pathway, high-mannose-type

sugar chains lie as a series of processing intermediates of the formation of complex-type and hybrid-type sugar chains.

Among the three subgroups of N-linked sugar chains, the largest structural variation resides in the complex-type

sugar chains. This variation is formed by two structural factors.3 As shown in Figure 4a, mono-, bi-, tri-, tetra-, and

pentaantennary sugar chains are formed by adding from one to five N-acetylglucosamine residues to the trimannosyl

core. Two isomeric triantennary sugar chains (containing either the GlcNAcb1-4(GlcNAcb1-2)Mana1-3 group or the

GlcNAcb1-6(GlcNAcb1-2)Mana1-6 group) found are named 2,4-branched and 2,6-branched triantennary sugar

chains, respectively. These N-acetylglucosamine residues are added to the trimannosyl core by the action of five

b-N-acetylglucosaminyltransferases (Figure 5).

On these N-acetylglucosamine residues, various outer chains are formed. The outer chains are constructed from a

series of core portions (Figure 4b) and modifications of their Galb1-GlcNAc units (Figure 4c). All nonreducing

terminal GlcNAc residues, except for the bisecting GlcNAc, can be extended by additions of monosaccharide units.

Since the biosynthetic scheme of these extensions will be described in detail in Chapters 3.02 and 3.03, only a rough

sketch of the formation of the outer chain moieties will be described here. Basically, b-galactosylation is performed by

the catalytic action of b4GalT-I to form the Galb1-4GlcNAc group (type 2 chain).4,5 This disaccharide, especially that

is formed at the C-6 position of the Mana1-6 residue of the trimannosyl core, is further extended by the action of

iGnT6 and IGnT,7 producing linear and branched N-acetyllactosamine repeat, respectively (Figure 6). The branched

I antigenic structure is less frequently formed on the N-linked sugar chains than the O-linked sugar chains. However,

the N-linked sugar chains formed by mammalian embryo are enriched in the branched poly-N-acetyllactosamine

repeats.8

Some outer chains occur as the Galb1-3GlcNAc groups (type 1 chain), which are formed by the catalysis of several

lines of b3GalT isomer.9–12 The type 1 chains are always localized at the nonreducing termini of the outer chains.
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The Galb1-GlcNAc groups and the Galb1-GlcNAc repeats are further elongated by fucosylation, sialylation,

galactosylation, glucuronylation, and/or sulfation to form the sugar residues listed inFigure 4c.13 A GalNAcb1 residue
is added to some GlcNAc residues instead of a Gal residue.14 This GalNAcb1-4GlcNAc group works as an acceptor for

the pituitary sulfotransferase.15 Accordingly, a large number of different structures were detected at the nonreducing

end of the outer chains (Figure 4c).

Combination of the antennary and the various outer chains will form a large number of different complex-type sugar

chains. The core fucose is usually not elongated by other sugars. However, the fucosyl residue of the hybrid-type sugar

chain of octopus rodopsin is substituted by a b-galactosyl residue at its C-4 position.16
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In contrast to N-linked sugar chains, O-linked sugar chains have fewer structural rules, and the sizes of the sugar

moiety are more variable ranging from GalNAc to those constructed from 20 monosaccharide units. They are formed

by stepwise addition of monosaccharide residues as will be described in Chapter 3.03. Currently, the O-linked sugar

chains are grouped into the seven classes by their core structures (Figure 7).17 Cores 1 and 2 are most commonly

found in mucins and other glycoproteins. In contrast, cores 3 and 4 are rather restricted to mucins. Core 5 was detected

in limited materials such as meconium18 and human adenocarcinoma,19 and core 6 only in human glycoproteins.20 So

far, core 7 was detected in bovine submaxillary mucin only.21

The cores are further substituted by fucose and/or sialic acid, or elongated by linear or branched sequences of

Galb1-4GlcNAc and/or Galb1-3GlcNAc groups like the outer chain moieties of the complex-type N-linked sugar

chains (Figure 4b). The Gal-GlcNAc units are further modified as shown inFigure 4c. Extention by the Gal-GlcNAc

repeats, catalyzed by iGnT, IGnT, b3GalT isozymes, and b4GalT isozymes, is mainly made on the GlcNAcb1-6
residue of core 2.

Because formation of O-linked sugar chains starts from addition of an N-acetylgalactosamine to serine or threonine

residue, they contain small antigenic determinants as listed inTable 1. The ppGaNTase isozymes, which catalyze the

N-acetylgalactosaminylation, contain ricin-like lectin motif, and many of them preferably use N-acetylgalactosaminy-

lated peptide for their substrate.22–31 This substrate specificity produces clustered O-linked sugar chains, which are

widely observed in many glycoproteins.

In the following, several representative studies of the sugar chains of mammalian glycoproteins will be described to

introduce many lines of evidence important for the development of glycobiology.
1.02.2.2 N-Linked Sugar Chains of Glycoproteins in Human Plasma

Plasma contains more than 100 different proteins. Except for albumin, all of them are considered glycoproteins.

Studies of the structures of their sugar moieties revealed that they have different sets of sugar chains as listed in

Figure 8.
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Table 1 Small carbohydrate antigens occurring on O-linked sugar chains

Antigen Structure

T Galb1-3GalNAca1-Ser/Thr

Tn GalNAca1-Ser/Thr

Sialyl-Tn Siaa2-6GalNAca1-Ser/Thr
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Transferrin,32 plasminogen,33 prothrombin,34 cold insoluble globulin,35 antithrombin,36 and fibrinogen,37 purified

from human plasma, contain sugar chain 1 only. The sugar patterns of other serum glycoproteins are more complicated.

For example, human ceruloplasmin contains sugar chain 2 in addition to sugar chain 1.38 The biantennary sugar chain

containing core fucose, and the triantennary sugar chain containing the Galb1-4(Fuca1-3)GlcNAcb1-4 group as its

outer chain were additionally found as minor components by using 1H-NMR spectroscopy.39

The sugar pattern of human a1-acid glycoprotein is more complicated; it contains sugar chains 1–8 as shown in

Figure 8.40,41 A very complicated sugar pattern was obtained from human factor VIII.42 It contains high mannose-type

and bi-, tri-, and tetraantennary complex-type sugar chains (data not shown). Some of the biantennary complex-type

sugar chains contain blood group A and/or H determinant (Figure 4c) in their outer-chain moieties.

Human serum immunoglobulin G (IgG) is unique among the serum glycoproteins, in that only 25% of the sugar

chains are sialylated. IgG is composed of two types of polypeptide chains: heavy (H) and light (L) with a stoichiometry

of H2L2. Among approximately 2.8 mol of the N-linked sugar chains included in the serum IgG samples purified from

healthy individuals, 2.0 mol are linked to Asn297 of two H chains, and the remainder are linked to the variable region

of the H and L chains.43 Sialic acid residues are mainly included in the sugar chains linked to the variable region.

Another characteristic feature of IgG is that its sugar moieties have extremely high micro-heterogeneity, in spite of

having rather simple sugar chains.44 Structure of the largest desialylated sugar chain of IgG is shown as sugar chain 9 in

Figure 8. The micro-heterogeneity is mainly produced by the presence or absence of the core fucose residue, the

bisecting GlcNAc, and the two galactose residues. The mechanism to produce such high micro-heterogeneity was

discussed in an earlier review.45 Despite this extremely high multiplicity, the molar ratio of each oligosaccharide

included in IgG samples obtained from the sera of healthy individuals is quite constant.46 Based on this finding, an

interesting phenomenon that serum IgG samples from patients with rheumatoid arthritis prominently lack galactose

residues was found.47
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Figure 8 Structures of the N-linked sugar chains found in the human serum glycoproteins.
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Because the human transferrin contains only a simple N-linked sugar chain, it served as a useful diagnostic marker

in the glycopathology field. This glycoprotein, constructed by 679 amino acid residues, contains two N-linked sugar

chains bound to Asn413 and Asn611. Analyses of transferrin glycoforms by SDS-PAGE, and of their sugar patterns

were effectively used for elucidating the pathological background and the diagnosis of various carbohydrate-deficient

glycoprotein syndromes.48,49
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Altered glycosylation of serum transferrin was also observed in patients with hepatocellular carcinoma.50 As

summarized in Table 2, more than 96% of the N-linked sugar chains of transferrin samples, purified from the sera

of healthy individuals, were the biantennary complex-type sugar chain shown as sugar chain 1 in Figure 8. However,

the transferrin samples, obtained from sera of four patients with hepatocellular carcinoma, contain various other

complex-type sugar chains. This alteration could be used for the diagnosis of cancer in the future.
1.02.2.3 Various Information Revealed by Studies of the Sugar Chains
of g-Glutamyltranspeptidases

g-Glutamyltranspeptidase (g-GTP) is a glycoprotein associated with the apical side of the epithelial cell membrane of

various organs of mammals, and catalyzes the first step of glutathione catabolism.51 It is composed of a heavy

and a light subunit of glycoprotein nature, and is embedded in the plasma membrane of cells by the N-terminal

portion of the heavy subunit.52 This enzyme contains N-linked sugar chains but do not contain O-linked sugar chains.

Studies of the sugar chains of g-GTP purified from various sources revealed many important lines of evidence

included in the N-linked sugar chains of a membrane-bound glycoprotein. Analysis of the oligosaccharides, released

from the rat kidney g-GTP by hydrazinolysis,52a revealed that high-mannose-type and various complex-type sugar

chains are included in this glycoprotein.53 By detailed structural study of each oligosaccharide, the whole oligosac-

charide pattern of rat kidney g-GTP was elucidated as shown in Figure 9. A very similar oligosaccharide pattern was

obtained from the study of bovine kidney g-GTP.54

Comparative study of the sugar patterns of the two subunits of rat kidney g-GTP revealed that high-mannose-type

sugar chains are included only in the heavy subunit, and the nonsialylated and nonfucosylated biantennary sugar

chains are included only in the light subunit,55 indicating the presence of site-specific glycosylation.

By ion-exchange column chromatography, rat kidney g-GTP was separated into several fractions with different

isoelectric points.56 Comparative study of the sugar patterns of four pure isozymic forms, obtained by DE-52 column

chromatography of rat kidney g-GTP, revealed that all these isozymic forms contain 2 mol of neutral oligosaccharides

but different numbers of acidic sugar chains. The total numbers of sialic acid residues showed a reciprocal relationship

to the isoelectric point of each isozymic form.55

Comparative studies of the sugar chains of g-GTP samples, purified from the kidney and the liver of

various mammals, unraveled additional important lines of evidence regarding the N-linked sugar chains of glycopro-

teins. 53,54,57–61 As is evident from the structures of the major oligosaccharides of various g-GTP samples in Figure 10,

occurrence of both organ- and species-specific glycosylation of g-GTPs was observed. An interesting observation is

that the bisecting GlcNAc is detected in the sugar chains of all kidney enzymes, but not in those of liver enzymes.

This evidence, together with the fact that none of the glycoproteins produced by the liver contains bisected sugar

chains, indicated that expression of GnT-III is suppressed by differentiation to hepatocytes. In contrast, the enzyme

should be strongly expressed in the kidney cells of all mammals.

It was reported by Fiala et al. that g-GTP activity was prominently elevated in rat hepatoma induced by oral

administration of 30-methyl-4-dimethylaminoazobenzene.62 Since the elevation had been observed in the preneo-

plastic nodules of the liver,63 the enzyme was expected to be a good marker for the diagnosis of hepatoma. g-GTPs,

produced in azo dye-induced rat hepatoma,64 rat malignant mammary tissue,65 and human renal carcinoma,66 had

more acidic pI values than those in the respective normal tissues. Since the differences mostly disappeared after

sialidase digestion,66 the transformational changes of g-GTPs were estimated to be mainly induced in the sugar

moieties of the enzyme molecule.

Comparative study of the sugar chains of g-GTP samples, purified from rat AH-66 hepatoma cells and from rat liver,

revealed that the two enzymes contain very different sets of sugar chains (Figure 11).57 The sugar chains of the liver

enzymes were all acidic, while 28% of those of the hepatoma enzyme were neutral. The neutral oligosaccharides of the

hepatoma enzyme were composed of both high mannose-type and complex-type sugar chains. Three prominent

structural differences were found in the acidic sugar chains of the two enzymes. All sugar chains of the liver enzyme

have complete outer chains, Galb1-4GlcNAcb1-, while many of those of the hepatoma enzyme have incomplete outer

chains lacking the galactose residues. Galb1-4GlcNAc tandem repeats were found in the sugar chains of the liver

enzyme, but not in those of the hepatoma enzyme. More than 40% of the sugar chains of the hepatoma enzyme

contain bisecting GlcNAc, which is not found in those of the liver enzyme.

Among the various alterations found in the tumor enzyme, occurrence of the bisecting GlcNAc residue was

considered to be the most interesting, because the expression of GnT-III should be suppressed in the normal livers

of all mammals as described already. Therefore, this phenomenon seems to indicate that GnT-III is ectopically

expressed in hepatoma.



Table 2 Percent molar ratio of oligosaccharides in the transferrin samples purified from sera of healthy individuals

and patients with hepatocellular carcinoma

Oligosaccharides

Hepatoma transferrin (% molar ratio)
Normal transferrin (%
molar ratio)

HT NA OY HH ET KA

I 37.0 63.0 62.0 43.6 96.0 97.3

II 9.0 5.0 10.0 15.1 3.2 1.9

III-1 12.0 3.3 5.0 5.6 0.0 0.0

III-2 5.0 1.7 2.0 3.0 0.5 0.6

IV 22.0 19.0 13.0 22.5 0.0 0.0

V 0.2 0.7 0.9 1.8 0.2 0.1

VI 14.0 2.0 3.0 1.8 0.1 0.0

VII 0.6 2.0 1.3 4.0 0.0 0.0

VIII 0.1 2.5 2.0 1.4 0.0 0.0

IX 0.1 0.8 0.8 1.2 0.0 0.0
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R1 and R2 in the sugar chain structures represent the GlcNAcb1-4GlcNAc group and the GlcNAcb1-4(Fuca1-6)GlcNAc

group, respectively.
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However, this interesting finding could not be applied to diagnose the human hepatoma, because bisected complex-

type sugar chains could not be prominently detected in the human hepatoma g-GTP.61 This evidence indicated that

the structural alteration of the sugar chains of glycoproteins, induced by malignant transformation, could be species

specific.
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Figure 9 Structures of the sugar chains of the g-glutamyltranspeptidase, purified from rat kidney. The outer chains

substituted the sugar residues with asterisk.
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1.02.2.4 Sugar Chains of Glycoprotein Hormones

Four glycoprotein hormones were found in mammals. Among them, lutropin (LH),67 follitropin (FSH),68 and

thyrotropin (TSH)69 are produced in the anterior pituitary, whereas chorionic gonadotropin (CG) is produced by

syncytiotrophoblasts of placenta.70 All of them are heterodimers of a- and b-subunits, which are schematically

presented in Figure 12. Because a-subunits of the four hormones have the same amino acid sequence within an

animal species,71,72 the binding specificity of each hormone to the target cells had been considered to reside in the

b-subunit. However, a-subunits of the four hormones are no more considered the same, after elucidation of their sugar

chain structures.

Structures of the sugar chains of glycoprotein hormones were first elucidated on human chorionic gonadotropin

(hCG). Both subunits of hCG contain two N-linked sugar chains (Figure 12).73,74 The b-subunit of hCG contains four

O-linked sugar chains in addition.74 These O-linked sugar chains are clustered from Ser121 to Ser138, probably by

the substrate specificity of ppGaNTase described in Section 1.02.2.1. It was found that the sialylated forms of N-1,

N-2, and N-3 shown in Figure 13a occur in the hCG samples, purified from the urine of healthy pregnant women.75

All sialic acid residues are linked at the C-3 positions of the galactose residues. It was also found that the structures of

O-linked oligosaccharides are sialylated at cores 1 and 2 (Figure 13b).76 Comparative study of the N-linked sugar

chains of a- and b-subunits revealed that sialylated N-1 is distributed mainly in b-subunit, and sialylated N-3 is

distributed in a-subunit,77 indicating the presence of site-specific glycosylation as indicated in rat kidney g-GTP.
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Figure 10 Major sugar chain structures of g-glutamyltranspeptidases purified from the kidney and the liver of various

mammals. Reproduced from figure 8 Glycoconjugate J. 17, 2000, 443–464, Kobata, A., with kind permission of Springer

Science and Business Media.
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The structures of the N-linked sugar chains of LH and TSH of various mammals were elucidated as shown in

Figure 14a.78,79 In contrast to hCG, these glycoprotein hormones contain hybrid-type and bisected complex-type

sugar chains as well as mono- and biantennary sugar chains. Their sialic acid residues are linked not only to the C-3

position, but to the C-6 position of the galactose residues. Furthermore, the outer-chain moieties of the sugar chains

contain the SO4–4GalNAcb1-4GlcNAc group in addition to the Neu5Aca2-3(6)Galb1-4GlcNAc group.

Structures of the N-linked sugar chains of FSH are shown in Figure 14b.80 The unique characteristic of this

glycoprotein hormone is the occurrence of triantennary and tetraantennary complex-type sugar chains, many of which

are bisected. No sulfated outer chains were detected in the sugar chains.
1.02.2.5 Recombinant Glycoproteins

Many recombinant glycoproteins have been obtained by using various animal cell lines as hosts. However, as

introduced in Section 1.02.2.3, both organ- and species-specific differences occur in the N-linked sugar chains of
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Figure 11 Structures of the sugar chains of g-GTP samples purified from rat ascites AH-66 hepatoma cells and from normal rat liver. R and R0 represent the GlcNAcb1-4GlcNAc

group and the GlcNAcb1-4(Fuca1-6)GlcNAc group, respectively.
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Figure 12 Structures of the subunits of human glycoprotein hormones. N-Linked sugar chains and O-linked sugar chains
are shown by ‘trees’ and ‘boxes’, respectively, together with their positions. The N-linked sugar chains of a-subunit are
those of hCG, and the a-subunits of other glycoprotein hormones have different sugar chains. Dotted portions of the trees in

the b-subunits of LH, TSH, and FSH indicate heterogeneity in branching structures. The b-subunits in the case of hCG and
hLH are glycosylated at the Asn13 and the Asn30. In contrast, a sugar chain is linked only at the Asn13 of the b-subunit of LH
of most other animal species. Reproduced from ‘Glycoproteins’, pp. 279–285 in Encyclopedia of Endocrine Diseases,

Volume 2, Kobata A., Elsevier Inc., 2004.
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glycoproteins. In addition, an altered glycosylation phenomenon, found widely in malignant cell lines, is reflected in

the sugar chains of recombinant glycoproteins, because many of the cell lines used as hosts are somewhat malignant

cells. Accordingly, the sugar chains of recombinant glycoproteins may display structural variations according to the

type of the cells used, even though the polypeptide structures are the same.

Actually, comparative study of the N-linked sugar chains of natural human interferon-b1 (HuIFN-b1) and

three recombinant HuIFN-b1 samples, produced by different cell lines transfected with the gene coding for human

IFN-b1, revealed that their sugar patterns were different in spite of containing the same number of complex-type
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Figure 14 Structures of N-linked sugar chains of pituitary hormones. a: Sugar chains of LH and TSH; b: Sugar chains of

hFSH. R represents the Neu5Aca2-3 or 6Galb1-group, and R0 represents the SO4
–-4GalNAcb1-group.
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sugar chains.81 The differences occur both in the antennary structures, and in the structures of outer-chain moieties

(Table 3). This phenomenon affords us a way to elucidate the function of the sugar chains by investigating the

biological activities of several preparations of recombinant glycoproteins. Comparative study of the sugar patterns and

the in vivo activities of several preparations of recombinant human erythropoietin revealed that the activity was

proportional to the ratio of tetraantennary to biantennary oligosaccharides.82
1.02.3 N- and O-Linked Sugar Chains Produced by Living Organisms Other
Than Mammals

Considerable diversity exists in the sugar chain structures of glycoproteins produced by different living organisms. In this

section, structures of various sugar chains produced by many living organisms other than mammals will be presented

to extend information of the species difference, which was documented in the case of g-GTP in Section 1.02.2.3.



Table 3 Proposed structures of oligosaccharides obtained from various HuIFN-b1 samples. R¼GlcNAcb1-4GlcNAc;

R’¼GlcNAcb1-4(Fuca1-6)GlcNAc
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rHuIFN-b1
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Numbers in the Table indicate the % molar ratio of oligosaccharides.
aC127-rHuIFN-b1 contained only the Siaa2-6Gal group in all of their sugar chains, and others contained only the Siaa2-3Gal

group.
bn¼0�3.
cGala1-3Gal sequence is partially included.
dn¼0�2.
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1.02.3.1 Sugar Patterns of Glycoproteins in Hen’s Egg White

Hen’s egg white contains several unique glycoproteins, the N-linked sugar chains of which served to afford many

useful information for the development of glycobiology.
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Hen’s egg albumin (ovalbumin) is a glycoprotein containing one N-linked sugar chain, which is composed of

approximately five mannoses and three N-acetylglucosamines.83 Having been obtained easily in a crystalline form,

ovalbumin has served as a standard material to study the N-linked sugar chains.

By investigating the structures of oligosaccharides released from the pronase digest of ovalbumin by digestion with

endo-b-N-acetylglucosaminidase H (endo H), it was found that the glycoprotein is a mixture of glycoforms containing

the sugar chains listed in Figure 15. 84–87

The structures revealed many important new lines of evidence regarding theN-linked sugar chains of ovalbumin. First

of all, the sugar chains could not be considered as incomplete biosynthetic products of the largest GP-I as had been

believed for a long time, but should be considered as series of two subgroups. Accordingly, GP-IV and GP-V can be

considered as the incomplete sugar chains of GP-III-B, whereas GP-III-A, GP-III-C, GP-II-A, and GP-II-B as the

incomplete chains of GP-I. The latter group neither could be classified into the high mannose-type sugar chains nor into

the complex-type sugar chains. This finding led to the proposal of hybrid-type sugar chains as a novel subgroup (Figure 3).

That GP-V is a common core of high mannose-type sugar chains could be estimated from the structures of GP-III-B and
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Figure 15 Structures of the Asn-oligosaccharides obtained from ovalbumin (GP-I to GP-V) and from bovine thyroglobulin
(Unit A) by exhaustive pronase digestion.
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GP-IV. This estimation was later confirmed by the structural study of the undecasaccharide, the largest high-mannose-

type sugar chain of glycoproteins, released from unit A of bovine thyroglobulin by endo-H digestion (Figure 15).88

Ovomucoid, another glycoprotein obtained from hen’s egg white, contains complex-type sugar chains only.89

Establishment of hydrazinolysis90 opened a way to elucidate the whole structures of the sugar moiety.91,92 As listed

in Figure 16, they are a series of complex-type sugar chains, most of which are bisected. This glycoprotein served to

introduce the presence of pentaantennary complex-type sugar chains in the field of N-linked sugar chains. Sialylated

sugar chains of ovalbumin and ovomucoid were reported later (data not shown).93
1.02.3.2 Structures of the N-Linked and O-Linked Sugar Chains of Various
Living Organisms

As summarized in Figure 17, structures of the N-linked sugar chains of glycoproteins, produced by other

living organisms, are different from those in mammals described in the previous sections, although they are

also formed by the same biosynthetic procedure including dolichol derivatives as intermediates and the processing

pathway.

Fishes, as a vertebrate, produce similar N-linked sugar chains to those in mammals, in that they are complex-type

sugar chains containing the tri-mannosyl core with or without core fucose. The only difference is found in the

structures of outer-chain moieties. As shown in Figure 17(I ), the outer-chain moieties of the N-linked sugar chains

of vitelline envelope glycoproteins of salmon fish species contain 3-deoxy-D-glycero-D-galacto-nononic acid (Kdn).94

Cortical alveolus glycoproteins (hyosophorin) of many kinds of fish are unique, because they are enriched in

the pentaantennary complex-type sugar chains like in the case of ovomucoid described in Section 1.02.3.1.95–97 In

Figure 17 (I) , a structure of the N-linked sugar chain of flounder hyosophorin is depicted.95 Again, these sugar chains

contain various outer chains, which are not found in mammals. For example, the outer-chain moieties of the

glycoproteins produced by Oryzias melastigma are the Neu5Aca2-3Galb1-4Galb1-4[GlcNAcb1-3(Neu5Aca2-3Galb1-
4Galb1-4)Galb1-4]nGlcNAcb1- group.96 The outer chains of that produced by Oryzias latipes are larger and more

complicated, and are the Neu5Aca2-3Galb1-4(Neu5Aca2-3)Galb1-4[(Fuca1-3)GlcNAcb1-3(Neu5Aca2-3Galb1-
4Galb1-4)Galb1-4]n(Fuca1-3)GlcNAcb1- group.97

The core portion of the N-linked sugar chains of snails is distinct from that of vertebrates in that a b-xylopyranose
is linked at the C-2 position of the b-mannosyl residue of the trimannosyl core. Accordingly, specific expression of the

b-xylosyltransferase, which forms the Xylb1-2Manb1- group, is the characteristic feature of snails. The outer-chain

moieties of the N-linked sugar chain of Helix pomatia hemocyanin contain 3-O-methylgalactose (3MeGal) residues,

which are not detected in the outer chains of vertebrates ( Figure 17 (II )). 98

The core portion of the N-linked sugar chains of insects contain Fuca1-3 residue linked to the proximal N-

acetylglucosamine residue of the trimannosyl core as well as the core fucose. As an example, the largest N-linked

sugar chain, isolated from honeybee venom phospholipase A2, is shown in Figure 17(III ) .
99 Therefore, expression of

the a-fucosyltransferase responsible for the formation of the Fuca1-3GlcNAc-Asn group is the characteristic feature of

this animal.

Both the Fuca1-3 residue and the Xylb1-2 residue are found in the trimannosyl core region of plant glycoproteins.

However, the core fucose is not detected in the plant glycoproteins. The largest N-linked sugar chain of laccase

excreted by sycamore cells is shown in Figure 17 (IV).100

Yeast is unique in that the N-linked sugar chains of their glycoproteins have very large poly-mannosyl chains

(mannan) extended from the Mana1-3Manb1- group of the trimannosyl core of the high mannose-type sugar chain

( Figure 17(V)). 101 Neither complex-type nor hybrid-type sugar chain is found in this organism. The structures of

mannans are different by strains of yeast, and the Mana1-3Mana1-P group is linked to the mannan portion of some

yeast glycoproteins by a phosphodiester linkage.

It was known that the jelly coats of amphibian eggs are rich in the glycoproteins containing the ABO blood

group antigenic activities. Structural studies of these glycoproteins revealed that they are rich in the O-linked sugar

chains containing a large amount of fucose and Kdn ( Figure 18 (I)).102–10 4 Kdn was detected together with

N-acetylneuraminic acid and N-glycolylneuraminic acid in the O-linked sugar chains of the glycoproteins obtained

from eggs of various kinds of fish. The structures of these sugar chains are quite different among the strains

( Figure 18(II ) ).105 ,106

Oligo-mannosyl groups were found to be linked to the Ser/Thr residues of yeast glycoproteins ( Figure 18 (III)). 107

No regular O-linked sugar chain was found in plants. Instead, they produce L-arabinose oligomers, which are linked

to the hydroxyproline residues of proteins (Figure 18 (IV)). 108 All arabinose residues of these sugar chains occur in the

furanose form.
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Figure 16 Structures of the neutral sugar chains of ovomucoid released by hydrazinolysis. *GlcNAc indicates the

N-acetylglucosamine residues where the Galb1-4 residues are linked.
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Figure 17 N-Linked sugar chains of various living organisms other than mammals. The sugar chains expressed by gray

letters may be incomplete.
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1.02.4 Minor Glycosylations

Occurrence of the Glca1-2Galb1-hydroxyLys group was first found in collagen in 1966.109 Several other proteins

containing collagen-like triple-helical domains, such as complement factor C1q, pulmonary surfactant proteins, and

mannan-binding protein, also carry the disaccharide at their hydroxyLys residues.110,111

There are several unusual types of O-glycosylation besides the familiar GalNAca1-Ser/Thr linkages. Sugar

chains, containing the Glcb1-Ser and the Fuca1-Ser/Thr groups at their linkage regions, were found in the proteins

with EGF-like modules. Blood clotting factors VII, IX, protein Z, and thrombospondin, obtained from human and

bovine sera, contain the�Xyla1-3Xyla1-3Glcb1�Ser/Thr group.112 Occurrence of the Fuca1-Ser/Thr groups was first

proposed based on the finding of Glcb1-3Fuca1-Thr in human urine.113 a-Fucosylation of serine and threonine

residues was subsequently found in the human serum clotting proteins such as urokinase,114 tissue plasminogen

activator,115 factor VII,116 and factor XII.117 All these fucosylations occur at a serine or threonine residue of their EGF-

like modules, which construct the-C-X-X-G-G-T/S-C-sequence. Extension of the a-fucosyl residue to form the
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tetrasaccharide Neu5Aca2-6Galb1-4GlcNAcb1-3Fuca1-was found in factor IX.118 Interesting information regarding

the biological function of this type of sugar chain is described in Chapter 4.12.

Another unusual linkage found in the sugar chains of glycoproteins is the Mana1-Ser/Thr group. Linkages between

the extracellular matrix and the cytoskeleton play key roles in forming and maintaining specialized membrane

domains, ensuring the structural integrity of the plasma membrane, attaching cells to the extracellular matrix, and

also supporting cell signaling mechanisms. Dystroglycan complex, which is composed of a-dystroglycan and

b-dystroglycan, is a membrane-integrated glycoprotein that plays an important role as a linking molecule.119 By

investigating bovine peripheral nerve a-dystroglycan, Chiba et al. found that the Siaa2-3Galb1-4GlcNAcb1-2Man

groups are linked to the serine and threonine residues, which are clustered between the amino acid residues 317 and

488 of a-dystroglycan by a-anomeric linkages.120 More details about this sugar chain will be described in Chapter3.16.

Besides the familiar GlcNAcb1-Asn group, the Glcb1-Asn group was found to occur as N-glycosylation of glyco-

proteins. This unique linkage unit was first detected in the surface glycoproteins of halophilic archaebacteriae:

Halobacterium halobium and H. volcanii.121,122 By using polyclonal antibodies produced in rabbits by injecting chemi-

cally synthesized Glca1-Asn and Glcb1-Asn, which were coupled to a carrier protein, Schreiner et al. detected the sugar

chains containing the Glcb1-Asn linkage unit in the laminin molecule.123 It was also found that the epitope is

exclusively detected in the basement membrane of rat kidney glomeruli.

The whole structures of the sugar chains linked to the Glcb1-Asn linkage unit of laminin have not been elucidated

yet. On the other hand, the sugar chain structures of the surface glycoproteins of H. halobium were proposed as (SO4
–-

GlcAb1-4)3Glcb1-Asn and the sugar chain structure of the surface glycoproteins of H. volcanii was elucidated as

(Glcb1-4)9Glcb1-Asn.122
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Phosphoglycosylations were found to occur in the glycoproteins produced by lower eukaryotes. During vegetative

stage, Dictyostelium adds GlcNAca1-P from UDP-GlcNAc to the serine residues of several papain-like cysteine

proteinases in lysosome.124 The GlcNAca1-P residues are added to the serine-rich domains containing 20–110

amino acids, which specifically occur in the Dictyostelium enzymes. The evidence suggested that the GlcNAca1-P
transferase recognizes a structural feature on the proteinase as well as the local glycosylation site.125

Occurrence of proteins carrying Fucb1-P-Ser was proposed based on their binding to a carbohydrate-specific

antibody. Fucb1-P occurs only in a limited set of mucin-like proteins that include two lysosomal cysteine proteases,

as well as a set of proteins that are packaged into vesicles containing unassembled spore coat components.126

Leishmania synthesize a family of phosphorylated glycans in its life cycle residing in insect and mammalian hosts.

One such component called the proteophosphoglycans is a mucin-like molecule, the peptide backbone of which

represents only 4% of the weight of whole molecule. On the other hand, phosphoglycan moieties, composed of sugar

chains with Mana1-P residue at their reducing termini, comprise 76% of the molecule. They were linked at Ser

residues, which constitute approximately half of the polypeptide moiety. Several species of Leishmania synthesize a

filamentous secretory acid phosphatase. This molecule contains a Ser/Thr-rich domain that also carries chains initiated

through Man1-P and then extended with various combinations of Man, Mana1-P, Glc, and Gal.127

A novel type of glycosylation was found in the RNase 2 purified from human urine.128 This enzyme involves cova-

lent attachment of an a-mannosyl residue to the indole C2 carbon atom of tryptophan via C–C linkage (Figure 19a).

Many mammalian cells transfected with RNase 2 can C-mannosylate this protein, showing that they contain the

necessary transferase. By using this enzymatic activity, the exact recognition sequence was determined to beW-X-X-W,

where the first tryptophan residue becomes C-mannosylated (Figure 19a).129

Rat liver microsomes can C-mannosylate synthetic WAKW when incubated with Dol-P-[14C]Man, indicating

that the actual donor of mannose residue is Dol-P-Man and the recognition sequence WXXW is sufficient for

C-mannosylation.130 Database search shows that more than 300 mammalian cell proteins have this sequence. Search

for the presence of C-mannosylation revealed that 49 C-mannosylated tryptophan residues were included in 11 pro-

teins.128,131–134 These findings suggest that other proteins with the W-X-X-W motif may be similarly modified. Eight

proteins that have thrombospondin type I repeats are also modified by C-mannose. More information about this

glycosylation can be obtained from Chapter 4.13.

Recently, another type of the mannosyl-Trp group was found in a chorionic peroxidase isolated from a mosquito.135

This mannose residue is covalently linked to the N-1 atom of the side chain of Tryptophan residue (Figure 19b).

Although the biosynthetic pathway of this linkage formation, and its physiological meaning remains to be elucidated,

development of sensitive analytical techniques will add more minor structures in the future.
1.02.5 Glycosyl-Phosphatidylinositol (GPI) Anchors

In 1976, Ikezawa et al. reported an interesting observation that a phosphatidylinositol-specific phospholipase C,

purified from the culture fluid of Bacillus cereus, released alkaline phosphatase quantitatively from rat kidney slices.
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Figure 19 Structures of Mannosyl-C-Trp (a), and Mannosyl-N-Trp (b). At the top of figures, amino acid sequences

around the mannosylated Try residues are shown. Dol-P-Man was confirmed to be the mannose donor in the case of
Mannosyl-C-Trp formation. Biosynthetic mechanism to form Mannosyl-N-Trp has not been elucidated.
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Kinetic analysis of the release of alkaline phosphatase indicated that the lipase C directly acts on the alkaline

phosphatase embedded in the plasma membrane of the kidney cells.136 Similar observation was reported by Low

and Finean by using the enzyme purified from Staphylococcus aureus.137

That fatty acids and ethanolamine were attached to the C-terminal of rat Thy-1, which was also released from cell

surface by digestion with the phospholipase C, was reported by Campbell et al. as the molecular evidence for a

glycolipid anchor being covalently linked to protein.138 Proteins with GPI anchor were found in all eukaryotic cells,

and play various roles by being expressed on the surface of cells (Table 4).

Structures of GPI anchors differ by different organisms, but share a common core. The first structure of GPI anchor

was elucidated by investigating the glycosyl-phosphatidylinositol moiety of the variant surface glycoprotein (VSG) of

Trypanosoma brucei.139 As indicated in Figure 20, the common core portion is constructed by binding a glucosamine to

the C-6 of the inositol ring of a phosphatidylinositol. Occurrence of nonacetylated glucosamine is a rare case in the

natural glycan derivatives. Three mannosyl residues, linked b1-4, a1-6, and a1-2, respectively, are sequentially

attached to the glucosamine residue. A phosphoethanolamine residue is then attached at the C-6 position of the

mannose residue, located at the nonreducing terminal of the tetrasaccharide moiety, by a phosphodiester linkage.

The amino group of the phosphoethanolamine is then linked to the carboxyl group of the amino acid located at the

carboxy-terminal of a protein by amide linkage.
Table 4 Proteins with GPI anchors

Enzymes
Cell surface
antigens Cell adhesion molecules Protozoan antigens Miscellaneous

Alkaline

phosphatase150
Thy-1139 LFA-3 156 Ssp-4161( Tr ypanosoma) DAF165

Acetylcholine

esterase151
Qa-2154 N-CAM158 sVSG162( Tr ypanosoma) CD 16166

5’-Nucleotidase170 CEA155 Fibronectin receptor 159 Ciliary membrane

proteins163( Paramecium)
Prion167

Trehalase150 Blast-1156 Heparan sulfate

proteoglycans 160
Merozoite surface

proteins164( Plasmodium)
Tegument

protein168( Schistosoma)
Aminopeptidase P150 CD14157 IG7143( Tr ypanosoma) GP-2169(zymogen granule)
Lipoprotein lipase152

Renal dipeptidase153

-
-

-

O

O
−O-P=O

OH
OH

OH O-R3

CH2CH-CH2

R1 R2

-
-

-
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6

O

O
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6 Manb1-4GlcNa1-O

R4-2
R5-3

R6-4
R7-6

R8-2

H2N-Protein-C-NH-CH2-CH2-O-P=O

R1, R2  =    +−Fatty acid or ceramide

R3        =    +−Fatty acid at either C-2 or C-3 (as shown here)

R4, R7  =    +−Phosphoethanolamine

R5        =    +−Gala1-2Gala1-6(Gala1-2)Gala1

R6        =    +−GalNAcb1

R8        =    +−Mana1

Figure 20 Structures of GPI anchors. Structures shown in black letters are the common core portion, and those in gray

letters are variations detected in different species.
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As more GPI anchor structures were elucidated, it became evident that the diversity of GPI anchors is extraordi-

narily large, depending on both the animal species and the cell types, in which they are synthesized. Considerable

variabilities are produced by substitution of the core. The substitutions exist both in the glycan moiety and the lipid

portions of GPI anchors. The most extensive substitution was found on the Manb1-4 residue of the core glycan. A part

of the residue is substituted by the Gala1-2Gala1-6(Gala1-2)Gala1-3 group in the case of VSG of Trypanosoma,139

while it may be substituted by the GalNAcb1-4 residue in the case of rat brain Thy-1.140 The C-2 position of the

mannose residue of human decay accelerating factor (DAF)141 and erythrocyte acetylcholine142 was found to be

substituted by phosphoethanolamine. Addition of phosphoethanolamine may also occur at the C-6 position of the

Mana1-6 residue.141,142 In the case of Trypanosoma IG7, an a-mannosyl residue may be added to the C-2 position of

the Mana1-2 residue of the core tetrasaccharide.143

In some GPI anchors, the C-2 or C-3 position of the inositol moiety of the core is acylated with palmitate.141,144,145

GPI anchors with such acylated inositol are resistant to the GPI-specific phospholipase C digestion. Therefore, mild

alkaline treatment is necessary to apply the phospholipase C digestion for the release of such GPI-anchored proteins.

Various fatty acid residues were reported to construct the phosphatidylic acid moiety of the core.144–147 Ceramide

was found in the case of yeast and slime mold GPI anchors.148,149

Attachment of GPI anchors to proteins occurs in similar mechanism as N-linked sugar chains in that the anchors

are pre-assembled as a whole unit before they are transferred to the proteins as summarized in Figure 21.
1.02.6 Structures of the Sugar Chains of Proteoglycans

Although proteoglycans should also be considered to be glycoproteins inasmuch as sugar chains are linked to protein

cores, their sugar chains, called glycosaminoglycans, are much longer (100–200 monosaccharide residues) than regular

N- and O-linked sugar chains, and contain many anionic residues, such as uronic acid and/or sulfate.

The structures of proteoglycan molecules are schematically presented in Figure 22.

Aggrecan, which forms a large complex molecule by binding to a hyaluronic acid in cartilaginous tissues, is

composed of an extended polypeptide portion containing many chondroitin sulfate residues, and globular domains

at its N-terminal and C-terminal ends (Figure 22a).171,172 Among these globular domains, G1 at the N-terminal serves

to construct an aggregate with hyaluronic acid together with a link protein. Skin fibroblasts also produce a similar

proteoglycan designated versican.173 This proteoglycan also forms an aggregate with hyaluronic acid with the help of a

link protein. However, it contains a smaller number of the chondroitin sulfate groups than aggrecan (Figure 22b).

A series of proteoglycans with small molecular sizes was also found in the matrix of cartilaginous tissues. Among them,

a collagen-like molecule composed of three subunits, a1, a2, and a3, shown in Figure 22c, was included.174,175 Only

a2 of the subunits contains a chondroitin sulfate sugar chain, and a globular domain was detected at the N-terminal of

a1 chain.176 Similar proteoglycan molecule was found in the vitreous humor of chick embryos (Figure 22d).177

Interestingly, this proteoglycan lacks the globular domain at the N-terminal of a1 chain, and the chondroitin sulfate

group is approximately 10 times longer than that of the collagen-like proteoglycans in cartilaginous tissues. Basement

membrane contains at least two proteoglycans.178 The major molecule has the structure shown in Figure 22e and

named pearlcan. A series of proteoglycans containing unique core proteins were found in mouse mast cell secretory

granules.179 The core protein of this proteoglycan contains 20–25 repeats of Ser-Gly group, to which approximately 15

heparin chains ofmolecular weight 60000–100000 are linked (Figure 22f).180 A small proteoglycan named decorin was

isolated from mesenchymal cells (Figure 22g).181 A cell surface proteoglycan was isolated from a human mammary

cell line. This proteoglycan was confirmed to be a human equivalent of mouse syndecan (Figure 22h).182 This

molecule may work as a receptor for the components of basement membrane.

Structures of glycosaminoglycans are unique in that their basic constructions are disaccharide repeats. Based on the

disaccharide structures, glycosaminoglycans have long been classified into six groups: hyaluronic acids, chondroitin

4-sulfates, chondroitin 6-sulfates, dermatan sulfates, heparan sulfates, and keratan sulfates. However, detailed studies

of the structures of glycosaminoglycans have revealed that many micro-heterogeneities occur in the sugar chains, and

it is rather hard to discriminate chondroitin 4-sulfates, chondroitin 6-sulfates, and dermatan sulfates because of the

occurrence of their hybrid structures. Accordingly, glycosaminoglycans are currently classified into four groups as

shown in Figure 23.

Among the four groups of glycosaminoglycans, only hyaluronan (HA) occurs as a simple glycosaminoglycan. A

family of three HA synthetases co-polymerizes GlcA and GlcNAc residues from UDP-GlcA and UDP-GlcNAc,

respectively.183 In contrast to other glycosaminoglycans, extension of the sugar chain of HA proceeds at the reducing

terminal.
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-4GlcAb1-3GlcNAcb1- ----//--- -4GlcAb1-3GlcNAcb1- 

-4GlcAb1-3GalNAcb1- ---//--- -4IdoAa1-3GalNAcb1-

-4GlcAb1-4GlcNRa1-     //    -4IdoAa1-4GlcNRa1-

R = -COCH3 or -SO3
−

-3Galb1-4GlcNAcb1      //    -3Galb1-4GlcNAcb1-

4

6

2

6

2 3

4

6

2

6

23

6

6

66

Chondroitin sulfates/dermatan sulfates

Heparan sulfates/heparin

Keratan sulfates

Hyaluronan

Figure 23 Classification of glycosaminoglycans and their microheterogeneities. Except for hyaluronan, epimerization at

the C-5 position of uronic acids, and N- and O-sulfation (locations indicated by circled numbers) are the sources of

microheterogeneities. Modified from figure 8 in Kobata, A. In Encyclopedia of Molecular Cell Biology and Molecular
Medicine; Meyers, R.A., Ed.; Vol. 5; Wiley-VCH: Weinheim, 2004; pp 537–568, with permission from Wiley-VCH.

64 Glycoprotein Glycan Structures



Glycoprotein Glycan Structures 65
Chondroitin sulfates/dermatan sulfates (CS) and heparan sulfates/heparin (HS) are linked to the serine residues of

core proteins. The GlcAb1-3Galb1-3Galb1-4Xylb1-Ser group commonly occurs as the core portion. As shown in

Figure 24, sequential addition of a xylose, two galactoses, and a glucuronic acid residue starts the formation of the two

groups of glycosaminoglycan by the action of four glycosyltransferases. From the tetrasaccharide, formation of CS and

HS is performed by two distinct pathways (Figure 24).

Basic form of the sugar chains of CS is produced by three glycosyltransferases. These are the initiating b-1,4-N-
acetylgalactosaminyltransferase I (b4GalNAcT-I),184 and the polymerizing b-1,3-glucuronyltransferase II (b3GlcAT-

II), and b-1,4-N-acetylgalactosaminyltransferase II (b4GalNAcT-II). The latter two enzymes are responsible for the

formation of the GlcAb1-3GalNAcb1-4 repeats.

Then, GalNAc 4-O-sulfotransferase and GalNAc 6-O-sulfotransferase act on the GalNAc residues to sulfate their

C-4 and C-6 positions, respectively.185,186 Some of the GlcA residues are then epimerized to IdoA.187 A part of the

IdoA residues is then sulfated at C-2 by the action of uronyl 2-O-sulfotransferase.188 The elongation of CS chain is

stimulated by concomitant sulfation of the product.189

Initiation of HS starts by the action of a-1,4-N-acetylhexosaminyltransferase (EXTL.2) on the core tetrasaccharide.

This enzyme adds the GlcNAca1-4 residue to the core tetrasaccharide.190 After addition of a single GlcNAca1-4
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Figure 24 Biosynthetic scheme of chondroitin sulfates/dermatan sulfates (CS) and heparan sulfates/heparin (HS).
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Figure 26 Structures of the sugar moieties of KS I and KS II.
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residue, formation of the sugar moiety of HS proceeds by the action of two isomeric enzymes (EXT1/EXT2),

containing both b4GlcA-transferase and a4GlcNAc-transferase activities. These enzymes add the GlcAb1-4 and

the GlcNAca1-4 residues in alternating sequence to the nonreducing end of the growing polymer.191,192 A GlcNAc

N-deacetylase/N-sulfotransferase then acts on a subset of GlcNAc residues arranged in a cluster along the sugar

chain.193 Most of the N-deacetylated GlcNAc residues are concomitantly N-sulfated, but some escape the

sulfation and remain as GlcN residues. An epimerase then acts on a part of GlcA residues adjacent to the GlcNS.194

The IdoA residues, thus formed, are 2-O sulfated by the action of IdoA 2-O-sulfotransferase,195 while some of the

remaining GlcA residues are also 2-O sulfated by uronyl 2-O-sulfotransferase.188 The GlcNS and GlcNAc residues are

3-O and 6-O sulfated by GlcN 3-O-sulfotransferase196 and GlcN 6-O-sulfotransferase.197 The N-deacetylation/

N-sulfation step has a key role in determining the overall extent of modification of the HS chain, since the GlcA

C5-epimerase as well as various O-sulfotransferases depend on the presence of N-sulfate groups for their substrate

recognitions.

This sequence of biosynthetic modification of the heparin/HS sugar chains will produce a series of sugar chain

structures, which are important as ligands in the living organisms. For example, the smallest pentasaccharide

domain198,199 necessary for the binding of heparin to antithrombin III is formed by the sequence of biosynthetic

modification shown in Figure 25.

Proteoglycans containing keratan sulfates (KSs) are mainly found in cornea and cartilage tissues. KS is a linear poly-

N-acetyllactosamine chain, and carries sulfate residues at the C-6 positions of the Gal and the GlcNAc residues. The

sugar chains of KS-proteoglycan in the cornea (KS I) belong to the N-linked sugar chain family, and the glycosamino-

glycan portion occurs as the outer chain linked at the Mana1-6 arm of the biantennary complex-type sugar chain

(Figure 26; KS I).200 In contrast, the sugar chains of KS-proteoglycan obtained from cartilage tissues (KS II) belong to

the O-linked sugar chain family containing core 2, and the glycosaminoglycan portion is extended from the

GlcNAcb1-6GalNAca1-Ser group of the core (Figure 26; KS II).201 In the case of KS I, the poly-N-acetyllactosamine

portion is much longer than those found in the complex-type N-linked sugar chains of usual glycoproteins, and reaches

to 50 disaccharide repeats in some cases.

The poly-N-acetyllactosamine portions of KS I and KS II are probably produced by the concerted action of

b1-4GalT-I and iGnT as discussed in Section 1.02.2.1. Two sulfotransferases, a GlcNAc 6-O-sulfotransferase

(C-GlcNAc6ST)202 and a Gal 6-O-sulfotransferase (KSGal6ST),203 were found to sulfate the poly-N-acetyllactosamine

chains of KS.

C-GlcNAc6ST transfers sulfate from PAPS only to the GlcNAc residues located at the nonreducing termini of the

sugar chains. Furthermore, structural analyses of KS suggested that sulfation of the GlcNAc residues in KS is coupled

to the elongation step of the sugar chain. Because KSGal6ST transfers sulfate preferentially to the Gal residues

adjacent to the sulfated GlcNAc residues,200 sulfation of the Gal residues in KS is considered to follow GlcNAc

sulfation.

Biosynthesis of proteoglycans is described in more detail in Chapter 3.05.
Glossary

bisected sugar chains N-Linked sugar chains containing bisecting GlcNAc.

carbohydrate-deficient glycoprotein syndrome Genetic multi-systemic diseases characterized by the presence of defective

carbohydrate moieties on secretory, lysosomal, and membranous glycoproteins.

dolichol Poly-isoprenols, constructed by 15–18 isoprene units.

endo-b-N-acetylglucosaminidase Endoglycosidases that hydrolyze the GlcNAcb1-4GlcNAc group of the trimannosyl core of

the N-linked sugar chains.

furanose form The isomeric ring structure formed by four carbons and one oxygen atom of aldoses and ketoses.

glycopathology Pathological research on diseases brought about by abnormalities in the sugar chain structures of glycoconju-

gates.

glycoprotein hormones Peptide hormones containing sugar chains.

hydrazinolysis A chemical method to release N-linked sugar chains quantitatively as oligosaccharides by cleaving the

GlcNAc–Asn linkage.

lectin The general name for proteins other than antibodies that bind specifically to particular sugar chain structures.

micro-heterogeneity Confirmed as a characteristic feature of the sugar chains of glycoproteins by investigating the N-linked

sugar chains of ovalbumin.

preneoplastic nodule A small node preceding the development of a tumor.

pyranose form The isomeric ring structure formed by five carbons and one oxygen atom of aldoses and ketoses.
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syncytiotrophoblasts The outer layer of the trophoblast, which is composed of a multinucleate mass of cytoplasm produced by

the merging of cells.

variable region of IgG Both H and L chains of IgG are composed of a constant region and a variable region. Some of the

variable regions, which are the molecular bases of expressing the specific binding of IgGs to particular antigens, contain Asn-X-

Ser/Thr sequences and are N-glycosylated.
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1.03.1 Introduction

Glycosphingolipids (GSLs) are located primarily, but not exclusively, in the outer leaflet of the plasma membrane.

Their occurrence displays considerable cellular and subcellular specificity. Furthermore, they are known to undergo

remarkable changes during development, cellular differentiation, and proliferation. The structural diversity of GSLs

renders them ideally suited as candidates to participate in cellular recognition, adhesion, and signaling. For these

reasons, interest has been focused on their biological functions.7 Thus, GSLs serve not only as markers for cells at

specific developmental stages, but they also serve as molecules that modulate cellular events. In addition, GSLs are

important components of the mammalian immune defense system, either as immunogens or antigens. Certain GSLs

are involved in the antigenicity of blood group determinants. Antibodies to GSLs have been implicated in certain

immune-mediated autoimmune diseases.1 In addition, GSLs can modify the activity of membrane receptors, such as

those for insulin, epidermal growth factor, and nerve growth factor. A large number of signaling molecules and GSLs

are co-localized in specializedmembrane domains, such as the lipid rafts or caveolae that are liquid-ordered membrane

microdomains with specialized properties.5 Some of the biological functions of GSLs have been reviewed in recent

literature.2,7 However, to understand their biological functions, it is of utmost importance to have a thorough

understanding of their molecular structures.
1.03.2 General Structure

GSLs are composed of a hydrophobic ceramide (Cer) moiety and a hydrophilic carbohydrate portion. Since they share

a common hydrophobic structure, they are generally classified according to the sequence, linkage, and anomeric

configuration of the component monosaccharide residues. Heterogeneity and diversity of the carbohydrate molecular

structure are hallmarks of GSLs. Most of the mammalian GSLs, including sialic acid-containing GSLs (gangliosides),

are derived from glucosylceramide (GlcCer). However, some GSLs are derived from galactosylceramide (GalCer),

which leads to the formation of a relatively small number of gala-series GSLs. Most of the major GSLs derived

from GlcCer are divided into major three classes: the ganglio-series, the lacto- and neolacto-series, and the

globo- and isoglobo-series; each of these groups is described below and members of the molecular structures are

presented in Table 1.
1.03.2.1 Ganglio-Series GSLs (Gg)

In this series, LacCer (lactosylceramide) is first derived from GlcCer and converted to GgOse3Cer by the addition of a

b1-4-linked N-acetylgalactosamine (GalNAc) residue followed by the addition of a b1-3-linked galactose (Gal), fucose

(Fuc), and sialic acid (N-acetylneuraminic acid (NeuAc) or N-glycolylneuraminic acid (NeuGc)). The ganglio-series

GSLs share the following common core structure: GalNAcb1-4Galb1-4Glcb1-10Cer. An a2-3-linked sialic acid

residue can be attached directly to LacCer, catalyzed by a sialyltransferase (ST-I), to produce ganglioside GM3.

Further extension of the GM3 structure results in the formation of hemato-series gangliosides that are devoid of the

b1-4-linked GalNAc residue.
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Table 1 Representative series of carbohydrate structures of glycosphingolipids

Series Structure Abbreviation

Gala Gal b1-1� Cer GalCer

Hemato Gal b1-4 Glc b1-1� Cer LacCer

Ganglio GalNAc b1-4 Gal b1-4 Glc b1-1� Cer Gg3Cer

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer Gg4Cer

GalNAc b1-4 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer Gg5Cer

Gal b1-3 GalNAc b1-4 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer Gg6Cer

Isoganglio Gal b1-3 GalNAc b1-3 Gal b1-4 Glc b1-1� Cer iGg4Cer

Lacto GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc3Cer

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc4Cer

Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc6Cer

Neolacto Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer nLc4Cer

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer nLc6Cer

Gal b1-4 GlcNAc b1
6

3
Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

II6kladoLc6Cer

Gal b1-4 GlcNAc b1
6

3
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

IV6kladoLc8Cer

Lactoganglio

GalNAc b1

GlcNAc b1

4

3
Gal b1-4 Glc b1-1� Cer LcGg4Cer

GalNAc b1

3
Gal b1-4 Glc b1-1� Cer

4

Gal b1-4 GlcNAc b1

LcGg5Cer

Globo Gal a1-4 Gal b1-4 Glc b1-1� Cer Gb3Cer

GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer Gb4Cer

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer Gb5Cer

Isoglobo Gal a1-3 Gal b1-4 Glc b1-1� Cer iGb3Cer

GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer iGb4Cer

Gal b1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer iGb5Cer

Muco Gal b1-4 Gal b1-4 Glc b1-1� Cer Mc3Cer

Gal b1-3 Gal b1-4 Gal b1-4 Glc b1-1� Cer Mc4Cer
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1.03.2.2 Lacto- (Neolacto-)Series GSLs (Lc and nLc)

The biosynthesis of the lacto-series GSLs begins when LacCer is converted to LcOse3Cer. LcOse3Cer is further

extended by the addition of a b1-3-linked galactose residue, followed by the addition of fucose, N-acetylglucosamine

(GlcNAc), and sialic acid (NeuAc or NeuGc) to form the lacto-series GSLs that have the following basic core

structure: GlcNAcb1-3Galb1-4Glcb1-10Cer. On the other hand, a b1-4-linked galactose (instead of b1-3-linked
galactose) residue can be attached to LcOse3Cer to form the neolacto-series GSLs (nLc) with the following core

structure: Galb1-4GlcNAcb1-3Galb1-4Glcb1-10Cer). Although not included in this chapter, a group of huge GSLs

containing 30–60 carbohydrates (macroglycolipids, megaloglycolipids, or poly(glycosyl)ceramides) belongs to the

neolacto-series.3,6,8
1.03.2.3 Globo- (Isoglobo-)Series GSLs (Gb and iGb)

LacCer is converted to GbOse3Cer (P
k antigen) by the addition of an a1-4-linked galactose residue, which can be

extended by addition of galactose, GalNAc, GlcNAc, fucose, and sialic acid residues to form the globo-series GSLs

(Gb) with the following core structure: Gala1-4Galb1-4Glcb1-10Cer. On the other hand, addition of an a1-3-linked



Table 2 Carbohydrate structures of neutral glycosphingolipids

Structure Name Abbreviation Source References

Glc b1-1� sphingosine Psychosine Glc-sphingosine Gaucher disease 110

Glc b1-1� Cer Glucosylceramide,

glucosylcerebroside

GlcCer Human, bovine,

equine spleen,

Gaucher disease

101, 144,

110

(2-O-acyl)Glc b1-1� Cer GlcCer (Acyl-O-2) Alaskan pollack

brain

147

(3-O-acyl)Glc b1-1� Cer GlcCer (Acyl-O-3) Porcine and human

epidermis,

Alaskan pollack

brain

60, 147

(6-O-acyl)Glc b1-1� Cer GlcCer (Acyl-O-6) Gaucher disease

spleen, Alaskan

pollack brain

103, 147

Fuc a1-1� Cer Fucosylceramide FucCer Human colon

tumor

155

Xyl b1-1� Cer Xylosylceramide XylCer Herring gull salt

gland

86

Gala series

Gal b1-1� sphingosine Psychosine Gal-sphingosine Krabbe disease 108, 153

Gal b1-1� (3-OAc)sphingosine Galactosyl 3-O-acetyl-

sphingosine

Rat brain myelin 47

Gal b1-1� (3-O-acyl)sphingosine Galactosyl 3-O-acyl-

sphingosine

Brain 90

(3,4-Cyclic acetal)Gal b1-1� sphingosine Psychosine (fatty

aldehyde);

plasmalopsychosine A

Human brain 116

(4,6-Cyclic acetal)Gal b1-1� sphingosine Psychosine (fatty

aldehyde);

plasmalopsycosine B

Human brain 116

Gal b1-1� Cer Galactosylceramide,

galactocerebroside

GalCer Brain, Myelin

sheath, Mouse

cerebellar cells

149, 119,

22

Gal b1-1� (3-O-acyl)Cer Galactosyl 3-O-acyl-Cer Brain 90

Gal b1-1� (3-O-alkyl)Cer  Galactosyl 3- O-alkyl-Cer Bovine brain 92

(2-O-acyl)Gal b1-1�Cer GalCer (Acyl-O-2) Whale brain,

Alaskan pollack

brain

158, 147

(3-O-acyl)Gal b1-1�Cer GalCer (Acyl-O-3) Alaskan pollack

brain

147

(4-O-acyl)Gal b1-1�Cer GalCer (Acyl-O-4) Alaskan pollack

brain

147
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(6-O-acyl)Gal b1-1� Cer GalCer (Acyl-O-6) Whale brain,

Alaskan pollack

brain

158, 147

Gal a1-4 Gal b1-1� Cer Digalactosyl ceramide,

CDG

Gal2Cer Fabry disease 67, 107,

105

GalNAc a1-3 GalNAc b1-3 Gal a1-4 Gal b1-1� Cer II3(GalNAca1-
3GalNAcb)-
Gal2Cer

Hamster fibroblasts 58

Hemato series

Gal b1-4 Glc b1-1� Cer Lactosylceramide,

cytolipin H

LacCer Bovine spleen,

human

leukocytes

89, 76

Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Fuc-LacCer, blood

group H

II 2Fuc a-LacCer Rat intestine 27

GalNAc a1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Blood group A II3GalNAca,
II2Fuca-LacCer

Rat intestine 29

Ganglio series

GalNAc b1-4 Gal b1-4 Glc b1-1� sphingosine Lyso-GA2 GM2 gangliosidosis

(Tay–Sachs

disease and

Sandhoff

disease)

91

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer Asialo-GM2, GA2 Gg 3Cer Tay–Sachs disease 102

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� sphingosine Lyso-GA1 GM2 gangliosidosis

(Tay–Sachs

disease and

Sandhoff

disease)

91

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer Asialo-GM1, GA1 Gg4Cer Lymphoma cells,

human brain

myelin, bovine

brain

152, 96, 44

GalNAc b1-4 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer GalNAc-GA1 IV4GalNAcb-Gg4
Cer

Bovine brain 46

 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1
2

Blood group H IV2Fuca-Gg4Cer Rat hepatoma cells 145

Table 2 (continued)
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Gal a1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

B-GA1 IV3Gala, IV2Fuca-
Gg4Cer

Rat bone marrow

cells, spleen,

thymus, ascites

hepatoma cells,

rat gastric

mucosa, rat RG2

glioma

146, 75,

140

GlcNAc b1-3 Gal a1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

IV3(GalNAcb1-
3Gala), IV2Fuca-
Gg4Cer

Rat testis 148

Isoganglio series

Gal a1-3 Gal b1-3 GalNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Blood group B,

glycolipid X

IV3Gala, IV2Fuca-
iGg4Cer

Rat granuloma and

abnormal

macrophage

66

Lacto series

GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Amino CTH lacto-N-

triose II

Lc3Cer Human

erythrocytes,

human leukemia

cells

11, 80

GlcNH2 b1-3 Gal b1-4 Glc b1-1� Cer Lacto-N-triose II (de-N-

acetyl)

De-N-acetyl-

Lc3Cer

Human brain,

Bovine brain

white matter

77, 78

GalNAc a1-3 Gal b1-4 GalNAc b1-3 Gal a1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1
2

Fuc a1

Blood group A Human

erythrocytes

35

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Ty p e 1 L c 4Cer Human meconium 87

Gal a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV 3Gal a -Lc4Cer Rabbit erythrocytes 52

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Blood group H IV2Fuca-Lc4Cer Human pancreas,

human

meconium,

human small

intestine

28, 88, 33

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

Lewisa III4Fuca-Lc4 Cer Human meconium 88

Gal a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Blood group B IV3Gala, IV2Fuca-
Lc4Cer

Fabry disease

spleen

157

Fuc a1

2
GalNAc a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer A; ALewisd, type 1

mono-fucosyl, Lea-b-;

AH21

IV3GalNAca,
IV2Fuca-Lc4Cer

Hog gastric

mucosa, rat

intestine, human

gastric cancer

cell line, human

erythrocytes

125, 30,

10, 38,

65
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Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

4

Fuc a1

Lewisb IV2, III4Fuca2-
Lc4Cer

Human intestine,

erythrocytes

36, 50

2

Fuc a1

4

Fuc a1

Gal a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer BLewisb IV3Gala, IV2,

III4Fuca2-
Lc4Cer

Human intestine 31

2

Fuc a1

4

Fuc a1

GalNAc a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Blood group A; ALeb,

type 1 di-fucosyl;

Lea-b+; HH3

IV3GalNAca, IV2,

III4Fuca2-
Lc4Cer

Human intestine,

dog intestine,

human

erythrocytes

106, 39

GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc5Cer Human leukemia

cells

80

Gal b1-4 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer V4Gal b-Lc 5Cer Human meconium 88

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV4(Galb1-
4GlcNAcb1-3
Galb)-Lc5Cer

Human meconium 88

2

Fuc a1

Gal b1-4 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Blood group H V4(Fuca1-2Galb)-
Lc5Cer

Human meconium 88

3

Fuc a1

Gal b1-4 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lewisx V4Galb, V3Fuca-
Lc5Cer

Human meconium 88

Gal b1-4 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

3

Fuc a1

Lewisy V4(Fuca1-2Galb),
V3Fuca-Lc5Cer

Human meconium 88

Gal b1-4 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

3

Fuc a1

4

Fuc a1

Lewisy V4(Fuca1-2Galb),
V3, III4Fuca2-
Lc5Cer

Human meconium 88

Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc6Cer Human cancer

tissues

137

Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

Lewisa V4Fuca-Lc6Cer Human cancer

tissues

137

Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

III4Fuca-Lc6Cer Human cancer

tissues

137

GalNAc a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Ab, type 1 repeat VI3GalNAca,
VI2Fuca-Lc6Cer

Human

erythrocytes, rat

intestine

94, 24

Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

4

Fuc a1

Lewisa, extended type 1

chain

V4, III4Fuca2-
Lc6Cer

Human colonic

adenocarcinoma

137, 139
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Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

4

Fuc a1

2

Fuc a1

Lewisb, extended type1

chain

VI2, V4, III4Fuca3-
Lc6Cer

Human colonic

adenocarcinoma

138

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

3

Fuc a1-2 Gal b1-4 GlcNAc b1

Fuc a1-2 Gal b1-3 GlcNAc b1

Blood group H VI2Fuca,
IV6(Fuca1-
2Galb1-
4GlcNAcb)-
Lc6Cer

Rat intestine 30

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

GalNAc a1-3 Gal b1-4 GlcNAc b1

GalNAc a1-3 Gal b1-3 GlcNAc b1

6

3

Fuc a1

Fuc a1

2

2

Blood group A VI3GalNAca,
VI2Fuca, IV6

[GalNAca1-3
(Fuca1-2)Galb1-
4GlcNAcb]-
Lc6Cer

Rat intestine 74

GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc7Cer Human leukemia

cells

80

Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Lc 8Cer Human meconium 88

Fuc a1-2 Gal b1-3 GlcNAc b1

Fuc a1-2 Gal b1-3 GlcNAc b1

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

3
Blood group H Rat intestine 32

GalNAc a1-3 Gal b1-3 GlcNAc b1

GalNAc a1-3 Gal b1-3 GlcNAc b1

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

3

Fuc a1
2

Fuc a1
2

Blood group A Rat intestine 74

Neolacto series

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer Type 2, paragloboside nLc4Cer Human

erythrocytes,

hamster NIPY

tumor

12, 141

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV3Gala-nLc4Cer Rabbit erythrocytes,

human

erythrocytes,

rabbit

erythrocytes

135, 159

Gal a1-4 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer P 1 antigen IV 4Gal a -nLc4C e r H uma n e r y th ro cy tes 1 0 9

Gal b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV3Galb-nLc4Cer Human

erythrocytes

136
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Gal b1-4 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer  IV 4Gal b-nLc 4Cer Ostrich liver 26

GalNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV3GalNAcb-
nLc4Cer

Human erythrocytes 8 1

GalNAc b1-3 Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV3(GalNAcb1-
3Gala)-nLc4Cer

Rat colon 150

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

H1 glycolipid IV2Fuca-nLc4Cer Human

erythrocytes, dog

small intestine,

bovine

erythrocytes

93, 134,

151, 9

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

Lewisx, SSEA-1,

X hapten

III3Fuca-nLc4Cer Human tumor, hog

gastric mucosa,

human and dog

intestine, human

cataract lenses,

glioma cells

61, 125,

106, 18,

19

 Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

B-I antigen IV3Gala, IV2Fuca-
nLc4Cer

Fabry disease

pancreas, human

erythrocytes,

bovine

erythrocytes,

Fabry and

Schindler

disease skin

fibroblasts

157, 93,

69, 151,

21

 Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

Gal-Lewisx IV3Gala, III3Fuca-
nLc4Cer

Pig kidney 25

   GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Type 2, Aa, blood

group A; Aa

IV3GalNAca,
IV2Fuca-
nLc4Cer

Hog gastric

mucosa, human

erythrocytes

Fabry and

Schindler

disease skin

fibroblasts

125, 62,

65, 95,

21

GalNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

GalNAc-Lewisx IV3GalNAcb,
III3Fuca-
nLc4Cer

Human cataractous

lenses

18

Gal b1-3 GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

IV3(Galb1-
3GalNAca),
IV2Fuca-
nLc4Cer

Human erythrocytes 4 3

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1
2

Fuc a1

Lewisy IV2, III3Fuca2-
nLc4Cer

Human and dog

intestine, human

colonic cancer

106, 9
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Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

2
Fuc a1

Blood group B IV3Gala, IV2,

III3Fuca-
nLc4Cer

Rat colon 15, 79

GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

2

Fuc a1

Blood group A IV3GalNAca, IV2,

III3Fuca2-
nLc4Cer

Hog gastric mucosa 126

Gal b1-3 GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

2

Fuc a1

Type 3 chain H IV3(Fuca1-2Galb1-
3GalNAca),
IV2Fuca-
nLc4Cer

Human

erythrocytes

41

GalNAc a1-3 Gal b1-3 GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

2

Fuc a1

Type 3 A IV3[GalNAca1-3
(Fuca1-2)Galb1-
3GalNAca], IV2

Fuca-nLc4Cer

Human

erythrocytes

40

Gal b1-3 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer V3Galb-nLc5Cer Human cancer

tissues

137

Gal b1-3 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

Leatype 1 V4Fuca, III3Fucab-
nLc5Cer

Human

erythrocytes

93, 85

Gal b1-3 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

V3Galb,V3Galb-
nLc5Cer

Human cancer

tissues

137

Gal b1-3 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

4

Fuc a1

DifucosylLea, x V4Fuca,V3Galb,
III3Fuca-
nLc5Cer

Human squemous

lung cancer

104

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer i antigen nLc6Cer Bovine

erythrocytes,

human

erythrocytes

151, 117

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer VI 3Gal a -nLc6C e r Bo vi ne e ryth ro cytes 1 5 1

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

III3Fuc-nLc6Cer Human gastric

cancer cells

57, 114

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

Lewisx, SSEA-1 V3Fuca-nLc6Cer Human

erythrocytes

82, 56

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

H2 VI2Fuca-nLc6Cer Human

erythrocytes

93, 151, 65

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

B-II antigen VI3Gala, VI2Fuca-
nLc6Cer

Human

erythrocytes

93, 68

GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Blood group A; Ab VI3GalNAca, VI2

Fuca-nLc6Cer
Human

erythrocytes, rat

intestine

62, 65, 35,

95, 24
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Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

Fuc a1

Lewisx, SSEA-1, type 2 V3, III3Fuca2-
nLc6Cer

Human

adenocarcinoma,

human cataract

lenses and

glioma cells

57, 64, 18,

19

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

2

Fuc a1

Lewisy VI2, V3Fuca2-
nLc6Cer

Human

adenocarcinoma

99, 113

GalNAc a1-3 Gal b1-3 GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

2

Fuc a1

Type 3; Ab VI3[GalNAca1-3
(Fuca1-2)Galb1-
3GalNAca], VI2

Fuca-nLc6Cer

Human

erythrocytes

42

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

Fuc a1

2

Fuc a1

Lewisy VI2, V3, III3Fuca3-
nLc6Cer

Human

adenocarcinoma

99, 113

 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer nLc8Cer Human

granulocytes

56

 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

Lewisx, SSEA-1 VII3Fuca-nLc8Cer Human

erythrocytes

82, 56

 GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Blood group A; nor-Ac VIII3GalNAca,
VIII2Fuca-
nLc8Cer

Human

erythrocytes

42, 65

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

Fuc a1

Lewisx, SSEA-1 VII3, V3Fuca2-
nLc8Cer

Human

erythrocytes

82

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

Fuc a1

3

Fuc a1

Lewisx, SSEA-1, type 2 VII3, V3, III3Fuca3-
nLc8Cer

Human

adenocarcinoma

57, 64

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1

6

3
Blood groups I IV6klado Lc8Cer Bovine

erythrocytes,

human adult and

umbilical cord

erythrocytes,

human

adenocarcinoma

156, 117,

115

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

GalNAc a1-3 Gal b1-4 GlcNAc b1

6

3
VI3GalNAca-IV6

kladoLc8Cer

Human

erythrocytes

62
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Gal a1-3 Gal b1-4 GlcNAc b1

Gal a1-3 Gal b1-4 GlcNAc b1

3

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer VII3,VI3Gala2-IV

6

kladoLc8Cer

Rabbit

erythrocytes

70

Gal b1-4 GlcNAc b1

Fuc a1-2 Gal b1-4 GlcNAc b1

3

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer VI2Fuca-IV6

kladoLc8Cer

Human

erythrocytes

117

Fuc a1-2 Gal b1-4 GlcNAc b1

Fuc a1-2 Gal b1-4 GlcNAc b1
3

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer H3 antigen, H and

I-active

VII2, VI2Fuca2-IV
6

kladoLc8Cer

Human

erythrocytes

154, 156,

65

Gal a1-3 Gal b1-4 GlcNAc b1

Fuc a1

2

Gal a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

6

Fuc a1

2

B-III antigen VIII3,VI3

Gala2, VIII
2,

VI2Fuca2-IV
6

kladoLc8Cer

Human

erythrocytes

71

GalNAc a1-3 Gal b1-4 GlcNAc b1

GalNAc a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

6

Fuc a1

2

Fuc a1

2

Blood group A;

‘classical’ Ac(now Ad)

VIII3,VI3

GalNaca2, VIII
2,

VI2Fuca2-IV
6

kladoLc8Cer

Human

erythrocytes

62, 42, 95

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer nLc10Cer Human

granulocytes

56

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

3
VII3Fuca-nLc10Cer Human gastric

cancer cells

114

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

Fuc a1

2

Fuc a1

2

6

3
H4 X2,VIII2Fuca2-

IV6kladoLc10
Cer

Human

erythrocytes

65
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Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

Fuc a1

2

Gal a1-3 Gal b1-4 GlcNAc b1

Fuc a1

2

6

3
B-IV antigen X2,VIII2Gala2,

Fuca2-IV
6

kladoLc10Cer

Human

erythrocytes

71

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2

GalNAc a1-3 Gal b1-4 GlcNAc b1

GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

Fuc a1

2

6

3
Blood group A; classical

Ad(now Ac)

X3,VIII3GalNAca2,
XI2,VIII2

Fuca2-IV
6

kladoLc10Cer

Human

erythrocytes

62, 55, 42

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal a1-3 Gal b1-4 GlcNAc b1

Gal a1-3 Gal b1-4 GlcNAc b1

Gal a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1

6

6
3

3

Human

erythrocytes

51

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2

3

Gal a1-3 Gal b1-4 GlcNAc b1

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

Fuc a1

2

6
B-V antigen X3,XII3Gala2, X

2,

XII2Fuca2-VI
6

kladoLc12Cer

Human

erythrocytes

71

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal a1-3 Gal b1-4 GlcNAc b1

6

Gal a1-3 Gal b1-4 GlcNAc b1

6

Gal a1-3 Gal b1-4 GlcNAc b1

6
Gal b1-4 GlcNAc b1

3

Gal b1-4 GlcNAc b1

3

Gal a1-3 Gal b1-4 GlcNAc b1

3

BIrab-3 Blood group B-

like and I-active

Rabbit

erythrocytes

72
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Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal a1-3 Gal b1-4 GlcNAc b1

6

Gal a1-3 Gal b1-4 GlcNAc b1

6

6

Gal a1-3 Gal b1-4 GlcNAc b1

6
Gal b1-4 GlcNAc b1

3

Gal b1-4 GlcNAc b1

3

Gal b1-4 GlcNAc b1

Gal a1-3 Gal b1-4 GlcNAc b1

Gal a1-3 Gal b1-4 GlcNAc b1

3

3

BIrab-4 Blood group B-

like and I-active

Rabbit

erythrocytes

72

Lactoganglio series

GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

GalNAc b1 LcGg4Cer Mouse leukemia

cells

84, 100

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

GalNAc b1
IV3Gala-LcGg5Cer Mouse leukemia

cells

84

Gal b1-4 Glc b1-1� Cer

GalNAc b1-3 Gal a1-3 Gal b1-4 GlcNAc b1

4

3

GalNAc b1

Fuc a1

3

IV3(Fuca1-
3GalNAcb1-
3Gala)-
LcGg6Cer

English sole liver 118

Globo series

Gal a1-4 Gal b1-4 Glc b1-1� Cer Gb3, CTH; Pk antigen Gb3Cer Human plasma,

hamster

fibroblasts

105, 58

Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer GalGb3 III3GalaGb3Cer Rat intestine,

PC12h cells

30, 16

GlcNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer IV3GlcNAcb-
Gb3Cer

Human meconium 98

Gal a1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer (Gal)2Gb3 III3(Gala)2-Gb3Cer Rat intestine,

PC12h cells

30, 16

GalNAc b1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer GalNAcGalGb3 III3(GalNAcb-
Gala)-Gb3Cer

Rat intestine,

PC12h cells

14, 17

Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer (Gal) 3Gb3 III 3(Gal a) 3-Gb3Cer PC12h cells 17

GalNAc b1-3 Gal a1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer GalNAcGalGalGb3 III3[GalNAcb-
(Gala)2]-Gb3Cer

Rat intestine 14

GalNAc b1-3 Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer III3[GalNAcb-
(Gala)3]-Gb3Cer

Rat intestine 14

GalNAc b1-3 Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer III3[GalNAcb-
(Gala)4]-Gb3Cer

Rat intestine 14

GalNAc b1-3 Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer III3[GalNAcb-
(Gala)5]-Gb3Cer

Rat intestine 14

Gal a1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
FucGalGb3, H antigen III3(Fuca1-2Gala)-

Gb3Cer

Rat intestine,

PC12h cells

30, 17
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GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer Gb4, Globoside,

Cytolipin K,

P antigen

Gb4 Cer Tay–Sachs disease 102

Gal a1-4 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer IV 4Gal a -Gb4C e r H uman erythro cy tes 4 9

GalNAc a1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer GalNAc-Gb4; Forssman

antigen

IV3GalNAca-
Gb4Cer

Sheep erythrocytes,

dog intestine and

kidney, hamster

fibroblasts

121, 142,

58

GalNAc b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer Para-Forssman antigen IV3GalNAcb-
Gb4Cer

Human

erythrocytes

13

GalNAc a1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1' Cer

Gal b1-3 GalNAc b1

4
Branched Forssman

antigen

IV3GalNAca, III4

(Galb1-
3GalNAcb)-
Gb4Cer

Dog gastric mucosa 127

GalNAc a1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1-2 Gal b1-3 GalNAc b1

4
IV3GalNAca, III4

(Fuca1-2Galb1-
3GalNAcb)-
Gb4Cer

Dog gastric mucosa 130

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer GalGb4, SSEA-3 Gb5Cer Monkey kidney,

human

teratocarcinoma

cells, fetal calf

serum, human

brain

23, 83, 45

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

GlcNAc b1

6
IV6GlcNAcb-

Gb5Cer

Mouse kidney 120

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

6
IV6(Galb1-

4GlcNAcb)-
Gb5Cer

Mouse kidney 120

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Type 4 chain H (globo-

H), blood group H,

SSEA-3

V2Fuca-Gb5Cer Human

teratocarcinoma,

human

mammary gland,

human

embryonic

carcinoma cells,

human

erythrocytes

83, 34, 54,

65

GalNAc a1-3 Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Type 4 chain A (globo-A) V3GalNAca,

V2Fuca-Gb5Cer

Human

erythrocytes,

human

embryonic

carcinoma cells

37, 54, 65
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Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

Gal b1-4 GlcNAc b1

6

3

SSEA-1 determinant IV6[Galb1-4(Fuca1-
3)GlcNAcb]-
Gb5Cer

Mouse kidney 120

Isoglobo series

Gal a1-3 Gal b1-4 Glc b1-1� Cer iGb3 iGb3Cer Dog intestine,

Burkitt

lymphoma, rat

hepatoma

143, 112,

20

GalNAc b1-3 Gal a1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer III3(GalNAcb-
Gala)-iGb3Cer

Rat intestine 14

Gal a1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Blood group H III2Fuca-iGb3Cer Hog gastric mucosa 123

Gal a1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
B, BGb3 II2Fuca-iGb3Cer Rat colon 73

GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer iGb4; Cytolipin R iGb4Cer Rat

lymphosarcoma,

pig edema, rat

hepatoma

97, 48, 20

GalNAc a1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer Forssman-like iGb4 IV3GalNAca-
iGb4Cer

Rat

adenocarcinoma

53

Gal a1-3 Gal b1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Blood group B V3Gala, V2Fuca-

iGb5Cer

Rat gastric mucosa 75

Muco series

GalNAc a1-3 Gal b1-3 Gal b1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Blood group A IV3GalNAca,

IV2Fuca-Mc4Cer

Hog gastric mucosa 122

GalNAc a1-3 Gal b1-3 GlcNAc b1-3 Gal b1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Blood group A Hog gastric mucosa 124

GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Blood group A Hog gastric mucosa 124

Gal b1-4 Gal b1-4 Glc b1-1� Cer

GalNAc a1-3 Gal b1

GalNAc a1-3 Gal b1

Fuc a1

2

6

3
Blood group A Hog gastric mucosa 128

(continued)
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Unclassified

Gal a1-4 Gal b1-4 GlcNAc b1-4 Glc b1-1� Cer P 1 antigen Human erythrocytes 109

Gal a1-3 Gal b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Blood group B Xenopus blastula

cells

111

GalNAc a1-3 Gal b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Hog gastric mucosa 125

Gal b1-4 GlcNAc b1-4 Gal b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

3
Lewisx Human

erythrocytes

64

GalNAc a1-3 Gal b1-3 GlcNAc b1-4 Gal b1-4 Glc b1-1� Cer

Fuc a1

2
Rat intestine 29

Gal b1-4 Glc b1-1� Cer

Gal b1

6

GalNAc a1-3 Gal b1-4 Gal b1

3
Fuc a1

2

Blood group A Hog gastric mucosa 129

Gal b1-4 Glc b1-1� Cer

GalNAc a1-3 Gal b1

6

GalNAc a1-3 Gal b1-4 Gal b1

3
Fuc a1

2

Blood group A Hog gastric mucosa 128

Gal b1-4 Glc b1-1� Cer

GlcNAc b1-4 Gal b1

GalNAc a1-3 Gal b1-4 Gal b1

Fuc a1

2

6

3
Blood group A Hog gastric mucosa 128

GlcNAc b1-4 Gal b1

Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1-4 Gal b1

Fuc a1

3

6

3
Lewis x Hog gastric mucosa 129

Gal b1-3/4 GlcNAc b1

GalNAc a1-3 Gal b1-3/4 GlcNAc b1

Fuc a1

2

Fuc a1

2

Gal b1-4 GlcNAc b1-3 Gal b1-4 Gal b1-4 Glc b1-1� Cer
6

3
Blood group A, H Hog gastric mucosa 131

Table 2 (continued)

Structure Name Abbreviation Source References
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Gal b1-3/4 GlcNAc b1

GalNAc a1-3 Gal b1-3/4 GlcNAc b1

Fuc a1

2

Fuc a1

2

Gal b1-4 GlcNAc b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

3
Blood group A, H Hog gastric mucosa 131

Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1

Gal b1-4 Gal b1-4 Glc b1-1� Cer
6

3
Gal b1-3/4 GlcNAc b1

Fuc a1

2
6

GalNAc a1-3 Gal b1-3/4 GlcNAc b1

Fuc a1

2

3

Blood group A, H Hog gastric mucosa 131

Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-4 GlcNAc b1

Gal b1-3/4 GlcNAc b1

Fuc a1

2

6

3

GalNAc a1-3 Gal b1-3/4 GlcNAc b1

Fuc a1

2

3

6

Blood group A, H Hog gastric mucosa 131

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1

Gal b1-3/4 GlcNAc b1

3

Gal b1-4 Gal b1-4 Glc b1-1� Cer
6

3

Gal b1-4 GlcNAc b1

6

6

GalNAc a1-3 Gal b1-3/4 GlcNAc b1

Fuc a1

2

Fuc a1

2

Blood group A, H Hog gastric mucosa 132

GalNAc a1-3 Gal b1-3/4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-4 GlcNAc b1

Gal b1-3/4 GlcNAc b1

3

Gal b1-4 Glc b1-1� Cer
6

3

Gal b1-4 GlcNAc b1

6

6

GalNAc a1-3 Gal b1-3/4 GlcNAc b1

Fuc a1

2

Fuc a1

Fuc a1

2

2

Hog gastric mucosa 133

Fuc a1-2 Gal 1-4 GlcNAc b1

Fuc a1-2 Gal 1-4 GlcNAc b1

Gal 1-4 (GlcNAc 1-3 Gal)7 1-4 Glc b1-1� Cer
6

3
Human

erythrocytes

59
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Table 3 Carbohydrate structures of sulfated glycosphingolipids

Structure Name Abbreviation Source References

HSO3-3 Glc b1-1� Cer Glucosyl sulfatide,

sulfoglucosylceramide

I 3-sulfate, GlcCer Rat kidney 166

Gala series

HSO3-3 Gal b1-1� Sphingosine Lysosulfatide,

sulfogalactosylsphingosine

I3-sulfate, Gal-sphingosine Late infantile metachromatic

leukodystrophy

171, 187,

188

HSO3-3 Gal b1-1� Cer Galactosyl sulfatide,

sulfogalactosylceramide

I 3-sulfate, GalCer Bovine brain 189, 164

(6-O-acyl)Gal b1-1� Cer
3

HSO3

6-O-acyl sulfatide I 3-sulfate, (6- O-acyl)GalCer Equine brain 168

Hemato series

HSO3-3 Gal b1-4 Glc b1-1� Cer Sulfolactosylceramide, SM3 II3-sulfate, LacCer Bovine brain, kidney, metachromatic

leukodystrophy

163, 177,

178

Gal b1-4 Glc b1-1� Cer
3

HSO3-8 NeuAc a2-8 NeuAc a2

SD3 II3 (8-HSO3) NeuAca2-
8NeuAca-LacCer

Bovine gastric mucosa 175

Ganglio series

HSO3

3
GalNAc b1-4 Gal b1-4 Glc b1-1� Cer  SM2a II 3-sulfate, Gg 3Cer Rat kidney 180

HSO3

3
GalNAc b1-4 Gal b1-4 Glc b1-1� Cer  SM2b III 3-sulfate, Gg 3Cer Rat kidney 179, 185

HSO3

3
Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer  SM1b IV 3-sulfate, Gg 4Cer Mouse small intestine 167

HSO3

3
GalNAc b1-4 Gal b1-4 Glc b1-1� Cer

HSO3

3
SB2 III3, II3-bis-sulfate, Gg3Cer Rat kidney 181

HSO3

3
Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer  SM1a II 3-sulfate, Gg 4Cer Rat kidney 186

HSO3

3

HSO3

3
Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer SB1a IV3,II3-bis-sulfate, Gg4Cer Rat kidney, human hepatocellular

carcinoma

182, 165
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HSO3

3
Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer

3

NeuGc a2

SM1a (NeuGc) IV3-sulfate, II3NeuGca-
Gg4Cer

Rat kidney 186

3
GalNAc b1-4 Gal b1-4 Glc b1-1� Cer

(8-O-SO4)NeuAc a2

SM2 (NeuAc) II3(8-O-SO4 )NeuAc a -Gg 3Cer Bovine gastric mucosa 176

3
GalNAc b1-4 Gal b1-4 Glc b1-1� Cer

(8-O-SO4)NeuGc a2

SM2 (NeuGc) II3(8-O-SO4 )NeuGca -Gg 3Cer Bovine gastric mucosa 176

Lacto series

HSO3

6
GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer III6-sulfate, Lc3Cer Hog gastric mucosa 172

Neolacto series

HSO3

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer  III 6-sulfate, nLc 4Cer Hog gastric mucosa 173, 174

HSO3

3
GlcA b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer  HNK-1 antigen, SGPG IV 3-GlcA-3-sulfate, nLc 4Cer Human cauda equina 161, 160

HSO3

3
GlcA b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer  HNK-1 antigen, SGLPG VI 3-GlcA-3-sulfate, nLc 6Cer Human cauda equina 162, 160

Globo series

HSO3-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer  SMGb 4Cer IV 3-sulfate, Gb 4Cer Human kidney 169

HSO3-3 Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer  SMGb 5Cer V3-sulfate, Gb5Cer Human kidney 170

Isoglobo series

HSO3

GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer
3

IV3-sulfate, iGb4Cer Rat kidney 183

3
HSO3

Gal b1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer  V3-sulfate, iGb 5Cer Rat kidney 184

Unclassified

HSO3-3 Gal 1-4 Gal 1-4 Glc 1-1� Cer Hog gastric mucosa 172
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Table 4 Carbohydrate structures of gangliosides

Structure Name Abbreviation Source References

Gala series

NeuAc a2-3 Gal b1-1� Cer GM4 I3NeuAca-GalCer Human brain, human

myelin, egg yolk,

avian myelin

267, 273,

278, 213

NeuGc a2-3 Gal b1-1� Cer GM4 (NeuGc) I3NeuGc a -GalCer Frog liver, fish liver 304, 328

NeuAc a2-3 Gal b1-1� Cer

Lactone

GM4 (lactone) I3NeuAc a (lactone)-GalCer Minke whale brain 347

Hemato series

Monosialo

Gal b1-4 Glc b1-1� sphingosine
3

NeuAc a2

Lyso-GM3 A431 human

epidermoid

carcinoma cells

310

Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GM3 II3NeuAca-LacCer Human brain, bovine

liver, spleen, kidney,

and adrenal medulla,

human liver

267, 355,

332

Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

GM3 (NeuGc), hematoside II3NeuGca-LacCer Horse erythrocytes,

bovine adrenal

medulla, liver, spleen

and kidney

361, 263,

272, 355

Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2

GM3 (9-OAcNeuAc) II 3(9-OAc)NeuAc a-LacCer Guinea pig kidney 245

Gal b1-4 Glc b1-1� Cer
3

(4-OAc)NeuGc a2

GM3 (4-OAcNeuGc) II 3(4-OAc)NeuGc a -LacCer Horse erythrocytes 235, 229

Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuGc a2

II 3(9-OAcNeuGc)-Lac II 3(9-OAc)NeuGc a -LacCer Equine erythrocytes 359

(6-OAc)Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

GM3 (6-OAcGal, NeuGc) I4 [NeuGca2-3 (6-OAc)

Galb]-GlcCer

Equine erythrocytes 359

(6-OAc)Gal b1-4 Glc b1-1� Cer
3

(4-OAc)NeuGc a2

GM3 (6-OAcGal, 4-

OAcNeuGc)

I4 [(4-OAc)NeuGca2-3(6-
OAc)Galb]-GlcCer

Equine erythrocytes 360

Gal b1-4 Glc b1-1� Cer
3

(4-OAc, 9-OAc)NeuGc a2

GM3 (4,9-di-OAcNeuGc) II3(4,9-diOAc)NeuGca-
LacCer

Equine erythrocytes 360

Kdn a2-3 Gal b1-4 Glc b1-1� Cer GM3 (Kdn) II 3Kdn-LacCer Rainbow trout sperm 336
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Gal b1-4 Glc b1-1� Cer
3

NeuNH2 a2

De-N-acetyl-GM3 II3NeuNH2-LacCer A431 human

epidermoid

carcinoma cells, B16

melanoma cells

239

Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

Lactone GM3 lactone II 3NeuAc a (lactone)-LacCer Melanoma cells 309

Disialo

Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

GD3 II3(NeuAca)2-LacCer Human brain, bovine

retina, bovine liver,

spleen, kidney

267, 241,

355

Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuGc a2

GD3 (NeuAc/NeuGc) II3(NeuAca2-8NeuGca)-
LacCer

Bovine liver, spleen,

kidney, bovine

adrenal medulla

355, 194

Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuAc a2

GD3 (NeuGc/NeuAc) II3(NeuGca2-8NeuAca)-
LacCer

Bovine liver, spleen,

kidney, rabbit

thymus

355, 255

Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuGc a2

GD3 (NeuGc)2 II3(NeuGca)2-LacCer Cat erythrocytes, bovine

liver, spleen, kidney,

bovine adrenal

medulla

240, 355,

194

Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2

GD3 (9-OAc) II3[(9-OAc)NeuAca2-
8NeuAca]-LacCer

Human melanoma cells,

bovine buttermilk

348, 327,

323

Gal b1-4 Glc b1-1� Cer
3

(7-OAc)NeuAc a2-8 NeuAc a2

GD3 (7-OAc) II3[(7-OAc)NeuAca2-
8NeuAca]-LacCer

Bovine buttermilk,

hamster melanoma,

humanT-lymphocytes

323, 324,

266

Gal b1-4 Glc b1-1� Cer
3

(7-OAc, 9-OAc)NeuAc a2-8 NeuAc a2

GD3 (7,9-diOAc) II3[(7-OAc, 9-OAc)

NeuAca2-8NeuAca]-
LacCer

Bovine buttermilk 323

Gal b1-4 Glc b1-1� sphingosine
3

NeuNH2 a2-8 NeuAc a2

GD3 (lyso-de- N-acetyl) Human melanoma cells 335

Gal b1-4 Glc b1-1� Cer
3

NeuNH2 a2-8 NeuAc a2
GD3 (de- N-acetyl) Human melanoma cells 335

Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

Lactone

GD3 (lactone) II3[NeuAca(lactone)]2-
LacCer

Minke whale brain 347

Trisialo

Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

GT3 II3(NeuAca)3-LacCer Fish brain, pig kidney 318, 200,

363, 288

Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2-8 NeuAc a2

GT3 (9-OAc) II3[(9-OAc)NeuAca2-
8NeuAca2-8NeuAca]-
LacCer

Chicken brain, rat brain,

bovine butter milk,

codfish brain,

218, 323,

349

(continued)
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Ganglio series

Monosialo

GalNAc b1-4 Gal b1-4 Glc b1-1� sphingosine
3

NeuAc a2

Lyso-GM2 GM2 gangliosidosis

(Tay–Sachs disease

and Sandhoff

disease)

301, 91

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GM2 II3NeuAca-Gg3Cer Tay–Sachs brain, human

brain

102, 267,

271,

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

GM2 (NeuGc) II3NeuGca-Gg3Cer Bovine spleen 355

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Taurine-NeuAc a2

Tauro-GM2 II3 (taurine-NeuAca)-
Gg3Cer

Tay–Sachs brain 279

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� sphingosine
3

NeuAc a2

Lyso-GM1 GM2 gangliosidosis

(Tay–Sachs disease

and Sandhoff

disease)

91

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GM1 II3NeuAca-Gg4Cer Human brain, GM1

gangliosides, bovine

spleen

355

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

GM1 (NeuGc) II3NeuGca-Gg4Cer Bovine spleen, kidney,

liver

356

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuNH2 a2

GM1 (de-N-acetyl, NeuN) II3NeuNH2-Gg4Cer Bovine brain, human

glioma

242, 222

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
4

GalNAc b1

3

NeuAc a2

GalNAc-GM1 IV4GalNAcb, II3NeuAca-
Gg4Cer

Human brain 256

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Gal a1

3

NeuAc a2

Gal-GM1 IV3Gala, II3NeuAca-
Gg4Cer

Frog fat body 314

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Gal b1-3 Gal a1

3

NeuAc a2

Gal2-GM1 IV3(Galb1-3Gala),
II3NeuAca-Gg4Cer

Frog fat body 314

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Gal a1-3 Gal b1-3 Gal a1

3

NeuAc a2

Gal3-GM1 IV3(Gala1-3Galb1-3Gala),
II3NeuAca-Gg4Cer

Frog fat body 314

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

3

NeuAc a2

Fuc-GM1 IV2Fuca, II3NeuAca-
Gg4Cer

Boar testis, bovine

brain, pig adipose,

mini-pig brain, PC12

cells

340, 230,

313, 220,

198

Table 4 (continued)
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Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

3

NeuGc a2

Fuc-GM1 (NeuGc) IV2Fuca, II3NeuGca-
Gg4Cer

Bovine liver, boar testis,

pig adipose, mini-pig

brain

355, 340,

313, 220

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Fuc a1
3

NeuAc a2

IV3Fuca, II3NeuAca-
Gg4Cer

Pig adipose 313

 GalNAc b1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

NeuAc a2

Fucosyl-N-

acetylgalactosaminyl-

GM1

IV3(Fuca1-3GalNAcb),
II3NeuAca-Gg4Cer

Salmon kidney 302

 Gal b1-4 GlcNAc b1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

LacN-GM1 IV3(Galb1-4GlcNAcb),
II3NeuGca-Gg4Cer

Rat spleen 305

GalNAc b1-4 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GalNAc-isoGM1 IV4GalNAcb, IV3NeuAca-
Gg4Cer

Human meconium 221

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
2

Fuc a1

Gal a1

3

3

NeuAc a2

B-GM1, galactosylfucosyl-

GM1

IV3Gala, IV2Fuca,
II3NeuAca-Gg4Cer

Rat hepatoma, rat

stomach, PC12 cells

249, 203,

198

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

2

Fuc a1

Gal a1

3
aGal,Fuc-GM1 (NeuGc),

B-GM1 (NeuGc)

IV3Gala, IV2Fuca,
II3NeuGca-Gg4Cer

Rat spleen 306

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

GalNAc a1-3 GalNAc b1

3

NeuAc a2

IV3(GalNAca1-3GalNAcb)
II3NeuAca-Gg4Cer

English sole liver 316

Gal b1-4 GlcNAc b1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

NeuAc a2

Lex-GM1 IV3[Galb1-4(Fuca1-3)
GlcNAcb], II3 NeuAca-
Gg4Cer

Chicken intestinal

tissues

246

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GM1b IV3NeuAca-Gg4Cer Human erythrocytes, rat

ascites, human brain

156, 244,

284, 199

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

GM1b (NeuGc) IV3NeuGc-Gg4Cer Mouse spleen 293

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

GM1a III6NeuAc-Gg4Cer Bovine brain 252

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GalNAc b1
4

GalNAc-GM1b IV3NeuAca-Gg5Cer Tay–Sachs brain 254

(continued)
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Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

GalNAc b1
4

GalNAc-GM1b (NeuGc) IV3NeuGca-Gg5Cer Mouse spleen, mouse

T lymphocytes

294, 291

3

NeuGc a2

Gal a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer aGal-LacN-GM1 IV3(Gala1-3Galb1-
4GlcNAcb),
II3NeuGca-Gg4Cer

Rat spleen 305

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

Gal b1-3 GalNAc b1
4

IV3NeuAca-Gg6Cer Mouse spleen 294

Disialo

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

GD2 II3(NeuAca)2 -Gg3 Cer Human brain 267, 264

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2

GD2 (9-OAc) II3[(9-OAc)NeuAca2-8
NeuAca]-Gg3Cer

Human melanoma cells 334

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

NeuAc a2

GD1a IV3, II3NeuAca2-Gg4Cer Human brain, bovine

adrenal medulla

267, 265,

318, 194

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

3

NeuAc a2

GD1a (NeuAc/NeuGc) IV3 NeuAca, II3NeuGca-
Gg4Cer

Bovine brain, bovine

adrenal medulla

230, 318

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

NeuGc a2

GD1a (NeuGc/NeuAc) IV3 NeuGca, II3NeuAca-
Gg4Cer

Bovine brain 230

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

3

NeuGc a2

GD1a (NeuGc/NeuGc) IV3, II3NeuGca2-Gg4Cer Bovine spleen, kidney,

bovine adrenal

medulla

355, 194

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

(9-OAc)NeuAc a2

GD1a (9-OAc NeuAc/

NeuAc)

IV3 (9-OAc)NeuAca,
II3NeuAca-Gg4Cer

Rat erythrocytes 233

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Kdn a2

3

NeuAc a2

GD1a (NeuAc/ Kdn) IV3 NeuAca, II3Kdna-
Gg4Cer

Rainbow trout testis 338

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Kdn a2

GD1a (Kdn/NeuAc) IV3 Kdna, II3NeuAca-
Gg4Cer

Rainbow trout testis 338

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Kdn a2

3

Kdn a2

GD1a (Kdn/Kdn) IV3, II3Kdna2-Gg 4Cer Rainbow trout testis 337, 338
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Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Kdn a2

3

(9-OAc)Kdn a2

GD1a (9-OAc Kdn/Kdn) IV3 (9-OAc)Kdna,
II3Kdna-Gg4Cer

Rainbow trout testis 337

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

NeuAc a2

GalNAc b1
4

GalNAc-GD1a IV3a, II3NeuAca2-Gg5Cer Human brain,

Tay–Sachs brain

341, 257,

364

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

3

NeuAc a2

GalNAc b1
4

GalNAc-GD1a (NeuAc/

NeuGc)

IV3NeuAca, II3NeuGca,
Gg5Cer

Bovine brain 206

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

NeuGc a2

GalNAc b1
4

GalNAc-GD1a (NeuGc/

NeuAc)

IV3NeuGca, II3NeuAca,
Gg5Cer

Bovine brain 206

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

GD1b II3(NeuAca)2-Gg4Cer Human brain, bovine

adrenal medulla

267, 265,

318

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuGc a2

GD1b (NeuAc/NeuGc) II3(NeuGca-NeuAca)-
Gg4Cer

Pig skeletal muscle 195

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuGc a2

GD1b (NeuGc)2 II3(NeuGca)2-Gg 4Cer Bovine adrenal medulla 197

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2

GD1b (9-OAc) II3[(9-OAc) NeuAca2-
8NeuAca]-Gg4Cer

Bovine brain 248

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Lactone

NeuAc a2-8 NeuAc a2

GD1b (lactone) II3Neuca2-8NeuAca
(lactone)-Gg4Cer

Human brain 325

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

Fuc a1

2
Fuc-GD1b IV2Fuca, II3(NeuAca)2-

Gg4Cer

Pig cerebellum, mini-

pig brain, PC12 cells

339, 220,

198

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

3

Gal a1

IV3Gala, II3(NeuAca)2-
Gg4Cer

Rat basophilic leukemia

cell line

234

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2
3

Gal a1-3 Gal a1

IV3(Gala)2, II
3(NeuAca)2-

Gg4Cer

Rat basophilic leukemia

cell line

234
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Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

3

Gal a1

Fuc a1

2
IV2Fuca, IV3Gala,

II3(NeuAca)2-Gg4Cer

PC12 cells 198

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

GD1c IV3(NeuAca)2-Gg 4Cer Mouse thymoma 201

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuGc a2

GD1c (NeuAc/NeuGc) IV3(NeuAca2-8NeuGca)-
Gg4Cer

Mouse thymoma and

thymocytes

317, 296

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuAc a2

GD1c (NeuGc/NeuAc) IV3(NeuGca2-8NeuAca)-
Gg4Cer

Mouse thymoma and

thymocytes

296

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuGc a2

GD1c (NeuGc/NeuGc) IV3(NeuGca)2-Gg4Cer Mouse thymoma and

thymocytes, rat

spleen lymphocytes

296, 307

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

NeuAc a2

6
GD1a IV3, III6NeuAca2-Gg4Cer Frog brain, rat ascites,

hepatoma cells,

mouse lymphoma

cell line

315, 343,

290

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Kdn a2

NeuAc a2

6
GD1a (Kdn/NeuAc) IV3 Kdna, III6 NeuAca-

Gg4Cer

Rainbow trout testis 338

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

Kdn a2

Kdn a2

6
GD1a (Kdn/Kdn) IV3, III6 Kdna2-Gg 4Cer Rainbow trout testis 338

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

3

NeuAc a2

GD1aa III6, II3NeuAca2-Gg 4Cer Bovine brain 252

Gal b1-4 GlcNAc b1-3 Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

3

NeuGc a2

IV3(NeuGca2-3Galb1-
4GlcNAcb), II3NeuGca-
Gg4Cer

Rat spleen 308

Trisialo

GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

GT2 II3(NeuAca)3-Gg3Cer Fish brain, pig adipose

tissue

251, 363,

313
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GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2-8 NeuAc a2

GT2 (9-OAc) II3(9-OAcNeuAca2-
8 NeuAca2-8NeuAca)-
Gg3Cer

Codfish brain 350

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

NeuAc a2-8 NeuAc a2

GT1a IV3(NeuAca)2, II
3NeuAca-

Gg4Cer

Human brain 191

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2 NeuAc a2-8 NeuAc a2

3
GT1b IV3NeuAca, II3(NeuAca)2-

Gg4Cer

Human brain 267, 264

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

3

NeuGc a2 

GT1b (NeuGc/NeuAc/

NeuAc)

IV3NeuGca, II3(NeuAca)2-
Gg4Cer

Bovine adrenal medulla 196

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuGc a2

3

NeuAc a2

GT1b (NeuAc/NeuAc/

NeuGc)

IV3NeuAca, II3(NeuAca2-
8NeuGca)-Gg4Cer

Bovine adrenal medulla,

bovine brain

196, 299

Gal b1-3  GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuGc a2

3

NeuAc a2

GT1b (NeuAc/NeuGc/

NeuGc)

IV3NeuAca, II3(NeuGca)2-
Gg4Cer

Bovine adrenal medulla 196

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2

NeuAc a2
3

GT1L GT1b (9-OAc) IV3NeuAca, II3(9-
OAcNeuAca2-
8NeuAca)-Gg4Cer

Mouse brain 231

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

GT1c II3(NeuAca)3-Gg 4Cer Fish brain 363

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

NeuAc a2-8 NeuAc a2
6

IV3NeuAca, III6(NeuAca)2-
Gg4Cer

Frog adipose tissue 315

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

NeuAc a2
6

IV3 (NeuAca)2, III
6NeuAca-

Gg4Cer

Frog adipose tissue 315

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

6

NeuAc a2

3

NeuAc a2

GTx, GT1aa IV3, III6, II3 NeuAca3-
Gg4Cer

Dogfish brain, bovine

brain

295, 297,

193

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuAc a2

NeuAc a2
6

GT1ba (NeuGc) III6NeuAca, II3NeuGca2-
8NeuAca-Gg4Cer

Bovine brain 252
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Tetrasialo

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

3

NeuAc a2-8 NeuAc a2

GQ1b IV3 (NeuAc)2, II
3

(NeuAca)2-Gg4Cer

Human, bovine, skate

brain

192, 298

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

(9-OAc)NeuAc a2-8 NeuAc a2

NeuAc a2-8 NeuAc a2

3
9-OAcGQ1b IV3 (NeuAca)2, II

3 [(9-OAc)

NeuAca2-8NeuAca]-
Gg4Cer

Mouse brain 209

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

NeuAc a2

3
GQ1c IV3 NeuAca, II3 (NeuAca)3-

Gg4Cer

Human, bovine,

chicken brains

192

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

NeuAc a2-8 NeuAc a2

3

NeuAc a2

6
GQ1aa IV3 NeuAca2, III

6NeuAca,
II3 NeuAca-Gg4Cer

Skate brain 298

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

NeuAc a2

3

NeuAc a2

6
GQ1ba IV3NeuAca, III6 NeuAca,

II3NeuAca2-Gg4Cer

Bovine brain 247

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2-8 NeuAc a2

NeuAc a2-8 NeuAc a2
3

IV3 (NeuAca)2, III
6

(NeuAca)2-Gg4Cer

Adipose tissues, Xenopus

laevis brain

315, 326

Pentasialo

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

NeuAc a2-8 NeuAc a2-8 NeuAc a2
3

GP1b IV3 (NeuAca)3,
II3(NeuAca)2-Gg4Cer

Human brain 285

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

NeuAc a2-8 NeuAc a2
3

GP1c IV3 (NeuAca)2, II
3

(NeuAca)3-Gg4Cer

Fish brain 251

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

NeuAc a2
3

NeuAc a2
6

GP1ca IV3, III6NeuAca2, II
3

(NeuAca)3-Gg4Cer

Skate brain 298
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Hexasialo

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

NeuAc a2-8 NeuAc a2
3

NeuAc a2
6

GH1ca IV3 (NeuAca)2, III
6NeuAca,

II3 (NeuAca)3-Gg4Cer

Skate brain 298

Heptasialo

Gal b1-3 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

NeuAc a2-8 NeuAc a2-8 NeuAc a2-8 NeuAc a2
3

GS1c IV3(NeuAca)4,
II3(NeuAca)3-Gg4Cer

Chicken brain 329

Lacto series

Monosialo

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

Precursor of sialyl-Lea, 30-
isoLM1

IV3NeuAca-Lc4Cer Human carcinomas,

embryonic carcinoma

cells, human

meconium, infant

brain gliomas

303, 224,

320, 287,

358

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

IV3NeuGca-Lc4Cer Murine xenografts of

human glioma cells

283

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

4

Fuc a1

Sialyl-Lea, Fuc-30-isoLM1,

sialyl lacto-N-

fucopentaose II

IV3NeuAca, III4Fuca-
Lc4Cer

Gastrointestinal cancer,

human milk

281, 357

GalNAc b1-4 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

GalNAc-30-isoLM1 IV4GalNAcb, IV3NeuAca-
Lc4Cer

Human meconium 221

GalNAc b1-4 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2
4

GalNAc b1

Ganglioside X1 IV4, II4GalNAcb2,
IV3NeuAca-Lc4Cer

Amyotrophic lateral

sclerosis-like disorder

300

GalNAc b1-4 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2
4

Gal b1-3 GalNAc b1

Ganglioside X2 IV4GalNAcb,IV3NeuAca,
II4(Galb1-3GalNAcb)-
Lc4Cer

Amyotrophic lateral

sclerosis-like disorder

300

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

III6NeuAca-Lc4Cer Human SW1116

colorectal carcinoma

cells

270

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
2

Fuc a1
6

NeuAc a2

Sialyl lacto-N-fucopentaose I IV2Fuca, III6NeuAca-
Lc4Cer

Human milk 357

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

Fuc a1
4

Sialyl Leatype III6NeuAca, III4Fuca-
Lc4Cer

Human adeno-

carcinoma

113
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Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

3

NeuAc a2

Gal b1-4 GlcNAc b1
6

Sialyl Leatype IV3NeuAca, III4Fuca,
II6(Galb1-4 GlcNAcb]-
Lc4Cer

Human rectal adeno-

carcinoma

262

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
4

Fuc a1

3

NeuAc a2

Gal b1-4 GlcNAc b1
6

Fuc a1
3

Sialyl Leatype IV3NeuAca, III4Fuca,
II6[Galb1-4(Fuca1-3)
GlcNAcb]-Lc4Cer

Human rectal adeno-

carcinoma

262

Disialo

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

3

NeuAc a2

30, 60-isoLD1 IV3, III6NeuAca2-Lc4Cer Human embryonic

carcinoma cells,

human colonic

adeno-carcinoma,

human glioma cell

line

224, 227,

283

Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

3

NeuAc a2

4
Fuc a1

Disialyl-Lea IV3, III6 NeuAca2, III
4

Fuca-Lc4Cer
Human colonic adeno-

carcinoma

113

GalNAc b1-4 Gal b1-3 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

3

NeuAc a2

GalNAcDSLc4 IV4GalNAcb, IV3, III6

NeuAca2-Lc4Cer
Renal cell carcinoma 253

Neolacto series

Monosialo

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

LM1, sialosyl paragloboside IV3NeuAca-nLc4Cer Human erythrocytes,

peripheral nerve, pig

adipose, rat sciatic

nerve

190, 354,

277, 313,

210

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

60-LM1 IV6NeuAca-nLc4Cer Bovine spleen, kidney,

human erythrocytes,

human meconium,

human pancreatic

adeno-carcinoma

352, 319,

282, 259,

221

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

IV3NeuGca-nLc4Cer Bovine spleen, kidney

Marek disease

355, 243
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Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1

3

NeuAc a2

Fuc-30-LM1,

sialosyllactofucopentaosyl

(III)ceramide, sialyl Lex

IV3NeuAca, III3Fuca-
nLc4Cer

Human kidney,

pancreatic adeno-

carcinoma, human

cataract lenses

321, 282, 18

Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

6

3

NeuAc a2-6 Gal b1-4 GlcNAc b1

IV6NeuAca-II6kladoLc6Cer Human hepato-cellular

carcinoma

345

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

GalNAc b1

4

3

NeuAc a2

Cad antigen, nLc (GalNAc-

NeuAc)

IV4GalNAcb, IV3NeuAca-
nLc4Cer

Human erythrocytes,

mullet roe, gastric

cancer

202, 216,

232, 217

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

6

Gal b1-4 GlcNAc b1

I-type IV6NeuAca-
II6kladonLc6Cer

Bovine buttermilk 342

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-3 GalNAc b1

P-antigen IV3(NeuAca2-3GalNAcb)-
nLc4Cer

Human erythrocytes 353

Gal b1-3 GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Fuc a1

2

3

NeuAc a2

Sialosylgalactosyl-A IV3(NeuAca2-3Galb1-
3GalNAca), IV2Fuca-
nLc4Cer

Human erythrocytes 43

Gal b1-3 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

4

Fuc a1

3

Fuc a1

Sialyl Leatype VI3NeuAca,V4, III3Fuca2-
nLc6Cer

Human rectal adeno-

carcinoma

262

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

VI3NeuAca-nLc6Cer Human spleen, bovine

erythrocytes, human

placenta

356, 207,

344

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

VI3NeuGca-nLc6Cer Bovine erythrocytes,

Marek disease, rabbit

thymus

207, 243,

286

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

IV6NeuAc-nLc6Cer Human erythrocytes 352

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Fuc a1

VI3NeuAca, III3

Fuca-nLc6Cer
Human leukemia cells 225

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

3

Fuc a1

VI6NeuAca, III3

Fuca-nLc6Cer
Adenocarcinoma 237, 274

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Fuc a1

Sialyl Lex VI3NeuAca, V3

Fuca-nLc6Cer
Human granulocyte 292
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Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Fuc a1
3

Fuc a1

VI3NeuAca, V3, III3

Fuca2-nLc6Cer
Human colonic

adenocarcinoma

226

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

VIII3NeuAca-nLc8Cer Rabbit skeletal muscle,

human erythrocytes,

human granulocytes

258, 268, 56

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

VIII3NeuGca-nLc8Cer Bovine erythrocytes 214

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

VIII6NeuAca-nLc8Cer Human granulocytes 56

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Fuc a1

VIII3NeuAca, V3Fuca-
nLc8Cer

Chronic myelogenous

leukemia cells

280

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Fuc a1
3

NeuAc a2

3

Fuc a1

X3 ganglioside VIII3NeuAca, V3,

III3Fuca2-nLc8Cer
Human granulocytes 292

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Fuc a1

3

Fuc a1

X3 ganglioside VIII3NeuAca, VII3,
III3Fuca2-nLc8Cer

Human granulocytes 292

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

3

Fuc a1

3

Fuc a1

3

Fuc a1

X4 ganglioside VIII3NeuAca, VII3, V3,

III3Fuca3-nLc8Cer
Human granulocytes 292

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1

6
VI3NeuAca-

IV6kladoLc8Cer

Human erythrocytes 352

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1

6
VI3NeuGca-

IV6kladoLc8Cer

Bovine erythrocytes 215

Gal b1-4 GlcNAc b1

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

3

NeuAc a2-6 Gal b1-4 GlcNAc b1

I-type VI6NeuAca-
IV6kladoLc8Cer

Human meconium 346

6

Gal a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

Sia a2-3 Gal b1-4 GlcNAc b1

VIII3Gala, VI3Siaa-
IV6kladoLc8Cer

Bovine erythrocytes 156
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3

NeuAc a2-3 Gal b1-4 GlcNAc b1

6

Gal a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer VIII3Gala, VI3NeuAca-
IV6kladoLc8Cer

Bovine erythrocytes 215

3

NeuGc a2-3 Gal b1-4 GlcNAc b1

6

Gal a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer VIII3Gala, VI3NeuGca-
IV6kladoLc8Cer

Bovine erythrocytes 215

3

NeuAc a2-3 Gal b1-4 GlcNAc b1

6

Fuc a1-2 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer VIII2Fuca, VI3NeuAca-
IV6kladoLc8Cer

Human erythrocytes 351, 260

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

2

Fuc a1

6

Gal a1-3 Gal b1-4 GlcNAc b1

NeuAc a2-3 Gal b1-4 GlcNAc b1

3
VIII3Gala, VIII2 Fuca,

VI3NeuAca-
IV6kladoLc8Cer

Human erythrocytes 260

6

Gal a1-3 Gal b1-4 GlcNAc b1

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

3

Fuc a1

3

NeuAc a2-3 Gal b1-4 GlcNAc b1

SM1 VIII3Gala, VII3 Fuca,
VI3NeuAca-
IV6kladoLc8Cer

Porcine kidney 204

3

NeuAc a2-3 Gal b1-4 GlcNAc b1

GalNAc a1-3 Gal b1-4 GlcNAc b1

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

2

Fuc a1

Type A-active VIII3GalNAca, VIII2Fuca,
VI3NeuAca-
IV6kladoLc8Cer

Human erythrocytes 260, 269

3

NeuAc a2-3 Gal b1-4 GlcNAc b1

GalNAc a1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

6
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

2

Fuc a1

3

Fuc a1

Type A-active X3GalNAca, X2, IX3Fuca2,
VI3NeuAca-
IV6kladoLc10Cer

Human erythrocytes 269
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Disialo

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

NeuAc a2-8 NeuAc a2

3
Disialyl paragloboside IV3(NeuAca)2-nLc 4Cer Human kidney 322

3

NeuGc a2-8 NeuGc a2

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV3(NeuGca)2-nLc4Cer Cat erythrocytes, sheep

erythrocytes

228

3

NeuAc a2-8 NeuGc a2

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer IV3(NeuAca2-8NeuGca)-
nLc4Cer

Cat erythrocytes, sheep

erythrocytes

228

3

(OAc)NeuAc a2-8 NeuAc a2

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer nLc4 (OAc, NeuAc-NeuAc) IV3[(OAc)NeuAca2-
8NeuAca]-nLc4Cer

Fish genus Xiphophorus,

mouse cerebellum

219, 211

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

NeuAc a2-8 NeuAc a2

3
VI3(NeuAca)2-nLc 6Cer Bovine nasal cartilage 238

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2-3 Gal b1-4 GlcNAc b1

3
NeuAc a2-3 Gal b1-4 GlcNAc b1

DG-6 I-type VIII3,VI3NeuAca2-
VI6kladoLc8Cer

Human placenta,

erythrocytes, human

hepatoma

268, 260,

345

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

3/6

6/3

3

NeuAc a2

3

NeuAc a2

Gal b1-4 GlcNAc b1-3 Gal b1-4 GlcNAc b1

X3,VI3NeuAca2-
IV6kladoLc10Cer, or

X3,VIII3NeuAca2-
IV6kladnLc10Cer

Human colonic adeno-

carcinoma

115

Trisialo

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2-8 NeuAc a2

IV3(NeuAca)3-nLc 4Cer Hog kidney, cortex 289

Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

Gal b1-4 GlcNAc b1

3/6

3

NeuAc a2-3 Gal b1-4 GlcNAc b1

6

NeuAc a2-3 Gal b1-4 GlcNAc b1
6/3

NeuAc a2-3 Gal b1-4 GlcNAc b1

Human colonic adeno-

carcinoma, human

placenta

115, 275
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Tetrasialo

NeuAc a2-3 Gal b1-4 GlcNAc b1

NeuAc a2-3 Gal b1-4 GlcNAc b1

3/6
Gal b1-4 GlcNAc b1
6/3

3/6
Gal b1-4 GlcNAc b1
6/3

NeuAc a2-3 Gal b1-4 GlcNAc b1
3/6

6/3
Gal b1-4 GlcNAc b1-3 Gal b1-4 Glc b1-1� Cer

NeuAc a2-3 Gal b1-4 GlcNAc b1

Human placenta 275

Isoneolacto series

Monosialo

3

NeuAc a2

GalNAc b1-4 Gal b1-3 GlcNAc a1-3 Gal b1-4 Glc b1-1� Cer GalNAc-30-isoLM1 IV4 GalNAca, IV3NeuAca-
inLc4Cer

Human meconium 221

Lactoganglio series

Monosialo

GalNAc b1

4

3

NeuAc a2-3 Gal b1-4 GlcNAc b1

Gal b1-4 Glc b1-1� Cer IV3 NeuAc a -LcGg5Cer Mullet roe 216

GalNAc b1

4
Gal b1-4 Glc b1-1� CerGalNAc b1

4
3

NeuAc a2-3 Gal b1-4 GlcNAc b1

IV4GalNAcb, IV3NeuAca-
LcGg5Cer

Mullet roe 216

Globo series

Monosialo

GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

IV3NeuAca-Gb4Cer Human terato-

carcinoma cell line

331

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

SSEA-4 antigen V3NeuAca-Gb5Cer Chicken muscle, human

teratocarcinoma cells

208, 261

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2

V3NeuGca-Gb5Cer Mouse kidney 330

Disialo

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer
6

NeuAc a2

3

NeuAc a2

V3NeuAc, IV6NeuAc-

Gb5Cer

Chicken skeletal

muscle, human

erythrocytes

276
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Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2-8 NeuAc a2

V3(NeuAca)2-Gb5Cer Chicken muscle 250

Gal b1-3 GalNAc b1-3 Gal a1-4 Gal b1-4 Glc b1-1� Cer
3

NeuGc a2-8 NeuGc a2

V3(NeuGca)2-Gb5Cer Mouse kidney 330

Isoglobo series

Monosialo

Gal b1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

V3NeuAca-iGb5 Cer Rat tissue 205

Gal b1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer

NeuAc a2

6
V6NeuAca-iGb5 Cer Rat small intestine 205

6

GalNAc b1-4 Gal b1-4 GlcNAc b1

NeuAc a2

3

GalNAc a1-3 GalNAc b1-3 Gal a1-3 Gal b1-4 Glc b1-1� Cer IV3GalNAca,
II6[GalNAcb1-4
(NeuAca2-3)Galb1-
4GlcNAcb]-iGb4Cer

Equine kidney, spleen 363

Unclassified

Monosialo

Gal b1-3 GalNAc b1-4 Glc b1-1� Cer
3

NeuAc a2

Human erythrocytes 352

GalNAc b1-4 Gal b1-3 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2

Cad antigen Human erythrocytes 232

NeuAc a- Gal b- Gal b- Gal a- Gal b- Glc b1-1� Cer Mouse hematopoietic

cells

332

Gal a1-3 Gal b1-4 GalNAc b1-4 Gal b1-4 Glc b1-1� Cer
3

NeuAc a2
2

Fuc a1

Rat hepatoma 236

Kdn, 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid.
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Glycosphingolipid Structures 109
galactose (instead of b1-4-linked galactose) residue to LacCer results in the formation of the isoglobo-series of GSLs

(iGb) with the core structure Gala1-3Galb1-4Glcb1-10Cer.
Some GSLs include hybrid types of carbohydrate chains, for example, lactoganglio-series. In addition, the addition

of a b1-4 galactose residue to LacCer results in the formation of muco-series GSLs with the following core structure:

Galb1-4Galb1-4Glcb1-10Cer. Certain GSLs are further modified by the addition of a sulfated group. In invertebrates,

mollu-(Ml; Mana1-3Manb1-4Glcb1-10Cer), arthro-(Ar; GlcNAcb1-3Manb1-4Glcb1-10Cer), neogala-(nGa; Galb1-
6Galb1-6Galb1-10Cer), and spirometo-(Sp; Galb1-4Glcb1-3Galb1-10Cer) series of GSLs have been identified.

Here in this chapter, we review 172 neutral GSLs (Table 2), 24 sulfated GSLs (Table 3), and 187 gangliosides

(Table 4) that have been reported in the literatures. For consistency, the IUPAC–IUB recommendations regarding the

nomenclature of GSLs are cited in the text.4,4a,4b With the advent of modern methodologies for GSL isolation and

characterization, it is expected that the list will grow at an accelerated pace.
Glossary

Cer ceramide.

Gal galactose.

GalNAc N-acetylgalactosamine.

Glc glucose.

GlcCer glucosylceramide.

GlcNAc N-acetylglucosamine.

GSL glycosphingolipid.

Fuc fucose.

Lac lactose.

LacCer lactosylceramide.

NeuAc N-acetylneuraminic acid.

NeuGc N-glycolylneuraminic acid.

KDN 2-keto-3-deoxy-D-glycero-D-galactonomic acid.

Xyl xylose.
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1.04.1 Introduction: Bacterial Polysaccharides

Bacteria possess a cell envelope which is a highly complex structure with a number of functions which may be

separative (e.g., separation from the environment, protection from harmful influences) or connecting (e.g., transport

of substances inside-out/outside-in, communication with the environment).1 Bacterial cell envelopes provide the

bacteria with sufficient rigidity and enable metabolism, growth, and multiplication. In general, bacterial cell envelopes

allow for all of these functions; however, different bacteria involve different cell envelope molecules and architectures

to be optimally operable. Thus, bacterial cell envelopes are complex and vary in a number of details. Based on overall

architecture, the general classification distinguishes between Gram-negative, Gram-positive, mycobacterial and

archaebacterial cell envelopes which does not reflect a variety of structural details.
123
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In addition to protein and lipid components, bacterial cell envelopes contain a variety of glycans, which are

classified as polysaccharides, lipoglycans, and peptidoglycans. This overview summarizes general features and

recently analyzed chemical structures of the latter three groups. A number of reviews have been published which

summarize earlier findings, some of which are mentioned here.2–13
1.04.2 Lipopolysaccharides (Endotoxins)

1.04.2.1 Introduction

According to the behavior in the Gram-stain, the domain of bacteria is divided into Gram-positive and Gram-negative

bacteria and the outcome of this staining procedure is based on the cell wall architecture.14,15 The cell walls of Gram-

negative and Gram-positive bacteria differ fundamentally (Figure 1), and only the former contain an additional

membrane, the outer membrane (OM), thereby creating an additional compartment, the periplasmic space. The outer

membrane of Gram-negative bacteria is asymmetric with respect to the distribution of lipids whereby the outer

leaflet is made from a phosphoglycolipid called lipopolysaccharide (LPS, endotoxin), while the inner leaflet is

made from phospholipids.16 The number of LPS molecules per cell in Gram-negative organisms has been estimated

to �2�106 molecules.17

The genera Escherichia, Salmonella, Klebsiella, Proteus, Yersinia, and Shigella, among others, make up the family of

Enterobacteriaceae and thus are members of the harmless or even vitally important commensal flora of mammals.

However, the same genera also comprise important pathogens which are able to cause infections. Infection may

occur by invasive bacteria, enterobacterial (e.g., Escherichia coli, Salmonella enterica, Shigella) and nonenterobacterial

(e.g., Neisseria), which are able to penetrate the mucosa and the endothelium and may reach subepithelial tissues and

the bloodstream. Also following traumatic stress, surgery, and, for example, severe burns, the protective barriers are

broken and leakage of bacteria may occur, whereby LPS and other microbial products reach the blood circulation.

Primary immune recognition by dendritic cells, neutrophils, and macrophages lead to the activation of innate immune

responses which have developed to identify and, if possible, eliminate the potentially life-threatening microbes from

the infected site. Recognized target molecules comprise LPS and other microbial products which are commonly

referred to as pathogen-associated molecular patterns (PAMPs). Various receptors of immune cells are involved in the

innate immune recognition (pattern recognition receptors, PRRs), among which Toll-like receptors (TLRs) have been

shown to play a prominent role and specifically recognize molecules belonging to PAMP.18,19 Apart from the innate

defense system, the adaptive immune response is also activated in mammals. By orders of magnitude the most potent
Gram-negative Gram-positive
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Figure 1 Schematic representation of the membrane organization of Gram-positive and Gram-negative bacteria. Only
Gram-negative bacteria contain an outer membrane (OM) creating an additional compartment, the periplasmic space. The

outer layer of the OM is composed of lipopolysaccharides (LPSs) whereas the inner layer is composed of phospholipids.
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stimulus of all PAMPs is LPS of a characteristic chemical structure exemplified by LPS from S. enterica and E. coli.20

Biophysical studies have revealed that LPSs adopt certain physical aggregate structures and a conical shape of the

individual molecules is associated with biological activity.21

The activation of the immune system may lead to the eradication of the infectious bacteria at the infected site;

however, dissemination of bacteria may occur accompanied by an initial overwhelming hyper inflammatory response

(systemic inflammatory response syndrome, SIRS), which is counter-regulated leading to suppression of the immune

system and the failure to accurately manage the infection.22 This scenario may lead to organ failure and death, a

complication known as septic shock. Septic episodes, with an incidence of estimated >750000 cases each year in the

United States of America, are associated with a high mortality rate among patients who develop septic shock, ranging

in severe cases from 30% to 70%.23 Apart from Gram-negative bacteria, sepsis can be elicited also by other pathogens

such as Gram-positive bacteria, viruses, and fungi.

Already in 1892, Richard Pfeiffer attributed toxic effects to the action of heat-stable components of the Gram-

negative bacterium Vibrio cholerae. The term endotoxin was thus introduced to distinguish this class of toxins from

actively secreted heat-labile exotoxins, and subsequently LPSs were recognized as endotoxins (see below). Reviews

on the history of endotoxin have been published recently.24,25 Despite the fact that many of the molecular events

during the activation of the immune system by LPS have been elucidated in in vitro test systems18,23,25 and animal

models of septic shock,26 and despite the availability of improved antibiotic treatment even today, the treatment of

septic shock is still difficult.22,25

The amphiphilic nature of LPS leading to larger aggregates in solution and difficulties in obtaining pure prepara-

tions precluded a detailed structural analysis for decades and therefore an establishment of structure–activity relation-

ships. Only after the development of extraction procedures for the preparation of homogeneous LPS,27,28 chemical

and biological meaningful experiments could be performed. For the structural analysis, the application of degradation

by chemical means was necessary and it was realized that upon treatment with mild acid in water, a precipitate could

be obtained which was termed lipid A and which represented the lipid anchor of the LPS molecule.29 Its exact

chemical structure (see below) remained elusive for several decades due to the difficult chemistry of this complex

molecule. In 1983 the structure was elucidated and unequivocally proved to be correct after its chemical synthesis.30

The available material also paved the way for the identification of lipid A as the endotoxic principle of LPS31–33 and

the acquired knowledge allowed then the detailed investigation of structure–activity relationships,34–36 including a

biophysical characterization of biologically active and inactive lipid A.37

Although biological activities of the isolated LPS have been well established in vitro and in vivo, there was some

uncertainty with regard to the role as virulence factor during natural infections. The improved knowledge of the

biosynthesis of lipid A38 together with the established structure–activity relationships, allowed the construction of

mutant bacteria which express functional but nontoxic lipid A39 which showed that upon infection of mice despite an

in vivo growth rate comparable to the wild-type strain, the mutant was unable to cause disease. LPS can thus be

regarded an important virulence factor also during infections with Gram-negative bacteria. It is therefore expected

that a detailed chemical characterization of bioactive LPS and the establishment of structure–function relationships in

terms of immune cell activation will allow an antiendotoxic treatment during infections with Gram-negative bacteria

and possibly help to prevent the development of septic shock. Since LPS is essential for the viability of most Gram-

negative bacteria (discussed below), critical enzymatic steps for its biosynthesis represent attractive targets for the

development of novel antibiotics 40 and inhibitors of lipid A and Kdo biosynthesis have been developed.41,42

A detailed knowledge of structure–function relationships of LPS in bacterial membranes may also lead to novel

antiinfectious agents. Since LPS are surface molecules which are frequently accessible to antibodies, they represent

potential targets for vaccination.
1.04.2.2 Functional Aspects of LPS

In bacteria which are not encapsulated, LPSs are exposed on the surface of the bacterial cell and thus represent the

first-line defense against various chemical and physical stresses associated with the natural habitats of bacteria. In

particular, in situations where an infection in mammals is established, some pathogenic bacteria are able to resist the

mounted counterattack consisting of a whole range of antimicrobials in activated serum, for example, antibacterial

peptides, antibodies, the deposition of complement and formation of the membrane attack complex, in addition to

ingestion and destruction by cellular phagocytosis. Some Gram-negative bacteria are able to evade the serum attack by

their ability to grow intracellulary within mammalian cells (e.g., Chlamydia, Yersinia, Salmonella, Brucella abortus).

A similar ecological niche is occupied by nitrogen-fixing symbiotic bacteria such as Rhizobium in plants which has been
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suggested to involve similar protective mechanisms,43 and the chronic intracellular infection of alfalfa nodules by

Sinorhizobium meliloti has been shown to depend on the structure of its LPS.44

LPSs have evolved to support bacterial growth in these very different environments. The environmental condi-

tions may change accidentally or such changes are regular events as part of the biology of the bacteria, for example,

the change of host species from rodent to insect and mammal by Yersinia pestis.45–48 Bacteria have thus developed

the ability to sense environmental changes in pH, salt concentration, and temperature by two-component

regulatory systems such as PhoP/PhoQ and PmrA/PmrB. Such systems are also involved in the structural modification

of LPS.49–55 Random phase variation may also occur in a bacterial culture (e.g., in Neisseria and Haemophilus) which is

based on regular genetic events56 and leads to a preadaptation of a certain percentage of the culture to likely

encountered environmental conditions.

The fact that LPSs have been preserved during evolution indicates their biological importance for the survival of

Gram-negative bacteria. The outer membrane of these bacteria represents a permeation barrier which very effectively

prevents the lateral diffusion of hydrophobic molecules such as detergents, bile salts, antibiotics, and large glycopep-

tides.57–59 This is attributed to tight lateral interactions between a large number of anionic groups present in LPS

molecules which are bridged by divalent cations such as Mg2þ and Ca2þ. These charged groups are mainly located

close to the surface of the membrane. The fatty acids in LPS are highly ordered in a gel-like state and in a nearly

crystalline arrangement with transition temperatures up to about 60 �C.59 The unsubstituted hydroxyl groups of

b-hydroxylated fatty acids have been suggested to participate in intermolecular hydrogen bonds, further strengthening

the ordered structure of LPS in membranes.59

Due to the barrier properties of the outer membrane, Gram-negative bacteria have developed transport mechanisms

to allow uptake of nutrients and export of waste products. They are able to use fatty acids as energy source, and their

transport through the outer membrane is mediated by outer membrane proteins.60 A recently solved crystal structure

of the FadL protein from E. coli, which is involved in long-chain fatty acid uptake, gives an indication of how this

transport is achieved.61 Transport of hydrophilic substrates across the outer membrane is primarily mediated by

passive diffusion through nonspecific or substrate-specific porins.59 An exception is the energy-driven active transport

of siderophores across the outer membrane.59 LPSs form the matrix for those proteins which are embedded in the

outer membrane and have been shown to be important for their correct folding,62,63 oligomerization,64,65 and

functioning. 66,67 Therefore, mutations which lead to severely truncated LPS are known to affect the formation of a

functional outer membrane referred to as the deep-rough phenotype which is characterized by a higher permeability

toward hydrophobic agents. 57,59,68,69 Mutations which affect the available amount of functional LPS molecules in a

cell are accompanied by the loss of the barrier function and lead to a hypersensitivity against hydrophobic substances59

which has been explained by the introduction of patches of phospholipids into the outer leaflet of the outer membrane

in order to compensate the reduced amount of available LPS.

Mutations in genes which are involved in early LPS biosynthesis are known to interfere also with the assembly

of flagella and pili. 70–75 Structural analysis of the outer membrane protein FhuAwhich belongs to a family of proteins

that mediates the active transport of siderophores has revealed by accidental co-crystallization a crystal structure of

E. coli K-12 LPS and details of the interaction with this outer membrane protein.76 In this complex most of the

important hydrogen-bonding or electrostatic interactions with LPS were provided by eight positively charged residues

of FhuA. A database search based on this complex has identified a similar structural motif of a subset of four amino

acids in various proteins which are known to bind to lipid A and of which some are involved in innate immune

responses.77

Cationic antimicrobial peptides (CAMPs) and proteins, like defensins and polymyxins, among others, effectively

disintegrate the LPS assembly by targeting the negatively charged groups, and compromise the barrier function.57,59,78

When grown in the presence of such antibacterials, S. enterica bacteria were isolated which showed a resistant

phenotype which is correlated with the expression of structurally modified LPS (see below).79 Some bacteria, like

Pseudomonas aeruginosa and Burkholderia cepacia are known to be intrinsically resistant toward CAMP and have been

shown to contain similarly modified LPS80 (and references cited therein).
1.04.2.3 The Chemical Structure of Smooth(S)-Type LPS

LPSs are phosphorylated glycolipids which possess a complex chemical structure and many reviews on LPS structures

and their biosynthesis has been published, some of which appeared more recently. 38,40,80–85 The lipid anchor of LPS,

called lipid A, in most bacteria studied consists of an N- and O-acylated (b1!6)-linked D-glucosamine (GlcN)
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disaccharide which is phosphorylated in positions 1 and 40 (lipid A backbone). b-Hydroxylated fatty acids are

characteristic components of lipid A which, for biosynthetic reasons,38 always quantitatively substitute the 2- and

20-positions of the backbone in an amide linkage. They may be further located at the 3- and 30-positions in the ester-

linkage and esterified at the b-hydroxyl group (secondary fatty acids).80 Attached to the 60-position of the lipid A

backbone is a heteropolysaccharide of varying length via a ketosidic linkage involving either D-glycero-D-talo-oct-2-

ulosonic acid (Ko) in Acinetobacter or 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) in all other bacteria (for structural

differences, see Figure 2).83 In B. cepacia, Ko replaces the terminal Kdo residue86 and in Y. pestis either a single Kdo or

an a-Ko-(2!4)-a-Kdo-disaccharide is expressed.87,88 The ketosidic linkage between the core and the lipid A is

generally labile toward mild acid; however, replacement of Kdo by Ko leads to an increased acid stability of this

linkage. Thus, mild acid treatment is often applied to cleave the lipid A from the remaining saccharides. Alternatively,

strong alkaline hydrolysis may be applied for complete deacylation (see below).

In many bacteria, a core-oligosaccharide (core-OS), which, based on genetic and structural differences, may be

further subdivided into an inner and outer core, connects a long carbohydrate chain, the O-polysaccharide (O-PS), to

the lipid A. Within enterobacteria, a characteristic component of the inner core region is heptose which in E. coli and

Salmonellamostly possesses the L-glycero-D-manno configuration (L,D-Hep,Figure 2); D,D-Hep has been found in LPS

of E. coli89 and bacteria other than E. coli and Salmonella.82,83 However, after many structures have been elucidated, it

becomes evident that a clear distinction between an inner and an outer core based solely on composition cannot be

applied easily to LPS from many other bacterial species. Although Kdo or Ko have so far always been found in LPS,

connecting the core with the lipid A, some LPSs do not contain heptoses.83 In addition, heptose has been identified as

component of the outer core (e.g., in E. coli K-12 and Klebsiella) and even the O-PS and, as we know now, the same

holds true for Kdo. Typical examples of LPSs in which the core region can be divided into an inner and an outer core

are LPSs from Enterobacteriaceae and Pseudomonadaceae.

In general, LPSs which contain an O-PS are referred to as smooth (S)-type LPSs due to a smooth colony appearance

of these bacteria. Such bacteria express a mixture of LPS molecules which differ in the length of the O-PS leading to

a characteristic banding pattern in polyacrylamide electrophoresis. Additional heterogeneity results from molecules

devoid of the O-PS, called rough (R)-type LPS, and from nonstoichiometrical structural variations in all parts of

the LPSmolecule including the lipid A. R-type LPS can be isolated in large amounts frommutant bacteria which have

a defect in LPS biosynthesis. Due to the low proportion of R-type LPS in wild-type bacteria, the first chemical

analysis of core-OS was only possible from LPS of such mutant bacteria and phage typing was often used as a helpful

tool.90–97 Apart from these mutants, in certain other nonenteric pathogenic bacteria such as Neisseria, Haemophilus,

Chlamydia, and Y. pestis only R-type LPSs are present which are naturally devoid of O-PS and contain short oligosac-

charide chains instead.82 The term lipooligosaccharides (LOSs) was introduced by some authors to distinguish
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lipid A-bound oligosaccharides of Neisseria and Haemophilus which contain structures also found in mammalian

glycolipids from other LPS.98 The description of these chemical structures has been placed in Section 1.04.2.4.3.

Despite tremendous advances in both, knowledge and technology, the chemical analysis of LPS is even nowadays a

difficult task due to the amphiphilic nature of LPS and the heterogeneity of isolated LPS preparations. Sophisticated

techniques such as modern high-field nuclear magnetic resonance (NMR) spectroscopy and modern mass spectrome-

try in addition to conventional analytical chemistry usually have to be applied. The strong biological activity of certain

LPSs requires the identification of evenminor components in these preparations to fully understand biological effects.

Furthermore, LPS preparations of highest purity are needed which seemed to be impossible for this class of

glycolipids. Until recently, it seemed impossible to separate natural LPS into homogeneous fractions. However, the

availability of a defined mutant together with improved knowledge of the biochemical and biophysical properties of

this molecule in combination with sophisticated structural analysis seems to open the door to reach this goal in the

future (see below).99 Due to the enormous number of chemical structures elucidated to date, most of which have been

subject to recent reviews, we will restrict our presentation to a few examples exemplifying general principles and

would kindly refer the interested reader to the reviews published earlier, some of which we have mentioned here, or

the original literature.
1.04.2.3.1 The lipid A

1.04.2.3.1.1 Chemical structures

Several detailed and excellent reviews of the chemical structures of lipid A and their biosynthesis have been published

recently. 38,40,80,84 A lipid A structure which is widely distributed in Nature has first been elucidated in LPS

from Salmonella and E. coli (Figure 3). It consists of a 1,40-diphosphorylated (b1!6)-linked GlcN-disaccharide

(GlcN I-GlcN II, lipid A backbone) which is substituted by R-3-hydroxymyristic acid [14:0(3-OH)] residues in

positions 2, 3, 20, and 30 (primary fatty acids). 3-(or b)hydroxylated fatty acids identified so far always possessed the

R-configuration and possess a chain length ranging from 10, as found in P. aeruginosa,100 up to 22 carbon atoms as
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structural variants are found which contain in the 1- or 40-position 4-amino-4-deoxy-b-L-arabinose (Ara4N) or 2-amino-

ethanol phosphate (PEtN) connected to the 1- and 40-monophosphates (for details see text). A diphosphate may be present

in the 1-position instead of a monophosphate. Palmitate (C16:0) may be present as secondary fatty acid attached to the

3-hydroxymyristic acid [14:0(3-OH)] in position 2. The secondary myristic acid (14:0) may be replaced by S-2-hydro-
xymyristic acid [14:0(2-OH)]. When grown at lower temperature a 16:1 fatty acid replaces the secondary 12:0 at position

20 in E. coli.
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present in Chlamydia.101–104 In Rhizobia,105,106 Agrobacterium,106 and Legionella pneumophila,107 unusually long fatty

acids of 28 C-atoms are present which are double the length of the fatty acids in lipid A from other bacteria and

presumably span the whole lipid bilayer. In E. coli and Salmonella secondary acyl groups substitute the hydroxyl group

of 14:0(3-OH) in positions 20 (tetradecanoic acid, 14:0) and 30 (dodecanoic acid, 12:0).
This type of lipid A is as well the main species found in other enterobacterial and nonenterobacterial genera and has

been shown to exert the highest endotoxic activity in vitro.20 In S. enterica, a heptaacylated lipid A species is

synthesized in nonstoichiometric amounts which carries hexadecanoic acid (16:0) as secondary fatty acid at position 2

of GlcN I. In several lipid A from diverse species, 2-hydroxy fatty acids have been identified, including Salmonella,

Pseudomonas, Klebsiella, Bordetella, and Legionella. These always possess the S-configuration.108,109 So far, these have

neither been found in primary positions nor further esterified. The degree of 2-hydroxylation appeared to be regulated

by environmental factors such as growth temperature and structural analysis suggested that a-hydroxylation
takes place at the fully acylated lipid A.110 The biosynthetic pathway of lipid A in E. coli and Salmonella has been

elucidated,38 and it could be shown that the nonstoichiometric substitution with 2-hydroxymyristate [14:0(2-OH)]

instead of myristate as secondary fatty acid in the 30-position in S. enterica sv. Typhimurium is due to a hydroxylation

reaction carried out by the LpxO enzyme.111 This enzyme is missing in E. coli, but homologs have been identified in

the above-mentioned bacteria which contain 2-hydroxy fatty acids.84 Further structural modifications of lipid A in

Salmonella, such as the addition of 16:0 and the removal of the 14:0(3-OH) fatty acid at the 3-position of GlcN I, are the

result of the PagP112,113 and PagL84,114 enzymes, respectively, which are both located in the outer membrane.

Homologs of the PagL enzyme have been identified in a variety of other genera, including Bordetella, Pseudomonas,

Ralstonia, Burkholderia, and Azotobacter.115

The distribution of secondary fatty acids, which are usually attached after the biosynthesis of the core region has

been initiated,38 determines the symmetry of the molecule. Lipid A containing a disaccharide as hydrophilic

backbone may carry three to seven fatty acids which, if present in an even number, may be either symmetrically or

asymmetrically distributed over the disaccharide backbone.67 Examples of symmetrical lipid A structures (Figure 4)

are found in Chromobacterium violaceum, Rhodocyclus gelatinosus, and N. meningitidis.

C. violaceum, as a typical representative, possesses a hexaacylated lipid A, which is composed of a 1,40-diphos-
phorylated (b1!6)-linked GlcN-disaccharide as found inE. coli and which is substituted in positions 2 and 20 with 12:0
(3-OH) and 3 and 30 with 10:0(3-OH) as primary fatty acids. Secondary 12:0 are present in positions 2 and 20.
The 12:0 in position 20 is nonstoichiometrically a-hydroxylated [12:0(2-OH)], leading to microheterogeneity.

In some bacteria amide-linked fatty acids may be 3-keto-fatty acids as observed in LPS of bacteria which phylo-

genetically belong to the g-3 subgroup such as Rhodobacter capsulatus, R. sphaeroides, Paracoccus denitrificans, and

Vibrio anguillarum.116 Unsaturated fatty acids, which are otherwise rarely found in LPS, are also present in lipid

A from R. sphaeroides, R. capsulatus and P. denitrificans, Y. pestis, and in lipid A of E. coli and Salmonella grown at low

temperature.80,88,117–120

Recently, the structural investigation of lipid A of the spirochaete Leptospira interrogans (Figure 5) revealed that its

lipid A completely lacked negative charges and contains unsaturated fatty acids. While a diphosphorylated lipid A is

synthesized first, the 40-phosphate is removed at a later stage and the 1-phosphate is methylated.121,122 Also in other

bacteria, the lipid A backbone is frequently subject to structural modifications which comprise the addition at either or

both phosphates of additional organic phosphate, 2-aminoethanol (EtN), 2-aminoethanol phosphate (PEtN),

2-aminoethanol diphosphate (PPEtN), GlcN, GalN, GalA, 4-amino-4-deoxy-b-L-arabinopyranose (Ara4N), D-arabi-

nofuranose (Araf ), or the enzymatic removal of phosphate by phosphatases. Several of these modifications have been

shown to be under the control of the two-component regulatory systems PhoP/PhoQ and PmrA/PmrB which are

connected to each other.123,124 Therefore, the structural modifications of LPS can be induced by low external Mg2þ

concentration and low pH, mimicking the situation encountered in RAW 264.7 cells.125 Groisman et al. have thus

suggested that LPS serves as a reservoir for divalent cations which under limiting concentrations of Mg2þ and Ca2þ are

mobilized by reducing the net negative charge.126

Since the same structural modifications have been connected to an increased resistance toward CAMP, they

apparently also represent a natural defense mechanism. There is a great body of evidence showing that modifications

which reduce the net negative charge of LPS are related to resistance toward polymyxins. 49,59,78,79,127–133 Inherently,

polymyxin B-resistant bacteria such as P. aeruginosa, Proteus mirabilis, C. violaceum, and B. cepacia contain Ara4N almost

stoichiometrically in their lipid A.80 The incorporation of 16:0 by PagP which is also under PhoP/PhoQ control

has been identified in polymyxin B-resistant mutants.130 Therefore, it appears that apart from structural changes in

the lipid A backbone, the acylation state influences polymyxin resistance also. Since Tran et al. have shown that the

acylation state influences the addition of Ara4N to the lipid A backbone, this may be an indirect effect.134 These

structural modifications are accompanied by an increased bacterial cross-resistance toward other CAMP and proteins
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in vitro and may also promote bacterial survival at infected sites in mammals, inside human neutrophils and

macrophages.52,125,135,136 However, the recent investigation of a Y. pestis mutant with a defect in late acyltransferases

which is unable to generate hexaacylated lipid Awas not more sensitive to polymyxin than the wild type.137 This may

not be surprising in the light of results obtained by Knirel et al. and others,88,138 who investigated temperature-

dependent changes in lipid A of Y. pestis biovars, and who showed that tetraacylated lipid A represents the main lipid

A species under normal growth conditions. Also, the identification of a PmrA-regulated gene locus (cptA) required for

the PEtNmodification of the inner core did not result in an increased polymyxin resistance which implied that factors

other than surface charge contribute to the resistant phenotype. A recent investigation of polymyxin resistance of

P. aeruginosa also indicated that in this bacterium other reasons unrelated to lipid A modification may contribute to the

observed natural polymyxin resistance,139 and polyamines have been suggested to play a role.140

Incomplete acylation due to mutations of biosynthetic genes involved in the early steps of lipid A biosynthesis38

(lpxA, lpxC, lpxD) leads to a phenotype of an increased hypersensitivity against hydrophobic agents.58,141 Mutations

which affect the attachment of secondary fatty acids and thus result in the production of tetraacylated lipid A species

lead to an impaired growth on solid media and such bacteria are not viable when cultured in broth.141 Helander et al.

reported that in a permeability mutant (ssc) of S. enterica sv. Typhimurium, the predominant lipid A is heptaacylated

containing additional 16:0.142 Thus, it appears that apart from under acylation also additional fatty acids incorporated

by PagP may compromise the barrier function of the outer membrane.

A detailed investigation of lipid A from S. enterica sv. Typhimurium revealed that the monophosphates of the

lipid A backbone are partially substituted with two Ara4N in both, 1- and 40-position, or as a single substitution in
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position 40.143,144 However, mutants which are defective in Kdo biosynthesis express a lipid A with Ara4N exclusively

at the anomeric phosphate. This was explained by Zhou et al. by a dependence on the presence of Kdo of the ArnT

enzyme,144 which transfers Ara4N to the 40-position. The Ara4N substitution may be alternatively replaced by PEtN.

Although not seen in E. coli K-12 when grown under normal conditions, the same modifications have also been found

after induction by metavanadate.143,145 Surprisingly, no mixed substitutions have been identified, that is, Ara4N and

PEtN in the same molecule, which may indicate that they mutually exclude each other. However, they may also be

only minor components which are difficult to obtain in quantities sufficient for chemical analysis.

The lipid A from Rhizobium leguminosarum and R. etli totally lacks phosphate (Figure 6). Instead, GlcN I is

converted into 2-aminogluconate and the 40-phosphate is replaced by a galacturonic acid residue after enzymatic

cleavage of this phosphate by a specific phosphatase. Thereby, the number of negative charges is retained and

phosphate groups are functionally replaced by carboxyl groups. Additional lipid A components have been shown to

contain also unmodified GlcN I and several structural variants have been isolated and chemically characterized. The

complete biosynthetic pathway of this unusual lipid A structure has been elucidated.146–153

The presence of PEtN at the anomeric position of H. pylori lipid A, which has not been seen previously in other

bacteria, where a PPEtN is always found instead, prompted Tran et al. to search for LPS modifying enzymes. They

were able to identify a phosphatase activity which removes the anomeric phosphate of the lipid Awhich is replaced by

PEtN in a second enzymatic step.154 Thus, after the generation of an E. coli type lipid A, which is exported to the

periplasmic face of the inner membrane, the LPS structure is further trimmed and modified. The removal of

the anomeric phosphate is a prerequisite for further subsequent modifications in which the terminal Kdo, the

40-phosphate, and a fatty acid are presumably enzymatically released.155

Studies aiming at the molecular mechanisms underlying polymyxin resistance in P. aeruginosa revealed structural

differences in the lipid A (Figure 7) concerning the substitution with 12:0(2-OH) and identified increased amounts of

Ara4N attached to the 40-phosphate depending on culture conditions.156,157 However, since Ara4N was present in

both, polymyxin susceptible and resistant bacteria, a clear correlation could not be established. The chemical structure

of the lipid A first proposed by Bhat et al.157 was established by Kulshin.158 The main lipid A component of

P. aeruginosa lipid A is pentaacylated and a minor amount is hexaacylated and contains a nonstoichiometric substitution

with Ara4N at the 40-position. However, upon growth under limiting Mg2þ concentrations, Ernst et al. found an

increased amount of hexaacylated lipid A and the additional presence of lipid A species with Ara4N attached also to

the 1-phosphate,159 as was observed previously for S. enterica sv. Typhimurium. More importantly, a novel lipid A was

identified as the predominant species which was hexaacylated, but contained a 16:0 secondary fatty acid attached to
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the 30-position instead of the 10:0(3-OH) substitution in position 3. It was suggested that this structural adaptation

which occurred in clinical isolates from a cystic fibrosis lung contributed to the increased resistance against CAMP

and was the result of PhoP/PhoQ activation.159 An additional hexaacylated lipid A species was identified in non-

mucoid P. aeruginosa from blood and mucoid isolates from bronchiectasis which contained a 12:0 secondary fatty acid

at position 2 of the lipid A backbone. However, as recently shown, the regulation of cationic peptide resistance in

P. aeruginosa is very complex and important differences in two-component systems between Pseudomonas and

Salmonella exist leaving space for alternative explanations.160

The structural analysis of LPS from Francisella tularensis live vaccine strain (ATCC 29684)161 and F. novicida

U112162 indicated that it may lack negative charges completely, apart from a single carboxyl group of Kdo, which

connects a short core-OS and the O-PS to the lipid A. Surprisingly, the lipid A was completely devoid of phosphates

apart from a very minor amount which contained only a monophosphate at the anomeric position of the reducing

GlcN I (Figure 8).161 Other unusual features of this LPS are the lack of a negatively charged substituent at position 4

of Kdo, which has otherwise always been found in LPS, and the presence of free lipid A. The former observation

warrants further investigation since chemically labile substituents may have been cleaved off during the preparation of

the LPS.161 However, a recent detailed investigation of lipid A from F. tularensis strain 1547–57163 revealed that in

addition to unphosphorylated lipid A a considerable amount of 1-phosphorylated lipid A is present in both strains, and

may be further modified by a GalN substitution in strain 1547–57 and F. philomiragia ATCC 25015. The conflicting

results concerning the phosphate substitution of lipid A in Francisella have been suspected to be due to differences in

growth conditions, LPS extraction, and lipid A preparation apart from strain-dependent variations.163 The ValA

protein of Francisella has been identified as an MsbA ortholog, which transports lipid A with an attached core-OS

across the cytoplasmic membrane in an adenosine triphosphate (ATP)-dependent fashion (see below),164–167 and has

been shown to be functional in E. coli;168 thus, the identification of lipid A unsubstituted with Kdo in the outer

membrane161 is surprising considering the normal substrate specificity of MsbA and the biosynthetic pathway in other

bacteria. However, mutations in MsbA identified in E. coliwhich were viable only with lipid Awithout the attachment
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in positions 1 and 40 or in both positions were found in this study. An additional pentaacylated lipid A species was identified

in nonmucoid P. aeruginosa from blood andmucoid isolates from bronchiectasis which lacked the 12:0 secondary fatty acid
at position 20 of the lipid A backbone (bottom structure).
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of core sugars showed that this is possible in principle.169 The dephosphorylation of lipid A in Francisella is achieved

enzymatically by dedicated phosphatases which dephosphorylate the 1- and 40-position.170,171 Both enzymes are

located in the inner membrane and are suspected to act at the periplasmic face of the membrane after translocation

of LPS by ValA. In accordance with the structural requirements for biologically active LPS (endotoxins),172

F. tularensis LPS is biologically inactive and has been shown not to be recognized by the innate immune system.173

Different types of lipid A are found in other nonenterobacterial LPS. Structural variability results from differences

in the hydrophilic headgroup and in the hydrophobic acylation pattern.38,80,110,174 GlcN residues constituting the

hydrophilic carbohydrate backbone of E. coli lipid A may be replaced by 2,3-diamino-2,3-dideoxy-glucopyranose

(GlcN3N). The disaccharide has been found to be functionally replaced by a GlcN3N monosaccharide in, for

example, L. interrogans,121 Rhodopseudomonas palustris, R. viridis, P. diminuta, and Phenylobacterium immobilis110,174
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(and references cited therein), whereas in Campylobacter jejuni, Brucella, and the Chromatiaceae the (b1!6)-linked

disaccharide structure is retained and either only GlcN II or both GlcN-residues are replaced by GlcN3N.174–176

GlcN3N has never been found to replace GlcN I in a hybrid disaccharide.
1.04.2.3.1.2 Structure–activity relationships

Hexaacylated, diphosphorylated lipid A from E. coli possesses the strongest endotoxic activity and almost every

structural modification leads to a drastic reduction in activity.36 Biophysical measurements have connected endotoxi-

city to a conical three-dimensional shape of the single molecule in aqueous systems which adopt inverted hexagonal

HII supramolecular structures above the critical micellar concentration.21,177,178 This particular aggregate structure has

been related to an enhanced capacity to intercalate into cell membranes as an important step in cell activation.178 In

support of this theory, there is evidence that aggregates and not single molecules are the biologically active entity of

LPS.179 The nature of the supramolecular aggregate structure is determined primarily by the volumes occupied by

hydrophobic and hydrophilic parts of the molecule and thus depends on the chemical structure and also on other

factors such as temperature, salt concentration, and nature of counterions.21 However, studies performed by Gioannini

and co-workers 180–183 revealed that monomeric complexes between LPS and MD2 are formed, a cofactor required for

efficient cell activation through TLR4 signaling. Thus, they have studied the effect of differently acylated lipid A

from N. gonorrhoeae on the activation of cells182 and provided evidence that all species were able to form monomeric

complexes with MD2. Complexes with underacylated lipids were less active in TLR4 stimulation, and thus cell

activation, and reduced the activity of hexacaylated lipid A in an antagonistic fashion, independently of aggregate

properties.

In recent years, groups from our department and others have investigated R- and S-form LPS of various bacterial

origin and different lipid A and lipid A partial structures with the aim to characterize the bioactive regions of LPS in

more detail. Especially, the successful chemical synthesis of lipid A and corresponding lipid A partial structures such as

E. coli-type lipid A (termed compound 506 or LA-15-PP) or precursor Ia (compound 406, LA-14-PP, or lipid IVa)

carrying only four (R)-3-hydroxymyristic acid residues in symmetric distribution has provided the experimental basis

for these investigations.184–186 It was found that full biological activity is expressed by a lipid A molecule consisting of

a hexaacylated, diphosphorylated (b1!6)-linked D-GlcN disaccharide, that is, an E. coli-type lipid A (or compound

506).185 Lipid A partial structures deficient in one of these elements are less active or even nonactive regarding the

induction of monokines in human monocytes. For instance, the 1-dephosphorylated (compound 504) and the

40-dephosphorylated (compound 505) synthetic lipid A partial structures were less active than compound 506,
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highlighting the significance of the phosphoryl groups (or the charges per se) for the biological activity of lipid A. The

E. coli lipid A precursor without secondary fatty acids (compound 406) is completely inactive in inducing interleukin

1 (IL-1), IL-6, and tumor necrosis factor (TNF) release in human monocytes,184,187–190 and in activating human

T-lymphocytes.191 The heptaacylated lipid A component of S. enterica sv. Minnesota spp. (compound 516) shows lower

bioactivity than compound 506. Also, the location of the secondary acyl residues is of importance as shown by the low

bioactivity of compound LA-22-PP having, in contrast to compound 506, a symmetrical distribution of the fatty acids.

As it is known that target cell membranes contain various LPS-binding proteins, it seemed reasonable to test lipid

A-like structures or partial structures for their ability to block LPS-induced activation. To this end, a variety of lipid

A analogs and nonbioactive synthetic partial structures have been tested with respect to LPS-induced reactions in vitro

and in vivo. These experiments showed that among these the lipid A precursor Ia (compound 406) is a very effective

LPS-antagonist inhibiting monokine production.184,187–190,192,193

Naturally occurring LPSs have been identified which lack endotoxic properties or even antagonize endotoxins as a

result of differences in their chemical structures. The structural requirements for endotoxicity have been investigated

in detail and led to the chemical synthesis of antagonistically active compounds. As important examples, antagonistic

effects were described for the pentaacyl bisphosphoryl lipid A isolated from R. sphaeroides190,194 and R. capsulatus.195

These observations led to the development of antagonistic lipid A analogs,196 one of which is the synthetic

compound (6-O-{2-deoxy-6-O-methyl-4-O-phosphono}-3-O-[(R)-3-Z-dodec-5-endoyloxydecyl]-2-[3-oxo-tetradecanoyl-

amino]-b-O-phosphono-a-D-glucopyranose (E5531, Figure 9), the structure of which is based on R. capsulatus lipid A.

This lipid A analog has been analyzed for therapeutical application in in vivomodels and was, indeed, found to protect

mice from endotoxin-induced lethality and, when administered simultaneously with an antibiotic, from the lethal

outcome of an E. coli-induced peritonitis.197

A second-generation synthetic lipid A analog (Figure 9), a-D-glucopyranose,3-O-decyl-2-deoxy-6-O-[2-deoxy-3-O-
[(3R)-3-methoxydecyl]-6-O-methyl-2-[[(11Z)-1-oxo-11-octadecenyl]amino]-4-O-phosphono-b-D-glucopyranosyl]-2-
[(1,3-dioxotetradecyl)amino]-1-(dihydrogen phosphate) (E5564) has been designed and shown to antagonize the toxic

effects of endotoxin.198,199 In vitro, E5564 inhibited LPS-mediated activation of primary cultures of human myeloid

cells and mouse tissue culture macrophage cell lines as well as human or animal whole blood as measured by

production of TNF-a and other cytokines at nanomolar concentrations.199 Biological activity was reported for

in vitro and, more importantly, also in vivo test systems. Similar synthetic lipid A analogs were reported to behave as

agonists, eliciting similar innate immune responses like natural LPS.198

Naturally occurring modifications of lipid A may thus enable pathogenic bacteria to escape recognition and modify

host cell responses that could promote their survival. Accordingly, the detailed structural analysis of lipid A is a

prerequisite for the general understanding of the biology of Gram-negative bacteria and may allow treatment of

infections with novel antibacterial drugs in the future. Identification of natural heterogeneity with respect to the lipid

A structure and their biosynthetic pathways is thus of considerable biomedical and pharmaceutical interest due to the

fact that lipid A is essential for most Gram-negative bacteria and is responsible for the toxic effects exerted by LPS

even at very low concentration.
1.04.2.3.2 The core oligosaccharide
Chemical analysis of LPS obtained from S. enterica revealed that the same subset of carbohydrates was present in

similar amounts in different serovars, whereas other carbohydrates were present in variable amounts. This led to the

assumption that Salmonella LPSs possess a common structure, which carry the O-specific chain.97 This LPS domain,

which connects the lipid A domain with the O-specific chain, has been termed core region. Chemical analysis of

R-mutant bacteria defective in LPS biosynthetic pathways obtained from Salmonella led to the differentiation of

several chemotypes (R-chemotypes) which could be distinguished serologically (R-factors).97 In Enterobacteriaceae

such as E. coli and S. enterica these chemotypes are referred to as Ra to Re. Ra describes the largest core structure and

Re was assigned to the smallest core structure (Figure 10) which is devoid of all core sugars except for an (a2!4)-

linked Kdo-disaccharide. The chemical structures of core-OS from diverse bacteria have been summarized in recent

reviews.82,83 For a recent review on the structural modifications observed in core-OS of pathogenic enterobacteria and

their impact on outer membrane stability, the interested reader is referred to a recent article by Frirdich.85
1.04.2.3.2.1 Salmonella enterica

In S. enterica only a single core-OS structure was recognized in all LPSs investigated (Figure 11), until recently.

Olsthoorn et al. identified in S. enterica sv. Arizonae a structural modification in the replacement of a terminal GlcNAc

residue by a Glc, establishing a second outer core.200 From the early structural studies on E. coli and S. enterica LPS,
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an inner core containing heptoses and Kdo, and an outer core region of pyranosidic hexoses, such as Glc, Gal, GlcN, or

GalN were distinguished. Characteristic carbohydrate components of the inner core region in these LPS are Kdo and

L,D-Hep. The inner-core region in S. enterica is phosphorylated at the two inner heptoses in position 4. The phosphate

at the first heptose may be further derivatized with ethanolamine phosphate (PEtN) to form ethanolamine diphos-

phate. Although this substitution has been known for a long time,82 only recently a PmrA-regulated gene was

identified which is involved in the transfer of PEtN to the first heptose in S. enterica sv Typhimurium.55 S. enterica

sv. Typhi has been shown to employ the cystic fibrosis transmembrane conductance regulator (CFTR), a chloride ion

channel expressed on many secretory epithelia, as an intestinal epithelial cell receptor and the residues of the outer

core are responsible for the interaction with the CFTR.201
1.04.2.3.2.2 Escherichia coli

In E. coli, chemical and serological data led Schmidt et al. to conclude that several different core types in E. coli had to

be distinguished due to structural differences in the outer core.94 On the contrary, the lipid A proximal inner core was

very similar or even identical in the different core types. Five core types are currently distinguished in E. coli (R1 to
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R4, and K-12,Figure 12) and the chemical structures of the outer cores of these LPS were investigated after chemical

degradation by methylation analyses and NMR.202 However, atypical core types have been suggested to occur and it

was reported that the elaboration of an atypical core is related to the adherent phenotype of enteropathogenic E. coli

O119.89 Unfortunately, no structural data have been reported yet apart from the presence of equal amounts of L,D- and

D,D-Hep.

More recently, using the established methodology for the isolation of deacylated complete carbohydrate chains of

Ra-type LPS and their analysis by HPLC, modern NMR spectroscopy and mass spectrometry, also minor glycoforms,

could be identified apart from the main components.203–205 The genes involved in the biosynthesis of the E. coli core-

OS have been mostly identified and their functions have been assigned.38,85,206,207 The phosphorylation of the inner-

core region of E. coli LPS is identical to the one found in S. enterica and the kinases involved which generate the

monophosphates have been identified.38 Like in Salmonella the phosphates of the inner core may be further

derivatized to PPEtN. However, this substitution can only be analyzed on LPS delipidated by acid treatment,

since diphosphodiesters are converted into monophosphates under alkaline conditions. E. coli R1 and R3 core

types contain a structural variant in which the inner core is partially substituted at the side-chain heptose with
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GlcN in (a1!7)-linkage.203,204 These two core types are also the most frequent core types found in clinical E. coli

isolates.208,209 Although this residue was previously assigned to be partially N-acetylated,210 a later performed mass-

spectrometrical analysis on de-O-acylated LPS identified this residue as free GlcN.204 The same was found for the

E. coli J-5 Rc-mutant strain which is a derivative of E. coli O111:B4 (R3-core type).211 On the contrary, the GlcN

attached to the second hexose of the outer core in the R3 core-OS is N-acetylated stoichiometrically. Concomitant

with the GlcN-modification of the inner-core heptose, the second heptose is devoid of phosphate. According to the

current view of the E. coli R3 LPS biosynthetic pathway,207 this phosphate must be removed by a phosphatase, since

addition of the side-chain heptose depends on the presence of phosphate at this position, providing further evidence

for structural trimming during LPS biosynthesis. The gene (WabA) for the nonstoichiometric a-D-GlcN-(1!7)-L-a-D-
Hep substitution was identified on the large virulence plasmids of E. coli O157 and S. flexneri serotype 2a.207

Surprisingly, overexpression of WabA resulted in the incorporation of GlcNAc rather than GlcN and this was

confirmed in in vitro assays.85 Thus, it appears that a N-deacetylase generates GlcN after incorporation of GlcNAc.

A partial structure which is often present in LPS from Enterobacteriaceae is a tetrasaccharide a-D-Glc-(1!3)-L-a-D-
Hep-(1!3)-L-a-D-Hep-(1!5)-a-Kdo which is found in e.g. LPS of Salmonella, E. coli, Shigella, and Citrobacter.82

Further nonstoichiometrical structural modifications have been observed for the inner-core Kdo-region of E. coli

K-12 and R2 core types and also in S. enterica. In these a third Kdo is present also in (a2!4)-linkage. The third Kdo

residue is presumed to be transferred by a dedicated Kdo-transferase. Cloning and expression of the waaZ gene in the

E. coli R1 background resulted in the generation of the expected Kdo trisaccharide.206 Surprisingly, concomitantly an

incomplete outer-core-OS was observed in these molecules. The structural characterization of E. coli K-12 LPS

revealed that molecules containing three Kdo-residues also had a truncated outer core and were stoichiometrically

substituted with L-Rha in (a1!5)-linkage at the middle Kdo.212 In these molecules the attachment site of the O-PS is

lost. Therefore, there is evidence that the generation of certain inner-core structures influences the biosynthesis of the

outer core and also the attachment of the O-PS.

Upon deletion of the first two heptosyltransferases (WaaC and WaaF) in E. coli, Brabetz et al. observed an increased

PEtN substitution of the terminal Kdo residue in position 7.213 It was later shown that this structural modification was

due to an increased Ca2þ concentration in the growth medium and the corresponding enzyme could be identified.214

Thus, contrarily to modifications seen in lipid A molecules induced at suboptimal Mg2þ concentration, stress induced

by high Ca2þ led to the introduction of a positively charged PEtN group into the inner core.

The ligation site of the O-PS in E. coli R3 has been established by a structural analysis of a wzy mutant which

is unable to translocate O-PS to the periplasm. It was found that the O-PS is attached via GalN as the first sugar

of the O-PS to the hexose III (Glc) of the outer core in (b1!4)-linkage. The same ligation site is used in LPS of

S. enterica svs Typhimurium and Arizonae IIIA.200 Based on genetic evidence, Heinrichs et al. suggested that the

same ligation site is also used in E. coli F632 (R2 core); however, no structural determination of this region was

performed in this study.215

1.04.2.3.2.3 Klebsiella

As for S. enterica only two core types have been described for K. pneumoniae (Figure 13). The structural analysis of this

LPS was hampered by the presence of a galacturonic acid substituted in position 4 in the core-OS, which led to an

elimination of the outer core which was destroyed under the harsh alkaline conditions used for the deacylation of

LPS. Thus, only the inner core of K. pneumoniae R20 O1�:K20� could be analyzed.216 It was found that in this,

LPS phosphate substitution of the core-OS was absent and that negative charges were only supplied by galacturonic

acids. A subsequent analysis of this mutant revealed the substitution of the inner core by a novel heptoglycan.217

Vinogradov et al. realized that a deamination reaction could be employed to obtain intact fragments of the outer core

residues and the O-PS. 218–220 Thereby, a novel common structural element was identified in all investigated

Klebsiellae (Figure 14). It is characterized by an a-Kdo-(2!6)-a-GlcN disaccharide containing a nonstoichiometric

substitution of Kdo by L,D-Hep in (a1!4)-linkage. Connected to Kdo is a b-GlcNAc residue initiating the O-PS. The

previously identified heptoglycan was shown to be a minor component present only in K. pneumoniae R20 LPS and

lacking in all other Klebsiella strains investigated. A recent study identified the glycosyltransferases involved in the

assembly of this novel outer core.221 The presence of Kdo in the outer core as attachment point of the O-PS has been

confirmed in R. etli222 and is suspected to be present in S. meliloti221 and R. leguminosarum of which a Kdo transferase

with the expected activity has been identified.223 A second core type in K. pneumoniae 52145 sv. O1:K2 has been

described recently which differs by the replacement of the outer core Kdo by a b-Glc-(1!6)-a-Glc disaccharide

connected to position 4 of the a-GlcN.224 Based on genetic evidence, the O-PS has been suggested to substitute the

terminal b-Glc-residue in this case.
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1.04.2.3.2.4 Yersinia

Yersiniae belong to the family of Enterobacteriaceae within the g-subdivision of Proteobacteria.225 Within Yersiniae 11

species are distinguished comprising nonpathogenic bacteria for humans and the pathogenic bacteria Y. enterocolitica,

Y. pseudotuberculosis, and Y. pestis. Although the former are transmitted by the fecal–oral route and infect a wide range of

animals, including humans causing yersiniosis, a mild enteric disease, Y. pestis, is the cause of bubonic plague. As a

distinctive feature which is related to the increased pathogenic potential of Y. pestis, it expresses exclusively R-type

LPS (described below), whereas an S-type LPS is present in other wild-type Yersiniae (reviewed recently).226,227

Structural analysis of core-OS revealed that in Y. enterocolitica LPS apart from the a-Kdo-(2!4)-a-Kdo inner-

core disaccharide negatively charged substituents are missing, including phosphate in LPS from serotypes
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O:8 and O:9 (Figure 15).228–230 Characteristically, a tetramer of three L,D-Hep residues and one terminal D,D-Hep

residue is found to which the outer-core sugars are attached at the second L,D-Hep in position 3. Only in the

core region from an O:3 serotype LPS, a nonstoichiometric substitution with phosphate at position 7 of the terminal

D,D-Hep was shown. Based on genetic evidence it has been suggested that the outer core in these LPS represents a

relict of an ancestral O-PS.231 Instead of being connected to the outer core, the O-PS is thus attached to the inner core

in the O:3 serotype LPS.232 The chemical structure of the Y. pseudotuberculosis core-OS has been analyzed only

preliminary; however, existing evidence shows that it may be similar but not identical to Y. enterocolitica.226

Y. pseudotuberculosis has been shown to be direct ancestor of Y. pestis,233 and the increased pathogenic potential

results from a pPla plasmid acquired by Y. pestis.234–236 However, the transfer of the pPla plasmid into Y. pseudotubercu-

losis was not sufficient to increase its pathogenic potential.237 It was thus suspected that the difference in LPS, that is,

S-versus R-type, is related to the inability of Y. pseudotuberculosis to express full pathogenicity by interfering with the

correct assembly of outer membrane proteins.237 However, in another study upon transformation of an Y. pseudotuber-

culosis R-mutant with pPla no increase in the pathogenicity was detected in mice.238 Supporting the latter result, the

expression of the O-PS derived from Y. enterocolitica O:3 in Y. pestis strain KIM, which is associated with the second

pandemic, was as virulent as the wild-type strain.239
1.04.2.3.2.5 Pseudomonas

The human opportunistic pathogen P. aeruginosa causes severe infections in immunocompromised hosts after surgery

and thermal burns and is the main cause of death due to chronic infections in the cystic fibrosis lung.240,241 The

invasion of P. aeruginosa and also S. enterica serovar Typhi into epithelial cells depends on the CFTR protein

as an epithelial receptor.242–245 In the case of P. aeruginosa, the bacterial ligand for the CFTR is the outer-core-OS

portion of the LPS. Mutations in biosynthetic genes that result in a truncation of the P. aeruginosa LPS core

polysaccharide prevent bacterial binding and internalization by epithelial cells. Mutations resulting in only the loss

of synthesis of the P. aeruginosa LPS O-PS, while retaining the complete outer-core-OS structure, are without effect.

Indeed, P. aeruginosa has been shown to be able to survive in cystic fibrosis lungs for extended periods while producing

R-type LPS.246–249

LPSs from P. aeruginosa contain two species of O-PS, called A-band and B-band LPS. The low molecular mass

A-band LPS consists of an a-D-Rha trisaccharide repeating unit.250–253 The high molecular mass B-band LPS

determines the antigenic specificity and possesses the same molecular architecture like LPS from Enterobacteriaceae,

consisting of an O-PS, a core region, and the lipid A. Several serogroups of P. aeruginosa are distinguished according

to different classification schemes.254 The chemical structure of LPS from P. aeruginosa has been investigated in

detail 254–264 and the core region has been reported to vary between serogroups.265 The genetics of O-PS biosynthesis

in P. aeruginosa has been reviewed recently.266,267 These studies revealed that, opposite to LPS from Yersinia which
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do not contain negative charges in the core-OS, P. aeruginosa LPS (Figure 16) is characterized by an unusual large

number of phosphate residues (up to 10!) which are located mostly in the inner core as mono-, di-, and triphosphates

which may be further substituted by 2-aminoethanol. So far the exact location of these has only been identified as

mono- or diphosphates on inner-core Hep residues due to their chemical instability. This inner-core phosphorylation

appears to play a major role for the intrinsic drug resistance of P. aeruginosa.268 Furthermore, in addition to substitution

with amide-linked alanine, a carbamoyl modification of the inner-core heptose and partial O-acetylation of the outer

core were identified.260,269

A mechanism different than the one described above for E. coli K-12 which is possibly involved in preventing the

attachment of an O-PS has been suggested after the structural analysis of LPS from an organic solvent tolerant

bacterium which was isolated from wastewater, P. stutzeriOX1. In this LPS, pyruvate was identified as a constituent of

the core region and shown to modify the terminal sugars of the core,270,271 thus precluding an attachment of an O-PS

(Figure 17). It was suggested that this modification including the absence of an O-PS rendered the surface of the

bacteria more hydrophobic and thus may be regarded as an adaptation to their habitat.
1.04.2.3.3 The O-polysaccharide
Bacteria with a smooth colony appearance attach a polysaccharide chain to the core region, which in many cases is a

heteropolymer made up from repeating units (Figure 10). These are smaller oligosaccharides possessing a size from

two to eight monomeric sugar residues which are usually hydrophilic.81,255,272,273 One of the biological functions

attributed to the O-PS is the shielding of the bacteria against the serum attack probably by keeping dangerous
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molecules away from the essential and vulnerable membrane surface. Each O-PS contains specific chemical groups

(O-factors) which form epitopes recognized by specific antibodies and which determine the serotype of a particular

strain. Therefore, the O-PS is synonymously called the O-antigen or O-specific chain. In order to escape preformed

antibodies, an extremely large number of different O-PS structures are formed by different strains often within a single

species. The O-PS of LPS may penetrate capsular and slime layers which are frequently found on bacterial cells

rendering them accessible to binding proteins such as serum factors and antibodies. The loss of the O-PS is

accompanied by a severe decrease in virulence through increased susceptibility to complement mediated killing.

Due to an overwhelming number of different sugars involved in the biosynthesis of O-PS, which are subject to further

modification by, for example, acetylation, methylation, phosphorylation, amidation, and substitution with amino acids,

bacterial cells produce a tremendously large number of different chemical structures, which are targets of specific

antibodies and have been successfully used for the development of serotyping schemes used in epidemiological

studies. Although in most cases the enzymatic equipment for the biosynthesis of O-PS is encoded in the genome,

a phenomenon called seroconversion results from phage-encoded structural modifications of the O-PS38 (and refer-

ences therein). The genetic basis for the seroconversion by glucosylation of the O-PS among S. flexneri has been

reviewed recently.274 West et al. were able to show that this phage-encoded glucosylation of the O-PS resulted in

the expression of shorter O-PS, about half the length of nonglucosylated O-PS, which enhanced the function of the

type III secretion system.275 The latter is involved in bacterial invasion which is accompanied by a strong inflamma-

tory response contributing to pathogenesis. Thus, by retaining the O-PS, the bacteria are still protected; however, the

modulation of the chemical structure shortening the O-PS increased the efficiency of invasion and infection.

According to the current taxonomy, the genus Salmonella is divided into two species, S. enterica and S. bongori, which

are further subdivided into several subspecies.276 In S. enterica, there are 46 different O-serogroups but based on

serological differences approximately 2500 serotypes are distinguished in the Kauffmann–White scheme as a result of

structural modifications of the O-PS (Figure 18).276 Immunodominant factors within the repeating units of the O-PS

are frequently 3,6-dideoxy-hexoses, for example, abequose, tyvelose, and paratose, which are connected to the main

chain as side-branches and crystal structures of an antibody in complex with such an O-PS have been published.277

Many O-PS structures have been elucidated and in the following we would like to present only a few examples.

In enterobacterial LPSs, these polysaccharide chains may contain up to 50 repeating units. In other cases, the O-PS

may also be a large homopolysaccharide and representatives are the O:54 antigen of S. enterica sv. Borreze and

the serotype 1 O-PS of Legionella pneumophila. Although the former consists of D-ManNAc in alternating (1!3)- and
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(1!4)-linkages,278 the latter is a highly hydrophobic homopolymer of legionaminic acid (5-acetamidino-7-acetamido-

8-O-acetyl-3,5,7,9-tetradeoxy-D-glycero-L-galacto-non-2-ulosonic acid).279 Since the natural habitats of L. pneumophila

are free water and inside amoeba, it has been suggested that the hydrophobic nature of the bacterial surface leads to a

high concentration of the bacteria at the water/air interface and, thus, facilitates spreading by aerosols.

Temperature-dependent variations in the chemical structure of LPS have been observed for Y. enterocolitica

where in vitro at a temperature of 37 �C the O-PS expression is downregulated. However, under in vivo conditions

where the O-PS likely plays a protective role, the O-PS may be expressed normally.227 Although in other bacteria the

expression of an O-PS leads to enhanced resistance against the bactericidal activity of serum and CAMP, this does not

seem to be the case for Y. enterocolitica.280 In Y. enterocolitica 70 serotypes are distinguished and some O-PSs have been

structurally determined.226,227,281 Within Y. pseudotuberculosis seven classical serotypes and several subserotypes are

distinguished.226

For the biosynthesis of O-PS, three pathways are currently distinguished, the wzy-independent and-dependent

pathways, and the assembly of the poly-N-acetyl-mannosamine O-PS of S. enterica sv. Borreze (for review see Ref. 38).

Heteropolymeric O-PSs usually follow the Wzy-dependent pathway in which the O-PS grows at the reducing end by

transfer of the growing chain to an undecaprenylphosphate (UDP)-linked single repeating unit. The completed O-PS

is then transferred to the core-OS by an O-PS ligase (WaaL). WaaL from Salmonella and also other bacteria are known

to function with various structurally different O-PS,38 suggesting that conserved structural features present in the core

and the UDP-linked O-PS substrate may be involved in the enzymatic recognition. From a structural study in LPS of

S. enterica sv. Typhimurium, the first sugar of the O-PS which connects the O-PS and core-OS has been suggested to be

always in b-configuration.282 Since some O-PSs contain an a-configurated residue at the reducing end of the repeating

units, WaaL ligases should thus act either by retaining (b-configuration in the O-PS) or inverting (a-configuration in

the O-PS) the anomeric configuration.

In Salmonella, E. coli K-12, and E. coli F632 (R2-core), the penultimate residue of the outer core serves as the

attachment site of the O-PS (Figures 11 and 12). Mutational studies indicated that the ligase (WaaL) involved in

O-PS transfer depends on the expression of specific core structures, and in particular the presence of the proximal

GlcNAc residue was believed to be critical for O-PS attachment in Salmonella and E. coli F632.215,283 However, the

recent finding that core structures without this branch contained an O-PS200 prompted a recent in vivo investigation on

the structural parameters of the core-OS which influence the attachment of the O-PS.284 Surprisingly, the investigated

ligases were permissive for the acceptor core structure indicating that other factors influence their acceptor specificity.

A possible explanation was given recently by Valvano and co-workers who suggested a model in which the first sugar of

the O repeat can be recognized by the O-PS translocation machinery.285,286

In E. coli, at present more than 180 different O-PS are recognized.273 An E. coli database (ECODAB) of these O-PS

structures has been assembled and made available through the world wide web273a which contains structures, NMR

chemical shifts, and to some extent serological information.273 Structural similarities to mammalian blood-group

determinants have been identified for the O:86, O:90, O:127, and O:128 O-PS, indicating the use of molecular

mimicry for immune evasion in E. coli.

In the genus Klebsiella 11 O-PS structures are known; however, due to serological cross-reactions only nine serotypes

are distinguished (Figure 19). Several of the O-PSs are based on a galactan structure (D-galactans I and II) and

genetic287 and chemical288,289 evidences indicate that galactan I is linked directly to the core-OS, whereas galactan II

is present at the distal end of some galactan I chains.290 A recent thorough reinvestigation of O-PS from K. pneumoniae

revealed that in O-PS of serogroup O:4 an a-Kdo and in O:12 a b-Kdo residue is found at the nonreducing end of the

molecule, whereas in O:5 a methyl group terminates the O-PS.220 Both have been suggested to represent termination

signals for O-PS biosynthesis. Similarly, a b-Kdo residue has been identified in Serratia marcescensO:19, supporting this

notion and providing evidence that this structural modification may be widespread also among other bacteria.291

Although in Neisseria and H. influenzae, it is the structure of the core-oligosaccharide, the structure of the O-PS is

subject to phase variation in the gastric pathogen H. pylori. Fucosyltransferases (Fut) modify a basic LacNAc repeat

which generates blood group antigens of which Lewis x and Lewis y are the predominant antigens found.292,293 While

the activity of these enzymes is controlled via slipped-strand mispairing,294,295 the number of C-terminal heptad-

repeats in FutA and FutB has been suggested to control the formation of heterodimers. By shifting the relative

position of the active sites in the enzymatic dimers, the size of O-PS which become fucosylated is determined.296 The

structural variations have been shown to contribute to evasion the innate immune system since they abrogate

recognition by surfactant protein D and thus contribute to the persistence of this gastric pathogen.297 The O-PS in

some strains of H. pylori is connected to the core OS by a D,D-Hep oligosaccharide. Structures of H. pylori O-PS have

been published recently.81
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1.04.2.4 Bacteria Expressing Only Rough(R)-Type LPS

1.04.2.4.1 Yersinia pestis

Y. pestis, the cause of the bubonic and pneumonic plague, naturally infects rodents which serve as zoonotic reservoirs.

It is transmitted by various flea vectors from one host to the next and thus Y. pestis experiences changes in temperature

associated with its life in the different hosts. Differential gene expression as an adaptation to the insect or mammalian

host has been shown, and includes the modification of its LPS structure.88,137,138 Y. pestis thus synthesizes different

forms of lipid A (Figure 20) when grown at temperatures corresponding to the in vivo environments of the mammalian

host and the flea vector. At 37 �C, a tetraacylated lipid A is the major form but at 26 �C or below the lipid A is

predominantly hexaacylated.137 The expression of the late acyltransferases which add the secondary fatty acids are

upregulated at 21�C in vitro and in the flea midgut. These add 12:0 and 16:1 fatty acids to the tetraacylated precursor

to generate the hexaacylated lipid A (Figure 21). A double mutant unable to attach the secondary fatty acids was

able to infect and block fleas as well as the parental wild-type strain. Therefore, the low-temperature-dependent

change to hexaacylated lipid A synthesis does not seem to be required for survival in the flea gut.137
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Due to changes in the lipid A acylation state of pathogenic Y. enterocolitica strains, which resemble those observed for

Y. pestis and Y. pseudotuberculosis, which is coordinated with the expression of virulence proteins, it was suggested that a

common outer membrane among these bacteria is associated with pathogenicity.298

The structure of the Y. pestis R-type LPS has been investigated87,230,299 (Figure 22) and shown to be modulated

by temperature in Y. pestis ssp. pestis which is regarded as an adaptation to different host environments encountered

in rodents and humans. Although at 37 �C only a single glycoform was expressed, several glycoforms were present

at 25 �C which differed by the attachment of terminal sugars and further extended the structural variations also

observed for the lipid A (see above). On the contrary, such a variation was not observed in Y. pestis ssp. caucasica.

However, D,D-Hep was lacking from LPS of the latter and Hep biosynthesis has been shown to be required for

normal biofilm formation since mutants in gmhA which encodes the phosphoheptose isomerase, an enzyme which

is required for the synthesis of heptose.38 This is of relevance for the biology of Y. pestis since it blocks feeding by its

flea vector and this blockage may be mediated by the formation of an in vivo biofilm.300

1.04.2.4.2 Chlamydia

All chlamydiae naturally contain a very short R-type LPS consisting only of Kdo residues attached to the lipid

A (reviewed recently).301 So far unique is the presence of an (a2!8)-linked Kdo residue which is attached to either

an (a2!4)-linked Kdo di-(C. trachomatis and C. pneumoniae) or trisaccharide (C. psittaci) leading to a branched

Kdo oligosaccharide (Figure 23). These Kdo residues are all transferred by a single enzyme, and thus Kdo

transferases (WaaA) from Chlamydia are trifunctional in C. trachomatis and C. pneumoniae, and even tetrafunctional in

C. psittaci. 302–304 It is unknown why chlamydiae are able to survive in the host without a larger oligosaccharide

attached to their lipid A but this is likely due to their unique biology. All chlamydiae are obligatory intracellular

pathogens with a unique life cycle in which they occur in two alternating distinct states, the metabolically inactive but

infectious elementary body (EB), and the metabolically active and thus replicating reticulate body (RB).305 Only the
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EB occurs outside the host cell and this state is characterized by a unique outer membrane architecture in which

proteins rich in disulfide bonds may be the reason for a high resistance against natural defense mechanisms making

other strategies, like phase variation or the attachment of an O-PS, unnecessary.

A mass spectrometrical analysis of 40-monophosphoryl lipid A from C. trachomatis sv. F101 revealed that it consists

of at least 20 homologous structural components providing an extreme example of structural heterogeneity and
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confirmed previous results from a fatty acid analysis.306 The major fraction isolated in the aforementioned study

consisted of a monophosphorylated GlcN disaccharide which was pentaacylated. Two amide-linked 20:0(3-OH)

occupied the positions 2 and 20 of the backbone. Secondary fatty acids of different length (C18–C21) were ester-linked

at 20 and 30 (C14,C15,C16). The position 3 contained exclusively 14:0. In addition, a tetraacylated lipid A was found,

however, not analyzed. In a later study, Rund et al. analyzed the LPS of C. trachomatis sv. L2 and C. psittaci 6BC.102,307

In addition to fatty acid analysis and mass spectrometry which revealed an even further heterogeneity with respect to

fatty acids, they obtained the complete carbohydrate structure after alkaline degradation which was analyzed by NMR

and the structures as depicted inFigure 23were identified. In addition, it was shown that there is also diversity among

the amide-linked fatty acids which may be present as iso-, or ante-iso derivatives and possess chain lengths of C20 or

C21. Recently, the structure of C. trachomatis sv. E was analyzed by compositional analysis, mass spectrometry, and

NMR and shown to be identical in the carbohydrate to sv. L2.104 In the latter study the biological activity of these LPS

was shown to be by orders of magnitude lower than LPS from E. coli. The structural studies confirmed previous

analyses of recombinant bacteria which expressed the heterologous Kdo transferase (WaaA) of Chlamydiae.308–311 So

far unique among all lipid A is the restriction of b-hydroxylated fatty acids to positions 2 and 20, which thus occur

exclusively in amide linkage.101 Accordingly, Sweet et al. were able to show that the C. trachomatis LpxA enzyme,

which catalyzes the incorporation of fatty acids into the 3- and 30-positions of lipid A, has a strong preference for 14:0

over 14:0(3-OH).312
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The identification of antibodies in human serum which specifically bind to the (a2!8)-linked Kdo di- or the

(a2!4,8)-linked Kdo trisaccharide are useful in the diagnosis of Chlamydia infections.301 Recently, crystal structures

of such antibodies in complex with antigen were reported which provided the atomic details of this interaction and an

explanation of specificity versus cross-reactivity of these antibodies.313
1.04.2.4.3 Neisseria, Haemophilus

In Neisseria and Haemophilus , only R-type LPS have been identified (Figures 24 and 25 ).82,83 To distinguish these

from LPS with an O-PS, some authors refer to these as lipooligosaccharides (LOSs)98 to take structural differences

between R-type LPS from other bacteria and LOS into account. For most of these bacteria, it is unclear why they do

not express an O-specific chain, which appears to be protective for other Gram-negative bacteria; however, LOS have

been shown to contain carbohydrate structures which are identical to mammalian gangliosides. These structures may

be sialylated and the expression of N-acetylneuraminic acid (Neu5Ac, sialic acid) as component of the LPS apparently

helps these microorganisms to evade an antimicrobial immune response and to promote infection. Furthermore,

pathogenic Neisseria contain capsule polysaccharides. For detailed information on the contribution of LOS from

Neisseria and Haemophilus to pathogenicity, the reader is referred to reviews published earlier.56,98

Capsule expression and mimicry of host antigens in combination with other mechanisms such as phase variation

may thus render the O-PS dispensable.56,314 The chemical structure of LPS is subject to phase variation in different

human pathogens such as N. gonorrhoeae, 315 N. meningitides,316,317 H. influenzae,318–322 H. pylori,323 F. tularensis,324

Coxiella burnetti,325 and L. pneumophila.326 Phase variation can be regarded as an adaptive mechanism of the pathogen

to promote infection and allow survival in different environments. As an example N. gonorrhoeae upregulates the

amount of sialic acid on its surface LPS to evade host-defense mechanisms by mimicking host antigens.98 At early

stages of infection the expression of sialic acid is downregulated and it is assumed that a high surface density of sialic

acid hinders the entry of N. gonorrhoeae into human mucosa cells.315 However, in serum, sialic acid may be required for

an increased serum resistance. Gulati and co-workers have shown recently that sialylation of the lacto-neo-tetraose

present in LOS of theN. gonorrhoeae strain 398079 enhanced the binding of factor H, a negative regulatory molecule of

the alternative complement activation pathway.327 However, factor H did not bind to sialylated LOS of strain 398078,

which expresses the L1 serotype LOS structure. Although the former sialylated LOS conferred the strain complete

resistance to killing by 50% nonimmune normal human serum, sialylation of L1 LOS conferred resistance only to 10%
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serum. The results of the latter study also suggested that sialylation at positions 3 and 6 of the terminal Gal residue of

the lacto-neo-tetraose are dependent on each other, and it was suggested that the involved transferase possibly is a

bifunctional enzyme since insertional activation abrogated both functions. In N. meningitidis binding of factor H was

shown to be independent of sialylation.328 Mechanisms of serum resistance and the exact role of LOS sialylation may

be therefore strain dependent and not all serum-resistant strains contain sialic acid in their LOSs, whereas other

sialylated strains are serum sensitive.98 For these reasons LOS sialylation has been suggested to play other roles in the

pathogenesis of Neisseria such as the protection against phagocytosis98 (and references therein) and the recognition by

the mannose binding lectin.329 Among N. gonorrhoeae six serotypes and within N. meningitidis 12 immunotypes (L1–

L12) are currently distinguished98 and the structures of several have been elucidated.

All members of the Neisseriaceae contain a common structural element in their LOS, which carries further structural

extentions (Figure 24). The attachment of an oligosaccharide to Hep I (in positions 2 or 4), a PE (at positions 3, 6 or 7)

or an oligosaccharide (position 2) to Hep II or of a Gal residue to a-GlcNAc-(1!2)-Hep II are referred to as a-, b-, and
g-chain elongation, respectively.330–332 In addition, O-acetylation and modification with ester-linked glycine has been

observed333,334 (and references therein). Most of the genes involved in the biosynthesis of Neisseria LOS have been

identified and their biochemical function defined. 330,335–340 Very recently, the enzymes for PEmodification at positions

3 (Lpt3)341,342 and 6 (Lpt6)343 of Hep II have been identified and characterized. However, it has been noted from

genetic studies that the degree and location of phosphorylation does not always correlate with Lpt expression.

Also, the enzyme for the addition of PE to position 7 of Hep II is unknown so far and it has been suggested to

originate from phosphate migration from position 6 to 7.342 As an alternative explanation, it was suggested that Lpt6 is

a promiscuous enzyme being able to catalyze both transfers. However, the biosynthetic regulation of these modifica-

tions warrants further investigation (for discussion see Ref.342).

Strains of N. meningitidis and H. influenzae also express sialylated LPS. In addition, H. influenzae strains incorporate

phosphorylcholine (P-Cho) into their LPS,319 a chemical structure often present on surfaces of infectious pathogens of

the respiratory tract such as Mycoplasma fermentans344 and Streptococcus pneumoniae or pathogens such as N. gonorrhoeae

andN. meningitidiswhich colonize other mucosal surfaces.345–347 The display of this structure enhances the persistence

on mucosal surfaces, but renders H. influenzae more susceptible to the bactericidal activity of human serum.

Haemophilus contain LOS of a basic structure (Figure 24a), which is similar to Neisseria LOS, and which may also

be sialylated. H. influenzae348 and also H. ducrey349 have been shown to scavenge sialic acid from the extracellular

milieu and incorporate them into their LPS. Sialylation of nontypeable H. influenzae (capsule deficient) has been
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shown to be a major virulence factor in a model of otitis media.348 Further structural variations comprise the addition of

phosphocholine, PPE, and short oligosaccharide branches. 83,348,350–359 The expression of certain glycoforms

which contain the P-Cho modification are implicated in the recognition by platelet activating factor (PAF)

promoting adherence and invasion of human bronchial epithelial cells.360 Nontypeable H. influenzae (capsule defi-

cient, NTHi) are a major cause of opportunistic respiratory tract infections and biofilm formation is suspected to

contribute to bacterial persistence.361 By comparing natural, sialidase treated and LOS of a CMP-sialic acid synthetase

mutant of nontypeable H. influenzae, Sword et al. were able to provide evidence that LOSs containing sialic acid

promote biofilm formation by NTHi in vitro and more importantly contribute to bacterial persistence within the

middle ear or lung in vivo.361

The lipid A from N. meningitidis is symmetrical with respect to fatty acid distribution and substituents within the

backbone (Figure 4) containing two PPEtN residues at the 1- and 40-positions. Recently, Cox et al. have identified a

class of PEtN transferases in N. meningitidis, which add PEtN onto existing diphosphates of the lipid A backbone

generating PPPEtN.362 For the first time, they have observed by mass spectrometry such an ethanolamine triphos-

phate substitution in lipid A. It is yet unknown whether the substitution occurs in the 1- or 40-position or both.

However, the fact that always only a single PPPEtN was present in various phosphorylated variants may suggest

that the substitution takes place at either the 1- or the 40-position. The key to this observation was the extraction

of LPS from bacteria grown on solid media by phenol/water as developed by Westphal and Jann27 and the omittance

of extensive dialysis during preparation. Instead, ethanol precipitation was used to obtain fully phosphorylated

LPS. Upon the subsequent hydrazinolysis which was applied for de-O-acylation of LPS in preparation for the

mass spectrometry no loss of PPPEtN was observed. Importantly, database searches identified enzyme homologs in

E. coli, S. enterica sv. Typhi, Y. pestis, P. aeruginosa, A. tumefaciens, V. cholerae, C. jejuni, and Xylella fastidiosa suggesting

higher phosphorylation taking place also in these bacteria, however, remained unnoticed due to unsuitable growth

conditions and the loss upon LPS preparation.362

Although the short-chain LOS is subject to molecular mimicry in the above-mentioned examples, H. pylori uses

the same strategy probably to evade host-defense mechanisms by phase variation of the O-PS which contains

Lewis X and Lewis Y epitopes.292 The infection with H. pylori and the display of these structures has been suggested

to be connected to autoimmune disease by eliciting antibodies cross-reactive with self-antigens. Cross-reactive

antibodies also seem to play a role in the development of the neurological disorder GBS, because core-oligosaccharides

of certain Campylobacter serotypes which are associated with the disease contain structural motifs also found in

gangliosides.363,364 A review on the structures of Campylobacter LPS core-OS has been published.82
1.04.2.5 LPS of the Gram-Positive: Pectinatus

Members of the genus Pectinatus that have been placed into the group of Gram-positive bacteria according to rRNA

and DNA typing, however, show a Gram-negative staining behavior. Accordingly, they have been shown to contain

LPSs, and its structural analysis revealed some novel architecture.365,366 Although the type strains of P. frisingensis and

P. cervisiiphilus contained a more typical S-type LPS, with an O-PS, two other strains investigated lacked an O-PS and

instead contained an R-type LPS with a large branched heterooligosaccharide attached to a core which replaces the

O-PS (Figure 26). SDS-PAGE indicated that the majority of these bacteria contain an R-type LPS.366 Investigation of

outer membrane stability and barrier function showed that in Pectinatus species the barrier function is severely

compromised which is a surprising finding since these strict anaerobic bacteria were isolated as contaminants and

spoilage of packaged beer and thus live in an unusual hostile environment characterized by a low pH, the presence of

bacteriostatic hop bitter substances, high carbon dioxide, and low oxygen concentration. Upon extraction with phenol–

chloroform–light petroleum (PCP) of the bacteria which is generally used for the extraction of S-type LPS (see below),

R-type LPS were isolated which contained a lipid A (Figure 27) with odd numbered fatty acids (3-OH-13:0, 11:0, and

13:0) in an asymmetrical distribution on a regular lipid A backbone.366 The attachment site of the PS was the

60-position of the lipid A backbone, like in all other LPS. In these strains an unusual heterogeneity of various different

glycoforms was identified. The structural similarity to phytopathogens of the analyzed O-PS and the characteristics of

the lipid A led Helander et al. speculate that the natural origin of the bacteria are plant materials used for the beer

brewing process.366
1.04.2.6 Minimal LPS Structure Supporting Survival of Gram-Negative Bacteria

The biosynthetic pathway of LPS in E. coli has been elucidated and reviewed recently.38,40,84 The biosynthesis of the

lipid A proceeds in a nonconsecutive fashion and the enzymatic attachment of Kdo to the lipid A backbone takes place
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before the secondary fatty acids are incorporated. The only exception to this so far is P. aeruginosa in which the lipid

A can be fully acylated in the absence of Kdo.367,368 The biosynthesis of the precursor molecule and the incorporation

of further core sugars occur at the cytoplasmic face of the inner membrane. Kdo transferases in many Gram-negative

bacteria are bifunctional enzymes which generate an (a2!4)-linked Kdo-disaccharide;38 however, mono-,369,370 tri-,

and even tetrafunctional Kdo-transferases have been described.302–304 The biosynthetic steps which are involved in

the generation of Ko are unknown. Since only a single Kdo residue was present in LPS from H. pylori, its Kdo-

transferase was also assumed to be monofunctional.155 Instead,H. pylori remodels its LPS after synthesis of an (a2!4)-

linked Kdo-disaccharide by the release of the terminal Kdo by a specific hydrolase.155 The enzymatic release of the

terminal Kdo was dependent upon prior removal of the 1-phosphate from the lipid A.154,155 The fact that the LPS

structure is subject to this fine-tuning indicates that certain LPS structures are better suited or even required to fulfill

biological functions in individual membrane assemblies.

After completion, the glycolipid is transported through the inner membrane by an ABC (ATP-binding cassette)

transporter MsbAwhich transports lipid Awith an attached core-OS across the cytoplasmic membrane in an adenosine

triphosphate (ATP)-dependent fashion.164–167 For LPS, the minimal substrate of MsbA has been presumed to be the

hexaacylated Kdo2-lipid A of E. coli (Re-type LPS), until recently. Also phospholipids are transported by MsbAwhich

is an essential protein for the viability of Gram-negative bacteria and thus a potential target for drug development. By

site-directed spin labeling and electron paramagnetic resonance spectroscopy Dong et al. investigated the conforma-

tional motion of MsbA upon ATP hydrolysis leading to LPS translocation.374 They were able to show that in

liposomes, ligand-free MsbA samples different conformations. Upon ATP binding, the substrate chamber to the

cytoplasm closes and an increased hydration at the periplasmic side is observed. The likely driving force for flipping

amphipathic substrates results from the geometry of the chamber on the one hand and changes of its dielectric

environment which is influenced by ATP hydrolysis.374

O-PSs are assembled by one of three currently distinguished pathways independently on a lipid carrier protein and

are transported through the inner membrane by different membrane proteins.38 At the periplasmic side the transfer

onto the core-OS takes place which is catalyzed by the WaaL ligase.38,375 The modal distribution of O-PS chain

lengths which is often observed in gel electrophoresis of LPS in a strain-specific manner has implicated that it is

regulated. The gene involved in chain length determination (rol, wzz) was identified in E. coli 376–378 and a number

of functional homologs have been reported.375

LPSs appear to be necessary for the viability of most Gram-negative bacteria, since mutations leading to the loss of

the ability to generate or transfer Kdo into the LPS were conditionally lethal in E. coli and Salmonella.379–381 The

smallest LPS structures of viable Gram-negative bacteria were identified in the deep rough mutant H. influenzae I-69,

containing a single monophosphorylated Kdo residue,382 and in the Re-LPS (see below) of E. coli F515 and S. enterica

sv. Minnesota R595. The latter contain only an (a2!4)-linked Kdo-disaccharide attached to the lipid A. A minimal

core-OS of at least two negative charges thus seemed to be important for the integrity of the outer membrane and the

viability of Gram-negative bacteria in general. This view was further supported by the observation that monofunc-

tional Kdo transferases from H. influenzae, B. pertussis, and V. cholerae lead to the generation of only one Kdo residue in

LPS, and in these structural analyses revealed that the Kdo residue was always phosphorylated.82 Further support

came from the observation that the cloning of the monofunctional H. influenzae Kdo transferase in E. coli was only

possible upon simultaneous expression of a Kdo kinase.383 The recent description of theE. colimutant KPM22, which

despite lacking Kdo had normal cell morphology and grew exponentially though with a prolonged generation time at

37 �C,169 indicates that the loss of Kdo can be tolerated by E. coli and the minimal structure for growth in E. coli has to

be redefined. Compensatory suppressor mutations were mapped in the MsbA transporter protein. A mutation which

affected the late acylation of lipid A leading to tetraacylated LPS molecules was previously described to be

conditionally lethal upon growth at elevated temperatures in rich media.384–386 However, likely the same suppressor

mutations as for the KPM22 mutant were identified in another study which restored viability and enabled MsbA to

accept tetraacylated LPS.164,387 For this reason, apparently the substrate specificity of MsbA critically decides on the

viability of bacteria with mutations in enzymes of the Kdo biosynthesis and enzymes involved in the late acylation of

lipid A. Meanwhile, bacteria devoid of Kdo due to a mutated kdsA gene have also been reported for Moraxella

catarrhalis and Y. pestis.388,389

The first report on the construction of aN. meningitidismutant which completely lacked LPS,390 due to a mutation in

the lpxA gene which is involved in the early lipid A biosynthesis,38 challenged the dogma that LPS is generally

necessary for the viability of Gram-negative bacteria and indicated that LPS might be dispensable for growth. Since

the same knockout mutation was not tolerated in the closely related N. gonorrhoeae, the ability to survive without

LPS seems to be restricted to N. meningitidis and it seemed to depend on the expression of the serogroup B polysialic

acid capsule391 which possesses a phospholipid anchor392 and therefore is possibly able to functionally replace
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LPS. However, a recent reinvestigation of this phenomenon by Bos et al. showed that capsule expression was not

necessary for survival and other compensating effects may be involved.393 LPS deficiency led to an alteration of

the fatty acid composition in phospholipids whereas other outer membrane components such as pili and outer

membrane proteins remained unaffected.391 The latter observation is in contrast to observations in E. coli and

Salmonella where mutations leading to a truncated LPS or LPS deficiency have a deep impact on the generation of

a functional outer membrane.38,57,59

Aiming at the generation of a strain useful as vaccine, the successful construction of an isogenicM. catarrhalismutant

of strain O35E was reported recently, in which the lpxA gene, encoding the UDP-N-acetylglucosamine acyltransferase

responsible for the first step of lipid A biosynthesis, was inactivated. The resulting mutant was viable despite

the complete loss of LPS.394 Thus, it seems possible that the minimal structure of LPS which is required for growth

is species specific and the complete lack of LPS can be tolerated even in bacteria which under normal conditions

express LPS.

Gram-negative bacteria belonging to the genus Sphingomonas are also viable without LPS which has been shown

to be fully replaced by glycosphingolipids.395–397 Apart from glycosphingolipids, also sulfonolipids and ornithine

lipids are able to replace LPS since all have similar physical properties and support membrane formation (reviewed

in Ref.59). Another Gram-negative bacterium which lacks LPS has been described by Vinogradov et al. who found that

a novel teichoic acid resembling glycolipid replaces LPS in the ruminal bacterium Fibrobacter succinogenes S85.398
1.04.2.7 Structural Analysis of LPS

Due to their amphiphilic nature the isolation of pure LPS from bacteria has been almost impossible for decades and

still requires technical skill. Several extraction procedures have been developed399 and a major breakthrough came

from the development of a now widely employed phenol/water extraction procedure applicable for mainly S-type LPS

with an O-PS.27 A modification of this procedure was developed for R-type LPS with shorter oligosaccharides, called

PCP-extraction.400 Both of these basic procedures have been adapted to individual LPS but often give satisfactory

results on most LPS. Despite the available purified LPS, structural analysis was still challenging for many years, due to

the formation of larger aggregates of LPS in solution leading to dispersions or suspensions and the heterogeneous

mixture of chemically and physically very similar molecules present in LPS extracted from bacterial cells. Until now

the preparative isolation of fully acylated individual LPS species has been impossible and structural determination of

LPS requires chemical degradation by hot alkali or mild acid. However, the recent report on the preparation of a

homogeneous Re-type LPS from a defined E. coli mutant shows that the preparation and structural analysis by

spectroscopic techniques of individual highly purified LPS molecule species can be achieved, in principle, by

chromatography.99

The large size of S-type LPS and also the presence of various structural components which differ dramatically in

their stability toward different chemical reagents hamper structural analysis of the complete molecule in one step.

Therefore, often different chemical degradation procedures have to be combined to identify the whole structure.

However, this may be seen as an advantage because it allows the isolation of smaller structural units facilitating their

structural analysis. Nevertheless, even despite careful study design very labile groups may be lost during preparation

and remain unnoticed. The structural analysis of LPS thus often still requires compositional analysis, methylation

analysis in combination with mass spectrometry, and NMR spectroscopy. However, the development of modern mass

spectrometry allows the analysis of complete LPS under mild ionization conditions which allow the accurate analysis

at high resolution and with high sensitivity. In combination with powerful separation techniques such as capillary

electrophoresis and HPLC even complex mixtures can be analyzed in detail nowadays. The development of high-

resolution magic angle spinning (HR-MAS), NMR also allowed the analysis of cell polysaccharides without extraction

from the cell.

After chemical cleavage, the analytical high-resolution separation of lipid A and short-chain LPS is possible by

TLC and individual bands have been detected with high sensitivity after the enzymatic introduction of a
32P radiolabel.401–404 Alternatively, when antibodies of known specificity are available, LPS may be detected with

high sensitivity by performing immunoblots after TLC.405,406

On a preparative scale, a crude partial separation of LPS, K antigens, cyclic (1!2)-glucans, and high molecular mass

neutral polysaccharides has been reported by size-exclusion chromatography on a Sephadex G-150 column in the

presence of deoxycholate.44 A separation according to O-PS length was achieved by gel chromatography of de-O-

acylated LPS from Legionella.407 The preparative scale separation has been achieved on DEAE ion-exchange columns

for various lipid A species but this system failed to resolve lipid A which contain Kdo.145 Nevertheless, the separation

of lipid A molecules which differed in the substitutions at the hydrophilic backbone and the analysis by 1 H-NMR
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difference spectroscopy under selective saturation of 31P-resonances allowed the unequivocal identification substitu-

tion sites. Recently, Raetz et al.99 described the preparation of a homogeneous Re-type LPS on a large scale by

chromatography which shows that molecules with a larger hydrophilic headgroup can be purified. It remains to be

seen whether this knowledge can be transferred to other LPS chemotypes with larger hydrophilic and possibly

charged oligosaccharides as present in natural core OS. Such preparations would be highly valuable and allow the

analysis of biological activities which depend on the acylation of individual molecular species in an LPS preparation.

Most interesting, however, would be the analysis of such preparations in artificial membranes, which certainly would

shed more light on the role of LPS in outer membrane function.

Valuable structural information can be inferred from compositional analysis combined with state-of-the-art mass

spectrometry.408–410 However, structural characterization usually requires the isolation of individual molecular species

by chromatography and their analysis by NMR. Therefore, chemical degradation is necessary and several methods are

employed to achieve deacylation. Hydrolysis under mild acid conditions (e.g., 0.1M NaOAc-buffer, pH 4.5, 100 �C,
1h) selectively cleaves the lipid A from the remaining saccharide which is usually connected via a Kdo residue to the

60-position of the lipid A backbone. The addition of 1% SDS has been shown to improve the cleavage of this bond in

difficult samples and may also be employed to determine the anomeric configuration of the bound 1-phosphate in

lipid A.411 However, replacement of Kdo with Ko leads to an increased resistance of this linkage toward acid. After

hydrolysis the water-insoluble lipid A can be collected by centrifugation and chemically analyzed or further chroma-

tographed prior to structural analysis.99 The water-soluble fraction contains a mixture of intact poly- and oligosaccha-

rides which due to their anionic nature can be separated by high-performance anion-exchange chromatography (e.g.,

CarboPac PA100, Dionex Inc.) and obtained in amounts sufficient for NMR analysis.412

Alternatively, delipidation may be achieved by selective de-O-acylation in water-free hydrazine at 37 �C
and subsequent de-N-acylation by hydrazine at 85 �C or under strong alkaline conditions (4M KOH, 120 �C,
16 h).382,413 Complete dephosphorylation can be achieved by treatment with 48% hydrofluoric acid. However, the

removal of the phosphate substituent which is usually present at the anomeric position in the lipid A, renders the

molecule instable in the alkaline conditions needed for de-N-acylation and requires the conversion into the alditol.

The identification and availability of enzymes involved in the structural modification of lipid A from different bacteria

may be used to achieve specific dephosphorylation in the 40- and anomeric position.38 This can be readily achieved

also by treatment with alkaline phosphatase414 (and references cited) which cleaves the phosphate at the anomeric

position in lipid A and with much lower activity at the 40-position but does not remove phosphates from heptoses at the

40-position in E. coli LPS (own observation). Deacylated oligosaccharides may be used for active immunization since

(1) they have lost their endotoxic activity and (2) it is known that antibodies directed against the carbohydrate domain

of LPS do not require fatty acids as part of their epitopes. Thus, deacylated oligosaccharides can be regarded as

detoxified LPSs which are well suited for the generation of vaccines when conjugated to appropriate immunologically

active carrier molecules.

Although KOH treatment allows the isolation of intact carbohydrate chains, it leads to the cleavage of phospho-

diesters frequently present in lipid A and in the core oligosaccharide. Special attention has to be paid to the presence

of phosphodiesters at the anomeric hydroxyl group of the reducing end in lipid A since such molecules will be

degraded in the subsequent de-N-acylation step. Diphosphodiesters, for example, PPEtN which is present in LPS

from E. coli and Salmonella, are converted into monophosphates at these positions. However, it also leads to

b-elimination of saccharides which are connected at the 4-position of uronic acids, as is the case in, for example,

LPS from Klebsiella,216 which may be an advantage for structural analysis since defined partial structures are generated

which can be purified and individually analyzed. In this procedure the N-acetyl group is also removed from GlcNAc

residues. GlcN residues with a free amino group may be selectively removed by deamination in nitrous acid (100mg

NaNO2/100mg LPS, 1%HOAc, 12h at 25 �C). This procedure has been employed to analyze LPS from K. pneumoniae

which contain a unmodified GlcN residue in a conserved structural element of the outer core 218–220 and can be

employed to specifically remove GlcN from individual LPS molecules which aided in the epitope characterization of

an antibody directed against the inner-core-OS of E. coli and Salmonella.415
1.04.2.8 Concluding Remarks

Due to their biological importance for health and disease in humans and plants, LPS has attracted scientific interest

from all different disciplines of natural sciences, ranging from physicists to biologists. It has been realized that in order

to understand the wide range of biological activities and functions of LPS, a deep understanding of their composition

and chemical structures was of utmost importance. Due to their physical and chemical properties, big difficulties have

been encountered in structural analysis of LPS, which due to pioneering work of several groups in the world over the
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last decades have now been overcome. The development of preparative and analytical chemistry, including techno-

logical advances, such as modern mass spectrometry and NMR spectroscopy, has driven research to a level where the

whole heterogeneity of different LPS molecules produced by single bacteria can be resolved and studied. Thus, by a

combined approach of chemistry, molecular biology, biochemistry, physics, and immunology we have started to gain

insight into the function of LPS. However, many important questions remain regarding the biological role of LPS for

the biology of bacteria and their interaction with the environment, including their role in the pathogenesis of

infectious diseases.

The fact that Gram-negative bacteria reshape the structure of their LPS, after having generated a functional

molecule, implies that these changes are important factors for their biology. Such examples comprise the action of a

Kdo hydrolase that removes Kdo and replaces it with phosphate (Helicobacter), the removal of phosphate at the 1- and

40-positions of the lipid A, and the replacement of phosphate by uronic acids (Rhizobium).

Although considerable progress has been made within the last 15 years, by the elucidation of a large number of

chemical structures of LPS, we have not yet begun or, more positively spoken, are just at the very beginning to

understand the biological effects associated with individual structural changes. Starting from a certain phenotype such

as the resistance toward the cationic peptide polymyxin led to the discovery of associated structural changes within the

LPS, their genetic regulation and provided a rationale for the observed biological effects. The same structural changes

within the lipid A are observed in a stereotype reaction to different environmental changes. Thus, it appears that the

accumulation of negative charges in the polyanionic core of the LPS molecule represents the Achilles heel for those

bacteria studied and the reduction of the anionic character by capping and the introduction of amino groups is of prime

importance. However, other effects are less obvious, such as the replacement of an a-Kdo-(2!4)-a-Kdo disaccharide

by Kdo phosphate, the replacement of phosphate with uronic acids in the lipid A or the core region, the replacement

of Kdo with Ko, the introduction of Kdo in the more distal parts of the LPS molecule, the correlation of GlcN and

phosphate in the E. coli F470 and F653 (core types R1 and R3), and the influence of the inner-core structure on the

outer-core assembly in E. coli K-12. These are only a few examples which have become apparent from the structural

work of the past years. Model membrane systems are available to study these questions; unfortunately, no system is

available yet to separate amphiphilic LPS molecules with larger hydrophilic domains into individual homogeneous

fractions. The further development of such a chromatographic system would be the key to a better understanding of

outer-membrane biology and thus of Gram-negative bacteria in general. The elucidation of the biochemical pathways

of LPS biosynthesis inE. coli and various other bacteria has generated a deeper understanding of enzyme specificities,

the order of events, and their localization. Based on such knowledge, the genetic engineering of bacterial strains as

model systems which generate only a limited heterogeneity or even uniform LPS has become feasible and will further

aid in the elucidation of structure–function relationships. Such understanding would certainly also reveal novel targets

for antimicrobial therapy against pathogenic bacteria and possibly the identification of novel drugs.
1.04.3 The Rigid Layer of Bacteria: The Peptidoglycan

The peptidoglycan (murein, PG) represents the rigid layer of most bacteria, it is missing in only few bacterial groups

like mycoplasma and some archea. Structure, function, and biosynthesis of PG have been extensively reviewed in the

past.4 Peptidoglycans consist of polysaccharide chains of various lengths furnished from !4)-b-D-GlcpNAc-(1!4)-b-
D-MurpNAc-(1! units which are cross-linked by peptide bridges. Only minor structural variations of the polysaccha-

ride chains occur in the different bacterial groups; however, there was more variability found in the constitution of the

peptide bridges. According to a widely accepted architectural model, the glycan strands run parallel to the cell wall

plane in a multilayered net-shaped structure.416 In general, Gram-negative bacteria and mycobacteria possess only

few such layers, whereas Gram-positive bacteria contain a higher number, resulting in distinctly thicker PG.

An alternative new model of the PG architecture has been published recently which challenges the multilayered

model and proposes that the glycan strands run perpendicular to the cell wall plane. The disaccharide units of the

chains are cross-linked by peptide bridges which lie in the cell wall plane. 417–420 Evidences and considerations

concerning biological aspects have been presented favoring one or the other model and have been debated intensively

recently.421 A very recent publication supports the perpendicular model; however, final experimental proof for either

model is still lacking.422
1.04.4 Lipoteichoic Acids

Lipoteichoic acids (LTAs) are defined as macroamphiphiles possessing alditolphosphate residues in their hydrophilic

moiety.7 In general, two types are present: the poly-(glycerol phosphate) type which is the most common, and the
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poly-(ribitol phosphate) type. The hydrophobic moiety is, in most cases, a glycolipid to which the hydrophilic part is

linked by a phosphodiester bridge. The lipid anchors the whole molecule in the cytoplasmic membrane. Structures

and structure/function relationships have been well reviewed in the past 10 years.7,8 Since 1999, only one new

structure, namely that of the LTA from Enterococcus faecalis, has been elucidated which is depicted in Figure 28.423
1.04.5 Capsular and Exo-Polysaccharides

Capsules occur in a high number of bacteria, Gram-negative and Gram-positive, as well as mycobacteria. Although the

first two possess pure polysaccharide capsules, the capsular layer of mycobacteria comprises polysaccharides and

(glyco-)proteins. Polysaccharide capsules are understood as a gel-like hydrated mesh which creates an additional

protection the bacteria and contributes to a higher virulence. Also, many but not all capsular polysaccharides represent

antigenic structures, the so-called K-antigens. Capsules are associated with the cell surface, mainly by ionic interac-

tions. This property distinguishes them from exopolysaccharides (or slimes) which are released into the medium.

However, in quite many cases a clear differentiation is not possible.
1.04.5.1 Capsular Polysaccharides

In the past few years, a number of structures of capsular polysaccharides (CPSs) from both, Gram-negative and Gram-

positive bacteria, has been published which are summarized in Tables 1 and 2. With regard to their composition,

several sugars were identified which occur (rather) rarely in such macromolecules, in addition to highly common sugars

like Glcp and Galp. These are pseudaminic acid (Psep, 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-

2-ulopyranosonic acid), NonpA (5-acetamido-7-acetamidino-8-O-acetyl-3,5,7,9-tetradeoxy-L-glycero-D-galacto-non-2-

ulopyranosonic acid), and RhoAN (rhodaminic acid, 5-amino-3,5-dideoxy-non-2-ulopyranosonic acid). In several

cases, O- and N-acetylation of sugars occur, and substitution with S- or R-pyruvic acid is present. Also, O-methylation

may occur.

Zwitterionic capsules are rare, but seem to be characteristic for Bacteroides fragilis.427 CPS of this genus not

only modulates course of abscess formation but also protects against abscess-inducing bacteria, like Staphylococcus

aureus and Streptococcus pneumoniae. The zwitterionic character of the CPS represents a critical determinant for such

activities.451–453

Other CPSs of peculiar structures were identified in Pasteurella multocida: from this species, glycosaminoglycan

capsules were isolated, that is, hyaluronan in type A,454 an unmodified heparin in type D, and an unmodified
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Figure 28 Structural heterogeneity of LTA from Enterococcus faecalis strain 12030.362



Table 1 Structures of CPS from Gram-negative bacteria

Species/strain Structure Ref.

Actinobacillus pleuropneumoniae
serotype 13

!3)-a-D-Galp3OAc4OAca-(1!2)-glycerol3P-(1! 424

Actinobacillus suis !6-b-D-Glcp-(1! 425

Aeromonas salmonicida 80204-1 !3)-a-D-GalpNAcA-(1!3)-b-D-QuipNAc-(1!4)-b-D-Quip3NAlaNAc-(1! 426

Bacteroides fragilis A2 !2)-D-a-D-Hepp6Bub-(1!3)-a-D-ManpNAc-(1!4)-[a-L-Fucp-(1!2)-]b-D-
ADGc-(1!3)-a-D-AATd-(1!

427

Bacteroides vulgatus !3)-b-D-Glcp-(1!6)-[a-D-GalpNAc-(1!2)-b-D-Galp-]b-D-GlcpNAc-(1!3)-

a-D-Galp-(1!4)-b-D-Manp-(1!
428

Burkholderia caryophylli 2151 !6)-a-D-Glcp-(1!1)-b-D-Fruf-(2! 429

Campylobacter jejuni 81116 !3)-b-D-Glcp-(1!2)-a-D-GlcpA3OAce-(1!3)-a-D-Manp-(1!3)-a-D-
Glcp6OAc f-(1!

430

Campylobacter jejuni 81116 !3)-b-D-GlcpNAc-(1!6)-a-D-Glcp-(1!4)-[b-D-GlcpNAc-(1!3)-]a-D-Galp-(1! 430

Campylobacter jejuni 81-176 !4)-a-D-Glcp-(1! 431

Campylobacter jejuni HS:1 !4)-[b-D-Fruf-1!2)-] g[b-D-Fruf-1!3)-]a-D-Galp-(1!2)-(R)-glycerol1P!h 432

Klebsiella pneumoniae 52145 !3)-b-D-Glcp-(1!4)-[a-D-GlcpA-(1!3)-]b-D-Manp-(1!4)-a-D-Glcp-(1! 433

Moraxella bovis !4)-b-D-GlcpA-(1!3)-b-D-GalpNAc-(1! 434

Pasteurella multocida type D !4)-b-D-GlcpA-(1!4)-a-D-GlcpNAc-(1! 435

Pasteurella multocida type F !4)-b-D-GlcpA-(1!3)-b-D-GalpNAc-(1! 435

Pseudoalteromonas aliena
KMM 3562T

!3)-[a-D-Quip4NAc-(1!4)-]b-D-GlcpA6-N-L-Ser-(1!4)-a-D-GlcpNAc-

(1!4)-b-D-ManpNAcA6-N-L-Ser-(1!4)-b-D-GlcpNAc-(1!
436

Pseudoalteromonas atlantica
IAM 14165

!3)-[b-Psep5NAc7NAci-(2!6)-]a-D-Galp-(1!6)-a-D-GlcpNAc-(1!4)-

a-D-GalpA-(1!3)-b-D-QuipNAc-(1!
437

Pseudoalteromonas flavipulchra
NCIMB 2033

!3)-a-L-6dTalp4OAc-(1!3)-b-D-Galp-(1!7)-a-Kdop-(2! 438

Serratia marcescens O14:K12 !3)-b-D-Glcp-(1!3)-[b-D-Galp4,6(R)Pyr-(1!4)-]b-D-GlcpA-(1!2)-a-
D-Manp-(1!2)-a-D-Manp-(1!

439

Shewanella oneidensis MR-4 !4)-[a-D-Quip4NAcyl j-(1!4)-a-D-GlcpA-(1!3)-]b-D-Manp-(1!4)-b-
D-Glcp-(1!3)-b-D-GlcpNAc-(1!

440

Shewanella putrefaciens A6 !4)-a-NonpAk-(2!3)-b-Sugpl-(1! 441

Sinorhizobium fredii HH103 !3O-Bu-a-Psem-(1! 442

Sinorhizobium fredii HWG35 !6)-a-D-Galp2OMe4OMe-(1!4)-b-D-GlcpA-(1! 443

Sinorhizobium meliloti 1021 !7)-b-Kdo-(2! 444

Sphaerotilus natans !4)-b-D-GalpNAc-(1!4)-b-D-Glcp-(1!3)-b-D-GalpNAc-(1!4)-a-D-
GalpNAc-(1!4)-a-D-GalpNAc-(1!

441

aNonstoichiometric substitutions: 3OAc, 40%, 4OAc, 60%;
bBu, 3-hydroxybutynoic acid;
cADG, 3-acetamido-3,6-dideoxy-glucose;
dAAT, 4-acetamido-2-amino-2,4,6-trideoxy-galactose;
e30%;
f30%;
gnon-stoichiometric substitution;
hboth Fruf residues are variably substituted at C-3 by phosphoramidate groups;
iPsep5NAc7NAc, 5,7-diacetamido-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulopyranosonic acid;
jvarious N-acyl groups;
kNonpA, 5-acetamido-7-acetamidino-8-O-acetyl-3,5,7,9-tetradeoxy-L-glycero-D-galacto-non-2-ulopyranosonic acid;
lSugp, 2-acetamido-2,6-dideoxy-4-C-(30-carboxamide-20,20-dihydroxypropyl)-D-galactopyranose;
m3:1 mixture of 5-acetamido-3,5,7,9-tetradeoxy-7-[(R)- and (S)-3-hydroxybutyramido]-L-glycero-L-manno-non-2-

ulopyranosonic acid.
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chondroitin in type F.435 Glycosaminoglycans are common vertebrate extracellular matrix components, occurring

there in high amounts.

CPSs also play an important role in bacteria–plant interactions which may be both, pathogenic mechanisms as well

as in symbiontic processes. In the latter case, bacteria of the Gram-negative genera Rhizobium, Sinorhizobium, and

Bradyrhizobium are important in symbiontic N2-fixation in root nodules of various legumes. Sinorhizobium fredii

induces such nodules in, for example, soy bean. In addition to particular genes responsible for nitrogen fixation,

several cell wall polysaccharides are involved in nodule formation, including capsular and exo-polysacharides,455 a

number of structures of which have been published in the past.456 Sinorhizobium fredii strain HH103 produces a rather



Table 2 Structures of capsular polysaccharides from Gram-positive bacteria

Species/strain Structure Ref.

Rhodococcus equi serotype 4 !3)-b-D-Manp-(1!4)-b-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-RhoANAc7,9Pyra-(2! 445

Staphylococcus aureus !6)-b-D-GlcpNAc-(1! 446

Staphylococcus aureus type 5 !4)-b-D-ManpNAcA-(1!4)-a-L-FucpNAc(3OAc)-(1!3)-b-D-FucpNAc-(1! 447

Staphylococcus aureus type 8 !3)-b-D-ManpNAcA(4OAc)-(1!3)-a-L-FucpNAc-(1!3)-a-D-FucpNAc-(1! 448

Staphylococcus epidermidis !6)-b-D-GlcpNAc-(1! 449

Streptococcus pneumoniae
type 15B,C

!6)[a-D-Galpb-(1!2)-b-D-Galp-(3P-2-Gro)-(1!4)-]b-D-GlcpNAc-(1!3)-

b-D-Galp-(1!4)-b-D-Glcp-(1!
448

Streptococcus pneumoniae
type 17F

!3)-b-L-Rhap-(1!4)-b-D-Glcp-(1!3)-a-D-Galp-(1!3)-[b-D-Galp-(1!4)-]b-L-
Rhap2OAc-(1!4)-a-L-Rhap-(1!2)-D-Ara-ol-(1!P!

448

Streptococcus pneumoniae
type 33f

!3)-b-D-Galp-(1!3)-[a-D-Galp-(1!2)-]a-D-Galp-(1!3)-b-D-Galf-(1!3)-b-D-
Glcp-(1!5)-b-D-Galf 2OAcc-(1!

450

aRhoAN, 5-amino-3,5-dideoxy-non-2-ulosonic acid;
bvariably O-acetylated;
c50%.
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unusual homopolymeric CPS furnished of 5-acetamido-3,5,7,9-tetradeoxy-7-(3-hydroxybutyramido)-L-glycero-L-

manno-non-2-ulopyranosonic acid,442 in contrast to other K-antigenic CPS identified in bacteria of this genus which

are constituted from repeating units.443 However, another homopolymeric CPS was identified in S. meliloti recently,

made up from (b1!7)-linked Kdo moieties and linked to a phospholipid anchor.444

There are several fish-pathogenic bacterial species known. Aeromonas salmonicida causes furunculosis in Salmonidae,

and harbors different virulence factors such as LPS and proteases. It was found that in vivo cultured bacteria of this

species contained CPS and that such bacteria invade fish cell lines much faster than noncapsulated ones. The

structure of the isolated CPS comprised aminodeoxy sugars and N-acetyl-galacturonic acid, with the presence of an

N-linked N-acetyl-L-alanyl group as particular feature.

Of human pathogenic bacteria, Gram-negative as well as Gram-positive ones, several novel CPS structures were

determined recently, like from C. jejuni (the causative agent of human enteritis and neurological disorder Guillain–

Barre syndrome),457 and others were revised, in particular, pneumococcal CPS.458 The enterobacterial species

Klebsiella pneumonia is one of the best-known and often-occurring opportunistic nosocomial pathogen, responsible

for urinary and respiratory tracts infections.459 K. pneumoniae is usually encapsulated and about 77 different

K-serotypes are known to date.460 These CPSs are considered main virulence factors.
1.04.5.2 Exopolysaccharides

Exopolysaccharides (EPSs) are extracellular polymers and, thus, found in the environment of the bacteria. Conse-

quently, they can be isolated in good yields from the culture supernatants of laboratory bacterial cultures and be

characterized regarding their structures, biological functions, and, also, their rheological properties in aqueous solu-

tions. Exopolysaccharides are produced by a variety of animal-(including humans) and plant-pathogenic bacteria,

Gram-positive as well as Gram-negative, and by archaea and cyanobacteria. They produce biofilms, play a role in

bacteria–host interactions, may be problematic in paper industry, and are of high interest in food and nonfood industry.

Recent characterized structures are summarized in Tables 3 and 4.

Biofilms are furnished by several bacteria after attachment to (polymer) surfaces and connect multilayered cell

clusters of these bacteria like a tissue.461 Biofilms consist of polysaccharides, several of which have structurally been

characterized, like the (b1!6)-linked GlcpNAc homopolymer in Staphylococcus aureus and S. epidermidis.446,449 This

molecule protects the bacteria from opsonophagocytosis.462

Other biofilm-producing bacteria were isolated from paper machines in which their products – mostly complex EPS

occurring as thick slimes – led to significant operation problems.463 Such bacteria like Brevundimonas and Methylo-

bacterium utilize the favorable environment such paper mills offer, that is, optimal temperature, pH, and nutrient

levels. In other cases, microbial biofilms were found on prehistoric wall paintings and/or frescoes.464 One example for

an causative agent of such biofilms is the plant-pathogenic bacterium Erwinia persicina which produces large

quantities of EPS.465

Cystric fibrosis is a disease which, due to a genetic defect, is characterized by malfunction of exocrine glands

leading to severe problems in digestive and respiratory tracts functions.466 In the lung, the disease supports chronic



Table 3 Structures of exopolysaccharides from Gram-negative bacteria

Species/strain Structure Ref.

Aeromonas nichidenii 5797 !3)-[b-D-Glcp-(1!4)-]a-D-Manp6OAca-(1!3)-b-D-Xylp-(1!3)-[a-D-Manp-
(1!4)-]a-D-GlcpA-(1!

470

Agrobacterium radiobacter !4)-[b-D-Glcp4,6-(S)-Pyr-(1!3)-b-D-Glcp6Succinb-(1!3)-b-D-Glcp-(1!6)-b-D-
Glcp-(1!6)-]b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-b-D-Glcp-(1!3)-D-Galp-(1!

471

Azotobacter indicus var.
myxogenes

!4)-b-D-Glcp-(1!4)-a-L-Rhap-(1!3)-[b-D-Glcp-(1!6)-b-D-Glcp-(1!6)-]b-D-
Glcp-(1!4)-b-D-2d-arabino-HexpA-(1!

472

Brevundimonas vesicularis !4)-a-L-GlcpA-(1!4)-a-D-GalpA-(1!4)-b-L-Rhap-(1!4)-b-D-Glcp-(1! 473

Burkholderia brasiliensis !4)-a-D-Glcp-(1!2)-a-L-Rhap-(1!4)-a-D-GlcpA-(1!3)-b-L-Rhap2OAc-(1!4)-

b-D-Glcp-(1!
474

Burkholderia caribensis
MWAP71

!3)-b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-[b-Kdo-(2!3)-]a-L-6dTalp2OAc-(1! 475

Burkholderia cepacia !3)-[a-D-Galp-(1!2)-][b-D-Galp-(1!2)-a-D-Rhap-(1!4)-]a-D-GlcpA-(1!3)-

[b-D-Galp-(1!6)-]a-D-Manp-(1!3)-b-D-Glcp-(1!
476–479

Burkholderia cepacia BTS13 !5)-b-Kdo-(2!3)-b-D-Galp2OAc-(1!4)-a-D-Galp-(1!3)-b-D-Galp-(1! 480

Burkholderia cepacia BTS13 !6)-b-D-Fruf-(2! 480

Burkholderia gladioli sv.
agaricicola

!4)-a-D-Rhap-(1!3)-a-D-Rhap-(1!3)-a-D-Rhap-(1!3)-b-D-Rhap-(1! 481

Butyrivibrio fibrisolvens H10 !4)-a-D-Galp-(1!4)-b-D-Glcp-(1!4)-b-D-Glcp2OAcc3O-[(S)-1-carboxyethyl]-
(1!4)-a-D-Galp-(1!4)-a-D-Galp6O-[(R)-1-carboxyethyl]-(1!

482

Enterobacter amnigenus !3)-b-D-Glcp-(1!4)-[a-D-Manp4,6-(S)-Pyr-(1!4)-b-D-GlcpA-(1!3)-a-D-Galp-
(1!3)-]a-L-Fucp-(1!4)-a-L-Fucp-(1!

483

Erwinia chrysanthemi A350 !2)-a-L-Rhap-(1!3)-b-D-Galp-(1!3)-[a-L-Rhap-(1!4)-a-D-GalpA-(1!2)-]a-L-
Rhap-(1!2)-a-L-Rhap-(1!

484

Erwinia chrysanthemi CU643 !3)-b-D-Galp-(1!2)-a-L-Rhap-(1!4)-b-D-GlcpA-(1!2)-a-L-Rhap-(1!2)-a-L-
Rhap-(1!2)-a-L-Rhap-(1!

485

Erwinia chrysanthemi RA3W !3)-b-D-Glcp-(1!4)-[a-L-Rhap-(1!3)-a-L-Rhap-(1!4)-a-D-GlcpA-(1!3)-]a-D-
Manp-(1!3)-a-L-Rhap-(1!

486

Erwinia futululu !3)-b-D-Galp-(1!3)-[b-D-Glcp-(1!6)-][b-D-Glcp-(1!6)-a-D-Galp-(1!4)-b-D-
GlcpA-(1!4)-]a-D-Galp-(1!6)-b-D-Glcp-(1!

487

Erwinia futululu !3)-b-D-Galp-(1!3)-[b-D-Glcp-(1!6)-][a-D-Galp4,6O-[(R)-1-
carboxyethylidene]-(1!4)-b-D-GlcpA-(1!4)-]a-D-Galp-(1!6)-b-D-Glcp-(1!

487

Erwinia persicina HKI0380 !6)-b-D-Glcp-(1!3)-b-D-Galp-(1!3)-[a-D-Galp-(1!4)-b-D-GlcpA-(1!4)-]a-D-
Galp-(1!

465

Methylobacterium sp. !3)-a-D-Galp4,6O-[(R)-1-carboxyethylidene]-(1!3)-a-D-Galp4,6O-[(R)-1-
carboxyethylidene]-(1!3)-a-D-Galp-(1!

488

Pseudomonas sp. !4)-[a-D-Galp-(1!4)-b-D-GlcpA-(1!3)-a-D-Galp-(1!3)-]a-L-Fucp-(1!4)-a-L-
Fucp-(1!3)-b-D-Glcp-(1!

489

Rhizobium sp. B strain !4)-b-D-Glcp-(1!4)-a-L-Rhap-(1!3)-b-D-Glcp-(1!4)-b-D-2dGlcpA-(1!d 490

Vibrio diabolicus !3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!4)-b-D-GlcpA-(1!4)-a-D-
GalpNAc-(1!

491

a70%;
bSuccin, succinic acid, 40%;
c65%;
dO-Ac at unknown position, 65%.
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infections by other bacterial opportunistic pathogens, for example, Staphylococcus aureus, Pseudomonas aeruginosa, or

Burkholderia cepacia.467 The latter species is also a well-known plant-pathogenic bacterium. Of the several (putative)

bacterial virulence factors, EPSs play an important role, in particular, in the adherence of such opportunistic bacteria

to lung cells.

Besides LPSs, EPSs are also of importance in plant-pathogenic and bacteria-plant-symbiontic processes and a

significant number of structures, in particular of the genus Erwinia, has been elucidated in the past years.468

A phytotoxic mannan EPS was isolated from Pseudomonas syringae pv. ciccaronei,469 composed of an (a1!6)-linked

Manp backbone that is substituted (80%) at the 2-position by Manpmonosaccharide units, or (a1!2)-linkedManp di-

and oligosaccharides. The purified EPS induced chlorosis and necrosis on tobacco leaves, probably due to interfering

with plant defence response important metabolic processes. On the other hand, EPSs are thought to play an important

role in bacteria–plant symbiontic interactions, that is, in rhizobia.468



Table 4 Structures of exopolysaccharides from Gram-positive bacteria

Species/strain Structure Ref.

‘‘Bacillus’’ !4)-a-D-GlcpAGly-(1!3)-b-D-ManpNAcA-(1!4)-a-D-Galp-(1!3)-a-D-
QuipNAc4NAc-(1!

492

Cellulomonas flavigena KU !3)-b-D-Glcp-(1!3)-b-D-Glcp-(1! 493

Lactobacillus delbrueckii subsp.
bulgaricus 291

!4)-b-D-Glcp-(1!4)-[b-D-Galp-(1!4)-b-D-Glcp-(1!6)-]a-D-Glcp-(1!4)-b-D-
Galp-(1!

494

Lactobacillus delbrueckii subsp.
bulgaricus EU23

!2)-a-L-Rhap-(1!4)-a-D-Glcp-(1!3)-b-L-Rhap-(1!4)-b-D-Glcp-(1!4)-[a-L-
Rhap-(1!3)-]a-D-Glcp-(1!

495

Lactobacillus delbrueckii subsp.
bulgaricus NCFB2074

!4)-[a-D-Galp-(1!3)-a-D-Glcp-(1!3)-][b-D-Galp-(1!4)-b-D-Glcp-(1!2)-]a-D-
Glcp-(1!3)-[a-D-Galp-(1!6)-]a-D-Galp-(1!

496

Lactobacillus helveticus K16 !4)-b-D-Glcp-(1!4)-[b-D-Galp-(1!4)-[b-D-Glcp-(1!2)-]b-D-Glcp-(1!6)-]a-D-
Glcp-(1!4)-b-D-Galp-(1!

497

Lactobacillus rhamnosus KL37C !3)-a-D-Glcp-(1!2)-b-D-Galf-(1!6)-a-D-Galp-(1!6)-a-D-Glcp-(1!3)-b-D-Galf-
(1!

498

Lactococcus lactis subsp.
cremoris B39

!2)-a-L-Rhap-(1!2)-a-D-Galp-(1!3)-a-D-Glcp-(1!3)-a-D-Galp-(1!3)-[b-D-
Galp-(1!4)-b-D-Glcp-(1!4)-]a-L-Rhap-(1!

499

Rhodococcus sp. 33 !4)-b-D-Galp-(1!4)-b-D-Glcp-(1!3)-b-D-Manp4,6-(S)-Pyr-(1!4)-b-D-GlcpA-
(1!

500

Rhodococcus rhodochrous S-2 !3)-[b-D-GlcpA-(1!2)-]a-D-Manp-(1!3)-a-D-Glcp-(1!3)-a-D-Galp-(1! 501

Streptococcus macedonicus SC136 !4)-a-D-Glcp-(1!4)-[b-D-Galf-(1!6)-b-D-Glcp-(1!6)-b-D-GlcpNAc-(1!3)-]b-
D-Galp-(1!4)-b-D-Glcp-(1!

502

Streptococcus thermophilus EU20 !6)-b-D-Galp-(1!6)-a-D-Galp-(1!3)-[a-L-Rhap-(1!2)-]b-L-Rhap-(1!4)-b-D-
Glcp-(1!6)-a-D-Galf-(1!6)-b-D-Glcp-(1!

503

Streptococcus thermophilus S3 !3)-b-D-Galp-(1!3)-[b-D-Galf 2OAca-(1!6)-]a-D-Galp-(1!3)-a-L-Rhap-(1!2)-

a-L-Rhap-(1!2)-a-D-Galp-(1!
504

Streptococcus thermophilus THS !3)-[b-D-Galp-(1!4)-b-D-Glcp-(1!6)-a-D-Glcp-(1!4)-]b-D-Galp-(1!4)-b-D-
Glcp-(1!

505

a40%.
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EPSs with partcular rheological and metal complexing properties are present in a number of deep-sea bacteria like

from the genera Alteromonas and Vibrio.506 A rather complex and sulfated polysaccharide was isolated from Alteromonas

infernus, the sulfate group being probably involved in metal ion binding (Figure 29).

Of Gram-positive bacteria, EPSs of lactic acid bacteria represent significant constituents in dairy products, such as

joghurt and cheese.507 Such lactic acid bacteria are part of the starter floras present in such products. Their EPSs

possess texturizing properties and have the potential for use as thickening agents.508 Then, selected strains of such

bacteria are present in the gastrointestinal tract and are beneficial for the host (e.g., roles as antagonists against

enteropathogenic bacteria, immune system modulation, healing effect on gastrointestinal damages).509 Thus, they are

regarded as probiotics. EPSs and other surface molecules of lactic acid bacteria play an essential role in adhesion which

is important for the colonization of host gastrointestinal surfaces.

EPSs are also present in archaea. One example of a structure is that of the EPS isolated from Haloferax denitrificans

ATCC 35960 which contains 2,3-diacetamido-2,3-dideoxy-D-glucopyranosiduronic acid (D-GlcpNAc3NAcA) and

possesses the structure !4)-b-D-GlcpNAc3NAcA-(1!4)-b-D-GlcpNAc3NAcA-(1!4)-a-D-GlcpNAc3NAcA-(1!3)-

a-D-Galp-(1!.510

Finally, EPSs are also found in cyanobacteria, very ancient procaryotic organisms which were probably present

on Earth 3.5 billion years ago.511 Cyanobacteria are often found in extreme environments, like thermal springs,

polar deserts, or soda lakes.512 Here, EPSs are produced in large amounts which are thought to shield the cyanobac-

teria from the extreme conditions. In particular, EPSs seem to play a role in desiccation tolerance.513 Nostoc commune

is one cyanobacterium that can tolerate extreme dry conditions.514 It produces a glycan that inhibits membrane

vesicle fusion and freeze-drying, possesses rheological properties advantegeous in rehydration, and contains UV

radiation absorbing components that protect the cyanobacterium from photodegradation. The structure of the

EPS is !4)-[b-NosA-(1!6)-]b-D-Glcp-(1!4)-a-D-Galp-(1!4)-b-D-Glcp-(1!4)-[a-D-Ribf-(1!3)-]b-D-Xylp-(1!, in

which NosA is 3-O[(R)-1-carboxyethyl]-D-glucopyranosiduronic acid.515 Another EPS of a very complex branched

structure (Figure 30) was isolated from the thermophilic cyanobacterium Mastigocladus laminosus, isolated from a hot

water spring.516



[SO3Na]

→4)-b -D-Glcp-(1→4)-a -D-GalpA-(1→4)-a-D-Galp-(1→

b -D-Glcp-(1→6)-a -D-Galp-(1→4)-b -D-GlcpA-(1→ 4)-b -D-GlcpA

2
↓

3

1
↑

2

1
α-D-Glcp

↑
3

α-D-Glcp
1
↑

Figure 29 Structure of the sulfated exopolysaccharide from Alteromonas infernus.389
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Figure 30 Structure of the capsular polysaccharide from the thermophilic cyanobacterium Mastigladus laminosus.399
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1.04.6 Gram-Positive Bacterial Cell Wall-Associated Polyols and Polysaccharides

Gram-positive bacterial cell wall-associated polyols and polysaccharides are often negatively charged (teichoic and

teichuronic acids), but may also occur in neutral form. Teichoic acids are cell wall-associated macromolecules

consisting of polyols or carbohydrates which are linked through phosphodiester bonds.517 Often, such basic structures

are further substituted by various sugars and/or amino acids. In general, teichoid acids are linked to muramic acid of

peptidoglycan via a phosphodiester bridge.

Based on the main chain composition, four structural types of teichoid acids can be distinguished to date, that is,

poly(polyol phosphates), poly(glycosylpolyol phosphates), poly(polyol phosphate-glycosyl phosphates), and poly

(polyol phosphate-glycosylpolyol phosphates).518 Of these, the first two are most often occurring. Poly(polyol

phosphates) contain as polyol moieties glycerol, erythrol, ribitol, arabinitol, or mannitol. Table 5 summarizes

structures identified recently.

Teichoid acids comprise between 20% and 50% of the Gram-positive cell wall. Although in capsulated Gram-

positive bacteria the capsule represents the major surface antigen, teichoid acids play this role in noncapsulated ones.

Also, teichoic acids are of chemotaxonomic interest which is in particular true for Actinomycetes.545 In case of the genus

Brevibacterium, these cell wall constituents were also used as one marker to establish new species.524

Enterococcal infections have been increasing in number steadily in the past years, mainly due to nosocomial ones in

newborns and immunocompromised patients which have placed enterococci as third most common nosocomial

pathogen isolated from blood and pulmonary and urinary tracts. From Enterococcus faecalis and E. faecium, a shared

antigenic teichoic acid has been isolated which was serologically identified in a number of isolates and strains.526

However, recent investigations proved that such (opsonophagocytic) antibodies react with both, this teichoic acid and

a LTA, both of which possess the same poly(glycosylpolyol phosphate) structure. It is the LTA that represents the

target of such opsonic antibodies.423



Table 5 Structures of cell wall-associated polysaccharides from Gram-positive bacteria

Species/strain Structure Ref.

Actinocorallia herbida VKM Ac-1994T !6)-a-D-Gal-(1!2)-Gro-3P! 519

Actinomadura madura !6)-a-D-Gal-(1!2)-Gro-3P! 519

Actinomadura viridis VKM Ac-1315T G1a:b-D-Galp3OMe-(1!4)-[b-D-Glcp-(1!6)-]b-D-Galp-(1!1)-Gro;

G2a:b-D-Galp-(1!4)-b-D-Galp-(1!1)-Gro; G2aa:b-D-Galp3OMe-

(1!4)-b-D-Galp-(1!1)-Gro; G3a: b-D-Galp-(1!1)-Gro; G4a:b-D-
Galp-(1!1)-[b-D-Galp-(1!2)-]Gro; G5a: b-D-Galp-(1!2)-Gro

520

Actinoplanes campanulata VKM Ac-1319T !6)-a-D-Galp-(1!3)-b-D-GalpNAc-(1!1)-Gro-3P! 521

Bacillus pumilus Sh18 !1)-Ribitol-5P! 522

Bacillus pumilus Sh18 !1)-[a-GlcpNAc-(1!2)- or a-GalpNAc-(1!2)-]bGro-3P! 522

Bacillus pumilus Sh18 !3)-b-GlcpNAc-(1!4)-Ribitol-1P! 522

Brevibacterium permense VKM Ac-2280 !1)-Gro-3-P! 523

Brevibacterium permense VKM Ac-2280 !1)-[a-L-Rhap-(1!3)-]cD-Mannitol-6P! or!1)-D-

Mannitol4,5Pyrd-6P!
523

Brevibacterium sp. VKM Ac-2118 !1)-D-Mannitol4P-6P! 524

Brevibacterium iodinum VKM Ac-2106 !1)-[b-D-Glcp-(1!2)-]D-Mannitol4,5-(S)-Pyr-6P! 525

Brevibacterium iodinum VKM Ac-2106 !1)-[a-GalpNAc4,6-(R)-Pyr-(1!2)-]Gro-3P! 525

Enterococcus faecium !6)-[a-D-Glcp-(1!2)-]a-D-Glcp-(1!2)-Gro3P-1P! 526

Eubactrium saburreum T15 !6)-[a-D-Fucf-(1!4)-][b-L-Xulf-(2!2)-b-D-Heppe-(1!6)-[a-D-Fucf-
(1!4)-]b-D-Heppe-(1!6)-[a-D-Fucf-(1!4)-][b-L-Xulf-(2!2)-b-D-
Heppe-(1!

527

Geobacillus tepidamans GS5-97T [b-D-ManpNAc3NAcANH2
f-(1!6)-a-D-Glcp-(1!4)-b-D-

ManpNAc3NAcANH2
f-(1!3)-a-D-GlcpNAc-(1!]6-(1!P!6)-

MurNAc-

528

Herbidospora cretacea VKM Ac-1997T !1)-[a-D-Galpg-(1!2)- or a-D-GalpNAc-(1!2)-]Gro-3P! 519

Kineosporia aurantiaca VKM Ac-702T !3)-b-D-Galp-(1!6)-b-D-Manp-(1!4)-b-D-Manp-(1!3)-b-D-Galp-
(1!4)-b-D-Manp-(1!4)-b-D-Manp-(1!

529

Nocardioides albus VKM Ac-805T !3)-[b-Glcp4,6-(S)-Pyr-(1!4)-]b-Galp2OAch-(1!1)-Gro-3P! 530

Nocardioides luteus VKM Ac-1246T !1)-[a-Galp4,6-(R)-Pyr-(1!4)-]Ribol-5P! 531

Nocardiopsis prasina BKM Ac-1880T !3)-Ribitol-5P! 532

Nocardiopsis prasina BKM Ac-1880T !1)-[a-GlcpNAc-(1!2)-i or 2OAc j]Gro-3P! 532

Planotetraspora mira VKM Ac-2000T !2)-[a-Galp-(1!1)-]Gro-3P! 519

Planotetraspora mira VKM Ac-2000T !1)-[a-L-Rhap-(1!2)-]Gro-3P! 503

Spirilliplanes yamanashiensis VKM Ac-1993T !6)-b-D-Glcp-(1!2)-Gro-1P! 533

Spirilliplanes yamanashiensis VKM Ac-1993T !1)-[a-GlcpNAc-(1!2)k-]Gro-3P! 533

Spirilliplanes yamanashiensis VKM Ac-1993T !6)-a-D-GlcpNAc-(1!2)-Gro-1P! 533

Spirilliplanes yamanashiensis VKM Ac-1993T !6)-[a-D-Manp3OMe-(1!2)l-]a-D-GlcpNAc-(1!6)-a-D-
GlcpNAc-1P!

533

Staphylococcus aureus MN8m !1)-[b-D-GlcpNAc-(1!4)-]Ribitol-5P! 534

Staphylococcus aureus MN8m !1)-[D-Ala-(1!2)m-]Gro-3P! 534

Staphylococcus epidermidis RP62A !1)-[R!2)-]nGro-3P! 535

Streptococcus mitis biovar 1 !6)-b-D-Galp-(1!6)-b-D-Galp-(1!6)-b-D-Galf-(1!3)-b-D-Glcp-
(1!6)-b-D-Galf-(1!6)-a-D-Galp-(1!6)-a-D-Glcp-(1P!

536

Streptococcus mitis biovar 1 !6)-b-D-Glcp-(1!3)-a-6dGalpNAc4N-(1!4)-a-D-GalpNAc6PCho-
(1!3)-b-D-GalpNAc6PCho-(1!1)-Ribitol-5P!

536

Streptococcus pneumoniae serotype 5 !6)-b-D-Galp-(1!3)-a-6dGalpNAc4N-(1!4)-a-D-GalpNAc6PCho-
(1!3)-b-D-GalpNAc6PCho-(1!1)-Ribitol-5P!

537

Streptococcus pneumoniae !6)-b-D-Glcp-(1!3)-a-6dGalpNAc4N-(1!4)-a-D-GalpNAc6PCho-
(1!3)-b-D-GalpNAc-(1!1)-Ribitol-5P!

538

Streptomyces sp. MB-8 !1)-a-GlcpNAc-(1!2)-oGro-3P! 539

Streptomyces sp. MB-8 (b-D-Galp3OMe)b-D-Galp-(1!9)-a-Kdn-(2!4)-[(b-D-Galp)b-D-
Galp3OMe-(1!9)-]a-Kdnp

539

Streptomyces sp. VKM Ac-2125 !6)-[a-D-Manp-(1!3)-]b-D-Galp-(1! 540

Streptomyces sp. VKM Ac-2124 !6)-a-D-Glcp-(1!4)-b-D-ManpNAc3NAcA-(1! 541

Streptomyces sp. VKM Ac-2124 !9)-[b-D-Glcp-(1!8)-]b-Kdnp-(2! 541

Streptomyces sp. VKM Ac-2124 !1)-[b-D-Glcp-(1!4)-]Ribitol-5P! 541

Streptomyces sp. VKM Ac-2091 !6)-a-D-Galp-(1!3)-b-D-GalpNAc-(1!1)-Gro-3P! 523

‘‘Streptomyces cyaneus’’ !1)-Gro-3P! 542

(continued)
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Table 5 (continued)

Species/strain Structure Ref.

‘‘Streptomyces cyaneus’’ !1)-[b-D-Glcp-(1!)q-]Ribitol-5P! 542

Streptomyces daghestanicus VKM Ac-1722T !1)-[a-L-Rhap-(1!)- and a-L-Rhap3OMe-(1!)-]Ribitol-5P! 543

Streptomyces daghestanicus VKM Ac-1722T !1)-Ribitol2,4Pyr-5P! 543

Streptomyces murinus INA-00524T !6)-b-D-Glcp-(1!2)-Gro-3P! 543

Streptomyces griseoviridis VKM Ac-622T !6)-a-D-Galp-(1!3)-b-D-GalpNAc-(1!1)-Gro-3P! 521

Streptomyces chryseus VKM Ac-200T !1)-[b-D-GlcpNAc-(1!4)-]Ribitol-5P! 521

Streptomyces chryseus VKM Ac-200T !1)-Gro-3P! 521

‘‘Streptomyces fulvissimus’’ !1)-Gro-3P! 544

‘‘Streptomyces fulvissimus’’ !1)-[a-D-GlcpNAc-(1!2)-]Gro-3P! 544

‘‘Streptomyces fulvissimus’’ !1)-[L-Glu-(1!2)-]Gro-3P! 544

‘‘Streptomyces subflavus’’ VKM Ac-484T !1)-[b-D-GlcpNAc-(1!4)-]Ribitol-5P! 521

‘‘Streptomyces subflavus’’ VKM Ac-484T !1)-Gro-3P! 521

aPartial structures;
bGlcpNAc 6%, GalpNAc 13%;
c70%;
d30%;
e
D-glycero-D-galacto-heptose;

fvariably N-acetylated;
gnon-stoichiometrically sulfated at C-3;
h50%;
i10%;
j5%;
k70%;
l50%;
mnon-stoichiometric substitution;
nR¼a-Glcp or a-GlcpNAc or D-Ala or a-Glcp6Ala;
o60%;
pKdn, 3-deoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid;
qcontent may vary in different species.
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Cell wall teichoic acids play an important role in biofilm formation of staphylococci, that is, in S. epidermidis, an

opportunistic pathogen which causes infections in patients with implanted medical devices.546

A rather uncommon substitution with different numbers of phosphocholine residues was identified in the teichoic

acids of Streptococcus mitis in common with those of S. pneumoniae.536

Teichuronic acids are also Gram-positive bacterial cell wall-associated components, and represent phosphate-free

and uronic acid-containing polysaccharides. Usually teichuronic acids are produced in small quantities. Only in case of

phosphate deficiency which leads to a stop in biosynthesis of teichoic acids, teichuronic acids are produced in higher

quantities and take over the function of teichoic acids, for example, binding of metal ions. One recently identified

structure was obtained from Streptomyces sp. VKM Ac-2124.541

Other, often neutral polysaccharides have also been isolated from Gram-positive bacterial cell walls, like

from Streptomyces,540 Eubactrium,527 Geobacillus, or Kineosporia.528,529 Finally, unusual 3-deoxy-D-glycero-D-galacto-non-

2-ulo-pyranosonic acid containing oligosaccharides were obtained from the cell wall of plant-pathogenic Streptomyces

sp. MB-8.539
1.04.7 Mycobacterial Cell Wall Polysaccharides

The mycobacterial cell envelope (cell wall plus outer layers) is of unique composition and architecture which

have been the topic of a number of reviews, some of which are cited in the reference section.547–549 Although

mycobacteria stain slightly Gram-positive, their cell wall possesses two Gram-negative features, that is, a thin-layered

peptidoglycan and a hydrophobic barrier layer located in the outer part of the cell wall which may be addressed as an

outer membrane analog: a very thick inner layer of long-chain fatty acids (mycolic acids) which are a-alkyl-b-hydroxy
fatty acids with otherwise significant structural diversity, and an outer layer composed of various amphiphilic lipids

(e.g., glycolipids).550 In the cell wall, two polysaccharidic structures are localized which are of highest importance for
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the functions of the wall and, thus, also for the survival of the mycobacteria in general: the mycoloyl–arabinogalactan

complex (MAG) and the lipoarabinomannan (LAM). Although the first is covalently linked via a phosphodiester

bridge to muramic acid of peptidoglycan, the LAM is embedded in the cytoplasmic membrane by a glycerolphos-

phatide–inositol anchor. However, there is evidence that some of the LAM (or a structurally different one) is ancored

in the outer membrane analogue (unpublished).551 It is thought that the nonreducing termini of any LAM are located

on the cell wall surfaces. Thus, LAMs are long-chain lipoglycans which protrude through the whole cell wall.
1.04.7.1 Mycoloyl-Arabinogalactan

The arabinogalactan moiety of MAG is structurally identical in all mycobacteria investigated so far.552 It comprises

three parts: the linker (Figure 31), binding the whole complex to peptidoglycan, the galactan main chain substituted

by arabinan side chains, and the hexaarabinosyl-motif, to which the mycolic acids are linked. Themain and side chains

are composed by b-D-Galf and a-D-Araf residues, respectively. In the galactan (32 sugars), 5- and 6-linked Galf residues

alternate. Rather early in this main chain, three arabinan chains (27 residues each) composed of 5-linked Arafmoieties

with a branching produced by 3,5-disubstituted Araf are present. At the nonreducing terminus, the hexaarabinosyl

motif (Figure 31) is found, substituted by five mycolic acids per one arabinan chain.553 Biosynthesis of both, the

arabinan and the galactan chains, is inhibited by the antimycobacterial drug ethambutol. Thus, neither an important

part of cell wall skeleton nor the waxy mycolic acid coat can be furnished anymore, which kills the bacteria.
1.04.7.2 Lipoarabinomannan

The structure, biosynthesis, and biological functions of mycobacterial LAM have been the issue of a number of

reviews, some of which are cited in the reference section.554–556 LAMs represent important cell wall lipoglycans with

various physiological functions, like the initiation of the production and excretion of various cytokines (TNF-a,
(IL)-1a and 1b, IL-6, IL-10, IL-12), abrogation of T-cell functions, or inhibition of interferon-g-induced processes.

However, such physiological effects depend on the structures of LAM.

The isolation of LAM frommycobacteria usually yields a mixture of lipoglycans which can be further separated into

the fractions, LAM, lipomannan (LM), and a mixture of different phosphoinositolmannans (PIM). The latter

represent a phosphatidylinositol (PI) molecule which in its simplest glycolipid form is substituted with two D-Manp

residues, at C-2 and C-6 of myo-inositol (PIM2). To this residue, more D-Manp units are transferred in biosynthesis,

(a1!6)-linked. This yields other PIM, that is, PIM2 through PIM6. It should be noted that PIM as well as fractions of

LM and LAM may carry up to four acyl residues: two at the glycerol (hexadecanoic acid, 10-methyoctadecanoic acid)

and two at the first two mannose residues. Also, it is important to note that PI was identified as essential phospholipid

of mycobacteria.557 Further elongation of the mannan chain and the introduction of (a1!2)-branching D-Manp

monosaccharides results in the formation of LM, which is thought to be the biosynthetic precursor of LAM. However,

mannan chains in LM and in LAM may significantly differ in length. The arabinan chain, comprising linearly bound

a-D-Araf-(1!5) units, may be branched at C-3 of one Araf at the nonreducing terminus (Figure 32). In any case, the
Linker
PG

→5)-a-D-Galf-(1→4)-a-L-Rhap-(1→3)-a-D-GlcpNAc-1→P→6Mur
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Hexaarabinosyl motif

Myc-5-a-D-Araf-(1→5)-a-D-Araf-(1→5)-a-D-Araf→arabinan
2 3

1 1
Myc-5-a-D-Araf  Myc-5-a-D-Araf

2

1
Myc-5-a-D-Araf

↑

↑

↑ ↑

↑

Figure 31 The linker and the hexaarabinosyl motif regions of the arabinogalactan from Mycobacterium tuberculosis.418



(a)

a-D-Manp-(1→2)-a-D-Manp-(1→5)-b-D-Araf-(1→2)-a-D-Araf-(1→5)-a-D-Araf-(1→5)-a-D-Araf→

a-D-Manp-(1→2)-a-D-Manp-(1→5)-b-D-Araf-(1→2)-a-D-Araf

a-D-Manp-(1→2)-a-D-Manp-(1→5)-b-D-Araf-(1→2)-a-D-Araf-(1→5)-a-D-Araf-(1→5)-a-D-Araf→

(b)

b-D-Araf-(1→2)-a-D-Araf-(1→5)-a-D-Araf-(1→5)-a-D-Araf→

b-D-Araf-(1→2)-a-D-Araf

b-D-Araf-(1→2)-a-D-Araf-(1→5)-a-D-Araf-(1→5)-a-D-Araf→

(c)

myo-Ins-P→5)-a-D-Araf-(1→5)-a-D-Araf-(1→5)-a-D-Araf→

3

1
↑

3

1
↑

Figure 32 The non-reducing ends of (a) ManLAM, (b) AraLAM, and (c) PILAM.
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nonreducing terminal Araf residue(s) is (are) b-configured. Despite structural variability in fatty acid substitution and

in length and branching of the mannan and arabinan chains, more heterogeneity is introduced by ester-linked

succinate and lactate units in the polysaccharide. Important structural differences were identified at the reducing

termini of various LAM, strongly influencing their biological properties. Thus, three types of LAMs can be differ-

entiated (Figure 32): mannose-capped LAM (ManLAM),558 phospho-myo-inositol-capped LAM (PILAM),559

and noncapped LAM (AraLAM).560 A novel 5-methylthiopentosyl residue substituent was identified at the nonre-

ducing terminus of M. tuberculosis LAM.561 PILAM, for example, from M. smegmatis, induce much higher proinflam-

matory responses in macrophages and dendritic cells than ManLAM, produced by slow-growing bacteria like

M. tuberculosis.562 ManLAM is also thought to bind to dendritic-cell specific intercellular adhesion molecule-3-grabbing

nonintegrin (DC-SIGN) receptor, whereas PILAM and AraLAM do not.563

Finally, it should be noted that LAM has also been identified in other actinomycetes, like Rhodococcus,564

Tsukamurella,565 Amycolatopsis,566 Corynebacterium,567 Turicella or Gordonia.568,569 Published structures are summarized

in Figure 33.
1.04.8 Mycobacterial Capsule Polysaccharides

The capsule of mycobacteria is different to capsules of Gram-positive and -negative bacteria in that it comprises

polysaccharides plus proteins, some of which may be glycosylated and/or lipidated.547 The overall arrangement/

architecture of all constitutents is completely unclear. Also, capsular layers may differ in thickness. Of the polysac-

charides present in the capsule, two have been structurally investigated in more detail: the arabinomannan and a

glucan. The latter was isolated from M. tuberculosis and its structure investigated. It possesses a molecular mass of

about 100kDa and consists of an (a1!4)-linked D-Glcpmain chain with (a1!6)-branching D-Glcp chains about every

fourth main chain unit, thus, resembling glycogen.547

Arabinomannans (AMs) have been isolated from M. tuberculosis and M. avium (unpublished).547 The first resemble

structurally the glycan moiety of LAM: they consist of one chain built up from linearly bound a-D-Araf-(1!5) units,

with branching at C-3 of one Araf at the reducing terminus (cf.Figure 32). It is capped with mannosyldisaccharides, as

is LAM in M. tuberculosis (see Figure 32). Such AMs were found to be present in the culture filtrate of M. tuberculosis

cultures and in bacterial growth in vivo.570 Also, AM represents a polysaccharide antigen of the capsule, giving rise to

various antibodies found in human serum.571,572 The glycan-rich capsule has antiphagocytic properties and limits the

adherence of M. tuberculosis to macrophages.573 Finally, there are reports on an AM preparation from M. tuberculosis

strain Aoyama B, named Z100,574 indicating immunomodulatory functions of AM, like upregulation of IL-12 and

downregulation of IL-10.

Of M. avium, several phenotypes have been isolated which can be grown in rather stable form on solid media and

which differ in virulence. Two smooth forms are important in this respect, namely smooth-opaque (SmO, avirulent) and

smooth-transparent (SmT, virulent). Of these, related rough phenotypes were also obtained. The AM were isolated in
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Figure 33 The structures of LAM isolated from (a)Rhodococcus ruber,430 (b) Amycolatopsis sulphurea,432 (c) Tsukamurella

paurometabola,431 (d) Turicella otitidis,434 and (e) Gordonia sputi.517
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lipid-free and pure form fromSmOand SmTcells. Although they differed in their structures (unpublished), they shared

the same biological activities: both AM did not induce cytokine production in macrophages, and both induced

cytotoxicity in an in vitro bladder carcinoma model system, that is, induced the destruction of tumor cells. The first

is in contrast to the Z100 preparation mentioned above; however, since the preparations fromM. aviumwere of highest

purity it is proposed that pure AM does not induce cytokine production. On the other hand, the antitumor properties

of AMwere identified in both investigations and, thus, are obviously present. Presently, they are investigated in detail.
1.04.9 Polysaccharides of Pathogenic Fungi and Yeasts

Surface glycans (glucan, mannan, chitin, sialic acids) of pathogenic fungi have been identified in Candida albicans

and other Candida and also Aspergillus species. Their structures, physiological roles, and clinical uses were reviewed

only recently.575 Additionally, novel phospholipomannans, one belonging to the mannose phosphoceramide family,

were identified.576 Here, a (b1!2)-linked D-Manp chain of various length is linked via a-D-Manp-(1!P!6)-a-D-
Manp-(1! to C-2 of inositol which in turn is linked via a phosphodiester to acylated phytosphingosine or to
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Figure 34 The structure of the xylomannan from Trichosporon asahii.445
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ceramide. Other mannosylinositolphosphorylceramides possessing the structures a-D-Manp-(1!6)-Ins, a-D-Manp-

(1!3)-a-D-Manp-(1!6)-Ins, a-D-Manp-(1!6)-a-D-Manp-(1!3)-a-D-Manp-(1!3)-a-D-Manp-(1!6)-Ins, and a-D-
Manp-(1!2)-a-D-Manp-(1!6)-a-D-Manp-(1!3)-a-D-Manp-(1!3)-a-D-Manp-(1!6)-Ins were found in yeast forms

of Sporothrix schenkii.577

From the yeast Schizosaccharomyces pombe, the structures of an (a1!3)-linked D-glucan, an (b1!3)-linked D-glucan

(linear or slightly branched), and a highly (b1!3)-branched (b1!6)-D-glucan were determined.578 Finally, a structure

of a glucuronoxylomannan from Trichosporon asahii was proposed which is shown in Figure 34.579
1.04.10 Final Remarks

We would like to close by apologizing to all the authors whose interesting work we were not able to mention due to

space and time limitations. We nevertheless hope to have created interest in those readers new to the field and created

an entry point to the overwhelming amount of literature. We also hope to have covered the literature accurately and

sufficiently enough to be of value for the many experts in the field.
Glossary

bacterial cell envelope It comprises the cytoplasmic membrane and the cell wall.

capsules and exopolysaccharides These outer layers on top of the cell envelope comprise (often acidic) polysaccharides. In a

number of cases it is not clear whether the identified polysaccharide represents a capsule or an exopolysaccharide.

endotoxin Synonym for lipopolysaccharide (LPS). However, it must be noted that not all LPSS are toxic.

lipoarabinomannan (LAM) A lipoglycan of mycobacteria, anchored in the cytoplasmic membrane by a glycerophosphatidy-

linositol lipid to which a mannan homopolymer is linked which is substituted by an arabinan. Depending on its structure, LAM

can exhibit a variety of biological activities.

lipopolysaccharide (LPS, endotoxin) A phosphorylated glycolipid which is the main component of the outer leaflet of the

outer membrane in Gram-negative bacteria. Certain LPSs are toxic in mammals and have thus been termed endotoxins.

lipoteichoic acid A lipoglycan of Gram-positive bacteria, fixed in the cytoplasmic membrane by a glycolipid anchor.

peptidoglycan Peptidoglycans consist of polysaccharide chains of various lengths furnished from !4)-b-D-GlcpNAc-(1!4)-b-
D-MurpNAc-(1! units which are cross-linked by peptide bridges. They form a rigid layer in the cell envelope, thus shaping the

cell and providing physical resistance against changes of turgor pressure.
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304. Löbau, S.; Mamat, U.; Brabetz, W.; Brade, H. Mol. Microbiol. 1995, 18, 391–399.

305. Schachter, J.; Caldwell, H. D. Annu. Rev. Microbiol. 1980, 34, 285–309.

306. Nurminen, M.; Rietschel, E. T.; Brade, H. Infect. Immun. 1985, 48, 573–575.

307. Rund, S.; Lindner, B.; Brade, H.; Holst, O. Eur. J. Biochem. 2000, 267, 5717–5726.

308. Holst, O.; Broer, W.; Thomas-Oates, J. E.; Mamat, U.; Brade, H. Eur. J. Biochem. 1993, 214, 703–710.

309. Holst, O.; Thomas-Oates, J. E.; Brade, H. Eur. J. Biochem. 1994, 222, 183–194.

310. Holst, O.; Bock, K.; Brade, L.; Brade, H. Eur. J. Biochem. 1995, 229, 194–200.

311. Brabetz, W.; Lindner, B.; Brade, H. Eur. J. Biochem. 2000, 267, 5458–5465.

312. Sweet, C. R.; Lin, S.; Cotter, R. J.; Raetz, C. R. J. Biol. Chem. 2001, 276, 19565–19574.

313. Nguyen, H. P.; Seto, N. O.; MacKenzie, C. R.; Brade, L.; Kosma, P.; Brade, H.; Evans, S. V. Nat. Struct. Biol. 2003, 10, 1019–1025.

314. Pavliak, V.; Brisson, J.-R.; Michon, F.; Uhrı́n, D.; Jennings, H. J. J. Biol. Chem. 1993, 268, 14146–14152.

315. van Putten, J. P. EMBO J 1993, 12, 4043–4051.

316. de Vries, F. P.; van Der, E.; van Putten, J. P.; Dankert, J. Infect. Immun. 1996, 64, 2998–3006.

317. Deghmane, A. E.; Giorgini, D.; Larribe, M.; Alonso, J. M.; Taha, M. K. Mol. Microbiol. 2002, 43, 1555–1564.

318. Kimura, A.; Hansen, E. J. Infect. Immun. 1986, 51, 69–79.

319. Weiser, J. N.; Love, J. M.; Moxon, E. R. Cell 1989, 59, 657–665.

320. Weiser, J. N.; Williams, A.; Moxon, E. R. Infect. Immun. 1990, 58, 3455–3457.

321. Weiser, J. N.; Maskell, D. J.; Butler, P. D.; Lindberg, A. A.; Moxon, E. R. J. Bacteriol. 1990, 172, 3304–3309.

322. Weiser, J. N.; Shchepetov, M.; Chong, S. T. Infect. Immun. 1997, 65, 943–950.

323. Appelmelk, B. J.; Shiberu, B.; Trinks, C.; Tapsi, N.; Zheng, P. Y.; Verboom, T.; Maaskant, J.; Hokke, C. H.; Schiphorst, W. E.; Blanchard, D.;

Simoons-Smit, I. M.; van den Eijnden, D. H.; Vandenbroucke-Grauls, C. M. Infect. Immun. 1998, 66, 70–76.

324. Cowley, S. C.; Myltseva, S. V.; Nano, F. E. Mol. Microbiol. 1996, 20, 867–874.

325. Vishwanath, S.; Hackstadt, T. Infect. Immun. 1988, 56, 40–44.
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375. Whitfield, C.; Amor, P. A.; Köplin, R. Mol. Microbiol. 1997, 23, 629–638.

376. Goldman, R. C.; Hunt, F. J. Bacteriol. 1990, 172, 5352–5359.

377. Batchelor, R. A.; Haraguchi, G. E.; Hull, R. A.; Hull, S. I. J. Bacteriol. 1991, 173, 5699–5704.

378. Batchelor, R. A.; Alifano, P.; Biffali, E.; Hull, S. I.; Hull, R. A. J. Bacteriol. 1992, 174, 5228–5236.

379. Rick, P. D.; Osborn, M. J. Proc. Natl. Acad. Sci. USA 1972, 69, 3756–3760.

380. Rick, P. D.; Osborn, M. J. J. Biol. Chem. 1977, 252, 4895–4903.

381. Belunis, C. J.; Clementz, T.; Carty, S. M.; Raetz, C. R. J. Biol. Chem. 1995, 270, 27646–27652.

382. Helander, I. M.; Lindner, B.; Brade, H.; Altmann, K.; Lindberg, A. A.; Rietschel, E. T.; Zähringer, U. Eur. J. Biochem. 1988, 177, 483–492.

383. Brabetz, W.; Müller-Loennies, S.; Brade, H. J. Biol. Chem. 2000, 275, 34954–34962.

384. Karow, M.; Georgopoulos, C. Mol. Microbiol. 1991, 5, 2285–2292.

385. Karow, M.; Raina, S.; Georgopoulos, C.; Fayet, O. Res. Microbiol. 1991, 142, 289–294.

386. Karow, M.; Fayet, O.; Cegielska, A.; Ziegelhoffer, T.; Georgopoulos, C. J. Bacteriol. 1991, 173, 741–750.

387. Polissi, A.; Georgopoulos, C. Mol. Microbiol. 1996, 20, 1221–1233.

388. Luke, N. R.; Allen, S.; Gibson, B. W.; Campagnari, A. A. Infect. Immun. 2003, 71, 6426–6434.

389. Tan, L.; Darby, C. J. Bacteriol. 2005, 187, 6599–6600.

390. Steeghs, L.; den Hartog, R.; den Boer, A.; Zomer, B.; Roholl, P.; van der Ley, P. Nature 1998, 392, 449–450.

391. Steeghs, L.; De Cock, H.; Evers, E.; Zomer, B.; Tommassen, J.; van der, L. P. EMBO J. 2001, 20, 6937–6945.

392. Frosch, M.; Müller, A. Mol. Microbiol. 1993, 8, 483–493.

393. Bos, M. P.; Tommassen, J. Infect. Immun. 2005, 73, 6194–6197.

394. Peng, D.; Hong, W.; Choudhury, B. P.; Carlson, R. W.; Gu, X. X. Infect. Immun. 2005, 73, 7569–7577.

395. Kawasaki, S.; Moriguchi, R.; Sekiya, K.; Nakai, T.; Ono, E.; Kume, K.; Kawahara, K. J. Bacteriol. 1994, 176, 284–290.

396. Kawahara, K.; Moll, H.; Knirel, Y. A.; Seydel, U.; Zähringer, U. Eur. J. Biochem. 2000, 267, 1837–1846.

397. Kawahara, K.; Lindner, B.; Isshiki, Y.; Jakob, K.; Knirel, Y. A.; Zähringer, U. Carbohydr. Res. 2001, 333, 87–93.

398. Vinogradov, E.; Egbosimba, E. E.; Perry, M. B.; Lam, J. S.; Forsberg, C. W. Eur. J. Biochem. 2001, 268, 3566–3576.

399. Mayer, H.; Tharanathan, R. N.; Weckesser, J. Methods in Microbiology; Academic Press: London, 1985; Chapter 6, pp 157–207.
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1.05.1 Introduction

Theplant cell wall is a complex,multifunctional extracellular organellewhich plays an essential role in nearly every aspect

of plant physiology, from cell division, tissue extension, and support through to ripening and senescence.1,2 The cell wall

also provides the basis for exploitation, from structuring agents and fuels through to nutritional and bioactive

functionality.3 Hence, there is an increasing demand to understand the polymeric basis of plant cell walls and how

this complexity is modulated biochemically. The general structure of the plant cell wall has been subject of many

reviews4 and a simplified view is shown in Figure 1. It comprises cellulose microfibrils embedded in a matrix of

hemicelluloses, pectins, proteins, and glycoproteins, many of which exhibit interpolymeric cross-linking of both

covalent and noncovalent nature. Pectins may be extracted in hot water, hot dilute acid, and chelating agents,

reflecting their lability to hydrolysis and the role of calcium in their cross-linking. Hemicelluloses are generally

extracted in increasing strengths of alkali which is required to disrupt hydrogen bonding and interpolymeric esters,

leaving the cellulose-enriched residue. The diversity of ratios, compositions, and locations of these components

reflects the roles of the cells they surround. This chapter provides a brief overview of the main polysaccharide species

present in higher plants, with particular reference to cell walls of edible fruits, vegetables, and cereals, and describes

their key structural characteristics.
1.05.2 Cellulose

The main carbohydrate constituent of the plant cell wall is cellulose. Cellulose is the most abundant polysaccharide in

nature, comprising from 200 to 400g per kg of most plant tissues.5 Cellulose is an unbranched polymer consisting of

(1-4)-linked b-D-Glcp. Each glucose unit is rotated 180� from its neighbor in a helical structure with long chains of

2000–8000 glucose units. Approximately, 150 cellulose chains associate through hydrogen bonding into a crystalline

lattice structure known as a microfibril. These crystalline units, which are approximately 3.6nm wide and 100nm apart

without any gaps,6 are impermeable to water, and their high tensile strength provides strong resistance to chemical and

enzymatic attack. Microfibrils also contain some amorphous regions, the amount being dependent on the source of the

cellulose. The most crystalline cellulose is produced by algae and the least crystalline by plants.
1.05.3 Pectic Polysaccharides

Pectic polysaccharides comprise polymers which generally contain galacturonic acid (GalpA)- and rhamnose (Rhap)-

containing main chains with side chains and additional polymers rich in arabinose (Araf) and galactose (Galp). Several

other sugars are also present in small quantities.

1.05.3.1 Homogalacturonan

1.05.3.1.1 Structure
Homogalacturonan (HG) comprises a linear chain of (1-4)-linked a-D-GalpA residues, some of which are methyl-

esterified at C6. Additional esters may also be present on HG. For example, HG from potatoes has been found to be

partially O-acetylated,7 and detailed mapping of acetyl and methyl groups has recently been carried out in sugar beet

HG by Ralet et al.8
Proteins

Cellulose
microfibrils Hemicelluloses

Pectin

Figure 1 Schematic diagram of components in the primary cell wall.
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1.05.3.1.2 General properties
HGs constitute up to 60% of the cell wall pectic moieties in primary walls of dicots and nongraminaceous monocots

(e.g., asparagus) and are a principal component of the middle lamella. They are present, if at all, in very minor

quantities in secondary cell walls. The presence of a charged carboxyl group in poorly or non-methyl-esterified HGs

confers polyelectrolytic properties, upon which many of the wall functions and characteristics of HG are dependent.

These include ionic cross-linking via calcium and other divalent cations;9 Figure 2. There is considerable evidence to

support a role of HGs in cell adhesion.3,10 For example, potato cells may be separated if extracted in chelating agents,

or digested with endopolygalacturonase (PG, see below). Thermal processing causes the eliminative degradation or

HG and is also associated with cell separation. The latter may be reduced by addition of calcium which helps to reduce

eliminative degradation, and enhances HG cross-linking.10,11 This may be amplified in many vegetable tissues by

thermal stimulation of wall-bound pectin-methyl-esterase (PME), which further reduces the level of methyl-esterifi-

cation of HG, thereby reducing the propensity for eliminative degradation and enhancing the impact of added calcum.

The wall location of HG with varying degree of methyl-esterification (DM) has been pioneered by the use of

monoclonal antibodies.12,13 Recent results indicate that low-DMHG, which is thought to be involved in cell adhesion,

is located particularly at the edges of cell faces.10 Recently, it was shown that an Arabidopsis mutant in the

QUASIMODOD 1 gene (coding a putative glycosyltransferase) resulted in reduced cell adhesion, reduced binding

of the monoclonal antibody JIM5, and changes in the cell wall carbohydrate profile.14

1.05.3.1.3 Extraction
A significant proportion of cell wall HG may be extracted from primary cell walls using agents that chelate calcium

such as cyclohexanediamine tetraacetic acid (CDTA) and ethylenediamine tetraacetic acid (EDTA). The extracted

HG is often attached to other components, particularly rhamnogalacturonan (RG) polymers (see below). The two

types create the ‘smooth and hairy’ regions of pectic polysaccharides. Commercially, pectins (with a relatively high

DM) may also be extracted by dilute, hot acid and then used to create gels through the dehydrating action of a

high concentration of sucrose (as in jam manufacture). Low DM HG may be gelled through the addition of calcium

salts, and this has provided a route for developing coatings in the food industry. Alkaline extraction, particularly at high

temperatures, will cause extensive depolymerization of methyl-esterified HG by b-elimination. Commercially, HG

with a high DM is termed ‘pectin’, while that with a DM that is low or zero is termed ‘pectic acid’.

Non-methyl-esterified HG may be depolymerized by PG enzymes. However, methyl-esterified HG is resistant to

PG, and requires de-esterification, either chemically (cold, dilute alkali such as 50mM Na2CO3 at 0
�C for 16h) or by

the action of PME. Both of these enzymes are considered to play important roles in fruit ripening,2,3 particularly wall

dissolution during tissue senescence. Methyl-esterified HG may be depolymerized by pectin lyase.
Divalent cations (calcium)

Methyl-ester groups

Side group

−

−
−

−

−

−

−

−

−
+

+ −

−

+

+ −

−

+

+

−

+

+
−

+

+
−

−
+

+

−

+

+ −

+

+ −

+

+ −

+

+ −

+

+ −

+

+−

−

− − − − − −

+

+

−

−

+

+

+

+

−
+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−
−

−

−
− −

− −
−

−

−
−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

−

−

+

+

− +

+

− +

+

+

+

+

+

+

+

− +

+
− +

+
−

R

PME

Figure 2 Likely pectin-calcium behavior in the wall. After Brett, C.; Waldron, K. Physiology and Biochemistry of Plant Cell
Walls, 2nd ed.; Chapman & Hall: London, 1996.
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1.05.3.2 Rhamnogalacturonan I

1.05.3.2.1 Structure
RG-I contains a backbone of alternating a-L-Rhap linked to the 4-position of a-D-GalpA, which is in turn linked to the

2-position of the Rhap. The Rhap residues are often substituted at O4 (up to 80%) with a range of neutral and acidic

oligosaccharides.15–17 These have been characterized in depth, and consist mainly of linear and branched a-L-Araf and
b-D-Galp residues of differing sizes (between 1 and 20).18 A range of other residues may also be present, including

fucose, glucuronic acid, and 4-O-methyl-GlcA. Generally, the GalpA component of RG-I does not bear side chains,

although Renard et al.19 demonstrated that it may be substituted with a single GlcpA residue. In a few plants, the

oligosaccharide side chains may be substituted with cinnamic acid derivatives such as ferulic acid and coumaric acid.20

Recently, Ralet et al.8 have demonstrated covalent cross-links between RG-I in cell walls via phenolics attached to

terminal arabinose and galactose. A representative structure of RG-I is shown in Figure 3.
1.05.3.2.2 General characteristics
The function of RG-I is not particularly clear. In sugar beet, it may have a role to play in cell adhesion since enhancing

the phenolic cross-linking peroxidatively can increase the thermal stability of the tissues.21 A range of studies have

investigated the impact of modifying RG-I on plant growth and development. For example, Oomen et al.22 showed

that potato tubers developed abnormally if the plants were transformed with fungal RG lyase, and exhibited lower

levels of RG-I. Other studies have modified the RG-I component18 without any obvious change to the phenotype.

Ulvskov et al.23 have remodeled neutral side chains of RG-I in potato by genetic modification. They reduced the linear

galactan side chains or branched arabinan side chains, and found that the walls were more brittle. They have

hypothesized that the pectic matrix plays a role in transmitting stresses to the load-bearing cellulose microfibrils.

This is consistent with the work of Oechslin et al.24 which indicated an interaction between cellulose and galactan side

chains of RG-I in apples. Furthermore, Pena and Carpita25 demonstrated that the loss of highly branched arabinans

and debranching of RG-I accompanies a loss of firm texture and cell separation during prolonged storage of apple.

Immunocytochemical investigations26 have suggested that the changes in the side chains are correlated with cell and

tissue development.
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Figure 3 Schematic diagram of RG-I.
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1.05.3.2.3 Extraction
Significant quantities of RG polysaccharides are extracted along with HG in chelators, cold, dilute alkali, and

conventional methods of industrial pectin extraction. The extent of solubilization is related to the degree to which

the polymer is depolymerized during extraction. Harsh, high-temperature extractions will release a large proportion of

total wall pectic polymers. However, extraction methods which seek to minimize uncontrolled depolymerization, such

as those pioneered by Selvendran and co-workers,27 have shown that over half the cell wall pectic polymers may be

retained in the cellulose-rich residue, particularly RG-type pectic polysaccharides which may be cross-linked through

the Galp- and Araf-containing side chains.

There are a number of enzymes that have been identified for specifically hydrolyzing RG-type pectins. For

example, McDonough et al.28 characterized an RG lyase that specifically recognizes and cleaves a-L-Rhap that is

linked to O4 or a-D-Galp on RG-I.
1.05.3.3 Rhamnogalacturonan II

1.05.3.3.1 Structure
RG-II is a complex pectic polysaccharide originally identified as a minor component in suspension-cultured sycamore

cell walls and which is now recognized to be in the walls of all higher plants.18 RG-II comprises at least 12 different

glycosyl residues which are linked together by over 20 different linkages.34 The structure of RG-II is generally

conserved throughout higher and lower plant orders and is present in the primary cell wall of angiosperms, gymnos-

perms, lycophytes, and pteridophytes. Perez has described RG-II as probably the most complex plant polysaccharide

even though it has a molecular weight of only 5–10kDa. The structure of RG-II was elucidated from endoPGase-

released fragments and is shown in Figure 4. RG-II comprises a polygalacturonic acid backbone, to which four side

chains are attached. Side chains A and B are linked to O2 of different galacturonic acid residues, while side chains C and

D are linked to different backbone residues via O3. Most of this structure is conserved in all plants, although some

variation has been observed in side chains attached to O2 or O3 of the Araf residue.18
1.05.3.3.2 General properties
For many years, the function of RG-II remained elusive. However, Matoh et al.29 and Kobayashi et al.30 demonstrated

that RG-II is cross-linked by a tetravalent 1:2 borate diol ester. This occurs through the apiosyl residue of side-chain

‘B’, and the chirality of the borate provides the possibility that there are two diasteroisomers.18 The three-dimensional

pectic network created seems to have considerable importance in plant growth and development; a deficiency of

boron or mutations in the structure of RG-II which prevent the complexing31 result in a reduction in RG-II cross-

linking and considerable dwarfing. These phenotypic aberrations can be reversed if the mutants can be fed with boron

or missing sugars. The exact function of the RG-II cross-linking is not yet known. However, the importance of this

complex molecule, which will require over 22 glycosyltransferases in its biosynthesis,32 is consistent with its conser-

vation throughout the plant kingdom. Matsunaga et al.33 have suggested that the acquisition of a boron-dependent

growth habit may be correlated with the ability of vascular plants to maintain upright growth and to form lignified

secondary walls.
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Figure 4 Schematic diagram of RG-II showing the main types of side chain.
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1.05.3.4 Xylogalacturonan

1.05.3.4.1 Structure
In these substituted galacturonans, the (1-4)-linked GalpA acid backbone is branched with xylose through O3, a

substantial portion occurring as nonreducing end groups (Figure 5). O2-Linked xylosyl residues have been identified

in pea hulls35 and the exudated gum from the Astralagus species.36 The degree of xylosylation can vary between 25%

(watermelon)37 and 75% (apple).38 A high molecular mass fraction from pea hulls contained a molar ration Xyl/GalA of

1.0.35 Up to four xylose units have been isolated attached to the galacturonan,39 albeit mostly as solubilized fractions.

In soybean, 85% of the galacturonan backbone is also methyl-esterified.40
1.05.3.4.2 General properties
Xylose is a component sugar of the primary cell wall and has been considered to play an important role in the linkage

between pectic polysaccharides, hemicellulose, and cellulose. Xylogalacturonans (XGAs) have to date only been

identified in the walls of reproductive plant tissues,32 such as apple,38 watermelon,37 soybean,41 orange,42 pea hulls,35

and a West African medicinal plant.43 Enzymatic treatments suggest that XGA is not an integral part of the pectic

backbone,44 although it had been classified as a subunit of the hairy region.45 Xylotetraose units have also been

identified attached to the O4 of rhamnose in isolated pectin from a Chinese medicinal herb,46 which is not part of the

XGA structure but shows the diverse heterogeneity of plant pectins.
1.05.3.4.3 Extraction
XGA has been identified in the residue of soybean meal after incubation with a number of cell wall-degrading

enzymes41,47 or extracted with CDTA (50mM) from soybean meal.40 Digestion of apple cell walls after saponification

with rhamnogalacturonase and rhamnogalacturonan acetylesterase also solubilized an XGA fraction which could be

isolated by size-exclusion chromatography.38 In addition to XGAs, another class of substituted galacturonans – the

apiogalacturonans – has also been identified in various aquatic plants (Figure 5).48
1.05.3.5 Galactans

1.05.3.5.1 Structure and general properties
In primary cell walls, galactans comprise (1-4)-linked b-D-Galp. They are sometimes present with little or no

additional sugar material present in the molecule.2 In some cases, a small number of Galp residues appear to be

(1-6)-linked. Galactan components in primary cell walls are generally extracted along with pectic polysaccharides to

which they are often attached (see above). They can undergo significant turnover during growth and development,

demonstrating marked decreases during cell extension.49,50 Recently, Gorshkova and Morvan51 have implicated (1-4)-

linked b-galactans in controlling the crystallization of cellulose and its orientation in the cell wall. Considerable work
Xylogalacturonan

Apiogalacturonan

Apiose sidechain
Apiobiosyl sidechain

1-4-Linked a-D-GalpA
backbone

Xylp residues

GalpA

Xylp
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Figure 5 Schematic representation of the primary structure of substituted galacturonans.
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has been carried out on galactans that serve as cell wall storage polysaccharides. A widely studied source of such

galactans is lupin seed,52,53 which contains two types of galactan: a predominant (1-4)-linked polysaccharide of b-Galp

substituted with L-Araf in about 4–5% of residues, and a (b1-3, 1-6)-linked polysaccharide with occasional (1-4)

linkages. The galactan appears to be attached to a pectic core, as inferred from correlations between the Rha: GalA

ratio and the quantity of wall galactan.54 Indeed, Buckeridge et al.55 consider the storage galactan to be an amplifica-

tion and adaptation of a normal branched cell wall pectic polysaccharide. The degradation of lupin walls has been

evaluated microscopically.56 The mobilization of these storage polymers involves b-galactosidases, which act in

parallel with a-arabinosidases in lupin seeds. These enzymes are mobilized after germination and decrease after the

reserve depletion. In particular, a novel exo-b-1,4-galactanase is considered to be key to mobilization of lupin

galactans.57 The storage galactans are readily extracted in alkali, but not in aqueous extracts.
1.05.3.6 Arabinans

1.05.3.6.1 Structure
Arabinans are branched moieties and contain a backbone of (1-5)-a-L-Araf, to which side chains of single Araf residues

are linked via (1-2) or (1-3) linkages. Sometimes, they may both occur on a single backbone residue (Figure 6). In

addition, oligosaccharides of (1-5)-a-L-Arafmay also be attached to the backbone, and there have been reports of some

(1-3)-a-L-Araf.58 Some arabinans are pure such as those isolated from mustard seed.59 However, other sugar residues

may be present. Regions of (1-5)-a-L-Araf form helical chains, which create a ‘herring bone’-like structure60 in relation

to the RG backbone.
1.05.3.6.2 Extraction
Arabinans attached to pectic polysaccharides have been found in a wide variety of plant tissues including fruits, leaves,

and suspension-cultured cells. They may be released readily with hot, dilute acid,58,61 probably through the relative

ease of hydrolysis of arabinofuranoside linkages and eliminative degradation of HG components to which they are

attached.62,63 They can be separated from co-extracted pectic polymers by anion-exchange chromatography.58 Their

size will therefore be influenced by the extraction process; arabinan fragments from olive pulp are of approximately

8.4kDa.58

Arabinan side chains of pectic polysaccharides may be degraded and turned over during cell and tissue extension,64

and ripening of fruits.25,65 Arabinan side chains in pectins of sugar beet may be cross-linked via diferulic acid bridges.66

It is not clear if cinnamic acid derivatives are involved in cross-linking of polymeric arabinans.
1.05.3.7 Arabinogalactan I

Perez et al.60 describe type 1 arabinogalactans (AGs) as the most common pectic polymers, and are abundant in primary

walls of dicotyledonous plant tissues including many fruits. They comprise a main backbone of (1-4)-linked b-D-Galp

to which short side chains of (1-5)-linked a-Araf are attached at the O3 position (Figure 7). The areas of homogalactan

create a relatively open helical structure with an approximate fivefold symmetry.60 The molecules appear to exist

either as side chains attached to RG-I, or independently. Ferulic acid has been found attached to some arabinose and

galactose residues in tissues such as sugar beet,8 and is involved in cross-linking.
(1-2) and (1-3)-linked arabinose residues

Backbone of (1-5)-linked a-L-Araf

Araf

Figure 6 Schematic diagram of arabinan polymers.
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1.05.3.8 Arabinogalactan II

AG II is a highly complex polysaccharide which is generally associated with proteins known as arabinogalactan

proteins (AGPs). AGPs comprise less than 10% amino acids, and over 90% carbohydrate. AG II tends to be extracted

along with pectic polymers and is considered to be often closely associated, probably covalently linked, to RG-I (see

above).44 It exhibits a highly complex structure comprising a highly branched galactan core comprising (1-3)- and

(1-6)-linked b-D-Galp residues. Short side chains of (1-6)-linked b-D-Galp of between one and three residues in length

are present, and the galactosyl residues in these side chains are often substituted with terminal a-L-Araf residues
attached at O3 or O6 (Figure 8). Small amounts of GlcpA may also be present. Detailed structural characteristics have

been considered60 and suggest that the (1-3)-linked portions of the galactan backbone have a quite open helical

structure.
1.05.4 Hemicelluloses

1.05.4.1 Xylan

The xylan-type hemicelluloses rank second only to cellulose in abundance as natural polysaccharides. Xylans are

found in high abundance in hardwoods, cereals, and grasses, and show a wide range of heterogeneity dependent on the

botanical source. They constitute between 25% and 35% of the dry biomass of woody tissues of dicots and the lignified

tissues of monocots, and occur up to 50% in some tissues of cereals.67 The most potential sources of xylans include

straw, sorghum, sugar cane, residues from cereal processing, together with forest and pulp waste products. In

dicotyledons such as Arabidopsis and pea, xylan is exclusively located in the secondary wall.
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Xylans tend to lie perpendicular to the longitudinal axis of the cell, that is, perpendicular to the orientation of

cellulose in the epidermal cell wall,68 and all xylans are thought to cross-link the cellulose microfibrils and contribute

to the mechanical properties of the wall. Arabinoxylans (AXs) are closely associated through covalent and other links

with other cell wall constituents, such as lignin, protein, cellulose, and pectin. Xylan is also deposited onto cellulose

microfibrils in the secondary wall,69 where a thin layer of xylan is first applied to microfibrils at the innermost surface

of the secondary wall, and the microfibril is subsequently thickened by further deposition of xylan. These xylans first

appear globular but are covered subsequently by lignin.
1.05.4.1.1 Cereal AX

1.05.4.1.1.1 General properties

Cereal AXs possess interesting solution properties as well as potential beneficial properties in human nutrition, health

care as nutraceutical, cosmeceutical, and pharmacological agents. Wheat flour contains 2–3% cell wall material,

components originating from the endosperm cell walls of the cereal grain.70 Cereal AXs can be separated into

water-soluble and water-insoluble components. The ratio of these two components coupled with enzyme-solubilized

AX partly determines the dough characteristics and baking properties of wheat flours, effects which have been

ascribed to the high water-absorbing capacity of cell wall material.71,72 About one-third of the AX in wheat flour is

extractable in water. Water-extractable pentosans are of high molecular weight leading to viscosity.73 Wheat bran

consists of different tissues, and thus the actual fine structures of isolated AX are very diverse. Inmaize bran, it has been

calculated that each heteroxylan macromolecule (average molecular weight 270–370kDa) carried approx. 60 ferulic acid

esters and cross-linked through approximately five diferulate bridges.74,75 Both diferulate and cell wall-bound protein

contribute to the insolubility of the maize AX.75,76

AX accounts for 1.05–2.5% of wheat flour. Of this, 0.4–0.8% of the flour is water-soluble AX (WSAX) and the

remaining 1.1–1.9% water-insoluble AX (WIAX). The WIAXs can be further subdivided into alkali/enzyme-solubilized

AX (1.2–2.0% flour) and residual unextractable AX (0.2–0.5% of the total flour).77 WSAXs are thought to be loosely

bound at the cell wall surface. Water-soluble wheat AXs exhibit variations in their fine structure that affects their

physicochemical properties.78–80 The outer layers of the wheat grain (outer aleurone and inner seed coat) contain low

substituted xylans, whereas the inner aleurone and endosperm are more highly branched.81

Feruloylated arabinoxylooligosaccharides can be oxidatively coupled to isolated cell walls by the action of cell wall-

associated peroxidases.82 Labeled feruloyl groups were also shown to be converted to diferulates during cell binding.

However, this group also identified a small, heat-labile, hydrophobic inhibitor involved in the regulation of wall

cross-linking, and thus potentially in the control of cell growth.
1.05.4.1.1.2 Structure

AXs have a linear backbone of (b1-4)-linked xylose, of which up to 50% are substituted either at the O2, O3, or both

positions by arabinofuranoside, and also contain glucuronosyl (and its 4-O-methyl ether derivative: see next section)

and/or acetyl residues on the backbone (Figure 9). The arabinosyl residues can be further substituted with sugar or

ester-linked phenolic groups.80 The degree of substitution along the xylan backbone by arabinose has no influence on

the conformation of water-soluble wheat flour AX.83 They form extended chains involving twisted ribbon-like strands,

with a threefold symmetry.84,85

Wheat bran AX primarily consists of a low substituted population with an arabinose: xylose ratio of 0.2 and a highly

substituted population with a ratio of 1.0.86,87 Wheat bran soluble AX is less substituted with arabinose than those from

the inner endosperm. The lower degree of substitution is due to higher proportion of unsubstituted xylose residues

and a lower proportion of disubstituted xylose.88 The xylose units in water-extractable AX (WEAX) from rye bran (A/X

7.8/10) were shown to be c. 41% unsubstituted (uXyl), c. 35% 2- or 3-substituted (mXyl), and c. 26% disubstituted

(dXyl) with arabinose.89 This water-soluble material has an apparentMw of 36500Da. Wheat endospermic WEAX has

60–65% uXyl, 12–20% mXyl, and 15–30% dXyl, dependent on natural variation between varieties.79,88 Birchwood

xylan (BWX) is predominantly unsubstituted xylose (80%) with a smaller level of O2-linked arabinofuranose. In oat

spelt xylan (OSX), unsubstituted xylan is predominant (58%), with only the O3 position substituted with Araf.

Galactose and arabinose are terminal residues, and some arabinose is attached to ‘contaminating’ glucan. Galactose

can also be found attached to xylan. Barley husk xylan is similar to OSX except that the glucan side chains are more

complicated (glucose exists as both 1-40- and 1-30-glucopyranoside). Larchwood xylan (45% unsubstituted) has only

the O2 position substituted, and has a high content of glucose and mannose. Yellow poplar xylan structure is

too complicated to enable specification. Larchwood and birchwood xylan have the longest average chain length
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(36 residues per chain), with OSX (18.5) and barley husk (12.7). The degree of substitution was classified as OSX>

BH¼YPX>BWX>LWX.90

Wheat bran AX is highly branched and characterized by a (b1-4)-xylan backbone branched by (a1-2) or (a1-3)-
arabinose. Glucuronic acid and its 4-O-methyl ether are also present in terminal nonreducing positions on side

chains.91,92 Pentose composition of hemicellulosic material indicated a 1.4 and a 1.7 ratio for xylose/arabinose for

destarched and native wheat bran.93 Atomic force microscopy (AFM) has recently shown that �15% of the AX

population in wheat endospermic WSAX has intermolecular xylan-based branching at 0.25 branches per 1mm, or

1 branch per 8�103 xylose backbone residues.94 Branching may occur through diferulate esters leading to elongation

of AX molecules in cereal, suggesting that AX may be synthesized as short molecules that are later polymerized into

longer chains through the incorporation of phenolic cross-links. Gal(1-4)Xyl(1-2)Ara side chains have been isolated

from maize bran.75

Ferulic acid content of water-soluble wheat flour AX was higher in fractions precipitated at low ethanol percentages.95

Diferulate linkages may explain why feruloylated AXs behave differently to deferuloylated AXs during graded

ethanol fractionation, possibly due to the cross-links increasing the average molecular weight. Newly secreted AXs

in maize cell cultures effectively have a much larger and more highly branched structure than is normally inferred from

studies of AXs conventionally extracted with alkali.96 Two types of AXs can be synthesized by plant cells, one type

containing FA and the other devoid of the ester-linked phenolic.97 In wheat suspension-cultured cells, feruloylated

AXs were thought to be rapidly incorporated into the wall matrix, with nonferuloylated polymer incorporation being

much slower. Feruloyl AXs that are cross-linked before and after synthesis are likely to loosen and tighten the cell wall,

respectively.96 Obel and co-workers found that the intracellular formation of ferulic acid dimers in wheat suspension

cultures was limited to the 8,50-form, while other dimers are formed extracellularly.97

Through molecular modeling studies, it was found that diferulates could only form if the xylan backbone relaxed,

allowing chain folding to bring both ferulates within spatial proximity for bonding.98 This would require the xylan

backbone to be substituted with arabinose to a high degree, resulting in a flexible coil 83 rather than a semirigid rod,

more common with low on non-arabinose-substituted xylan.99 The chemical structures of the different diferulic

acid (dFA) molecules would further affect the spatial conformation of the feruloylated AX chain, that is, a 8,50-coupling
would pull the chains tightly together, which would impede an enzyme’s access to the substrate. Coupling these

modeling and biophysical techniques, we can hypothesize that diferulates are present in areas of high arabinose

substitutions and monomeric ferulates are more likely to be found in regions of low substitution. Recent enzymatic

hydrolysis data go some way to agreeing with this hypothesis.100
1.05.4.1.1.3 Extraction

The water unextractability of wheat AXs is due to a combination of noncovalent interactions and covalent bonds with

neighboring AX molecules and other cell wall components, such as protein, cellulose, and lignin.101 WSAXs have high
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molecular weights and lead to viscosity problems in aqueous media. WIAXs have high water-holding capacities.102

Esterified ferulic acid may be involved in bonds between AX chains and proteins (Tyr residues) or lipids (phospho-

lipids via their aliphatic chain) in wheat grains, which affect the properties of the endosperm cell walls and

consequently would be likely to play a role in kernel development.103 In the developing kernel, protein–ferulate

bonds disappear and ferulate–ferulate bonds are more apparent.

AX extraction must therefore proceed through chemical or enzymatic means. Maize AX has been extracted in

neutral and alkali medium in combination with ultrasonic irradiation.104 Brewer’s spent grain, the residual cell wall

material after barley malt has been mashed in the brewing process, was hydrothermally treated and fractionated

by anion-exchange and size-exclusion chromatography.105 High molecular weight AX was obtained with singly

and doubly arabinosyl-substituted residue, together with another pool of poorly substituted xylan. Five subfractions

of WEAX were isolated by stepwise ammonium sulfate precipitation from barley malt (var. Harrington).106 They

had a relatively high content of unsubstituted xylose (48–58%) as well as a high content of doubly substituted

xylose (28–33%). A large proportion did not solubilize with ammonium sulfate. Only a small proportion of ferulic

acid has been found in WSAX from wheat and rye.95,107 With ammonium sulfate fractionated WSAX from barley

malt, the least soluble fraction (i.e., precipitated most readily) contained the highest amount of ferulic acid.106 This

fraction contained 48% unsubstituted xylose, 12.8% substituted at the O2 position, 10.7% at the O3 position, and

28.5% doubly substituted, and also contained the highest molecular weight polymers (possibly due to the diferu-

late components cross-linking the polysaccharide chains) and highest protein levels. Arabinose substitution of

the wheat grain decreases from the inner endosperm toward the outer endosperm108 and also similar behavior in

the kernel.109

AX has also been extracted from water-insoluble cell wall material of barley and malt with saturated barium

hydroxide containing sodium borohydride, and the resulting residue further treated with 1 and 4M NaOH.110 The

Ba(OH)2-extracted AXwas then subjected to graded ethanol fractionation, resulting in an AX with an arabinose/xylose

ratio of 0.72 for barley and 0.68 for malt. This accounted for 63% and 61% of the barley in the water-insoluble cell wall

material, respectively. Barley AX has a higher ara/xyl ratio than wheat AX (i.e., more highly branched). Saponification

of isolated wheat aleurone cell walls with 1M NaOH released 1.84% of the cell wall dry matter as hydroxycinnamic

acids, comprising ferulic acid (90%), p-coumaric acid (10%), and minor amounts of diferulate (0.006%). Thus, one in

every 15 arabinofuranose groups would contain a ferulate group and one in every 90 a p-coumarate group. Arabinofur-

anose attached to the O3 position of the xylose. Acetyl groups (4.9%) represent a degree of substitution of two out of

every nine pentose residues in the aleurone wall AX.111
1.05.4.1.2 Glucuronoarabinoxylan
Glucuronoxylans occur in angiosperm secondary walls, whereas monocotyledons have abundant glucuronoarabinoxy-

lans in their primary wall and cereal grains have neutral AXs.67,112 Some plants, such as palm, produce gum exudates

which have been classified as heavily substituted ‘glycoxylans’, with a complex arrangement of side chains.113,114

These water-insoluble xylans are similar to those phenolic-containing glucuronoarabinoxylans identified in the cell

wall of hardwoods, softwoods, cereals, and grasses.

Glucuronoarabinoxylans have been shown to bind to pectin and xyloglucan in a noncovalent, pH-dependent

manner in pea epicotyls.115 The presence of 4-O-methyl-D-glucuronyl groups on AX coating the surface of the

cellulose microfibrils may enable electrostatic repulsion of charged entities in the wall.116 In maize, highly substituted

glucuronoarabinoxylan is localized evenly in the primary cell wall and strongly in the unlignified secondary walls of

the phloem.117 However, lignified secondary walls of the protoxylem, parenchyma, and parts of the fiber walls did

not contain this highly branched polysaccharide. Poorly branched xylans are associated throughout the maize cell

wall with lignified tissues of all types. It is possible that branching is removed by the plant prior to the lignification

of tissues.

The water-soluble glucuronoarabinoxylan isolated from the pericarp of prickly pear seeds of Opuntia ficus-indus, for

example, has one nonreducing terminal residue of 4-O-Me-D-glucuronic acid for every 11–14 xylose units, whereas the

water-unextractable xylans have one 4-O-Me-D-GlcA residue per 18–65 residues.118 Glucuronoarabinoxylans can also

be acetylated, the average degree of acetylation for the WSAX from birch and beech being 0.4%, and one 4-O-Me-D-

GlcA residue per 15 xylose residues.119 InEucalyptus globules, the degree of acetylation was 0.61% with a 1:10 MeGlcA:

xylose ratio.120 Acetyl groups can be located at O2 or O3 of the xylose unit. Size-exclusion chromatography showed the

weight-average molar mass to be 8000 for birch Ax and 11100 for beech AX119 and 36000 for Eucalyptus.120 Almost all

the xylopyranosyl residues containing a O2 MeGlcA linkage were acetylated.
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1.05.4.2 Xyloglucan

1.05.4.2.1 General properties
Xyloglucan polysaccharides comprise the main hemicellulose group of primary cell walls in dicotyledonous plants and

can comprise up to 20% of the wall dry matter. They are also found in small quantities in the cell walls of many

monocotyledonous plants. They are not generally found in secondary cell walls. Xyloglucans play an important role in

interlacing the cellulose microfibrils2 and have been strongly implicated in the regulation of cell wall extension,

particularly in conjunction with the enzyme xyloglucan endotransglycosylase (XET).121 In addition, fragments of

degraded xyloglucan have been shown to exhibit anti-auxin effects,122 creating a putative role in cell signaling.

Xyloglucans have also been implicated in the ripening of fruits. Recently, Brummell65 has suggested that while the

depolymerization of xyloglucans appears to be relatively limited in many fruits, the associated loosening of the

xyloglucan–cellulose network may play a role in wall swelling and cell separation. The cell walls of some fruits, for

example, persimmon (Diospyros kakiL.), contain a high proportion of xyloglucan, which appears to play a crucial role in

ripening-related softening.123
1.05.4.2.2 Structure
Xyloglucans consist of a cellulose-like backbone of (1-4)-linked b-D-Glcp residues of between 300 and 3000 residues

in length.124 The glucan backbone is an invariable feature of xyloglucans throughout the plant kingdom. Most of the

glucose residues (up to 75%) are substituted with (1-6)-linked a-D-xylp residues, and some of these are further

substituted by the disaccharide Fuc(a1-2), Gal(b1-2), and, sometimes, by Ara(1-2). Some of the b-Glcp and a high

proportion of b-Galp residues are acetylated on the O6 position. A description of xyloglucan primary structure, based

on the side-chain substitution for the Glcp residues, was developed by Fry et al.125 In this system, ‘G’ represents

unbranched Glcp; ‘X’ denotes a Glcp residue with a single a-D-Xylp residue at O6; ‘F’ represents a Glcp residue

to which is attached a side chain comprising a-L-Fucp-(1!2)-b-D-Galp-(1!2)-a-D-Xylp at O6 and ‘L’ denotes a

Glcp to which is attached b-D-Galp-(1!2)-a-D-Xylp at O6. Early studies indicated that the sequence XXXG was the

most commonly occurring sequence, and it was thought that in some tissues, the fucose-containing nonasaccharide unit

alternated with the non-fucose-containing heptasaccharide unit (Figure 10). Indeed, xyloglucan was considered to be a

block co-polymer, with irregularities arising as a result of remodeling.126 More recent studies on xyloglucan structure

throughout the plant kingdom have shown that there are two main classes: the ‘XXXG’ type or the ‘XXGG’ type.127

Further variations may be found in the sugars attached to the xylose residues in XXGG xyloglucans (Figure 10).

Recently, Hoffman et al.126 identified an XXXGG repeat unit in plantain cell walls. Taxanomic variation in xyloglucan

structure has been evaluated in some depth. Figure 11 depicts the phylogenetic relationships of xyloglucan oligo-

saccharide subunits (after O’Neil and York,18). Confirmation of XGs has been predicted by computer modeling. When

in sequence, the heptasaccharides create a slightly twisted ribbon. However, the Fuc-Gal-Xyl side chain probably

straightens it out, favoring H-bonding to cellulose. Ara side chains probably prevent binding to cellulose.128
1.05.4.2.3 Chemical extraction
The majority of primary cell wall xyloglucans in nonstorage tissues are strongly bound into the wall and are not easily

solubilized by thermal treatments or chelators.124 However, they may be extracted at high pH in concentrated alkali
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Figure 10 Schematic representation of xyloglucan hemicellulose.
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(2–4M KOH), consistent with their attachment into the wall (to cellulose) via hydrogen bonds. Nevertheless, there

is some evidence indicating that small quantities may be associated with extracted pectic polysaccharides in com-

plexes.64 Alkali extraction will result in the loss of acetyl groups, and their position on xyloglucans has been found from

fragments released by enzyme hydrolysis.

Xyloglucans may be degraded by a range of endo-b-1,4-glucanases. In the case of XXXG-type xyloglucans, such

activity will cleave the glycosidic bond of the unbranched Glcp residue giving rise, for example, to the heptasaccharide

and nonasaccharide repeat units (indeed, this is how they were discovered). XXGG-type xyloglucans may also be

hydrolyzed by endoglucanases through the glycosidic linkages of both the unbranched Glcp residues, although

acetylation on O6 of these may attenuate such activity, depending on enzyme specificity.
1.05.4.2.4 Storage xyloglucans
Seeds of higher plants generally contain significant reserves of carbohydrate, lipid, or protein for mobilization during

germination. Intracellular starch is the most common carbohydrate reserve. However, some plants use the cell wall as
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an organelle for carbohydrate storage. In several cases, notably tamarind (Tamarindus indica L.), (Copaifera langsdorfii

Desf), and nasturtium (Tropaeolum), cell wall xyloglucan fulfills this role. These polymers reside in thickened

cotyledon cell walls, comprising up to 30% of the seed dry weight.129 Germination results in the enzymically mediated

mobilization of these polymers and a reduction in wall thickness. The enzyme activities include endoglucanase

(specific to xyloglucan), xylosidase, galactosidase, and glucosidase. The storage xyloglucans appear to be of the XXXG

type but lack the terminal fucose residues. Unlike the nonstorage, structural counterparts, storage xyloglucans are

often water soluble, producing an amyloid which stains blue/black with KI/I2. In tamarind seeds, abrading the testa

and soaking the seed results in the rapid release of xyloglucan into the surrounding water.
1.05.4.3 Mannans

1.05.4.3.1 Glucomannans
Glucomannans comprise the main hemicellulosic polysaccharide in secondary cell walls of gymnosperms. They are

also found as a minor component in the secondary walls of angiosperms. The glucomannan known as konjac occurs in

the corms of East Asian Amorphophallus species, where it is the principal carbohydrate reserve. Glucomannans consist

of a backbone of (1-4)-linked b-D-Glcp and b-D-Manp residues in a ratio of approximately 1:3 in gymnosperms, and 1:2

in angiosperms (Figure 12). For example, the mannose to glucose (MG) ratio in the glucomannan from Amorpho-

phallus konjac is 1.6:1, from Lilium sp. 2:1, and from Orchis mascula 3:1.130–132

The sequential pattern of the Glcp and Manp residues is not precise, and is probably determined by the relative

quantities of sugar nucleotide substrates and the kinetics of the glucosyltransferase activities involved in biosyn-

thesis.133 In gymnosperms, the glucomannans are substituted with single galactose residues in which the molar ratio

approximates to that of glucose. These molecules are often referred to a galactoglucomannans. Glucomannans also

function as cell wall storage polysaccharides in endosperm cell walls of a range of angiosperms, for example, in

asparagus,134,135 bluebell,136 and iris.137 These are often branched (between 3% and 6%) with (1-6)-linked a(?)-
L-Galp.55 Common to hemicelluloses, generally, the bulk of glucomannans is generally extracted from structural

secondary cell walls with alkali.2 Nevertheless, as for many hemicelluloses, small proportions may remain closely

associated with the remaining a-cellulosic residue, possibly due to steric interactions. Proportions of storage gluco-

mannans may also be released in warm aqueous extraction conditions.138

Enzymatic hydrolysis of glucomannans can be achieved by hemicellulase activities produced by a range of micro-

organisms.139,140 In storage glucomannans, the seed-derived hydrolytic enzymes that are involved in their mobilization

include endo-b-mannanase, endo-b-glucanase, and a-galactosidase.
1.05.4.3.2 Glucuronomannans
Glucuronomannans have been found to be present in small amounts in a range of cell walls.2,141 They comprise a

backbone of (a1-4)-linked D-mannose residues and (b1-2)-linked glucuronic acid residues, possibly in alternating

sequence. Side chains of single b-Galp and arabinose residues are linked to mannose by (1-6)- and (1-3)-linkages,

respectively (Figure 13).
1.05.4.3.3 Mannans and galactomannans
These polysaccharides are found predominantly as cell wall storage polysaccharides in the cell walls of certain

monocot seed endosperms and some cotyledons.2 Pure mannans are defined as consisting of at least 90% mannan

as a linear chain of (1-4)-linked b-D-Manp units, up to 10% of which are substituted with single Galp(a1-6) residues.
The low level of substitution means that these polymers are generally insoluble and precipitate out of solution after

alkaline solubilization.142 However, galactomannans (below) contain higher levels of galactose substitution, resulting

in a much greater degree of solubility. Mannans may have additional functions in seeds, including the conferring of
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considerable hardness as in date seeds. Indeed, Buckeridge et al.55 have indicated that as galactose branching tends to

zero, biological function relates to hardness. In contrast, with high degrees of galactosylation (as in fenugreek seed

galactomannan), water-related functions become apparent. Mannans may not be confined to roles solely as storage

polysaccharides, and there are several areas of research that indirectly suggest the presence of mannan-containing

polymers in cell walls of, for example, Arabidopsis 143 and tomato.144,145 However, further research will be required

to confirm the presence of pure mannans in these walls, and not areas of mannan-rich glucomannan. Galactomannans,

in contrast, are diverse in primary structure, exhibiting a wide ratio of mannose: galactose across species, which is of

taxanomic significance.146 They are particularly prominent in seeds of legumes, but are also found in other families

including the Compositae and Convolvulaceae.55 A range of enzymes are involved in the mobilization of mannans

and galactomannan storage polysaccharides, including a-D-galactosidase,147 endo-b-mannanase,148,149 and exo-b-
mannanase.55 Some work has been carried out to evaluate means to modify galactomannan biosynthesis. For example,

in tobacco plants, transgenic lines have been produced which express fenugreek galactomannan galactosyltransferase

constitutively, and the resulting seed endosperm cell walls exhibit structurally altered galactomannans.150
1.05.4.4 Callose

Callose is the general name given for (1!3)-b-D-glucan. This polymer species is found in a range of special situations

in plant cell walls of most higher plants, as well as in many lower plants and microorganisms. In higher plants, probably

the most widely known situation is in phloem sieve tubes where callose is present, lining the pores of the sieve plate.

Its presence there may be artifactual since callose is produced by a range of cells in response to wounding. For

example, callose synthesis can be induced by mechanical wounding, including the mechanical agitation of suspension-

cultured cells, and plasmodesmata that are broken on cell separation, physiological stress, and phytopathogen

infection.151,152 Callose that is observed on the surface of protoplasts in the early stages of wall regeneration may

also be a reaction to wounding as manifest by the loss of the original cell wall. Hence, callose may be deposited on

sieve plates during harvesting and processing of plant material for study. Indeed, the extent of callose observed

on sieve plates by electron microscopy appears to be inversely correlated with the rapidity of tissue fixation.2

Callose is found in a number of other specialized tissue types, for example, the pollen tube and the walls of some

pollen, compressing wood tracheids of gymnosperms, and the secondary cell walls of cotton fibers.
1.05.4.4.1 Structure
The (b1-3)-linkage of callose causes a helical conformation to be adopted, enabling the formation of gels under certain

circumstances. The helix is able to bind aniline blue, resulting in a diagnostic yellow fluorescence.153,154 This stain

may be used to quantify callose. It can also formmicrofibrils in pollen tube walls. Callose also contains (1-4)- and (1-6)-

linkages in small quantities.
1.05.4.4.2 Extraction
Extraction of plant cell walls in alkali of increasing strengths is able to solubilize much of the callose, but a significant

proportion may be left in the a-cellulose fraction. Callose may be degraded enzymically by endo-1,3-glucanases as

produced by a range of cell-wall degrading fungi.
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Glossary

Rhap Rhamnose.

Fucp Fucose.

Araf Arabinose.

Xylp Xylose.

Manp Mannose.

Galp Galactose.

Glcp Glucose.

GlcpA Glucuronic acid.

GalpA Galacturonic acid.

Da Daltons.

kDa Kilodaltons.

AX Arabinoxylan.
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1.06.1 Introduction

Carbohydrates play essential roles in a lot of diverse biological processes, whose survey, on a molecular level,

necessitates the synthesis of various natural mono- and oligosaccharides, glycoconjugates (neoglycolipids, neoglyco-

proteins, neoglycopeptides), and their analogs. Since carbohydrates are polyfunctional compounds, the chemical

synthesis – even of the most simple derivatives – requires the application of protecting groups, and this is more

pronounced in the preparation of complex oligosaccharides and glycosaminoglycan fragments, which are considered

the ‘non plus ultra’ of oligosaccharide syntheses.

Essentially, the protecting groups employed in the chemistry of carbohydrates are the same as those generally used

in organic chemistry. However, the polyfunctionality, that is, the presence of a large number of the same functional

group – which is mainly the hydroxyl group – at the carbohydrate skeletons, necessitates specific protecting group

manipulations, including introduction of ester, ether, and acetal groups, their removal or occasional migration and

various additional transformations. There are other, nonetheless important, but less frequently emerging groups to be

used for the protection of nitrogen, carboxyl, and carbonyl functionalities.

The protecting groups inhibit the participation of the substituted hydroxyl, or other functional groups in certain

chemical transformations. At the same time, it is important to consider the electronic and/or steric influence of these

groups on the reactivity of the molecule, as a whole, and this is most particularly valid for the generation of the

glycosidic linkages, namely, in glycosidation reactions toning the reactivity of the reaction partners. Further, the

stereochemical outcome can be highly influenced and regulated by the protecting groups incorporated into the donor

and acceptor molecules.

This chapter is aimed at the discussion of the introduction and removal of themost frequently applied protecting groups

in carbohydrate chemistry, as well as the art of protecting group strategies and manipulations. Since many of the aspects

of the formation, stabilities, and splitting of the protecting groups in organic syntheses are comprehensively reviewed by

excellentmonographs,1,2 the detailed description of these will not be highlighted here. At the same time, an emphasis

will be made on the application of the protecting groups and manipulation with them in carbohydrate chemistry.

We are well aware that the chemistry of sugars is not limited to oligosaccharide syntheses. Nevertheless, a great

majority of the examples has been taken from this latter particular field. The reason for this is quite obvious: the

construction of certain complex structures requires the application of a wide variety of protecting group strategies,

which expose and demonstrate the existing rules.
1.06.2 General Considerations

During the designing of a synthesis strategy, consideration of economical factors is very important. Consequently,

application of the possibly least and less variety of protecting groups is desired. Application of a protecting group

requires at least two synthetic steps: its introduction and removal. Therefore, regioselective processes offering

acceptable preparative yields with polyhydroxy derivatives are very necessary. Related examples from the field of

oligosaccharide syntheses are the ‘open glycosylations’3,4 for example, the regioselective glycosidation of unprotected

allyl a- or b-D-mannopyranosides at the primary hydroxyl group with a glycosyl bromide5 or with glycosyl trichloro-

acetimidate.6 Of the similarly regioselective reactions, oxidation of mono-, oligo-, and polysaccharides with TEMPO

results in the oxidation of the primary hydroxyl groups exclusively.7–9 However, such selective reactions are not

frequent. In many cases only two hydroxyl groups remain free, for example, in the acceptor molecule, but there is such

a great difference between the reactivity of these two groups that for a regioselective transformation no protection of

the less-reactive hydroxyl is necessary, and thereby a few synthetic steps may be avoided. In general, the primary

hydroxyl groups are much more reactive than the secondary hydroxyls and, due to steric or other factors, even two

secondary hydroxyl functions may possess different reactivity. Utilization of the above observations considerably

enhances the efficiency of the syntheses, but their applicability may be quite limited, most particularly in biologically
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relevant cases. Thus, generally all of the functional groups (hydroxyl, amino, carbonyl, and carboxyl) must be

protected – except the one to be involved in the reaction.

The required properties of an ideal protecting group are as follows: (1) readily available reagents are necessary for its

introduction and removal; (2) it should be readily characterized, its introduction is not accompanied by the formation

of a new asymmetric center, but if this cannot be avoided, only one stereoisomer must be present; (3) it should be

stable in most of the chemical transformations; and (4) it should be compatible with the work-up conditions. A further

advantage is that the resulting protected compound is highly hydrophobic, thus making extractive work-ups easier,

and if the product is crystalline, so as to offer convenient purification.10 An additional general requirement is that,

upon removal, no problems occur with the separation from a residue due to the cleaved protecting group.11 Still

another advantage is that monitoring of the compound protected with the given group becomes easier,12 and in certain

cases additional practical factors can also be determined, for example, no heterogeneous catalyst is required upon

removal which might be a problem in solid support syntheses.13

1.06.2.1 Protecting Group Strategy: Permanent, Temporary, and Unichemo Protection

In order to synthesize a complex oligosaccharide or glycoconjugate, the correct selection of the protecting group

strategy/manipulation, namely the role of introduction and removal is of primary importance. The success of long,

complicated synthetic routes may be disadvantageously influenced or even prevented by the decomposition of the

product upon removal of an unfortunately selected protecting group. At the same time, a good manipulation with the

protecting groups may significantly shorten the reaction sequence.

Carbohydrate chemists must consider that much more functional groups are to be protected than those required to

carry out the desired transformations. For example, in a synthesis of a tetrasaccharide from monosaccharides three

hydroxyl groups should be glycosylated and 13 hydroxyls should be protected. Obviously, it is quite advantageous to

protect all of the 13 groups with the same (or that very similar in character) protecting group (e.g., acyl) to ensure

removal in a single step. The groups staying in the target molecule until the penultimate step, involving their removal,

are called permanent protecting groups. Other groups that are retained in the molecules only in one step, or in a few

steps, and which can be selectively split (by distinguishing them from the permanent protecting groups), are the

temporary protecting groups (Figure 1). The number and character of the temporary protecting groups are obviously

determined by the structure of the target molecule.

In general, two types of permanent protecting groups are applied: (1) the benzyl, or benzyl-equivalent groups, if the

target compound is sensitive to basic or alkaline deprotection (i.e., splits or migrates, such as the phosphate ester);14

and (2) ester-type permanent protecting groups are used when the product carries, for example, an unsaturated

aglycon15 which changes upon hydrogenolysis of the benzyl groups.

After selection of the permanent protecting groups, the number of the temporary protecting groups is dependent on

the structure of the target molecule. In the case of a branched oligosaccharide, or when other substituents (e.g., sulfate,
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phosphate) are present, numerous temporary groups are necessary that must be selectively removable in the presence

of each other (orthogonal). The permanent and temporary protecting groups are not necessarily the members of

another type of compounds. In oligosaccharide syntheses,16 benzoate esters are often used as permanent groups

together with the selectively removable acetate or chloroacetate esters as temporary protecting groups. The pivaloyl,

levulinoyl, or chloroacetyl groups can also be selectively removed in the presence of permanent acetate esters.

A general practice is the application of ester in the presence of ethers or vice versa (Figure 2). The acetals are usually

employed for the simultaneous temporary protection of two hydroxyl groups, and then they are cleaved or transformed

in a selective manner.

In conclusion, in oligosaccharide syntheses either the representatives of one group of compounds are employed as

permanent and temporary protecting groups, or these functions are selected from two or three types of organic

substances.

An interesting alternative of the protecting group manipulations is the so-called unichemo strategy,17,18 which was

introduced, not very surprisingly, by a peptide chemist.17 In this approach a single type of protecting group is used

exclusively, which is an oligopeptide, and the only difference is in the polymerization degree of the individual

protecting group. For cleavage the Edman-degradation is applied. The hydroxyl group which is protected by a

monomer is liberated, and the oligomers protecting the other hydroxyls are degraded with one monomer. Following

the manipulation of the hydroxyl, the repeated degradation cycle furnishes the next free hydroxyl group(s), and again,

each of the unichemo-protected oligomers is shortened with one monomer unit (Figure 3).
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When designing a protecting group strategy, it must be taken into account that the protecting groups modulate the

properties of the whole molecule. The alkyl groups generally enhance19 (sometimes even too much),20 and the ester

groups diminish,21–25 respectively, the reactivity of the molecules. A number of protecting groups, first of all the acyl

substituents influence the steric outcome of the glycosidation reactions by means of anchimeric assistance.23,26 Due

to steric reasons, other groups (generally the acetals) have effects on the reactivity and stereoselectivity,19,27,28 or

on the regioselectivity,29,30 and bulky groups may change the conformation of the sugar skeleton.31–35 Many

examples have been reported on how to tone36 the reactivity of the donor and acceptor molecules by choosing their

appropriate protecting groups, so as to reach a good-yielding coupling with high selectivity, and to avoid undesired side

reactions.37–39

In some longer reaction sequences, change of the protecting groups may also emerge. An example for this is

the synthesis of the a-L-fucopyranoside-containing oligosaccharides, where – in order to ensure a-selectivity –

application of fucopyranosyl donors carrying the so-called nonparticipating benzyl groups is desired. Since the

generated bond in this case is rather sensitive, following glycosidation the benzyl groups are exchanged to esters

(acetyl or benzoyl)15,40,41 (Figure 4).

Apart from the influence on the reactivity and stereoselectivity of the selected number and type of the protecting

groups, in an appropriate design of a synthesis strategy practical aspects have also to be considered. Sometimes it is
O
OO OSE

OBn

OBn
BnO
O

OBn

OBn OBn

O
NHAc

O

OBn

HO

O SPh
OBn

OBn
BnO

H3C

O
OO OSE

OR

OR
RO
O

OR

OR
OR

O
NHAc

O
OR

O
OR

OR
RO

H3C

H3C

H3C

O

R = Bn

R = Ac

O
OO O

OAc

OAc
AcO
O

OAc

OAc
OAc

O
NHAc

O

OAc

O
OAc

OAc
AcO

O
C13H27

C13H27

HN

O

C17H35

C17H35

OH

O
OO O

OH

OH
HO
O

OH

OH OH

O
NHAc

O

OH

O
OH

OH
HO

O HN

O

OH

NaOMe, MeOH, 45 �C 
then H2O

Figure 4 Change of the protecting groups during a reaction sequence.



208 Protecting Group Manipulations in Carbohydrate Synthesis
most advantageous if the protected saccharide is well-detectable and characterizable, as well as highly lipophilic that

makes the work-up procedure more convenient.

In theory, in the case of all of the aldohexoses, three secondary and one primary hydroxyl groups have to be

protected – except the anomeric center. However, it does not mean that an analogous protection scheme can be

applied for all of the sugars, since the regioselective introduction, removal, and transformation of a given group is also

dependent on the configurational properties of the individual sugar. Moreover, a successful manipulation with a

monosaccharide cannot necessarily be transferred to a higher-membered oligomer, even in the most simple case, for

example, for the removal of an acyl group.42

In conclusion, compilation of a successful protecting group strategy necessitates an excellent knowledge of the

literature procedures, and to realize the plan good practice is needed besides a bit of luck pulling the strings from time

to time.
1.06.3 Regioselective Formation of the Protecting Groups

The synthesis of a synthon carrying free hydroxyl group(s) in the given position(s) can be accomplished by

(1) protection of the hydroxyls of the polyol, which are not involved in the transformations, and needed to be

free in the target molecule, or (2) the regioselective cleavage of the protecting groups of a fully protected derivative.
1.06.3.1 Simultaneous Protection of Three or More Hydroxyl Groups

In a few cases there is a possibility for the protection of more hydroxyl groups in a single step so that one of the

hydroxyls remains free. This strategy permits a significant reduction of the steps required, for example, for the

preparation of 3-O-methyl-lactose, as well as allows the economical preparation of the oligosaccharide fragments of

arabinogalactans.43,44

Such a substitution reaction in the monosaccharide field is quite rare. As an example, acetylation of benzyl b-
D-glucopyranoside with NaOAc/Ac2O to result in the 2,4,6-tri-O-acetyl derivative can be mentioned.45 Such

functionalizations of disaccharides that are dependent on the configuration are often applied. Tsukida et al. studied

the conditions of the benzoylation of b-alkyl 30,40-O-isopropylidene lactosides in detail, and following optimization,

the 2,20  ,6,6 0  -tetrabenzoate 5 could be isolated with a good yield. 46 The lactosides can also be alkylated (6) at the same

positions.47

An acetal represents amost particularly useful protecting group to simultaneously substitutemore hydroxyl groups of

a saccharide derivative. For lactose and laminaribiose, the isopropylidene48 and the benzylidene acetal, respectively,

proved to be suitable; 49,50 thus, 8 and 7 were synthesized (Figure 5).
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In the case of monosaccharides51 and inositols,52–55 an orthoester function offers the joint protection of three

hydroxyl groups. Such tricyclic or internal orthoesters of carbohydrates are long known,56,57 and prepared from sugars

with D-arabino, D-xylo, L-rhamno, D-gluco and D-manno configurations from 1,2-orthoesters. The susceptibility of the

hydroxyl groups to be included in an internal orthoester is dependent on the configuration. In D -xylo ( 9) or D -gluco

sugars and D- manno derivatives ( 10), the 1,2,4- and 1,2,3-positions, respectively, can be simultaneously protected this

way.58 Internal orthoesters are not very often used as protecting groups, rather their capability for polymerization is

utilized in syntheses of certain types of oligosaccharides (Figure 6).51

At the same time, in the inositol field the orthoformate (11 , R¼ H) or orthoacetate (11 , R¼ Me) protecting groups

are routinely applied. Apart from incorporating three hydroxyl groups, a further advantage of such orthoesters is that

they fix the ring-conformation, thus permitting further regioselective substitutions.52

A novel method for the protection of triols was worked out by Rawlings et al.,59 by introducing the 6-benzoyl-

3,4-dihydro-(2 H)pyran reagent 12 . They combined the protecting capability of dihydropyran and a carbonyl group in a

single molecule. The susceptibility of the procedure was demonstrated with sugar alcohols and d-gluconolactone 13
(Figure 7).
1.06.3.2 Simultaneous Protection of Two Hydroxyl Groups

Joint protection of the hydroxyls of carbohydrate 1,2- and 1,3-diols is very often accomplished with acetal (e.g., 14 , 15,

16 ),60 orthoester ( 26), 61–63 cyclic carbonate ( 17), 64–67 or boronate (18) 68 functions (Figure 8).

Various reasons contributed to the success of acetal protecting groups in carbohydrate chemistry. Thus, simple,

readily available, cheap, and nontoxic reagents are used for their preparation, and the acetalation reactions

are convenient to carry out with high yields. In addition, it is very important that by an adequate selection of the

type of the acetal and of the reagents and conditions, the ring-size of the sugar can be influenced, and 1,2- and 1,3 diols

can be distinguished. In the case of vicinal diols, selective protection of the cis- and trans-diols can be effected. Several

review materials and book chapters deal with the preparation, transformation, migration, and cleavage of carbohydrate

acetals.69–74

Of such acetals, the isopropylidene and benzylidene derivatives are by far the most frequently applied. Methox-

ybenzylidene,75,76 diphenylmethylene, and cyclohexylidene77 acetals are less often employed. Of the silylene acetals,

the di-t-butylsilylene acetal78 and the TIPDS group34,79 are to be mentioned. A new and well-utilizable group of

acetals is the 1,2-diacetals of carbohydrates.80

For demonstration, the application of the isopropylidene acetal (acetonide) is shown on a sugar with

D- gluco-configuration ( Figure 9). Treatment with acetone, 1,2:5,6-di- O-isopropylidene- D-glucofuranose 19 can be

obtained,81 whereas with 2-methoxypropene the product is the 4,6-O -isopropylidene glucopyranose derivative 20 .82

Acetalation of saccharides of D-manno-83 and D-galacto84 configurations with 2-methoxypropene also results in good
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selectivity to furnish the 4,6-O-isopropylidene acetals. At the same time, for the synthesis of the 4,6-O-isopropylidene

acetal of 2-deoxy-2-acetamido-D-glucopyranose, 2,2-dimethoxypropane was the best reagent for choice.85

A general way for the protection of 1,3-diols is the conversion into arylmethylene acetals, by introducing, in a

great majority of cases, benzylidene and methoxybenzylidene functions. This is a general way to protect the

4,6-positions in the case of gluco-, manno-, and galacto-configurations, and less trivial, but clever selective substitution

of the 2,4-hydroxyl groups in ido -compound 21 (Figure 10 ).86 Di-t -butylsilylene acetal is useful for the protection

of 1,3-diols, which – apart from the selective protection – has a general role29 in influencing the stereoselectivity of

glycosidation reactions.
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Protection of cis-vicinal diols is not a problem: most of the acetalation reagents are suitable for this purpose.87

However, this is not the case with the trans-vicinal diols. Although not directly from the polyol, 2,3-O-isopropylidene

derivatives from gluco-compounds can be prepared, these are rather unstable.75,88 One of the procedures to achieve

protection of trans-diols was elaborated by van Boeckel by applying the TIPDS acetal.79,89 Actually, this method also

involves two steps; by acid-catalyzed migration of the initially formed 4,6-O -acetal the 3,4-protected derivative can be

prepared (24 , Figure 11 ).

Protection of trans-vicinal diols was worked out by Ley by introducing dispiroketals and butane-1,2-diacetals.80,90

Simultaneous protection of the anomeric and O2 hydroxyl groups can be achieved by utilizing an allyl aglycon. By

means of isomerization of this latter function, a 1,2-ethylidene acetal can be constructed that can be cleaved with acid

hydrolysis following the required transformations at other positions of the molecule.91

The benefit of acetals for protection of diols is not just in that two hydroxyl groups can be simultaneously

substituted and liberated in single step. The arylmethylene acetals can be selectively cleaved into the respective

substances carrying one of the previously protected hydroxyl groups free, and leaving the other substituted with

an alkyl (or acyl) function. The regularity and conditions of such kinds of ring cleavages are discussed in detail in

Section 1.06.4.3.

A practical methodology of simultaneous protection of the anomeric- and O2 hydroxyl group is the incorpora-

tion in orthoesters, 92 which are important for the substitution of diol-systems. The orthoesters 26 are easy to

prepare (however, many carbohydrate chemists are not really happy with them when appearing as the by-

products of glycosidations in some cases 6,23,62,86, 93–95) from glycosyl halides 25 and simple alcohols (MeOH,

EtOH, PentOH) in the presence of an N-base. The reaction of the 1-OH derivatives of carbohydrates 27 with

1-chloro-2,N,N-trimethylpropenylamine, followed by treatment with an alcohol and triethylamine, also affords

1,2-orthoesters (Figure 12).96

No matter whatever they are called, orthoesters are resistant to bases and to alkaline conditions; therefore, removal

of ester groups and regioselective or exhaustive alkylations can be readily accomplished with carbohydrates protected

with orthoesters.38,62,63,97–100

The outstanding utility of protection in the form of orthoesters is manifested in their manifold chemical transforma-

tions as shown in Figure 13. Orthoesters can be hydrolyzed with dilute trifluoroacetic acid to yield the free reducing

sugars 27, or the glycosyl acetates 38,6 2,101,102 carrying a free C2 hydroxyl group 30, can be rearranged 67,94,1 03–105 into

1,2-trans glycosides 29 with protic or Lewis acids. Orthoesters are ready to transform into glycosyl chlorides 28 directly

by treatment with chlorotrimethylsilane, 63 and can be reduced into 1,2-ethylidene acetals 31. 106

Cyclic carbonates have long been known for the protection of vicinal diols.66 Recently, such compounds are shown

to enhance the reactivity of ethylthio glycosyl donors,64 and used in certain solid support oligosaccharide syntheses.107

Also, cyclic carbonates ensure to fix the conformation of the substrate, thus greatly contributing to the success of

structural investigations. In general, cyclic carbonates can be produced from trans- and cis-vicinal diols, but the

application of ethylene carbonate has opened a convenient route for the selective substitution of the cis-diol function

of inositols ( 33, Figure 14). 67
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The chemistry of cyclic boronates has been reviewed by Ferrier108 and Duggan.68 Such derivatives are also useful

for the protection of vicinal diols. In synthetic works they are not applied very often, but their utility as the recognizing

elements of various sensors is rather important.68
1.06.3.3 Internal Protecting Groups

A clever, economical way for the protection of carbohydrates is to appropriately manage the substituents of the

molecule: internal acetals (1,6-anhydro derivatives), lactones (in the case of uronic acids), or lactams (in the syntheses

of NeuAc derivatives).

T h e 1 ,6 -a nh yd ro s ug a r s 35 are successfully applied as synthons for the preparation of oligosaccharides and glyco-

conjugates (Figure 15 ).109–11 1 Such compounds are readily available from aryl-O- and thioglycosides, 112 6-O-benzylated

glycosyl halides,113 or from other 6-O-benzyl (or p-methoxybenzyl) derivatives.114–117 Following manipulations at the

other hydroxyl groups of the molecule, cleavage of the [3.2.1] bicyclic skeleton can be accomplished. For this,

acetolysis is rather useful to furnish 1,6-di- O-acetyl derivatives 36, 16,42,109 whose anomeric acetyl group is further

transformed into, for example, a glycosyl bromide 38 , or glycosyl trichloroacetamidate (by means of the selective

cleavage of the anomeric acetyl group 37). Splitting of the ring can also be performed to provide a glycosyl donor,

namely a thioglycoside 34 .118 The examples shown above demonstrate that the 1,6-anhydro derivatives can be most

successfully utilized in the syntheses of oligosaccharides linked with a 1-6 bond.

In the case of uronic acids, a lactone ring incorporating the carboxyl group and one of the hydroxyl groups

may temporarily protect these two functions.119 By an appropriate selection of the reaction conditions, the readily

available glucono-3,6-lactone can be acylated in a regioselective manner at the C4 hydroxyl group (40), and under

more vigorous conditions the product is the 2,4-di-O-acyl derivative. Opening of the lactone ring then provides either

the 2,3-di-OH (41, 42), or 3-OH derivative with a good yield (Figure 16 )120 and this strategy can also be transferred

to the oligosaccharide syntheses.121 The 1,7-lactones of sialic acids were used by Schmidt et al. as acceptors in

glycosidations.122

Recently, Ando et al. protected the carboxyl and amino functions at the sialyl acceptor in form of a 1,5-lactam (44 ,

Figure 17).123,124 Apart from selective protection, such a substitution was found to be advantageous with regard to the

reactivity of the C4 and C8 hydroxyl groups in glycosidation reactions.
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1.06.3.4 Methods for the Regioselective Protection of a Hydroxyl Group

1.06.3.4.1 Utilization of the different reactivity of the hydroxyl groups
As mentioned in Section 1.06.1, the relative reactivity of the hydroxyl groups of sugars is dependent on their

configuration; therefore, no general order for the reactivity that is unequivocally valid in each case can be given. As

a first approximation, it still can be stated that the primary hydroxyl group is the most reactive, and this is followed by

the equatorial and the axial hydroxyls.125

For temporary protection of the primary hydroxyl groups the bulky triphenylmethyl (trityl, Tr) group,126 its variants

the more acid-sensitive dimethoxytrityl (DMT),127,128 the 9-phenyl-xanthen-9-yl (Px) and 9-tolyl-xanthen-9-yl (Tx)
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groups129 (used in nucleoside chemistry) can be applied, as well, even if the anomeric OH is free. The bulky silyl

ethers (TBDMS, TBDPS) are also suitable for the regioselective substitution of a primary hydroxyl group.12 These

functions are generally introduced by treatment with the respective halogenide derivatives. However, in many cases

the Mitsunobu reaction can also be employed, and an example for this is the regioselective substitution of 2-deoxy-2-

phthalimido-3-O-benzyl-b-D-glucopyranosyl fluoride with p-methoxyphenol.130

Glycosides can be readily acylated at the primary hydroxyl group. For this purpose, acyl chlorides131,132 (under

strictly controlled conditions), anhydrides,133N-acylimidazoles,134,135 or acylonitriles95,136 (first of all for regioselective

benzoylation) are generally applied. In specific cases, when the above reagents do not ensure sufficient regioselec-

tivity, esterification of the primary hydroxyl group can be achieved under Mitsunobu conditions.86

Of the secondary hydroxyl groups, acylation or alkylation of the C2 hydroxyls of a-gluco- and galactopyranosides are

readily performed in most cases (Figure 18).126,137,138 Note that the anomeric configuration highly influences the

substitution: with b-anomers no significant regioselectivity is observed under these conditions.

Concerning the additional secondary hydroxyl groups, no general order of reactivity can be determined, and this is

because the substitution is (1) dependent on the configuration, and (2) the reactivity of the hydroxyl groups are

influenced by the other groups attached to the molecule. Consequently, for selective substitution of the secondary

hydroxyl groups, it is necessary to distinguish between them by means of a specific methodology. There are various

possibilities for this, including

� phase-transfer reactions, where an O2 substitution is preferred,

� application of dibutylstannylene acetals: an equatorial substitution is preferred in the case of axial/equatorial vicinal

diols,

� application of orthoesters: an axial substitution occurs with axial/equatorial vicinal diols.
1.06.3.4.2 Introduction of the protecting groups by phase-transfer catalysis
A simple and efficient way for the regioselective substitution of partially protected carbohydrate derivatives involves

phase-transfer catalysis.139 In such a case, the substrate and the alkylating agent are dissolved in the organic solution,

and the base is present in the aqueous phase (5–50% aqueous NaOH). The phase-transfer catalyst (e.g., Bu4NBr)

transfers the deprotonated alkoxide ion into the organic layer, where it is alkylated. Since the water solubility of the

substituted product is much lower in the aqueous phase, the rate of the disubstitution is greatly diminished.

This way the primary hydroxyl group of 4,6-diols can be regioselectively alkylated, and the yields are particularly

high in the galacto -series. In the case of secondary hydroxyl groups, the more acidic 2-OH can be protected (48 )

independently of the anomeric configuration,140 and not only the O-glycosides, but also thioglycosides can be

regioselectively alkylated. Obviously, the reaction conditions applied are suitable mainly for alkylations and for the

introduction of esters (i.e., tosylates) which are less sensitive to alkaline conditions (Figure 19).91,140,141
1.06.3.4.3 Regioselective protection with the dibutylstannylene acetal
The reaction of diols and polyols with Bu2 SnO in methanol, benzyl or toluene results in cyclic stannylene acetals (50 ,

Figure 20). These derivatives are dimerized ( 51), and in the dimers the tin atom is penta-coordinated, and one of the

oxygens becomes tri-coordinated. In polar solvents one molecule of the solvent can be coordinated to the tin atom

( 52), to form a trigonal, bipyramidal structure, in which one of the oxygen is apical and the other is equatorial and the

reactivity of the former is higher.142–144 Upon addition of an electrophile to the solution of the stannylene acetal in a

polar solvent, alkylation or acylation with high regioselectivity occurs due to the different reactivity explained above.

A general observation is that in the case of a stannylene acetal involving a primary and a secondary hydroxyl group,

the primary position is the one to be substituted regioselectively. With the five-membered stannylene acetals of

furanosides, no regioselectivity can be achieved. In contrast, the stannylene acetals of pyranosides, introduced to a cis-

vicinal diol system (54 , Figure 21 ), can be protected with good regioselectivity at the equatorial hydroxyl group (55).
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Thus, this method is quite efficiently useful for the selective protection of the C3 hydroxyl group in saccharides

possessing fuco-,145 galacto-,146 and manno-147–150configuration, and the lactosides are also successfully alkylated at

the C30 position.131 In the case of saccharides with gluco-configuration, the outcome of the reaction is highly dependent

on the structure of the substrate: a-glucosides react at O2,151,152 and for the b-anomers an O3 substitution is

preferred.153,154 The stannylene-acetal procedure can also be successfully applied for the regioselective protection

of the anomeric hydroxyl group in the presence of a free hydroxyl at C2.155,156
1.06.3.4.4 Regioselective protection by using orthoesters
In Sections 1.06.3.1 and 1.06.3.2 we have discussed the application of orthoesters for the protection of triols and diols.

Here a novel possibility of utilization of such derivatives is demonstrated: under acidic conditions an orthoester

generated from a cis vicinal diol system can be split into an axial acyl derivative (57, Figure 22 ). Considering

regioselectivity, this method supplements the ones mentioned above. Since acyl migration readily occurs in vicinal
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cis diols, these reactions must be performed with great care. Sometimes benzoate esters are more advantageous to use, as

the benzoate group is not so ready for migration. The orthoester strategy is an often used method for the regioselective

acylation at the C4 and C2 positions of galacto-136,157 or fuco-158 and rhamnopyranosides,159,160 respectively.
1.06.3.5 Regioselective Cleavage of Protecting Groups

An alternative approach for the synthesis of partially protected carbohydrates is the cleavage of the protecting group

from a given position of the fully protected sugars. There are several reports on the regioselective deprotection of

benzyl ethers. These ethers will cleave from the primary position under the reaction conditions applied for the

acetolysis of O-glycosides. Performing the reaction at low temperature, only the primary benzyl ether cleaves off (59 ,

Figure 23).161

The interaction of the oxygen162 and the aromatic ring163 of the benzyl ether at position 2 with glycosyl cation is

documented. In the first case, the result of this interaction is the regioselective cleavage of 2-O-benzyl ether. A similar

intramolecular nucleophilic attack of the oxygen of the ether at an iodonium cation 61 was exploited for the

regioselective 2-O-benzyl deprotection of C-allyl glycosides (Figure 24).164

Reaction of 1,6-anhydro-2,3,4-tri-O-benzyl, -2,4-di-O-benzyl-3-O-methyl, or -2,3-di-O-benzyl-4-O-methyl manno-

pyranoses with SnCl4 proceeded rapidly to give in high yield the 2-O-debenzylated compounds. From the detailed

study of this reaction on sugars with different configurations, it was suggested, that three continuous cis-oriented
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alkoxy groups at C1, C2, and C3 were necessary for the successful regioselective de-O-benzylation of 1,6-anhydro-

hexoses.165

Selective cleavage of secondary benzyl ethers in the presence of primary ones can also be performed using chelation

with Cr-ions (65 and 66 , Figure 25 ). 166 Of the ether protecting groups, silyl ethers can also be deprotected

regioselectively from the primary position.167 When 4,6-di-O-TBDMS-idopyranoside was exposed to conditions of

Jones oxidation, the primary OTBDMS ether was cleaved selectively, and subsequently, oxidation took place.132

Regioselective deprotection of anomeric silyl protection in the presence of secondary one was also effected.168

The paper from Géza Zemplén on transesterification169 is probably one of the most frequently cited ones. In

laboratory practice, the deprotection of acyl (mostly acetyl) groups with NaOMe in methanol is a routine. However

under controlled condition, acyl groups at certain positions resist the Zemplén condition. This phenomenon, termed

‘anomalous Zemplén deacylation’ was observed in the case of isolated acetyl170 or benzoyl groups.171 A similar

resistance of acetyls to acidic cleavage was also observed and utilized for oligosaccharide synthesis.172–174 Preparation

of glycosyl trichloroacetimidates also calls for methods for the regioselective deacylation of anomeric acetates. There is

a plethora of methods for this purpose,175 of which hydrazine acetate is used in majority of cases.176

Selective cleavage of acetals from certain positions of sugars is a well-studied field.71,73,172,173,177 In general:

�  Usually 2,2-disubstituted 1,3-dioxanes are hydrolyzed more easily than corresponding 1,3-dioxolanes (67 ! 68)

�  The 1,2:5,6-di-O -isopropylidene acetals of the aldohexoses may be selectively hydrolyzed to 1,2- O-isopropylidene

derivatives ( 69! 70 )178

�  When the anomeric center is not involved in acetals, a 1,3-dioxolane cis fused to a furanose or a pyranose is more

stable than the 1,3-dioxolane which involves a side chain ( 71! 72) 179

�  Trans-fused acetals (trans decalinic system) are generally hydrolyzed faster than the corresponding cis -fused acetals

(73 !74 ) (Figure 26) 180
1.06.4 Protection of Hydroxyl Groups

1.06.4.1 Ether Protecting Groups

The most frequently applied ether groups in carbohydrate chemistry are the arylmethyl, the allyl, and various silyl

ethers. Regioselective alkylation and silylation can be achieved under phase transfer conditions or by utilization of

stannylene acetals. The primary position can be protected selectively by using the Mitsunobu reaction. The acetals

that can protect a single hydroxyl group of saccharides are also discussed in this chapter.
1.06.4.1.1 The benzyl ether
In carbohydrate chemistry, the benzyl ether function is the most frequently applied permanent hydroxyl protecting

group; since it is stable under both acidic and basic conditions, it generally does not react with metal hydrides, metal

organic compounds, and oxidizing agents, but is conveniently removable1,2 upon catalytic hydrogenation.

Its introduction requires strongly alkaline conditions, and it is most often accomplished with benzyl bromide in

DMF in the presence of NaH. When base-sensitive substituents are present (e.g., esters), Ag2O
173 or BaO-Ba(OH)2 is

applied181 as base, or the reagent system consists of benzyl trichloroacetamidate182 and a Lewis acid.

For the ‘protection’ of the base-sensitive trichloroacetyl group in form of an amide anion in benzylation of 2-deoxy-

2-trichloroacetamido derivatives (75, Figure 27 ) addition of three equivalents of NaH was used, and the O,N-dianion

formed could be regioselectively O-alkylated.131
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The regioselective benzylation of vicinal diols can be achieved by the utilization of stannylene acetals (as discussed

in Section 1.06.3.4.3).142 Metal chelation is one of the alternatives for regioselective protection of diols. From vicinal

diequatorial diols Ni(II)chloride-mediated regioselective monobenzylation occurs at the position adjacent to the

axially oriented substituent of the pyranose ring (Figure 28).183

A specific method for the regioselective preparation of benzyl ethers is the partial hydrogenolysis of benzylidene

acetals (see Section 1.06.4.3).

Themost frequently applied removal of benzyl groups under mild conditions is catalytic hydrogenation over various

palladium catalysts. The reactions might be inhibited by substituents (e.g., an amine) poisoning the catalyst. When

catalytic hydrogenation fails, the Birch-type one-electron reduction (Na/liquid NH3) can be employed. Although the

benzyl ether is typically a permanent protecting group, sometimes it is also used for temporary protection and removed

prior to the final stage of the reaction sequence. Ester functions, and the extremely acid-labile fucosidic bond184 are

resistant to debenzylation with FeCl3 under strictly anhydrous conditions (Figure 29).

A few examples have also been published for the regioselective cleavage of benzyl ethers. Splitting off the primary

benzyl ethers can be achieved by acetolysis185 of perbenzylated derivatives, and secondary benzyl ethers are also

cleaved by means of the CrCl2/LiI reagent under milder conditions, and the regioselectivity is attributed to a

coordination complex166 of the sugar with the chromium ion (Figure 25).
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In certain specific cases, the 2-OH and 3-OH groups of saccharides can be regenerated from 2,3-di-O-benzyl-4,6-O-

benzylidene-(2-phenylsulfonyl)ethylidene acetal derivatives (83 ) with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone

(DDQ)186 or with triisobutylaluminium (TIBAL),187 respectively, in regioselective reaction (Figure 30).

The application of halobenzyl ethers as temporary protecting groups was elaborated by Seeberger et al.,188 and the

cleavage reaction was performed in two steps (Figure 31). The stable halobenzyl ether 87 was first converted into a

labile 88 group by catalytic amination, which is then removed with a Lewis- or protic acid.

The Pd-catalyzed amination was performed with benzylamine or N-methylanilin, and the formed unstable ether

was cleaved with TiCl4, SnCl4, or with dichloroacetic acid. This way p-bromo-, p-iodo-, and o-bromobenzyl groups

were selectively removed188 in the presence of PMB and silyl ethers (TBDMS, TIPS).
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1.06.4.1.2 The p-methoxybenzyl, (2-naphthyl)methyl, and p-phenylbenzyl ethers
The p-methoxybenzyl ethers are acid-labile, but stable towards bases. Introduction of such ethers is achieved simi-

larly to that of the benzyl analogs with the respective chloride under alkaline conditions. Splitting off of the p-

methoxybenzyl ethers is carried out specifically and quickly with DDQ189 leaving most of the protecting groups intact,

and therefore it became one of the most popular tools for temporary hydroxyl protection. The oxidative cleavage of the

3,4-dimethoxybenzyl ether (DMB) is even faster190 and thus it can be removed in the presence of PMB ethers.

In most cases, removal of the ether is carried out by DDQ and CAN-oxidation,191 or by means of hydrolysis with

different acids.192 A specific application of such ethers is associated with the synthesis of b-mannosides by means

of tethered glycosidation. As an extension of the intramolecular aglycon delivery (IAD) procedure reported by

Hindsgaul,193 the PMB group was first used by Ogawa et al.194 for the synthesis of b-mannosides (Figure 32).

A disadvantage of the PMB group is its extreme acid-sensitivity, and thus sometimes it is cleaved during glycosida-

tion (e.g., in the presence of AgOTf or TMSOTf). In such cases, the PMB can be replaced with the acid-stable

(2-naphthyl)methyl (NAP) ether. NAP-ethers remain intact upon removal of an 1,2-O-isopropylidene acetal function

or in different glycosidations.

The NAP ether can be introduced with (2-naphthyl)methyl bromide in an alkaline medium. Spencer et al.

recognized that the NAP ether is more reactive during catalytic hydrogenation than the benzyl ether (owing to the

extended p-system of the naphthalene ring);195 however this finding cannot be utilized for a suitably selective removal

in oligosaccharide syntheses. Matta et al. reported196 that similarly to PMB, the NAP ether can be readily cleaved by

treatment with DDQ, and this opened a wide application of this ether in the syntheses41 of complex oligosaccharides.

A possible sequential removal of the PMB, NAP, and benzyl protecting groups with DDQ and CAN was also

investigated in detail by Spencer et al.191 It was observed that the PMB ether can be selectively split off with CAN in

the presence of NAP, and DDQ cleaves this latter function by leaving the benzyl intact (Figure 33).

Selective formation of the NAP ether is achieved via stannylene acetals or by the partial hydrogenolysis of

(2-naphthyl)methylene acetals. The efficiency of these two methods was compared during the preparation of the

3- O-NAP derivatives of phenyl 1-thiofucopyranoside (97, Figure 34), and in this case the procedure involving

Bu2SnO provided197 a better yield.

A novel protecting group that is also conveniently removable by oxidation is the p-phenylbenzyl,198 which is

produced by the use of p-phenylbenzyl bromide, or from the corresponding trichloroacetimidate with acid. The
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phenylbenzyl ethers are more stable towards acid than the PMB ones, and cleave198 in a few hours with DDQ or a

catalytic amount of the DDQ-Mn(OAc)3 reagent.

1.06.4.1.3 The triphenylmethyl ethers
Due to their considerable bulkiness, the trityl, methoxytrityl, and dimethoxytrityl (DMT) ethers are rather useful for

the regioselective protection of primary hydroxyl groups.126 However, they are quite acid-labile, therefore their

application even for temporary protection is limited to a short sequence in a synthetic route. With trityl chloride in

pyridine the primary hydroxyl reacts exclusively. The reaction can be facilitated by the addition of DBU or DMAP,

and under such conditions secondary trityl functions can also be formed. For introduction of the DMT group, the



O OCCCl3

OTrBzO

BzO
BzO

O
O

O
O

OH
OH

O
OBz

OBz
BzO

NH

+

O OOTrBzO

BzO BzO

O
O

O
O

OH

O
OBz

OBz
BzO

98 99

100

i

Figure 35 Conditions: (i) TMSOTf (0.01 equiv) DCM, r.t., 86%.

222 Protecting Group Manipulations in Carbohydrate Synthesis
dimethoxytrityl tetrafluoroborate reagent is also employed.127 A novel methodology for the tritylation of the primary

hydroxyl groups of saccharides involves treatment199 with triphenylmethanol in the presence of acid-washed molecu-

lar sieves.

The trityl group is conveniently removable with protic acids, ion-exchange resins, with Lewis acids, with sodium

hydrogensulfate on silica support (NaHSO4.SiO2),
200 or by means of triethylsilyl triflate-catalyzed reaction201 with

triethylsilane.

Despite its acid-lability, trityl ethers can also be used in glycosidation reactions, as shown by the example of the

preparation of the trisaccharide building block of arabinogalactans (Figure 35).202

The extremely acid-labile dimethoxytrityl function can be still applied in specific glycosidation reactions catalyzed

by Yb(OTf)3, and in such reactions the 6-O-dimethoxytrityl function on the donor exerted12 high a-selectivity.
The trityl and DMT groups are generally employed for protection of the primary hydroxyl groups of the sugar

portion in automated nucleotide syntheses.203
1.06.4.1.4 The diphenylmethyl (DPM) and 9-fluorenyl ethers
The preparation of a DPM ether by means of the classical methods (diphenylmethyl chloride/bromide in the presence

of a base, or with diphenyldiazomethane) is not widely spread in carbohydrate chemistry. However, recently a few

novel methods have been reported – probably in connection204 with the therapeutical value of substances bearing a

DPM residue. Thus, the primary hydroxyl group of saccharides readily reacts with diphenylmethanol in the presence

of Yb(OTf)3 or FeCl3 (Figure 36), and with the latter catalyst ketals 101 can be directly converted 
205 into DPM ethers

102 , as well.

By applying acid-washed molecular sieves as the promoter, both of the primary and secondary hydroxyls easily

react199 with diphenylmethanol.

Schmidt et al. prepared diphenylmethyl and 9-fluorenyl trichloroacetimidates from the corresponding alcohols, and

these were used for the TMSOTf-catalyzed alkylation of primary and secondary hydroxyl groups. When studying the

glycosidation reactions of glucosyl and mannosyl donors carrying a 2-O-DPM group, an unequivocal b-selectivity was

observed206 for the glucosides, but – unfortunately – no such directing effect was found in the case of the mannosides.

Selective introduction of theDPM and 9-fluorenyl ethers can also be effected bymeans of the partial hydrogenolysis

of the respective acetals,207 and their removal may be carried out with catalytic hydrogenation or with dichloroalane.
1.06.4.1.5 The allyl ethers
Since Gigg elaborated the removal of an allyl ether function in two convenient steps, this group became one of

the most popular temporary protecting groups in carbohydrate chemistry. It is stable both under acidic or basic

conditions.208 The utility of the allyl ether group is somewhat limited due to its double-bond system that reacts, for

example, upon bromination, catalytic hydrogenation, or dephthaloylation with hydrazine.
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The preparation of an allyl ether proceeds with allyl bromide in the presence of NaH, or when base-labile functions

are present, Ag2O can also be employed as the base. Application of allyl trichloroacetimidate in the presence of

trifluormethanesulfonic acid as catalyst effects allylation under mildly acidic conditions, which is compatible with

ester, acetal, and imide protecting groups. For allylation by trichloroacetimidate technology nonpolar solvents are

employed to avoid the undesired rearrangement of the reagent into N-allyl amide.209 Introduction of the allyl ether

protecting group may also be achieved by a two-step procedure involving allyloxycarbonylation with allyl chlorofor-

mate followed by a Pd-catalyzed decarboxylation of the resulting allyloxycarbonyl derivative.210

A method for selective introduction involves a stannylene acetal, and the 3-O-allyl group of one of the building

blocks of the capsular polysaccharide of Streptococcus pneumoniae type 9 was incorporated this way 211 using the diol

shown in Figure 37.

Upon removal of an allyl ether, isomerization in the first step into a propenyl derivative is the more difficult task.

Then the produced enolether can be easily and conveniently split off because of its sensitivity towards acids and

oxidation. For the isomerization, the Gigg procedure, involving treatment with potassium-t-butoxide in DMSO at

high temperature is still employed.208 However, the novel and milder, noble metal-catalyzed reactions applying Pd(0),

Rh(I) or Ir(II) complexes are more spread – although PdC is also useful for the isomerization.2 The efficacy of the

Rh(I)-containingWilkinson catalyst can be enhanced with DABCO, or may be converted in situwith n-BuLi into more

effective catalyst.212

Following isomerization, the propenyl group is cleaved by acid hydrolysis. With substances sensitive to acids Hg(II)

salts [HgO/HgCl2, HgBr2 or Hg(OAc)2] are generally useful but iodine or NIS/water have also been described. Since

the enolether is also unstable towards oxidation, it may be removed2 with SeO2 in the presence of H2O2, or with OsO4.

The great variety of metal catalysts for the isomerization step is quite important, as in the syntheses of complex

oligosaccharides carrying various substituents the proper selection of the catalyst is essential. When neighboring azido

and allyl groups are present, the Wilkinson catalyst cannot be applied as cycloaddition may occur. In such cases, the

reaction must be accomplished at lower temperature with a more efficient catalyst. In this case, for removal of the 30-
O-allyl group in the presence of the vicinal azide (105 , Figure 38 ) the Baudry-type Ir-complex is suggested.212



O
MeO2C

TBSO
BzO

OBz

O OO
TCAHN

O
O

pMP

O
MeO2C

TBSO
BzO

OBz

O

OH
O

TCAHN

O
O

pMPi, ii

107

108

Figure 39 Conditions: (i) RuCl2(¼CHPh)(pCy3)L, (20 mol%), DCM, H2, 77%; (ii) I2, H2O, Py-THF, 81%.

O
AllO

N3

O O

OBn

OHO
OBn

N
H

OBn

O

O
HO

N3

O O

OBn

OHO
OBn

N
H

OBn

O

O
OPh

O
OPh

105

106

i, ii

Figure 38 Conditions: (i) [Ir(COD)(PMePh2)2]PF6, H2, THF; (ii) NIS (5 equiv), H2O, 82%.

224 Protecting Group Manipulations in Carbohydrate Synthesis
However, application of the Ir-catalyst in the synthesis of a chondroitin sulfate tetrasaccharide (Figure 39) was

unsuccessful perhaps due to the presence of the neighboring trichloroacetamido group, and therefore the employ-

ment213 of the second-generation Grubbs ruthenium complex was necessary.

Besides the original two-step transformation, there are several additional new methods for the removal of an allyl

substituent. Primary allyl groups can be selectively cleaved214 by oxidation with DDQ in wet dichloromethane.

Diborane generated in situ from NaBH4 with iodine split off 215 both primary and secondary allyl ethers. A highly

efficient, novel, single-step allyl-cleavage is reported with the SmI2/water/amine system:216 the primary and secondary

allyl groups are removed in a few minutes at room temperature, but the anomeric allyl glycoside does not react with

the samarium reagent.

The alkyl-substituted allyl ethers can also be utilized for temporary protection, since they are removable217 under

mild conditions with diphenyldisulfone, again in a selective manner. The higher the degree of substitution, the slower

is the metal-catalyzed isomerization of the allyl ether. At the same time, cleavage with diphenyldisulfone (PhSO2)2

shows a reverse reactivity (Figure 40): the fastest reaction is observed in the case of the highest order of substitu-

tion. The protecting groups of the glucofuranose derivative 109 , carrying 3-methyl-but-2-en-1-yl, 2-methylallyl,

and allyl functions can be removed in the sequence shown in Figure 40, the allyl ether does not react with

diphenyldisulfone at all.

In a variant of the IAD glycosidation method Fairbanks et al.218 applied 2-O-allyl donors for the preparation of 1,2-

cis-glycosides, then this function was isomerized according to the method212 of Boons. By utilizing that the resulting

enolether is sensitive to oxidation, it was coupled to the acceptor in the presence of NIS, and by activation of the

fluoride donor-unit of the mixed acetal 113 with AgOTf-SnCl2 promoter the desired disaccharide 114 was obtained

(Figure 41).
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1.06.4.1.6 The silyl ethers
Because of their numerous advantageous properties, the silyl ethers represented by the general structure 116 are

perhaps the most popular temporary protecting groups in carbohydrate chemistry (Figure 42). They can be intro-

duced by the reaction of the appropriate silyl chloride and alcohol under mild conditions in the presence of imidazole

or p-dimethylaminopyridine. Except the TMS group, the silyl ethers are generally stable under the conditions of the

glycosidation reactions, ensuring a wide utility in oligosaccharide syntheses. These ethers can be specifically split with

fluoride ion, but treatment with various acids (e.g., with Lewis acids) is also a convenient method for their removal.

The stability of the silyl ethers can be finely toned by variation of the R substituents of the silicon atom, and the most

stable ether carries the bulkiest group. However, a disadvantage of their application is similar to that of the ester

groups: and this is their ability for migration under basic conditions.2

The order of stability of the most commonly used silyl ethers towards acid hydrolysis and basic solvolysis is as

follows:2,219

acidolysis : TMSð1Þ<TESð64Þ<TBSð20:000Þ<TIPSð700:000Þ<TBDPSð5:000:000Þ;

basic solvolysis : TMSð1Þ<TESð10�100Þ<TBS � TBDPSð20:000Þ<TIPSð100:000Þ:
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Due to its extreme lability, the TMS group is practically not employed for protection in oligosaccharide syntheses.
Of the most frequently used silyl protecting groups the TES is the most labile. Both the primary and secondary

hydroxyl groups readily react with triethylsilyl chloride in pyridine in the presence of imidazole or DMAP; therefore,

this group can be built in even in the presence of base-sensitive functions (i.e., esters). Removal of the TES ether can

be carried out under mild conditions with pyridinium p-toluenesulfonate (PPTS) or with acetic acid in THF.220
1.06.4.1.6.1 The TBDMS and TBDPS ethers

The TBDMS ether is the most frequently employed silyl protecting group; at 0�C it is stable towards alkyl lithium

and Grignard reagents, as well as metal hydrides in the absence of Lewis acids. At the same time, it is unstable and

easily removable under acidic conditions (sometimes it suffers cleavage even upon glycosidation).221 With TBDMS

chloride both the primary and secondary hydroxyl groups can by silylated in the presence of a base. Of the secondary

hydroxyl functions, the sterically less hindered can be selectively silylated under such conditions (Figure 43).222

Sterically hindered secondary hydroxyls can be reacted with TBDMS-triflate with 2,6-lutidine activator. The

TBDMS group is removable by acid hydrolysis (e.g., with PPTS in methanol or with acetic acid in THF). Besides

the previously known cleavage with BF3.Et2O,223 recently other Lewis acids were also employed: the primary

TBDMS ethers of saccharides could be successfully split with a catalytic amount of Zr(IV)chloride in dry acetoni-

trile,128 or with 0.5 equiv. of SbCl5 in wet acetonitrile.224 Similar regeneration is also carried out with the amine

complexes of HF and Bu4NF. However, due to its strong basicity, this latter reagent may initiate undesired side-

reactions (e.g., b-elimination, ester-migration), and to avoid such processes the reactions are accomplished by

buffering with acetic acid. The primary silyl ethers are removed in a regioselective manner and with good yields

with a catalytic amount of CBr4 in methanol, in photochemical reactions, and the secondary TBDMS ethers remain

intact under such conditions.167 The primary TBDMS can be readily split with CAN on silica gel support – most

probably with an electron-transfer mechanism, and this method is also suitable for the selective removal of the TIPS

group.225

Besides the TBDMS, the other most popular silicon protecting group is the TBDPS. Of the common silyl ethers the

TBDPS possesses the highest acid-stability, which is explained by the electron-withdrawing property of the aromatic

rings. Because of this, a wide variety of protecting groups (i.e., trityl, TBDMS, MOM, tetrahydropyranyl ethers, and

isopropylidene and benzylidene acetals) can be removed selectively from TBDPS ether derivatives with acid

hydrolysis.

For the introduction of the TBDPS function, the usual procedure applying the respective chloride or triflate is

employed. In general, it may be split similarly to the TBDMS; however, its cleavage requires longer time and thus the

TBDMS is selectively removable.

By means of the joint application of the TBDMS and TBDPS ethers, Bertozzi and Pratt 226 synthesized the

oligosaccharide of one of the ligands of selectins (Figure 44). The TBDMS ether and the benzylidene acetal were

split off together in a single step with acetic acid, and then the TBDPS function (that survived the acid hydrolysis) was

removed in a later stage of the synthesis sequence with TBAF in a reaction buffered with acetic acid, so to avoid acetyl

migration.
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1.06.4.1.6.2 The TIPS and other bulky silyl ethers

Of the most common silyl ethers the TIPS is the bulkiest, permitting its use for selective protection of the primary

hydroxyl functions. This ether is more stable than the TBDMS and TBDPS towards basic hydrolysis and nucleophilic

agents, its introduction is similar to those described above, and in the case of sterically hindered secondary hydroxyls

the protection is made with TIPSOTf and 2,6-lutidine. This ether may also be split similarly to the TBDMS; however

for its cleavage a longer period of time is required and thus a TBDMS ether is selectively removable in most cases.

Besides those described in this Section, another silyl groups are also in use, most particularly when a higher stability

is required which is in connection with a large steric bulkiness. As an example, for selective protection of primary

hydroxyl groups the thexyldimethylsilyl (TDMS)227 function is extremely useful, as it survives even rather drastic

reaction conditions.
1.06.4.1.7 The acetal protecting groups often discussed as ethers
The alkoxymethyl ethers are practically mixed methylene acetals, which are linked to a saccharide unit through one of

their oxygen atoms, and substituted by an R function at the other oxygen (121 , Figure 45 ).

This way, a single hydroxyl group of saccharides can be protected with an acetal. The preparation of such acetals can

be carried out under mild conditions by using the alkoxymethyl halogenide reagent in the presence of a weak,

hindered base (e.g., diisopropylethylamine). The application of such acetals is strongly limited by that the reagents

used for their preparation are strongly carcinogenic. They are stable towards bases, more stable in acidic medium than

the ‘normal’ acetals, but easily removable under more vigorous conditions. Similarly to the benzyl ethers, a BOM

derivative can be hydrogenolyzed or split by means of the Birch reduction.
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With acids, the SEM ethers are more easily cleaved than the other alkoxymethyl ethers, and similarly to the silyl

protecting groups, are removable also with Bu4NF.

Besides the alkoxymethyl ethers other acetals, that is, tetrahydropyranyl (THP), methylthiomethyl (MTM), and

ethoxyethyl (EE) also can be used for protection of a single hydroxyl. Recently, the EE group was applied as a part of

orthogonal protecting group set of glucose in combinatorial synthesis.230
1.06.4.2 Esters

The hydroxyl groups of carbohydrates are often protected by esters, that can be formed at more positions simulta-

neously, or regioselectively from a single hydroxyl. The chemical manipulation (and not the enzymatic)228,229 of esters

will be discussed here. Substitution of the glycosyl donors and acceptors with ester groups usually results in deactiva-

tion, and has also an effect on the stereochemical outcome of the glycosidation reactions (see Section 1.06.6.1). The

advantage of the acylated, and particularly of the acetylated derivatives is a contribution to an easy structural

assignment. At the same time, a disadvantage is their ability for migration on certain steric conditions. The most

frequently applied ester groups are the acetyl and benzoyl, but the pivaloyl, levulinoyl, chloroacetyl, and bromoacetyl

esters are also popular.
1.06.4.2.1 The acetates
The acetates, introduced by acetic anhydride in pyridine, are excellent for protection of the hydroxyl groups of

saccharides. The reaction can be accelerated by catalyzing with 4-(dimethylamino)pyridine. Acetylations with acetic

anhydride is also facilitated by the addition of less than the stoichiometric amount of imidazole.230 Completely

acetylated derivatives are obtained in the presence of either the scandium trifluoromethanesulfonate catalyst,111 or the

excess of 4 Å molecular sieves.133 In the latter case, peracetylated compounds are produced at 60�C, while at 0�C the

reaction affords saccharides acetylated at the primary hydroxyl group. Good-yielding acetylations have also been

carried out in ionic solvents231 at room temperature.232 By an appropriate selection of the reaction conditions of

peracetylation, the stereochemistry of the anomeric center can be influenced (Figure 46).106

The regioselectivity of the acetylation may be influenced by the applied reagents.233 Thus, primary hydroxyls are

very efficiently acetylated with N-acetylimidazole,135 or with one equivalent of acetic anhydride in the presence of

triethylamine.234 If these reagents do not ensure a satisfactory regioselectivity, the Mitsunobu reaction can also be

utilized for acetylation of the primary hydroxyl group.86 Acetylation of secondary hydroxyls is generally carried out as

described in Section 1.06.3.4.

The regioselective acetylation of methyl or allyl 4,6-O -benzylidene- a-D-glucopyranoside (125 ) at OH-2 ( 126) is

performed with acetic anhydride-triethylamine, and by applying the acetyl chloride/Ag2O/KI system the 3-O-acetate

( 127 ) is the product (Figure 47). 235

Acetylation of a secondary hydroxyl function by leaving the anomeric OH free can also be realized (Figure 48):19

The acid-catalyzed opening of orthoesters protecting cis-vicinal diols represents a popular route for regioselective

acetylation. In these reactions axial acetates are produced, for example, at the OH-2 of rhamnopyranosides236 and at

the OH-4 of galacto- or fucopyranosides.237

Acetylated saccharides are also available by the transformations of completely protected derivatives: acetolysis of

simple O-glycosides furnishes anomeric acetates and the 1,6-di-O-acetates can be prepared from 6-O-trityl ethers,238

1,2-anhydro sugars, or from 6-O-benzyl glycosides, and an appropriate selection of the conditions allows the exclusive

acetolysis of the 6-O-benzyl ether.
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For the removal of acetates, the conditions of the Zemplén transesterification (NaOMe in methanol) is the most

extensively employed (when the starting acetate is not sufficiently soluble, dichloromethane is used as co-solvent).

Although not so often, potassium t-butoxide239 or magnesium methoxide211 are also applied, and this last reagent

ensures an exclusive splitting of an acetate in the presence of a benzoate function. For uronic acids, or oligosaccharides

containing uronic monomers, these methods are not always satisfactory because of the formation of elimination

products.95 In such cases, the acetates are removed with acids.42,240

A method for the regioselective cleavage of primary acetates employs an organotin catalyst.241 In the presence of

benzoates the acetyl groups are removed also under acidic conditions.6 When studying the O-deacetylation processes

in detail, it was observed that in the case of substances carrying isolated acetyl groups (i.e., those being separated by

impacted alkoxy or another acyloxy subtituents), the reaction is rather sluggish,131 or does not proceed at all.172,242

Such irregular Zemplén-deacetylations could be successfully included in the design of protecting group strategies in

oligosaccharide syntheses.

The ability of the acetyl group for an easy migration has already been mentioned. Such a migration

may occur from a secondary hydroxyl to a primary, and this should be taken into account in desilylation of
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4-O-acetyl-6-O-t-butyldimethylsilyl derivatives. Namely, upon the action of Bu4NF the acetyl group may migrate to

the liberated free hydroxyl function. Inmany cases such a migrationmay be prevented. An acylmigration easily proceeds

in cis-diol systems. Removal of the pentafluoropropionyl function of methyl 3,4,6-tri-O-acetyl-2-O-pentafluoropropio-

nyl- a-D-mannopyranoside ( 130) requires a proper selection of the conditions: with NaHCO3 in dioxane: split off of the

PFP group may be associated with subsequent acetyl migration (Figure 49).11

Upon cleavage of various N-protecting groups an O! N -acyl migration may easily occur. In the case of sialic acids

substituted with a trichloroethoxycarbonyl function (133 ), the acetamide derivative 134 carrying the OH at position

8 free is produced (Figure 50 ).243 A similar side reaction may also occur during reduction of an azido group.131
1.06.4.2.2 The benzoates
The benzoates possess similarly favorable properties than the acetates, except that they are not so ready for acyl

migration. The glycosidation reactions show higher yields with benzoylated glycosyl donors than with the respective

acetate analogs.

In contrast to the acetates, the benzoate esters are prepared with benzoyl chloride in pyridine. However, under

controlled conditions no complete benzoylation of all of the free hydroxyl groups is carried out. Upon benzoylation of

b-D-galactopyranosyl azide at �15�C, 95% of the 2,3,6-tri-O-benzoate was obtained.244 The benzoylations with 1-N-

benzoyloxy-benzotriazole proceed in a similar manner.245

For the regioselective benzoylation of a primary hydroxyl group benzoyl cyanide95,136 is generally employed, but

also a sufficient regioselection is provided with one equivalent of benzoyl chloride.131 In accordance to those described

for the acetylation, benzoylation of methyl 4,6-O-isopropylidene-a-D-galactopyranoside with benzoyl cyanide furn-

ished exclusively the 2-O-benzoate.138 The cleavage of orthobenzoates incorporating cis-vicinal diols is also an

excellent alternative for regioselective benzoylation:246,247 ethyl 6-O-benzyl-1-thio-b-D-galactopyranoside was

prepared by means of such a transformation of the corresponding orthobenzoate.136 The equatorial hydroxyl group

of diols was benzoylated with the intermediacy of a stannylene acetal (Figure 51).145

The anomeric hydroxyl on 137 can be benzoylated with 1-N-benzoyloxy-benzotriazole and the secondary OH does

not react.42,248 The benzoylation proceeds in a reverse way with benzoyl chloride leaving the anomeric hydroxyl group

free (140 , Figure 52 ). 19

The benzoates can be removed by the Zemplén-transesterification, or with ammonia in methanol.174 Debenzoyla-

tion with isobutylamine is also interesting from a practical point of view, since the produced amide can be removed by

extraction with ether.54 During O-debenzoylations the irregular Zemplén-cleavage was also observed.171



OO
O

OHR
HO

Y

X

OO
O

OBzR
HO

Y

X

O

OH
AcHN

HO

O
O

Ph

O

OH
AcHN

BzO

O
O

Ph

137 138

139 140

i

ii

Figure 52 Conditions: (i) BzOBT, Et3N; (ii) BzCl, Py,�25�C.

O
OBz

OH
HO

HO
CH3

O
OBz

OH
BzO

HO
CH3i, ii

135 136

Figure 51 Conditions: (i) Bu2SnO, MeOH; (ii) BzCl, DMF.

Protecting Group Manipulations in Carbohydrate Synthesis 231
1.06.4.2.3 The pivaloates
When a hydrolytic stability of an ester higher than that of the acetate group is desired, the pivaloyl ester might be the

candidate for choice. Since the carbonyl group of the pivaloates is difficult to attack because of steric hindrance, the

rate of hydrolysis is diminished. However, the utility of a pivaloyl ester as compared to an acetate is reasonable not only

due to its reduced readiness for removal, but also by that pivaloates are not as ready to migrate as the acetates. Also

steric factors explain the diminished formation of orthoesters from 2-O-pivaloates in glycosidation reactions.

The pivaloyl ester can be regioselectively introduced into the primary position with pivaloyl chloride in pyridine.132

In alkyl a-D-glucopyranosides a pivaloyl-substitution at O2 can also be effected.94 The use of pivaloic anhydride in

pyridine also results in regioselective reactions and by the addition of DMAP, the hydroxyls otherwise difficult to

substitute are also pivaloylated.120 Upon substitution of methoxyphenyl 2-deoxy-2-trichloroacetamido-b-D-glucopyr-
anoside (141 ), again a high degree of regioselectivity was observed (Figure 53 ).249

For the removal of the pivaloate esters methanolysis in the presence of bases (K2CO3, Bu4NOH, or DBU) is

offered.51
1.06.4.2.4 The levulinates
The levulinate esters become more and more widely used in oligosaccharide syntheses, and the reason for this is the

possibility of their selective cleavage with hydrazine acetate in the presence of acetates, benzoates, and even the more

sensitive chloroacetates.250 At the same time, these esters are stable under acidic conditions which remove the

chloroacetyl, Fmoc, and silyl protecting groups. Because of the complexity of the target molecules to be synthesized,

there is an increasing demand for synthons substituted with orthogonally removable set of protecting groups.251 The

properties of the levulinates correspond to such a requirement; thereby, these esters are emerging ideal in this field.
1.06.4.2.5 The carbonates
The application of cyclic carbonates for the protection of diols has already been mentioned in Section 1.06.3.2.

A growing, recent topic in this field is the utilization of the so-called mixed carbonates, carrying fluorenylmethox-

ycarbonyl and allyloxycarbonyl groups.252 Such type of a protection is primarily necessitated by the linear-type

glycosaminoglycan fragments, but the syntheses of branched-chain oligosaccharides also require orthogonally protected

building units. The first method is illustrated by the Boon’s set (143 , Figure 54 ).251
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The synthesis of oligosaccharides with multiple chain-branches is a great challenge to carbohydrate specialists. This

comes into the light when the discovery of the biological functions calls for the preparation of a great number

of differently branched oligosaccharides. An example, illustrating the foregoing problem, is the synthesis of the

(b1-3)-glycan fragments with (b1-6) branches for biological investigations. For this reason, a unique solution is offered

by the tetrasaccharide 144 protected with permanent benzyl and benzoyl, and temporary Fmoc, LevO, and Alloc

substituents (Figure 55).253
1.06.4.3 Acetals

1.06.4.3.1 Formation of acetals
In general, acetals (145 ) are the condensation products of oxo compounds and alcohols.

Since sugars are polihydroxy aldehydes and ketones they suit the purpose of both components (Figure 56). All of

the oligo- and polysaccharides belong to this group of compounds. Similar to glycosides, in the sugar oligomers and

polymers mixed acetal structures are present. Nature can produce oligosaccharide acetals in a classical sense, too (146 ,

Figure 57).254–258

For the preparation of carbohydrate acetals, generally the proper aldehyde or ketone, dialkyl acetal of these,

geminal dihalides, or the enol-ether (for acetonides) is used as reagent (Figure 58).1,2

The most common and often used acetals are the isopropylidene derivatives. As early as in, 1895 Emil Fischer

described the acetals formed from D-fructose and acetone. Mainly three reagents are used for their preparation:

acetone, 2,2-dimethoxypropane, and 2-methoxypropene, and the product distribution can vary substantially by

changing the reagents as shown in Chapter 4.01. Isopropylidene derivatives 19, 147 , and 148 are applied most

extensively by carbohydrate chemists (Figure 59).

In the case of galactopyranoside derivatives having primary hydroxyl free, the so-called mixed-acetal formation was

observed ( 149, Figure 60). 259

Later, this reaction was studied in detail,260,261 and it was applied for the synthesis of penta-,262 a hexa-,263 an octa-,

and two isomeric nonasaccharide264 fragments of arabinogalactans.



O

O
O

OHO

HO

HO

NHAc
HO

OH
HO

D-GalNAc-(1→4,6)-a-D-Galp-(1→

146

Figure 57 Naturally occurring sugar acetal.

R1

R1 R1 R1

R2

R2 R2 R2

O
R1

C

R2

OR3

OR4

H3C

MeO
CH2

R1

C

R2

Hlg

Hlg

H
H
Me
H
H
Ph
H
H
H

H
Me
Me
Et
Ph
Ph
PMB
NAP
ANT

Me
H
Ph
H
H
H
COOMe
Me

Me
Ph
Ph
PMB
NAP
ANT
Me
Ph

H
Ph
Me

Ph
Ph
Ph

Figure 58 Acetalating reagents.

R1

R2

O
R3 OH

R4 OH

R1

C
R2

OR3

OR4
+ + H2O

145

Figure 56 Formation of acetals.

Protecting Group Manipulations in Carbohydrate Synthesis 233
Using theMIP technology the preparation of hexakis-, heptakis-, and octakis [2,6-di-O-(methoxydimethyl)methyl]-

a-, b-, and g-cyclodextrins was accomplished,265 and the six C3-hydroxyl groups were benzylated to obtain the hexakis

(3-O -benzyl)-a-cyclodextrin ( 151 , Figure 61 ).266

When using isopropylidene-protected acceptors in glycosylations, one should be aware of the possibility of acetal

migration.267

Of the aromatic aldehydes benzaldehyde, p-methoxybenzaldehyde, 2,4-dimethoxy-benzaldehyde, p-acetoxyben-

zaldehyde, and o-nitrobenzaldehyde, their dimethoxyacetals and their geminal dihalogeno derivatives are the most

widely applied acetalating agents for sugar derivatives. Recently, the halogenated aldehydes, that is, chlorinated,

brominated, and even iodinated aldehydes are also used.268 The free oxo compounds and their dialkoxy acetals react

with 1,3-diols or with 1,2-vicinal diols under acid catalysis and the products are dioxane- and dioxolane-type acetal

derivatives. The last ones are present as diastereoisomers.

The acetals can be removed by acid hydrolysis, by catalytic hydrogenolysis, or under oxidative conditions (NBS,

DDQ, CAN).269 Transacetalization can also be a choice from the strategies.

Recently 2-naphtaldehyde, 9-anthraldehyde, benzophenone, and 9-fluorenone are also well-established reagents in

carbohydrate chemistry. Themain advantage of their use is that they are crystalline, and possess strong UV-absorbance
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and fluorescence. These acetals can also be cleaved by various ‘mixed hydrides’ and the ring opening reactions show

important regio-, stereo-, and chemoselectivity.

The protection of vicinal cis diols as acetals can be accomplished easily. However, for the protection of trans

diols application of dispiroketal (dispoke) and 1,2-diacetal groups270–274 is needed. For the selective protection of

trans-diequatorial vicinal diols, the following groups were used: cyclohexane-1,2-diacetal (CDA); butane-1,2-diacetal

(BDA); 1,1,2,2-tetramethoxycyclohexane; 3,30,4,40-tetrahydro-6,60-bis-2H-pyran (bis-DHP); and additional two chiral

C2 -symmetric bis-DHP ( 153, Figure 62).

The formed diacetals and dispiroketal derivatives are stable compounds and suitable for different chemical

manipulations, such as substitutions or even for synthesis of oligosaccharides. A trirhamnoside 158 (Figure 63 ) and

an inositol-containing pseudopentasaccharide were also prepared.

The application of these groups has been reviewed.80,270
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1.06.4.3.2 Reductive cleavage of dioxane-type benzylidene acetals into benzyl ethers
Simple, nonsugar acetals were treated with mixed hydrides, for example, di-isobutylaluminium hydride,275 decabor-

ane,276 tetra-alkyl silanes,277 a mixture of LiAlH4 and Lewis acids,278–282 (BF3, AlCl3), and borane283 to result in either

ethers and alcohols, or in hydroxyethers.

Ashby and Prather284 demonstrated that from LiAlH4 and AlCl3 three different reagents, alane, chloroalane, and

dichloroalane, are formed (Figure 64).

All three mixed hydrides are hydride donors and at the same time Lewis acids. Gorin et al.285–288 were the first

who used these reagents for the cleavage of sugar acetals. These authors observed that during the hydrogenolysis of

2,3-disubstituted 4,6-O-benzylidene hexopyranosides a mixture of 4-O- and 6-O-benzyl ethers were formed, and in the

case of the dioxolane-type acetals, again a mixture of the two regioisomers was produced. They also demonstrated that

the investigated acetals showed rather different reactivity: cyclic orthoester>isopropylidene>cyclohexylidene>

benzylidene>ethylidene>propylidene>methylene acetals represented a stability sequence.

In early 1970s Lipták et al. investigated289 the regioselectivity of the cleavage of the 4,6-O-benzylidene ring

and observed that the product distribution of the reaction is determined by the steric bulk of the O3

substituent (Figure 65).290 The reaction was studied with gluco-,289,291–299 galacto-,292,295,297,300 and mannopyrano-

sides,292,297,301,302 as well as with 3,5-O-benzylidene-xylopyranosides.303,304

The reaction worked also in the case of persubstituted 40,60-O-benzylidene-cellobio-,-malto-,-lacto-, and allolacto-

biosides.305 The direction of the acetalic ring cleavage with dichloroalane is independent of both the anomeric

configuration and the bulkiness of the aglycons. The reaction is also useful for thioglycosides.306 The limitation of

this process is that it interferes with ester, amide, or imide substituents.

These reactions can be performed in ether-dichloromethane (1:1) at reflux temperature (40–42�C) and the reaction

time is 1.5–2h. Acetals of 4-methoxybenzaldehyde were also opened with LiAlH4-AlCl3.
307
1.06.4.3.3 Regioselective hydrogenolysis of dioxane- and dioxolane-type benzylidene acetals
The LiAlH4-AlCl3 reagent was successfully applied in carbohydrate chemistry, and after its 10-years’ use a wonderful

breakthrough emerged by the introduction of the NaCNBH3 – HCl – MeOH reagent system, which was first applied

for the phenylethylidene acetal of ethylene glycol by Horne and Jordan308 (Figure 66).

The Garegg’s group309–312 contribution to this field initiated the ‘chain reaction’ of application of ring opening of

acetals in oligosaccharide syntheses (Figure 67). New reagents, different solvents and conditions have been worked

out to govern the regioselectivity of the ring cleavage (Table 1). Not only sensitive alkyl and aryl groups, but also

esters, amide, and imide functionalities survived the applied reaction conditions.

It is to be mentioned that not only new reagents were introduced into carbohydrate chemistry, but also new acetals

were found to be excellent starting materials to obtain valuable ethers. It is impossible to show here all of the acetals

which were cleaved into sugar ethers, thus only those are discussed which obtained wide application in preparative

carbohydrate chemistry, and these very promising tools are O-(2-naphthyl)methylene-,313–316 and 4,6-O-(9-antracenyl)

methylene-317 acetals. The ring cleavage of these acetals follows the same regioselectivity observed for the benzyli-

dene acetals. The formed ethers, except the O-allyl derivative, can be removed in the usual way (acid hydrolysis,
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catalytic hydrogenolysis, oxidative cleavage (CAN and DDQ), dichloroalane, etc.). Especially the NAP (the NM

abbreviation is also used) ethers were shown up with outstanding capabilities in the field of the syntheses of complex

oligosaccharides.42,191,318

The vicinal OH groups of cyclic sugars react with benzaldehyde to give dioxolane-type benzylidene acetals which

exist in two diastereoisomeric forms.330 These isomers can be separated mainly bymeans of fractional crystallization or

chromatography, and the absolute configuration of the isolated products can be determined by 1H- or 13C-NMR331

spectroscopy.

Both isomers of benzyl 3,4-O-benzylidene-b-D-arabinopyranoside, methyl and benzyl 2,3-O-benzylidene-a-L-rham-

nopyranoside,332 benzyl 3,4-O-benzylidene-b-, and allyl 3,4-O-benzylidene-a-D-galactopyranoside333 were character-

ized and hydrogenolyzed with AlH2Cl. The hydrogenolysis showed a very common pattern (Figure 68); all exo-phenyl

isomers (170 ) afforded axial hydro x yl/equatorial O -benzyl compounds (171 ) and all endo -phenyl isomers ( 172)

furnished axial O-benzyl/ equatorial hydroxy stereoisomers (173 ). This is a general rule and the product distribution

is independent of the reagent used.

Today a rich arsenal of benzylidene ring opening reagents is available. For practical usage one can refer to the ‘3X’

rule of thumb (exo gives axial hydroxyl).334

The importance of the configuration concerning the direction of the dioxolane ring opening can be demonstrated by

the example of the hydrogenolysis of methyl 2- O-benzyl-endo -( 175) and methyl 2-O -benzyl-exo -3-O -4-S-benzylidene-

4,6-dideoxy-4-thio- a- D-galactopyranoside 335 (174 , Figure 69).
Both reactions led to the same S-benzyl derivate (176 ), and no O -benzyl isomer was detected either by GLC or

TLC. Although an endo! exo isomerization could not be observed, it is assumed that such an isomerization must be a

very slow process, and the isomerized compound was cleaved in an extremely fast reaction. These findings thus

provided a method for the selective S-benzylation of glycopyranosides containing cis-oriented SH and OH groups.
1.06.4.3.4 Hydrogenolysis of molecules carrying dioxane and dioxolane rings
When both cis vicinal diol and 1,3-diol are present on the molecule, two acetal rings can be introduced: one dioxane

and one dioxolane-type acetal. The dioxolane-type ring may exist in exo/endo isomeric forms, that is, methyl a-D-
mannopyranoside gives two diastereoisomers (Figure 70); methyl endo -2,3:4,6-( 177 ) and methyl exo -2,3:4,6-di- O -

benzylidene- a-D -mannopyranoside ( 178). 336 Treatment of the endo -isomer with 1.25 equivalents of AlH2Cl gave

methyl 2-O-benzyl-4,6- O-benzylidene- a- D-mannopyranoside (179 ); however, the exo -diastereoisomer afforded methyl

3- O-benzyl-4,6- O-benzylidene- a-D -mannopyranoside ( 180 ).337 Thus, these acetals reacted chemoselectively – the

dioxane ring did not take part in the reaction – and the dioxolane rings were opened in a stereoselective manner.

A similar pathway could be observed also in the case of the diacetals of benzyl a-D-mannopyranoside, and these

products of the ring cleavage played an important role in the synthesis of D-mannose-containing trisaccharides.337

In the dioxolane-type acetals, where the two secondary OH groups are involved in the ring formation, the electron

density of the two oxygens is nearly the same. This is not valid for the 1,2:4,6-di-O-benzylidine-a-D-glucopyranose
(181 and 182, Figure 71) isomers,338,339 since the electron density of the two oxygens of the dioxolane skeletons is

different. The anomeric oxygen bears a leaving group character, and O2 is an oxygen of a secondary OH group.



Table 1 Currently used reaction conditions to hydrogenolize sugar 4,6-O-benzylidene acetals into 6-OH and 4-OH sugar

derivatives

Lewis/protic acids Hydride donor Solvent Free OH References

AlCl3 LiAlH4 Et2O-CH2Cl2 (1:1) 6-OH 319

CF3COOH NaCNBH3 DMF 4-OH 320a

Me3SiCl NaCNBH3 CH3CN 6-OH 320a

Ph2BBr BH3�THF 6-OH 321

CF3COOH Et3SiH CH2Cl2 4-OH 322

BF3�OEt2 BH3�Me2NH CH3CN 4-OH 323

BF3�OEt2 BH3�Me2NH CH2Cl2 6-OH 323

TiCl4 Et3SiH CH2Cl2 (�78�C) 6-OH 324

BF3�OEt2 Et3SiH CH2Cl2 4-OH 325

Me2BBr BH3�Me3N 6-OH 326

BF3�OEt2 Et3SiH CH2Cl2 4-OH 327b

M(OTf)n BH3 THF 6-OH 328c

Bu2BOTf BH3 THF 6-OH (0�C) 329a

Bu2BOTf BH3 THF 4-OH (�78�C) 329a

ap-Methoxybenzylidene acetals were cleaved.
bo-Nitrobenzylidene acetal.
cV(O)(OTf )2; Sc(OTf )3; Pr(OTf )3; Nd(OTf )3; Sm(OTf )3; Eu(OTf )3; Gd(OTf )3.
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OO
O

OMe
BzO

BzO

Ph OHO
BnO

OMe
BzO

BzO

O
OMe

BnO
BnO

O
O

Ph

O
OMe

BnO
BnO

OBnOH

O
OMe

BnO
BnO

OHBnO

165

167 168 169

166

i

ii iii

Figure 67 Conditions: (i) NaCNBH3, HCl, THF; (ii) Me3N.BH3, AlCl3, THF; (iii) Me3N.BH3, AlCl3, toluene.

Protecting Group Manipulations in Carbohydrate Synthesis 237
During the hydrogenolysis of 1,2-O-benzylidene glucopyranoside derivatives either the C–O1 (exo isomer) or the

C–O2 bond (endo isomer) was cleaved, similarly to that of the dioxolane-type acetals formed from secondary sugar

OH groups.

Hydrogenolysis of 1,2-O-benzylidene-D-gluco-339 or -D-mannopyranoses338 was also investigated by Japanese

authors, using Et3SiH-TFA in dichloromethane, BH3�THF-TMSOTf in THF, and NaBH3CN-TMSCl in

acetonitrile.
1.06.4.3.5 Hydrogenolysis of symmetrical ketals
The dioxolane-type acetals and their hydrogenolysis can provide very valuable partially protected building blocks

either for oligosaccharide syntheses or sugar transformations. The only problem that sometimes emerged is the

separation of the diastereoisomers or the regioisomers of the hydrogenolyzed, partially protected ether derivatives.
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This enforced to approach the problem of the synthesis of partially protected sugars from the side of the symmetrical

ketals. Two ethers were studied: the diphenylmethyl- and the 9-fluorenyl ether which were known in the literature.

The preparation of the acetals could be solved at the very beginning by using dichlorodiphenylmethane340
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or 9,9-dichlorofluorene 341 in dry pyridine at reflux temperature. The acetals of 6-deoxyhexopyranosides (185 , 187), or

acetals of pentopyranosides carrying one free OH group were reacted with chloroalane to obtain axial ethers (186 , 188 )

in nearly quantitative yield (Figure 72).

A similar reaction was observed in the case of 6-deoxytalopyranoside ( 189) or with the arabinopyranoside 191 , too

(Figure 73).

Another observation came also to the light: dichloroalane (AlHCl2) splits both ether groups formed, namely the

diphenylmethyl and the 9-fluorenyl, and this was successfully utilized for the synthesis of trisaccharide part of the cell-

surface phenolic glycolipid of Mycobacterium leprae (Figure 74).342

Investigation of the reactivity of the completely protected ketal derivatives provided a great surprise: the stereo-

selectivity of the ring cleavage with these compounds disappeared completely (Figure 75).

Comparing the product distribution of the diphenylmethylene acetals with that of the fluorenylidene derivates an

important difference can be taken into account (Figure 76).

In flexibile systems, such as the diphenylmethylene acetals, one of the two oxygens of the dioxolane rings can be

readily approached, the other is located in an overcrowded site of the molecule. In the case of the above molecules this
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site is the region of the O2. In the more rigid fluorenylidene system both oxygens of the dioxolane ring are

approachable at O2 and O3, thus the ratio of the two formed ether isomers is nearly the same.

In the case of the free OH-containing dioxolane derivatives (Figure 77) the OH group reacts with the basic AlH2Cl,

and the oxygen of the dioxolane ring will donate its nonbonding lone pair to form a dioxy-aluminate complex (206 ). 343

In the presence of water this complex will decompose to give the ether ( 207 ) which is far from the free oxygen.
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1.06.4.3.6 Oxidative cleavage of dioxane- and dioxolane-type benzylidene acetals
For the oxidative opening of the benzylidene acetals there are two very useful and often applied methods, and

both work with NBS. The first one needs a dry CCl4 solution and the product is a 6-bromo-6-deoxyhexopyranoside

(Figure 78).344
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This procedure, among others, worked well to prepare methyl ethers of D-quinovose. The second process requires

some water, and the dioxolane-type acetals afford equatorial OH/axial OBz compounds (Figure 79).345
1.06.5 Protection of Amine

Amino-deoxy modification of mono-, oligo-, and polysaccharides is ubiquitous among glycan chains of different

glycoconjugates.346,347 The amino function in these structures is free, acetylated, sulfated, or esterified with long

chain fatty acids. Of the amino-deoxy sugars, the 2-acetamido-2-deoxy derivatives form an important group. N-Acetyl

glucosamine or galactosamine are constituents of O- and N-glycoproteins. They can be found a- or b-linked in these

structures. Glycosyl bond formation with donors derived from above-mentioned sugars generally occurs by neighbor-

ing group participation, the result of which is the formation of 1,3-oxazoline.348 This oxazoline is rather stable and does

not exert strong glycosyl donor properties even under strong acid catalysis. (We have to add here, that efficient

synthesis of single glycosides of 2-acetamido-2-deoxy-b-D-glucopyranosides using furanosyl oxazolines was reported

recently.349) Therefore, the synthesis of 2-acetamido-2-deoxy-sugar-containing oligosaccharides requires masking or

effective protection of the amine nitrogen.350

Generally three strategies are used in the synthesis of N-acetyl-glycosamines (Figure 80).

1. Themost frequently used approach is the protection in a form of amide, imide, or carbamate. The advantage of this

approach is that by the selection of the protecting group, controlling the yield and stereoselectivity of glycosylation

is possible. Following the glycosylation, deprotection and subsequent N-acetylation is required (with the risk of

O ! N-acyl migration) (Figure 80 , group 212 ).

2. In another approach, the N-acetyl functionality is retained in the activated species (the glycosyl donor). The

advantage of this approach is that the liberation of the amino function is unnecessary, therefore by-products

resulting from O !N -acyl migration or lactam formation are excluded. Members of this group are the N,N -diacetate

or N -acetyl-N -butoxycarbonyl derivatives ( Figure 80, group 213 ).
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3. This approach of masking of the amino function, mainly in form of azido group, is used particularly in the synthesis

of 1,2-cis 2-amino-2-deoxy sugars, since azide is considered as a nonparticipating group. Oximes can also be used for

this purpose. An important member of this group is the protection as trichloroacetamide, which can be converted

reductively, directly to acetamide ( Figure 80 , group 214 ).

Synthesis of oligosaccharides of 2-amino-2-deoxy sugars, and the N-protecting groups employed in carbohydrate

chemistry has been reviewed.348 Here, only the most frequently used N-protecting groups will be discussed.
1.06.5.1 Amides

To overcome the formation of the unreactive oxazoline intermediate, and to facilitate the deprotection, strongly

electron-withdrawing trifluoroacetyl and trichloroacetyl groups were applied for the protection of amine. Both

groups can be introduced in good yield using the proper anhydride and bases like triethylamine, pyridine, or

Hünigs-base in dichloromethane. The trifluoroacetyl group is typically cleaved by alkaline hydrolysis, employing

NaOH, KOH, or LiOH.15 The trichloroacetyl group has been extensively used for the synthesis of fragments of

glycosaminoglycans.131,132,173,213,249,351 Its participating-group character ensures good 1,2-trans selectivity in glycosyla-

tions and for the deprotection no basic or alkaline conditions are needed. It is converted in a radical reaction directly to

the acetamide, using tributylstannane and AIBN (Figure 81). This feature is extremely useful in cases when uronic

acids are present in the molecule, since elimination by-products can be formed during the deprotection reactions with

bases.95 Alkaline hydrolysis on the trichloroacetamides was also reported.131
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1.06.5.2 Imides

The classical solution of the problem of oxazoline formation in glycosylations is application of phthaloyl protecting

group.348 The N-phthalimido sugars can be readily obtained from aminosugars by treatment with phthaloyl anhydride

in the presence of base, followed by peracetylation. (Closure of the phthalimido ring occurs during the acetylation

step.) The success of this method relied on the tendency to form the 1,2-trans glycosides, which was attributed to the

steric hindrance. After the glycosylation step, the deprotection of the phthalimido function can be achieved by

hydrazinolysis in ethanol at reflux, butylamine, hydroxylamine, or methanol saturated with ammonia.223 Here is

also the limitation of its use, since these are rather harsh conditions, not always tolerated by uronic acid-containing

structures or glycopeptides. This drawbackwas eliminated by the introduction of the tetrachlorophthaloyl (TCP) group

to carbohydrate chemistry.352 Electron-withdrawing groups on the aromatic ring facilitate the removal, and at the same

time this does not inhibit neighboring group participation, which is a crucial requirement for the synthesis of 1,2-trans

linkage. For the deprotection of NTCP group limited amount of ethylene diamine was used, and as a proof of the

mildness of the deprotection; Figure 82 shows that under these conditions the isolated acetyl group survived (219 ).
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The increased lability of the TCP-protection should be kept in mind when performing ‘routine synthetic steps’ as

Zempén deacetylation, since cleavage of the imide can occur.353

Other cyclic N,N-diacyl groups (Figure 83), such as DTS (dithiasuccinyl), DMM (dimethylmaleoyl), TDG

(thiodiglycolyl), DPM (diphenylmaleoyl), DG (diglycolyl), and DMG (dimethylglutamyl) were developed and

studied extensively in glycosylations by Schmidt et al.354
1.06.5.3 Carbamates

N-Alkoxycarbonyl derivatives of 2-amino-2-deoxy-sugars have been used as valuable glycosyl donors.348 It

was anticipated that these protecting groups could be involved in C2 anchimeric assistance to afford cyclic

azadioxocarbenium intermediate, which ensures good 1,2-trans selectivity in glycosylations. When the alkyl group

of the carbamate function was able to accommodate a positive charge (All or Bn) formation of an oxazolidinone

by-product can be observed. The first example reported in the literature was glycosylation with 3,4,6-tri-O-acetyl-

2-(benzyloxycarbonylamino)-2-deoxy-a-D-glucopyranosyl bromide donor. Application of the carbamates for the

N-protection was naturalized since then. They allow chemoselective preferential deprotection, and therefore

are well suited for application in orthogonal protecting group sets. The most frequently applied groups are

the Troc (trichloroethoxycarbonyl),355 the Boc (butoxycarbonyl),14 the Fmoc (fluorenylmethoxycarbonyl),356 and

the Alloc (allyloxycarbonyl).357
1.06.6 The Protecting Groups Are not Just Passive Bystanders

The protecting groups primarily serve for the blocking of a given functional group in participating in different

transformations. At the same time it is important to consider, that with the protection, the reactivity, sometimes the

conformation, spectral properties, or solubility in organic solvents, of the whole molecule is altered. By utilizing these

effects consciously in designing the synthetic strategy, the effectiveness can be improved considerably. It is possible to

use labelled protecting groups for quantifying the progress of a reaction, or use more lipophylic protecting groups to

help the purification. Protecting groups can be used also for holding glycosyl donor and acceptor in close proximity,

thus limiting the conformational space of the reacting centers. The intramolecular aglycon delivery (IAD)358 or

anchored glycosylation approach359,360 is used successfully to control stereoselectivity of glycosylations.
1.06.6.1 The Effect of the Protecting Group on the Reactivity

A final effect on the reactivity of a molecule is always the resultant of the effects exerted by all of the substituents. The

influence of the protecting group pattern on reactivity of the glycosyl donors (and acceptors) has been known. This

observation was effectively used in ‘armed–disarmed’ glycosylations.361 As no general standardized glycosidation

procedure exists, it is difficult to conclude general rules for such reactions, since their outcome is severely influenced

by several factors, including the structure of the donor and the acceptor, the protecting groups, the mode of activation,

the solvent and reaction temperature, etc. One of the few data sources is that given by Wong et al.,21,362,363 which

provides numerical data for the reactivity of a donor towards the same individual acceptor. Using these relative

reactivity values it is possible to design the proper glycosyl donor and acceptor. This method is successfully used for

synthesis of complex oligosaccharides.

In the following, the protecting groups are organized according to their chemical structures, and their effects and

influence on the reactivity of the molecule, as a whole, is illustrated through a few examples.

In general, the reactivity of the glycosyl donors and acceptors substituted with ester groups is much lower than that

of the alkylated analogs. Thus the question emerges: why do chemists still apply esters so widely in saccharide

syntheses? There are various reasons, and one of these is the influence of the acyl groups of the donors on the

stereoselectivity of the glycosidation. A general rule is that if the glycosyl donor is protected with a C2 ester function

(221 , Figure 84 ), the oxygen of the ester-carbonyl participates in the stabilization of the generated anomeric cation

with its lone electron pair, so an attack at the formed dioxolenium ion (223 ) from the a-side is sterically hindered.
Thus, the ester function is a so-called participating group.

From this mechanism it is clear that the nucleophile may also attack at the carbon atom of the carboxyl group to

form an orthoester (225 ), which is a by-product in various glycosidations. Since during orthoester formation the

hybridization of the carbon changes and the steric hindrance is also enhanced, an exchange of the R group fromMe to

CMe3 (change of the acetyl to pivaloyl) significantly suppresses the formation of the orthoester.
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In many cases the use of a benzoate instead of acetate results in the increase of the yield,28,171,364 and this is further

improved by the application of a p-nitrobenzoate at position O2, without any change in the stereoselectivity of the

glycosidation. This is explained364 by the strong electron-withdrawing effect of the p-nitrobenzoyl group. At the same

time, no such neighboring-group participation is in operation in the case of the electron-withdrawing trichloroacetyl365

or pentafluoropropionyl11 substituents. Similarly to the O-acetyl group, analogous neighboring-group participation

occurs with 2-NHAc366 and 2-SAc26 substituents. Naturally, a similar effect also appears367 with noncarbohydrate

substances.

Ester groups located in a longer distance from the anomeric center can also be participating groups, and several

examples for such long-distance interactions exerted by ester groups at carbons C3 (228 , Figure 85 ),368 C439,369, 370

and C639,371 have been reported.

One of these examples is the synthesis of oligosaccharides carrying an a-fucoside linkage by means of an extremely

selective coupling with 2,3-di- O -benzyl-4-O-benzoyl-fucopyranosyl fluoride (230 ), and the high stereoselectivity is

attributed to the remote participation of the 4-O-benzoyl function372 (Figure 86).

The ether groups usually enhance the reactivity of both the glycosyl donor and the acceptor.38 In practice it is clearly

manifested in that the fully acylated glycosyl donors can be kept without decomposition for a longer time (even at

room temperature). However, the perbenzylated donors must be prepared straight prior to use, because of the danger
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of a possible decomposition. The ether functions are nonparticipating groups: they do not exert such neighboring-

group participation that is observed for the ester derivatives. This is even desired in syntheses of the 1,2-cis-glycosides.

However, the lack of directing does not necessarily mean that anomeric mixtures are formed with ether derivatives. In

most of the cases good selectivity is observed,373 since the steric outcome of the reactions is influenced by another

factors, as well. The bulky silyl functions influence the stereochemistry of the glycosidic couplings by changing the

conformation of the sugar ring.35

The effect of the acetal groups on the regio- and stereoselectivity is in connection with steric factors. Such an effect

may be strong enough to extinguish the directing force of the participating groups at C2.19,249

In the case of galactopyranosyl donors protected with 4,6-O -benzylidene (231 , Figure 87) or 4,6-di- t -butylsilylene

acetals the a-selectivity of the glycosidation is extremely high. In contrast, the donors with gluco configuration always

furnish b-glycosides.28,374,375

The steric bulk of the acetals influences not only the stereochemistry of the reactions, but also the regioselectivity

of the coupling – in case if the acceptor is substituted with an acetal. Upon glycosidation of methyl 4,6-O-benzylidene-

a-D-glucopyranoside with a bulky donor, the stereochemical outcome showed the favor of an attack at the less-hindered

OH-2.30 Such an effect was also observed when the product-distribution of the glycosidations of galactopyranosyl

acceptors protected with di-t -butylsilylene acetals was investigated (232 , Figure 87). 29

The influence of the acetals on the reactivity is attributed not only to steric effects. Since these fused structures

represent quite rigid ring-systems, the acetals also influence the reactivity of the anomeric center. Ley and co-workers

have reported that the reactivity of thioglycosides protected with dispiroketals or cyclohexane-1,2-diacetal is lower

than that of the alkylated derivatives.271,376

Neighboring-group participation involving an amide group at carbon C2 has already been mentioned. To illustrate

that such an N-protecting group influences the reactivity not only if present in the glycosyl donor but also when

located in the acceptor molecule, two examples are given, as follows. In the case of a 2-acetamido-2-deoxy-galacto-

pyranosyl acceptor the reactivity of the C3 hydroxyl group was comparable to that of the primary hydroxyl group –

perhaps due to the effect of the NHAc function.377 At the same time, the fairly low reactivity of the C4 hydroxyl group

of the 2-acetamido-2-deoxy-glucopyranosyl acceptors is well known. By changing the N-protecting group, a significant

increase in the yield of glycosylation was observed.221

The influence of the N-protecting groups on the reactivity and stereoselectivity was investigated with sialyl donors,

and the order of the reactivity observed was: NHTroc>NAcAc, NBoc,Ac>NHTFA.221,243
1.06.6.2 Protecting Groups Encouraging Structural Elucidations

In many papers one can read that ‘‘in order to convincingly prove the regioselectivity of the reaction the product was

acetylated and full 1D and 2D analyses of the NMR spectra were accomplished’’. Naturally, a protecting group should
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be well-detectable and should help in the investigation of the structure of the substrate molecule. This means that no

signals due to the protecting groups should appear in the regions of the 1H and 13C NMR spectra where the signals

characteristic of the protons and carbons of the carbohydrate skeleton are detectable, or at least no overlapping of

the related signals should occur. For this reason the acetyl group is the most suitable of the acyl protecting groups.

Upon acylation, the skeleton-protons of carbohydrates suffer downfield shifts, which makes their assignment easier, at

least for a certain chain-length, and also ensures an accurate determination of the NMR coupling constants. In

addition, the acetyl signals do not overlap the proton and carbon signals of the sugar skeleton. This is not valid for

the benzylated derivatives: sometimes it is impossible to assign the skeleton-protons in the jungle of the benzyl-

methylene signals.

In the last few years a sudden breakthrough happened in the field of solid support oligosaccharide syntheses.378

This called for the elaboration of new, quick, and reliable methods for monitoring of the glycosidations without

cleavage of the growing chain.379 For the quantitative examination of the oligosaccharide syntheses, the NMR

techniques are most frequently used. The following two methods are based on the application of specific protecting

groups.
1.06.6.2.1 13C-labelled protecting groups
Kanie et al. used the inverse gated decoupling 13C NMR technique for quantitative monitoring of glycosidations on

solid support.379 To obtain a sufficient sensitivity, 13C-labelled protecting groups were applied. The effectiveness of

this method was demonstrated by the solid support synthesis of the sialyl Lewis X (SLex) tetrasaccharide. Glycosyl

donors carrying permanent benzyl ethers and 13C-labelled temporary acetyl groups were prepared, and in the case of

sialic acid the carboxyl function was protected with a 13C-labelled methyl ester. As an internal standard the carbonyl

group labelled at the linker with 13C was applied, and the intensity of the signal of this was latter compared to that of

the labelled block. (If the ratio of the integrals of the two signals is 1:1, the conversion is 100%.) When the conversion

is acceptable, the temporary 13C-acetyl group can be removed, and the next labelled monomer can be coupled to this

acceptor (Figure 88).
1.06.6.2.2 Protecting groups labelled with fluorine
Kihlberg applied a wide variety of fluorine-containing protecting groups for quantitative monitoring of glycosidations

on a solid support.380,381 The principle of this strategy is practically the same to that of the previous method: the signal

of the internal standard (F-labelled linker) is to be compared to that of the labelled donor. For transformation to an

acceptor it is not necessary to split off the labelled protecting group, it is still suitable if the next donor possesses a

different fluorinated protection. This is because the signals of the generally employed fluorine-labelled protecting

groups (benzyl, benzoyl or benzylidene, carrying the fluorine substituent at ortho-, meta- ,or para-position) appear with

different chemical shifts in the F-scale of NMR, and thus no overlapping of the signals is possible (Figure 89).

A further advantage of this methodology is the sensitivity (the natural abundance of 19F is 100%), and the labelling

reagents are readily available. It is also to be noted that the 13C-labelling technique does not provide information on

the stereochemistry of the glycosidation steps. At the same time, examination of the splitting of the NMR signals of

certain fluorine-containing groups allows to make conclusion on the stereochemical outcome of the reactions (pure

anomer, or a/b-mixture).
O
X

O

13C

O

HO

O

HO

13C

O

O
O

X

i, Coupling
ii, Deprotection of 13C Ac

O

13

OO

13

+

Figure 88 Monitoring glycosylation on solid support using 13C-labelling.



Protecting Group Manipulations in Carbohydrate Synthesis 249
The substances carrying labelled protecting groups are suitable not only for quantitative analytical purposes; by

applying 13C-labelled benzoates, Crich obtained a proof for the anchimeric assistance of the 2-O-benzoyl group by

means of an NMR spectroscopic method. Namely, upon anomer-activation the carbonyl signal of the produced

dioxolenium ion suffered a significant downfield shift (Figure 90).23

1.06.6.3 Protecting Groups Facilitating the Work-up Procedures

Protection of the hydroxyl or amino groups of carbohydrates enhances the hydrophobic character of the molecule,

therefore the loss upon extractive workup decreases, and the chromatographic purification is also simpler. In the

design of the synthesis of partially protected saccharides, selection of the protecting group is of high importance. For

example, due to its higher hydrophobicity, for the regioselective 3,4-O-acetalation of galactose the cyclohexylidene

acetal is more preferable77 than the isopropylidene group. Such considerations are even more appreciated in the field

of aminodeoxy sugars, where the character of the amino group decisively influences the solubility of the molecule. For

this reason, in the case of sialyl donors the N,N-disubstituted analogs are more preferable to the monosubstituted

derivatives.

1.06.6.3.1 Lipophilic protecting groups
The workup of glycosidation reactions carried out in solution can be facilitated by the application of lipophilic groups,

and – as shown by Sweeley382 and Hindsgaul383 – the aglycon may serve this purpose. After coupling, the target

compound could be separated from the polar by-products on a C18 column. Pozsgay also followed this strategy by

employing p-(dodecyloxybenzyl) protecting groups at the donor (Figure 91), which allowed a convenient separation

of the products and the by-products on a C18 column.384
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1.06.6.3.2 Fluorinated protecting groups
An additional strategy for the isolation of the glycosylated products from the reaction mixtures is the application of

fluorinated protecting groups and solvents. Highly fluorinated compounds are extremely soluble in fluorinated

solvents, and since such solvents do not admix with the common organic solvents, the fluorinated substances will

be dissolved in the fluorinated solvent on the basis of a simple solvent-distribution principle (Figure 92).

By utilizing this methodology, Miura et al.385 employed fluorine-containing protecting groups at the glycosyl

acceptor, and this way a fast and convenient procedure for the synthesis of certain types of oligosaccharides was

elaborated (Figure 93). Since the fluorinated protecting group was located at the acceptor, the reaction could be

directed to completion by means of the addition of a large amount of the glycosyl donor. The fluorinated target

disaccharide and the by-products were then dissolved in the fluorinated solvent and in the common organic solvent,

respectively, permitting a convenient separation (or even recycling). If necessary, this process can be repeated until

reaching a desired chain-length, and the fluorinated protecting group is split off from the product.
1.06.6.3.3 Catch-and-release purification
Fukase et al. developed their strategy on the basis of the use of the 4-azido-3-chlorobenzyl protecting group.386

Following glycosidation in the solution phase, these derivatives could be separated from the by-products in the form of

iminophosphoranes linked to a solid support. The pure, target compound was then removed from the solid support by

means of DDQ oxidation (Figure 94).

Concerning facilitation of the work-up procedures, the solid-phase support materials378 can also be regarded as

specific protecting groups, since for the linkers ensuring coupling to a solid support the same principles must be valid
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Figure 92 (i) Byproducts of the glycosylation-soluble in organic phase; (ii) fluorinated product soluble in fluorinated
solvent.
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which were discussed in the sections treating the permanent and temporary protecting groups. From different

kinds of solid support material used in the synthesis of oligosaccharides, the poly(ethylene-glycol)-based strategy is

highlighted here. (A whole chapter is devoted to the solid supported synthesis in carbohydrate chemistry with detailed

information ondifferent supportmaterials, strategies, and results achieved in this field.) Since the earlywork ofKrepinsky

et al.,387 the PEG-based strategy was successfully applied for the chemical,388–391 and chemoenzymatic392,393 synthesis

of different oligosaccharides. The advantage of the low molecular weight PEG is that it is soluble in solvents used

for the couplings (usually dichloromethane), and can be precipitated by adding diethyl ether, or tert-butyl methyl

ether. Thus, after the reaction is completed, the PEG-bound product is precipitated and separated easily from the

nonpolar impurities in the mixture. The more-polar contaminants (if present) are removed by simple crystallization of

the PEG-bound product from ethanol. A further advantage of the original method, where the PEG-monomethyl ether

was used, was that the signal of the single OMe-group of the support could be used as an internal standard for the

monitoring of the reaction course by NMR spectroscopy.
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307. Joniak, D.; Košı́ková, B.; Košáková, L. Collect. Czech. Chem. Commun. 1978, 43, 769–773.

308. Horne, D. A.; Jordan, A. Tetrahedron Lett. 1978, 16, 1357–1358.

309. Johansson, R.; Samuelsson, B. J. Chem. Soc., Perkin 1, 1984, 2371–2373.

310. Ek, M.; Garegg, P. J.; Hultberg, H.; Oscarson, S. J. Carbohydr. Chem. 1983, 2, 305–311.

311. Garegg, P. J.; Hultberg, H.; Wallin, S. Carbohydr. Res. 1982, 108, 97–101.

312. Garegg, P. J.; Hultberg, H. Carbohydr. Res. 1981, 93, 10–11.
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1.07.1 Introduction

Many carbohydrate-containing natural products, which possess mono- and oligosaccharides, such as proteoglycans,

glycoproteins, glycolipids, and antibiotics, are found in nature as important biological substances. A large number of

recent biological studies on these glycomolecules at the molecular level have shed light on the biological significance

of their carbohydrate parts (glycons) in molecular recognition for the transmission of biological information.1a,1b It is

now recognized that carbohydrates are at the heart of a multitude of biological events. On the other hand, some

glycomolecules seem to be new functional materials.2 For example, certain alkyl glycosides are predicted to be

biodegradable surfactants. Therefore, glycomolecules continue to be the central focus of research in chemistry,

biology, and material science. With this encouraging background, the efficient synthesis of not only the carbohydrates

themselves but also carbohydrate-containing products is of particular interest both in academia and in industry.3a–3c In

this context, O-glycosidation, which is a crucial organic synthetic method to attach a sugar to the other sugar moieties

or other molecules (aglycon), is becoming more and more important in synthetic organic chemistry and carbohydrate

chemistry.4a–4u Since the major historical contribution of the Koenigs–Knorr method was shown in 1901, considerable

attention has been directed toward the efficiency of the O-glycosidation method. From a synthetic standpoint, the

efficiency of the O-glycosidation reaction generally involves a high chemical yield, regioselectivity, and stereoselec-

tivity. Among them, high regioselectivity was realized by the selective protection of the hydroxyl group of the glycosyl

acceptor. Therefore, many synthetic organic chemists have focused on the high chemical yield and high stereose-

lectivity of this reaction. In addition, environmentally benign methods have recently attracted much attention. This

chapter concentrates on the new progress in O-glycosidation methods after 1980, including historically indispensable

protocols before 1980. This chapter mainly deals with the development of new glycosyl donors with specific

functionality and their activating methods. However, because the general aspects of the O-glycosidation method

have been very well reviewed in the past,4a–4u the present chapter particularly emphasizes the special approach to the

highly stereoselective syntheses of (1) 2-deoxyglycoside and (2) b-D-mannoglycoside, both of which have had

difficulties for a long time in this field. 2-Deoxyglycosides are widely found in biologically important natural products,

especially in antitumor antibiotics. b-D-mannoglycosides are indispensable constituents of glycoproteins. For a survey

on the general current methodological advances, glycosyl donors were roughly classified, based on the type of

anomeric functional group and their activating methods, which have been discussed in an earlier part of this chapter,

into 14 groups: (1) glycosyl halide, (2) sulfur derivative, (3) glycosyl ester, (4) orthoester, (5) 1-O- and S-carbonates

(6) glycosyl imidate, (7) phosphorus derivative, (8) selenoglycoside, (9) 1-O-silylated glycoside, (10) O-glycoside,

(11) 1-hydroxy sugar, (12) glycal, (13) 1,2-anhydro sugar, and (14) others. Furthermore, new attractive trends in this

area including (1) green method using ionic liquid, (2) peptide-templated method, (3) frozen method, (4) stereo-

selective method using a chiral auxiliary, and (5) biomimetic method are also reviewed in detail in Section 1.07.17.
1.07.2 Glycosyl Halide

1.07.2.1 Glycosyl Bromide and Chloride

The use of glycosyl bromide or chloride as an effective glycosyl donor in the glycosidation reaction was first introduced

by Koenigs and Knorr in 1901.5 In relation to the anomeric stereochemistry of the glycosidation reaction, three

significant basic methods, namely (1) the neighboring group-assisted method for construction of 1,2-trans glycosides



Table 1 Glycosidation of glycosyl bromide or chloride using heavy metals

O

X (Br or Cl)

O

OR
ROH

Activator Acid scavenger Drying agent References

AgClO4 Ag2 CO3 Drierite 4a–4h,4j,4l,8

AgOTf Ag2O Molecular sieves

AgNO3 HgO

Ag2CO3 CdCO3

Ag2O s-Collidine

Ag-silicate TMU

Hg(CN)2
HgBr2
HgCl2
HgI2
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such as b-gluco- or a-manno-type glycoside, (2) the in situ anomerization method6 for synthesis of a-gluco- or a-manno-

type glycoside, and (3) the heterogenic catalyst method7a,7b for preparation of b-mannoglycoside (see Section 1.07.16),

were developed in this area.4d,4f The well-known classical Koenigs–Knorr method used heavy metal salts (mainly

silver and mercury salts) as activating reagents. A variety of heavy metal salts such as AgClO4, AgOTf, AgNO3,

Ag2CO3, Ag2O, Ag-silicate, Hg(CN)2, HgBr2, HgCl2, and HgI2
8 and their combined use were employed in this

area (Table 1).4a–4h,4j,4l The order of reactivity of some representative catalysts was generally confirmed.4d,4f

Furthermore, Ag2CO3, Ag2O, HgO, CdCO3, s-collidine, and 1,1,3,3-tetramethylurea (TMU) were frequently used

as acid scavengers, and water was generally removed by Drierite® and molecular sieves during these glycosidation

reactions.4a–4h,4j,4l On the other hand, other glycosidation methods using glycosyl bromide and chloride in the absence

of any metal were also widely studied. Lemieux et al.9 introduced a mild glycosidation method in the presence of

Bu4NBr. Also, the glycosidation protocols, which involved a transformation of glycosyl bromide into the corresponding

onium salts by Et3N, Ph3P, andMe2S, were developed by Schuerch et al.10a–10c Furthermore, theuses of other activating

reagents without heavy metals and including several Lewis acids such as SnCl4,
11 BF3�Et2O,11 Sn(OTf)2-collidine,

12a

Sn(OTf)2–TMU,12b TrCl–ZnCl2,
13 LiClO4,

14 I2–DDQ,15 IBr,16 NIS,17 In,18 InCl3,
19 TMSOTf,20 (C4H8N)3P¼O,21,22

Zn(acac)2,
23 (ButC6H4CO2)2Zn,

24 and Cu(OTf)2–BTF25 were reported in this field (Table 2). The glycosylations of

aryl alcohols using a phase-transfer catalyst such as Et3N
þBnBr�,26a,26b Et3N

þBnCl�,27 Me(CH2)15N
þMe3Br

�,28,29

Bu4N
þBr�,30 Bu4N

þHSO4
�,31 Aliquat®336,32 and BnNþBu3Cl

�33 were also developed (Table 3). Alternatively,

Sasaki et al.34 developed a glycosidation method using glycosyl bromide in the presence of hindered amines such as

2,6-lutidine or TMU under high-pressure conditions. In addition, Nishizawa et al.35a–35e developed a thermal

glycosidation of glycosyl chloride in the presence of TMU as an acid scavenger without any metal salts.
1.07.2.2 Glycosyl Iodide

Among the glycosyl halides, only a few examples of the use of glycosyl iodide as a glycosyl donor are demonstrated.

Thus, LiClO4,
36 TBAI–DIEA,37 FeCl3–I2,

38 CuCl–I2,
38 and NIS–I2–TMSOTf 38 were reported as the activators of

the glycosyl iodides (Table 4).
1.07.2.3 Glycosyl Fluoride

Glycosyl fluorides have now been widely and effectively used for glycosidation reactions. One of the notable

advantages of glycosyl fluoride as a glycosyl donor is due to its higher thermal and chemical stability compared with

the low stability of other glycosyl halides such as glycosyl chlorides, bromides, and iodides. Therefore, glycosyl

fluoride can be generally purified by an appropriate distillation method and even by column chromatography with

silica gel. Having such favorable synthetic attributes, the practical use of glycosyl fluoride as a glycosyl donor in the

glycosidation reaction was developed by Mukaiyama et al. using SnCl2–AgClO4
39 as the activator in 1981. After this

significant advance in this field, a number of specific fluorophilic reagents were developed for effective glycosidation



Table 2 Glycosidation of glycosyl bromide or chloride using Lewis acid

O

X (Br or Cl)

O

OR
ROX�

Activator X0 References

SnCl4 SnBu3 11

BF3 �OEt2 SnBu3 11

Sn(OTf)2 –collidine H 12a

Sn(OTf)2 –TMU H 12b

TrCl–ZnCl2 H 13

LiClO4 H 14

I2-DDQ H 15

IBr H 16

NIS H 17

In H 18

InCl3 H 19

TMSOTf SnBu3 20

N P O
3

H 21,22

Zn(acac)2 H 23

Zn
2

But

COO

H 24

Cu(OTf)2-BTF H 25

Table 3 Glycosidation of glycosyl bromide or chloride using phase-transfer catalyst

O

X (Br or Cl)

O

OAr

ROH
(R5 aryl)

Catalyst Conditions References

Et3 N
þ BnBr� CHCl3 /H2 O/NaOH 26

Et3 N
þ BnCl� CH2 Cl2 /H2 O/NaOH or KOH 27

Me(CH2) 15N
þMe3 Br

� CH2 Cl2 /H2 O/NaOH 28,29

Bu4 N
þBr� CH2 Cl2 /H2 O/NaOH 30

Bu4N
þHSO4

� CH2 Cl2 /H2 O/NaOH or NaHCO3 31

Aliquat®336 (R¼alkyl) CH2 Cl2 /H2 O/K2 CO3 32

BnNþBu3 Cl
� CHCl3 /H2 O/K2CO 3 33
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reactions (Table 5). The other combined uses of SnCl2–TrClO4
40 and SnCl2–AgOTf41a,41b were reported by

Mukaiyama et al. and Ogawa et al., respectively. Alternatively, Noyori et al. announced that the silyl compounds,

both TMSOTf and SiF4, were very effective for activation of glycosyl fluorides.42 This study demonstrated that

b-stereoselectivity, induced by a-coordination of MeCN as a solvent with an oxonium intermediate, came from a

glycosyl donor. Nicolaou et al.,43 Kunz et al.,44a,44b and Vozny et al.45 reported another Lewis acid, BF3�Et2O. On

the other hand, metal fluorides such as TiF4 and SnF4 were also found to be effective promoters by Thiem et al.46a,46b

Suzuki et al. developed new glycosidation protocols in which the combined activators including the group IV



Table 4 Glycosidation of glycosyl iodide

O

I

O

OR
ROH

Activator X References

LiClO4 H 36

TBAI–DIPEA H 37

NIS–I2 –TMSOTf H 38

FeCl3–I2 H 38

CuCl–I2 H 38

Table 5 Glycosidation of glycosyl fluoride

O

F

O

OR
ROX

Activator X References

SnCl2 –AgClO4 H 39

SnCl2 –TrClO4 H 40

SnCl2 –AgOTf H 41

TMSOTf (cat.) TMS 42

SiF4 (cat.) TMS 42

BF3�Et 2 O H 43–45

TiF4 H 46

SnF4 H 46

Cp2 MCl2–AgClO4 (M¼Zr or Hf) H 47

Cp2 ZrCl2 –AgBF4 H 48

Cp2 HfCl2 –AgOTf H 48,49

Bu2Sn(ClO4) 2 H 50

Me2 GaCl, Me2 GaOTf H 51

Tf2 O H 52

LiClO4 H 53

Yb(OTf)3 H 54

La(ClO4 )3 �nH2 O (cat.) TMS 55

La(ClO4 )3 �nH2 O–Sn(OTf)2 H 56

Yb-Amberlyst 15 H 57

SO4/ZrO 2 H 58

Nafion-H H 58

Montmorillonite K-10 H 58

TrB(C6F 5) 4 (cat.) H 59

SnCl4 -AgB(C6F 5) 4 H 60

TfOH H 61

HB(C6F 5) 4 H 62

HClO4 H 62

HNTf2 H 62

ZrCl4 TMS 63

Yb(NTf2 ) 3 H 64

Cu(OTf)2 H 25
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metallocenes such as Cp2MCl2–AgClO4 (M¼ Zr, Hf),47a–47d Cp2ZrCl2–AgBF4,
48 and Cp2HfCl2–AgOTf48,49a,49b were

used as milder reagents. Suzuki et al. also reported the use of Bu2Sn(ClO4)2.
50 On the other hand, Me2GaCl and

Me2GaOTf were introduced by Kobayashi et al.51 In addition, Wessel et al. reported Tf2O and suggested that the

sequence of relative reactivity of the examined catalysts for the glycosyl fluorides was TMSOTf<SnCl2–AgOTf< TiF4
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<Tf2O.52a,52b On the other hand, Waldmann and Böhm reported the use of 1 M solutions of LiClO4 as a milder Lewis

acid under neutral conditions.53a–53c Shibasaki et al. used the rare earth metal salts, such as La(ClO4)3�nH2O and Yb

(OTf)3.
54–56 Along this line, Wang et al. reported a lanthanide(III) catalyst supported on an ion exchange resin,

Yb-Amberlyst 15.57 A different type of activator, namely, environmentally benign heterogeneous catalysts, such as

montmorillonite K-10, Nafion®-H, and SO4/ZrO2 were introduced by Toshima et al.58a–58c Mukaiyama et al. reported

the use of a catalytic amount of tetrakis(pentafluorophenyl)boronic salts such as TrB(C6F5)4
59 as well as SnCl2–

AgB(C6F5)4 or SnCl2–AgB(C6F5)4.
60 Additionally, the use of protic acids such as TfOH,61a,61b HB(C6F5)4,

62a,62b

HClO4,
62a,62b and HNTf2

62a,62b were reported by Mukaiyama et al. ZrCl4
63 and Yb(NTf2)3

64 were also employed by

Switzer et al. and Inazu et al., respectively. Furthermore, Cu(OTf)2 was found to be a promoter not only for glycosyl

bromide but also for glycosyl fluoride.25
1.07.3 Sulfur Derivative

1.07.3.1 Thioglycoside

Thioglycosides have been extensively studied as useful glycosyl donors due to their high stability in many organic

chemical operations. Therefore, most of the common carbohydrate-protecting group manipulations can be performed

on the thioglycosides. Furthermore, thioglycosides are inert under several glycosidation conditions, so they can serve

as glycosyl acceptors. Up to now, several different kinds of alkyl and arylthio groups, including the heterocyclic thio

groups, were developed with their appropriate activating reagents (Table 6). Since Ferrier et al.65 first introduced a

mercury salt, HgSO4, as a glycosidation promoter of thioglycoside, other thiophilic metal salts such as HgCl2,
65,66

PhHgOTf,67 Hg(OBz)2,
68 Hg(NO3)2,

69 Cu(OTf)2,
70 and Pd(ClO4)2

71,72 were introduced in this field. Activation

of 2-deoxy thioglycoside using AgPF6 was recently reported by Hirama et al.73a,73b In addition, Ogawa et al. develo-

ped the combined use of CuBr2–Bu4NBr–AgOTf.74a–74e Alternatively, the use of arylselenylating agents such as

PhSeOTf,75a–75d PhSeNPhth—TMSOTf,76 and PhSeNPhth–Mg(ClO4)2,
77 as effective promoters of thioglycosides

was reported by Ogawa et al. On the other hand, in other activation methods without any metal salts, an oxidative

reagent, Br2, was used by Zen et al.,78 and later Kihlberg et al.79 reported the combined use of Br2–AgOTf for the

in situ activation of ethylthioglycosides. Hanessian et al.69 and Nicolaou et al.80 introduced N-bromosuccinimide

(NBS) as a milder and more practical glycosidation promoter of 2-pyridylthioglycosides and phenylthioglycosides,

respectively. Additionally, Fraser-Reid et al.81a,81b and von Boom et al.82 independently announced that NIS–TfOH

effectively activated both disarmed methyl- and ethylthioglycosides. Similarly, Sasaki et al.83 and Kusumoto et al.84

also reported NBS–TfOH. Furthermore, in the extended glycosylation studies of thioglycosides by von Boom’s

group,85a–85d iodonium dicollidine perchlorate (IDCP) was found to be an appropriate promoter in the selective

glycosidation reaction85a of an armed thiosugar and a disarmed thiosugar, the concept ofwhichwas originally investigated

by Fraser-Reid et al. Alternatively, another oxidative agent, NOBF4, was introduced by Pozsgay and Jennings.86a,86b

On the other hand, the alkylating agents such as MeI (Mereyala et al.)87a–87e and MeOTf (Lönn et al.)88a,88b also

offered a significant new entry to the direct activation of thioglycosides. In addition, alkyl sulfenyl triflate, MeSOTf

generated from MeSBr and AgOTf was used in Garegg’s method.89a,89b On the other hand, a soft sulfur electrophile,

dimethyl(methylthio)sulfonium trifluoromethanesulfonate (DMTST), was first introduced by Fügedi et al.,90a,90b and

Hasegawa et al.91a–91g has widely investigated the glycosidations of sialic acid using DMTST. Recently, other powerful

sulfur agents such as S-(4-methoxyphenyl)-benzenethiosulfinate (MPBT),92 1-benzenesulfinyl piperidine (BSP),93

N-PhS-caprolactam,94 and Ph2SO,95 all in combination with Tf2O, were introduced. Kochetkov et al.96a–96e announced

the use of a cyanothio group and Ogura et al.97 developed a 1-phenyltetrazol-5-thio (ST) group as a new thio functional

group at the anomeric position of the glycosyl donor. The former group can be distinguished from the ethylthio group

and activated by a catalytic amount of TrClO4 in the presence of tritylated alcohol. The latter can be promoted by

AgOTf under mild conditions. Ogawa and Ito98 reported the glycosidation of thioglycosides with sulfenate esters in

the presence of TMSOTf. As another trend, Sinaÿ et al.99 and Balavoine et al.100 independently developed electro-

chemical glycosidation methods for phenylthioglycosides via a radical cation generated by electrochemical oxidation. In

relation to the above concept, the glycosidation using tris(4-bromophenyl)ammoniumyl hexachloroantimonate (TBPA),

which is a one-electron-transfer homogeneous reagent, was demonstrated.101 Hypervalent iodine was also applied as an

activator of thioglycosides. Thus, the combined uses of PhIO–Tf2O
102a,102b or PhIO–Mg(ClO4)2

77 were reported by

Kusumoto et al. while that of bis(trifluoroacetoxy)iodobenzene (BTIB) and hydroxy(tosyloxy)iodobenzene (HTIB)103

were announced byZhao et al. An iodine-mediatedmethod using I2,
104 IBr,16 ICl–AgOTf,105a,105b or IBr–AgOTf105a,105b

was also reported. Another iodinating agent, NISac, was recently reported as a replacement for NIS.106 Other



Table 6 Glycosidation of thioglycoside

O

SR

O

OR�

R�OH

Activator -SR References

HgSO4 SPh 65

HgCl2 SEt, SPh 65,66

PhHgOTf SPh 67

Hg(OBz)2 SPh 68

Hg(NO3 )2 SPy 69

Cu(OTf)2

N

S
S 70

Pd(ClO4 )2 SPy 71,72

AgPF6 –DTBMP SPh 73

CuBr2 –Bu4NBr–AgOTf SMe, SEt 74

PhSeOTf SMe 75

PhSeNPhth–TMSOTf SMe, SPh 76

PhSeNPhth–Mg(ClO4 )2 SMe, SPh 77

Br2 SEt 78

Br2 –AgOTf SEt 79

NBS SPy, SPh 69,80

NIS–TfOH SMe, SEt, SPh 81,82

NBS–TfOH SMe, SEt, SPh 83,84

IDCP SEt 85

NOBF4 SMe 86

MeI SPy 87

MeOTf SEt 88

MeSOTf SMe, SEt, SPh 89

DMTST SMe, SEt, SPh 90,91

MPBT–Tf2O S-p-OMePh 92

BSP–Tf2 O–TTBP SPh 93

N-PhS-caprolactam–Tf2O STol  94

Ph2 SO–Tf2 O SEt, SPh, S-p-OMePh 95

TrClO4 (cat.) SCN (ROTr) 96

TMSOTf SCN 96

AgOTf N

N

Ph

S
N

N

97

-e SPh 99, 100

TBPA SEt, SPh 101

PhIO–Tf2 O SMe 102

PhIO–Mg(ClO4) 2 SMe, SPh 77

BTIB SPh, SBu 103

HTIB SPh, SBu 103

I2 SMe 104

IBr SMe 16

ICl–AgOTf SMe, SEt, SPh 105

IBr–AgOTf SMe, SEt, SPh 105

NISac SMe, SPh 106

SO2Cl 2–TfOH SMe, SEt, SPh 107

Selectfluor®–BF3�Et 2O SMe, SPh 108

FTMPT or FDCPT SEt 109

Pd(MeCN)2 Cl2 –AgOTf SPh, SPy 110

TrB(C6F 5) 4 –NaIO4 SMe, SEt 111

TrB(C6F 5) 4 –NIS(or NBS) SEt 112

(continued)
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TrB(C6 F5 ) 4–I2 –DDQ SEt 113

TrB(C6 F5 ) 4–PhthNSEt SEt 114

AgOTf

N

O
S 115

AgOTf, MeOTf or NIS–TfOH S
N

S
116

Table 6 (continued)

Activator -SR References

Table 7 Glycosidation of glycosyl sulfoxide

O

SPh

O

OR

O ROH

Activator References

Tf2O 117

TfOH 118,119

TMSOTf 120

H3 PW12O 40 121

I2 122

IBr 122

Cp2ZrCl2–AgClO4 123

Nafion®–H 124

SO4 /ZrO2 124
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halogenating systems including SO2Cl2–TfOH,107a,107b Selectfluor®-BF3�Et2O,108 and the 1-fluoropyridinium tri-

flates,109 1-fluoro-2,4,6-trimethylpyridinium troflate (FTMPT) and 1-fluoro-2,6-dichloropyridiniumtriflate (FDCPT),

have also been reported. Alternatively, a palladium(II)-promoted method using Pd(MeCN)2Cl2–AgOTf was reported

by Takeda et al.110 Mukaiyama et al. reported several TrB(C6F5)4-mediated methods using TrB(C6F5)4–NaIO4,
111 TrB

(C6F5)4–NIS (or NBS),112 TrB(C6F5)4–I2–DDQ,113 and TrB(C6F5)4–PhthNSEt.114 S-Benzoxazolyl115 and S-thiazolyl

groups116 were very recently introduced as novel leaving groups in this area.
1.07.3.2 Glycosyl Sulfoxide and Sulfone

The use of phenylsulfoxide sugar as a new glycosyl donor in the presence of Tf2O was demonstrated by Kahne et al.

(Table 7).117 In this case, 2,6-di-tert-butyl-4-methylpyridine (DTBMP) is frequently used as a base. Other activation

methods using TfOH or TMSOTf in the presence of triethyl phosphite (TEP) or MP,118–120 the heteropolyacid

H3PW12O4,
121 I2 or IBr,

122 and the zirconocene agent Cp2ZrCl2–AgClO4
123 were introduced. Alternatively, heterogene-

ous solid acids such asNafion®-H and SO4/ZrO2 were reported as environmentally benign catalysts by Toshima et al.124

On the other hand, Ley et al.125a,125b announced a glycosidation method using glycosyl phenylsulfone, which was less

reactive compared to glycosyl sulfoxide, as a new anomeric functional group in the presence ofMgBr2�Et2O andNaHCO3

(Figure 1). Recently, Lowary et al. reported that 2-pyridyl sulfone could be activated by Sm(OTf)3 (Figure 2).126
1.07.3.3 Other Sulfur Derivatives

Other types of thio sugars were introduced as glycosyl donors. Glycosyl disulfides were found to be activated by NIS–

TESOTf,127 (Figure 3) while glycosyl sulfimides were shown to become glycosyl donors in Cu(OTf)2-mediated

reactions128 (Figure 4).



O

SPh

O

O

O
OR

ROH
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Figure 1 Glycosidation of glycosyl sulfone using MgBr2�Et2O.
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Figure 4 Glycosidation of glycosyl sulfimide using Cu(OTf)2–CuO.
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Figure 2 Glycosidation of glycosyl sulfone using Sm(OTf)3.

O O

OR

NIS–TESOTf

ROH
S S Me

Figure 3 Glycosidation of glycosyl disulfide using NIS–TESOTf.

O-Glycosidation Methods 269
1.07.4 Glycosyl Ester

An advantage of glycosyl esters in the glycosidation method (Table 8) is undoubtedly the ease of their preparation.

The most representative anomeric functional group in this area is the acetyl group. Since Helferich et al.129 developed

the glycosidation of 1-O-acetyl sugar with phenol in the presence of p-TsOH or ZnCl2, several Lewis acids appeared as

effective promoters in the glycosidation, for example, SnCl4,
130,131 FeCl3,

132a,132b BF3�Et2O,133 TMSOTf,134 and

TrClO4.
135 Among them, TrClO4 was also employed for the activation of the 1-O-bromoacetyl group.135 Additionally,

Mukaiyama et al. introduced the combined use of SnCl4–Sn(OTf)2,
136 SnCl4–AgClO4,

137a,137b and GaCl3–AgClO4,
138

and found that catalytic use of these promoters was good enough to perform the glycosidation reactions of the 1-O-

acetyl sugar with trimethylsilylated alcohol. Thus, 1,2-cis-a-glucosides and a-ribosides were predominantly obtained

from 1-O-acetyl glucoses and riboses, respectively, both of which had a nonparticipating group. On the other hand,

montmorillonite K-10139 was used as an inexpensive catalyst in the glycosidation of a simple alcohol such as methanol or

benzyl alcohol. Alternatively, TMSI–(C4H8N)3P¼O,22 Cu(OTf)2,
25 Yb(NTf2)3,

64 Sn(OTf)2,
140 MeSiCl3–AgClO4,

141

SnCl3(ClO4),
142 Yb(OTf)3,

143 FeCl3,
144 HClO4,

145 C8H17SO3H,145 Cp2HfCl2–AgClO4,
146a,146b ACF,147 and TMSI–

Ph3P¼O148 were demonstrated for the activation of the 1-O-acetyl sugar. In addition, several substituted acetyl

groups were introduced as new leaving groups of glycosyl donors. In addition to the bromoacetyl group mentioned

above, the iodoacetyl group with AgClO4–LiClO4 or Ph3Sn¼S,149 AgClO4–Lawesson’s reagent,150 and SnCl2 or

SnCl2–SnCl4,
151 the methoxyacetyl group with Yb(OTf)3

152 and Sn(OTf)2–LiClO4,
153 the p-methoxyethoxyacetyl

group with SnCl4–AgClO4,
154 and the trichloroacetyl group with TMSOTf and BF3�Et2O,155 the trifluoroacetyl group

with TMSOTf and BF3�Et2O156 were introduced. On the other hand, other acyl groups, such as the benzoyl and

p-nitrobenzoyl groups were also employed as good anomeric leaving groups. They could be activated by FeCl3,
132b

TMSOTf,157 or BF3�Et2O.158 Along this line, Charette et al.159 reported that the catalytic use of TMSOTf

promoted the glycosidation of 1-O-benzoyl sugar with the trimethylsilyl ether of alcohol. In addition, Kobayashi

et al.160 introduced a glycosyl 20-pyridinecarboxylate, which could be activated by Cu(OTf)2 in Et2O or Sn(OTf)2 in

MeCN to predominantly produce the corresponding a- or b-glucoside, respectively. The 2-pyridinecarboxylate group

design was based on the remote activation concept, which was originally defined by Hanessian et al.69 Very recently,

Kim et al. introduced glycosyl benzyl phthalates as a new type of glycosyl donor, which could be activated by

TMSOTf.161



Table 8 Glycosidation of glycosyl ester

O

O-Acyl

O
OR

ROX

Acyl Activator X References

Ac TsOH or ZnCl2 H 129

SnCl4 H 130, 131

FeCl3 H 132

BF3 �Et2 O H 133

TMSOTf H 134

TrClO4 H 135

SnCl4 –Sn(OTf) 2 (cat.) TMS 136

SnCl4 –AgClO4 (cat.) TMS 137

GaCl3–AgClO4 (cat.) TMS 138

Montmorillonite K-10 H 139

TMSI- N P O
3

H 22

Cu(OTf)2 H 25

Yb(NTf2 ) 3 H 64

Sn(OTf)2 (cat.) TMS 140

MeSiCl3 –AgClO4 (cat.) TMS 141

SnCl3 (ClO4 ) (cat.) TMS 142

Yb(OTf)3 (cat.) TMS 143

FeCl3 H 144

HClO4 (cat.) H 145

C8 F17SO3 H (cat.) H 145

Cp2 HfCl2–AgClO4 H 146

ACF H 147

TMSI–Ph3P ¼ O H 148

COCH2 Br TrClO4 H 135

COCH2 I AgClO4 –LiClO4 or Ph3Sn ¼ S (cat.) TMS 149

AgClO4 –Lawesson’s reagent (cat.) TMS 150

SnCl2 or SnCl2 –SnCl4 (cat.) TMS 151

COCH2 OMe Yb(OTf)3 H 152

Sn(OTf)2 –LiClO4 H 153

COCH2 OC2 H4OMe SnCl4 –AgClO4 TMS 154

COCCl3 TMSOTf or BF3 �Et2 O H 155

COCF3 TMSOTf or BF3 �Et2 O H 156

Bz FeCl3 H 132b

TMSOTf (cat.) TMS 159

COC6H4 -p-NO2 TMSOTf H 157

BF3 �Et2 O H 158

COPy Cu(OTf)2 or Sn(OTf)2 H 160

COC6H4 -o -CO2 Bn TMSOTf H 161
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1.07.5 Orthoester

The orthoester method, in particular, has been widely studied by Kochetkov et al. and employed for the construction

of 1,2-trans-glycosidic linkages (Table 9). A tert-butyl orthoester first appeared as a glycosyl donor with HgBr2
162 or

2,6-lutidium perchlorate163 as the promoter. To eliminate their disadvantages, the modified 1,2-O-10-cyanoethylidene
derivatives were prepared from the corresponding glycosyl halides by treatment with KCN in the presence of

n-Bu4NBr in CH3CN and used in the glycosidation of the trityl ethers of the alcohols. Several glycosidation promoters

of the 1,2-O-10-cyanoethylidene group were introduced, for example, TrBF4,
164 TrClO4,

165a–165c TrOTf,166 and

AgOTf.167 Also, the 1,2-O-10-(p-methylphenylthio)ethylidene group was employed in the orthoester glycosidation



Table 9 Glycosidation of orthoester

O

O R1

R2

O

OAc

O OR�

1,2-trans glycoside

R�OX

R1 R2 Activator X References

Me O-But HgBr2 Tr 162

MeMe
H
N

− ClO4
+ Tr 163

Me CN TrBF4 (cat.) Tr 164

TrClO4 (cat.) Tr 165

TrOTf (cat.) Tr 166

AgOTf (cat.) Tr 167

Me SEt, S-C6 H4- p-Me TrClO4 (cat.) Tr 168

NIS–TfOH H 169

I2 H 122

But ON¼C(Me)Ph BF3�Et 2O H 170

Ph OC3 H6CH ¼ CH2 NIS–TESOTf H 171

NIS–Yb(OTf)3 H 172

Me OEt CSA H 173

Me S-C6H4 - p-OMe I2 H 174

BF3
.Et2O

ROH

O

O

O

O

BnO
BnO

O

OR

OAcHO

BnO
BnO

Figure 5 Glycosidation of 1,2,6-orthoester using BF3�Et2O.
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method. This functional group was effectively activated by TrClO4,
168a,168b NIS–TfOH,169 and I2.

122 In the case of

NIS–TfOH, it was not necessary to protect the glycosyl donor with a trityl group. On the other hand, Kunz et al.

reported a new glycosidation method using a new glycosyl donor, 1,2-O-20,20-dimethyl-10-phenylethylideneamino-

oxylpropylidene glucopyranoside, in the presence of BF3�Et2O in CH2Cl2.
170 n-Pentenyl orthoesters were introduced

by Fraser-Reid et al. to be activated by the combination of NIS–silyl triflate such as TESOTf and TBSOTf171 or

Yb(OTf)3.
172 Lichtenthaler et al.173 demonstrated the glycosidations using 1,2-O-ethylorthoacetate with dl-10-

camphorsulfonic acid (CSA), and the 1,2-O-10-(p-methoxyphenylthio)ethylidene group with I2 was introduced by

Kartha et al.174 In addition, a 1,2,6-orthoester was reported by Wong et al. to be activated by BF3�OEt2 (Figure 5).175
1.07.6 1-O and S-Carbonates

Some representative methods are summarized in Table 10. Since Pougny176 developed the glycosidations using 1-O-

xanthate glycosyl donors in the presence of BF3�Et2O, Ley et al. have extensively studied the use of imidazolcarbonate

derivatives177 and imidazolthiocarbonates178a,178b in the glycosidation reaction. The former glycosyl donor was

effectively activated by ZnBr2, and the latter one was promoted by AgClO4. On the other hand, Sinaÿ et al.179a–179c

introduced an anomeric S-xanthate as a leaving group of the glycosyl donor with Cu(OTf)2 or DMTSTas its effective

promoter. MeSOTf was also used by Lönn et al. for the effective glycosidation of sialic acid.180a–180c The use of



Table 10 Glycosidation of 1-O- and S-carbonates

O

X

O

OR
ROH

X Activator References

O

S

SMeC
BF3�Et 2O 176

O

O

N
N

C ZnBr2 177

O

S

N
N

C AgClO4 178

S

S

OEtC
Cu(OTf)2 179

DMTST 179

MeSOTf 180

S

S

NC 
AgOTf or MeOTf 181

S C

O

OPh
D 182

Me2SiCl2 –AgClO4 183

TrB(C6 F5 ) 4 184

S C

S

NEt2
AgOTf-(HMPA) 185

NIS-TfOH 186

O

O N
SC AgOTf 187

O

O

N Ts

R

C TMSOTf 188
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glycosyl 1-piperidinecarbodithioates by activation of MeOTf or AgOTf was also introduced by Fügedi et al.181 Ishido

et al.182a,182b first demonstrated the thermal glycosidation using phenylcarbonate, and laterMukaiyama et al. reported the

glycosidationwith phenylcarbonate using the catalyst generated fromMe2SiCl2 and AgClO4,
183 and TrB(C6F5)4.

184a,184b

In addition, glycosyl dithiocarbamates were reported by Szeja et al. to be activated using AgOTf with or without

hexamethyl phosphoric triamide (HMPA)185a–185c or NIS–TfOH.186 Furthermore, Hanessian et al. introduced

2-thiopyridyl carbonate as a leaving group which was activated by AgOTf.187a,187b Recently, Kiessling et al. announced

glycosyl N-sulfonylcarbamates with TMSOTf which can be tuned with the variation of the alkyl substituent on the

nitrogen.188
1.07.7 Glycosyl Imidate

1.07.7.1 Glycosyl Trichloroacetimidate

The initial use of an imidate as a glycosyl donor was reported by Sinaÿ et al.189a,189b in 1976 as an alternative method to

the classical Koenigs–Knorr procedure, and a more practical trichloroacetimidate-mediated glycosidation was



Table 11 Glycosidation of trichloroimidate

O

CCl3

NHO O

OR
ROH

Activator References

pTsOH 190

BF3�Et 2 O 190

TMSOTf 191

CCl3 CHO 192

ZnBr2 193

TfOH 194

PPTS 195

H4SiW12O 40 196

HClO4 62

HB(C6F 5) 4 62

Montmorillonite K-10 197

MS AW300 198

Nafion–TMS 199

LiClO4 53

Tf2 O 200

AgOTf 201

Bu2BOTf 202

Sn(OTf)2 203

Cu(OTf)2 25

LiOTf 204

MeOTf 205

Sm(OTf)3 206

Yb(OTf)3 207

I2 174

I2 –Et3 SiH 208

Cl S N
H

O

O

N

O

MeO2C

209
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announced by Schmidt et al.190 in 1980. The effective promoters for the glycosidation of the glycosyl trichloroacetimidate

are summarized inTable 11. Theglycosidation reactionof glycosyl trichloroacetimidatewas initially found tobe smoothly

promoted by use of a protic acid such as p-TsOH190 and a Lewis acid such as BF3�Et2O190 or TMSOTf191a,191b under

mild conditions. Schmidt et al. later reported a new and mild activator, CCl3CHO, for this glycosidation.192 Alterna-

tively, Urban et al. investigated a novel promoter, ZnBr2, for the Schmidt glycosidation.193 In addition, several protic

acids such as TfOH,194a,194b PPTS,195a,195b H4SiW12O40,
196 HClO4

62a,62b HB(C6F5)4
62a,62b were also introduced for

the glycosidation of the glycosyl trichloroacetimidate. Furthermore, the heterogeneous and environmentally benign

catalysts, montomorillonite K-10197 and MS AW 300,198 were found to effectively activate the glycosyl trichloroace-

timidate. In addition to their work, Nafion-®TMS was reported to be a heterogeneous solid activator.199 Waldmann

et al. announced that fucosyl trichloroacetimidate was activated under neutral conditions in a solution of LiClO4 to

give the corresponding fucosyl glycosides.53a–53c However, in general, this reagent was more effective for the

glycosidation of the corresponding glycosyl fluoride than that of the glycosyl trichloroacetimidate. Tf2O was intro-

duced by Wessel et al. as an alternative promoter.200 Various metal and alkyl triflates such as AgOTf,201 Bu2B(OTf),202

Sn(OTf)2,
203 Cu(OTf)2,

25 LiOTf,204 MeOTf,205 Sm(OTf)3,
206 and Yb(OTf)3

207 were also used as promoters. Fur-

thermore, iodine-mediated glycosidations using I2
174 or I2-Et3SiH

208 and the acyl sulfonamide-mediated method209

were recently demonstrated.



Table 12 Glycosidation of other imidates

O

X

O

OR
ROH

X Activator References

O

NPh

CF3C
TMSOTf 210

BF3�Et 2 O 211

Yb(OTf)3 212

I2 –Et3 SiH 208

4A AW MS 198

O

NH

CF3C 
BF3�Et 2 O 213

O

N

S

CF3

CF3

C
TfOH (cat.) 214
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1.07.7.2 Other Glycosyl Imidate

Following the glycosyl trichloroacetimidate, glycosyl trifluoroacetimidate, which is glycosyl N-phenyltrifluoroaceti-

midate, was recently introduced by Yu et al. as a glycosyl donor, which could be activated by TMSOTf,210a,210b

BF3�Et2O,211 Yb(OTf)3,
212 I2–Et3SiH,208 or 4Å AW MS198 (Table 12). Along this line, another trifluoroacetimidate

corresponding to the glycosyl trichloroacetimidate was also demonstrated with the activator, BF3�Et2O.213 Further-

more, Mukaiyama et al. reported glycosyl p-trifluoromethylbenzylthio-N-(p-trifluoromethylphenyl)formimidate with

TfOH for catalytic and stereoselective glycosidations.214a–214c
1.07.8 Phosphorus Derivative

1.07.8.1 Glycosyl Phosphate Derivative

Several glycosyl donors possessing a phosphorus atom in the leaving group at the anomeric center have been

investigated. Because phosphorus compounds can be easily modified, a wide variety of leaving groups with different

properties can be designed. The use of several glycosyl phosphate derivatives is summarized in Table 13. In 1983,

Michalska et al. introduced S-glycosyl phosphorodithioates as new glycosyl donors in this field. These glycosyl donors

were activated by base215a–215c and silver salts216a–216c such as AgF and Ag2CO3, and were very effective for the

stereoselective synthesis of several 2-deoxy-b-glycosides. On the other hand, Inazu et al. developed several types of

glycosyl dimethylphosphinothioates as quite stable glyosyl donors. These derivatives were found to be smoothly

coupled with alcohols by activation using AgClO4,
217 I2–TrClO4,

218a–218c or TrClO4.
219 Hashimoto and Ikegami

introduced glycosyl diphenylphosphates which were activated by TMSOTf.220 Recently, Waldmann et al. announced

that the glycosyl phosphates were smoothly converted into the corresponding glycosyl iodides and then coupled with

alcohols by treatment with LiI in 1M solutions of LiClO4.
221 The other self-stable glycosyl donors, glycosyl P,P-

diphenyl-N-(p-toluenesulfonyl)phosphineimidates222a–222c and glycosyl N,N,N0N0-tetramethylphosphoroamidates223

were prepared and were found to be activated by TMSOTf or BF3�Et2O. Furthermore, it was found that S-glycosyl



Table 13 Glycosidation of phosphate derivative

O

X

O

OR
ROH

X Activator References

S

S
(OMe)2P

Na 215

Base 215

S

S

O

O

P AgF 216

Ag2 CO3 216

O

S

Me2P 
AgClO4 217

TrClO4 -I2 218

TrClO4 219

O

O

(OPh)2P 
TMSOTf 220

LiClO4-Lil 221

O

NTs

Ph2P 
TMSOTf 222

BF3�Et 2O 222

O

O

(NMe2)2P 
BF3�Et 2O 223

TMSOTf 223

S

NPh

(NMe2)2P 
LPTS-Bun4 NI 224

S

S

(OEt)2P 
NIS 225

IDCP 225

MeOTf 226

O

O

(OBu)2P 
TMSOTf 227,228

O

NPh

(OEt)2P 
LPTS-Bun4 NI 229

TMSOTf 229

O

NPh

OEt

NPri
2

P BF3�Et 2O 230

TMSOTf 230

O

S

(OMe)2P 
AgOTf 231

O

O

O

O
P TMSOTf 232

O

O

F2P 
AgClO4 233

O
NPri

2

OEt
P TMSOTf 234

BF3�Et 2O 234
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N,N,N0N0-tetramethyl-N00-phenyldiamidimidothioate was promoted by 2,6-lutidinium p-toluenesulfonate (LPTS) in

the presence of Bu4NI.224 On the other hand, Thiem et al. reported the use of S-(2-deoxyglycosyl)phosphorodithio-

ates with NIS or IDCP.225 Recently, MeOTf was also introduced as an activator of S-(2-deoxyglycosyl)phosphor-

odithioates.226 Alternatively, van Boom et al.227 and Seeberger et al.228a–228c reported the use of dibutyl phosphates

with TMSOTf. Zhao et al. demonstrated the glycosidations of glycosyl diethyl N-phenylphosphorimidates using

LPTS–Bu4NI or TMSOTf,229 and glycosyl phosphoramidimidates using TMSOTf or BF3�Et2O.230 Furthermore,

it was reported that glycosyl dimethylthiophosphates,231 propane-1,3-diyl phosphates,232a–232f and difluorophos-

phates233 were activated by AgOTf, TMSOTf, and AgClO4, respectively. Alternatively, N,N-diisopropyl phosphor-

amidites of 2-deoxy sugars were reported to be activated by TMSOTf.234a,234b
1.07.8.2 Glycosyl Phosphite Derivative

The use of several glycosyl phosphite derivatives in the glycosidation reaction is summarized in Table 14. Schmidt

and Martin reported an efficient sialylation with phosphite as the leaving group. Thus, the glycosyl diethyl phosphite

derivative of N-acetylneuraminic acid was coupled with alcohols by TMSOTf.235a They also introduced a bis

(trichloroethyl) phosphite group as a new leaving group for the glycosidation of 2-deoxy sugars. This leaving group

was effectively activated by BF3�Et2O or Sn(OTf)2.
235b Recently, Hashimoto et al. demonstrated a highly stereo-

selective 1,2-trans-b-glycosidation reaction without neighboring group participation using glycosyl diethyl phosphites

as glycosyl donors and BF3�Et2O as the promoter.236a Furthermore, it was noted that the highly stereoselective

construction of 2-deoxy-b-glycosidic linkages was achieved using 2-deoxyglycopyranosyl diethyl phosphites with

TMSOTf.236b The other activators for the diethyl phosphites, such as DTBPI–TBAI,237 TfOH,238 montmorillonite

K-10,239a–239d HNTf2,
240 Ba(ClO4)2,

241 and I2
174 were also introduced. On the other hand, Wong et al. announced the

glycosidation of a sialyl dibenzyl phosphite using TMSOTf as the catalyst.242a–242c Furthermore, glycosyl dimethyl

phosphite was found to be effective as a new glycosyl donor by Watanabe et al.243a,243b Thus, the glycosidations of

the dimethyl phosphites were performed using ZnCl2, ZnCl2–AgClO4, NIS–TfOH, BiCl3, MeOTf, Cu(OTf)2, or

TMSOTf. Alternatively, Mukaiyama et al. introduced glycosyl diphenylphosphinites as a new glycosyl donor withMeI

as an activator (Figure 6).244
Table 14 Glycosidation of glycosyl phosphite derivative

O

X

O
OR

ROH

X Activator References

—O—P—(OEt)2 TMSOTf 235a,236b

BF3 �Et2 O 236a

DTBPI–TBAI 237

TfOH 238

Montomorillonite K-10 239

HNTf2 240

Ba(ClO4 )2 241

I2 174

—O—P—(OCH2 CCl3 )2 BF3 �Et2 O 235b

Sn(OTf)2 235b

—O—P—(OBn)2 TMSOTf 242

—O—P—(OMe)2 ZnCl2 243

ZnCl2 –AgClO4 243

NIS–TfOH 243

BiCl3 243

MeOTf 243

Cu(OTf)2 243

TMSOTf 243
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Figure 6 Glycosidation of glycosyl diphenylphosphinite using MeI.

Table 15 Glycosidation of selenoglycoside

O

SePh

O

OR
ROH

Activator References

AgOTf–K2 CO3 245

IDCP 246

IDCT 247

NIS 247,248

NIS-TfOH 246

MeOTf 249

PhSeOTf 250

I2 122,251

Br2 –TMSOTf 252

hv, TPT 253

TBPA 254

-e 255
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1.07.9 Selenoglycoside

Selenoglycosides were introduced after the successful use of thioglycosides in glycosidation reactions (Table 15). The

use of phenylselenoglycoside as a new glycosyl donor and its selective activation over ethylthioglycoside by AgOTf

and K2CO3 were demonstrated by Pinto et al.245 The activators for thioglycosides such as IDCP,246a,246b IDCT,247

NIS,247,248 NIS–TfOH,246a,246b MeOTf,249 PhSeOTf,250 I2,
122,251 and Br2–TMSOTf252 were found to be effective for

the activation of the selenoglycosides. Similarly, activation of selenoglycosides by photo-induced electron transfer in the

presence of the photosensitizer 2,4,6-triphenylpyrlium tetrafluoroborate (TPT)253 and the single-electron-transfer rea-

gent TBPA254 were demonstrated. In addition, electrochemical glycosidation of selenoglycosides was also reported.255
1.07.10 1-O-Silyl Glycoside

In the employment of 1-O-silyl glycoside as a glycosyl donor, trimethylsilyl and t-butyldimethylsilyl groups were

preferentially used (Table 16). Tietze et al.256 introduced a glycosidation reaction of 1-O-trimethylsilyl glycoside with

phenyltrimethylsilyl ethers in the presence of a catalytic amount of TMSOTf as a Lewis acid, and Glaudemans et al.257

used a 6-O-t-butyldiphenylsilyl-protected glycosyl acceptor. Cai et al.258 also developed a method for the synthesis of

alkyl glycoside from 1-O-trimethylsilyl glycoside by the activation using BF3�Et2O instead of TMSOTf. Furthermore,

Mukaiyama et al. developed stereoselective glycosidation reactions of 1-O-trimethylsilyl sugars.259 Thus, 1,2-trans-

ribofuranosides were predominantly synthesized by the glycosidation of 1-O-trimethylsilyl ribofuranose and tri-

methylsilyl ethers in the presence of a catalytic amount of TMSOTf and Ph2Sn›S as an additive, while 1,2-cis

ribofuranosides and 1,2-cis-glucopyranosides were selectively prepared by the addition of LiClO4 under the above

reaction conditions. In addition, Mukaiyama et al. introduced the glycosidations of 1-O-trimethylsilyl glycoside using

the combined catalyst, TMSOTf-[1,2-benzenediolato(2-)-O,O0]oxotitanium.260 On the other hand, the 1-O-t-butyldi-

methylsilyl glycosyl donor was used for the synthesis of 2-deoxy glycosides by Priebe et al.,261 and it was employed in

the anthracycline oligosaccharide synthesis by Kolar et al.262a,262b



Table 16 Glycosidation of 1-O-silyl sugar

O
O-Trialkylsilyl

O

OR
ROX

Trialkylsilyl Activator X References

TMS TMSOTf (cat.) TMS 256,257

BF3 �Et2 O H 258

TMSOTf (cat.)-Ph2 Sn=S TMS 259

TMSOTf (cat.)-Ph2 Sn=S-LiClO4 TMS 259

TMSOTf (cat.) TMS 260

O
Ti

O
O (cat.)

TBS TMSOTf H 261,262

Table 17 Glycosidation of 4-pentenyl glycoside

O

O O

OR
ROH

Activator References

IDCP 263,265

NIS-TfOH 266

NIS-TESOTf 267

NIS-Sn(OTf)2 268

NIS-BF3 �Et2 O 269

I2 174
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1.07.11 O-Glycoside

1.07.11.1 4-Pentenyl Glycoside

Fraser-Reid et al. introduced a 4-pentenyl group as a new leaving group at the anomeric center of the glycosyl donor in

1988.263 The 4-pentenyl group was originally used as the only protective group of the 1-hydroxy group of the sugar,

and it was found to be selectively deprotected by hydrolysis using NBS in CH3CN–H2O.264a,264b However, they later

found that when an alcohol was employed instead of water during the deprotection reaction conditions, the

corresponding O-glycoside was formed. The glycosidation reaction was effectively promoted by IDCP263,265a,265b or

the more reactive NIS–TfOH266a,266b and NIS–TESOTf267 (Table 17). Along this line, the combined use of NIS–

Sn(OTf)2,
268 NIS–BF3�Et2O,269 and I2

174 as activators was also reported. In these glycosidation studies, Fraser-Reid

et al. found a quite new and attractive concept in this area, ‘‘armed- and disarmed sugar.’’265a,266b,267 Very recently,

Kunz et al.270 and Fraser-Reid et al.271 independently reported, along these lines, the use of 4-pentenyl esters as new

glycosyl donors (Figure 7).
1.07.11.2 Vinyl Glycoside

The use of a vinyl glycoside in the glycosidation reaction was introduced by Schmidt et al. in 1991 (Figure 8).272 The

vinyl glycoside was found to be activated by TMSOTf. Along this line, Takeda et al. also used glycosyl donors having
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Figure 7 Glycosidation of glycosyl 40-pentenyl ester.
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Figure 8 Vinyl glycosides as glycosyl donors.
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Figure 9 Glycosidation of allyl glycoside via vinyl glycoside.
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an enol ether which were activated by TMSOTf.273 Furthermore, Sinäy et al. demonstrated isopropenyl glycosides

that could be activated by TMSOTf and BF3�Et2O.274 In addition, other electrophiles, such as NIS–TfOH, Tf2O,

AgOTf, and DMTST have been shown to be activators of isopropenyl glycosides.275a,275b On the other hand, Boons

et al. introduced substituted allyl glycosides which could be converted to the corresponding vinyl glycosides

using (Ph3P)3RhCl in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) prior to the glycosidations promoted

by TMSOTf or NIS–TMSOTf (Figure 9).276a–276d

1.07.11.3 20-Carboxybenzyl Glycoside

Kim et al. introduced 20-carboxybenzyl glycosides which were converted to carboxylic acids by mild hydrogenolysis.

These resulting free carboxylic acids were activated by Tf2O in the presence of DTBMP and coupled with alcohols to

effectively give the corresponding glycosides (Figure 10).277a–277e
1.07.11.4 30-Methoxy-20-Pyridyl Glycoside

Hanessian et al. introduced 30-methoxy-20-pyridyl glycosides based on the concept of remote activation which was first

applied to pyridine thioglycosides by the same group. These glycosides were found to be activated by MeOTf, Cu

(OTf)2, or Yb(OTf)3. Furthermore, this method was demonstrated in unprotected reactions (Figure 11).278a,278b
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Figure 10 Glycosidation of 20-carboxybenzyl glycoside.
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Figure 11 Glycosidation of 30-methoxy-20-pyridyl glycoside.
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Figure 12 Glycosidation of glycosyl dinitrosalicylate.
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1.07.11.5 Glycosyl Dinitrosalicylate

The use of methyl dinitrosalicylate (DISAL) glycosides as new glycosyl donors was reported by Jensen et al. These

glycosyl donors were activated not only by strong Lewis acid promoters, such as FeCl3, TMSOTf, and BF3�Et2O, but

also by a milder promoter, LiClO4. Furthermore, DISAL glycosides also reacted under milder basic or neutral

conditions (Figure 12).279a–279e
1.07.11.6 Other O-Glycosides

30,40-Dimethoxybenzyl glycosides were introduced by Inanaga et al. for the glycosidation of 2-deoxy sugars using 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as the promoter (Figure 13).280 On the other hand, Mukaiyama et al.

reported that 6-nitro-2-benzothiazolyl glycosides were found to be activated by protic acids such as TfOH or HB

(C6F5)4 (Figure 14).281a–281d
1.07.12 1-Hydroxy Sugar

1.07.12.1 Anomeric Dehydration

The direct formation of a glycosidic bond from a 1-hydroxy sugar undoubtedly has a great advantage in the glycoside

synthesis (Table 18). The initial282 and several recently modified283a–283h Fischer–Helferich methods using an acid
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Figure 14 Glycosidation of 60-nitro-20-benzothiozolyl glycoside.
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Figure 13 Glycosidation of 30,40-dimethoxybenzyl glycoside using DDQ.
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catalyst such as Tf2O, TMSOTf, TfOH, HF, FeCl3, PPTS, or BF3�OEt2 are useful for obtaining simple O-alkyl

glycosides such as methyl, benzyl, allyl, and simple thioglycosides which are widely used as chiral synthones. In 1976,

Koto et al. developed a novel glycosidation of a 1-hydroxy sugar via a glycosyl bromide intermediate, using a mixture of

methanesulfonic acid-cobalt(II) bromide-tetraethylammonium perchlorate or a mixture of trimethylsilyl bromide-

cobalt(II) bromide-tetrabutylammonium bromide in the presence of MS 4Å.284a–284c Another one-stage approach via

the 1-O-sulfonyl glycoside by the treatment of 1-hydroxy sugar with a mixture of p-nitrobenzensulfonyl chloride,

AgOTf, AcNMe2, and Et3N was also introduced by the same group.285a,285b Along this line, Szeja et al. reported the

glycosylation by p-TsCl under phase-transfer conditions.286a,286b On the other hand, Mukaiyama et al. developed new

methods for the stereoselective and direct syntheses of both 1,2-cis- and trans-ribofuranosides from ribofuranoses and

alcohols or trimethylsilyl ethers by the combined use of diphosphonium salts–Tf2O–iPrNEt,287 [1,2-benzenediolato

(2-)-O,O0]oxotitanium–Tf2O–iPrNEt,288a,288b or diphenyltin sulfide–Tf2O–CsF with or without lithium perchlorate.289

Among them, the method using diphosphonium salts–Tf2O–iPrNEt involved the generation of the oxophosphonium-

type intermediate. In addition, the combined use of diphenyltin sulfide–AgClO4 or Lawesson’s reagent–AgClO4

was also demonstrated.290 Furthermore, it was found that in the presence of hexamethyldisiloxane and anhydrous

calcium sulfate, a catalytic amount of an activator such as Sn(OTf)2, Yb(OTf)2, La(OTf)2, or SnCl2 effectively

activates the glycosidation reactions between 1-hydroxy sugars and free alcohols.291 Mukaiyama et al. also reported

the glycosidations of a ribofuranose with alcohols using a catalytic amount of a trityl salt, TrB(C6F5)4, in the presence

or absence of a lithium salt, LiNTf2,
292a,292b and the trityl salt was also used as an activator for the a-stereoselective

glycosidations of 2-deoxyglucopyranose and alcohols.293 Furthermore, Mukaiyama et al. found that the glycosidation

of perbenzylated galactopyranose using a novel catalyst system, TMSCl–Sn(OTf)2, with LiClO4 as an additive,

proceeded to afford the corresponding a-glycosides in good yield with high stereoselectivity.294 As alternatives

using a Lewis acid as a promoter, Inanaga et al. reported the catalytic glycosidation of 1-hydroxy sugars using

methoxyacetic acid and Yb(OTf)3,
295 and the use of TMSCl and Zn(OTf)2 was announced by Susaki et al.296

Cu(OTf)2 was also employed for the activation of a 1-hydroxy sugar.25 On the other hand, Gin recently introduced

the glycosidations of 1-hydroxy sugars and alcohols using Tf2O–Ph2S¼O–TTBP,297a–297c Me2S–Tf2O–TTBP,298 or

nBu2S¼O–Tf2O–TTBP.299a,299b These glycosidations involved the activation of hemiacetals via the corresponding

oxosulfonium salts. Recently, Hirooka et al. reported the dehydrative glycosidation using DAST–Sn(OTf)2–Bu4N-

ClO4–TEA system.300 Toshima et al. reported that glycosidations with alcohols using a heteropoly acid, H4SiW12O40,

proceeded to give the corresponding glycosides. In this study, it was found that the suitably dried heteropoly acid,

H4SiW12O40, worked well as both an activator of the 1-hydroxy group and a dehydrating reagent.301 Kusumoto et al.



Table 18 Glycosidation of 1-hydroxy sugar (anomeric dehydrative method)

O

OH

O

OR
ROX

Activator X References

MsOH–CoBr2–R4

0
NBrX (R0 ¼Et, Bu; X¼Br, ClO4) H 284

p-NO2C6 H4 SO2 Cl–AgOTf–Et 3N–AcNMe2 H 285

TsCl–NaOH aq. H or TMS 286

Bun3P›O–Tf2O–Pr2
iNEt H or TMS 287

O
Ti

O

-Tf2O–CsF–Pri
2NEt

O
H or TMS 288

Ph2 Sn›S–Tf2 O–CsF H or TMS 289

AgClO4–Ph3 Sn=S or Lawesson’s reagent(cat.) H or TMS 290

TMS2 O–Sn(OTf)2 H 291

TrB(C6 F5 ) 4 H 292,293

TMSCl–Sn(OTf)2–LiClO4 H 294

MeOCH2CO2 H–Yb(OTf)3 H 295

TMSCl–Zn(OTf)2 H 296

Cu(OTf)2 H 25

Tf2O–Ph2 S ›O–TTBP H 297

Me2 S–Tf2O–TTBP H 298

Bun2 S›O–(PhSO2) 2 O–TTBP H 299

DAST–Sn(OTf)2–Bu4 NClO4 –TEA H 300

H4 SiW12O40 H 301

TMSCIO4–(CCl3 CO)2O H 302

[Rh(III)(MeCN)3 (triphos)](TfO)3 H 303

CBr4 –PPh3–DMF H 304

CuCl2–dppf–AgClO4 H 305

DEAD–Ph3 P H (R¼ aryl) 306
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reported a glycosidation using an acid anhydride and TMSClO4.
302 On the other hand, rhodium(III)-triphos catalyst-

mediated catalytic glycosidation was announced by Ernst et al.303 The glycosidation using CBr4 and PPh3 in

N,N-dimethylformamide (DMF) was reported by Kobayashi et al.,304 and the glycosidation employing copper(II)–

phosphine complex-mediated glycosidation was introduced by Hiroi et al.305 On the other hand, the application of

the Mitsunobu reaction using diethyl azodicarboxylate (DEAD) and Ph3P for the synthesis of an aryl glycoside from

a 1-hydroxy sugar was demonstrated by Roush.306
1.07.12.2 Anomeric O-Alkylation

The anomeric O-alkylation method was announced by Schmidt et al. in 1979.307a–307i The 1-hydroxy sugar was

generally activated by t-BuOK or NaH and then effectively coupled with an alkyl triflate (Figure 15). It was found

that, in the case of a secondary alkyl triflate as a glycosyl acceptor, an aprotic dipolar solvent, HMPA–DMF or HMPA–

THF, was effective for their glycosidations.
1.07.13 Glycal

1.07.13.1 Addition

The glycosidation protocols of glycals for the synthesis of 2-deoxy or 2-substituted glycosides are summarized in

Table 19. Since Lemieux et al. investigated that the reactions of glycal and simple alcohols in the presence of I2, a Ag

salt, and a base gave 2-deoxy-2-iodo glycosides in 1962,308a,308b several practical promoters, IDCP, NBS, and NIS,
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Figure 15 Glycosidation of 1-hydroxy sugar by anomeric O-alkylation.

Table 19 Additive glycosidation of glycal

X

O

OR

O O

OR

Reductive agentROX

Activator X References Reductive agent

I2 , Ag salt I 308

IDCP I 309 H2–Pd

NBS Br 310 H2–Raney-Ni

NIS I 311 or

PhSeCl SePh 314 Bu4SnH–AIBN

ROSPh–TMSOTf SPh 315

(PhS)2S
+PhSbCl6

� SPh 316

CSA H 317,318

TsOH H 319

Ph3 P�HBr H 320

AG50 WX2-resin H 321

BBr3, BCl3 H 322

TfOH, Bun4NI H 323

CeCl3 �7H2 O–NaI H 324

ReOCl3 (SMe2 )(Ph3PO) H 325

Ph2 SO, Tf 2O, DTBMP MeOH, Et 3N, ZnCl2 OH 326

DBTO, Tf2O, Pr2
iNEt ZnCl2 OH 327

Selectfluor®�2OTf F 328

TSO, Tf2 O PhNEt2 , TMSNHAc Amberlyst-15 or CSA NHAc 329

PhI(OCOR)2 BF3 �Et2 O, TfOH OCOR 330
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were introduced by Lemieux et al.,309 Tatsuta et al.,310 and Thiem et al.,311a,311b respectively. The preferentially

obtained 2-deoxy-2-halo-a-glycosides using these promoters were easily converted into the desired 2-deoxy-a-glyco-
sides by reductive dehalogenation. Thiem and Klaffke modified the original NIS method by the transformation of an

alcohol into the corresponding tin alkoxide to enhance the reactivity of the glycosyl acceptor.312 Danishefsky et al.

developed the sulfonamidoglycosidation reaction of glycal by the combined use of IDCP and benzenesulfonamide or

the use of N,N-dibromobenzenesulfonamide to prepare the 2-amino-2-deoxy-b-glycosides.313a,313b On the other hand,

Sinaÿ et al.314 developed an alternative approach using PhSeCl as an activator, and Ogawa et al.315 announced the

addition of the phenylsulfenate ester to glycal in the presence of TMSOTf. Furthermore, the electrophilic activation

of glycal by a phenylbis(phenylthio)sulfonium salt was reported by Franck et al.316a,316b In these glycosidation

methods, 2-deoxy-2-phenylthio-b-glycosides, which were easily converted into the 2-deoxy-b-glycoside by hydro-

genolysis using Raney-Ni as a catalyst, were produced with moderate to high stereoselectivity. On the other hand,

CSA,317a,317b,318 p-TsOH,319 triphenylphosphine hydrobromide,320 and AG50 WX2-resin321 appeared in this field to

directly obtain the desired 2-deoxy-a-glycoside from glycal. Recently, Toshima et al. reported a novel glycosidation of

glycals using BCl3 or BBr3 as a promoter for the catalytic and stereoselective synthesis of 2-deoxy-a-glycosides.322

Alternatively, the combined uses of TfOH–Bun4NI323 and CeCl3�7H2O–NaI324 were introduced. Very recently, Toste

et al. demonstrated rhenium(V)-catalyzed glycosidation of glycals to selectively produce 2-deoxy-a-glycosides.325 On

the other hand, to obtain 2-hydroxy glycosides from glycals, Gin et al. introduced novel glycosidations using a

combined system such as Ph2SO–Tf2O–DTBMP–MeOH–Et3N–ZnCl2
326a–326c or DBTO–Tf2O–Pri2NEt–ZnCl2.

327

It was found that these glycosidations proceeded via the corresponding 1,2-anhydro sugars as the reactive
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intermediates.326c Alternatively, Wong et al. reported Selectfluor®-mediated glycosidation to produce 2-fluoro glyco-

sides.328 Furthermore, Gin et al. reported acetamidoglycosidation of glycals using TSO–Tf2O–PhNEt2–TMSNHAc-

acid (Amberlyst-15 or CSA)329a,329b and C2-acyloxyglycosidation of glycals using PhI(OCOR)2-BF3�Et2O–TfOH.330

1.07.13.2 Ferrier Rearrangement

The glycosidations of glycals for the synthesis of 2,3-unsaturated glycosides via Ferrier rearrangement331 are summar-

ized in Table 20. In these cases, glycals as a glycosyl donor usually possess a good leaving group at the C3 position

such as an acetoxy group. BF3�Et2O332 and SnCl4
333 were used as effective glycosidation promoters, which afforded

the 2,3-unsaturated glycoside that resulted from the allylic rearrangement (the Ferrier rearrangement) of glycal.

Alternatively, Toshima et al. reported that the glycosidation of glycal with alcohol by 2,3-dichloro-5,6-dicyano-1,4-

benoquinone (DDQ) as a catalytic promoter under neutral conditions gave the corresponding 2,3-unsaturated glyco-

sides.334 After these studies, many reagents such as I2,
335a,335b LiClO4,

336 montmorillonite K-10,337a,337b LiBF4,
338

FeCl3,
339 Sc(OTf)3,

340 HI,341 InCl3,
342 LiBF4–SnCl2,

343 Yb(OTf)3,
344 BiCl3,

345 Dy(OTf)3,
346 CeCl3�7H2O,324 Bi

(NO3)3,
347 ZrCl4,

348 HClO4–SiO2,
349 and NbCl5

350 were introduced in this area. Very recently, Lee et al. introduced

palladium-catalyzed glycosidation of glycals.351 On the other hand, methods using a glycal possessing a functional

group at the C3 position were demonstrated (Figure 16). Thus, Fraser-Reid et al. announced an oxidative alternative

to the Ferrier rearrangement using 3-O-pentenyl glycals and IDCP.352a,352b Along this line, Schmidt announced an

alternative Ferrier rearrangement using 3-O-trichloroacetimidate glycals and TMSOTf.353 Furthermore, Sulikowski

et al.354 and Balasubramanian et al.355 independently applied the Mitsunobu reaction to glycals possessing a free

hydroxy group at the C3 position to obtain 2,3-unsaturated aryl glycosides under neutral conditions. In addition, Crotti

et al. reported glycosidations of vinyl oxiranes derived from glycals to afford 2,3-unsaturated glycosides via a 1,4-

addition pathway (Figure 17).356a,356b
1.07.14 1,2-Anhydro Sugar

Since the first 1,2-anhydro sugar (Brigl’s anhydride357 was reported in 1922), several uses of a 1,2-anhydro sugar for the

glycoside synthesis have been investigated.4g However, few significant advances appeared in practical means until
Table 20 Glycosidation of glycal via Ferrier rearrangement

O

OR

O ROX

Activator References

BF3 �Et2 O 332

SnCl4 333

DDQ 334

I2 335

LiClO4 336

Montmorillonite K-10 337

LiBF4 338

FeCl3 339

Sc(OTf)3 340

HI 341

InCl3 342

LiBF4 –SnCl2 343

Yb(OTf)3 344

BiCl3 345

Dy(OTf)3 346

CeCl3 �7H2O 324

Bi(NO3 )3 347

ZrCl4 348

HClO4–SiO2 349

NbCl5 350

Pd(OAc)2–Et2 Zn 351



O ROH

HO

MsO

PO

ButOK O

PO

O

O

HO

PO

OR

Figure 17 Glycosidation of vinyl oxirane derived from glycal.
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Figure 16 Glycosidation of glycal via Ferrier rearrangement.

Table 21 Glycosidation of 1,2-anhydro sugar

O OROX

O

OH

OR

Activator References

ZnCl2 358

BF3�Et 2 O 359

TrCl 359

TrClO4 359

AgOTf 359

Zn(OTf)2 360

AgBF4 361
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Danishefsky’s studies in 1989.358a–358g Danishefsky et al. developed a convenient method for the direct preparation

of a 1,2-anhydro sugar from glycal using dimethyldioxirane as an effective epoxidation reagent. They also investigated

the wide use of a 1,2-anhydro sugar for the synthesis of several types of glycosides including glycosyl fluoride,

thioglycoside, and so on. The 1,2-anhydro sugar was coupled with alcohols in the presence of ZnCl2 in tetrahydrofuran

(THF) under mild conditions to give the 1,2-trans-glycoside. As other activating reagents for the 1,2-anhydro sugar,

BF3�Et2O,359 TrCl,359 TrClO4,
359 AgOTf,359 Zn(OTf)2,

360 and AgBF4
361 were introduced (Table 21).
1.07.15 Others

Vasella et al. introduced a new approach to glycoside synthesis using the glycosylidene carbene generated from the

diazirine sugar as a novel type of glycosyl donor. The glycosylidene carbene reacted with alcohols in the absence of any

additives (Figure 18).362a–362d The redox glycosidation via reductive methylation of a thionoester intermediate was

reported by Barrett et al. (Figure 19).363a–363d The thionoester was prepared by esterification of a 1-hydroxyl sugar

followed by Lawesson thionation. N-glycosyl triazoles and tetrazoles were introduced by Kunz et al.364a,364b and

Sulikowski et al.,365a–365c respectively, and were found to be activated by TMSOTf and Me3OBF4, respectively

(Figure 20). The use of N-glycosyl amides as glycosyl donors was reported.366 These amides were activated by
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Ph3P and CBr4 to give the corresponding imidoyl bromides, which were coupled with alcohols by AgOTf (Figure 21).

Telluroglycosides as glycosyl donors were demonstrated by Yamago et al.367a,367b The activation methods using NBS,

NIS, and NIS–TMSOTf, also including electrochemical activation, all of which were used for the activation of

thioglycoside and selenoglycoside, were reported (Figure 22). Alternatively, the uses of several sugar orthoesters in

glycosidation reactions were reported. Thus, the use of sugar orthoesters followed by TMSOTf-mediated rearrange-

ment368 was introduced by Hecht et al.369 and Kong et al.370 (Figure 23). Furthermore, Ikegami et al. announced the

formation and reductive cleavage of cyclic sugar orthoesters to construct glycosidic bonds (Figure 24).371 On the other

hand, Beaupere et al.372 reported the glycosidation of 1,2-cyclic sulfites as glycosyl donors using phenoxide ions, and

Kiessling et al.373 introduced the same glycosyl donors with Yb(OTf)3 or Ho(OTf)3 (Figure 25). 1,6-Lactone
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derivatives derived from glucuronic acid were used as glycosyl donors by Murphy et al.374 These glycosyl donors were

found to react with silyl ethers in the presence of SnCl4 to give the corresponding glucuronides (Figure 26). Madsen

et al. reported platinum-mediated ring-opening glycosidation of 1,2-cyclopropanated sugars with alcohols to give the

corresponding 2C-branched glycosides (Figure 27).375 On the other hand, Feringa et al.376 and O’Doherty et al.377a,377b

independently reported palladium-promoted glycosidations of 6-acyl-2H-pyran-3(6H)-one derivatives with alcohols

(Figure 28). Very recently, Toshima et al.378 demonstrated novel glycosidations usingDNA bases (adenine and guanine)

as the leaving groups of glycosyl donors. Thus, the simple and practical synthesis of alkyl glycosides by novel
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chemoselective glycosidations using natural resources, DNA and RNA nucleosides, was realized, and the one-step

synthesis of chemoselectively modified DNA oligomers using the glycosidation method was also demonstrated

(Figure 29).
1.07.16 Specific Methods

1.07.16.1 2-Deoxy-b-Glycoside Synthesis

Several types of 2-deoxy-a- and -b-glycosides frequently appear in naturally occurring bioactive substances such as

aureolic acid antibiotics, anthracycline antibiotics, cardiac glycosides, avermectins, erythromycins, and enediyne

antibiotics. However, the efficient glycosidation of 2-deoxy sugar, especially, b-stereoselective glycosidation, has

been a long-standing problem in this field.379 The main reasons why highly b-stereoselective glycosidation of a

2-deoxy sugar is difficult are the anomeric effect and the lack of stereodirecting anchimeric assistance from the C2

position. In this context, several indirect methods have been developed to overcome this problem. Thiem and

Klaffke380a–380f introduced the use of 2-bromo-2-deoxy-glycosyl bromides which have a bromide as a temporary

participating group at the C2 position. Silver triflate-promoted glycosidation of the 2-bromo-2-deoxy glycosyl bro-

mides predominantly gave the corresponding b-glycosides which were effectively converted into the desired 2-deoxy-

b-glycosides by reductive debromination (Figure 30). Thiophenyl, selenophenyl, and N-formylamino groups were

also employed as other temporary participating groups at the C2 position which could be easily removed after



O
TPSO

TBSO
MeO

SPh

OH

O
TPSO

SPh

TBSO
MeO F

O
HO

AcO
AcO

OMeAcO

O
TPSO

PhS

TBSO
MeO

O
O

AcO
AcO

OMeAcO

O
TPSO

SPh

TBSO
MeO

O
OAcO

AcO
OMeAcO

O
TPSO

TBSO
MeO

O
O

AcO
AcO

OMeAcO

O
TPSO

TBSO
MeO

O
OAcO

AcO
OMeAcO

b

a

+

90%

90%, a /b = 10/1

92%, a /b = 1/16

93%

94%

DAST

Et2O

CH2Cl2

H2
Raney-Ni

H2
Raney-Ni

SnCl2

SnCl2

Figure 31 Glycosidation of 2-deoxy-2-phenylthioglycosyl fluoride.

O
Me

BzO
HOCO

BrBr

O
OBn

Br

Me
BzO

HO

O
Me

BzO
HOCO

Br
O

O
OBn

Br

Me
BzO O

Me
BzO

HO
Br

O
O

OBn
Br

Me
BzO

O
Me

BzO
HOCO

Br Br

O
Me

BzO
O

Br
O

O
OBn

Br

Me
BzOO

Me
BzO

HOCO
Br

O
Me

HO
OMe O

O
OBn

OH

Me
HOO

Me
HO

+

H3COH/HCl

92%, a/b= 1/7

69%, a/b= 1/10

AgOTf

AgOTf

Figure 30 Glycosidation of 2-bromo-2-deoxy-glycosyl bromide.

O-Glycosidation Methods 289
glycoside bond formation. In the method introduced by Nicolaou et al.381a,381b 2-deoxy-2-phenylthioglycosyl fluoride

was prepared from the corresponding phenylthioglycoside via 1,2-migration with diethylaminosulfur trifluoride

(DAST), and its glycosidation using SnCl2 selectively gave both a- and b-glycosides by selecting a solvent in the

reactions (Figure 31). Beau et al.382 synthesized 1,2-trans-acetoxy-selenides by treatment of glycals with PhSeCl and

AgOAc, and their glycosidations using TMSOTf predominantely afforded the b-glycosides (Figure 32). In addition,

several derivatives of N-formylglucosamine were employed as a glycosyl donor by Sinaÿ et al.,383 and the resulting

b-glycosides obtained using TMSOTf were converted into the corresponding 2-deoxy-b-glycosides via the radical

reduction of the intermediate isonitriles (Figure 33). Toshima and Tatsuta384a–384g have designed conformationally

rigid glycosyl donors, which had a thio-bridge between the C2 and C6 positions, for the highly stereocontrolled

syntheses of both 2,6-dideoxy-a- and b-glycosides (Figure 34). 2,6-Dideoxy sugar is the most common and important

class of 2-deoxy sugars in bioactive natural products. Both glycosidations of 2,6-anhydro-2-thio sugars possessing a

phenylthio group as an anomeric leaving group with NBS and glycosidations of 2,6-anhydro-2-thio fluorides with

several Lewis acids in the presence of alcohols exclusively afforded the corresponding 2,6-anhydro-2-thio-a-glyco-
sides. In contrast, 2,6-anhydro-2-thio-b-glycosides were selectively obtained by the glycosidations of 2,6-anhydro-2-

thio sugars having an acetoxy group at the C1 position with alcohols in the presence of a Lewis acid. Furthermore, the

obtained 2,6-anhydro-2-thio-a- and b-glycosides were both converted into the desired 2,6-dideoxy-a- and b-glycosides
by hydrogenolysis using Raney-Ni or radical desulfurization using Bun3SnH and 2,20-azobisisobutyronitrile (AIBN).
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On the other hand, the highly stereoselective syntheses of 2-deoxy-b-glycosides using alkoxy-substituted anomeric

radicals were reported by two independent groups. Crich et al.385a–385d developed the preparation of 3-deoxyulsonic

acid glycosides from glycals and their reductive decarboxylation for the stereoselective syntheses of 2-deoxy-b-
glycosides (Figure 35). Kahne et al.386 also synthesized the hemithio orthoester from the lactone via the thionolactone

and showed that the treatment of the hemithio orthester with Bun3SnH and AIBN predominantly gave 2-deoxy-b-
glycoside due to the high stability of the a-directed anomeric radical (Figure 36). Alternatively, van Boom et al.387a,387b

reported that the NIS–TfOH-mediated stereospecific glycosidation of 2-O-phenoxythiocarbonyl 1-ethyl(or phenyl)

thioglycosides gave access to valuable 1,2-trans-linked oligosaccharides, which afforded the respective 2-deoxy-

a-manno or 2-deoxy-b-glucopyranoside by desulfurization using Raney-Ni (Figure 37). Roush et al. reported that

2-deoxy-2-iodo-glycopyranosyl acetates,388a,388b trichloroacetimidates,388b,388c,388d and fluorides388e were found to be

very effective glycosyl donors for the stereoselective syntheses of 2-deoxy-b-glycosides (Figure 38). Capozzi and

Frank389a–389d introduced 1,4-oxathiine derivatives as glycosyl donors which could be activated byMeOTf, TMSOTf,
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or acids such as trifluoroacetic acid (TFA), benzenesulfonic acid (BSA), and TfOH (Figure 39). It was also found that

the obtained b-glycosides were converted to the corresponding a-anomer in the same reaction medium; the isomeri-

zation was induced by acid catalysis. Yu et al. 390a,390b announced that 2,3-O -thionocarbonyl-1-thioglycosides were

found to be activated by MeOTf and coupled with alcohols to give the corresponding b-glycosides via the
corresponding three-membered sulfonium intermediate ( Figure 40). In addition, 2-thio-S-acetyl-1-acetate donors

with TMSOTf as the activator were introduced by Knapp et al. for this purpose (Figure 41 ). 391 On the other hand,

direct methods for the synthesis of 2-deoxy-b-glycosides have appeared. The use of insoluble silver salts such as silver

silicate which favors direct SN2 displacement of an anomeric bromide by alcohols was introduced by Paulsen (see

Section 1.07.16.2.1).7 This protocol is now well known as the heterogenic catalyst method. Wiesner et al.66,392a,39 2b

reported an effect due to the participation by the p-methoxybenzoyl group attached to the C3 position (Figure 42).

However, Binkley et al.393 suggested that the participation from the C3 position was not the dominating characteristic

of glycosyl donors possessing an acyloxy group at the C2 position. Alternatively, Toshima et al.394 demonstrated that

montmorillonite K-10 promoted stereocontrolled glycosidations of olivose (2,6-dideoxy-D-arabino-hexose) using the

participation effect of the C4 protecting group. Thus, when a 4-O-acetyl group was present, b-glycosides were
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predominantly produced (Figure 43). The stereoselective glycosidation of 2-deoxyglycosyl fluoride was carried out

using TiF4.
46 In the case of 2-deoxy-a-glycosyl fluoride, when hexane was used as the solvent, the b-glycoside was

selectively produced with the inversion of the anomeric center via an SN2 mechanism. On the other hand, when the

reaction was performed in Et2O, the a-glycoside was obtained as the major product via a ‘double SN2’ mechanism,

which involved the formation of the oxonium cation–ether complex. Diethyl phosphites were found to be very useful

glycosyl donors for obtaining 2-deoxy-b-glycosides. For example, Hashimoto et al.236b and Toshima et al.239c,239d

reported the TMSOTf- and montmorillonite K-10-mediated b-stereoselective glycosidations, respectively. In addi-

tion, Toshima et al.58b,58c reported the stereocontrolled glycosidations of 2-deoxy glycosyl fluoride using sulfated

zirconia. Thus, the glycosidations of perbenzylated 2-deoxy-a-glucopyranosyl fluoride and alcohols using SO4/ZrO2 in

MeCN exclusively gave the corresponding a-glycosides, while the corresponding b-glycosides were selectively

obtained by the glycosidations employing SO4/ZrO2 in the presence of MS 5Å in Et2O.
1.07.16.2 b-Mannoglycoside Synthesis

1.07.16.2.1 Intermolecular glycosidation
The b-manno-type linkage is a very important element in the carbohydrate chains of glycoproteins. However, the

stereoselective formation of a b-mannopyranoside bond is an especially difficult type of linkage to realize due to the

steric repulsion of the 1,2-cis-configuration and the instability due to the anomeric effect. In contrast, its isomer,

a-mannopyranoside, is exclusively produced, especially in the presence of a participating group at the C2 position.

Paulsen et al.7 introduced a significant method for highly stereoselective b-mannopyranosides syntheses using benzyl-

protected a-mannosyl bromides and insoluble silver catalysts such as silver oxide or silver silicate (Figure 44). These

reactions involved a replacement of the C1 substituent with inversion. Schuerch et al.395a,395b developed the use of

sulfonyl groups at the C1 and C2 positions. Treatment of the 2-O-mesyl-1-O-tosyl mannosyl donor with several

alcohols in MeCN exclusively afforded the corresponding b-mannopyranosides (Figure 45). Along this line, the use

of 2-O-benzylsulfonyl mannopyranosyl trichloroacetimidate and TMSOTf was introduced by Schmidt et al.396 Inazu

et al.218b,218c demonstrated b-mannopyranoside formation by the dimethylphosphinothioate method using I2–TrClO4
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in PhMe. One of the most powerful methods in this area is Crich’s method. 397a–397d It was found that 4,6- O-

benzylidene-protected mannopyranosyl sulfoxide reacted with alcohols by Tf2 O to give the corresponding b-manno-

pyranosides via the corresponding glycosyl triflate intermediates (Figure 46 ). In addition, the method using

4,6-O-benzylidene-protected phenylthio mannopyranosides with PhSOTf was introduced by the same group. Along

this line, Schmidt et al.398 used 4,6- O- b en z y li d en e- pr ot ec te d m an no py ra no sy l t ri ch lo ro im id at es , a nd H as hi m o to et al.236c

and Toshima et al. 239c employed 4,6- O-benzylidene-protected mannopyranosyl diethyl phosphites for the b-stereo-
selective mannosidation. On the other hand, Srivastava and Schuerch 399 and Dessinges et al.400 reported the poten-

tial utility of glycosyl 1,2- O-stannylene acetals, and Hodosi and Ková c 401a,401b established this method involving

alkylation of a 1,2-O -stannylene acetal with a triflate derivative as an aglycon (Figure 47 ). Seeberger et al. 402

introduced the use of glycosyl phosphates for the formation of the b-mannopyranoside linkage. Tatsuta et al. 403

reported the use of a naphthylthio glycoside which gave the b-mannopyranoside under the action of NIS–TfOH

( Figure 48 ). Kahne et al.385a–3 85d synthesized the hemithio orthoester from the lactone via the thionolactone and

showed that the treatment of the hemithio orthester with Bu n3 SnH and AIBN predominantly gave b-mannopyrano-

sides (see Section 1.07.16.1). On the other hand, the use of glycosyl fluorides with La(ClO4 )3 –Sn(OTf) 2 was demon-

strated by Sibasaki et al.56 In addition, Toshima et al.58a developed stereocontrolled mannosidation of mannopyranosyl

fluoride using sulfated zirconia. The tendency in the stereoselectivity was very similar to the stereocontrolled glycosida-

tions of 2-deoxyglucopyranosyl fluoride using the same activator, sulfated zirconia, reported by the same group (see

Section 1.07.16.1). Alternatively, Chung et al.404 reported lanthanide( III) triflate-promoted b-stereoselective glycosida-
tion of C2 hydroxymannopyranosyl sulfoxide and sulfide based on the noncovalent version of the intramolecular aglycon

delivery inducedby the coordination of lanthanide(III) ion with the C2 hydroxy group of the glycosyl donor (Figure 49).
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1.07.16.2.2 Intramolecular glycosidation
Intramolecular glycosidation strategy is a powerful tool for the b-mannoside linkage formation.405a,405b This approach

usually focused on the configuration of the C2 hydroxy group of b-mannopyranose. These methods commonly

involved the formation of an intermolecular mixed acetal of the C2 hydroxy group and a glycosyl acceptor, and a

glycosidation by intramolecular migration of the glycosyl acceptor to the anomeric position of the glycosyl donor.

Hindsgaul et al.406a,406b used NIS as a promoter of the intramolecular reaction of ethylthioglycoside (Figure 50).

Similarly, Stork et al.407a,407b employed a mixed Si-acetal and applied Kahne’s method for activation of the phenyl

sulfoxide of the glycosyl donor (Figure 51). Following these pioneering works, Ito and Ogawa408a–408f reported

b-mannosylation via p-methoxybenzyl-assisted intramolecular aglycon delivery (Figure 52). In addition, Fairbanks

et al. reported vinyl-409a–409c and allyl-410a–410emediated intramolecular aglycon delivery b-mannosidations (Figure 53).

In these cases, the corresponding a-anomers were not produced at all. On the other hand, Ziegler et al.411a–411c

introduced the intramolecular b-mannosidation of succinyl-bridged glycosides (Figure 54). In addition, Valverde

et al.412 announced the use of a phthalic spacer, and the use of m-xylylene and isophthaloyl derivatives as rigid linkers

was introduced by Schmidt et al. in this area.413



O
BnO

BnO
BnO

OH

SPh

Si
O

Si

O
BnO

BnO
BnO

O

SPh

BnO

BnO BnO

BnO

O

O

OMe

O
BnO

BnO

O

O

OMe

ClMe2SiO
BnO

BnO

O

OMe

O
BnO

BnO
O

BnO

BnO
BnO

O

SPh

O

OMe

BnO
BnO

BnO

BnO
BnO

OH

m-CPBA

+

Imidazole 100%

73%, b only

Tf2O

Figure 51 Intramolecular glycosidation via silyl-acetal intermediate.

O
TPSO

O
O

SMe N3

O
BnO
HO
BnO+

65%, b only

OMe

OPh

OTPS

O
TPSO

O
O

SMe

OMe

OPh N3

OO
BnO OTPS

OBn

DDQ

MeOTf
O

TPSO
O

OHOPh

N3

OO
BnO OTPS

OBnb

Figure 52 Intramolecular glycosidation via p-methoxybenzylidene-acetal intermediate.

O
BnO

BnO
O

SPh O

O+

84%,b only 

BnO NIS

O

O

O

OH

O
BnO

BnO
O

SPh

BnO
OO
O

O
O

O

I

O
BnO

BnO

OH
BnO

O

O

O

O

O

O

Figure 53 Intramolecular glycosidation via iodinated isopropylidene-acetal intermediate.

296 O-Glycosidation Methods



O
BnO

BnO
OBn

SEt

BzO

O
BzO

MeOTf
O HO

OBn

OO

O
BnO

BnO
OBn

BzO

O
BzO

O

O

OBn

O

53%, b only

b

O

O
O

Figure 54 Intramolecular glycosidation using phthalic spacer.

O-Glycosidation Methods 297
1.07.17 Other Topics

1.07.17.1 Green Method Using Ionic Liquid

One of the most recent topics in this area is green glycosidation. Following the extensive studies using a heteroge-

neous and reusable solid catalyst in a glycosidation reaction by Toshima et al.58a–58c,124,239a–239d,337a,337b,394,414 for

greening the chemical glycosidation method, the use of an ionic liquid as an environmentally benign reaction media

for the glycosidation reaction was reported by Toshima et al.,62a,62b,240 Yadav et al.,346 Poletti et al.,415a,415b and

Pakulski.416 Among these studies, Toshima and Poletti independently demonstrated not only the reusability of the

ionic liquid in the glycosidation reaction but also the potency of the ionic liquid for stereocontrol of the glycosidation

reaction (Figure 55).
1.07.17.2 Peptide-Templated Method

Peptide-templated glycosidations were introduced by Fairbanks et al.417a–417c and Warriner et al.418a,418b as a new

trend. These methods produced increased regio- and stereoselectivities, which were dependent on the nature of the

peptide and could be applied to the solid-phase synthesis (Figure 56).
1.07.17.3 Frozen Method

Another interesting topic is glycosidation under frozen conditions reported by Ito et al.419 They found that the

glycosidation of thiomethyl glycosides using MeOTf proceeded more effectively under frozen conditions than

under unfrozen conditions due to the concentration effect under the frozen conditions (Figure 57).
1.07.17.4 Stereoselective Method Using a Chiral Auxiliary

Very recently, Boons et al.420a,420b reported stereoselective glycosidation with chiral auxiliaries (Figure 58). It was

shown that the anomeric stereoselectivity of the glycosidation was controlled by the chiral auxiliary at the C2 position

of the glycosyl donor.
1.07.17.5 Biomimetic Method

Toshima et al.421 demonstrated a novel biomimetic glycosidation using 2,3-unsaturated sugars as glycosyl donors. In

this study, several 2,3-unsaturated sugars were designed as efficient glycosyl donors based on the hydrolysis mecha-

nism of lysozyme, because the 2,3-unsaturated sugar originally possesses the half-chair conformation, which is close to

that of the corresponding oxonium intermediate, in the grand state, and the positive charge at the allylic C1 position of

the oxonium intermediate is stabilized by the double bond between the C2 and C3 positions of the 2,3-unsaturated

sugar. It was demonstrated that the 2,3-unsaturated glycosyl donors were much more effectively activated by several

activators than the corresponding 2,3-saturated sugars and also coupled with several alcohols including hindered ones

to give the corresponding glycosides. Furthermore, it was confirmed that the chemoselective glycosidations of the 2,3-

unsaturated glycosyl donors in the presence of the corresponding 2,3-saturated glycosyl donors were effectively

realized (Figure 59).
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1.07.18 Concluding Remarks

The O-glycosidation method has made tremendous progress in the last three decades and has been successfully

applied to the synthesis of glycomolecules. However, a powerful method and the general aspects for glycosidation

have not yet appeared from the point of view of chemical yield and stereoselectivity. Therefore, we always ask the

question as to which method is the most suitable in our synthesis. Further, general chemical methodologies for the

O-glycosidation of a totally unprotected free sugar and the O-glycosidation in water such as an enzymatic glycosidation

have still not been realized. Does a single powerful method in the glycosidation area really exist? In the future, two

alternative ways may be determined to be an efficient for glycosidation reactions. One way is the development of a

more general method. Another way is the creation of a special method which is peculiar to each type of sugar,

considering the features of each sugar structure. Furthermore, a major breakthrough may be needed for synthesizing

any given glycomolecules by fully controlled chemistry. In addition, environmentally benign chemistry on carbohy-

drates, namely ‘green carbohydrate chemistry’, including ‘green glycosidation’, must be established in this century.

Because carbohydrates are indispensable substances in our life activities, the study of carbohydrate chemistry will

continue for a long time.
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Glossary

anomeric position The acetal position in the sugar structure and the position is usually numbered C1.

glycosidation The synthetic method for attaching sugar(s) to non-sugar molecules or other sugar(s). The term ‘glycosylation’ is

frequently used instead of ‘glycosidation’.

glycoside All molecules possessing sugar(s) through any kinds of glycosidic bonds (O-, C-, N- and S-glycosidic bonds, etc.). In a

glycoside, the sugar and non-sugar parts are defined as ‘glycon’ and ‘aglycon’, respectively.

glycosyl acceptor The molecule(s) which accepts the sugar(s) in the glycosidation reaction.

glycosyl donor The molecule(s) which serves as the sugar(s) in the glycosidation reaction.
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4a. Wulff, G.; Röhle, G. Angew. Chem., Int. Ed. Engl. 1974, 13, 157–170.

4b. Bochkov, A.-F.; Zaikov, G. E. Chemistry of the O-Glycosidic Bond: Formation and Cleavage; Pergamon Press: Oxford, UK, 1979.

4c. Tsutsumi, H.; Ishido, Y. J. Synth. Org. Chem. Jpn. 1980, 38, 473–491.

4d. Paulsen, H. Angew. Chem., Int. Ed. Engl. 1982, 21, 155–173.

4e. Koto, S.; Morishima, N.; Zen, S. J. Synth. Org. Chem. Jpn. 1983, 41, 701–717.

4f. Paulsen, H. Chem. Soc. Rev. 1984, 13, 15–45.

4g. Schmidt, R. R. Angew. Chem., Int. Ed. Engl. 1986, 25, 212–235.

4h. Krohn, K. Nachr. Chem. Tech. Lab. 1987, 35, 930–935.

4i. Kunz, H. Angew. Chem., Int. Ed. Engl. 1987, 26, 294–308.

4j. Schmidt, R. R. Pure Appl. Chem. 1989, 61, 1257–1270.

4k. Hashimoto, S.; Ikegami, S. Farmacia. 1991, 27, 50–57.

4l. Schmidt, R. R. In Comprehensive Organic Synthesis; Trost, B. M., Ed.; Pergamon: Oxford, UK, 1991; Vol. 6, pp 33–64.
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1.08.1 Transformations without Neighboring Groups

1.08.1.1 Classical Techniques

Glycoside bond formation in the eyes of the majority of chemists is still closely connected to the names of Koenigs and

Knorr, who invented the reaction in 1901. Ever since it has been proven useful in most every-day applications,

however, some peculiarities in the nature of the target molecule render this tool less useful for constructing 2-deoxy

glycosides. The most prominent feature, a missing neighboring group, results in a reduced stability of the

corresponding glycosyl halides. The reaction scheme may outline these problems. Treatment of the a- or b-glycosyl
halide (the former being slightly more stable owing to the anomeric effect) in the 2,6-dideoxy- D-arabino -series 1 or

2 with an alcohol in the presence of a silver promoter is supposed to proceed via an oxocarbenium ion intermediate 3.

Upon nucleophilic attack of the alcohol, both the protonated precursors are formed, which after release of the proton

give the a- and b-glycosides 5 and 6. The intermediate 3 may also be stabilized by subsequent loss of the 2-H which

leads to the glycal 4 (Scheme 1 ). This is an often observed by-product in 2-deoxy sugar glycosylation leading to

diminished yields of the wanted glycosides.

With these drawbacks in mind, a few examples may show the successful application of this reaction in the

construction of natural products.

The D-arabino-b1!3-D-lyxo-configuration of the B-A disaccharide portion of mithramycin was established by

utilizing Koenigs–Knorr conditions and the full NMR spectroscopic comparison of synthesized and isolated material

allowed Thiem et al. to verify the configuration.1,2 In the anthracycline series, glycosylations with daunosamine and

related 3-deoxy-3-amino epimers using silver triflate and anomeric chlorides were also reported.3 Glycosylation with

2-deoxy-2-b-halo-Neu5Ac precursors showed varying degrees of success,4 since it was difficult to avoid competitive

intramolecular elimination resulting in lack of stereospecificity.
313
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Also regarded as a ‘classical’ glycosylation technique is the Helferich reaction typically employing HgBr2/HgO

to give the a-glycoside (40%) of a 2,6-dideoxy sugar in the L-series representing the A-B disaccharide unit of

aclacinomycin.5
1.08.1.2 Use of Acidic Conditions

In anthracycline antibiotics’ synthesis, Boivin et al.6 have obtained the a-anomer of 40-epidaunosaminide on treatment

of the corresponding glycal with daunomycinone in the presence of toluenesulfonic acid (46%).

In the synthesis of anthracycline 11 ,7 methyl-branched 3-amino-D -ribo derivative 7 was ring-opened by a Hullar–

Hannessian reaction prior to glycosylation to give 6-bromo derivative 8 which was then transformed into the exocyclic

glycal 9 . After hydrogenation and treatment with acid which rendered the C-branched 6-deoxy glycal 10 treatment

with p-toluenesulfonic acid in the presence of the aglycon gave derivative 11, which was formed in an acceptable

amount irrespective of repulsive 1,3-diaxial interaction forces in the product (Scheme 2).

One of the first disaccharides prepared in the oligosaccharide anthracycline group was published by El Khadem and

Liav.8 Acid-catalyzed glycosylation of a protected lyxo-configured p-nitrobenzoyl glycosyl donor with a rhodinoside

acceptor furnished a disaccharide, which after hydrogenolytic cleavage of the benzyl ether gave the 2,3,6-trideoxy-4-

O-[2,3,6-trideoxy-N-trifluoracetyl-4-O-p-nitrobenzoyl-a-L-lyxo-hexopyranosyl]-L-threo-hexopyranose in 20% yield.

An optimization of this simple approach could be achieved by direct treatment of glycal peracetates with triterpenes

and cation exchange resin9,10 to yield the a-glycosides. Other reports proposed the use of BX3 (X¼Br, Cl)11 or of a

rhenium–oxo complex [ReOCl3 (SMe) 2 (Ph3 PO)] to give 2-deoxy- a-glycosides. 12 With LiClO 4 –diethyl ether mixtures,

a neutral formation of 2-deoxy- and 2,6-dideoxy-glycosides was described.13 Employment of perbenzylated 2-deoxy-

a-glycosyl fluoride with alcohols and sulfated zirconia resulted under specific conditions in the selective formation of

a- or b-glycosides.14
1.08.1.3 Application of Trimethylsilyl Trifluoromethanesulfonate

Again, in the anthracycline series, treatment of 1,4-di- O- p-nitrobenzoylated daunosamines 12 with (þ )-4-demethoxy

daunorubicinone catalyzed by trimethylsilyl trifluoromethanesulfonate (TMSOTf) at low temperature (–15�C)
stereospecifically gave glycoside 14 (Scheme 3). 15

In medicinal chemistry analogs are needed for detailed structure–activity relationship studies such as in vitro

cytotoxicity studies of semisynthetic e-isorhodomycin derivatives in leukemia cells that Kolar et al. had embarked

on.16,17 Condensation of e-isorhodomycinone with 1,5-anhydro-4-O-p-nitrobenzoyl-3-trifluoroacetamido-L-lyxo-enitol

13 , catalyzed by TMSOTf, afforded mainly the 7-O- a-glycosyl-e-iso RMN derivatives 15 in good yield.

Chain extension of the class-II anthracycline glycosides holds the next challenge for the synthetic chemist, which is

the extremely unreactive HO-4 position of L-lyxo-configured carbohydrates.18,19 The two concepts that were offered

hitherto to overcome this hurdle are the use of a more active catalyst, TMSOTf,20,21 or the nucleophilicity enhance-

ment of the glycosyl acceptor employing stannanes (cf. Scheme 12). Both glycosyl donors, O-tBuMe2Si-2,6-dideoxy-

b- L-lyxo -hexopyranoside 16 and lyxo -glycal 18 served as glycosyl donors and gave, after condensation with the
daunosamine acceptor 17, the a-disaccharides 19 and 20 in 73% and 90% yields, respectively. O-Deacetylation

(0.5 M NaOH) of 20 and glycosylation with glycal 18 then led to the trisaccharide derivative 21 of anthracycline

(Scheme 4).
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The two stereoselective syntheses of N-acetyl-a-neuraminyl disaccharides catalyzed by trifluoromethanesulfonate

derivatives are not comparable to the above cases.22,23 These examples deviate from ‘ordinary’ deoxy sugar chemistry

since the stereoelectronic impact of the carboxyl group forces the glycosidic bond into the non-natural b-configuration.
Treatment of methyl 3-O-benzoyl- b-D -galactopyranoside 22 with the S-glycosyl xanthate 23 for 1.5 h at –15 �  C in

the presence of dimethyl(methylthio)sulfonium trifluoromethanesulfonate (DMTST) gave the Neu5Ac-(2 ! 6)-

D-galactose-type disaccharides 24 in 64% yield with an a/b ratio of 3/1 (Scheme 5). 22

Interestingly, electrophilic phenylselenyl triflate activated various thioglycosides under notably mild conditions to

result in the opposite stereoselectivity: condensation of the 2-thioglycoside 25 of N -acetylneuraminic acid with 26

gave the disaccharides 27 in 63% yield (a/b ratio of 1/5). 23
1.08.1.4 Halide-Catalyzed and Analogous Glycosylations

Starting from methyl 2,6-di- O -acetyl-3,4- O-isopropylidene- a-D-galactopyranoside 28, photolytic deoxygenation at C2
and C6 led to the D-lyxo-compound. Cleavage of the isopropylidene ring with trifluoromethane sulfonic acid, followed

by monoacetylation with N-acetylimidazoles, gave both the acetates 29 and 30, useful for further synthesis. Boron

trifluoride-mediated methylation of 29 with diazomethane occured regioselectively at C4 without acetyl migration.
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Transformation into the reactive 2,6-dideoxy-a- D-lyxo-hexopyranosyl bromide 31 by trimethylsilyl halide 24 and

condensation with 30 yielded a1!3-linked disaccharide 3225 as the sole product (Scheme 6 ).

The preparation of glycosyl donors is conveniently pursued starting from glycals. Iodoacetoxylation26 and

subsequent reduction led to 2-deoxy glycosyl acetates, which by treatment with trimethylsilyl iodide afforded the

corresponding 2-deoxy glycosyl iodides, as previously shown24,25 (cf. Scheme 6). Apparently, their reaction with aryl

alkoxides provided a direct access to aryl 2-deoxy-b-glycosides.27 Employing ceric ammonium nitrate in catalytic

amounts mediated the formation of 2-deoxy-thioglycosides from glycals and thiolates. Their further reaction led to

2-deoxy-a-glycosides.28 Also, trimethylsilyl nitrate could be added to glycals, and the 2-deoxy glycosyl nitrates served

as donor to give the corresponding 2-deoxy glycosides.29

A number of reports described the addition of dithiophosphates, phosphites, and corresponding derivatives to glycal

4 to give 2-deoxy glycosyl components such as 33 and 34. These in turn could be transformed into 2-deoxy glycosides

35 (Scheme 7). 30–34 For instance, employing N -iodosuccinimide activation on 33 (R ¼ Ac) resulted predominantly in

the formation of the a-glycoside of 35 (a:b ¼ 15:1). 32
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1.08.1.5 O-Alkylation at the Anomeric Center

By turning the glycosyl acceptor into the nucleophile, the O-alkylation at the anomeric center offers a simple

procedure for the synthesis of glycosides. Schmidt et al. reported an application of this method for the stereoselective

formation of a-glycosides of Kdo.35

The observation that an equatorial oxygen anion is more nucleophilic, owing to a kinetic anomeric effect, led to

excellent results in terms of a- and b-stereocontrol.36 On this theoretical basis, the 4,5:7,8-di-O-cyclohexylidene

derivative 36, which exists in a boat conformation, was treated with sodium hydride and methyl 2,3,4-tri- O-benzyl-

6-O -triflyl-a- D-glucopyranoside 37 to give 69% of the a-linked disaccharide derivative 38 with no detectable amount

of b-isomer (Scheme 8).



O

OR
H3C

O
C

Cl3C
NH

39

O

OR

H3C

O N

CCl3

I

40

O

OR

H3C

HO NHCOCCl3

I

41

I+ H+

Scheme 9

BnO
BnO

BnO

O
BnO

BnO
BnO

SO2Ph

COOMe

O

COOMe

O-3b -Cholest.

O
BnO

BnO
BnO

42

BnO
BnO

BnO
O

SO2Ph

43

  i, LDA

 ii, (MeO)2CO
 iii, Li/Naph
iv, PhSSPh

45

BnO

BnO
BnO

O

O-3b -Cholest.

46: a:b = 1:10

44

  i, HCl

 ii, PhSH
iii, mClPBA

N S

OH

i,

ii, RSH, hn

i, HO-3b-
   Cholest.
   NBS
ii, KOH

Scheme 10

318 Synthesis of 2-Deoxy Glycosides
1.08.1.6 Ferrier Rearrangement

The Lewis acid-mediated allylic rearrangement of glycals to hex-2-enopyranosides known as the Ferrier reaction is

well established in carbohydrate chemistry.37,38,38a It predominantly yields a-configured products, either in the D- or

L-sugar series, which may be hydrogenated to give 2,3-dideoxy glycosides.

A typical example for the formation of the original L-B disaccharide of aclacinomycin A that followed Reichstein’s

historic approach to L-configured sugars was reported.39

Fraser-Reid and Pauls40 and Cardillio et al.41 have independently developed the oxazoline procedure for the

refunctionalization of the 2-eno-pyranoside by which an 4-O-trichloroacetimido-hex-2-enopyranoside, for example, 39 ,

is treated with an iodonium source [I(symColl)2ClO4 or N-iodosuccinimide (NIS)]. This, by an electrophilic attack of

the double bond, gives the 3,4-oxazoline precursor 40, which is hydrolyzed to an aminosugar glycoside 41 ( Scheme 9).
1.08.1.7 Formation of 2-Deoxy Glycosides via Anomeric Radicals

An extensive body of work has been devoted to the development of free radical chain reactions, and it is now possible

to use this stereoselectively for the preparation of 2-deoxy-b-glycosides. The methods outlined below are based on

a-stereoselectivity in quenching of 1-alkoxyglycos-1-yl radicals, a class of reactive intermediates which was newly

been introduced into organic synthesis.42–44

Key to the procedure is glycosyl donor 44, which can be prepared easily in gram quantities from glycal 42 via

the anomeric aryl glycosyl sulfone 43 . 42 Coupling of the 3-deoxyulosonic acid derivative 44 with 3-b-cholestanyl using
N -bromosuccinimide, followed by saponification of the ester, gave the ulosonic acid glycoside 45. Treatment with

dicyclohexyl carbodiimide and N-hydroxy-pyridine-2-thione led to the O-acyl-thiohydroxamate, which was photo-

lyzed to give the 2-deoxyglycosides 46 (51%) in an excellent b: a ratio (10:1) (Scheme 10 ).43
1.08.1.8 Application of Enzymes

A number of reports described the transformation of glycals into 2-deoxy-glycosides employing glycosidases (hydro-

lases) and alcohols as acceptors. Thus, treatment of glucal (47 ; R1 ¼ H, R2 ¼ OH) without any acceptor substrate and b-
glucosidase (almonds) resulted in the formation of b1! 3-linked 20  -deoxy disaccharide glycal 48 (55%) and in addition

the corresponding b1!6 isomer (7%).45 Employing glucal and b-glucosidase (Sulfolobus solfataricus) without an

acceptor led to a mixture of b1!2-, b1!3-, and b1!6-linked disaccharide glycals in 20% yield.46,47 In the
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presence of alcohols, several aliphatic glycosides 49 could be obtained in 30–60% yield.48 Reaction of galactal (47 ;

R1 ¼ OH, R 2 ¼ H) in turn with simple alcohols and b-galactosidase (Aspergillus or yzae) resulted in formation of 2-deoxy-

b-galactopyranosides 50 in 15–50% yield.48

With b-galactosidase (Escherichia coli) and no acceptor alcohol, the formation of 2-deoxy-b-galactose-derived di- and

trisaccharide glycals was observed. In addition to the trisaccharide derivative 51 (29%), the corresponding b1! 3- and

b1!6-linked disaccharide glycals were obtained (21%, ratio 3:2).45 Patents outlined the reaction of glucal with

a-glucosidase (Aspergillus niger) and simple alcohols to give alkyl 2-deoxy-a-glycosides in respectable yields,49 as

well as with saccharide acceptors to give lower 2-deoxy-a-linked oligosaccharides.50

Treatment of glucal (47 ; R2 ¼ OH, R1 ¼ H) with potato phosphorylase and maltotetraose 52 as acceptor (so-called

primer) led to all-through 2-deoxy- a-linked oligosaccharides 53 with the terminal maltotetraose primer and an average

degree of polymerization of 20–22 (Scheme 11).51
1.08.2 Transformations of Glycals under Temporary Anchimeric Assistance

1.08.2.1 Addition of Halonium Ions

Steric guidance in 2-deoxy sugars for an approaching nucleophile is limited to ‘remote’ positions (see below). In the

case of glycals, C3, C2, C1, and O are in one plane. However, stereoelectronic differences still exist in these sets of

molecules, which make the a- and b-faces distinguishable for an approaching electrophile. Treatment of a glycal with

an electrophile Eþ leads to an intermediate ‘onium’ ion, the configuration of which will be determined by the ‘inverse’

anomeric effect. Nucleophilic attack from the opposite side affords the a-glycosidic linkage in 2-halo glycosides. This

approach was developed and proven valid in several cases of a-L- and a-D-oligosaccharide formation using suitable

iodonium donors, for example, NIS or IColl2ClO4.
52

The counterion, as represented by succinimide anion obtained by heterolysis of NIS, is competing with the

employed nucleophiles. Thus, glycosyl succinimides, a frequently observed side product,53 owing to the marked

inverse anomeric effect of that group, adopt predominantly an inverted 1C4(D) chair conformation. To circumvent this

drawback, a modification of the NIS procedure makes use of 2,4,4,6-tetrabromo-2,5-hexadienone (TBCO).54 In the

presence of iodine, TBCO generates Iþ and the non-nucleophilic 1,4,6-tribromophenolate, which does not interfere.
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The 2-deoxy function is restored from the 2-halo derivatives by reduction with tributyl stannic hydride, NiCl2/

NaBH4, or hydrogen/palladium on charcoal, and care has to be taken to quench the resulting acid.

The value of this approach was also demonstrated with complex nucleophiles like bacterial secondary metabolites.

Anthracyclinone and tetracenomycinone 2-deoxy glycosides were prepared by Horton et al.55,56

For less nucleophilic acceptor structures, activationmay also be considered for this reaction type, as has been earlier tried

for the classical cases.57 Starting from L -fucal 54, the stannylidene derivative 55 was prepared. As supposed by 119Sn

NMR studies, the dimeric species was cleaved preferentially at the apical position. Thus, the subsequent opening by

p-methoxybenzyl chloride afforded the equatorial benzyl ether, which, following Steglich’s acetylation procedure with

DMAP, gave the glycal 56 . Its NIS glycosylation with tetracenomycinone-C as well as daunomycinone lead to the

glycoside derivatives 57 and 58 in the talo -series, respectively (Scheme 12). 58,59

Studies by Monneret’s group60 furnished the trisaccharide portions of marcellomycin and dihydro-aclacinomycin.

Glycosylation of the 2-deoxy fucosyl bromide with the daunosaminide under Helferich conditions yielded the

disaccharide in 40% yield. Following deacetylation and NIS reaction with either di-O-acetyl-L-fucal or O-acetyl-L-

amicetal led to the trisaccharide derivatives in yields of 68% and 61%, respectively.

Danishefsky et al. 61 revived the concept of glycal–glycal condensation and disclosed an efficient synthesis of

ciclamycin O. Treatment of the L -fucal derivative 59 and amicetal 60 with I þ ClO4
� gave iododisaccharide 61, which

upon deiodination with Ph3SnH, reductive cleavage with lithium aluminum hydride (LAH), and reprotection of 3-OH

with tert -butyldimethylsilyl chloride (TBSCl) afforded 62.

Glycosylation with 59 and Iþ ClO4
– followed by reduction with Ph3 SnH afforded trisaccharide glycal 63 in 54% yield.

Again the TBS group was selected for protection at C30  of 64 in the hope that it would survive the transformation of

the benzyl ether at C3 00 0  to the unique ketone function. Treatment of 64 with sodium in liquid ammonia followed by

acetylation gave acetate 65, which, subjected to the action of tetra- n-butylammonium fluoroborate (TBAF), and

re-silylation with TMSCl, afforded 66 . The TMS ethers proved to be sufficiently stable to both first the reductive

cleavage of the acetate, and second a Dess–Martin oxidation required for the transformation 66 ! 67 . Finally, the

glycosylation of 67 and e-pyrromycinone with Iþ ClO4
�, followed by deprotection and deiodination, gave the expected

ciclamycin O 68 ( Scheme 13).

As has been discussed above, one of themain problems in the syntheses of anthracycline side chains is the glycosylation

step of the most unreactive axially configured 4-hydroxy group of the L-deoxyfucose units. In order to solve this central

limitation, three strategies have been disclosed so far: (1) the application of more reactive promotors (see TMSOTf),

(2) the conversion of the (L)-axial into a (D)-equatorial hydroxyl (termed ‘‘D-trick’’ strategy), or (3) an enhancement of

acceptor nucleophilicity.62,63 The latter was efficiently achieved in NIS reactions using tributyltin oxide derivatives.59

Two prominent members of the aureolic acids, namely chromomycin A3 and olivomycin A, bear a C3 methyl-

branched sugar (L-olivomycose), which is a-glycosidically linked to the 3-position of the reducing sugar portion D. For

this synthetic purpose, glycosylation of C-branched glycals, the NIS reaction is ideally suited, provided, however, a

high yielding procedure for the glycals is at hand. Following Klemer’s approach,64 treatment of methyl 2,3-O-

benzylidene- a-L -rhamnopyranoside 69 with methyl lithium gave L -olivomycal 71 and L -mycaral 72 in a 7:2 ratio. 65

Later, both olivomycal and mycaral were obtained in a stereoselective reaction from the corresponding enulose 70 by

treatment with tetramethylzirconium( IV). 66 By attachment of O -acetyl-L -olivomycal 73 to methyl 4,6- O-benzylidene
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glycoside 74, the a1! 3-linked disaccharide was obtained. By Hullar–Hannessian cleavage and a subsequent radical

reduction of both the 20- and 60-halo functions with Bu3 SnH, the E-D moiety 75 was obtained (Scheme 14). 67

In cardiac glycosides, a1!3 linkages are found in the L-ribo series. The sugars A, B, and C in the antibiotic

kijanimycin are a1!3 linked, and at the B unit another one is b1!4 linked. The A–B–C fragment can be synthesized

either in a stepwise manner or following a one-pot procedure.68
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Further reactions employing the N-iodosuccinimide method reported the synthesis of 2-deoxy-a-O-glycopeptides69

and 2-deoxy-a-O-terpen glycosides.70,71 The latter type of compounds was also accessible by use of iodo collidinium

perchlorate.72,73 The iodoacetoxylation26 was a useful approach to 2-deoxy-a- and b-glycoside components obtained

after further transformations.74–76 With iodide and cerium(III) salts, iodonium species were generated to allow for a

modified access to 2-deoxy-a-glycosides.77 As an alternative, 2-iodo precursors could be mildly reduced to the

corresponding successors by dithionate.78
1.08.2.2 Addition of Arylsulfenium and Arylselenium Compounds

Another method following the principle of temporary anchimeric assistance is the oxyselenation–deselenation of

glycals proposed by Sinay et al.79 Phenylselenyl chloride adds to the double bonds of the glycal to give a phenyl-

selenoxonium ion, which was trapped in the usual electrophilic manner by an approaching nucleophile to give an

a-linked glycoside.

It would not be considered an original disclosure to the existing set of reagents for alkoxygenation of an enol-ether-

type double bond if the selenyl group was merely to replace another electrophile. This ‘crypto-type’ leaving group

opens the road to the complex anomeric spiro orthoesters. Two general approaches were leading to the desired

structures, either by starting with a lactone or a glycal. Yoshimura et al.80,81 obtained the anomeric orthoesters starting

with lactones and methyl-branched silyl ether-protected diols under TMSOTf catalysis.

Previous work of Sinay et al.82 established the method of diastereoselective conversion of glycals into anomeric spiro

orthoesters by the same oxoselenation–elimination sequence, by which the C-D unit of everninomycin itself was

synthesized. 83 Methyl a-D-evermicoside 77 , the D-ring precursor, was prepared by conventional techniques. This,

in turn, was coupled to 3,4-di- O -benzyl-D-rhamnal 76 using phenylselenyl chloride in acetonitrile, a process which led

to an addition product with regiospecifically situated substituents. In contrast to the general expectations regarding

the reactivity of tertiary alcohols, the a1! 3-linked disaccharide 78 was the main product. After sodium metaperiodate

oxidation, the phenylselenide was transformed into a diastereomeric mixture of phenylselenoxides 79. Heating

to 120�C in toluene in the presence of vinylacetate and diisopropylamine as base resulted in a cis-elimination of

phenyl selenic acid and thus in the formation of an intermediate 1-alkoxy glycal, which was attached subsequently by

the 4-OH group either from the a- or the b-face to give both ortholactones 80 and 81 in similar yields ( Scheme 15).
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Finally, debenzylation, followed by peracetylation, gave derivatives that were extensively characterized by proton

NMR and structurally assigned.

Further papers employed a similar pathway and successfully used thio- or selenophenyl derivatives for glycosylation

of glycals with subsequent reduction.84–86

The third group of reagents is consisting of highly polarizable divalent sulfur atoms for the activation of glycals. As

there are only a few ways to enhance the reactivity of glycosyl donors under basic conditions, the activation as an

alkoxide anion is of limited value. Ogawa et al. 87 intended to solve this problem by having the reagent already attached

to the glycosyl acceptor which is liberating the electrophile upon activation. The Lewis acid-mediated reaction of a

sulfenate ester on a glycal affords the episulfonium structure paired with the counterion, desulfonylated glycosyl

acceptor. This is already in place to attack the three-center two-electron bond at C1 to afford 2-deoxy-2-phenylthio-

glycosides as potential precursors of 2-deoxyglycosides.

The reaction of 3,4,6-tri-O -benzyl-D-glucal 42 with the sulfenate ester derivative 82 in the presence of TMSOTf

gave, after trans -attack of the episulfonium ion intermediate, the disaccharides 83 and 84 (80%) (Scheme 16 ). This

glycosylation method showed an appreciable level of stereoselectivity giving the b-anomer as major product. This result

was in sharp contrast to the two-step a-selective glycosylation,79 which may be rationalized as a result of a two-step

process, first the selective diastereofacial formation of an episulfonium ion and then a diaxial ring opening. Finally, the

2-deoxy function can be recovered by treatment of the 2-deoxy-2-phenylthio-glycosides with Raney-nickel.

However, when Franck et al.88 tried to extend Ogawa’s sulfenate method to complex acceptors, problems developed

in the preparation of functionalized sulfenate ester. The rationale that other reactive thionium salts might also serve to

activate glycals for glycosylation directed them to choose the phenyl-bis-(phenylthio)-sulfonium salt, a compound

which was easily accessible for further studies. In order to enhance the nucleophilicity of the acceptor hydroxyl groups,

they applied a 6-O-tributylstannyl ether derivative for the glycosylation with 2,3,6-tri-O-benzyl-D-glucal in the

presence of sulfonium salt to give the 2-deoxy-2-phenylthio-glycosides in 70% yield.

There were further reports of sulfenium salt addition to glycals furnishing b-thio-substituted glycosides, and after

reduction the corresponding 2-deoxy-b-glycosides were obtained.89
1.08.2.3 Cycloadditions

Franck et al. reported on [4þ2] cycloadditions of a series of differently substituted glycals with ortho-thioquinones to

give 2-thio-glycosides, which by reductive workup led to 2-deoxy glycosides. For example, treatment of tri-O-benzyl-

D-glucal 42 with ortho-thioquinone 85 gave the adducts 86 and 87 in good yields and a ratio of 4:1. By Raney-nickel

reduction of 86, the b-naphthyl 2-deoxy- a-glycoside 88 was obtained.90–93 By reaction of 42 and diacetylthione 89 ,
the cycloadduct 90 resulted. This in turn under catalysis of trimethylsilyltriflate reacted with alcohols to give the

2-thio- b-linked compounds 91 , which were reduced to the corresponding 2-deoxy- b-glycosides 92 in up to 70% yield

(Scheme 17).94,95
1.08.3 Steric Guidance by Remote Assistance

The basic idea behind the concept of remote assistance is explained best by an approach developed byWiesner et al.96

for the stereoselective b-glycosylation in the D-ribo-series. Here the configuration at C3 is determining and steering

the anomeric orientation, a phenomenon which may be described as 1,5-‘homo’-anchimeric control. The 3-O-p-

methoxybenzoyl group is supposed to form the 1,3-acyloxonium ion intermediate 94 either starting from an a- or
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b-configured ethyl thioglycoside precursor 93. This mixture of anomers was obtained in 96% yield by treatment of

1-OH-free digitoxose with thioethanol and p-toluene sulfonic acid in dichloromethane. The coupling of the thioglyco-

side with digitoxigenin (digiOH) was performed in dichloromethane, in the presence of HgCl2, CdCO3, and a drop of

dimethyl formamide. After 2 days, b-glycoside 95 was formed in 59% yield with traces (2.3%) of the undesired

a-anomer. After selective removal of the p-nitrobenzoyl protecting group at position C4, 96 was subjected to further

glycosylation with 93 under similar conditions. Disaccharide 97 was obtained again with good stereoselectivity.

Deblocking of this afforded 98, which was glycosylated again with monosaccharide precursor 93 to give 99 in 58%

yield (Scheme 18).

The corresponding mechanistic premise seems to hold true for a synthesis devised earlier by the same group, in

which an urethane-protecting group is situated at position C3.97 Despite these promising results,96,97 the method

displayed its excellence in a very narrow range of configurations of the glycosyl donor; however, experiments in the

L-ribo-case led to low stereoselectivity and poor yields.68

The demand for a more generally valid procedure for the b-glycosylation is already ‘programmed’: a chiral template

showing the suitable configuration has to be present in b-position of that molecule in order to promote – in

combination with an achiral bivalent ‘transmitter group’ – the attack of the nucleophile stereochemically ‘trans’ to

the existing remote center.
1.08.4 Functionalization on the Product Level

1.08.4.1 Removal of Halide Substituents

This concept uses stable 2-bromo intermediates showing either ‘d’- or ‘l’-configuration at C2. This leads to

2-deoxy-2-bromo-b-glycosides in the D/L-lyxo-and-arabino series.98 For instance, starting with a 2,3-O-isopropyli-

dene-a-D-mannopyranoside, an attack by dibromomethyl-methyl ether (DBE) yields the 2,6-dideoxy-2-bromo-3-O-

formyl-a-D-glucopyranosyl bromide. In the presence of a silver salt, predominantly b-glycosidic linkages were
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formed.99–101 Little is known about the mechanistic aspects; however, the stereoselectivity favors a 1,2-bromonium

ion intermediate in the catalytic step.

This DBE method was applied in the preparation of aureolic acid trisaccharides. Starting from methyl rhamnoside 100 ,

cis -bromide 101 was obtained upon treatment with DBE and ZnBr2 . The b-benzyl glycoside 102 was formed after

glycosylation with benzyl alcohol and cleavage of the formyl group. The glycosylation was promoted by silver triflate

and optimized reaction conditions to give the a- and b-disaccharide 103 in 92% yield in an a/ b ratio of 1/7. Precursor
103 was deblocked at C3 0  and gave the disaccharide derivative 104 , which was b-glycosylated with the monomer 101

to give trisaccharide 105 . After reductive debromination, treatment by acid resulted in deformylation and this position

was oxidized with pyridinium dichromate. Treatment of the carbonyl compound 106 with methyl lithium did not only

afford a mixture of tertiary alcohols, both with an axial methyl group, as a result of nucleophilic attack from the least

hindered a-face, but also resulted in partial and complete de-esterification to give the deblocked compound 107

(Scheme 19 ). Rather than being identical to the natural saccharide substrate of mithramycin, trisaccharide 107 is a

diastereomer with inverted configuration at C3.101,102

This outcome clearly exemplifies the ‘flight path’ an approaching reagent takes: a b-facial ‘bottom’ attack from the

least hindered side. It should be consistent from the logical aspects of the chiral disconnection approach that the C–C

bond should be generated prior to the addition of the hydroxyl. A method which takes care of this fact is the

olefination–epoxidation–reduction sequence, 103 which was employed successfully in the synthesis of 110 . Olefination

of trisaccharide ulose 106 gave exocyclic methylene compound 108 . Epoxidation now should occur again from the

least hindered face, a hypothesis which held true, and thus synthesis yielded 109 ‘R’-configured at C30 0 0  by the action
of metachloroperbenzoic acid. It is noteworthy that the Sharpless method did not show any reaction at all, although

40 0 0-OH is in correct position for the formation of the desired epoxide. The failure, however, may be due to the

bulkiness of both reagent and sugar. Reduction of spiro-epoxide 109 at its exocyclic methylene group gave the original

E-D-C trisaccharide sequence of mithramycine glycoside 110 in acceptable yields (Scheme 20). 104

A stereospecific b-glycosylation method using 2b,3a-dibromo-N-acetyl-neuraminic acids as glycosyl donors was

developed for the synthesis of gangliosides.105–107 In this case, the axial bromo substituent at C3 may assist a

stereoselective nucleophilic attack of the anomeric center from the b-face and simultaneously prevents a 2,3-

elimination reaction.

More recent contributions in this area employed 2-deoxy-2-iodo-b-glucopyranosyl fluorides to give the

corresponding glycosides,108 or glucuronic acid-derived donors which under catalysis of SnCl4 reacted efficiently

with trimethylsilyl-activated alcohol acceptors to give among others 2-deoxy-glycosides.109 Such an approach corres-

ponds largely to the previously reported59 tin activation of hydroxyl groups.
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1.08.4.2 Removal of Arylselenyl and Arylsulfenyl Substituents

Like the DBE reaction, the use of 2-deoxy-2-phenylthio- and 2-deoxy-2-phenylselenylglycosides for stereospecific

glycosylation reaction represents an indirect synthesis of 2-deoxy sugars, in which the C2 substituent will be cleaved in

a subsequent step.

A suprafacial 1,2-migration of the anomeric group was shown110 to occur by treatment of various 2-hydroxy glyco-

sides, acetates, oxides, and thioglycosides when treated with an excess of diethylamino sulfur trifluoride (DAST). The

products of this migration step, glycosyl fluorides, carry the former anomeric substituent at C2. Apart from its

application potential in the normal sugar series, it also allows the preparation of a- and b-deoxy glycosides when

starting from phenylthio sugars.

The manno -configured thioglycoside 111 on treatment with DAST gave 2-deoxy-2-phenylthioglucosyl fluoride as a

mixture of anomers 112 . On glycosylation with the 6-hydroxy-glucoside 113 in dichloromethane and in the presence

of tin( II ) chloride, the a1! 6 disaccharide was obtained exclusively (92%), which upon reduction with Raney-nickel

yielded the 20  -deoxy derivative 115 . In contrast, by replacement of dichloromethane with ether as solvent, the same

reaction conditions exclusively yielded the b1! 6-linked derivative in 92% yield, which in turn could be reduced

correspondingly to 114 (Scheme 21). The plausible but still speculative attempts interpretating the stereochemical

outcome resembles those explaining previously reported stereoselectivities in glycosylations of glycosyl fluoride,111

many of which could not be confirmed in other studies.112



OHO
Me

OBnOHO
Me

OOHO
Me

O

H2C

OHO
Me

O

O

LiAlH4

OHO
Me

O

OH

Me

106

108

i, Ph3P=CH2
ii, NaOMe

mCPBA

109

110

Scheme 20

OR2O
MeO

R1O HO

SPh

Et2NSF3 OR2O
MeO

R1O

SPh
F

O
HO

AcO
AcO

AcO
OMe

i, SnCl2

OR2O
MeO

R1O

O
OAcO

AcO
AcO

OMe

ii, Ra-Ni

111 112 113

in Et2O b1

a1

6

6in CH2Cl2

114

115

R1 = SiPh2tBu

R2 = SiMe2tBu

Scheme 21

Synthesis of 2-Deoxy Glycosides 327
As an extension of this principle, the 1,2-selenium migration allowed further brilliant transformations. Thus,

2-hydroxy-1-seleno glycosides reacted with DAST in a sterospecific 1,2-migration of the selenium group and the

simultaneous installation of an anomeric fluoride. Their further glycosylation catalyzed by Lewis acids gave

a-glycosides which could be reductively transformed into 2-deoxy-a-glycosides.113,114

Previously, van Boom et al.115 could describe the synthesis of 2-O-phenoxythiocarbonyl-thioglycosides in the

b-gluco - (116) and the a- manno- ( 117 ) configurations. Their reaction with acceptors such as the regioselectively

unblocked derivative 118 and NIS/TfOH-catalysis led to a1! 6- (119 ) and b1! 6- (120 ) 2-ethylthio disaccharides

in 85% yield. These compounds could be reduced to give the corresponding 2-deoxy-a1!6- (121 ) and - b1! 6-linked

(122 ) disaccharides ( Scheme 22 ). An intermediate formation of the corresponding 1,2-alkylepisulfonium ion was

suggested and is likely.
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Treatment of a rhamno -configured 2,3-orthoester thioglycoside 123 (X ¼ Me, Y ¼ OEt) with methyl or trimethylsilyl

triflate and alcohols gave 2-thioalkyl- b-glucopyranoside 126 , which in turn could be reduced to give the corresponding
2-deoxy- b-gluco -derivative 127. As a likely reaction pathway, the initial formation of the 2,3-acetoxonium ion 124

is considered. This in turn rearranges to the episulfonium ion 125 , which was b-selectively opened by the
nucleophile. 116 Employing a related approach via the 2,3- O-thionocarbonyl-1-thioglycoside donor 123 (X þ Y ¼ S),

the b-glucosides 128 were obtained and subsequently reduced to give 129 ( Scheme 23 ). The yields for saccharide

acceptors with primary and secondary hydroxyl groups and of steroidal alcohols were around 50%.117 By the same

approach, an impressive synthesis of the hexadeoxysaccharide fragment of landomycin A in 33 steps and 0.5% overall

yield was published.118

More generally, the equatorial 2-phenylthio group as neighboring group seems to be more advantageous for

b-glycosylation, because it is generating an episulfonium ion intermediate during glycoside bond formation.
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Schmidt and Preuss119 have used the O-(2-deoxy-2-phenylthio-a-D-glucopyranosyl) trichloroacetimidate as a pow-

erful glucopyranosyl donor for stereospecific b-glycosylation in the presence of a Lewis acid. The readily available tri-

O-benzyl-D-glucal afforded 3,4,6-tri-O-benzyl-2-deoxy-2-phenylthio-D-glucose with phenylsulfenyl chloride after

subsequent hydrolysis with sodium carbonate in a one-pot reaction. The addition of phenylsulfenyl chloride occurs

exclusively from the a-face.120 Treatment with trichloroacetonitrile in the presence of sodium hydride gave the

trichloroacetimidate. When this was treated with a catalytic amount of ether-boron trifluoride complex in the presence

of methyl 2,3,6-tri-O-benzyl-a-D-glucopyranoside in dichloromethane, the b-glucoside was obtained in high yield

and good diastereoselectivity (b/a¼8/1). Subsequent desulfurization with Raney-nickel yielded the 2-deoxy-b-D-
glucopyranoside.

In the selenium-based glycosylation reaction of glycals, the observed regio- and stereoselectivities were rationalized

by favored trans-diaxial opening of a transitory 1,2-episelenium ion selectively leading to 2-deoxy-2-phenylseleno-a-
pyranosides.79 The directing ability of the phenylselenyl group at C2 in the glycosylation reaction is also revealed by

the formation of the minor b-glycosides. Preliminary attempts by Beau et al.121 in order to form b-linked glycosides

from glycals in a one-step procedure by changing reaction conditions gave an undesirable mixture of anomers. trans-

Configured diequatorial 2-deoxy-2-phenylseleno glycopyranosides, however, may be prepared with high selectivity by

a two-step procedure. The protocol took advantage of the selective preparation of the trans diequatorial acetoxy-

selenides, used as glycosyl donors in a TMSOTf-catalyzed glycosylation.122 Treatment of 3-O-TBDMS-D-rhamnal

130 with PhSeCl in the presence of silver acetate gave the 1,2-trans -1-acetoxy-2-selenides 131 and 132 , respectively,

in a ratio of 1:10 (80%). The reaction of 132 with the disaccharide diol 133 gave regiospecifically the b1!4-linked

trisaccharide 134 (48%), a precursor in the synthesis of the B-C-D fragment of the orthosomycins ( Scheme 24 ). 121

Various 2-O-thiobenzoyl-glycopyranosyl trichloroacetimidates could be used to arrive at either 2-deoxy-a- or-b-
glycosides.123 With 2-thioaryl glycopyranosyl tetramethyl-phosphoroamidates, 2-deoxy-b-glycosides were selectively

obtained.124

As part of their project on the synthesis of complex glycolipids, Ogawa and Ito reported the stereoselective synthesis

of a2!OR-linked glycosides of N-acetylneuraminic acid using glycosyl fluorides which would carry a phenylselenyl

group at C3 as a stereocontrolling auxiliary.125 This approach paved the path to the highly selective construction of the

a-Neu5Ac linkage. However, the efficiency was diminished, when secondary alcohols were used as acceptors, since

the predominant formation of the 2,3-dehydro derivatives resulted in the elimination of a cationic selenium species.

A comparison of the polarizability of sulfur and selenium showed that this tendency may be attenuated by changing

the C3 substituent to a sulfide group.126

Compound 135 was converted to a mixture of bromo alcohols 136 and 137 in 97% yield. The axial isomer 136 was

separated, treated with thiophenol in the presence of potassium tert-butoxide to afford the axial phenyl sulfide,

presumably as a result of anchimeric assistance of the C2 hydroxyl group. In the presence of 1,8-diazabicyclo[5.4.0]

undec-7-ene (DBU), this product could be epimerized with remarkable ease to give an equatorial sulfide, which was
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transformed into glycosyl halide 138 on reaction with hexamethylphosphoramide (HMPA), (Me2N)3P, and CBr4.

Upon Helferich glycosylation with halide 138 and lactose derivative 139 , a common trisaccharide part 140 of various

gangliosides was afforded stereo- and regioselectively in 78% yield, after the sulfide group was removed reductively

(Scheme 25).127

Although this method is an elegant way to a2!OR-linked Neu5Ac derivatives, it should be noted that the synthesis

of the 2,3-dehydro derivative of neuraminic acid is lengthy and tedious before it can be applied as described. In order

to shorten this route, Kondo et al.128 have succeeded in a one-step synthesis of 2-chloro-2-deoxy-3b-phenylthio-
Neu5Ac from 2-deoxy-2,3-dehydro-Neu5Ac and phenylsulfenyl chloride in dichloromethane in 77% yield with a

3b:3a ratio of 5:1.
1.08.4.3 Introduction of the 2-Deoxy Function in the Final Step

Another opportunity to stereoselectively prepare 2-deoxy oligosaccharides is by anchimeric assistance of natural C2

neighboring groups (OR, HCONH) in order to guide stereospecific glycosylations. Removal of these groups is then

achieved in a final defunctionalization step. Reported were xanthation of C2 unprotected hydroxyl groups and

reductive cleavage following Barton’s method,129 selective treatment of C2 unprotected hydroxyl groups with

phenylcarbonothioate in the presence of dimethylamino pyridine, and reduction130 or deamination of 2-deoxy-2-

formamidoglycosides via isonitriles by radical reductions.131

The D-C portion of aureolic acids was accessible via this strategy.132 Laminaran, isolated from seaweeds or from

‘Poria cocos Wolf’, degraded by selective acetolysis, and fractionated by preparative high-performance liquid chroma-

tography (HPLC),133 was acetylated. The heptaacetyl laminaribiosyl bromide was prepared and transformed into the

disaccharide glycal by the classical approach in 93% yield. The 2-deoxy-2-iodo-a-glycoside is formed by application of

the NIS procedure; after deprotection and subsequent 4,6-O-benzylidenation, the precursor for the radical forma-

tion of the 6,60-dibromo-6,60-dideoxy derivative was at hand. This compound was successfully reduced to methyl

3-O-b-D-chinovosyl-a-D-olivoside, another practical example of the Hullar-Hannessian cleavage, here shown with a

disaccharide. Much more critical, however, was the introduction of the 20-deoxy function. This was achieved after

selective 30-O-benzoylation and xanthation at C20. Following Barton’s method,129 reductive cleavage resulted in

the formation of the 2,20-dideoxy glycoside. By further radical ring opening and a final reduction step, the D-C

disaccharide was obtained.134

By epoxidation of tri- O -benzyl-D-glucal 42 , Danishefsky and Gervay obtained the a-oxirane, which upon treatment

with alcohols afforded the b-glycoside having an unprotected 2-hydroxy group. This was transformed into penta-

fluorphenoxy thiocarbonate and reductively treated with triphenylstannane to give the 2-deoxy-b-glucoside.135

Similarly, a 2-O-phenoxythiocarbonyl derivative of a manno-configured glycoside could be prepared and reduced

using the Barton–McCombie method to give precursors of structures associated with the O-polysaccharide repeating

units of Vibrio cholerae O:1.136

The orthosomycine antibiotic synthesis is facing three main problems: the oligosaccharide assembly in ‘normal’

glycosidic linkages, the introduction of alkyl branches in pyranose rings, and the generation of special anomeric

orthoesters.
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By combination of the stereospecific synthesis of 20-deoxy-b-disaccharides137,138 and the convenient preparation of

pyranoid glycals from thiophenyl glycosides,139,140 Sinay et al.141 succeeded in their first synthesis of the B-C-D-E

tetramer of orthosomycins, where the two disaccharide subunits were attached to each other by the selenium

spirolactonization procedure.82,83

The crystalline disaccharide glycal 141 was reacted with C-branched disaccharide 142 in the presence of phenyl-

selenyl chloride and 2,4,6-trimethyl-pyridine in acetonitrile for 45 h to give the tetrasaccharide 143 in 23% yield.

Debenzoylation of 143 followed by an oxidation with sodium periodate gave the diastereomeric selenoxides 144 .

Upon heating at 140 �  C , t he t e t r a me ri c s p i r o -o rt ho la ct on e 145 was obtained in 80% yield, the derivative of the B-C-D-E

fragment of orthosomycins (Scheme 26).82,83,141
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1.09.1 Introduction and General Background

Protein glycosylation is the most prominent among various types of post-translational protein modifications. Physio-

logical functions of glycoprotein glycans are important topics in postgenomic era. They have been revealed to play key

roles in cell–cell recognition, cell differentiation, signal transduction, malignant transformation, and metastasis.1

Functional roles of asparagine (Asn)-linked glycans in protein folding, transport, and degradation are particularly

intriguing. Recent investigations have revealed that high-mannose-type glycans with subtly different structures serve

as key signals, being recognized by various chaperones, cargo receptors, glycosidases, and ubiquitin ligases.2

In order for the precise analyses of their biological roles, facile access to glycoconjugate-derived oligosaccharides is

extremely important. However, glycoproteins are usually heterogeneous, consisting of various glycoforms, and the

repertoire of homogeneous and structurally defined glycans obtainable from natural sources is limited. As a comple-

mentary approach, chemical synthesis of oligosaccharides should be powerful, being able to produce homogeneous

and well-defined substances. In addition, systematic synthesis of truncated, substituted, as well as functionalized

structures may be achieved. In fact, technology developments in DNA and oligopeptide synthesis have revolutionized

the research strategies in molecular and cellular biology. Preparation of these molecules can be conducted routinely by

using commercially available automated synthesizers. Considering the structural diversity of glycoprotein glycans,

establishment of a methodology for rapid oligosaccharide synthesis is desired.

Even from a synthetic point of view, these molecules are challenging targets, on account of their structural diversity

and complexity. The last decades have observed a dramatic advancement in oligosaccharide synthesis technology.

In particular, a number of reactions for efficient and selective O-glycoside bond formation have been developed.3 In

consequence, numerous complex and bioactive oligosaccharides have been successfully synthesized. However,

chemical synthesis of glycoprotein-derived oligosaccharides or their derivatives is technically demanding and highly

time consuming. In order that synthetic chemistry functions as the key technology in glycobiology, speeding up and

automation are important issues. As a complementary approach, enzymatic synthesis has been explored and proven

powerful providing oligosaccharide libraries,4,5 especially for microarray preparation.6

Various approaches have been investigated to facilitate the process of oligosaccharide synthesis. The power of

automated synthesis technology has been clearly demonstrated in oligopeptide and oligonucleotide fields. It may well

be predicted that the establishment of similar technology in oligosaccharide synthesis will revolutionize the research

strategy in glycobiology. To realize automation, establishment of a reliable methodology for solid-phase synthesis is

considered prerequisite. Its major benefit derives from the ease of product separation; throughout synthesis, all
335
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products can be retrieved simply by filtration and washing. In addition, reagents and coupling partners can be used in

large excess to drive the reactions to completion, without complicating the product isolation process.

However, chemical synthesis of oligosaccharide is highly time consuming. It requires a series of multistep

transformations, consisting of repeated glycosylations and protecting group manipulations (Scheme 1). Elongation
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of one sugar residue generally involves two-step transformations; deprotection to liberate a specific OH group (step 2,

4, 6, . . .) and O-glycosylation with glycosyl donor (step 1, 3, 5, . . .). In addition, stereochemical control is a nontrivial

issue. Namely, each chain elongation step generates a new asymmetric center, and has a possibility to form both a- and
b-anomers. Besides stereochemical ambiguity, glycosylation usually does not proceed quantitatively, and various

by-products are formed in most cases.

In addition, each sugar residue should be properly designed in order that site-selective deprotection as well as

stereoselective glycoside bond formation can be achieved. Preparation of such ‘strategically designed’ sugar compo-

nents, such as monosaccharide donor 1 and acceptor 2, also requires multiple steps. After each step, chromatographic

purification is usually conducted to isolate the product having enough purity, so that contaminating by-product(s)

will not complicate the outcome of subsequent transformations. This process is particularly tedious, quite often being

the rate-limiting factor in the whole synthesis. When glycosylation of unreactive substrate is conducted, isolation of

desired product is often troublesome. It inevitably results in a low yield of the glycosylated product, with a larger

amount of unreacted acceptors. In order to achieve more satisfactory conversion, a great excess of glycosyl donor is

often used, giving rise to the formation of large amounts of by-products. In either case, the desired product tends to

be a minor portion of the whole reaction mixture, and chromatographic purification is not straightforward. Any

methodologies that obviate tedious chromatographic separation should be valuable for speeding up the whole

synthesis.

Technologies for chemical synthesis have been well established for other biological molecules, oligopeptide, and

oligonucleotide. In these cases, laboratory-scale preparation can be easily conducted by fully automated synthesizers,

which are available from various manufacturers. Synthetic protocol has been greatly simplified and transformed to be

amenable for automation by adopting solid-phase reaction technology. The advantage of solid-phase synthesis stems

from the ease of product separation, which can be achieved simply by filtration and washing. Because of the ease of

phase separation, large excess of reagents and/or coupling partners can be used without complicating the isolation

process, and multistep transformations are conducted with complete avoidance of chromatographic purification at the

intermediate stages. Because of the structural diversity of glycoconjugate-derived oligosaccharides as well as their

growing demand in biological studies, oligosaccharide synthesis on polymer support and its automation is considered

the most important topic in glycoscience.

There are two options in polymer support oligosaccharide synthesis, approach A and approach B, with respect

to the direction of chain elongation (Scheme 2). In terms of phase separation, both of these approaches are based

upon the same principle. The growing oligomers are bound to the polymeric phase, while excess reagents and

sugar components (glycosyl donor and acceptor in approaches A and B, respectively) are in the solution phase.

Substantially complex oligosaccharides, using either insoluble (e.g., polystyrene resin) or soluble (e.g., polyethylene

glycol (PEG)) polymer support have been achieved. In approach A, the synthesis should start from polymer-

supported acceptor, glycan chain being elongated from reducing end to nonreducing end. On the other hand, approach

B starts from polymer-bound donor. In principle, the former approach is more straightforward, because, as far as

glycosylation steps can be driven to completion and no stereochemical ambiguity exists, nearly homogeneous product

can be obtained at the end. In fact, oligosaccharides with significant complexity have been synthesized by this

approach.

Approach B may seem less efficient, because most of the side reactions in glycosylation reactions arise from the

glycosyl donor, which is supported on polymer in this case. Then, it is predicted that repeated glycosylation results

in an accumulation of various products on polymer support. However, the work by Danishefsky and co-workers7

showed that this approach is feasible for the rapid production of oligosaccharides that had moderate complexity.

Polymer-supported glycal 3 was transformed to 1,2-anhydro (epoxide) derivative 4 that was activated by Lewis acid

(Scheme 3). Repetition of this sequence afforded pentasaccharide 5, which was cleaved from resin to give 6.

‘Orthogonal glycosylation’ strategy was developed by Kanie et al.8 and applied to polymer-support synthesis,9 as an

alternative that can be categorized to approach B. Chain elongation was performed in an iterative manner, by

alternating use of thioglycoside (7-( 1), 7-( 3), . . .) and glycosyl fluoride (8 -(2), 8-( 4), . . .) as a set of orthogonal donors

(Scheme 4). They are interconvertible into one another, and each of them may be activated without affecting the

other. Theoretically, the preparation of given oligosaccharide is possible with minimum number of steps with this

approach; elongation of n sugar residues can be performed with nþ2 operations (including cleavage and final

purification), while 2nþ2 operations are required in approach A. In order to facilitate the product isolation, the final

glycosylation is conducted with an acceptor, which carries a hydrophobic tag. The desired oligosaccharide should be

the sole component that carries a tag among polymer-supported constituents. The target oligosaccharide can be

readily distinguished from all by-products, because only the former carries a tag. Recently, potential of this strategy in

library construction, a solid-phase synthesis of trisaccharide 9, was demonstrated by Kanie et al.10
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As an alternative strategy to facilitate oligosaccharide assembly, one-pot glycosylation strategy has been

developed. 11,12 Combined use of glycosyl donors having different properties, namely thioglycosides ( 11, 14), bromide

( 12), fluorides ( 13, 15 ), and reducing-end acceptor (16 ), realized the extremely facile synthesis of dimeric Le x

octasaccharide 10 . Its automation was also attempted and proved to be quite fruitful 13 (Scheme 5 ).
1.09.2 Solid-Phase Synthesis: Recent Advances and Application
to Bioactive Glycans

It seems quite obvious that the solid-phase synthesis is the key technology toward automation of oligosaccharide

synthesis. In spite of its inherent difficulties, it has been a subject of intensive research in recent decades. Its promise

has been demonstrated by a number of examples, which succeeded in the synthesis of significantly complex and

biologically relevant glycans.
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As early as in 1970s, Schuerch14–16 and Anderson17 conducted their insightful works to seek a possibility of

achieving solid-phase oligosaccharide synthesis. For example, it was shown that glycosylation could be achieved by

base-promoted nucleophilic substitution reaction, using the bromide 17 as a donor (Scheme 6). 14,15 In spite of these

pioneering accomplishments, solid-phase oligosaccharide synthesis had been considered too demanding to be practi-

cal, primarily due to the lack of glycosylation methodology, which is technically simple and powerful enough to be

applied to solid-phase conditions. After having lagged behind the spectacular advances in peptide and nucleic acid

synthesis, the prospect of solid-phase oligosaccharide synthesis started to be explored in late 1980s to early 1990s.

A number of fundamental works were reported in this era.

For example, in 1987, van Boom and co-workers reported the solid-phase synthesis of galactofuranosyl oligomer.

It employed the chloride 18 as a donor, which was activated by Hg2 þ salt. After repeated glycosyation and selective
deprotection of chloroacetyl (ClAc) group, they successfully synthesized heptamer 19 ( Scheme 7). 18 Subsequently,
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Danishefsky and co-workers realized efficient synthesis of biologically important oligosaccharides by using glycal

strategy.19,19a

Kahne and co-workers developed sulfoxide method as a powerful glycosylation reaction and showed that this

reaction was quite suitable for solid-phase synthesis.20 Starting with S-linked acceptor 20, glycosylation with sulfoxide

21 gave disaccharide that was transformed to trisaccharide 22 ( Scheme 8). Furthermore, they applied this method to

combinatorial oligosaccharide synthesis of encoded disaccharide library 23, by which tight binding ligands for Bauhinia

purpurea lectin was identified.21

Schmidt and his co-workers successfully showed that their trichloroacetimidate method was highly suitable for

solid-phase synthesis.22,23 We conducted the synthesis of polylactosamine-type hexa- and octasaccharide, confirming

the utility of trichloroacetimidate 24 as a donor for solid-phase synthesis 24 ( Scheme 9 ). Starting from resin-bound

acceptor 25, octasaccharide 26 was synthesized after three glycosylation steps and cleavage.
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The concept of solid-phase chemoenzymatic approach to glycopeptide and oligosaccharide was shown by Wong,25

Nishimura,26 and Norberg.27 In addition to these, important contributions by Nicolaou,28 Roush,29 and Fraser-Reid30

are of particular note.

As a more recent example,31 Schmidt and co-workers reported the synthesis of branched lacto-N-neohexaose, which

derives from human milk. They designed a lactose unit, which was selectively protected with 9-fluorenylmethyloxy-

carbonyl (Fmoc) and levulinoyl (Lev; CH3COCH2CH2CO) groups. Removal of trityl (Tr) and Fmoc groups was

monitored by colorimetric assay. In this study, they designed a linker, which was shown to be stable throughout the

whole chain elongation process, but readily cleavable under hydrogenolytic conditions. For the protection of amine,
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dimethylmaleoyl (DMM) group was employed. Similar to widely used phthaloyl (Phth) group, DMM introduced at

2-position of GlcN donor has 1,2-trans directing effect, giving b-linked glycoside stereoselectively.

They further conducted the synthesis of a complex, branched N-glycan 33 using similar strategy32 (Scheme 10).

Again, DMM group was employed for amino protection. From liker-resin 27, a series of glycosylations with trichloro-

acetimidates 28 –32 gave 33. Interestingly, DMM was shown to be more suitable for polystyrene-type resin support

synthesis than Phth. They hypothesized that interaction of polystyrene phenyl ring with Phth caused steric hindrance.

In fact, in toluene-containing solvent, solution-phase reaction proceeded more efficiently with DMM-protected

substrates. As temporary hydroxy protecting groups, Fmoc and phenoxyacetyl (PA) were employed, removal of

which was conducted with Et3N and NaOMe, respectively.
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Protected GPI anchor was synthesized on PEG-grafted polystyrene resin Wang linker33 (Scheme 11). The Wang

linker was stable under imidate activation conditions at low temperature. The first sugar unit was immobilized to resin

via stannylidene activation of hydroxy group. Then, the glycosylation reaction with orthogonally protected mannose

derivative was carried out. After deprotection of Fmoc group, mannose donor was glycosylated again. Finally, the

protected GPI anchor skeleton was released from resin under acidic conditions.

Since glycosylation reactions usually do not proceed quantitatively, capping of remaining acceptor is required

to avoid the formation of unnecessary complex mixture. The capping protocol should fulfill the following demands:

(1) the reagent must readily react with all types of hydroxy groups; (2) the linkage formed between the capping reagent

and the hydroxy group must lead to nonbasic/nonnucleophilic and nonacidic caps that are inert to all reactions for the

oligosaccharide construction; and (3) the caps must be compatible with the permanent and temporary protecting

groups used in the synthesis. Schmidt introduced benzoyl isocyanate as a novel reagent that fulfills these demands.34

The hydroxymethylbenzyl benzoate linker and temporary protective group Fmoc was used. The core N-glycan

tetrasaccharide and a trisaccharide containing Galili antigen were efficiently synthesized with little contamination of

side products.

Takahashi and co-workers reported the solid-phase synthesis of phytoalexin elicitor-active oligosaccharides, using

benzoate-type linker and compared several types of solid supports35 (ArgoPore, ArgoGel, and PS-crown). They found

that glycosylation proceeded quite well, when the substrate loading was suppressed to lower level (14%).
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Glycosyl iodide has been considered to be too unstable to be useful as a donor in oligosaccharide synthesis.

However, recent work by Gervey-Hague and Lam clarified its utility in solid-phase synthesis.36 It was shown that

efficient glycosidic bond formation between resin-bound acceptor 35 and iodide 34 could be achieved under

conditions similar to Lemieux’s in situ anomerization protocol (Bu4NI, N,N-diisopropylethylamine (DIPEA)). Finally

obtained tetrasaccharide was cleaved from the support to give methyl glycoside 36. They critically compared its

efficacy between solution-phase and solid-phase conditions, in terms of overall efficiency, namely reaction time, yield,

and ease of product purification (Scheme 12).

The major goal of solid-phase synthesis is the development of protocol that can be automated, by which various

types of oligosaccharides can be synthesized at one’s will. Seeberger and co-workers have demonstrated that the

synthesis of biologically relevant complex oligosaccharides was indeed possible in an automated fashion.

For instance, the core pentasaccharide 37 of N-linked glycoproteins was obtained by automated synthesizer 37

( Scheme 13 ). The octenediol linker 38 and glycosyl donors 39 –41 were used for this synthesis. The automated

assembly employed five programmed modules: (1) glycosylation, consisting of the addition of 3.5 equiv. of donor and

catalytic amount of trimethylsilyl trifluoromethanesulfonate (TMSOTf); (2) CH2Cl2 wash; (3) tetrahydrofuran (THF)
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wash; (4) acetate deprotection by the addition of 10 equiv. of NaOMe in MeOH; and (5) neutralization with

0.2M AcOH. The pentasaccharide was obtained in 27% yield together with (n�1) and (n�2) deletion products.

In their earlier report, an automated synthesis of hexasaccharide malarial toxin, as malaria vaccine candidate 42 , was

described (Scheme 14). 38 The disaccharide containing inositol 43 was prepared in solution phase. The synthesis of
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the tetrasaccharide 44 composed of a-mannoside was synthesized in an automated fashion. It was carried out using

octenediol-functionalized Merrifield resin. Each coupling cycle consisted of double glycosylations to ensure high

coupling efficiencies and single deprotection protocol. Cleavage of the product was carried out under metathesis

conditions. Finally, the tetrasaccharide pentenyl glycoside was converted to the corresponding imidate 45 .

Subsequent block condensation was conducted in solution phase.

They also conducted the synthesis of tumor-associated antigen and blood group determinant oligosaccharides.39

Octenediol linker was immobilized on the resin via an ester linkage, which was cleaved by strong base at the end of the

synthesis. Phosphates were used as donors, in which Fmoc was used as a temporary protecting group. Fmoc is readily

cleavable under basic conditions and it facilitates monitoring of protecting group removal by UV spectroscopy. Fmoc

deprotection provides the assay for the efficiency of each glycosylation and deprotection cycle. Lev was chosen as the

other temporary protecting group. Technical details of automated solid-phase oligosaccharide synthesis is available.40
1.09.3 Monitoring of Solid-Phase Oligosaccharide Synthesis

A facile and sensitive method for monitoring the progress of reactions conducted on polymer support is a challenging

problem. For peptide synthesis, detection of residual amino group by ninhydrin test usually suffices the purpose.

By contrast, in the case of oligosaccharide synthesis, estimation of coupling yield requires quantification of the

remaining hydroxy group, which is by far the more difficult. A sophisticated approach to observe the progress of the

reaction, using high-resolution magic angle spinning (MAS) 1H NMR41 was investigated with a substantial success.

Alternatively, the use of photolabile linker allowed facile postcleavage analysis by mass spectrometry (MS) and/or

high-performance liquid chromatography (HPLC).28

Kihlberg and co-workers reported the use of fluorinated protective groups for on-resin quantification of solid-phase

oligosaccharide synthesis with 19F NMR. 42,43 The use of saccharide building blocks 46 –48 that carry fluorinated
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protective groups allow optimization of solid-phase oligosaccharide synthesis by using gel-phase 19F NMR.

To demonstrate the utility of this methodology, the a-Gal epitope (Gala1!3Galb1!4Glc), which is responsible for

hyperacute rejection in xenotransplantation of porcine organs, was synthesized on ArgoGel resin. On-resin transfor-

mations such as protecting group manipulations as well as glycosylation reactions were monitored by 19F NMR. The

ratio of anomeric mixture was also determined (Scheme 15).

Kanie and co-workers developed the use of inverse-gated decoupled 13C NMR,44,45 where two enriched markers

were used to monitor the reactions; 13 C-enriched glycine incorporated in the Kenner’s sulfonamide linker 49 as an

internal standard ( Scheme 16). 13 C-labeled acetyl (50 and 51 ) and methyl (52 ) were used as protecting group of the

glycosyl donor. Sialyl Lewis X branched tetrasaccharide library 53 was synthesized with this approach.

Although all of these intelligent approaches are able to provide quantitative estimate of yields of glycosylation

reactions, their utility in real-time reaction monitoring seems to be limited. We developed a simple color test for the

real-time monitoring of solid-phase oligosaccharide synthesis.46 It enables side-by-side detection of glycoside bond

formation and acceptor consumption. When a glycosyl donor that carried ClAc group was used, progress of the reaction

was detected by treatment with (p-nitrobenzyl)pyridine (PNBP) and piperidine.47 It generated purple-colored

chromophor 54 ( Scheme 17 ). On the other hand, consumption of glycosyl acceptor was monitored by cyanuric

chloride-Disperse Red (CCDR) conjugate 55. 48 Since PNBP and CCDR color tests are complementary to each other,

this combination allows one to gain a clear indication of the progress of glycosylation, even if complete conversion is

not obtained.
1.09.4 Solution-Phase Polymer Support Synthesis

There are intrinsic difficulties in solid-phase oligosaccharide synthesis with several respects. Because no chro-

matographic purification is possible at intermediate stages, it is required that all reactions proceed quantitatively

and selectively. Generally speaking, glycosylation reactions are less efficient than peptide/nucleotide bond-forming
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reactions and scarcely proceed quantitatively. Incomplete conversion and/or poorly achieved selectivity would result

in an intractable mixture of products. This demand is rather difficult to fulfill in oligosaccharide synthesis. Each chain

elongation step may give a mixture of stereoisomeric (i.e., a vs b) products. Unfortunately, stereochemical outcome of

glycosylation is often unpredictable. Reaction efficiency also tends to fluctuate with small change of substrate

structure (e.g., configuration, protective group, leaving group) or reaction conditions (e.g., activator, solvent, tempera-

ture). For solid-phase synthesis, these problems may well be more serious, because of reduced reactivity of substrates.

In order to circumvent these difficulties, the potential of soluble polymer support, such as monomethyl polyethyl-

ene glycol (MPEG; MW�5000), has been explored. Unlike solid support, MPEG and its derivatives are soluble in

various organic and aqueous solvents, and most of the reactions can be performed under homogeneous conditions.49 In

spite of their excellent solubility, MPEG-supported materials can be readily precipitated with certain solvent, such as

t-butyl methyl ether, ethanol, or isopropanol, whenever required. This property allows facile separation of MPEG-

bound materials.
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In their revolutionary work, Krepinsky et al. clearly demonstrated the promise of MPEG as a support in oligosac-

charide synthesis (Scheme 18 ). They reported high-yielding synthesis of Man a1! 2 oligomer 56, starting with

MPEG-supported acceptor 57, which was supported to MPEG through dioxyxylene (DOX) linker. 50,51 This technol-

ogy was further explored by Whitfield et al., who achieved the synthesis of complex oligosaccharides of microbial

origin.52,53 In the course of these works, they developed the use of Sc(OTf)2 for the cleavage of oligosaccharide from

MPEG, and 3-iodo-4-methoxybenzyl as a new O-protecting group.

Shortly after Krepinsky’s accomplishment, van Boom et al. achieved MPEG-support synthesis of phytoalexin

elicitor heptaglucoside 58 (Scheme 19). 54 The synthesis started from reducing-end Glc component 59, C-4 OH of

which was attached to MPEG through succinate linker.
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On the other hand, we reported the application of MPEG support synthesis based on ‘orthogonal’ glycosylation

strategy9 (Scheme 4). Chain elongation was achieved by alternating use of thioglycoside (X¼SR) and glycosyl

fluoride (Y¼F) as a set of ‘orthogonal’ donors as described by Kanie et al.8 In this manner, no additional step for

selective deprotection or manipulation of anomeric center is required. In order to facilitate the isolation process,

incorporation of a tag at the reducing end was conducted after the assembly of oligosaccharide chain. Only the

successfully assembled oligosaccharide is able to incorporate the tag, which enabled facile isolation of the product.

Using MPEG as a support, further appealing works were conducted by Boons and Zhu, who developed novel and

efficient synthetic route to dimeric LeX hexasaccharide. 55 MPEG-linker 60 was sequentially glycosylated in one pot

with thioglycosides 61 and 62 to give disaccharide, which was further glycosylated with 63 (Scheme 20). Resultant

trisaccharide was converted to glycosyl acceptor 64 as well as to donor 65, which were combined together to afford

hexasaccharide. The linker had p-acyloxybenzyl structure, which was stabile under glycosylation conditions

(N-iodosuccinimide (NIS)-TfOH), while being removable under mild conditions (i, Et3N, H2O2; ii, 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) (TfOH ¼ trifluoromethanesulfonic acid). Cleavage under these conditions

followed by deprotection gave 66.
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Solution-phase synthesis inevitably precludes mix-and-sprit strategy, being less suitable for combinatorial synthesis.

Addressing this issue, Boons investigated a new methodology for demixing libraries of compounds that are attached to

a soluble polymer support with selectively cleavable linkers. Demixing was conducted by simple chemical

operations to give well-defined products. For instance, regioisomerically protected Gal derivatives were supported

on MPEG through linkers having different properties. After glycosylation, each product was cleaved off sequentially

(i, H2O2, Et3N; ii, NaOMe; iii, trifluoroacetyl (TFA)).56 They also developed ‘two directional glycosylation’ method-

ology.57,58 Thioglycoside 67 immobilized on MPEG was used as a glycosyl donor, which was reacted with a diol; then

the resulting disaccharide 68 was directly used as a glycosyl acceptor (Scheme 21). Resultant 69 was further

fucosylated and subsequent cleavage gave 70 , which corresponds to the tetrasaccharide core of X. laevis -derived

mucin oligosaccharide 71. It was revealed that the glycosylations of glycosyl donors immobilized on MPEG with

acceptors that have two hydroxyl groups of differing reactivity proceeded with much higher regioselectivity than

similar coupling under traditional solution-phase conditions or on insoluble polymers.

Martı́n-Lomas group accomplished the synthesis of heparin-like glycans on MPEG support as well as on PEG-

grafted polystyrene resin (ArgoGelTM).59,60 Because studies on structure–activity relationship have been hampered by

the structural heterogeneity of glycosaminoglycans, which has caused the conflicting results, their provision by

chemical synthesis is highly desired. Starting with resin-supported acceptor 72, synthesis of densely sulfated octa-

saccharide 73 was achieved (Scheme 22). As an alternative strategy, the carboxylate group of glucuronic acid was

linked to MPEG. It resulted in the synthesis of hexa- and octasaccharide.
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Stereocontrolled formation of b-glycoside of mannose is a challenging subject in synthetic carbohydrate chemistry.

We developed p-methoxybenzyl (PMB)-assisted intramolecular aglycon delivery (IAD), which gives b-mannoside

75 from donor 74 in high yield and complete selectivity.61,62 As a polymer-supported variant of this reaction,

b-mannosylation with MPEG-supported donor was explored63 (Scheme 23). In this case, MPEG-supported donor

76 was converted to the mixed acetal 77, which was isolated by precipitation. Subsequent activation of thioglycosidic

bond with MeOSO2CF3 (MeOTf) initiated IAD, which spontaneously liberated stereochemically homogeneous

disaccharide 78 from MPEG. Any by-product(s) derived from unsuccessful IAD should be still bound to MPEG

and can be easily removed by short silica gel column (Scheme 23).



O
O

BnO
BnO

NPhth
SEt

O

O
O

N3

OMe

OH

HO

BnO

+

O

O
O

Ph

PMBO
OLev

SEt

O
O

BnO
BnO

PhthN
O

O

O

O

N3

OMeHO

BnO

O

O
O

Ph

PMBO
OH

O

BnO
BnO

PhthN
O

O

N3

OMeO

BnO

O

O

O

Glycosylation-1

Glycosylation-2 –Lev

O
OBn

BnO OBn

SEt

Glycosylation-3

O

O
O

Ph

PMBO
O

O

BnO
BnO

PhthN
O

O

N3

OMeO

BnO

OH

O
OBn

BnO OBn

Cleavage

O

HO

O
NHAc

OH

O

O

HO

O
O

OH

OHHO

AcHN

O

OH

O
OH

OH
OH

O
HO

OH

O

OHHO

HO
HO

O

O

O
OH

OH
OH

1

2
3

(Polymer-supported donor) (Polymer-supported acceptor)

(Polymer-supported acceptor)

67 68

69

70

71

Scheme 21 Two-directional glycosylation.

Polymer-Supported Oligosaccharide Synthesis 355
Solution-phase MPEG support has a clear advantage over solid-phase synthesis; the identity as well as the quality of

products may be easily ascertained spectroscopically, for instance, by NMR. However, real-time reaction monitoring

is still difficult. In addition, there remains concern about the reduced reactivity due to large molecular weight of

MPEG. Chan et al. explored low molecular weight MPEG (LMPEG; MW�550) as a support in oligosaccharide

synthesis.64 They demonstrated that facile product isolation could be realized by using the polar nature of LMPEG,

that is, LMPEG-supported materials were adsorbed on a pad of silica gel. Elution with ethyl acetate washed out excess

donor and side products and LMPEG-bound materials can be retrieved by subsequent elution with more polar solvent

(i.e., methanol in ethyl acetate).

The use of LMPEG enabled the real-time monitoring of glycosylation by matrix-assisted laser desorption/ioniza-

tion time-of-flight mass spectrometry (MALDI-TOF MS).65 Namely, LMPEG-bound materials give a cluster of

peaks with characteristic mountain-like shape, as the statistical distribution of PEG chain length consists of c. 8–20

ethylene glycol units. Therefore, these peaks migrate to the higher molecular weight region after successful coupling.

This strategy also enabled the monitoring of selective deprotection of specific hydroxy group, which is required for

further chain elongation. A temporary protecting group (P) is required to be stable under various glycosylation

conditions, while being removable under conditions mild enough to avoid damaging other functional groups.
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Furthermore, in order to monitor this transformation, the presence (or absence) of P should be detectable with high

specificity and precision. We adopted chloroacetyl (ClAc) group as P, which fulfills both of these requirements. For

detection, the color test reported by Riguera was employed.47 ClAc group was easily transformed to purple-colored

chromophor (Scheme 17) by treatment with PNBP and piperidine (Scheme 24).

Starting from LMPEG-bound monosaccharide 79, tetrasaccharide 80 was synthesized. The first glycosylation was

performed with fluoride 81, the progress of which was monitored by MALDI-TOF MS. Complete consumption of the

acceptor as well as nearly quantitative formation of the disaccharide 17 was observed, which was also confirmed

by 1H NMR. Removal of the ClAc group to give 83 was performed by treatment with aq. pyridine (pH 8–9) containing

4-dimethylaminopyridine (DMAP). It was monitored by using the aforesaid color test, which was conducted on thin-

layer chromatography (TLC) plate. Further rounds of coupling–dechloroacetylation, with monitoring by MALDI-

TOF MS and color test, lead to tetrasaccharide 80. Liberation of the final product was performed under ‘reductive
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cyclorelease’ conditions. Thus, treatment with Sn(SPh)2 , PhSH, and Et 3 N smoothly afforded cyclic hydroxamate 84

and subsequent treatment under mild acidic conditions (CSA/MeOH, 45 � C) cleanly removed the linker to give 85 .

Significant drawbacks of PEG-supported synthesis are limited amount of saccharides that can be loaded, and

potential difficulty of efficient precipitation when large saccharides are attached. As a possible solution for these

problems, high molecular weight branched PEG derivatives were investigated in combination with nanofiltration

technique.66 Innovation in membrane technology has given rise to advanced filtration equipment containing specific

pore sizes. Now, several membranes are available, which are able to cut off the low molecular weight compounds.

Biometrix membrane has molecular weight cut-off limit of 5000 Da, and expected to retain oligosaccharides attached

to a polymer of sufficiently high molecular weight. To gain the molecular weight, the four- or eight-armed PEGs were

used as supports, and eight-armed PEG (bPEG-8) proved to meet the purpose. After glycosylation, by-products

derived from reagents and donors were removed by filtration. Practicality of this approach was proven by the synthesis

of tumor-associated antigen Lex (Scheme 25).

To gain the higher loading soluble polymer, Parquette et al. used commercially available hyperbranched polymer

(Boltorn).67 Compounds attached to hyperbranched polymer exhibited high solubility in most aprotic solvents, while

it was precipitated quantitatively with MeOH. Size-exclusion chromatography was also used for purification. The

reaction monitoring was performed by MALDI-TOF MS after photolytic cleavage, and the support undergoes rapid

hydrolytic degradation to water-soluble materials (Scheme 26).
1.09.5 Tag-Assisted Solution-Phase Synthesis

It is certain that there are weaknesses in polymer-support synthesis, both in solid-phase and solution-phase formats,

such as reduced reactivity and difficulty of monitoring. In addition, the requirement of introducing linker tends to

complicate the synthesis. Linker should have enough stability to endure conditions for chain elongation (glycosyla-

tion) and selective deprotection, while being readily removable chemoselectively once exposed to certain conditions.
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To fulfill such demands, linkers often have multiple functionalities, thereby limiting the choice and detaching

conditions of protecting groups. Tag-assisted solution-phase synthesis has been shown to be quite valuable for rapid

production of oligosaccharide derivatives for biological assays. In their pioneering work, Hindsgaul et al. demonstra-

ted that hydrophobic tag is useful for facile separation of products after enzymatic glycosylation.68 It was proven

useful for the construction of oligosaccharide library by random glycosylation.69 Since biological activities of
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oligosaccharide are usually not affected drastically by the nature of aglycon, oligosaccharides carrying tag can be used

for biological assays.

In his remarkable publication, Pozgay described the use of lipophilic acyl-type protecting groups for the synthesis of

large oligosaccharide 89 (Scheme 27 ). 70 He prepared lipid-tagged tetrasaccharide 86 and coupled with imidate 87 .

Isolation of the product was easily conducted with C18 reverse-phase silica (RPS) gel, that is, elution with MeOH–

EtOH removed all impurities and side products. Final elution with EtOH and iPrOH provided octasaccharide, which

was partially deprotected to give 88 . Further cycles of glycosylation–deprotection gave tetracosasaccharide 89 .



Scheme 26 Hyperbranched polymer as a soluble support.
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He found that the presence of five lipid-like protecting groups rendered oligosaccharides up to hexadecasaccharide

sufficient lipophilicity.

More recently, Bauer and Rademann reported ‘hydrophobicity-assisted switching-phase synthesis’ (HASP).71 It

employed HASP linker (tag) introduced at anomeric position. Glycosylation was conducted in solution phase, its

progress being easily monitored by TLC or MS. After completion, glycosylated product 90 was adsorbed on RPS and
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excess donor was washed out (Scheme 28 ). Partial deprotection was conducted on silica support and the product 91

was released by treatment with CH2Cl2.

We examined an alternative strategy, which could eliminate the need of polymer support as well as product

purification at intermediate stages72 (Scheme 29). In this case, glycosyl donors were partially protected by either

pentafluoropropionyl (PFP)73 or t-butyldimethylsilyl (TBS) group. These groups were detached quantitatively by

treatment with either dilute pyridine in EtOH (for PFP)73 and Bu4NF (for TBS). Concomitantly generated

C2F5CO2Et and TBS-F are volatile and easily removable by simple evaporation and crude mixture can be used for
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the next glycosylation without purification. At each glycosylation, excess donor was quenched with TFA-protected

aminoethanol. The final glycosylation was conducted with ClAc-protected donor, in order to conduct the capture–

release purification to facilitate product isolation. As an example, the synthesis of pentasaccharide 96 was conducted.

Namely, starting with 92, first and second coupling reactions were conducted with thioglycoside 93 (2-O- TBS).

Subsequent chain elongation was achieved with fluoride 94 (3-O -PFP) and then with 95 (3-O-ClAc). At the end, the

product was fished up by capture–release. After deprotection, isolation of 96 (Glc1Man4) was achieved easily by RPS

gel cartridge (C18). From fractions that contained deletion products, Man4, Man3, and Man2 were isolated. Synthetic

pentasaccharide 96 and its shorter oligomers were decorated with thiol-containing linker. Evaluation of their affinity to

CRTwas conducted using quartz-crystal microbalance (QCM).

Fukase and co-workers investigated the facile oligosaccharide synthesis based on affinity separation. They initially

explored the use of the interaction between crown ether (32-crown-10) and ammonium ion74 or between barbituric

acid and its artificial receptor75 for affinity separation. They then investigated the more easily accessible podand tag

for similar purpose.76 Namely, the reaction mixture was applied to the aminomethylated poly(styrene) resin column.

By a nonpolar eluent such as CH2Cl2 or toluene, the tagged compounds were retained on the column, while other

untagged impurities were washed off. Subsequent desorbtion by CH2Cl2–Et3N or CH2Cl2–MeOH afford the desired

compound 97 (Scheme 30). Further attempt to convert this affinity separation approach to continuous flow system

was also described.

Very recently, an interesting approach utilizing ionic liquid-type tag, which was incorporated to glycosyl acceptor,

was reported.77 It was prepared from chloroacetyl-protected thioglycoside, by reaction with N-methylimidazole.

Glycosylation with trichloroacetimidate provided di- and trisaccharide, and removal of the ionic-liquid portion was

achieved under mild conditions (NaHCO3, H2O–Et2O).
1.09.6 Oligosaccharide Synthesis on a Fluorous Support

Highly fluorinated compounds have an affinity to fluorous solvents, and can be separated readily from nonfluorinated

components through simple fluorous–organic solvent partition.78 Just like conventional synthetic transformations,

progress of these reactions can be monitored by TLC and MS, and identity and purity of compounds are certified by
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spectroscopic means such as NMR. Using perfluorinated acceptor, glycosylated product 98 can be easily isolated by

extraction (Scheme 31). Curran first proposed the potential of fluorous technology for oligosaccharide synthesis.79

They reported the preparation of 2-deoxydisaccahride using perfluorinated benzyl-like protecting groups as a

fluorous tag.

Inazu and co-workers designed the fluorous protecting group (Bfp), which is more suitable for the synthesis

of higher oligosaccharides. They found that the presence of three Bfp groups was enough to enable the extraction

of tetrasaccharide to FC72 phase (Scheme 31).80 They applied this method for the synthesis of galabiose, globotriose,

and fluorescence-modified Gb3 oligosaccharide from Bfp-protected acceptors such as 99 .81,82 They subsequently

designed more fluorous-protecting group Hfb (hexakisfluorous chain-type butanoyl group).83 The six fluorous chains

were expected to endow oligosaccharide highly fluorophilic nature. Indeed, a single Hfb group allowed them to

pursue fluorous synthesis of trisaccharide. To start with, Hfb group introduced to the anomeric position of acceptor

100 . Chain elongation was conducted with trichloroacetimidate as a donor to construct trisaccharide. From a practical

point of view, relatively large molecular weight of Hfb (MW¼3290) would be a shortcoming of this approach.

Examples provided above have clearly shown the promise of fluorous synthesis. However, there seems to be a

limitation of the size of oligosaccharide that can be made fluorous enough. Instead of relying upon solvent partition,

Manzoni utilized solid-phase extraction (SPE) using fluorous silica gel cartridge.84 As a proof of the concept, synthesis

of disaccharide 101 was conducted (Scheme 32 ). Fluorinated silyl ether was employed as a fluorous protective group.

After each reaction, the mixture was subjected to SPE.85,86 Elution with 80% MeOH–H2O recovered nonfluorous

material, and the fluorous fractions were eluted with pure MeOH. At the end of the synthesis, removal of fluorous tag

was conducted under standard conditions for desilylation.
1.09.7 Development of Novel Linkers

Appropriately designed linker is of particular significance in solid-phase synthesis. Although various linkers have been

developed for solid-phase peptide synthesis, most of them are not suitable for oligosaccharide synthesis. Chain

elongation steps entail O-glycosylation reactions, which are usually conducted under Lewis-acidic conditions, under

which linkers used for peptide synthesis have a limited stability.

Addressing this problem, a number of linkers tailored for oligosaccharide synthesiswere developed.They includebase-

labile,87 silyl,88 photolabile,89,90 2-silylethyl-type,91 nitro-modified phenoxyacetyl,92 and thioglycoside93 linkers.

We initially employed Wang-resin-type linker in our early stage of investigation23 (Scheme 9). Although we

successfully conducted the synthesis of polylactosamine-type hexa- and octasaccharides, it was noticed that all

glycosylations should be conducted under carefully controlled conditions. With this experience, we developed

novel linkers 102–104 , bearing nitro groups to make the linker acid resistant. In these cases, cleavage could be

conducted after reduction of nitro group (Scheme 33).94–96

More recently, linkers cleavable under metathesis conditions have been investigated. As an example, Seeberger

reported the octenediol linker (e.g., 105 and 106 ; Scheme 34 ).97,98 Although azide-containing donor was not

compatible with the original cleavage conditions, further detailed study resulted in the development of a new protocol

using the phosphine-free catalyst [(H2Imes)(3-Br-py)2(Cl)2Ru¼CHPh] in combination with 1-pentene.
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The diene linker 107 developed by Knerr and Schmidt was cleavable by ring-closing metathesis, thereby eliminat-

ing the use of external olefin99,100 ( Scheme 35 ). Another captivating approach using novel triene linker system 108

that can be cleaved by a tandem ring-closing metathesis was reported by van der Marel et al.101 It is also cleavable by

ruthenium catalyst without addition of external olefin. Resulting cyclopent-2-enyl moiety was isomerized to the

corresponding vinyl ether, which could be readily removed by iodine-mediated hydrolysis. It is desired that applica-

bility of this well-designed linker to complex oligosaccharide synthesis will be proven by further investigation.

The structurally simplest linker is formylacetal (CH2). Since formylacetal has been considered too stable, its utility

as a linker has not been investigated. However, Oikawa et al. showed that a formylacetal linker had some promise in

oligosaccharide synthesis.102 They converted MPEG (ave. MW 5000) to (methylthio)methyl (MTM) ether. The first

sugar unit was incorporated to MPEG through activation of MTM by using ICl. After liberation of 6-OH group,

glycosylation was conducted under Lewis-acidic conditions. Finally, glycosylated products were cleaved from MTM

by TFA–CH2Cl2 (3:7). An easily removable solid acid H4SiW12O40 was also effective.
1.09.8 Hybrid Solid/Solution-Phase Approaches

Since there are a number of problems that remain in purely solid-phase synthesis, various approaches that take

advantages of both solution-phase and solid-phase chemistry have emerged.
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For example, Ley and co-workers investigated the method to allow the clean preparation of oligosaccharides with

avoidance of conventional column chromatography or an aqueous work-up.103 They employed selenyl glycosides as

donors, which had a property similar to thioglycoside, but are more reactive. After glycosylation, which was promoted

by I2 in the presence of base, the side products diphenyl diselenide and iodine were removed by pre-packed Bond

EluteTM silica cartridge. All carbohydrate-containing compounds remaining on the silica gel cartridge were easily

eluted with ethyl acetate or methanol. The unreacted acceptor and hydrolyzed glycosyl donor were captured by tosyl

chloride-carrying resin. However, they reported the difficulty of capturing less reactive glycosyl acceptor such as

4-OH-liberated galactose.

A strategy for the removal of deficient sequences in the synthesis of oligosaccharides on soluble polymer supports

(MPEG, ave. MW 5000) was explored by Ojeda and Martı́n-Lomas.104 They employed the resin succimide prepared

from ArgoGel Wang-OH resin.

Dondoni and co-workers reported a novel approach to oligosaccharide synthesis based on solid-supported sequester-

ing with scavenging technique105 (Scheme 36). They carried out the glycosylation reactions by using twofold excess

of an acceptor. After the donor was consumed, the unreacted hydroxy group was derivatized by trichloroacetyl

isocyanate. The resultant trichloroacetyl carbamate 109 was removed from the reaction mixture by solid-phase

base, from which the acceptor was recovered by base in high yield. In addition, levulinoyl group was employed as a

hidden tag; its ketone group was reductively captured by borohydride resin to give 110 . In addition, an attractive strategy

toward 2-deoxyglycoside, which made a full use of solid-supported reagents, was developed by Kirschning et al.106,107
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In most of its formats, success of polymer-support synthesis heavily relies upon the presumption that all coupling

reactions can be achieved with high conversion. Repeated failure to achieve this would result in the accumulation of

deletion products, making the product isolation process cumbersome. This can be typical in oligosaccharide synthesis.

When the reaction site is sterically hindered, it is quite common that substantial portion of the acceptor remains

unreacted, even if excess donor is used. Therefore, it would be valuable if successfully elongated product can be

distinguished from incomplete ones. To achieve this, we developed ‘resin capture–release strategy’ (Scheme 37).96,108

It employed LMPEG as a support. As for glycosyl donor, its specific position was protected by a ClAc group. After

glycosylation (step I), any excess donor and side products thereof can be removed, because they are not LMPEG

bound. Then, successfully glycosylated product is captured by the cystein (Cys)-loaded resin using chemoselective

reaction between –SH and a-haloester (step II). At this stage, unreacted acceptor remains in the solution phase and can

be washed out. Finally, deprotection (either Fmoc or t-butoxycarbonyl (Boc)) of the a-amino group causes ‘cyclo-

release’ of the product into solution phase (step III). The product has a selectively liberated hydroxy group and can be

used for the next glycosylation. Iteration of this process should theoretically give fully assembled oligomer in a pure

form. In principle, solid-phase capture–release strategy is able to avoid contamination of any deletion product,

irrespective of the efficiency of coupling reactions. Since the reaction site is distant from the hexopyranoside ring,

the capture process is likely to be insensitive to steric hindrance.

As a demonstration of its adequacy, synthesis of lactosamine-repeating oligosaccharide 111 was conducted

( Scheme 37). Namely, LMPEG-supported acceptor 112 was reacted with donor 113. The product was captured by

Cys-resin and subsequent cleavage of Fmoc provided 114 in high purity. After further chain elongation with

glycosylation–capture–release, tetrasaccharide 111 was obtained. It was demonstrated that the capture–release

purification is not necessary after every glycosylation and can be deferred to the final stage. Namely, unreacted

acceptors are capped by acetylation and ClAc-carrying donor is used for the final glycosylation; only full-length

oligosaccharide has an ability to be captured.109 As applications of capture–release strategy, we conducted the

synthesis of N-acetylglucosaminyltransferase (GnT) inhibitor and disialylated complex-type oligosaccharide, which

will be discussed in subsequent sections.

Other approaches, which share similar advantages, have emerged. For instance, Fukase and co-workers reported

an approach,110 which utilizes 4-azido-3-chlorobenzyl protecting group. In their ‘catch-and-release’ purification

approach, resin-supported phosphine was used. Product carrying 4-azido-3-chlorobenzyl group was caught by

the resin and released by treatment with DDQ. Seeberger reported the ‘cap-tag’ approach for facile product isolation

of oligosaccharides synthesized by solid-phase automated synthesis using glycosyl phosphate as a donor.111 In

this case, unreacted acceptors were capped as either 2-azido-2-methyl propionate or perfluorinated silyl ether.

After completion of the chain elongation and cleavage from resin, any deletion products have these tags and are

removable either by scavenger resin or perfluorinated reverse phase cartridge to afford oligosaccharide in a highly

purified form. Boons et al. developed ‘loading–release–reloading’ strategy, which employed polystyrylboronic acid as

a support. It allowed saccharides to be loaded by heating in pyridine and released by treatment with aq. acetone.

In this way, synthetic intermediates could be released from the resin, purified, characterized, and then reloaded

for next reaction.112
1.09.9 Synthesis of GnT Inhibitors

N-acetylglucosaminyltransferases (GnTs) are key enzymes in glycoprotein biosynthesis. They are responsible for

creating structural diversity of complex-type glycans. Among them, GnT-V is a key enzyme producing highly

branched complex-type N-glycan structures.113 Importantly, GnT-V expression level has been revealed to correlate

with cancer malignancy and metastasis. Recently, GnT-IX was found as a homolog of GnT-V, which is exclusively

expressed in the brain.114

We designed bisubstrate-type inhibitor of GnT-V and-IX 115 115 ( Scheme 38). It contains both donor (UDP-

GlcNAc) and acceptor (GlcNAc b1!2Man a1!6Man b) components. Synthesis on the acceptor trisaccharide 116

was conducted using LMPEG support. After second glycosylation, the product was subjected to the ‘capture–

release’ purification. Liberation of the amino group with aminomethylpiperidine initiated cyclization, and trisac-

charide 117 was obtained in 46% overall yield from 118 with high-purity. It was converted to 116 and coupled with

N- bromoacetamide derivative 119 . Subsequent deprotection afforded 115 (X ¼ CH2). It was shown to have a signifi-

cant inhibitor activity toward GnT-IX. As an extension of this strategy, a series of bisubstrate-type compounds, which

differ in the distances between two components, were synthesized.116
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1.09.10 Divergent Syntheses of Sialylated Complex-Type Glycan Chains

Sialic acids are important constituents of a wide variety of glycoconjugates, including N- and O-linked glycoproteins as

well as glycolipids.117 They play key roles in a variety of important physiological events such as cell–cell recognition,

adhesion, and signal transduction. We developed divergent synthetic routes to disialylated as well as monosialylated

complex-type saccharides using LMPEG-supported synthesis, which was combined with enzymatic glycosylation.118

Hexasaccharide 121 was synthesized as the common precursor, which was to be treated with glycosyltransferases to

introduce the terminal sialic acid (NeuAc) and penultimate galactose (Gal) on the 1 ! 6-arm (Scheme 39 ).

Synthesis of 121 was commenced with LMPEG-supported 122 . ClAc-carrying donors were used at second

( 123 ) and fourth (124 ) glycosylations, after which the ‘capture–release’ purification was conducted. Hexasaccharide
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121 has two branches, terminated with LacNAc (Galb1! 4GlcNAc) (A-arm) and GlcNAc (B-arm), respectively.

Simply by changing the type of the glycosyltransferases, all positional isomers of Neu5Ac2Gal2GlcNAc2Man3, as

well as monosialylated heptasaccharide, can be prepared from the single precursor 121.
1.09.11 Rapid Optimization of Reaction Conditions

Optimization of reaction conditions is an important practice in multistep synthesis, including oligosaccharide synthesis.

It is desired that all reactions, particularly glycosylation reactions, proceed in high yield under complete stereochemi-

cal control. Their efficiencies and selectivities are affected by numerous factors, such as solvent, temperature, molar

ratio, leaving group, promoter, additives, and concentration, and their effects are largely unpredictable. Therefore, in

order to optimize reaction conditions, systematic screening is required. It should be conducted in a manner that each

result can be evaluated quantitatively, in terms of both yield and selectivity, results usually analyzed after work-up,

chromatographic isolation, and spectroscopic analyses of products. The optimization processes, therefore, tend to be

time consuming and require a large amount of starting materials. Seeberger and co-workers explored attractive

possibility of using microreactor for the optimization of glycosylation.119

To develop a system for rapid reaction screening, we exploited perdeuterated protecting group. (Scheme 40).120

Benzyl (Bn) ether is the most widely used protecting group in carbohydrate chemistry. However, direct 1H NMR

analyses of oligosaccharide multiply O-protected with Bn groups is problematic. Their methylene signals appear at

4–5ppm as AB-quartets, often overlapping the signals derived from anomeric protons. By employing perdueterated Bn

(Bn-d7) group instead, only anomeric protons appear in this region. Therefore, a/b ratio of glycosylated products can be

obtained easily by relative intensities of anomeric signals. In addition, replacement of each Bn with Bn-d7 increases

the molecular weight (MW) byþ7Da compared to Bn. Therefore, as far as their ionization patterns are not affected by

deuterium labeling, inspection of MS spectrum of reaction mixture supplemented with known amount of nonlabeled

substrates (donor or acceptor) or product should provide the quantitative estimate of the product yield and substrate

recovery. With combined use of MALDI-TOFMS and high-field NMR, reactions performed in�5mmol scales can be

analyzed rapidly.

As an example, the reaction between thioglycoside 122 and the acceptor 123 was screened. Reactions were

conducted in a parallel manner with �2mg (�5mmol) of substrates. MALDI-TOF MS spectra of the crude mixtures

were measured with stock solutions of h-122, h-123, and h-124, and yields were calculated from relative peak heights.

Anomeric ratios were estimated from relative intensities of H-1 signals (in C6D6) of a- (d 5.89 ppm, J 3.6 Hz) and b-
(d 5.26ppm, J 7.2Hz) isomers. In total, 240 reaction conditions were screened, and it was concluded that a 1:1 mixture

of CHCl3 and c-C5H9OMe was proven to be optimum in terms of both yield (quantitative) and selectivity (a:b¼
11.4:1).
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1.10.1 Introduction and the Linear Approach for Oligosaccharide Synthesis

With the increasing recognition of multifaceted biological roles that carbohydrates play, the exploration of glycochem-

istry and glycobiology becomes the frontier of modern science.1–5 Due to the vast heterogeneity of carbohydrates

existing in nature, synthesis is essential for providing access to sufficient quantities of these molecules in a pure form.

However, tremendous challenges are associated with the assembly of oligosaccharides with their vast regio- and

stereochemical complexities. During the past two decades, remarkable progress has been achieved in oligosaccharide

syntheses with many novel methodologies and reagents being developed. 6–34 Complex oligosaccharides can now be

synthesized with unprecedented efficiency. In this chapter, we provide an overview of strategies applied to solution-

phase carbohydrate synthesis. Due to the large volume of information and space limitation, only selected examples for

each approach will be presented.

In a typical glycosylation reaction, a glycosyl donor is activated by a promoter generating an oxocarbenium ion

intermediate,17,35–40 which upon nucleophilic attack by the hydroxyl group of an acceptor yields a disaccharide.

In order to extend the carbohydrate chain, a linear approach can be adopted where selective deprotection is carried out

to convert the disaccharide into another acceptor (Scheme 1). Subsequent glycosylation by a second donor produces a

longer oligosaccharide. Key to the success of this approach is the usage of a temporary protective group (PG1) that can

be selectively removed without affecting other functional groups on the oligosaccharide.

A recent example of this linear approach is the synthesis of Globo-H 1, designed by Seeberger and co-workers for

future adaptation on solid phase (Scheme 2).41 In this study, levulinoyl (Lev) and acetyl (Ac) moieties were chosen as

the temporary protective groups due to their mild deprotection conditions. Coupling of galactoside 2 with glucoside 3

afforded lactoside 4 , from which the Lev group was removed with hydrazine acetate yielding acceptor 5. Subsequent

sequential glycosylations by donors 6, 7, 8 , and 9 with a deprotection reaction between two glycosylations provided

fully protected Globo-H hexasaccharide 1, in nine linear steps from monosaccharide building blocks.

As one of the earliest approaches, the linear approach is still in use. However, the necessity of performing multiple

deprotection reactions on oligosaccharide intermediates increases the number of linear steps required, which renders

it inefficient and lengthy for the construction of large complex oligosaccharides. This will be particularly limiting in

assembly of carbohydrate libraries, where a large number of oligosaccharides need to be prepared.42–47

In order to reduce the number of intermediate manipulation steps and streamline the syntheses of oligosaccharides,

four general approaches are taken: (1) differential activation of donors; (2) selective glycosylation of acceptors; (3) two-

directional glycosylation and convergent modular synthesis; and (4) chemoenzymatic synthesis. In the following, we

discuss advantages and disadvantages of these approaches.
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Scheme 2
1.10.2 Approaches of Differential Donor Activation

1.10.2.1 Active–Latent Approach

In all differential donor activation approaches, an oligosaccharide is assembled from the nonreducing end

to the reducing end. With the active–latent strategy first coined by Roy and co-workers,48 an aglycon

moiety (Y) inert to glycosyl donor activation condition is installed at the anomeric center of the acceptor

(Scheme 3).49–63 After glycosylation, this ‘latent’ aglycon, which is now at the reducing end of the newly formed

oligosaccharide, is transformed to an activatable leaving group (X), thus producing an ‘active’ glycosyl donor. The

success of this approach crucially relies upon the ability to convert the latent aglycon into an activatable leaving group

in high yield without affecting other protective groups.
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Schmidt and co-workers masked the anomeric position of the glycosyl acceptor 10 as a tert -butyldimethylsilyl

(TBDMS) group ( Scheme 4). 49 Following glycosylation of 10 with trichloroacetimidate donor 11 and protective

group adjustments, the latent TBDMS moiety of the disaccharide product 12 was removed to generate hemiacetal 14 .

The hemiacetal subsequently reacted with trichloroacetonitrile under basic condition, yielding an active disaccharide

trichloroacetimidate donor 15. This process of glycosylation, silyl removal, and trichloroacetimidate formation was

repeated to produce the complex biantennary structure of a human milk oligosaccharide 16. However, silyl group is a

protective group commonly employed in oligosaccharide assembly. The deployment of the TBDMS ether moiety as

the latent aglycon thus prevented the usage of silyl ether on other positions of the oligosaccharide, restricting the

choice of available protective groups. Protective groups such as p-methoxyphenyl,50 allyl,51,52 2-naphthylmethyl,53 and

o-nitrobenzyl54 have been used as the temporary anomeric protective groups as well.

The conversion of the latent aglycon into the activatable form can also be achieved through a single synthetic step.

Nicolaou and co-workers took advantage of the stability of thioglycosides under Lewis acid conditions64 and used

a thioether moiety to protect the anomeric position of the acceptor.54– 56 Upon mixing the glycosyl fluoride 17 with a

thioglycosyl acceptor 18 in the presence of SnCl2 and AgClO4, the glycosyl fluoride was activated leading to

a trisaccharide 19 (Scheme 5 ).55 This trisaccharide was subsequently transformed to the active glycosyl fluoride

donor 20 with N-bromosuccinimide NBS and diethylaminosulfur trifluoride (DAST) which was used for assembly of
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Lewis X (Le x) pentasaccharide 21. This synthetic approach adopted by the Nicolaou group is also referred to as ‘two-

step activation’ with the conversion of thioglycoside to glycosyl fluoride followed by glycosyl fluoride activation.

Fraser-Reid and co-workers developed n-pentenyl glycosides as powerful glycosyl donors.65,66 In their design of

active–latent approach, the n-pentenyl moiety was temporarily masked as 1,2-dibromo alkane in glycoside 22 , which

was inert to typical electropositive promoters (Scheme 6).57 Following glycosylation by an n-pentenyl glycoside donor

23 , the resulting tetrasaccharide 24 was treated with sodium iodide, which regenerated the n-pentenyl group

converting it into an active donor 25 ready for the next glycosylation.

Boons and co-workers have utilized the facile conversion of allyl ethers to vinyl ethers for the active-latent

strategy. 59 The latent allyl glycoside 26 was transformed by the Wilkinson catalyst into the active vinyl ether 27,

which was activated by trimethylsilyl trifluoromethane sulfonate (TMSOTf ) and glycosylated acceptor 28 ( Scheme 7 ).

The resulting allyl disaccharide 29 was isomerized into an active vinyl glycosyl donor 30. This strategy was applied

to assemble a small library of trisaccharides.58

Kim and co-workers utilized the active–latent strategy for a highly stereoselective synthesis of b-mannopyrano-

side. 60,61 They discovered that 2-(benzyloxycarbonyl)benzyl (BCB) glycoside 31 could be converted into an active

2-(hydroxylcarbonyl)benzyl (HCB) glycosyl donor 32 in high yield under catalytic hydrogenation condition without

affecting benzylidene and benzyl ether moieties (Scheme 8). 61 The HCB donor 32 reacted with acceptor 33

diastereoselectively, forming b-mannoside 34 presumably through a glycosyl triflate intermediate. The obtained

BCB glycoside 34 was also converted into an active HCB glycosyl donor 35 by hydrogenation.
1.10.2.2 Selective Activation and Orthogonal Glycosylation

For oligosaccharide synthesis through the active–latent strategy, it requires additional synthetic manipulation on the

oligosaccharide intermediate to transform the latent aglycon (Y) into an activatable leaving group. If a reaction
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condition can be identified to directly activate this aglycon Y, synthetic modification of the intermediate oligosacchar-

ides can be omitted resulting in higher overall efficiency (Scheme 9). 52,57,67–91

Due to the high stability of thioglycosides under acidic conditions,64 they are often used as acceptors in selective

glycosylation strategies.52,67–69 Takahashi and co-workers reported a one-pot synthesis of elicitor-active hexasaccharide

36 using the selective activation strategy ( Scheme 10 ).69 The trichloroacetimidate glycosyl donor 37 was selectively

activated over the thioglycosyl acceptor 38 by TMSOTf. The obtained thioglycoside tetrasaccharide 39 was of

sufficient purity and was directly used to couple with glycosyl acceptor 40 promoted by N-iodosuccinimide (NIS)/

trifluoromethanesulfonic acid (TfOH). The desired hexasaccharide 36 was produced in 50% overall yield for the two

steps carried out in one-pot without purification or aglycon modification of the oligosaccharide intermediate 39 .

A potential side reaction with the combined usage of trichloroacetimidate/thioglycoside is the transfer of thioether

aglycon to the activated trichloroacetimidate donor, especially when the nucleophilicity of the acceptor hydroxyl

group is low and the donor contains multiple electron-withdrawing protective groups.52,67,68,70,71 For example, when

glycosylation of acceptor 42 by trichloroacetimidate donor 41 was performed at � 10 �  C, thioglycoside 43 was obtained
as the major product instead of the desired disaccharide 44 ( Scheme 11a ).52 This intermolecular aglycon transfer

reaction occurred due to the attack of the nucleophilic sulfur atom on the cationic intermediate from donor activation
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(Scheme 11b). Similar phenomena have also been observed in other selective activation systems, such as when a

glycosyl fluoride was activated in the presence of a thioglycosyl acceptor,68,92 or when a glycosyl bromide donor was

activated over a thioglycoside.93 The intermolecular aglycon transfer side reaction can be suppressed by lowering the

reaction temperature (Scheme 11a),52 reducing the nucleophilicity of anomeric sulfur atom through introduction of

bulky substituents and/or electron-withdrawing groups on the aglycon,72 or enhancing the nucleophilicity of the

hydroxyl group in the acceptor.68

Other pairs of glycosyl building blocks that have been utilized in selective glycosylation strategies (the first type of

aglycon is preferentially activated in the presence of the second one) include glycosyl sulfoxides/thioglycosides,73,74

glycosyl phosphates/thioglycosides,75,76 glycosyl phosphites/thioglycosides,77 selenoglycosides/thioglycosides,78–80 gly-

cosyl chlorides or bromides/thioglycosides,81–83 hemiacetals/thioglycosides,84,85 glycosyl thioimidates/thioglycosides,86,87

n-pentenyl glycosides/thioglycosides,88 glycosyl fluoride/glycal,91 glycosyl phosphates/n-pentenyl glycosides,75 and

trichloroacetimidates/n-pentenyl glycosides.57

If a reaction condition can be developed allowing selective activation of the second type of aglycon in the presence

of a third activatable leaving group, the oligosaccharide chain can be further extended using the selective activation
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strategy. Demchenko and co-workers have studied a series of thioimidate-based glycosyl donors, in particular,

S-benzoxazolyl (SBox) and S-thiazolyl (STaz) glycosides, which can be preferentially activated by AgOTf or Cu(OTf)2

over ethyl thioglycosides.89,90 The resulting thioglycoside product can be selectively coupled to an n-pentenyl

glycoside acceptor using the promoter methyl trifluoromethane sulfonate (MeOTf).88 For instance, activation of

SBox donor 45 over thioglycosyl acceptor 46 followed by coupling with n-pentenyl acceptor 47 and O -glycoside 48 led

to tetrasaccharide 49 (Scheme 12 ). 90

With the selective activation approach, it is difficult to carry out more than three glycosylations due to the limited

number of leaving groups that can be selectively activated. However, if two types of aglycon leaving groups can be

orthogonally activated without affecting each other, large oligosaccharides can be constructed through alternating

usage of the two leaving groups.89,94,95 Ogawa and co-workers discovered that a thioglycoside could be activated by the

thiophilic promoter NIS/AgOTf in the presence of a glycosyl fluoride and conversely a glycosyl fluoride could be

selectively activated using Cp2 HfCl2 and AgClO4 .
95 As illustrated by the synthesis of chitooctaose 50 (Scheme 13 ),

thioglycosyl donor 51 glycosylated glycosyl fluoride acceptor 52 yielding disaccharide 53, which was activated by

Cp2 HfCl2 /AgClO4 for subsequent glycosylation of thioglycosyl acceptor 54 without any aglycon adjustments. This

process was repeated through alternating glycosylation of 52 and 54 until the desired octasaccharide 50 was

assembled.

Demchenko and co-workers established that STaz glycosyl donors can be activated over ethyl thioglycosides by

using AgOTf as the promoter and ethyl thioglycosides can be selectively activated over STaz glycosides by NIS/

TfOH.89 This full orthogonal character of STaz and SEt was utilized in the synthesis of trisaccharide 56 ( Scheme 14 ).

Although comparable yields were obtained through both activating sequences (STaz-SEt versus SEt-STaz), the a/b
selectivities of the two sequences were different.
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1.10.2.3 Armed–Disarmed Chemoselective Glycosylation Strategy

With the selective activation and orthogonal glycosylation approaches, oligosaccharide synthesis can be

carried out without any aglycon adjustments on intermediate oligosaccharides. However, building blocks

containing several different types of aglycon-leaving groups need to be prepared. Another popular approach

to avoid aglycon adjustments on intermediate oligosaccharides is the armed–disarmed chemoselective glyco-

sylation method, which utilizes glycosyl building blocks containing the same type of aglycon-leaving group with

different anomeric reactivities.65,66,7 2,77–79,86,89,96– 126

When two glycosyl building blocks with different anomeric reactivities are mixed together with only one equivalent

of promoter, the more reactive donor (armed) will be preferentially activated by the promoter, while the less reactive

building block (disarmed), which also contains a free hydroxyl moiety, is not activated and becomes glycosylated

by the armed donor (Scheme 15). The distinction between this strategy and the active–latent method is that the

disarmed building block is activated more slowly than the armed donor; while using the active–latent approach, the

latent building block is inert under the donor activation condition.

Many innovative methods have been developed for adjustment of anomeric reactivities, the majority of which focus

upon changing the protective groups on the glycon ring.98 The effects of electron-withdrawing protective groups on

anomeric reactivities were first documented by Paulsen with the observation that glycosyl halides with 2-O-ether

protective groups were much more easily hydrolyzed than their counterparts with 2-O-esters.127 This was further

corroborated by Fraser-Reid and co-workers, who demonstrated that the activation of n-pentenyl glycosyl donors

bearing electron-withdrawing ester protective groups (disarmed donors) are much less reactive than those bearing

electron-donating groups (armed donors). 65,100 For example, the benzyl-protected n-pentenyl glycoside 62 can

be preferentially activated over the benzoyl-protected n-pentenyl glycoside 63 by a mild activator iodonium

dicollidine perchlorate (IDCP), even though they contain the identical anomeric leaving group (Scheme 16).66

The disaccharide 64 generated can be activated by a more powerful promoter system (NIS/TfOH) for the next
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glycosylation. The disarming effects of electron-withdrawing groups on anomeric reactivities are general for many

types of building blocks, including thioglycosides,98 selenoglycosides,78 glycosyl fluorides,101,102 glycals,103 glycosyl

phosphoimidates,104 and thioimidates.86,89

The deployment of protective groups that confer conformational rigidity, such as benzylidene, dispiroketal and

cyclic carbonate in a donor, also decreases anomeric reactivities (conformational disarmed).99,101,105–107 This is due to a

combination of electronic effects and the torsional strain conferred by the bicyclic system.128,129 Ley and co-workers

combined the effects of electronic withdrawing and conformational disarming for assembly of trimannan 67 in one pot

(Scheme 17 ).101 The armed mannosyl donor 68 was preferentially activated and glycosylated acceptor 69, which was

torsionally deactivated by the butane-2,3-diacetal moiety. Without purification, the disaccharide 70 formed directly

reacted with the electronically and conformationally disarmed acceptor 71 leading to trimannan 67 in one pot.

The protective group on O2 of the pyranose ring has a large influence on anomeric reactivities.79,96 Therefore in

armed–disarmed glycosylation, armed building blocks typically bear electron donating ether-type protective groups at
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O2 while disarmed building blocks usually contain electron-withdrawing ester-type protective groups at O2. However,

the O2 protective groups are also often used to control stereochemistry of the newly formed glycosyl linkages, that is,

ester type for 1-2-trans-linkage due to the neighboring group participation and ether type for 1-2-cis-linkage. These

dual roles of O2 protective groups present difficulties for formation of trisaccharides containing trans–cis or trans–trans-

linkages. Although these linkages can be generated by fine-tuning protective groups on other positions of the glycon

ring, it would be desirable that disarming nonparticipating and arming participating protective groups are available.

Zhu and Boons demonstrated that thioglycosides protected with trans-2,3-cyclic carbonate (e.g., 72) have significant

lower reactivities than acylated thioglycosides (e.g., 73 ) (Scheme 18). 106 The strong disarming effect of the cyclic

carbonate enabled the selective activation of acyl-protected donor 73 in the presence of acceptor 72 leading to

disaccharide 74 . Moreover, the trans -carbonate moiety cannot stabilize the oxocarbenium intermediate through

neighboring group participation due to ring strain. Thus disaccharide 74, when activated with a strong promoter

PhSOTf, favored the formation of the thermodynamically more stable axial linkage, leading to trisaccharide 76

containing trans–cis-glycosyl linkages.

Demchenko and co-workers discovered that the electron-donating picolyl group can be used as an arming

participating protective group.108 STaz donor 77, armed by the 2-O -picolyl moiety, was chemoselectively coupled

with the disarmed acceptor 78 yielding disaccharide 79 (Scheme 19a ). Moreover, upon donor activation, the picolyl

moiety stabilized the oxocarbenium ion through neighboring participation from the axial face forming intermediate

81 , the structure of which was confirmed by NMR studies (Scheme 19b ). SN2-like displacement of the pyridinium

group from the anomeric center of 81 by the acceptor led to formation of the trans-glycosyl linkage.
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To successfully synthesize oligosaccharides through the armed–disarmed approach, it is important to be able to

accurately assess anomeric reactivities of various building blocks. Although the 1H-NMR chemical shifts of anomeric

protons of thioglycosyl building blocks can be correlated with reactivities,79,96,121 a more precise method to establish

anomeric reactivities is through a competitive HPLC assay, where two glycosyl building blocks react with limiting

amount of promoters (Scheme 20). The relative reactivities of building blocks can be calculated from the amounts of

two building blocks consumed or the two products formed.96,119,130 Based on extensive HPLC measurements, the

Wong group has built up a database containing relative anomeric reactivity values (RRVs) of more than 100 p-tolyl

thioglycosides.96,98 Several trends emerged from this analysis: (1) the reactivity order of monosaccharides is fucose>

galactose>glucose>mannose; (2) the degree of reactivity perturbation by a protective group is affected by both its

position on the glycon ring and the identity of the pyranoside. For example, the disarming power of a benzoate group

on a thiogalactosyl donor is in the order of 4O>3O>2O>6O, while that on a thiomannosyl donor is 2O>6O>4O>

3O; (3) subtle changes of protective groups can have a profound effect on anomeric reactivities. For example, simple

exchange of the Bz moiety in thiogalactoside 83 to Bn, or replacing phthalimidoyl (Phth) in 85 with trichloroethoxy

carbonyl (Troc) caused an over 10-fold increase in RRVs (Scheme 20). This quantitative determination of RRVs has

laid a solid foundation for guiding the selection of suitable building blocks for constructing complex oligosaccharides

through the armed–disarmed strategy.

The studies on protective group effects on anomeric activities have culminated in the development of the

reactivity-based one-pot approach, where multiple armed–disarmed chemoselective glycosylation reactions are car-

ried out sequentially in a single reaction flask using glycosyl building blocks with decreasing order of relative

reactivities (Scheme 21).18,96,98 Once all necessary building blocks are available, oligosaccharides can be assembled

in high efficiency by this approach, because it is unnecessary to perform purification or synthetic manipulation on the

intermediate oligosaccharides.

Oligosaccharide libraries109,110 and complex oligosaccharides such as Globo H,111 fucosyl GM1,112 sialyl Lex,77

oligolactosamine,113 a-Gal pentasaccharide,115 oligomannan,116 and LeY 114 have been successfully synthesized using

the reactivity-based one-pot approach. As an example, the most reactive donor fucosyl donor 89 with a relative

reactivity value (RRV) of 72 000 was chemoselectively activated and reacted with a thioglycosyl acceptor 90 (RRV ¼
12 000) forming disaccharide 91, which glycosylated the acceptor 92 (RRV ¼ 0) (Scheme 22). 114 The desired LeY

hexasaccharide 93 was obtained in 44% overall yield in one pot.

It should be noted that in one-pot multiple-step glycosylation using the NIS/TfOH promoter system, succinimide

accumulates as a nucleophilic side product, which can compete with the acceptor for the reactive intermediate from

donor activation.96,119 In order to suppress this side reaction, other promoter systems, such as dimethyl (methylthio)

sulfonium triflate (DMTST),96 benzene sulfinyl piperidine (BSP)/Tf2O,112 and N-(phenylthio)-e-caprolactam/

Tf2O
131 can be used as alternatives.

In addition to protective groups on the glycon ring, aglycon-leaving groups can also significantly influence anomeric

reactivities. Boons and co-workers reported that introduction of a bulky dicyclohexylmethyl moiety on the
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anomeric center reduced the rate of activation of thioglycoside 94 (sterically disarmed). 72,117,118 Even though ethyl

thioglycoside 95 contains one more electron-withdrawing benzoyl group, it was preferentially activated by NIS/TMSOTf

i n t he p re se nc e o f t hi o g ly co si de 94 , forming disaccharide 96 (Scheme 23). 117 Despite the large size of its aglycon, the

disaccharide 96 could be promoted with NIS/TMSOTf to glycosylate acceptor 97, leading to trisaccharide 98 .

Substituents on the aglycon can affect the anomeric reactivities through resonance and inductive effects as

well.97,119–124 The relative reactivities of a series of thioglycosides differing only in aglycon structures have been

quantified.130 Cyclohexyl thioglycoside was found to be about 3 times as reactive as the ethyl thioglycoside, which in

turn was 10 times as reactive as the corresponding thiophenyl donor with identical glycon-protective groups. Roy and

co-workers investigated the utility of p-nitrophenyl thioglycosides in the armed–disarmed glycosylation approach.123

With the strongly electron-withdrawing nitro moiety on p-nitrophenyl thioglycoside 99, its activation by typical

promoters such as NIS/TfOH or DMTST was slow (Scheme 24). Under mild conditions, the nitro moiety could

be reduced to an amino group and acetylated, arming the resulting thioglycoside 100 , allowing chemoselective

glycosylation of the p-nitrophenyl acceptor 101 in good yield. Roy’s method is also commonly referred to as an

active–latent approach (Section 1.10.2.1). 48,123

Huang and co-workers reported that a panel of thioglycosyl building blocks 105–110 bearing various para-

substituents could be rapidly generated in a divergent manner through aglycon modification of a common intermedi-

ate p-nitrophenyl thioglycoside 103 (Scheme 25a ). 121 The simple modification of the para-substituent conferred

sufficient reactivity differential that one-pot synthesis could be carried out with these building blocks further
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improving the overall synthetic efficiency. As an example, the most reactive p-methoxyphenyl thioglycosyl donor 106

was selectively activated over the less reactive p-bromophenyl thioglycosyl acceptor 111. Without separation, the

obtained disaccharide glycosylated the least reactive p-nitrophenyl thioglycoside 112, followed by reaction with the

final acceptor 113 ( Scheme 25b ). The desired tetrasaccharide 114 was obtained in 39% yield through a single

purification. Besides the ease in building block preparation, reactivity tuning through aglycon allows facile adjustment

of anomeric reactivities of intermediate oligosaccharides. By simple modification of the p-nitro moiety in aglycon of

disaccharide 115 , disaccharide 116 bearing medium reactivity was obtained and could be used in convergent synthesis

of larger oligosaccharide (Scheme 25c). This would be difficult to achieve through glycon protective group tuning due

to the large number of protective groups on the glycon ring.

Demchenko and co-workers developed a clever strategy to reduce anomeric reactivities through metal com-

plexation with aglycon. 124 STaz glycosyl acceptor 117 coordinated with PdBr2 forming a stable Pd( II) complex 118

(Scheme 26 ). The metal coordination strongly deactivated 118 , because it not only decreased the nucleophilicity of

the sulfur atom through conjugation, but also sterically blocked the access of promoter to the active site. This allowed

chemoselective glycosylation of benzyl-protected 118 even by the electronically disarmed benzoyl-protected glycosyl

donor 119. Ligand exchange between the glycosyl donors and the temporarily deactivated glycosyl acceptor–metal

complexes has been observed in some cases, especially for electronic-rich glycosyl acceptor–metal complexes using

AgOTf as the activator.124 After glycosylation, the obtained disaccharide–metal complex 120 could be easily dis-

sociated by treatment with NaCN generating a free disaccharide, which could be used as the glycosyl donor for the

next glycosylation. This strategy is useful for synthesis of trans–cis-linkage, which is difficult applying the traditional

armed–disarmed strategies.
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Reaction solvent can also significantly influence the glycosylation rate.125,126 Oscarson and co-workers discovered

that while the rates of activation of 122 and 123 by NIS/AgOTf were not sufficiently different when the glycosylation

reaction was performed in methylene chloride, higher selectivity was achieved when diethyl ether was used as the

reaction solvent ( Scheme 27 ).126 This enabled them to chemoselectively glycosylate 123 with 122 in diethyl ether,

forming disaccharide 124 , which was used in one-pot synthesis of trisaccharide 126.

Although the reactivity-based chemoselective glycosylation approach has achieved great success as evident from the

range of complex oligosaccharides constructed, there are several disadvantages associated with this approach. The

chemoselectivity obtained by the reactivity-based methods originates from the differential rates of activation of

various building blocks. Extensive protective group adjustment or aglycon tuning on building blocks is often

necessary to acquire the desired reactivity.98 Moreover, if a specific glycosyl linkage exists at multiple locations in

an oligosaccharide, building blocks with distinct reactivities must be synthesized. For example, in order to construct

the repeating GlcN( b1-4)Gal linkages in trimeric lactosamine 127 using the armed–disarmed methodology, three

different lactosamine building blocks 128–130 with RRVs of 13 000, 246, and 0 must be prepared ( Scheme 28). 113
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This need for large number of building blocks complicates the overall synthetic processes, restricting broad applica-

tion of armed–disarmed glycosylation strategies. Furthermore, the range of relative anomeric reactivity is still limited,

which confines the number of theoretical steps that can be carried out in decreasing order of reactivities. Currently, the

maximum number of glycosylation reactions performed in one pot is three steps before reaching the reactivity limit.

Continual development of innovative methods for reactivity tuning is necessary to broaden the reactivity window in

order to enable the synthesis of longer oligosaccharides.

Using the armed–disarmed strategy, only anomeric reactivities of donors are considered as the determinant for

chemoselectivity. There is increasing evidence that the acceptor can also play an important role. A striking example is

that the 6OH of acceptor 131 was glycosylated only by the disarmed donor 132 when a mixture of 131 (1 equiv.), 132

(1 equiv.), and an armed donor 133 (1 equiv.) was treated with 2.3 equiv. of NIS/tert -butyldimethylsilyl triflate

(TBSOTf) promoter (Scheme 29). 132 No disaccharide 135 originating from glycosylation of 6OH by the armed

donor 133 was isolated. The acceptor clearly directed the outcome of this reaction, even though donor 133 is more

electron rich and should be preferentially activated. Therefore, it is important to match the donor with the acceptor for

high glycosylation yields. With the armed–disarmed approach, the reliance of protective group to achieve the exact

anomeric reactivity hampers the possibility of matching.
1.10.2.4 Pre-activation-Based Iterative Strategies

Traditionally, most glycosylation reactions are performed by adding the promoter to a mixture of a glycosyl donor and

an acceptor. A conceptually different approach is to pre-activate the donor in the absence of the glycosyl acceptor to
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generate a reactive intermediate in situ (Scheme 30).85,91,133–146 Addition of an acceptor to the reactive intermediate

produces a disaccharide. This process can be repeated until the desired oligosaccharide is synthesized. Because

activation and glycosylation occur in two distinct steps, the donor and the acceptor do not need to possess differential

anomeric reactivities, thus eliminating the need for anomeric reactivity tuning inherent to the armed–disarmed

chemoselective glycosylation approach.

For successful glycosylations using the pre-activation approach, the promoter must be stoichiometric in donor

activation to prevent activation of the acceptor and the product by unconsumed promoter. Furthermore, no nucleo-

philic side products should be generated from the pre-activation step, which can quench the reactive intermediate

resulting from donor activation.96,119

Gin and co-workers discovered that a glycosyl hemiacetal such as 137 can be activated by the diphenyl sulfoxide

and Tf2 O promoter system.134 ,143 If a hemiacetal building block has a free alkyl hydroxyl group (e.g., 138), the alkyl

hydroxyl group should be more nucleophilic than the anomeric hydroxyl moiety due to deactivation by the electron-

withdrawing oxygen atom in the pyranose ring.143 Preferential glycosylation by a pre-activated hemiacetal donor will

result in a disaccharide 139 containing a hemiacetal moiety at the reducing end, which can be iteratively activated and

coupled with the next acceptor under identical conditions elongating the oligosaccharide chain (Scheme 31). This

approach has only been applied to hemiacetal acceptors with either primary hydroxyl group or reactive secondary alkyl

hydroxyl groups to date. More examples need to be examined, especially when the alkyl hydroxyl group has low

nucleophilicity, such as 4OH of protected glucosamine acceptor,147 in order to establish the scope and limitation of the

method.

Danishefsky’s group has extensively studied glycals as useful glycosyl building blocks.91,145,146 In a typical synthe-

sis, glycal 140 was first converted to a glycosyl epoxide 141 by dimethyldioxirane in situ , which in the presence of a

Lewis acid such as ZnCl2 opened regioselectively upon nucleophilic attack by a glycal acceptor 142 producing

disaccharide 143 ( Scheme 32). 145

Yamago and co-workers reported that 2-acyl-protected selenoglycosides such as 144 can be cleanly converted to

b-glycosyl bromides by treatment of bromine (Scheme 33 ).142 Without any purification, the resulting b-bromide 145

reacted with a selenoglycoside acceptor 146 followed by Lewis acid-catalyzed isomerization to form disaccharide 148 .

The oligosaccharide chain can be extended by repeating the process. Because it is not necessary to tune anomeric

reactivity, building blocks can be pooled to rapidly assemble many oligosaccharides. An oligoglucoside library for
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structure–activity relationship studies of elicitor-active oligosaccharides has been synthesized using this strategy.136

However, this glycosyl bromide-mediated glycosylation method is restricted to formation of trans-glycosyl linkages

only, as the thermodynamically more stable a-bromide is predominantly formed with 2-O-ether-protected selenogly-

cosides due to the anomeric effect and a lack of neighboring group participation. The a-bromides are not synthetically

useful, because they are much less reactive than their b-bromide counterparts in glycosylation.

Van der Marel and co-workers developed a pre-activation strategy using thioglycosides.141 Thioglycosyl donor

149 was pre-activated by BSP and Tf2O, which subsequently glycosylated with the thioglycosyl acceptor 150

(Scheme 34a) . The side product 151 generated from BSP/Tf2O activation was still thiophilic, which could react

with the acceptor and the product. This problem was partially alleviated by addition of a quenching reagent triethyl
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phosphite after each glycosylation. Good yields were obtained using this method when the donor was more reactive

than the acceptor. However, when the anomeric reactivities of donor and acceptor were not sufficiently different, no

desired products were obtained (Scheme 34b). 140

The Yamago group also utilized the same BSP/Tf2O promoter system to pre-activate thioglycosides.139 However,

they reported much broader substrate scope, where even a disarmed donor 156 was cleanly activated and reacted with

an armed acceptor 157 forming disaccharide 158 in good yield without resorting to any quenching agents to prevent

side reactions caused by 151 (Scheme 35). More studies are necessary to pinpoint the reasons for the apparent

contradictions with results from the van der Marel group.140 The utility of this pre-activation approach has been

highlighted in assembly of a small library of tri- and tetraglucosamines.139

Huang and co-workers reported a pre-activation-based iterative one-pot glycosylation strategy, by which multiple

sequential chemoselective glycosylation reactions can be performed in one pot, independent of the anomeric

reactivities of the donor and the acceptor (Scheme 36a).137 Instead of relying on the BSP/Tf2O promoter system,

after screening a series of reaction conditions, Huang and co-workers discovered that p-TolSOTf, formed in situ

through reaction of p-TolSCl and AgOTf, is a suitable promoter capable of activating thioglycosides with a wide range

of anomeric reactivities.121 Moreover, unlike BSP/Tf2 O activation, the side product p-tolyl disulfide 160 generated

from p-TolSOTf activation does not interfere with the glycosylation. The glycosylation reaction is clean and the

resulting disaccharide product 162 can be pre-activated and react with another thioglycosyl acceptor in the same

reaction flask allowing rapid assembly of oligosaccharides without any purifications or aglycon adjustments of

intermediate oligosaccharides. As an example, pre-activation of the disarmed glycosyl donor 165 was followed by

addition of the more reactive armed glucosamine acceptor 166. Subsequent addition p-TolSOTf and acceptor 167 to

the reaction mixture produced the trisaccharide 168 within 1 h in 54% overall yield (Scheme 36b). In comparison, a

trisaccharide similar to 168 has been assembled by the automated solid-phase methodology using an excess of each

glycosyl donor (12 equiv.) in 60% overall yield.148 The pre-activation-based iterative one-pot method has the

advantages of using near-stoichiometric amounts of building blocks and ease in reaction monitoring while achieving

similar synthetic efficiencies in assembly of medium-sized oligosaccharides.

Compared with other differential donor activation strategies, pre-activation-based methodologies do not

require synthetic operations on intermediate oligosaccharides. The same anomeric leaving group and identical
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Table 1 Comparison of differential donor activation strategies

Active–
latent

Selective
activation

Orthogonal
glycosylation

Armed–
disarmed

Pre-activation
based

Synthetic operation on oligosaccharide

intermediate

Yes No No No No

Number of donor types 2 �2 2 1 1

Possibility for one-pot synthesis No Yes Yes Yes Yes

Anomeric reactivity tuning required No No No Yes No
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glycosylation condition can be used throughout the synthetic sequence, rendering it conceptually and operationally

simple (Table 1). Furthermore, because it is not necessary to adjust anomeric reactivities, protective groups on donors

and acceptors can be independently varied, allowing matching of the two glycosylation partners, leading to higher

glycosylation yields.149 The possibility of carrying out multiple sequential glycosylations in one pot without synthetic

manipulations or purification of intermediate oligosaccharide further improves its overall efficiency. These strategies

have the potential to evolve into a solution-based automated oligosaccharide synthesis method, complementing the

current solid phase-based technology.148,150 Further investigations on reactive intermediate structures, reaction

conditions, as well as its application in complex carbohydrate synthesis are necessary to fully demonstrate the

power and scope of this nascent glycosylation approach.
1.10.3 Selective Reaction with Acceptors

In conventional oligosaccharide syntheses, glycosyl acceptors are typically heavily protected leaving only a single free

hydroxyl group exposed for glycosylation, which often necessitates extensive protective group manipulations on

building blocks. If the reactivities of various hydroxyl groups in an acceptor can be substantially differentiated, lightly
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protected glycosyl acceptors can be used for regioselective glycosylation, 14,50,67, 151–174 thus reducing the number of

necessary protection and deprotection steps and improving the overall synthetic efficiency.

Although the anomeric reactivities of donors have been extensively studied and quantified, quantitative analysis

of glycosyl acceptors is not yet available. It is generally accepted that primary hydroxyl groups are more reactive

than secondary hydroxyl groups and equatorial secondary hydroxyl groups are more nucleophilic than axial

ones. 77,83,157,159,162,163,166,167,169,170,174 Protective groups on the saccharide units, the types of glycosyl donors, and

reaction conditions can also have profound effects on outcome of the regioselective glycosylation.

Boons and Zhu have shown that excellent yield of disaccharide 169 could be obtained from selective glycosylation

of the more reactive primary hydroxyl group in 170 by donor 171 (Scheme 37a ). 174 In order to differentiate

4OH in two glucosyl building blocks, they installed benzoyl groups on donor 172 and benzyl groups on

acceptor 173 ( Scheme 37b ). Due to the higher electron-withdrawing power of benzoyl, the free hydroxyl group

in donor 172 is less nucleophilic than that in acceptor 173, allowing selective glycosylation of 173 without self-

condensation products of 172 . The disaccharide 174 formed could be used directly as an acceptor without any

deprotection (Scheme 37c).

The reactivity difference of various hydroxyl groups can be explored to efficiently construct branched oligosaccharides

without resorting to selective deprotection on intermediate oligosaccharides. As an example, Lex trisaccharide, an

important cancer-associated carbohydrate antigen, contains the Gal(b1-4)[Fuc(a1-3)]GlcNAc branching sequence. An

efficient method to construct LeX trisaccharide is to carry out selective glycosylation of a glucosamine acceptor with

both 3OH and 4OH unprotected.67,77,172,173 Magnusson and Ellervik reported exclusive selectivity for 4OH

when galactosyl donor 177 reacted with diol 178 forming disaccharide 179 (Scheme 38a), which was subsequently

fucosylated on 3OH leading to LeX trisaccharide.172 The superior selectivity observed resulted from the

bulky tetrachlorophthaloyl (TCP) moiety on the N2 atom, whereas the usage of smaller protective groups such as

Troc,175 N3,
176,177 or NHAc178 led to formation of regioisomers. Unlike galactosylation, fucosyl donor 180 preferen-

tially reacted with the 3OH of diol 178 , yielding a 3.6:1 ratio of ( a1-3)-linked disaccharide 181 and ( a1-4)-disaccharide
182 (Scheme 38b ). The change in regioselectivity was presumably due to the difficulty of forming ( b1-3)-linkage on
diol 178 with the steric hindrance presented by the 2-N-TCP group.

Kong and Wang reported a concise synthesis of 3,6-dibranched mannotrisaccharide 183 , which is present in

biantennary complex-type N-glycans.14,171 Instead of relying on protective group manipulations to expose 3,6-

hydroxyl groups of a mannosyl acceptor, mannosyl bromide 184 selectively reacted with 3OH and 6OH of the readily

available triol 185 in 91% yield in the presence of AgOTf and 2,4-lutidine ( Scheme 39). The resulting orthoester 186

was subsequently isomerized to give the trimannan 183 . The higher reactivity of 3OH over 4OH is most likely due to
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the steric hindrance conferred by the mannosyl unit linked to 6OH. Furthermore, the neighboring axial O2 can

enhance the nucleophilicity of 3OH compared with 4OH, as it is known that axially oriented oxygen atom is less

electron negative than their equatorial counterparts.129,179 The high regioselectivity achieved through this ortho-ester

formation and isomerization strategy was found to be dependent upon reaction condition, as the standard Koenigs–

Knorr condition without the usage of 2,4-lutidine led to poor selectivity.180

Takahashi and co-workers combined several strategies including selective activation, orthogonal glycosylation, and

regioselective glycosylation in an impressive one-pot synthesis of phytoalexin elicitor dibranched heptasaccharide

187 , involving six carefully orchestrated sequential glycosylation sequences (Scheme 40). 181 The glycosyl bromide

188 was selectively activated by AgOTf and regioselectively glycosylated the primary hydroxyl group of diol 189 . The

obtained disaccharide was coupled with the glycosyl fluoride acceptor 190 by employing a large excess of activator

MeOTf to prevent the formation of self-condensation products. The remaining free secondary 3OH reacted with the

thioglycosyl donor 190, generating the branched tetrasaccharide 192 . Orthogonal glycosylation of thioglycosyl

acceptor 193 by tetrasaccharide 192 , followed by regioselective glycosylation of a primary alcohol acceptor 194 and

coupling of thioglycoside 195 , led to heptasaccharide 187 in 24% overall yield for the six steps carried out in one pot.

This is a prime example how thorough understanding of the donor and acceptor reactivities can greatly expedite

oligosaccharide assembly.

Although primary hydroxyl groups are normally considered to bemore reactive than secondary hydroxyl groups, Fraser-

Reid and co-workers have demonstrated that the nature of the glycosyl donors can play a dominant role on regioselec-

tivity.153,158 The glycosylation between the armed glycosyl donor 196 and glycosyl diol acceptor 197 in the presence of

NIS and BF3 etherate at � 30 �  C, giving a mixture of disaccharide 198 and trisaccharide 199 (Scheme 41a ). 153 No

disaccharide resulting from glycosyl coupling at the 6OH was observed in this glycosylation. This clearly demon-

strated the preference of the armed glycosyl donor 196 for the secondary 2OH versus the primary 6OH. Interestingly,

the glycosylation between the disarmed glycosyl donor 200 with the same acceptor 197 gave the opposite result,

which showed a preference for the primary 6OH (Scheme 40b). This inclination for the primary hydroxyl group is

more pronounced with use of the n-pentenyl ortho -ester glycosyl donor 204, in which no disaccharide 202 resulting

from reaction at the 2OH was observed (Scheme 41c).

This phenomenon has been rationalized by different reactive intermediates derived from these glycosyl donors

(Scheme 42 ). 36 It is assumed that a sterically demanding trioxolenium ion intermediate 208 is formed from the
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n-pentenyl ortho -ester glycosyl donor and this steric demand decreases in the bicyclic dioxolenium ion 209 arising

from the disarmed donors and the ‘open’ oxocarbenium ion 210 arising from the armed donors. 36 The sterically

crowded intermediate 208 generated from n-pentenyl ortho -ester glycosyl donor thus prefers to react with the more

accessible primary hydroxyl group. The reason that the armed donor 196 favoring the secondary 2OH in 197 is

presumably because the C2 bears more electron-donating alkyl groups rendering the 2OH more electron rich

compared with the primary 6OH, thus more reactive toward a unhindered oxocarbenium intermediate.

Based on this observation and rationalization, Fraser-Reid and co-workers have developed an in situ three-

component double differential glycosylation strategy, in which a primary–secondary diol glycosyl acceptor 205

can be effectively glycosylated with the Bn-protected glycosyl donor 196 and n-pentenyl orthoester glycosyl donor

204 to give the trisaccharide 206 in 50% yield in one pot without any protective group manipulations ( Scheme 41d ). 153

No other trisaccharides were isolated from the reaction mixture. This result demonstrated the delicate interplay

between steric and electronic effects in carbohydrate chemistry, highlighting the importance of matching the

protective group patterns on donor and acceptor in order to achieve high regioselectivity and chemical yield.182

The regioselectivities of glycosylations using lightly protected acceptors are often not exclusive, resulting in significant

amounts of regioisomers. For library synthesis, this structural diversity is advantageous. Hindsgaul and co-workers

developed a random glycosylation methodology, where a fucosyl donor 211 reacted with a disaccharide acceptor 212

(Scheme 43).183 All six possible trisaccharides were generated in close to statistical amounts through a single reaction.

Ichikawa and Izumi employed a similar concept using non-regioselective glycosylation reaction to produce mixture

libraries of 2,6-dideoxy oligosaccharides.184 Although a large number of oligosaccharide sequences can be rapidly

formed using this method, the need of structurally homogenous oligosaccharides for biological studies may limit the

scope of these non-regioselective methods as it is very time consuming to completely separate all the regioisomers.

As evident from previous examples, regioselectivity of hydroxyl groups can be difficult to predict. For target-oriented

synthesis, it is imperative tohavehighormoredesirablyexclusiveselectivity.Several special techniqueshavebeendeveloped

to enhance t he regioselectivi ty. In s ynthesis of core 2 glycosyl amino acid 213 , Takahashi and co-workers discovered that

the reactivity difference between the 3,6-hydroxyl groups of diol 214 was not enough to allow exclusive glycosylation

of the primary 6OH. 92 To overcome this problem, they synthesized thioglycosyl acceptor 215 containing a trimethyl-

silyl (TMS) moiety on the 6OH, which enhanced the nucleophilicity of O6 toward glycosyl fluoride due to in situ

cleavage of TMS group by fluoride ion (Scheme 44). This enabled them to exclusively glycosylate the O6 of diol 215

with glycosyl fluoride 216 using BF3�  Et 2O as the promoter, followed by galactosylation of the 3OH by 217, and

reaction with amino acid 218 leading to glycosyl amino acid 213 in one pot with a 75% overall yield.

Another approach to enhance regioselectivity is to functionalize the hydroxyl moiety of a glycosyl donor with a

special group, which can act as a protecting group in the first glycosylation and as a nucleophile for the subsequent
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reaction.185–187 Zhu and Boons demonstrated that silyl ethers are stable under typical thioglycoside activation

conditions yet very reactive toward glycosyl fluoride.187 This enabled them to use triethylsilyl (TES)-protected

thioglycoside donor 219 in IDCP-mediated glycosylation of acceptor 220 ( Scheme 45). The resulting disaccharide

221 was directly glycosylated by glycosyl fluoride 222 leading to trisaccharide 223 without any protective group

manipulations.

In addition to silyl ethers, trityl ether can be used as the temporary protective group for primary alcohols.185,186

Trityl ether is stable under mild acidic condition which allowed the formation of disaccharide 224 by coupling the
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tritylated thioglycoside donor 225 with the acceptor 226 using NIS and catalytic amount of TfOH as the promoter

( Scheme 46 ). 186 When a mixture of 224 and thioglycoside 227 was treated with NIS and stoichiometric amount

of TMSOTf, the strongly acidic medium cleaved the trityl group in situ enabling glycosylation of 224, forming

tetrasaccharide 228 .

The relative reactivities of hydroxyl moieties can be reversed by protecting them as trityl ethers. In contrast to

primary trityl ethers, secondary trityl ethers have higher nucleophilicities,188–191 allowing it to be selectively glyco-

sylated in the presence of a primary one. This was utilized to construct a branched pentasaccharide 229 without any

intermediate deprotection step (Scheme 47). 191 The thioglycosyl donor 230 was selectively activated by MeOTf and

exclusively glycosylated the O4 of the ditrityl ether 231. The resulting trisaccharide 232 was further glycosylated by

cyanoethylidene donor 233, leading to 4,6-branched pentasaccharide 229 . The 4-trityl group is crucial as the

analogous reaction with the corresponding acceptor containing free 4OH did not yield the desired oligosaccharide

product.
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Besides silyl and trityl ethers, other techniques to improve regioselectivity include formation of tin acetal com-

plexes91,142,192–195 and boronic acid complexes with carbohydrate polyols,196,197 although regioisomers are still

often obtained via these methods.
1.10.4 Two Directional Glycosylation and Convergent Modular Synthesis

Despite the existence of a large number of glycosylation strategies as overviewed above, a universal chemical method

for the oligosaccharide assembly is still absent due to the tremendous regiochemical and stereochemical complexities.

Instead of relying solely on a single method, an effective approach for complex oligosaccharide synthesis is to prepare

modules of the target compound using a suitable strategy and assemble them convergently into the desired product.

Compared to the linear approach, a convergent strategy generally contains fewer total manipulation steps. In addition,

the design of the synthesis can be very flexible allowing independent evaluation of the formation of a difficult linkage

or introduction of an expensive building block at a later stage, which can significantly enhance the overall synthetic

efficiency.

An example of the convergent synthesis is the two-directional glycosylation, in which the knowledge of selective

reaction with glycosyl donors and acceptors is combined.185,187,198–200 Using the two-directional approach, a desired

oligosaccharide is divided into two modules (Scheme 48). One module is constructed from the direction of the

nonreducing end to the reducing end using donor differential activation strategies while the other is assembled
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from the reducing end to the nonreducing end with regioselective glycosylation methods. Union of the two fragments

leads to a convergent synthesis of the desired oligosaccharide.

The Yu group has applied the two-directional approach for a highly efficient synthesis of a bidesmosidic triterpene

saponin 234 .185 Selective activation of a trichloroacetimidate donor 235 in the presence of thioglycoside 236 gave

disaccharide donor 237 (Scheme 49a). From the reducing-end direction, while the trityl ester on 238 was stable

during the glycosylation by donor 239 at low temperature, it was cleaved upon warming up to room temperature post

glycosylation. The resulting carboxylic acid 240 was then coupled with the trityl-containing imidate donor 241. The

primary trityl ether on 242 was directly glycosylated by the nonreducing-end fragment 237 producing 234 in 62%

overall yield (Scheme 49b).

Boons and co-workers combined the armed–disarmed strategy and regioselective glycosylation in a convergent two-

directional synthesis of hexasaccharide 243 (Scheme 50). 174 The armed glycosyl donor 244 was chemoselectively
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coupled with the disarmed glycosyl acceptor 245 in the presence of NIS/TMSOTf leading to trisaccharide donor 247.

From the reducing-end direction, the 6OH of partially benzylated methyl glucoside 246 was more reactive than the

60  OH of partially benzoylated thiogalactoside 245 , which ensured a regioselective glycosylation obtaining trisaccha-

ride glycosyl acceptor 248 without the formation of self-condensation side products. The obtained trisaccharide 248

was then directly coupled to donor 247 in one pot, generating hexasaccharide 243 in 53% yield.

Through the convergent approach using a variety of strategies, some extraordinarily complex oligosaccharides and

polysaccharides have been assembled.51,83,138,154,191,201–208 An excellent example is the synthesis of a high-mannose-

type undecasaccharide 249 by Ito and co-workers (Scheme 51 ). 83 The target polysaccharide was divided into two

modules, 250 and 251. Hexasaccharide 251 was further dissected into two trisaccharide fragments 252 and 253 .

Trisaccharide 252 was prepared through selective glycosylation of a glycosyl fluoride by a thioglycoside followed by

chain extension and protective group manipulations. The highly challenging Man( b1-4)GlcN linkage in 252 was

accessed through intramolecular aglycon delivery technology, forming pure b anomer. The branched pentasaccharide

250 and trisaccharide 253 were synthesized via several selective activation reactions coupling glycosyl halides with

thioglycosides. Regioselective glycosylation of 252 by 253 at the more reactive equatorial C3-hydroxyl group,

followed by protective group manipulations, generated hexasaccharide 251. Regioselective glycosylation of 251 by

250 at the primary C6-hydroxyl moiety formed undecasaccharide 249 .
1.10.5 Chemoenzymatic Synthesis

A fundamentally distinctive strategy from chemical synthesis is enzymatic synthesis.11,98,209,210 Mother Nature

makes all naturally existing oligosaccharides via enzymes, which do not require any protective groups and typically

occur regio- and stereoselectively. However, although enzymatic approach is much more efficient in construction of

specific linkages, it is often narrower in scope due to substrate specificities. The combination of chemical and

enzymatic methods, termed chemoenzymatic synthesis, thus provides a powerful method for assembling oligosac-

charides and glycoconjugates.

Two classes of enzymes, glycosidases and glycosyltransferases, can be utilized in enzymatic synthesis of oligosac-

charides. Glycosidases typically catalyze the hydrolysis of glycosyl linkages, which can be used in the reverse direction

by shifting the equilibrium of the reaction toward glycosyl bond formation employing glycosyl donors such as glycosyl
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fluorides, p-nitrophenyl glycosides, or oligosaccharide oxazolines.211–213 Glycosidases are generally more abundant

and relatively tolerant of substrate modifications. However, due to their native hydrolytic activities, the yields of

glycosidase-catalyzed reactions are normally low. As an example, treatment of a mixture of Gal-b-PNP 254 and triol

255 with Bacillus circulans (B. circulans) b-galactosidase formed the Gal( b1-4)Glc disaccharide 256 in 24% yield

(Scheme 52a).211 Sialylation is one of the most difficult chemical glycosylations due to the low reactivity of sialyl
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donors and the lack of efficient methods for stereochemical control.214 Using a trans-sialidase, sialic acid was

transferred to disaccharide 257 stereospecifically forming trisaccharide 258 in 32% yield ( Scheme 52b), which can

be used as a thioglycosyl donor in chemical synthesis after protection.215

To improve on the low yields of glycosidase-catalyzed reactions, armedwith the knowledge of active site structures and

catalytic mechanisms of glycosidases, researchers have carried out side-directed mutagenesis studies on glycosidases,

in particular focusing on the amino acids that are responsible for the hydrolytic actions.216–222 Such new enzymes,

termed glycosynthases, improve the glycosylation yield while retaining the stereospecificity and substrate scope of

glycosidases (Scheme 53).223

In contrast to glycosidases, glycosyltransferases operate in the biological direction, catalyzing the formation of

glycosyl linkages using nucleoside diphosphate donors.98 Glycosyltransferases are usually highly specific to the

substrate structures, forming products in excellent yields with complete regio- and stereoselectivity.224 This is

particularly advantageous for linkages such as sialylation (Scheme 54a).225 However, because of the stringent

substrate specificity of glycosyltransferases, the variations in donor and acceptor structures are limited. A unique

enzyme is almost needed for every specific linkage. Moreover, the sugar-nucleotide diphosphate donors and most

requisite enzymes are very expensive, limiting the scale of the reaction that can be performed.

The chemoenzymatic approach can alleviate the substrate scope limitation of glycosyltransferases, facilitating the

production of glycosides with greater structure variance.175,215,226–240 For instance, Wang and co-workers obtained
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globotrihexose 264 through b-galactosyltransferase-catalyzed galactosylation of lactose 265 (Scheme 54b). 227 Perpi-

valoylation of 264 followed by selective deprotection and trichloroacetimidate formation converted it into glycosyl

donor 266, which was used in preparation of glycolipid Gb3 267 . The chemoenzymatic approach has also been

successfully applied to assemblies of several libraries, including a complex type biantennary N-glycan oligosaccharide

library229 and a mucin glycopeptide library.230

To improve the availability of enzymes and substrates, an elegant approach has been developed combining enzyme

usages for synthesis of glycosyl donors, glycosylation, and in situ regeneration of required cofactors.241,242 In this way, a

multitude of reactions can be incorporated in one pot in a multistep multi-enzyme process.224,243 The efficiency of the

process can be further improved by expressing all necessary enzymes into one metabolically engineeredEscherichia coli

strain.244–247 Through fermentation of such a superbug, gram quantities of oligosaccharides such as Gb3 trisaccharide

264 can be obtained inexpensively (Scheme 55). 246

Another promising direction to expand the power of chemoenzymatic approaches is to search for glycosyltrans-

ferases with relaxed substrate specificity by identification and cloning enzymes from bacterial sources. Promising

results have been obtained, as these enzymes, which have broader substrate scope, are more easily expressed in

soluble and active form in prokaryotic expression system such as E. coli compared with mammalian enzymes.248
1.10.6 Conclusions

Tremendous advances have been achieved in our understanding of the glycosylation reaction and in our synthetic

abilities, as evident from the impressively complex structures succumb to synthesis. However, a general method

for oligosaccharide assembly to the level of oligopeptide and oligonucleotide synthesis is yet to emerge. Complex

oligosaccharide synthesis still remains an individual investigation, which requires extensive experience in synthetic

design and perseverance in execution. Development of novel methods, strategies, and reagents, and mechanistic

investigations need to be continuously pursued for the eventual establishment of an efficient automated method. We

should be optimistic that we will be able to meet the synthetic challenges posted by glycobiological studies and

expedite the understanding of the wonderfully diverse biological properties of carbohydrates.
Glossary

active-latent glycosylation The glycosylation strategy where an aglycon moiety inert to glycosyl donor activation condition is

installed at the anomeric center of the acceptor. After glycosylation, the latent aglycon at the reducing end of the newly formed

oligosaccharide is transformed to an activatable leaving group, producing an active glycosyl donor.

armed–disarmed chemoselective glycosylation The glycosylation strategy where a more reactive armed glycosyl donor is

preferentially activated and subsequently glycosylates a less reactive disarmed building block that can function both as a donor

and an acceptor. The desired anomeric reactivities of building blocks can be achieved through either varying protecting groups on

the glycon ring or modification of aglycon leaving groups.
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chemoenzymatic synthesis The glycosylation strategy where chemical methods and enzymatic methods are combined.

iterative synthesis The glycosylation strategy where the same type of building block can be used repeatedly without synthetic

manipulations on intermediate oligosaccharides.

one pot synthesis The glycosylation strategy where multiple sequential glycosylation reactions are carried out in a single

reaction flask without purification of intermediate oligosaccharides.

orthogonal glycosylation The glycosylation strategy where building blocks with different types of aglycon are used. Each

aglycon can be exclusively activated without affecting the others.

pre-activation based glycosylation The glycosylation strategy where a glycosyl donor is activated in the absence of an acceptor

and the reactive intermediate generated glycosylates the acceptor leading to an oligosaccharide product.

regio-selective glycosylation The glycosylation strategy where a specific hydroxyl group in the acceptor is selectively

glycosylated in the presence of other free hydroxyl groups.

selective activation The glycosylation strategy where an aglycon moiety inert to glycosyl donor activation condition is installed

at the anomeric center of the acceptor. After glycosylation, the aglycon at the reducing end of the newly formed oligosaccharide

can be directly activated by a different promoter system without further synthetic manipulations.

two-directional glycosylation A convergent glycosylation strategy where an oligosaccharide is assembled by combining two

fragments, one of which is synthesized from the reducing end to non-reducing end direction, while the other is synthesized from

the non-reducing end to reducing end direction.
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1.11.1 Introduction

The increasing recognition of the vital roles of carbohydrates in biological systems,1 their potential biomedical

applications,2,3 and the difficulties in isolating structurally defined homogeneous glycans in sufficient quantities from

natural sources have made naturally occurring carbohydrates and their non-natural derivatives attractive synthetic

targets.

Chemical methods developed, especially in the past two decades,4,5 have made most naturally occurring oligosac-

charides and their derivatives synthetically accessible. However, the challenges remaining in the chemical synthesis

of carbohydrates include time consuming tedious multiple protection/deprotection schemes and the lack of

stereoselectivity in the formation of glycosidic linkages. Currently, the chemical synthesis of glycosides is still a

specialist’s job. In addition, chemical synthesis is considered impractical for producing long-chain polysaccharides and

glycoproteins.
415
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As an attractive alternative, enzyme-catalyzed synthesis of carbohydrates has been extensively studied and has been

considered a much more efficient approach. Glycosidases,6 transglycosidases, glycosynthases,7 glycosyltransferases,8

and their mutants have been applied as key enzymes in the regio- and stereoselective synthesis of oligosaccharides,

polysaccharides, and glycoconjugates.9 This chapter focuses on the application of glycosyltransferases and their

mutants in the enzymatic synthesis of glycosides and highlights the achievements in the enzymatic synthesis of

biomedically important carbohydrates.

Glycosyltransferases can be classified into non-Leloir-type glycosyltransferases and Leloir-type glycosyltrans-

ferases. The non-Leloir-type glycosyltransferases use sugar-1-phosphate or oligosaccharides as donors. Their applica-

tion in the synthesis of glycosides is limited and is only briefly reviewed here. Glycosyltransferases from the Leloir

pathway use sugar nucleotides as donors to carry out the glycosylation reaction. These Leloir-type glycosyltransferases

are highly efficient and specific in the formation of glycosidic bonds of desired regio- and stereospecificities and have

proven to be important tools for the preparative and large-scale synthesis of oligosaccharides. This area has undergone

significant development in providing access to an increasing number of naturally occurring oligosaccharides, poly-

saccharides, glycoconjugates, and their unnatural derivatives. Many glycosyltransferases have been purified from

natural sources. Some of the wild-type glycosyltransferases have been cloned as a single enzyme or in a fusion protein

format. Glycosyltransferase mutants have also been obtained. The substrate specificities of these glycosyltransferases

and their mutants have been used extensively in the synthesis of carbohydrates. The application of the Leloir-type

glycosyltransferases in the O-glycoside synthesis will be discussed in detail.
1.11.2 Synthesis of O-Glycosides by the Non-Leloir-Type Glycosyltransferases

Phosphorylases are a special group of non-Leloir-type glycosyltransferases that catalyze the phosphorylysis of the

glycosidic bond at the nonreducing end, releasing a sugar 1-phosphate residue.10 Since the reaction is reversible, these

enzymes are also used to carry out the glycosylation reaction using sugar-1-phosphate as the donor. Phophorylases

using glucose 1-phosphate as the donor to synthesize glucosides are the most widely used enzymes of this class.

Cellobiose phosphorylase was found to recognize a number of monosaccharides and disaccharides as acceptors for

synthesizing various b1-4-linked glucosyl di-/trisaccharides.11,12 Also, substrates containing phenolic hydroxyls (cate-

chins, polyphenols, and cyclitols) are acceptors for the glucosylation reaction using a sucrose phosphorylase.13–16 A

non-natural sugar donor such as glucal was also used by a potato phosphorylase to glycosylate maltotetraose to yield

maltooligosaccharides containing 2dGlc.17

Cyclodextrin glucanotransferases (CGTases) and glycansucrases are another class of non-Leloir-type glycosyltrans-

ferases.18 CGTases catalyze the reversible formation of cyclodextrins from starch by intramolecualr cyclization. In the

presence of an acceptor (glycosides, sugar alcohols, vitamins),18 they catalyze the a-glucosylation reaction either by

disproportionation or coupling-based transglycosylation to give glucosylated oligosaccharides.19 Glucosyltransferases

(glucansucrases) catalyze the transfer of glucose from sucrose onto different acceptors. In addition to this transfer

reaction, hydrolysis (formation of glucose) and polymerization (formation of glucan chain) are the main reactions.

Depending on the type of enzyme used, dextran (a1-6-bound glucose), mutan (a1-3-bound glucose), alternan (a1-6-
and a1-3-bound glucose), and amylose (a1-4-bound glucose) can be the products. Glycansucrases from different sources

have been shown to be able to use a number of monosaccharides and oligosaccharides as acceptors.20,21 Recently, Seibel

et al. have used a microarray approach to screen a glycosyltransferase R (GTFR) from Streptococcus oralis.22 With

sucrose as a donor, the GTFR was able to use alcohols and amino acid derivatives as acceptors to synthesize the

corresponding a-glucosylated ethers and amino acids.

Synthesis of glycoconjugates using non-Leloir-type glycosyltransferases has been plagued with the hydrolysis and

polymerizing reactions. Also, the desired glycosylation reactions are generally low yielding and lacking of regiospe-

cificity is an issue in many cases. In order to extend these reactions to the synthesis of new structurally defined

glycoconjugates, it is imperative to understand the mechanism of the glycosylation reaction catalyzed by these

enzymes. In addition, a better understanding of the selectivity of these enzymes toward a given acceptor structure

and its regiospecificity should help realize their synthetic potential.
1.11.3 Synthesis of O-Glycosides by the Leloir-Type Glycosyltransferases

In general, the Leloir-type glycosyltransferases23 catalyze the transfer of a monosaccharide from an activated sugar

nucleotide donor onto an acceptor in a regio- and stereospecific manner. The acceptor molecule can be a sugar chain,
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a polypeptide, or a lipid. Based on the configuration of the newly formed glycosidic bond and that of the original

glycosidic bond in the sugar nucleotide donor, the Leloir-type glycosyltransferases can be classified into retaining

glycosyltransferases (glycosyltransferases that transfer sugar residue with the retention of anomeric configuration) and

inverting glycosyltransferases (glycosyltransferases that transfer sugar residue with the inversion of anomeric configu-

ration) (Figure 1). More detailed nomenclature is based on the sugar nucleotide donor, the glycosidic linkage formed,

and the acceptor of the glycosyltransferases.

With the advance of genomics, a number of glycosyltransferase genes have been identified. Numerous glycosyl-

transferases have been cloned, expressed, and used in the synthesis of complex oligosaccharides. Their mutants have

also been generated and applied in the synthesis. In addition, many glycosyltransferases that have not been available

through cloning have been isolated from natural sources. The application of these Leloir-type glycosyltransferases in

the synthesis of O-linked carbohydrates and glycoconjugates is the focus of this section.
1.11.3.1 Synthesis of Oligosaccharides

Glycosyltransferases for the synthesis of oligosaccharides can be categorized based on the type of sugar being

transferred. Nine common sugars are galactose (Gal), glucose (Glc), N-acetylgalactosamine (GalNAc), N-acetylgluco-

samine (GlcNAc), galacturonic acid (GalA), glucuronic acid (GlcA), fucose (Fuc), mannose (Man), and N-acetyl-

neuraminic acid (Neu5Ac, the predominant form of sialic acid). Their corresponding sugar nucleotides used by the

Leloir-type glycosyltransferases are uridine 50-diphosphate galactose (UDP-Gal), uridine 50-diphosphate glucose

(UDP-Glc), uridine 50-diphosphate N-acetylgalactosamine (UDP-GalNAc), UDP-GlcNAc, UDP-GalA, UDP-GlcA,

guanidine 50-diphosphate fucose (GDP-Fuc), guanidine 50-diphosphate mannose (GDP-Man), and CMP-Neu5Ac

(CMP ¼ cytidine 50-monophosphate). Each subsection describes the use of recombinant, mutant, fused or isolated

forms of various of glycosyltransferases obtained from both mammalian and prokaryotic sources. The donor, acceptor,

and linkage specificity of these enzymes are also discussed.
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1.11.3.1.1 Galactosyltransferases (GalTs) in the synthesis of galactosides
Galactosyltransferases are a family of enzymes that catalyze the addition of a galactose residue from activated sugar

nucleotide donor UDP-Gal to an acceptor in a1-3-, a1-4-, b1-3-, or b1-4-linkages. A number of bacterial and eukaryotic

galactosyltransferases24 have been cloned and their substrate specificity has been explored.25–27

a3GalTcatalyzes the transfer of a Gal from UDP-Gal onto 3-hydroxyl of the terminal Gal residue of LacNAc-based

acceptors to form the nonhuman Gala3Gal or a-Gal epitopes (Figure 2).28 The interaction of a-Gal epitopes on animal

organs and human native anti-Gal antibodies28 is one of the main reasons for the rejection of animal organs in humans

in xenotransplantation.29 a3GalTs purified from porcine and bovine tissues (EC 2.4.1.87) and those cloned from

porcine and bovine have been the most common ones used for synthesis.30–32 a3GalT is capable of using Galb3Glc-

NAcbOR (type 1 disaccharide,Table 1, entries 12 and 13), Galb4GlcNAcbOR (type 2 disaccharide,Table 1 entries 1

and 2), and their derivatives as acceptors.27 Tolerable modifications at 2-NHAc group on the GlcNAc residue of the

acceptor include azido, formamido, bulky aromatic residues, carbamates, protected amino acid derivatives, and other

N-acyl groups.33,34 It also tolerates deoxy modification and a variety of other substitutions at the C2 (Table 1, entries 9

and 10) and C6 of the Gal residue (Table 1, entries 11–15) or at the C6 of the GlcNAc residue in type 2 disaccharide

(Table 1, entries 4–8).27 However; at C3 of the GlcNAc residue, only deoxy modification is tolerated by the enzyme

(Table 1, entry 3). The enzyme is able to use many unnatural sugar nucleotides such as 2-deoxy-, 3-deoxy-, 4-deoxy-,

6-deoxy-UDP-Gal, and UDP-L-Ara as donors (Table 2, entries 2–6).26 An a3GalT/UDP-Gal epimerase fusion protein

has also been used in the synthesis of the aGal trisaccharide epitope from relatively inexpensive UDP-Glc.28,35 In an

elegant study,36 Hindsgaul et al. have demonstrated the effectiveness of the a3GalT in glycosylating a lactose analog

bearing a C-methyl group instead of an H at the C3 position (glycosylation site) of the Gal residue (Table 1, entry 16;

Figure 3). This shows the enzyme’s ability in overcoming the steric hindrance generated by the methyl group at the
O
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Table 1 Calf thymus a3GalT acceptor flexibility

Entry Position Modification Yield (%) Reference

Type 2 disaccharides
1 (Galb4GlcNAcbOR) 90, 100a 27

2 2-NHAc/GlcNAc OH 76, 31a 27

3 3-OH/GlcNAc H 55a 27

4 6-OH/GlcNAc H 76a 27

5 6-OH/GlcNAc OCH2CH2NH2 63, 11a 27

6 6-OH/GlcNAc OCH2COOH 97, 54a 27

7 6-OH/GlcNAc OCH2CONH2 94, 56a 27

8 6-OH/GlcNAc OCH2C(NH2)2Cl 38, 10a 27

9 2-OH/Gal OCH2CH2NH2 25a 27

10 2-OH/Gal OCH2COOH 5a 27

11 6-OH/Gal H 39a 27

12 6-OH/Gal OCH2CH2NH2 35, 20a 27

13 6-OH/Gal OCH2COOH 41, 7a 27

14 6-OH/Gal OCH2CONH2 96, 7a 27

15 6-OH/Gal OCH2C(NH2)2Cl 67, 5a 27

16 3-C-methyl-Galb4GlcOOct 90 36

Type 1 disaccharides
17 (Galb3GlcNAcbOR) 73, 4a 27

18 4-OH/GlcNAc H 3a 27

aTransfer rate relative to type 2 disaccharide LacNAcO(CH2)8CO2Me.



Table 2 Relative rates of transfer of sugar nucleotides with aGalTs

Entry Sugar nucleotide donor Calf thymus a3GalT N. meningitidis a4GalT Human blood group B a3GalT Reference

1 UDP-Gal 100 100 100 26

2 UDP-2dGal 342 28 173 26

3 UDP-3dGal 0.2 0 0.12 26

4 UDP-4dGal 0.6 1.8 0.21 26

5 UDP-6dGal 53 42 18 26

6 UDP-L-Ara 0.77 6.9 0.11 26

7 UDP-Glc 0.01 40
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glycosylation site. Such compounds can be used as important molecular probes for studying protein–carbohydrate

interactions.

The human blood group type B glycosyltransferase (GTB, a3GalT, EC 2.4.1.37) catalyzes the transfer of Gal from

UDP-Gal to the C3 OH of terminal Gal residue in (Fuca2)GalbOR to synthesize the blood group type B antigen

Gala3(Fuca2)GalbOR. The enzyme is able to tolerate some modifications on the acceptor, such as replacing the

C6 hydroxyl of the acceptor Gal residue with F, H, OMe, and NH2.
37,38 Modifications on the fucose residue, such as

C3 deoxygenation and methylation of C3 or C4 hydroxyl groups are also acceptable for the enzyme.39 The enzyme is

able to use UDP-activated 2-deoxy, 3-deoxy, 4-deoxy, or 6-deoxy-Gal, UDP-L-Ara,26 and UDP-Glc40 as donors

(Table 2, entries 1–7). In addition to this, it can also glycosylate a lactose analog bearing a C-propyl group at the

glycosylation site.36

The a4GalT from Neisseria meningitidis (Lftc) catalyzes the transfer of a Gal from UDP-Gal onto the C4-OH of

lactose terminated acceptor.41 It is the first retaining-type glycosyltransferase whose crystal structure has been

obtained in the presence of both donor and acceptor.42 This enzyme can use UDP-activated L-arabinose, 2dGlc,

4dGlc, and 6dGlc as donors, although at a lower rate than UDP-Gal (Table 2, entry 1–6).26 In an innovative approach,

galactosyl fluoride has been used as a donor for an a4GalT to transfer the galactose to lactose to yield an a1-4-linked
galactoside in the presence of catalytic amount UDP.43 In the absence of the acceptor lactose, it synthesizes UDP-Gal.

This approach presents an inexpensive alternative for glycosylation by substituting an expensive sugar nucleotide

donor with a less expensive and easier-to-access derivative.

b3GalT is important for the synthesis of type 1 disaccharide unit (Galb3GlcNAcOR) which is the intermediate

in the synthesis of sLea. Various b3GalTs have been cloned and expressed from bacterial44,45 and mammalian

sources.46–55 They have been reported to use GlcNAc/Gal/GalNAc-terminated compounds as acceptors. However,

only one detailed report on the substrate specificity has been published to date. The recombinant b3GalT 47 tolerates

a number of non-natural N-acyl residues on the GlcNAc acceptor and has been used in the preparative synthesis of a

number of type 1 disaccharide derivatives.56

b4GalT (EC 2.4.1.22/38/90) has been the most commonly utilized GalT in the synthesis of oligosaccharides and

glycoconjugates. It is one of the most exhaustively studied glycosyltransferases.57,58 It catalyzes the transfer of a

galactose residue from UDP-Gal onto the 4-OH of a terminal GlcNAc residue through b-linkage to form N-acetyl-

lactosamine (LacNAc). It exhibits polymorphic donor specificity and is one of the few glycosyltransferases that utilize

more than one sugar nucleotide donors for glycosylation (Table 3).59–65 UDP-L-arabinose, UDP-GalNAc, UDP-GalN,

UDP-Glc, UDP-GlcN and UDP-GlcNAc can all be used as donors, although at a slower rate than that of UDP-Gal

(Table 3, entries 8–13). In addition, UDP-Gal donors with modifications on any hydroxyl group on the galactose ring

(Table 3, entries 2–6)63,66–69 have been used as donors by the b4GalT to synthesize the corresponding LacNAc analogs.

UDP-50-thio-GalNAc (Table 3, entry 7), formed by replacing the ring oxygen with sulfur atom in GalNAc, is

also tolerated by the enzyme.70 The b4GalT is equally relaxed with respect to its acceptor specificity. Except for



Table 3 Sugar nucleotide donors used by b4GalT

Entry Sugar nucleotide donor Yield (%) References

1 UDP-Gal 90, 100a 27

2 UDP-2dGal 36, 40 65,66

3 UDP-3dGal 67

4 UDP-4dGal 5.5a 63

5 UDP-6dGal 30, 1.3a,b 68,69

6 6-Deoxy-6-fluoro-UDP-Gal 59, 0.2a,b 68

7 UDP-50-thio-GalNAc 47, 0.23c 70

8 UDP-GalNAc 0.19a 64

9 UDP-GalN 12 65

10 UDP-Glc 0.3a 63

11 UDP-GlcN 85, 0.09a 64

12 UDP-GlcNAc 0 64

13 UDP-L-Ara 4a 63

aRate relative to UDP-Gal as donor.
bRelative rate was based on formation of UDP.
cRate relative to UDP-GalNAc. Synthesis done in presence of �-lactalbumin (LA) using rhodamine-labeled GlcNAc as
acceptor.
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the 4-hydroxyl of the GlcNAc acceptor, which is an absolute requirement for glycosylation, the b4GalT accepts

many modifications at all other positions, including the ring oxygen71 (Table 4). The tolerable substitutions at

C2 amide are thioamide, sulphonamide, azido group, allylcarbamate, bulky heterocycles, charged groups, guanadi-

nuim, sulphate, acyl chains, polar and bulky glycuronamides, and other amide derivatives.65,72–74 The 3-hydroxyl

group of the acceptor can be deoxygenated, methylated, alkylated with allyl group, or oxidized to a ketone (Table 4,

entries 1–4).71,75 Similarly, the substitution of 6-hydroxyl group by F, SH,75 OMe,71,73 or H75 (Table 4, entries 5, 6, 8,

and 9) is also tolerated by the b4GalT. The ring oxygen modifications leading to 50-thio glucose and 1-deoxy-

nojirimycin (Table 4, entries 11 and 12) are also utilized by the b4GalT.71 Structurally related molecules such as

glucal71 and C-glucoside76 are also substrates for the enzyme (Table 4, entries 14 and 15). In addition, it also

uses UDP-GlcNAc as an acceptor forming UDP-LacNAc.58 The enzyme exclusively galactosylates (–)conduritol B

(Table 4, entry 13), thereby resolving the racemic mixture of conduritol B.77 It also uses an acyclic acceptor as a

substrate.78 b4GalT has also been used to glycosylate cycodextrin79 and various alkaloids.80,81 Such a highly relaxed

substrate specificity has been exploited in the synthesis of many unnatural LacNAc-based structures. Besides

formation of the normal b1-4-linkage, it can also form an usual b,b1-1-linkage with Glc3NAc,82 Xyl3NAc,83 or

Xyl84 (Figure 4) and a b1-3-linkage to L-Xyl/L-Glc containing a anomeric NHAc group.85 In 2002, Ramakrishnan

and Qasba60 reported an excellent example of enzyme engineering to broaden the donor specificity of b4GalT-1.

b4GalT-1 also uses UDP-GalNAc as a substrate, although the rate of transfer is about 0.1% of UDP-Gal. In order to

enhance the GalNAcTactivity of b4GalT-1, crystal structure analysis of the protein with UDP-GalNAc was carried out.

Correspondingly, a mutant of b4GalT-1 better able to accommodate the 2-NHAc of the donor was obtained. Themutant

showed almost similar transfer rates for UDP-GalNAc and UDP-Gal. In addition, it also showed high GlcNAcTactivity,

which is absent in the wild-type enzyme. Also, kinetic analysis indicated that the mutation had little effect on the regular

function of the enzyme. Such mutant forms of glycosyltransferases with broader specificities serve as important catalysts

in the synthesis of oligosaccharides. An unnatural keto derivative at the C2 position of sugar nucleotide donor UDP-Gal

was also tolerated by the enzyme. The donor tolerance was used to introduce this modified Gal residue onto O-GlcNAc

residues on proteins. The ketone functionality on the Gal was in turn used as a tag to identify post-translational

O-GlcNAc protein modification.86 b4GalT from bacterial sources such as Helicobacter pylori 87,88 and N. meningitidis41

have also been cloned, but examples of their application in the synthesis of galactosides have been limited.89

Many studies reported on the synthesis of important oligosaccharides and glycoconjugates using GalTs in combina-

tion with other enzymes, sugar nucleotide recycling, and in cell-based systems will be reported in the later sections of

this chapter.

1.11.3.1.2 Glucosyltransferases (GlcTs) in the synthesis of glucosides
Very little work has been done concerning glucosyltransferases in recent years. However, earlier studies exploring

UDP-Glc modifications tolerated by GlcT has been performed.90 Modifications on the C-2, -4, and -6 hydroxyl group

of the glucose were tolerated by the enzyme.



Table 4 b4GalT acceptor flexibility

Entry Position
Modifications tolerated on GlcNAc
or Glc based acceptors Yield (%) References

1 3-OH/GlcNAc H 1a 71,75

2 3-OH/Glc OMe 10a 71

3 3-OH/GlcNAc OAllyl 0.3a 71

4 3-OH/GlcNAc Oxo 11a 71

5 6-OH/GlcNAc H 55b 75

6 6-OH/GlcNAc OMe 20a 71,73

7 6-OH/GlcNAc Fucose 48a 73

8 6-OH/GlcNAc F 94b 75

9 6-OH/GlcNAc SH 33b 75

10 6-OH/GlcNAc Methyl ester of Neu5Ac 100, 4a 73

11 Ring O/Glc S 50, 70a 71

Structurally related acceptors for b4GalT

12 HO
HO OH

OH
H
N 20–40, 3a 71

13
HO
HO

OH
OH

57 77

14 HO
HO

OH

OH

O
OH

37, 10a 76

15 HO
HO

OH
O 20–40, 0.4a 71

aRate relative of Glc and GlcNAc derivatives are compared to rates of Glc and GlcNAc, respectively.
bMaximum velocity (Vmax) relative to that of GlcNAc.
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Figure 4 Formation of the unusal b,b1-1-linkage by b4GalT.
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1.11.3.1.3 GalNAc transferases (GalNAcTs) in the synthesis of N-acetylgalactosaminides
A number of GalNAcTs from bacterial sources, including one b4GalNAcT from Campylobacter jejuni,44 and

three b3GalNAcTs fromHaemophilus influenzae,91Neisseria gonorrhoeae,92 andN. meningitidis93 have been characterized.

Only a few reports, however, describe their substrate specificity93,94 and their use in the synthesis of galactosami-

nides.95–99 All reported b3GalNAcTs catalyze the transfer of a GalNAc residue fromUDP-GalNAc onto the 3-hydroxyl

of a terminal Gal residue in the acceptor. The recombinant b3GalNAcT fromH. influenzae is able to use a wide range of

substrates including globo-(Gala4Lac), isoglobo-(Gala3Lac), and LacNAc series oligosaccharides (Figure 5). Its

fusion with a UDP-GlcNAc 4-epimerase in combination with a UDP-GlcNAc regeneration cycle has been used in

the synthesis of a variety of globotetraose and isoglobotetraose derivatives.100

Owing to its broad substrate specificity, b4GalNAcT from C. jejuni has been used to synthesize GM2, GD2, and

GT2 ganglioside oligosaccharide structures from their corresponding precursors.96 This enzyme catalyzes a key step in

the synthesis of the higher-order gangliosides.



O

OH

O O

OH

OH

O

HO
R

OH

OH
O

OH

HO
OH

OH

O

O

HO O

OH

OH

O

HO
R

OH

OH

O

OH

HO
OH

OH

O

OH

O O

OH

OH

O

HO
R

OH

OH
O

OH

O
OH

OH

O

O

HO O

OH

OH

O

HO
R

OH

OH

O

OH

O
OH

OH

HO
O

HO
NHAc

OH

HO O

HO
NHAc

OH

H. influenzae b3GalNAcT- 
UDPGlcNAc epimerase

fusion protein
UDP-GlcNAc

Isoglobotetraose

Globotetraose

Figure 5 Synthesis of globo- and isoglobo-tetraose by b3GalNAcT-UDPGlcNAc epimerase fusion protein.

422 Enzymatic Approaches to O-Glycoside Introduction: Glycosyltransferases
Human blood group type A glycosyltransferase (GTA, a3GalNAcT, EC 2.4.1.40) catalyzes the transfer of a GalNAc

from UDP-GalNAc to the C3 hydroxyl of terminal Gal residue in (Fuca2)GalbOR to form blood group A antigen

GalNAca3(Fuca2)GalbOR. The enzyme, like GTB, is able to tolerate some modifications such as replacing the C6

hydroxyl of the Gal residue in acceptors with F, H, OMe, or NH2 group.
37,38 Replacing any one of the hydroxyl groups,

as well as methylation of C3 or C4 hydroxyl group of the fucose residue in the acceptor, are also acceptable by the

enzyme.39 Like GTB, GTA is able to glycosylate a lactose analog bearing a C-propyl group at the glycosylation site.36

The enzyme is also able to use UDP-GlcNAc40 as a sugar nucleotide donor. The use of GalNAcT in combination with

other enzymes in the synthesis of many important glycoconjugates and oligosaccharides will be discussed further in

this chapter.
1.11.3.1.4 GlcNAc transferases (GlcNAcTs) in the synthesis of N-acetylglucosaminides
N-Acetylglucosaminyl transferases (GlcNAcT’s or GnT’s) play important roles in the synthesis of O-glycan core

structures and in the branching and subsequent elaboration of N-linked glycans on glycoproteins (GnT I–VI, differing

in their specificities and linkages formed with trimannose core-containing N-glycans). Hindsgaul et al. have performed

numerous studies on the specificity and the application of GnT I (b2GlcNAcT, EC 2.4.1.101), GnT II (b2GlcNAcT,

EC 2.4.1.143), and GnT III (b4GlcNAcT, EC 2.4.1.144) toward different trimannoseMana3(Mana6)Manb4OR-based

oligosaccharides as acceptors.101–104 GnT I is capable of tolerating UDP-activated 3-deoxy-, 4-deoxy-, and 6-deoxy-

GlcNAc as donors.105 Various acceptor analogs of the trimannose core have been used by GnT I to make the

corresponding tetrasaccharide analogs of the N-glycan structure.106 GnT I, GnT II, and GnT IV have been used in

tandem to transfer three GlcNAc residues onto the trimannose core (Figure 6), which has been further elaborated to a

trimeric sialyl Lewis x (sLex) pentadecasaccharide.107 Core-2 GnT (b6GlcNAcT, EC 2.4.1.102) has been utilized in

the synthesis of O-linked core-2-type sLex epitope.108,109 The use of UDP-N-trifluoroacetylglucosamine as an

alternative substrate by the core-2 GnT and GnT V (b6GlcNAcT, EC 2.4.1.155) has allowed the introduction of

masked forms of glucosamine residues onto oligosaccharides.110 A b3GnT from N. meningitidis has been cloned and its

acceptor substrate specificity has been investigated.93,111 It can use both UDP-GlcNAc and UDP-GalNAc as donors

and is capable of tolerating deoxy derivatives at any position other than C3 (the site of glycosylation) of the Gal residue

in Galb4GlcbOPh acceptor.
1.11.3.1.5 Fucosyltransferases (FucTs) in the synthesis of fucosides
A number of mammalian fucosyltransferases have been characterized, including four different a2FucTs,112–115 at least
six a3- or a4FucTs,116,117 one bifunctional a3/4FucT,118 and five a6FucTs (FucT VIII, EC 2.4.1.68).119 In addition

to these mammalian FucTs, a number of bacterial FucTs have been recently cloned and characterized from

H. pylori120–125 and Escherichia coli.126 Their applications in the synthesis of fucosides have not been investigated

in detail.127–129

a2FucT catalyzes the transfer of Fuc from GDP-Fuc to the 2-hydroxyl group on a terminal Gal residue of an

acceptor. A number of a2FucTs have been cloned and characterized.112–115,123,124 Recently, the H. pylori a2FucTwas

used in the synthesis of H-antigen (Fuca2Gal) containing oligosaccharides.127,129 The E. coli enzyme was used in

tandem with other glycosyltransferases to synthesize the human blood group B antigen tetrasaccharide. Also, an

a2FucT isolated from the albumen gland of Helix pomatia was able to fucosylate terminal b-linked Gal residue of a
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number of oligosaccharide acceptors to synthesize H-antigen-containing sugars.130 The position of the glycosidic

linkage between the terminal Gal and the subterminal sugar residue (which can also be Gal or Man)131 is of little

importance.

The a3/4FucT family is a multi-gene family consisting six different members, such as FucT III–VII and FucT IX.

All the members of this family use GlcNAc or Glc-containing acceptors. All, but one, form an a1-3-fucosyl linkage.
They also differ in their specificities toward fucosylating type 1 and type 2 disaccharides, as well as their sialylated

versions. They also differ in the sites of fucosylation of polylactosaminoglycans.132–136 Donor and acceptor substrate

specificity studies for FucT III,137–140 FucT V,141–144 and FucT VI137,138,145,146 have been carried out.

FucT III (a4FucT) catalyzes the transfer of L-Fuc from GDP-L-Fuc to the 4-OH of GlcNAc residue in Galb3Glc-

NAc or Neu5Aca3Galb3GlcNAc to form Lea (Figure 7) or sialyl Lea, respectively. FucT VI (a3FucT) catalyzes the

transfer of L-Fuc to the 3-OH of the GlcNAc residue in LacNAc or Neu5Aca3LacNAc to form Lex (Figure 7) or sialyl

Lex, respectively. Both these enzymes efficiently use GDP-D-arabinose and GDP-L-Gal (Table 5, entries 2 and 3) as

sugar nucleotide donors.138 However, GDP-L-Glc, GDP-L-2-fluoro-Fuc, and GDP-L-2-amino-Fuc (Table 5, entries

4–6) serve as donors only for FucT III.138 FucT III can also tolerate an exchange of the natural guanine base with other

purine137 and pyrimidine bases (Table 5, entries 11 and 12).147 These non-natural purine-based donors are transferred

very efficiently to the corresponding disaccharide acceptors by both enzymes in high yields (Table 5, entries 7–10).

Both these enzymes tolerate extensive modifications of the NHAc group of the GlcNAc residue in their corresponding

acceptors.139,145,146 Also, both these enzymes tolerate the substitution of the GlcNAc moiety in the trisaccharide



Table 5 Transfer of sugar nucleotides by FucT III and FucT VI

Entry Sugar nucleotide donor FucT VI (a3FucT) FucT III (a4FucT) References

1 GDP-L-Fuc 82%a/83%b 82%d/96%c, 148e 138

2 GDP-D-Ara 80%a 75%d 138

3 GDP-L-Gal 58%a 83%d 138

4 GDP-L-Glc 0 57%d 138

5 GDP-L-2-amino-Fuc 0 47%d 138

6 GDP-L-2-fluoro-Fuc 0 88%d 138

7 ADP-L-Fuc 83%b 76%c, 40e 137,147

8 XDP-L-Fuc 60%b 73%c 137

9 IDP-L-Fuc 72%b 68%c 137

10 GTP-L-Fuc 0 0 137

11 UDP-L-Fuc NT 52e 147

12 CDP-L-Fuc NT 3e 147

aYield based on using Neu5Aca3LacNAcbOLem as acceptor.
bYield based on using LacNAcbO(CH2)8CO2Me as acceptor.
cYield based on using Galb3GlcNAcbO(CH2)8CO2Me as acceptor.
dYield based on using Neu5Aca3Galb3GlcNAcbO(CH2)8CO2Me as acceptor.
eVmax values (unit: nmol ml�1 min�1).

NT: not tested.
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acceptor with the structurally distinct glucal.148 In addition, the FucT VI has also been found to tolerate cyclohexane

diol as a GlcNAc mimetic in the trisaccharide acceptor.148 Further, it also tolerates the substitution of the sialic acid

moiety by a phenyl lactic acid residue.148 Recombinant forms of FucT III and FucT VI have been used to synthesize a

library of sialyl Lea and sialyl Lex derivative using a combination of non-natural donors and acceptors for both the

enzymes.140,145,149,150

Of all the FucT’s, human milk a3/4FucT (EC 2.4.1.65) has been the most exhaustively characterized and

synthetically used. a1-3/4FucT is relatively easy to purify from human milk118 and it has relaxed substrate

specificity (Table 6). The enzyme catalyzes the transfer of a fucose to both type 1 (to form an a1-4-linkage) and
type 2 (to form an a1-3-linkage) disaccharides to synthesize the corresponding Lea and Lex structures (Figure 7). It

can fucosylate the 3-OH group of GlcNAc residue in a type 2 disaccharide having a C3-methyl group instead of a

hydrogen (Table 6, entry 16).151 Derivatives of type 1 and type 2 disaccharides, such as their deoxy, 30-sialylated, and
20-fucosylated analogs can be used as acceptors (Table 6, entries 1–15).152,153 It can also use an O-sulfated tetra-

saccharide,154 glycoproteins,133 sulfur-linkedN-acetyllactosamine (Galb4-S-GlcNAcOR),155 and ether or imino-linked

5a0-carba-b-lactosamides (Figure 8)156 as acceptors (Table 6, entries 17–24). This relaxed acceptor specificity is

complemented by a flexible donor substrate specificity. It uses GDP-L-Gal, GDP-L-3dGal, GDP-L-3,6d2Gal, GDP-D-

Ara, and GDP-3dFuc as sugar nucleotide donors (Table 7, entries 1–5).157,158 Modifications at C6 fucose in GDP-L-

Fuc are well tolerated by the enzyme. Many bulky groups, such as sulfo sLex, blood group type A or B trisaccharide,

and biotin, linked to the C6 of fucose in GDP-L-Fuc through a linker, are acceptable as donors for the human milk a3/
4FucT (Table 7, entries 6–10).159–161 In addition to this, FucT along with other glycosyltransferases have been

extensively used in the synthesis of many Lex and Lea derivatives as well as their sialylated versions.155,156,162,163

Other members of this family such as FucT IV,135 FucT VII,132,135,164 and FucT IX165 have been characterized for

substrate specificity, but the use of these enzymes for preparative scale synthesis has been limited.
1.11.3.1.6 Mannosyltransferases (ManTs) in the synthesis of mannosides
Mannose b1-4-linked to a GlcNAc residue in Manb4GlcNAcb4GlcNAc is found in the core of all N-glycans. Since the

chemical synthesis of such a linkage is very difficult, a b4ManTwould be very valuable in the synthesis of N-glycan

core structures. In this regard, Flitsch et al. have reported the cloning and overexpression of a recombinant yeast

b4ManT166,167 in E. coli. The recombinant enzyme is highly active and was amenable to immobilization by Ni(þII)

chelation. The enzyme was used to carry out mannosylation of phytanyl-pyrophosphoryl-aN,N 0-diacetylchitobiose, an
analog of the natural dolichol-linked acceptor in 60–80% yield using GDP-Man as the sugar nucleotide donor.168,169

Thorson et al. have also reported the synthesis of the bacterial O-antigen from Salmonella serogroup E1, which

culminated by using a recombinant b4ManTb4 from salmonella to install the b-mannose linkage (Figure 9).170 In

addition to the two inverting ManT’s described, a retaining recombinant a2ManT from the yeast Saccharomyces



Table 6 Human milk a3/4 FucT acceptor specificity

Entry Acceptors Yield (%) Reference

1 Galb3GlcNAcbOR1 89a 152

2 Fuca2Galb3GlcNAcbOR1 100a 152

3 Neu5Aca3Galb3GlcNAcbOR1 28a 152

4 3dGalb3GlcNAcbOR2 60a 152

5 Galb3-3,6d2GlcNAcbOR2 63a 152

6 Neu5Aca3Galb3GlcNbOR1 43, 50b 153

7 Neu5Aca3Galb3GlcN3bOR1 93, 154b 153

8 Neu5Aca3Galb3GlcNHPrbOR1 58, 161b 153

9 Galb4GlcNAcbOR1 47a 152

10 Fuca2Galb4GlcNAcbOR1 78a 152

11 Neu5Aca3Galb4GlcNAcbOR1 47a 152

12 Neu5Aca3Galb4GlcNbOR1 26, 60b 153

13 Neu5Aca3Galb4GlcN3bOR1 62, 111b 153

14 Neu5Aca3Galb4GlcNHPrbOR1 61, 141b 153

15 4dGalb4GlcNAcbOR1 152a 152

16 Galb4-3-C-methyl-GlcNAcbOOct 75 151

17 3-Sulfo-Galb4-6-sulfo-GlcNAcb3Galb4GlcbOMPM 90 154

18 Asialo-fetuin 65c 133

19 Asialo-a1acid-glycoprotein 100c 133

20 Asialo/afuco-porcine submaxillary mucin 2c 133

21 Native-fetuin 64c 133

22 Galb4-S-GlcbOR1 d 155

23 Imino-5a0-Carbatrisaccharide d 156

24 Thio-5a0-Carbatrisaccharide d 156

R1¼ (CH2)8CO2Me; R2¼Me.
aVmax relative to that of Fuca2Galb3GlcNAcbOR1.
bRate relative to Galb4GlcNAcbOR1.
cRelative rates.
dProducts were characterized by NMR from small-scale synthesis.
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cerevisiae has also been reported. The soluble catalytic domain of the a2ManT was overproduced in E. coli.171 The

recombinant a2ManTcatalyzes the transfer of a mannose residue from GDP-Man to the 2-OH of a terminal mannose

residue of O-linked dimmanosyl proteins. In addition to the dimannosyl substrate, the enzyme is able to use

ManaOMe, 6dManaOMe, 6-azido-6-deoxy-ManaOMe, 6-amino-6-deoxy-ManaOMe, and a number of mannosyl

peptides and oligosaccharides as acceptors.171,172 It was used in the large-scale synthesis of mannosyl oligosaccharides

and glycopeptides by coupling it with a GDP-Man regeneration cycle171 and by using whole cells as catalysts.173 It is

also able to utilize GDP-5-thio-Man as a sugar nucleotide donor to give the corresponding 5-S mannosides174 which

would be resistant to hydrolases.

1.11.3.1.7 Sialyltransferases (SiaTs) in the synthesis of sialosides
Sialosides are compounds with a sialic acid residue at the nonreducing end. Sialic acids are 2-keto-3-deoxy-nonulosonic

acids commonly found as terminal carbohydrate units of glycoproteins and glycolipids in vertebrates or as components

of capsular polysaccharides or lipooligosaccharides in pathogenic bacteria. As the frontline encountered by other

biomolecules, sialic acid residues are directly involved in many biologically important molecular recognition and



Table 7 Transfer of sugar nucleotides with human milk a3/4 FucT

Entry Sugar nucleotide donor Human milk (a3/4FucT) Reference

1 GDP-D-Ara 5.9%a,d 158

2 GDP-L-3dFuc 1.3%a,d 158

3 GDP-L-Gal 93%a, 88%b 157

4 GDP-L-3dGal 93%b 157

5 GDP-L-3,6d2Gal 84%b 157

Modification at C6-Fuc of GDP-L-Fuc

6
NHCO(CH2)8O

Gala3(Fuca2)Galb
c 161

7
GalNAca3(Fuca2)Galb

Linker
c 161

8
6�-Sulfo sialyl Lewis X

Linker
c 159

9
3�-Sulfo Lewis X

Linker
c 160

10
Sialyl Lewis X

Linker
c 159

aUsed Galb3GlcNAcbO(CH2)8CO2Me as acceptor.
bYield based on using Galb4GlcNAcbO(CH2)8CO2Me as acceptor.
cFucosylation was carried on glycoproteins/glycolipids on cell surface.
dRate of transfer relative to GDP-L-Fuc.
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interaction events. Chemical synthesis of sialosides is considered as one of the most difficult glycosylation reactions

due to the hindered tertiary anomeric carbon in sialic acids and the lack of a participating auxiliary functionality in the

carbon next to the anomeric carbon. Sialyltransferase-catalyzed glycosylation, thus, is believed to be the most efficient

approach for the production of sialic acid-containing structures.
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Sialyltransferases are a family of enzymes that catalyze the synthesis of sialosides by transferring a sialic acid

residue from CMP-sialic acid to a galactose, GalNAc, or another sialic acid residue. Four types of sialyl linkages are

commonly found, including a2-3-, a2-6-, a2-8-, and a2-9-linkages. A number of SiaT’s from bacterial,44,175–181 viral,182

and mammalian183,184 origins have been cloned and their substrate specificity has been investigated using modified

donors (Table 8)181,185–190 and acceptors (Table 9).140,150,177,181,186,189–193 The chemical synthesis of modified CMP-

sialic acid donors has been very difficult. The use of CMP-sialic acid synthetases (CSSs) tolerating various modifica-

tions on the sialic acid residue has facilitated the synthesis of many CMP-Neu5Ac donor analogs for studying donor

specificity of the sialyltransferases. For example, the a2,6SiaTcloned from Photobacterium damsela (Pd2,6ST) is able to

use CMP-activated Neu5Ac, Kdn, Neu5Gc, and their derivatives with extensive modifications at C5 (Table 8, entries

4–9), and C9 (Table 8, entries 6 and 10–14) in the sialic acid residues as donor substrates very efficiently.194 It can

transfer sialic acids containing less than nine carbons (Table 8, entry 15) to galactosides in high yield. Along with

having such flexible donor specificity, the Pd2,6ST also has very relaxed acceptor specificity. GalNAca/bpropylN3,

lactose, LacNAcbOMe,195 and GalbOMe are excellent acceptors for the Pd2,6ST (Table 9, entries 1–5). Pd2,6ST

is also able to carry out sialylation of 20-fucosyllactose, sialyla3lactose, and TN glycopeptides (Table 9, entries 6, 9, 11,

and 12) in high yield.191,196 Also, a transfer assay using pyridylamino (PA)-labeled biantenary asialo, monosialylated

N-glycans, and GD3 indicates that they can all be sialylated by this enzyme.191 In addition, it has also shown activity

in transferring sialic acid to N- and O-linked glycoproteins (Table 9, entries 13–15).197

The recombinant a3SiaT from N. gonorrhoeae is another bacterial SiaT whose acceptor specificity has been

exhaustively studied using a number of synthetic oligosaccharides, glycolipids, and glycopeptides (Table 9, entries

16–29).190 Overall, lactose and its allyl and thiophenyl glycosides (the thiophenyl group is useful as a glycosyl donor

for further downstream glycosylation reaction), sulfated oligosaccharides, and the P selectin glycoprotein ligand 1

(PSGL-1) glycopeptide carrying a sulfotyrosine residue were all excellent acceptors for the enzyme (Table 9, entries

16 and 18–23). However, many glycolipids studied (Table 9, entries 25–28) were poor substrates for the a2,3SiaT from

N. gonorrhoeae.

Cst-II is the first bacterial SiaTwhose crystal structure has been reported.198 It is a bifunctional SiaT from C. jejuni

having both a-2,3- and a-2,8-sialyltransferase activities, which makes it a useful catalyst for synthesizing GD3-like

oligosaccharides (Table 9, entries 45 and 46). Pasteurella multocida SiaT (PmST1199 or Pm0188Ph181) is the other

bacterial enzyme for which the crystal structure has been obtained recently.199 The PmST1181 is a very unusual

glycosyltransferase. It has four different activities, including an a3SiaT (red), a6SiaT (blue), a-2,3-sialidase (pink), and
trans-sialidase (brown) activities (Figure 10). The PmST1 is an easy-to-express and highly active sialyltransferase

having broad substrate specificity and therefore is a powerful tool in synthesizing diverse sialosides containing

structurally modified sialic acids. Taking the advantage of the flexible substrate specificity of the PmST1, it has

been used to synthesize a sialoside library in combination with a sialic acid aldolase and a CMP sialic acid synthetase.

It can tolerate many modifications at C5 and C9 in the sialic acid residues in donor substrates (Table 8, entries 1–6),

including CMP-activated sialosides tagged with an azide or alkyne group. These functional groups can be conve-

niently conjugated to other molecules via Staudinger ligation200 or Click chemistry201 for further downstream

applications. Such structurally defined synthetic sialosides are extremely important tools for studying the biological

significance of nature’s sialic acid diversity and their involvement in the physiological and pathological processes.

In many cases, before carrying out the SiaT-catalyzed reaction, the synthesis of the activated sugar nucleotide donor

CMP-Neu5Ac is achieved using a CSS from sialic acid and CTP as precursors. In order to avoid the production,

handling, and purification of two different enzymes (CSS and SiaT), the Wakarchuk group202 reported the use of

N. meningitidis CSS/N. meningitidis a3SiaT (Cst-I) fusion enzyme coupled with a sugar nucleotide recycling system for

synthesizing Neu5Aca3Lac on a 100g scale. The fusion protein is advantageous since it had better stability than the

N. meningitidis a3SiaTalone, which was found to precipitate relatively easily. This strategy of using fusion proteins is

useful especially for carrying out large-scale biotransformations involving multiple enzymes.

Rat liver a3SiaT (EC 2.4.99.6) and a6SiaT (EC 2.4.99.1) have been the most widely used mammalian sialyltrans-

ferases for the synthesis of sialosides. They are able to tolerate a variety of modifications at the C5 and C9 of CMP-

activated sialic acid (Table 8, entries 16 and 18–20).188,203–205 In addition, both the enzymes were also able to use

acetamido, amino, azido, hexanoyl amido, benzamido at C9 and C5-N-trifluoroacetyl, benzoyloxycarbonyl, and formyl

substitutions on the sialic acid residue of the sugar nucleotide donor.185,203,205 CMP-4-deoxysialic acid (Table 8,

entry 22)206 and CMP-8-O-methylsialic acid (Table 8, entry 17)207 are also donor substrates for the rat liver

a6SiaT. a3SiaTsialylates both type 1 and type 2 acceptors (Table 9, entries 74–90) containing a range of substitutions

on theN-acetyl group.149,150,208 The 3-, 4-, and 6-OH groups on the Gal residue of the acceptor are key groups and any

modification on these residues demolishes the a2,3SiaT activity.209 Substitution of the GlcNAc moiety by Gal,

2-deoxy-2-trichloroacetamido-Gal, or GalNAc was also tolerated by the a3SiaT.210 For the a6SiaT, 6-OH on the Gal



Table 8 CMP-Neu5Ac analogs used by sialyltransferases as donors

Entry Functional modification Enzyme Yield (%)a References

1 R5¼ OH PmST1 80 181

Pd2,6ST 97 194

2
R5  ==  HN

O
OH  

PmST1 81 181

Pd2,6ST 95 194

3
R5  ==  HN

O
OMe PmST1 90 181

Pd2,6ST 99 194

4
R5  ==  HN

O
N3

PmST1 90 181

Pd2,6ST 90 194

5
R5  ==  HN

O

O
PmST1 65 181

Pd2,6ST 87 194

6 R5¼ OH PmST1 88 181

R9¼N3 Pd2,6ST 91 194

7 R5¼ OAc Pd2,6ST 75 194

R5 ¼ OMe Pd2,6ST 76 194

R5¼N3 Pd2,6ST 86 194

8
R5  ==  HN

O
OAc Pd2,6ST 87 194

9
R5  ==  HN

O
NHCbz Pd2,6ST 99 194

10 R9 ¼ OAc Pd2,6ST 84 194

11 R9 ¼ OLactyl Pd2,6ST 72 194

12 R5 ¼ OH Pd2,6ST 75 194

R9¼OAc

13 R5 ¼ NHGc Pd2,6ST 78 194

R9¼OAc

14 R5 ¼ OAc Pd2,6ST 65 194

R9¼OAc

15

OH
OOH

OCMP

NHAc CO2Na
HO

Pd2,6ST 92 194

16 R9¼OPO3H Rat liver b 204

a6SiaT
17 R8¼OMe Rat liver

a6SiaT
b 207

18 R5¼NH3
þ Rat liver

a6SiaT
b 203

19 R9¼SHgMe a3SiaT 99 189

20 R5¼NHCbz a3SiaT 18 188

21 R9¼OAc PmST1 87e

22 R4¼H Rat liver 82c 206

a6SiaT
23 R5¼propionyl N. meningitidis 100 177

MC58 L3

a3SiaT

aReactions involving PmST1 and Pd2,6ST are in Refs: 181 and 194.
bReaction was too slow to be quantified.
cAsialo a1 glycoprotein was the acceptor.
dProduct was confirmed by MS only.
eUnpublished result.
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Table 9 Acceptor specificities of various sialyltransferases

Entry Acceptor Sialyltransferase Yield Reference

1 GalNAcbproN3 Pd2,6ST 87% 194

2 GalNAcaproN3 Pd2,6ST 61% 194

3 GalbOMe Pd2,6ST 93% 194

4 LacbproN3 Pd2,6ST 98% 194

5 LacNAcbOMe Pd2,6ST 77%a 194

6 Neu5Aca3Galb4Glc-PA Pd2,6ST 28%a 191

Neu5Aca3Galb4Glc 92%

7 Neu5Gca3Galb4Glc-PA Pd2,6ST 78%a 191

8 Neu5Aca8Neu5Aca3Galb4Glc-PA Pd2,6ST 76%a 191

9 Fuca2Galb4Glc-PA Pd2,6ST 57%a 191

Fuca2Galb4Glc 88%

10 Galb4GlcNAcb3Galb4Glc-PA Pd2,6ST 44%a 191

11
dabsyl-APGSTA

GalNAc
Pd2,6ST 71% 196

12
dabsyl-APGSTA

GalNAc
Pd2,6ST 12.1%b 196

13 Asialo-fetuin Pd2,6ST 11.2c 197

14 Asialo-a1 acid-glycoprotein Pd2,6ST 10.9c 197

15 Asialo-bovine submaxillary mucin Pd2,6ST 3.5c 197

16 LacNAcbOBn N. gonorrhoeae 1.35d 190

a3SiaT
17 Galb4LacNAcbSPh N. gonorrhoeae 0.16d 190

a3SiaT
18 6-O-Sulfo-LacNAcbOAll N. gonorrhoeae 1.40d, quant 190

a3SiaT
19 Galb4(GlcNAcb4)1–3-6-O-sulfo-GlcNAc N. gonorrhoeae �1.40d 190

a3SiaT 95% quant

20

Galb4GlcNAcb6GalNAc

SO3H
-YDFLPETE- N. gonorrhoeae 1.41d, 69% 190

a3SiaT

21 LacbSPh N. gonorrhoeae 0.51d, 63% 190

a3SiaT
22 Lactose N. gonorrhoeae 1d 190

a3SiaT
23 LacbOAll N. gonorrhoeae 0.84d 190

a3SiaT
24 GalbSTol N. gonorrhoeae 0.29d 190

a3SiaT
25 Gala-N-Boc-sphingosine N. gonorrhoeae <0.1d 190

a3SiaT
26 GalNAca-N-Boc-sphingosine N. gonorrhoeae 0.24d 190

a3SiaT
27 Lacb-N-Boc-sphingosine N. gonorrhoeae 0.43d 190

a3SiaT
28 LacCer N. gonorrhoeae 0.28d 190

a3SiaT
29 Galb3GalNAc N. gonorrhoeae 0.26d 190

a3SiaT
30 LacNAcbO-AP-FCHASE N. meningitidis e 177

MC58 L3

a3SiaT
31 LacbO-AP-FCHASE e 177

32 GalaO-AP-FCHASE e 177

33 GalbO-AP-FCHASE e 177

(continued)
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34 LacNAcbS-AH-FCHASE e 177

35 GalbS-AH-FCHASE e 177

36 Gala4LacNAcbO-AP-FCHASE f 177

37 Galb4GlcNAcbO-TMR e 177

38 Galb3GlcNAcbO-TMR e 177

39 Galb4Glc-FCHASE Cst-I f 44

a3SiaT
40 Galb3GalNAcb4(Neu5Aca3)Lac-FCHASE Cst-I f 44

a3SiaT
41 GalbSPh Cst-I 80%g 192

a3SiaT
42 GalbS-2-naphthyl Cst-I 90%h 192

a3SiaT
43 LacbSPh Cst-I 87%h 192

a3SiaT
44 Galb4-L-rhab4Glcb4(Neu5Aca3)GalbproN3 Cst-I 85%g 193

a3SiaT
45 Galb4Glc-FCHASE Cst-II f 44

a3/a8SiaT
46 Neu5Aca3Galb4Glc-FCHASE Cst-II f 44

a3/a8SiaT
47 LacNAcbOR1 v-ST3Gal I 100%i 182

48 LacbOR1 v-ST3Gal I 90%i 182

49 Galb3GlcbOR1 v-ST3Gal I 79%i 182

50 Galb3GlcaOR1 v-ST3Gal I 64%i 182

51 Galb4(Fuca3)GlcNAcbOR1 v-ST3Gal I 21%f,i 182

52 Galb3(Fuca4)GlcNAcbOR1 v-ST3Gal I 50%f,i 182

53 Galb4GlcNAcb2ManaOOct Rat liver 79% 186

a6SiaT
54 3dGalb4OR2 Rat liver 63% 186

a6SiaT
55 4dGalb4OR2 Rat liver 63% 186

a6SiaT
57 4-Deoxy-4-fluoro-Galb4OR2 Rat liver 79% 186

a6SiaT
58 Glcb4OR2 Rat liver 53% 186

a6SiaT
59 Gal4Meb4OR2 Rat liver 13% 186

a6SiaT
60 Galb4GlcNAcbOR1 Rat liver 100%d 209

a6SiaT
61 Galb4GlcNHPrbOR1 Rat liver 183%d 209

a6SiaT
62 Galb4-3dGlcNAcbOR3 Rat liver 52%d 209

a6SiaT
63 Galb4-6dGlcNAcbOMe Rat liver 47%d 209

a6SiaT
64 Galb4(Fuca6)GlcNAcbOR1 Rat liver 106%d 209

a6SiaT
65 2dGalb4GlcNAcbOR1 Rat liver 67%d 209

a6SiaT
66 GalNAcb4GlcNAcbOR1 Rat liver 62%d 209

a6SiaT
67 Fuca2Galb4GlcNAcbOR1 Rat liver 16%d 209

a6SiaT
68 3dGalb4GlcNAcbOR3 Rat liver 32%d 209

a6SiaT
69 4dGalb4GlcNAcbOR3 Rat liver 19%d 209

a6SiaT

Table 9 (continued)

Entry Acceptor Sialyltransferase Yield Reference
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70 4dGalb4OR2 HL-r 67% 186

a6SiaT
71 4-Deoxy-4-fluoro-Galb4OR2 Rat liver 31% 186

a3SiaT
72 Galb4OR2 Rat liver 81% 186

a3SiaT
73 Gal4Meb4OR2 Rat liver 57% 186

a3SiaT
74 Galb3GlcNAcbOR1 Rat liver 100%d 209

a3SiaT
75 Galb3-2-azido-GlcbOR1 Rat liver 380%d 209

a3SiaT
76 Galb3GlcNbOR1 Rat liver 260%d 209

a3SiaT
77 Galb3-4dGlcNAcbOMe Rat liver 20%d 209

a3SiaT
78 Galb3GalNAcbOR1 Rat liver 63%d 209

a3SiaT
79 Galb3GalNAcaOR1 Rat liver 11%d 209

a3SiaT
80 Galb3-6dGlcNAcbOMe Rat liver 43%d 209

a3SiaT
81 Galb3-6-bromo-GlcbOR1 Rat liver 85%d 209

a3SiaT
82 2dGalb3GlcNAcbOR1 Rat liver 45%d 209

a3SiaT
83 Galb4GlcNAcbOR1 Rat liver 19%d 209

a3SiaT
84 Galb4GlcbOR1 Rat liver 29%d 209

a3SiaT
85 Galb4-2-azido-GlcbOR1 Rat liver 23%d 209

a3SiaT
86 Galb4GlcNbOR1 Rat liver 14%d 209

a3SiaT
87 Galb4GlcNHPrbOR1 Rat liver 31%d 209

a3SiaT
88 Galb4-6dGlcNAcbOMe Rat liver 16%d 209

a3SiaT
89 Galb4(Fuca6)GlcNAcbOR1 Rat liver 22%d 209

a3SiaT
90 2dGalb4GlcNAcbOR1 Rat liver 11%d 209

a3SiaT
91 Galb3-2-O-acetyl-GalbOMe Porcine liver 84% 211

a3SiaT

aTransfer yields estimated by HPLC and for LacNAc entry 5, CMP-Kdn was used for synthesis.
bRelative to lactose.
cNeu5Ac (nmol h�1) transferred; assayed using CMP-[14C]Neu5Ac or by TLC and/or ESI-MS analysis.
dRelative rate measured using CMP-[14C]Neu5Ac or by TLC analysis.
eProduct analyzed by capillary electrophoresis.
fProduct analyzed by NMR.
gCst-I and maltose binding protein fusion was used.
hCst-I and N. meningitidis CSS protein fusion was used.
iRelative rate of transfer.
R1¼ (CH2)8CO2Me; R2¼GlcNAcb2ManaOOct; R3¼ (CH2CH2O)2CH2CO2CH3.

Table 9 (continued)

Entry Acceptor Sialyltransferase Yield Reference
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Figure 10 Multifunctionality of PmST1. Reprinted with permission from Yu, H.; Chokhawala, H.; Karpel, R.; Yu, H.; Wu, B.;
Zhang, J.; Zhang, Y.; Jia, Q.; Chen, X. J. Am. Chem. Soc. 2005, 127, 17618–17619. Copyright (2005) American Chemical

Society.
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residue and 2-NHAc on the Glc residue in acceptor LacNAc are essential.209 The enzyme can tolerate deoxygenation

or fluorination on 2-, 3-, or 4-OH of the Gal residue186 (Table 9, entries 54–57) and also accepts fucosylated

oligosaccharides as acceptors209 (Table 9, entries 64 and 67). Galb3-2-O-acetyl-GalbOMe is an acceptor for porcine

liver a2,3SiaT.211

Many sialyltransferase-involved chemoenzymatic syntheses have been focused on the synthesis of various sialo-

sides,212 gangliosides, and their derivatives,95,96,213 as well as sialylation of glycopeptides214,215 and glycoproteins.216
1.11.3.1.8 Other glycosyltransferases
Glucuronyl transferases (EC2.4.1.17) have been used to synthesize a number ofb-glucuronides by the transfer of glucuronic
acid from UDP-GlcA to an alkyl group, aryl group, phenolic and steroidal aglycones as acceptors.217–221 Glucuronyltrans-

ferases from a number of mammalian sources were used either in their purified forms or as liver microsomes.222 Using

mycophenolic acid as an acceptor, a mixture of its acylglucuronide (transfer of the GlcA onto carboxylic acid) and O-

glucuronide were obtained.223 b3glucuronyltransferase has also been used in the synthesis of monodisperse hya-

luron.224
1.11.3.2 Synthesis of Glycoconjugates

1.11.3.2.1 Glycans on glycoproteins

1.11.3.2.1.1 N-Linked glycans

The high-mannose, hybrid, and complex type are the three major classes of N-glycan structures in vertebrates. In

forming multi-antennary N-glycan structures, GlcNAc residues may be added to the trimannosyl core by six different

GlcNAc transferases (I–VI). GnT I, II, and V were used in tandem for appending three GlcNAc residues onto the

trimannose core, which was further elaborated to synthesize a trimeric sialyl Lewis x (sLex) pentadecasaccharide using

b4GalT, a3SiaT, and a3FucT in succession.107 This natural multivalent sequence (complex type) has been found on

N-linked glycans in glycoproteins. Such multivalent ligands are useful in studying many carbohydrate–protein

interactions, which are usually polyvalent. The use of GnT in the synthesis of such N-glycans has been reported in

detail in Section 1.11.3.1.4 of this review.

Also, many N-glycans on glycoproteins have been remodeled using a combination of endoglycosidases and

glycosyltransferases. Many endoglycosidases cleave off the high/hybrid- or complex-type N-linked sugar chains off

the glycoproteins. The resulting GlcNAc residues can be elaborated by glycosyltransferases to incorporate complex

glycans. This technique was used to prepare homogenous ribonuclease B glycoform containing N-linked sLex having

modified sialic acid residue.225 A number of different N-glycans have also been synthesized using many endoglyco-

sidases and mannosidases, which have been dealt with in Chapter 1.12.
1.11.3.2.1.2 O-linked glycans

1.11.3.2.1.2.1 Polypeptide O-GalNAc transferase Polypeptide O-GalNAc transferase (ppGalNAcT, EC 2.4.1.41)

initiates the biosynthesis of O-glycans by transferring a GalNAc residue from UDP-GalNAc on to serine/threonine

residues on proteins in a-configuration. Multiple ppGalNAcT family members exist and many of them have been

cloned and biochemically characterized.226 Unlike N-glycans, no consensus polypeptide sequence exists for initiating

O-GalNAc transfer. However, it has been observed that the primary sequence of regions flanking the potential

glycosylation sites influences its O-glycosylation.227–230 The presence of proline at position þ3 (relative to the
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glycosylation sites) appears to enhance the likelihood of glycosylation of the site, while charged residues at positions –1

and þ3 appear inhibitory to single-site glycosylation. In addition to the primary structure, the secondary and tertiary

structures of the protein also appear to influence the efficiency of O-GalNAc modification of serine/threonine

residues.231,232 The position and structure of previously added O-glycans along the polypeptide chain also influence

the site specificity of many ppGalNAcT.233–235

After ppGalNAcT-catalyzed glycosylation, the O-GalNAc structures on glycoproteins or glycopeptides can be

extended further by glycosyltransferases described in Section 1.11.3.1 of this chapter. For example, the complete

enzymatic synthesis of O-linked core-2 sialyl Lewis X glycan Neu5Aca3Galb4(Fuca3)GlcNAcb6(Galb3)GalNAca1-
Thr on the tumor-associated MUC1a0 peptide108 was achieved based on the sequential transfer of the appropriate

monosaccharides. The synthesis was initiated by the transfer of GalNAc residue to a Thr on the peptide using

ppGalNAcT3. Also starting from a PSGL-1 glycopeptide containing GalNAcaThr, the core-2-type sLex-containing

polyfucosylated polylactosamine glycans were enzymatically synthesized by the sequential use of multiple glycosyl-

transferases (dealt in detail in Section 1.11.4.1.2). 236

O-Glycans Tn, T, sialyl-Tn, and 2-3-sialyl-T antigens are tumor-associated carbohydrate antigens expressed on

mucins in epithelial cancers, such as those affecting the breast, ovary, stomach, and colon. Glycopeptides carrying

these antigens are of interest for development of cancer vaccines. The chemoenzymatic synthesis of glycopeptides

containing such antigens derived from the mucin MUC1 and T-cell-stimulating peptides has also been reported.237

The interactions of E, P, and L selectins with their glycoprotein ligands is necessary for the adhesion of leukocytes to

the endothelium and their subsequent extravasation into the tissue. The sialyl Lewis X tetrasaccharide is a common

carbohydrate motif shared by these selectin ligands. For example, PSGL-1-associated O-glycans that contributes to

P-selectin counter-receptor activity should include at least a terminal sialyl Lewis x (sLex) tetrasaccharide (Figure 15).

Solid-phase chemoenzymatic synthesis of an sLex containing glycopeptides from mucosal addressin cell adhesion

molecule 1 (MAdCAM-1),238 tumor-associated MUC1a0 peptide,108 and sulfated glycopeptide from PSGL-1239 has

been reported.

Also enzymatic synthesis of sialylated and multiply a1-3-fucosylated biantennary polylactosamines was carried out

for assaying E-selectin binding.240 In addition to this, 6-sulfo-sLex is the primary recognition epitope for L-selectin.

Chemoenzymatic synthesis of such sulfoadhesins has also been reported.241

1.11.3.2.1.2.2 Polypeptide O-GlcNAc transferase The O-bGlcNAc post-translational modification in nuclear and

cytoplasmic proteins seems to be of regulatory importance, like protein phosphorylation.242 There is no further

elaboration of the GlcNAc residue by other glycosyltransferases. However, in some microbial eukaryotes like

Trypanosoma cruzi and Dictyostelium discoideum, the mucin-type O-glycans have O-GlcNAc as the first sugar instead

of the usual O-GalNAc.243 Multiple GTs have been shown to act on the GlcNAc to elaborate the O-glycans’ structures.

ppGlcNAcT’s from this species have been cloned244,245 and characterized.246 However, this enzyme has not been used

in the syntheses of glycopeptides.
1.11.3.2.2 Glycans on glycolipids
Cell surface glycosphingolipids play many important roles in cell signaling, endogenous recognition, and also serve as

receptor targets for bacteria, viruses, and toxins.247,248 Gangliosides are glycolipids that comprise a structurally diverse

set of sialylated molecules that are found in most cells but are particularly abundant in neuronal tissues. Although the

chemoenzymatic synthesis of GM3213,249–252 has been reported earlier, the synthesis of the oligosaccharide portion of

gangliosides containing Neu5Ac a2-8-linked to another Neu5Ac has been difficult. However, recently Blixt et al. have

reported the chemoenzymatic synthesis of a number of 2-azido ethyl gangliosides GD3, GT3, GM2, GD2, GT2,

and GM1 on gram scale using microbial glycosyltransferases such as a-2,3/2,8-sialyltransferase (Cst-II), b-1,4-N-
acetylgalactosaminyltransferase (CgtA), and b-1,3-galactosyltransferase (CgtB) (Figure 11).253 GD1a was also synthe-

sized from GM1 using ST3Gal I. In addition to the ganglio-series, the synthesis of the neolacto-series254 of glycolipids

and the core glycan of the globo- and isoglobo-series13 of glycolipids has also been reported.
1.11.3.3 Synthesis of Polysaccharides

1.11.3.3.1 Polysialic acids
Polysialic acids (PSAs) are linear homopolymers of N-acetylneuraminic acid and N-glycolylneuraminic acid (Neu5Gc)

joined by a2-8-, a2-9-, or a2-8/2-9-linkages which covalently modify cell surface glycoconjugates. PSA plays many

important biological roles.255 For example, the presence of the anionic PSA on neural cell adhesion molecule (NCAM)

modulates its binding properties and affects the cell–cell adhesive interactions during embryogenesis.256 Also,
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Figure 11 Synthesis of the glycan portion of gangliosides using multiple glycosyltransferases.
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polysialic acid is a component of many bacterial capsular polysaccharides, which are important virulent factors. The

substrate specificity of a8- and a8/9-polySiaT toward glycolipids257–259 and sialylated oligosaccharides260 has been

characterized. Such polysialylated glycolipids (containing a2-8/2-9 linkages that are absent in mammals) could be used

to elicit immunological responses and in vaccine development.261,262
1.11.3.3.2 Hyaluronan
Hyaluronan, or hyaluronic acid (HA), is a member of glycosaminoglycan (GAG) family. It is a highly anionic

unbranched linear polymer containing [-GlcAb4GlcNAcb3-] repeating unit. HA plays important roles in modulating

cell adhesion, signaling, and motility. A number of enzymes responsible for HA synthesis, namely, hyaluronic acid

synthase (HAS), have been cloned from bacteria and mammals.263–268 HASs are dual-action glycosyltransferases that

catalyze addition of two different sugars, GlcA and GlcNAc, to form a polymer chain. HAS catalyzes the rapid

formation of HA chains with elongation rates of �10–150 sugars in vitro, thus making them unsuitable for the

preparation of oligosaccharides with defined length. Mutagenesis studies on a recombinant P. multocidaHAS indicated

that the synthase polypeptide utilizes two independent glycosyltransferase sites.269,270 Using this information,

DeAngelis224,271 et al. have mutated the truncated wild-type HAS from Type A P. multocida (PmHAS 1–703aa) to

produce two monofunctional single acting glycosyltransferases b3GlcAT (PmHAS 1–703aa-D247N,D249N) and

b4GlcNAcT (PmHAS 1–703aa-D527N,D529N). These enzymes have been individually immobilized onto solid

supports and utilized in an alternating fashion to synthesize pure HA molecules of defined length (12–20 sugars

long) in a controlled and stepwise manner (Figure 12). This approach provides improved synthetic HA oligosaccha-

rides with defined sizes and structures, which can help in elucidating the numerous roles of HA in biological system.
1.11.3.3.3 Heparin and heparan sulfate
Heparin is a highly negatively charged linear co-polymer consisting of b1-4-linked pyranosyluronic acid (90% L-iduro-

nic acid and 10% D-glucuronic acid) and N-acetylglucosamine as the repeating unit. The negative charge arises from
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the carboxylate and the multiple sulfonate groups (an average of 2.7 groups per repeat unit) along the polysaccharide.

Heparan sulfate (HS) is structurally related to heparin. It is a variably sulfated linear polysaccharide consisting of b1-4-
glucuronic acid linked to N-acetylglucosamine. Unlike heparin, HS has about one sulfate group per disaccharide and

has mainly D-glucuronic acid (10–50%) as the disaccharide component (Figure 13).

These heparin and HS polysaccharides interact with a number of proteins and thus play important roles in

modulating many biological activities. For example, heparin is used as an anticoagulant because of its ability to

enhance the antithrombin inhibition of serine proteases, which are important members of the coagulation cascade.

Kuberan272–274 and co-workers have developed a very simple and efficient method (Figure 13) to synthesize

homogenous heparin and HS-like oligosaccharides containing antithrombin binding sites and anticoagulant activity

by using the enzymes involved in the HS biosynthesis.275,276 Such an enzymatic approach should permit the synthesis

of such oligosaccharides of any size and structure. Also the position of the sulfate groups along the disaccharide

sequence is important for the specificity of functions of heparins and HS. Linhardt277 and co-workers have recently

described a method for enzymatic sulfation to synthesize an HS from the structurally related heparosan. Milligram-scale

synthesis of HS was achieved using immobilized sulfotransferases expressed in E. coli coupled to a 30-phosphoadeno-
sine-50-phosphosulfate (PAPS) regeneration system.278 Such simplified enzymatic approaches will eventually lead to a

better understanding of the heparin/HS interactions with proteins and to the development of anticoagulant drugs with

improved therapeutic potential.
1.11.4 Strategies in Glycosyltransferase-Catalyzed Enzymatic Synthesis of
O-Glycosides

The Leloir-type glycosyltransferases have been widely used in combination with other enzymes such as sugar

nucleotide biosynthetic enzymes in the production of important glycoconjugates and oligosaccharides. Different

strategies have been developed, including one-pot multiple-enzyme systems, sugar nucleotide recycling, immobi-

lized carbohydrate biosynthetic enzymes, solid-phase synthesis, and cell-based systems for the application of the

glycosyltransferases in the synthesis. This is summarized in this section.
1.11.4.1 One-Pot Multiple-Enzyme Synthesis

Due to the high cost of sugar nucleotides and the unavailability of their analogs, these glycosyltransferase donors and

their analogs are often produced from less expensive starting materials using enzymes involved in sugar nucleotide

biosynthesis. Furthermore, glycosyltransferases have been used in combination with other enzymes such as sulfo-

transferases, proteases and lipases, acetyltransferases, etc. to synthesize complex glycans containing biologically

important recognition elements. Since most of these enzymatic reactions can be successfully achieved under similar

conditions, such as neutral or weak acidic/basic aqueous solution, it is very convenient to carry out multiple-enzyme-

involved synthesis of carbohydrate-containing compounds in one-pot (in a single-reaction mixture). This approach

also avoids the purification of intermediates, thus enhancing the efficiency of the enzymatic synthesis. The one-pot

multiple-enzyme systems will be discussed in the following in two subsections, including single-glycosyltransferase-

involved systems and multiple-glycosyltransferase-involved systems.
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1.11.4.1.1 Single glycosyltransferase
Aldolases are another class of enzymes which have been used extensively for the synthesis of many monosaccharides

and their derivatives. 279 For example, Neu5Ac aldolase, a pyruvate dependent enzyme, has been used to synthesize

Neu5Ac from the relatively inexpensive ManNAc. 280 The sialic acid aldolase in combination with CSS and SiaT has

been used in the synthesis of many sialyllactose trisaccharides. 181 ,194,281 Chen and co-workers have recently shown the

power of using all these three enzymes in a one-pot approach ( Figure 14 ) to synthesize a library of a2-6-linked194 and
a2-3-linked181 naturally occurring and non-natural sialosides. The chemoenzymatic synthesis starts with the chemical

synthesis of various ManNAc and mannose derivatives, which are then subjected to the one-pot three-enzyme

synthesis containing a sialyltransferase selected from Pd2,6ST or PmST1 for the synthesis of a2-6-linked or a2-3-
linked sialosides. Such a synthesis takes advantage of the relaxed substrate specificity of all the enzymes involved in

the synthesis. Also many multi-enzyme systems (sometimes more than nine enzymes) using enzymes required for the

sugar nucleotide regeneration in combination with glycosyltransferases have been used for the large-scale economic

synthesis of many oligosaccharides, which is covered in more detail in Section 1.11.4.2.

1.11.4.1.2 Multiple glycosyltransferases
The exquisite linkage and acceptor specificity shown by many GTs has allowed their use in tandem or in one pot for

the synthesis of many oligosaccharides. In this regard, the synthesis of sialosides such as sialyllactosamine and sLex has

received the most attention because of their involvement in many biologically important processes. The sialyllactose

trisaccharide and its analogs have been synthesized by using a b4GalTand a a3SiaT/a6SiaT in solution,282–285 on solid

phase,286 on N-linked glycopeptides,287 and on glycosphingolipids.288,289 sLex tetrasaccharide plays an important role

on the selectin-mediated leukocyte rolling. A number of syntheses of sLex and its analogs from LacNAc-based

acceptors have been reported by using an a3SiaT and a3FucT in tandem. Also, b4GalT, a3SiaT, and a3FucT have

been used to synthesize an sLex from GlcNAc-based structures (Figure 15). Using these approaches, sLex and its
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analogs have been synthesized on solid support,290,291 on glycopeptides,292,293 in multimeric form,294–297 on a

trimannosyl core,298 on a core-2 glycan,299 and in glycoliposomes.300 In addition to this, sLex and a tetravalent form

have also been synthesized by using a four-enzyme tandem sequence including a b6GlcNAcT, a b4GalT, an a3SiaT,
and an a3FucT.299,301 Also, to determine the effect of polyfucosylated polylactosamines in each type of sLex bearing

O-glycan on P-selectin binding, enzymatic synthesis was used to generate the variants of these core-2-type sLex-

containing glycans (Figure 16, compounds SP-1.8 and SP-1.93) using a combination of a number of GTs.236 For

example, approach 1 relies on the fact that the only the core-2 branch of P-1.4 was exclusively an acceptor site for the

human serum, (hs) b3GlcNAcT. The alternating action of (hs) b3GlcNAcT and b4GalT yielded nonsulfated glyco-

peptides with two (P-1.5) or three (P-1.9) polylactosamine repeats. These were then a2-3-sialylated with a SiaT

specific only for LacNAc-type acceptors, thereby avoiding sialylation of the core-1 Gal. Subsequent a1-3-fucosylation
and sulfation gave glycosulfopeptides SP-1.8 and -1.93. In the second approach, the core-1 Gal residue of SP-1.2

was a2-3-sialylated to prevent modification of the Gal residue by recombinant b3GlcNAcT fromN. meningitidis (LgtA).
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N-Acetyllactosamine extensions were synthesized by the alternating action of recombinant b3GlcNAcTand b4GalT.

The extended glycosulfopeptides (SP-2.6 and SP-2.9) were then treated with neuraminidase to remove the protecting

sialic acid from the core-1 branch. The desialylated products were then a2-3-sialylated and a1-3-fucosylated on the

core-2 branch to give glycosulfopeptides SP-1.8 and SP-1.93. This efficient synthesis employing a number of various

GTs from different sources exemplifies the simplicity of such enzymatic approaches in synthesizing such complex

glycans. In addition to this, it also exploits the subtle differences in the substrate specificity of different enzymes to

orchestrate the synthesis of such complex oligosaccharides. Tyrosine-sulfated peptides containing these glycans were

used to assay the avidity for P-selectin.

Sialic acids are predominantly found as the terminal carbohydrate units on glycoconjugates and oligosaccharides.

However, they have also been found as internal residues that link to other carbohydrate units in polysaccharide or

glycoconjugate forms in some pathogenic bacteria. In this regard, Yu et al.302 have reported for the first time the

aldolase-catalyzed synthesis of novel sialosides containing internal sialic acid residues. Galb9Kdn, a disaccharide
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component of the cell wall of Streptomyces sp. MB-8, was synthesized from Galb6Man and pyruvate using a sialic acid

aldolase. The obtained Kdn-containing compound was a novel acceptor for bacterial sialyltransferases and was used for

synthesising unusual a2-3- and a2-6-linked sialyl trisaccharides and tetrasaccharides in a one-pot two-enzyme system

containing an N. meningitidis CSS and PmST1 or Pd2,6ST (Figure 17). Other than sialosides, the enzymatic synthesis

of LNT303 and polymeric LacNAc304,305 chains has also been reported.
1.11.4.2 Reactions with Sugar Nucleotide Recycling

The sugar nucleotide-dependent glycosyltransferase-catalyzed synthesis of oligosaccharides is accompanied by the

formation of nucleotide diphosphate (NDP) in addition to the product glycan. Feedback inhibition of the glycosyl-

transferase by the NDP and the high cost of the sugar nucleotide donors used have led to the development of sugar

nucleotide recycling systems in enzymatic glycosylations. These regeneration systems require the use of only catalytic

quantities of the sugar nucleotides which are regenerated continuously from cheap precursors, thereby making the

large-scale enzymatic synthesis of complex carbohydrates economically viable. All the sugar nucleotide recycling

systems described have been developed by mimicking their biosynthetic pathways.

As shown in Figure 18, UDP-Glc can be regenerated from either Glc-1-P using a combination of glucose-1-

phosphate uridyltransferase (GalU) and pyruvate kinase or by the reaction of UDP with a sucrose synthase (route B,

blue).306 UDP-Glc has been used mainly in the regeneration of other sugar nucleotides. UDP-Gal regeneration can

also be integrated into the UDP-Glc cycle by introducing a UDP-Glc epimerase (route C, red)307 or by employing a

Gal-1-P Uridyltransferase (route D, pink).141,308 As a more economical alternative, a polyphosphate kinase system309

has also been used for the UDP-Gal regeneration. UDP-Gal regeneration in combination with various GalT’s has been

used for the synthesis of LacNAc141 and its 2-deoxy analog,310 aGal epitopes,30,31 galactosides,73,311,312 and for

modifying glycoproteins. UDP-GlcA217,313 has also been produced by adding UDP-glucose dehydrogenase (UGD)

to the UDP-Glc cycle (route E, brown). UDP-GlcA along with a UDP-GlcNAc regeneration cycle314 has been used in

the synthesis of hyaluronic acid.315 UDP-GlcNAc regeneration from GlcNAc316 has also been reported. Incorporation

of a UDP-GalNAc-4-epimerase results in a UDP-GalNAc regeneration system; which in combination with a

aGalNAcT has been used in the synthesis of globotetraose and its derivatives.317,318

The regeneration of CMP-Neu5Ac319 has been reported using ManNAc (one could use GlcNAc with a

epimerase),320 pyruvate, and PEP or creatine phosphate. The CMP generated is converted to CTP by the sequential

action of a monophosphate kinase and a pyruvate kinase or creatin kinase. Coupling of the CMP-Neu5Ac recycling

with that of UDP-Gal recycling in combination with a b4GalTand a6SiaT has been impressively used in the synthesis

of the Neu5Aca6LacNAc281 (Figure 19), demonstrating the simplicity and efficiency of the approach. Regeneration

protocols for GDP-Man and GDP-Fuc141,321 for the synthesis of mannose322 and fucosylated129,141 oligosaccharides

have also been reported.
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1.11.4.3 Superbeads – Immobilized Carbohydrate Biosynthetic Enzymes

In 2001, Wang and co-workers323 reported a very simple approach that transfers in vitro multiple-enzyme sugar

nucleotide regeneration systems onto solid beads (the superbeads), which can be used and reused as common

synthetic reagents for production of glycoconjugates. The multiple enzymes involved in the biosynthetic pathway

for the regeneration of UDP-Gal were expressed as N-terminal His-tagged enzymes. Taking advantage of the affinity

of the histdine tag for Ni-nitrilotriacetic (NTA) acid resin, these enzymes have been co-immobilized on Ni-NTA

beads. The versatility of the superbeads in synthesizing glycans was demonstrated when it was used in combination

with GalTs either in solution or on these beads for the synthesis of LacNAc analogs, globotriose analogs, and the aGal

trisaccharide epitope.323–325 Another synthetic potential of these superbeads is the use of multiple immobilized

glycosyltransferases to generate the target synthetic oligosaccharides. For example, a combination of a3GalT and

b4GalT immobilized on the UDP-Gal superbead were used to generate specific Gala3Galb4Glc sequence-producing

beads.323 From the productivity point of view, using superbeads is very advantageous, since the multiple immobilized

enzymes did not lose activity for several rounds of synthesis over 3 weeks, and also because of the fact that one can

automate the synthesis. Also, one can envision using different sugar nucleotide regeneration systems in combination

with different glycosyltransferases to produce tailor-made oligosaccharide sequences.

1.11.4.4 Solid-Phase or Polymer-Supported Oligosaccharide Synthesis
by Glycosyltransferases

Water-soluble polymers have been used for the enzymatic synthesis of oligosaccharides because of the high efficiency

in the glycosylation reactions, which can be attributed to the polymeric sugar cluster effect326 and the simple

purification procedures.327 It has been found that the length of the linker employed to link the acceptor to the

polymer has a substantial effect on the glycosylation yield. The linker has to be sufficiently long to avoid any

unfavorable steric interactions between the enzyme and the polymer support. The polymer-supported synthesis has

been applied toward the synthesis of Lea328 and sLex.329 It has also been used in the synthesis of a biomedically

important tetrasaccharide330 whose synthesis mirrors its counterpart in solution phase. Other polymer-supported
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syntheses of oligosaccharides have also been reported.99,331–335 Recently, a glycopeptide containing a sialyl Lewis X

tetrasaccharide was synthesized using a combination of solid-phase and polymer-supported synthesis.336 Solid-phase

synthesis was used to synthesize a peptide containing a Gal residue on Thr. This glycopeptide also contained a

bifunctional linker which was used to attach it to a water-soluble polymer, after cleavage from the solid phase. A series

of solution-phase enzymatic glycosylations were used to synthesize the sLex glycopeptide. This new strategy takes

advantage of both, solid-phase peptide synthesis and solution-phase enzymatic synthesis. Three tandem enzymatic

glycosylations were performed on a maleimide-linked GlcNAc residue on thiol-coated glass slides, to synthesize

carbohydrate microarray containing sLex.337 Such a method is very useful for rapidly synthesizing microarrays on glass

slides. The solid-phase synthesis of oligosaccharides has also been covered in Chapter 1.09.
1.11.4.5 Cell-Based Synthesis

Coupling of glycosyltransferases and sugar nucleotide recycling systems have provided an efficient and simple

solution for the economical synthesis of complex sugars. However, this requires the isolation and purification of the

multiple enzymes (sometimes more than five) involved in this synthesis, which can be tedious and time consuming.

To avoid this, many groups338–341 have used metabolically engineered bacteria for the large-scale synthesis of a

variety of oligosaccharides. Whole bacterial cells (single-strain or coupled multiple strains) that overexpress the

glycosyltransferases involved in the synthesis of the oligosaccharide and the genes involved in the sugar nucleotide

synthesis cycle are used as catalysts.

Kyowa Hakko Kogyo Co. in Japan has developed a very efficient and economical whole-cell-based bacterial

coupling method for the synthesis of many sugar nucleotide donors and oligosaccharides. Shown in Figure 20 is

the system for synthesizing globotriose342 from orotic acid, lactose, and galactose as the starting materials. The forte of
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mission from Macmillan Publishers Ltd; Nature Biotechnology (Koizumi, S.; Endo, T.; Tabata, K.; Ozaki, A. Nat. Biotechnol.

1998, 16, 847–850.) Copyright (1998).
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Figure 21 Synthesis of the aGal epitope using the aGal superbug.
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the synthetic scheme is the use of Corynebacterium ammoniagenes strain engineered to synthesize UTP from inexpensive

orotic acid. This coupled with E. coli strains engineered to overexpress the UDP-Gal biosynthetic genes and

GalT resulted in the accumulation of globotriose in the reaction solution in high concentration. This methodology

has been also applied to the synthesis of Neu5Ac,343,344 LacNAc,345 UDP-GlcNAc, GDP-Fuc,346 GDP-Man,

CMP-Neu5Ac,347 Lex,346 and sialylated oligosaccharides.347,348

Wang and co-workers have developed another approachwhich uses a single product producingE. coli strain (superbug)

containing all the genes required for the sugar nucleotide regeneration and oligosaccharide production cloned on a

single plasmid. This superbug technology has been used in the synthesis of aGal epitope (Figure 21),341,349

P1 trisaccharide antigen,350 globotriose,341 and its derivatives.324 The superbug technology is cost effective since

only catalytic amounts of the high-energy phosphates are required. Moreover, the use of a single bacterial strain

instead of multiple strains avoids transport of reaction intermediates between strains and the complication of

maintaining the growth of different strains.

A living factory approach developed by Samain and co-workers produces the oligosaccharides in a living bacterium

that overexpresses the heterologous glycosyltransferase genes and that maintains the intracellular level of the sugar

nucleotides by its enzymatic cellular machinery. By overexpressing different GTs, many fucosylated oligo-

saccharides 351–354 (H antigen,351 Lex,354 etc.), sialylated oligosaccharides355–357 (GM2, GM3, GD3), acetylated and

sulfated358 chitooligosaccharides,340,359–361 LNTand LNT-2357 have been synthesized.
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1.11.5 Synthesis of S-Linked Glycosides by Glycosyltransferases

Thiooligosaccharides are metabolically much more stable than their corresponding O-glycosides owing to their

resistance toward glycosylhydrolases. A lot of effort has been focused upon the synthesis of thiooligosaccharides

by conventional chemical means. Lately, thioligases, which are appropriate mutants of glycosylhydrolases that are able

to form thiol-linked saccharides from glycosyl donors and sugar thiols as acceptors, have been employed for the

synthesis.362 Furthermore, Bundle et al.363 have reported the use of a glycosyltransferases to catalyze the transfer of a

monosaccharide residue from an activated sugar nucleotide donor to a thiol-bearing carbohydrate acceptor to synthe-

size S-linked sugars. A recombinant bovine a-1,3-galactosyltransferase (a3GalT) and a b-1,3-N-acetylglucosaminyl-

transferase (b3GlcNAcT) from N. menigitidis, have also shown activity in catalyzing the glycosyl transfer to a

30-thiolactose acceptor. This is the first report of using glycosyltransferases for synthesizing thiooligosaccharides.

Such thiooligosaccharides could serve as important immunogens and components of conjugate vaccines.364
1.11.6 Challenges and Perspectives

Two major challenges for highly effective glycosyltransferase-catalyzed enzymatic synthesis of O-glycosides are

(1) the availability and efficiency of biosynthetic enzymes and (2) the extent of substrate modification that can be

tolerated by the enzymes. While much improvement has been made in both of these aspects, additional efforts are

necessary to overcome these two difficulties. The strategies include identifying and characterizing new glycosyl-

transferases and sugar nucleotide biosynthetic enzymes, site-directed mutagenesis, and directed evolution studies of

related enzymes.

Reaction catalyzed by Leloir-type glycosyltransferases exhibit high stereo- and regiocontrol, but both enzymes and

the sugar nucleotides are expensive, and not always accessible, so the development of simple and convenient methods

for oligosaccharide synthesis is an emerging field. One convenient pathway for the synthesis of oligo- and poly-

saccharides is based on the use of non-Leloir-type glycosyltransferases. Furthermore, microbial metabolic pathway

engineering has emerged as a potentially powerful industrial-scale method of oligosaccharide synthesis. The time is

right to use such methodologies to produce glycoconjugates of sufficient quantity for both fundamental research and

clinical applications, although greater effort is required to achieve this ultimate goal.
1.11.7 Conclusion

Many findings in the past decades on the role of cell surface carbohydrates in important biological processes have

resulted in an upsurge of interest in the synthesis of these oligosaccharides and glycoconjugates. Chemical synthesis

affords the flexibility in the synthesis of such biomolecules, but it has a number of disadvantages that make it difficult

to use, especially for synthesis of complex oligosaccharides. The use of single or multiple glycosyltransferases in

combination with sugar nucleotide recycling systems has afforded a very practical way for the synthesizing these

complex carbohydrates. Also, the whole-cell-based synthetic methodology offers many advantages as it avoids the

need of purifying the enzymes or the use of expensive sugar nucleotide donors. Despite all these advances, the

enzymatic synthesis is still plagued by the lack of availability of glycosyltransferases specific for many linkages present

in nature. However, as the number of glycosyltransferases that are available increases, glycosyltransferase-catalyzed

synthesis of complex oligosaccharides and glycoconjugates will become more practical and indispensable.
Glossary

aglycone Noncarbohydrate part of a glycoconjugate or glycoside that is glycosidally linked to the glycan through the reducing

terminal sugar.

cellibiose A disaccharide with two b1-4-linked glucose residues.

glycosyltransferases Enzymes that catalyze the formation of glycosidic bonds.

inverting glycosyltransferases Glycosyltransferases that transfer sugar residue with the inversion of anomeric configuration.

Kdn 2-Keto-3-deoxy-D-glycero-D-galacto-nononic acid. It is a type of sialic acid, in which the C5 amide group is replaced by a

hydroxyl group.

mucins Large glycoprotein with a high content of serine, threonine, and proline residues and numerous O-linked saccharides,

often occurring in clusters on the polypeptide.

retaining glycosyltransferases Glycosyltransferases that transfer sugar residue with the retention of anomeric configuration.
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selectins C-type (Caþ2 dependent) lectins expressed on the surface of leukocytes and activated endothelial cells.

xenotransplantation Any procedure that involves the transplantation, implantation, or infusion into a human recipient of live

cells, tissues, or organs from a nonhuman animal source.
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1.12.1 Introduction

In the past decades, the carbohydrate chemistry has seen its boom, evoked by the increasing need for new carbohy-

drate materials and by the dynamic development of glycomics. Oligosaccharides and the like can be prepared

by sophisticated organic chemistry methods1–3 (see also Chapters 1.07 and 1.10); however, the tedious protection,
453
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activation, and deprotection strategies lead to intolerably low yields, material, and time consumption. As demonstrated

by the multistep synthesis of a complex heptasaccharide, sialyl dimeric Lex, by Nicolaou et al.,4 the almost quantita-

tive yields of most individual steps did not prevent the overall yield from being lower than 1%. Such an approach is not

only time-consuming but also costly. In this respect, the enzymatic synthesis, ideally stereo- and regiospecific, comes

into play. An efficient and elegant glycosidic bond formation can be accomplished by two enzyme groups: glycosyl-

transferases and glycosidases. As for the former, we refer to Chapter 1.11 and to numerous detailed reviews.5–7 In this

chapter, we will focus on glycosidases, their substrate specificity, properties and their application in oligosacharide

synthesis including the latest trends: use of modified substrates and mutant glycosidases. A special part is devoted to

the practical aspects and the design of synthetic reactions employing glycosidases and to the industrial applications of

these enzymes.

The first synthesis with a glycosidase can be traced back to 1898 when Hill8 used a yeast extract to prepare

disaccharides. Glycosidases also played the major role in formulation of the ‘lock and key’ theory by Fischer in 1894,9

who observed the difference between the ‘emulsin’ enzyme, hydrolyzing exclusively b-glucosides, and ‘invertin’,

specific for a-glucosides. Bourquelot and Bridel described glucoside synthesis in the presence of high concentrations

of methanol and ethanol in 191310 and 3 years later, Nelson and Griffin demonstrated the immobilization of yeast

b-fructofuranosidase on charcoal.11 The onset of enzymatic synthesis took place in the 1950s. Apart from yeast and

fungal b-fructofuranosidases,12 later authors also studied a-glucosidases13,14 and b-glucosidases, for example, that from

Chaetomium globosum.15 Among other enzymes, galactosylations with, for example, a-galactosidase from coffee seeds16

and yeast b-galactosidase17 were reported. In the 1970s, several glycosidases were isolated from natural sources, and

crude commercial preparations and their substrate specificity was characterized, for example, b-N-acetylhexosamini-

dase from Takadiastase18–20 and b-galactosidase from Aspergillus oryzae.21 The synthesis by glycosidases has received

scarce attention during the whole twentieth century, and it saw its main blossom in the late 1980s, especially thanks to

the inventive works by Nilsson,22,23 Fujimoto and Ajisaka,24,25 Larsson and Mosbach,26,27 Bucke and Rastall,28

Crout29,30 and many others – a direct consequence of the developing interest in the role of carbohydrates in nature

and processes in living organisms. The research nowadays focuses on expanding the repertoire of glycosidase reactions

by looking for new sources of enzyme activities and by increasing the substrate specificity using modified analogues of

natural substrates (Section 1.12.3), by medium (Section 1.12.5.2) and genetic engineering (Section 1.12.8). Another

important aspect is the employment of glycosidases in industry (Section 1.12.7). The recent development of three

representative trends in the use of glycosidases is depicted in Figure 1.
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1.12.2 What Is a Glycosidase

1.12.2.1 Classification

Glycosidases (O-glycoside hydrolases; EC 3.2.1.-) are in vivo determined to the cleavage of oligo- and polysaccharides

by glycosyl transfer to water. They are able to form the glycosidic linkage under ‘unnatural’ conditions, under which a

carbohydrate hydroxyl moiety acts as a more efficient nucleofile than water. Such conditions can be achieved by

a variety of strategies including reduction of water activity and use of glycosyl donors activated by a good leaving

group (Sections 1.12.2.2 and 1.12.3.2). Nowadays, the sub-subclass of glycosidases encompasses 140 valid entries in

IUBMB enzyme nomenclature system (i.e., International Union of Biochemistry and Molecular Biology, last update on

6 Jan. 2006). In 1991, a classification into families reflecting the amino acid sequence similarities was introduced,31

which is now the base of the frequently updated CAZy database. CAZy also proposes a ‘supraclass’ division based

on the protein fold, which is better conserved than their sequences. Thus, some of ca 100 families are grouped in

over 10 ‘clans’. 32

Traditionally, the glycosidases used for synthetic purposes are exoglycosidases, which transfer only the nonreducing

terminal monosaccharide unit of substrates. They also form the core of this chapter. The use of endoglycosidases 33 has

seen its major progress only in the 1990s. Endoglycosidases typically transfer the whole oligosaccharide fragment

rather than a single monosaccharide, mostly to peptide or monosaccharide acceptors. They operate both in the

transglycosylation and in the reverse hydrolysis modes. Analogously to exoglycosidases, their synthesis/hydrolysis

ratio may be considerably improved in the presence of organic solvents, though just in low concentrations (e.g., < 30%

v/v). 34 Several endoglycosidases have been applied in synthetic reactions, mainly endo- b-N -acetylglucosaminidases

from Flavobacterium meningosepticum (Endo-F), 35 from Mucor hiemalis (Endo-M), 36 and from Arthrobacter protophor miae

(Endo-A), 34,37 endo-a-N -acetylgalactosaminidase from Diplococcus pneumoniae, 38 and some endoglycoceramidases. 39

Endo-b-mannosidase from Lilium longiflorum40 has recently been used for the synthesis of the unusual ( b1-4)-
mannosidic linkage. Generally speaking, the endo- and exoglycosidases are structurally distinguished by the shape

of their active-site cleft; 41 however, some enzymes appear to be intermediates between the two types.42
1.12.2.2 Mechanism of Action

Glycosidases synthesize the glycosidic bond in two ways, depending on the substrate structure and the composition of

the reaction medium. In the thermodynamically controlled or equilibrium process, a free monosaccharide is combined

with a nucleophile under the exclusion of a water molecule. This process, commonly referred to as ‘reverse hydrolysis’

(Scheme 1 ), is in its nature a condensation reaction. The equilibrium constant strongly favors hydrolysis over

glycoside formation. A shift toward product formation can be reached by decreasing the water activity by high reactant

concentrations ( e.g., 80–90% w/w total sugar concentration), 24,43 addition of salts, 44 by removing the product from the

reaction mixture ( e.g., on an active carbon column),25 or by reaction medium engineering, for example, using organic

solvents45 or microwave field46 (see also Section 1.12.5.2.2). Generally, increased reaction temperature (50–60 � C) is
necessary to bring the reaction to equilibrium on a reasonable timescale. 24,43 Reaction times are days or even weeks,

and yields do not exceed 15%. Although not as widely used as the kinetically controlled transglycosylation, this

approach resulted in several noteworthy products, for example, nonreducing sugars 47 and thioglycosides. 48 Reverse

hydrolysis is a widely used method for glycosylation of (mainly primary) alcohols (Section 1.12.3.1).
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The kinetically controlled reaction design – transglycosylation (Scheme 1) – employs an activated glycoside, as first

demonstrated by Rabaté . 49 For this design, the choice of a leaving group (Section 1.12.3.2.1), as well as the water

activity reduction 46,50–52 (Section 1.12.5.2.2), are crucial. The product can accumulate at much higher concentrations

than in the equilibrium distribution and, as a result, the reaction gives considerably higher yields53 – generally in the

range of 20–40%. Water acts as a competing nucleophile and causes parasitic hydrolysis of the reactant. Most

glycosidase-catalyzed reactions are performed in this way.

The glycosidase mechanism at the molecular level has been extensively studied. 54–57 Its detailed knowledge is a

prerequisite for manipulation of glycosidase activities via protein engineering or design of new inhibitors. The

glycosidic bond hydrolysis can result in the net inversion of configuration at the anomeric carbon (inverting enzymes)

or vice versa (retaining enzymes), as outlined by Koshland over 50 years ago.58 Both ways involve similar oxocarbe-

nium-ion-like transition states (Scheme 2 ). Inverting glycosidases (Scheme 2a ) act by a single-step, acid/base

catalyzed mechanism: the leaving group is directly displaced by the nucleophilic water molecule. Retaining glycosi-

dases (Scheme 2b), which often have transglycosylating abilities, hydrolyze via a double-displacement mechanism.

The catalytic machinery involves two catalytic carboxylates: an acid/base and a nucleophile. In the first step

(glycosylation), the former carboxylate provides an acid-catalyzed leaving group departure simultaneously with a

nucleophilic attack by the other residue to form the glycosyl-enzyme intermediate. In the second step (deglycosyla-

tion), the acid/base carboxylate acts as a general base to activate the incoming nucleophile (water or another acceptor),

which hydrolyzes the glycosyl-enzyme intermediate yielding a new glycosidic linkage. b-N -Acetylhexosaminidases

( Scheme 2c) utilize a double-displacement mechanism, in which the nucleophile is not donated by the enzyme but

by the 2-acetamido group of the substrate itself, forming an oxazoline intermediate (Scheme 2).

The covalent nature of the intermediate has been confirmed by kinetic isotope effect studies and trapping. 56,59,60

The glycosyl-enzyme intermediate can be trapped either using mechanistic inhibitors like fluoroglycosides

(Section 1.12.3.2.3), or by mutation of key enzyme residues. 57 The structure of the enzyme-substrate complex has

been studied by X-ray crystallography,55 pioneered by the seminal structural analysis of hen egg-white lysozyme.61,62

Among the best characterized glycosidases from the mechanistic viewpoint are b-galactosidase from Escherichia coli

(lac Z), subjected also to inhibition studies63 and site-directed mutagenesis, 64,65 and almond b-glucosidase. 66,67

Classical examples of retaining glycosidases are b-galactosidase, b-fructofuranosidase, and hen lysozyme; representa-

tives of inverting glycosidases include a- L-rhamnosidase, trehalase, and b-amylase. Inverting glycosidases do not

catalyze transglycosylation reactions 59 – they just work in the reverse hydrolysis mode. 68 The only exception is the

transglycosylation with ‘wrong’ glycosyl fluorides as donors (see also Section 1.12.3.2.1), for example, by inverting

a-trehalase from Trichoder ma reesei. 69
1.12.2.3 Glycosidase Properties

Glycosidases are readily available from natural sources like microorganisms or fungal cultures, as well as higher

organisms (typically plant seeds, mollusks, etc.). Commercial crude enzyme preparations constitute another worthy

source. Availability, stability, and easy handling are the main advantages of glycosidases over glycosyltransferases.

Glycosidases are absolutely stereoselective, with the exception of glycosyl fluoride hydrolysis (for details see

Section 1.12.3.2.1), where the enzyme is able to cleave ‘wrong’ fluoride anomers. However, even in this case the

cleavage consistently yields one anomer. The glycosidase stereoselectivity has practical applications, such as separa-

tion of mixtures of chemically prepared a/b glycosides. 70 The enantioselectivity of glycosidases toward the aglycon

moiety, though not as pronounced as with lipases, 71 can result in significant enantiomeric enrichment of racemic

mixtures. 72 Promising results were obtained especially with b-galactosidase from E. coli , both in hydrolysis 73 and

transgalactosylation modes. 29,74 Glycosidases are generally capable of chiral discrimination; however, mostly with a

rather average enantiomeric excess (< 65%).75,76 More examples are reviewed by van Rantwijk et al. 77

Glycosidases are rather undemanding in the choice of substrates (Section 1.12.3), which greatly broadens their

applications compared to glycosyltransferases. However, they also suffer from several significant drawbacks, such as

low regioselectivity and yields (Section 1.12.4). Thus, the choice of an appropriate attitude and an enzyme type

remains strongly dependent on the specific application.
1.12.2.4 Diversity of Glycosidases

Numerous synthetic applications of glucosidases, galactosidases, and b-N-acetylhexosaminidases are described

throughout the chapter. This section is devoted to other exoglycosidases, which are less commonly used in the

synthesis but still deserve attention.
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1.12.2.4.1 Sialidases
Sialylated terminal glycostructures of cell receptors are essential for molecular recognition; therefore, there is a great

interest in synthesizing model sialyloligosaccharides. Besides sialyltransferases and Tr ypanozoma cruzi transsialidase,

sialidases from various sources are used for this purpose. In nature, sialidases (or neuraminidases; EC 3.2.1.18)

hydrolyze terminal sialic acids, which are a-linked to glycoproteins, glycolipids, and oligosaccharides, retaining the
anomeric configuration.

Thiem and Sauerbrei 78 were the first to study the synthetic potential of the polymer-immobilized sialidase from

Vibrio cholerae . They obtained a mixture of (a2-6) and (a2-3) regioisomers. Ajisaka et al.79 performed the same transfer

exclusively to the ( a2-6) position with the free enzyme. Furthermore, he found the sialidase regioselectivity to be

strongly dependent on the enzyme source and the size of the sialyl donor. Apparently, transsialylations with polymeric

donors like colominic acid (i.e., [8)-a-Neu p5Ac-(2 ! ]n ) lead to negligible yields. 
80 Maru et al. 81 reported the first

reverse hydrolysis (with sialidase from Arthrobacter ureafaciens). Best results were reached with 60% v/w total substrate

concentration (Neu5Ac: lactose, 1:1); however, the yields were rather negligible (< 1%). The transsialylation activity

may be even introduced by site-directed mutagenesis82 (Section 1.12.8.2).
1.12.2.4.2 b-Fructofuranosidases
b-Fructofuranosidases (or invertases; EC 3.2.1.26), originally described as sucrose-hydrolyzing enzymes, also have

transfructosylating abilities under optimum conditions. They are sometimes confused with ‘fructosyltransferases’

( i.e., sucrose 1-fructosyl transferase or inulosucrase; EC 2.4.1.9), the fructooligosaccharide-producing transglycosidases

(Section 1.12.7). Both enzymes belong to glycoside hydrolase family 68 and process sucrose as substrate; however,

fructosyltransferases perform just the fructosyl transfer with minimum or no sucrose hydrolysis, yielding fructose

oligo- and polymers. Admittedly, the border between these two enzyme groups is not sharp, as the hydrolysis/synthesis

ratio strongly differs according to the reaction conditions and the particular source.

Yeast b-fructofuranosidase was first described by Berthelot in 1860 83 and its transfructosylating abilities were found
out 90 years later, by Bacon and Edelman 84 and by Blanchard and Albon. 85 Both groups independently observed the

formation of products other than glucose and fructose during the enzyme-catalyzed sucrose hydrolysis. This trans-

fructosylation reaction was then investigated in a number of studies with b-fructofuranosidases from various sources –

yeast, fungi, and plants.12 The transferring activity of yeast b-fructofuranosidase was kinetically characterized by
Andersen et al.,86 which initiated the research aiming at industrial production of fructooligosaccharides (Section 1.12.7).

Numerous acceptors for transfructosylation were also investigated, such as the transfructosylation of hydrochinon, 87

probably the first documented phenolic acceptor for glycosidases. Other noteworthy acceptors studied include, for

example, ergot alkaloids with b-fructofuranosidases from yeast88 and from Claviceps purpurea. 89
1.12.2.4.3 Mannosidases
a-Mannosidases are successfully applied in reverse hydrolysis yielding manno -oligosaccharides. The reactions

mostly afford mixtures of regioisomers;43,90,9 1 however, several a-mannosidases exhibit a relatively high selectivity,

like a-mannosidase from Aspergillus phoenicis with (a1-2) or (a1-6) activity depending on the cultivation medium92,93

and the recombinant a-mannosidase from Penicillium citrinum with (a1-2) activity.94 Maitin et al. 94 used these selective

enzymes to purify the (1-3) regioisomer from the complex mixture after almond a-mannosidase-catalyzed reaction.

b-Mannosidic linkage, particularly b- D-Man p- and b-D-Man pNAc-(1 ! 4)-D-Glc pNAc, is one of the most difficult

bonds to synthesize chemically and only few methods can achieve complete anomeric stereoselectivity. 3 Successful

b-mannosylations of various acceptors were accomplished using retaining glycosidases, however, generally with

modest yields. 40,95–97 Moreover, the need of activated b-mannopyranosides as donors leads into a vicious circle.

A prospective solution is offered by mutant b-mannosidases, for example, b-mannosynthase from Cellulomonas fimi 98 or

b-mannansynthase from Cellovibrio japonicus.99 They ensure high yields and employ easily available a-mannosyl

fluorides (Section 1.12.8.2).
1.12.2.4.4 Fucosidases
a-L-Fucosidases (EC 3.2.1.51), the only members of glycoside hydrolase family 29, are involved in many biological

processes like inflammation, growth regulation, receptor interactions, and antigenicity. Their substrate specificity

vitally depends on the enzyme source (bacteria, moulds, mollusks, plants, and mammals). Transfucosylation by

porcine liver a-L-fucosidase, though not regioselective,100 yielded a-L-Fucp-(1!2)-b-D-Galp-(1!4)-D-GlcpNAc,

the determinant of blood group H type 2 (5%).101 Much higher yields were reached in regioselective synthesis
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of (a1-3)-fucosylated N-acetyllactosamine and lactose (51% and 34%, respectively) by a-L -fucosidase from
Alcaligenes sp. 101 T he h ig h s el ec ti vi ty f o r s yn th es i z i n g t he ( a1-3)-linkage was also demonstrated by other microbial

a-L-fucosidases,for example, from A. niger 102,103 and P. multicolor,104,105 the latter showing decent activity in DMSO,

DMF, and dioxane. Both enzymes afforded a-L -Fuc p-(1 ! 3)-D-Glc pNAc in 58% and 49% yields, respectively.104

a-L -Fucosidase from bovine kidney synthesized exclusively (a1-4) linkage. 106

b- D-Fucosidases (EC 3.2.1.38) are only scarcely studied in the literature. This activity was introduced to E. coli

b-galactosidase (lac Z) by genetic manipulation. 107,108
1.12.2.4.5 a-L -Rhamnosidases
The use of a-L -rhamnosidases (EC 3.2.1.40) in synthetic reactions has been rather exceptional so far, also due to their

inverting character. However, their hydrolytic potential has important industrial applications (see Section 1.12.7).

Several enzymes have been isolated from commercial ‘hesperidinase’ and ‘naringinase’ enzyme preparations ( e.g.,

from A. niger and P. decumbens ), microbial and fungal sources, and prepared by cloning and recombinant expression.109

Martearena et al. published the first study on a-L-rhamnosylation of aliphatic alcohols by reverse hydrolysis using

L-rhamnose. He also studied the use of various b-rhamnosides as glycosyl donors, 68 but transglycosylation does not

proceed with inverting glycosidases. As a result, activated substrates are always first hydrolyzed and the released

rhamnose is used in the reverse hydrolysis mode (Kř en and Piš vejcová , unpublished results).
1.12.3 Substrate Specificity

1.12.3.1 Specificity toward Glycosyl Acceptors

The specificity of glycosidases toward glycosyl acceptors is very broad. Theoretically, any substance containing at least

one hydroxyl or a thiol group can be glycosylated, even an oxime. 110 The tolerance of glycosidases toward acceptors

differs according to the enzyme source, as shown by Bucke et al. in the comparison of reverse hydrolysis with a rather

promiscuous jack bean a-mannosidase 111 and b-glucanase from P. emersonii, which just accepts a few sugars as

acceptors.112 The structure of the acceptor molecule influences both the yield and the regioselectivity of glycosylation

(Section 1.12.4.2).

Enzymatic glycosylation is particularly attractive for acid- or oxidation-sensitive substances like fragrances or

pharmaceuticals, thus increasing their stability and/or water solubility. However, these methods have a decisive

drawback of low conversions. Ooi et al. 113 performed b-galactosylation of several cardiac genins in 50% acetonitrile/

water with ca. 3% conversion, though with an efficient recuperation of the starting material by extraction. Similarly, the

galactosylations of nucleosides 114 and UDP-sugars115 rendered 3–7% product. Yields of up to 12% were reached in

galactosylation of the antibiotics chlorphenisin and chloramphenicol by A. or yzae b-galactosidase 116 (Scheme 3). The

often-cited work by Gunata et al. 117 on b-glucosylation of monoterpenes in 30% acetone presents yields mostly below

1%, moreover, calculated just on the basis of HPLC analysis and without any isolation attempts.

Another large group of nonsaccharidic acceptors comprise ergot alkaloids. 118 A representative example is ely-

moclavine, which underwent b-galactosylation (37% yield, b-galactosidase from As. or yzae and p-nitrophenyl

b-D-galactopyranoside) 119 and a-mannosylation (17% yield, a-mannosidase from jack beans and D-mannose). 120

Glycosylations of, for example, chanoclavine and ergometrine were also described, both in the transglycosylation 119

and in the reverse hydrolysis modes.120 N -Acetyl- b-D-hexosaminides of all three ergot alkaloids were prepared by

b-N -acetylhexosaminidase from A. or yzae. 121

The enzymatic glycosylation of hydroxy amino acids, especially of L -serine, has recently attracted considerable

attention, as the products are building blocks for the glycoprotein synthesis. L - and D-serine and threonine reacted

with N -acetyl-D-galactosamine and D-mannose by reverse hydrolysis 122 and L-serine was successfully b-galactosylated
in the transglycosylation mode. 123 The synthesis of a-D -GalpNAc-(1 ! O)- L-serine on a gram scale was performed by

Ajisaka et al.124 However, it is true that glycosidases are generally rather unwilling to glycosylate free underivatized

biogenic amino acids. One of the possible explanations is that these structures are recognized as naturally occurring

and, therefore, protected against pathological glycosylation. There are several examples of glycosylation of various

derivatives of serine,125 as well as of other amino acids.126

A very large group of common acceptors are linear, branched, or aromatic alcohols. The originated glycosides are

widely applicable as, for example, nonionic detergents (Section 1.12.7). The alcohol is mostly used as organic cosolvent

and thewater activity substantially influences the reaction yield.127,128Figure 2 shows the influence of water activity on

the condensation of glucose and octanol, catalyzed by immobilized almond b-glucosidase.127 The enzyme activity was
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first detectable at a water activity of 0.67 and further increased with the increasing water activity up to saturation. On

the contrary, the highest equilibrium yield (19%) of the condensation product, octyl b-D-glucopyranoside, was reached
at a water activity of 0.67 and further decreased.

The reaction mixture is often complicated by condensation of monosaccharidic molecules yielding unwanted

homodisaccharides. This problem is also reduced by the ‘minimum water approach’ (water activity of ca 0.7–0.8).

The organic solvent at low concentration probably deactivates the enzyme due to structural changes, whereas high

solvent concentrations with the necessary minimum water cause fixation of the enzyme structure in its active



Enzymatic Approaches to O-Glycoside Introduction: Glycosidases 461
conformation. Unfortunately, glycosidases are rather unstable in low-water media (Section 1.12.5.2). This is a big

drawback compared to highly solvent-resistant lipases. 129 Only thermophilic enzymes, such as almond b-glucosidase,
are acceptably stable under low-water conditions.

Rantwijk et al.77 give a detailed overview of glycosylations with various alcohols. Reverse hydrolysis design may be

improved using microwaves. 46 Probably, the local overheating 130 causes a considerable increase of the reaction rate

and a higher synthesis/hydrolysis ratio compared to the commonly used heating procedure.

Secondary alcohols are glycosylated ca . 3–5 times more slowly than their corresponding primary analogs.131 Tertiary

alcohols were considered as inert to glycosylation for a long time and, therefore, used as polar co-solvents. 45,128

However, they can also be glycosylated, as demonstrated by b-glucosidase from Pyrococcus furiosus with 2-methyl-

butan-2-ol, 132 by a-galactosidase from Talaromyces flavus with tert -butyl alcohol,133 and by cassava b-glucosidase with
2-methylbutan-2-ol and 2-methylpentan-2-ol. 134

Formation of thioglycosides (with sulfur replacing the glycosidic oxygen atom) by O-glycosidases is rather rare.

There are just a few examples of glycosylation of simple thiols, however, no enzymatic syntheses of oligosaccharides

with thioglycosidic linkages by wild-type enzymes are reported. The first thioglucosylations were reported in 1994.30,135

Vic and Crout performed a reverse hydrolysis reaction with 1,3-dithiopropane, glucose and almond b-glucosidase in
tert -butyl alcohol–water mixture (17% yield). 30 Meulenbeld et al. 48 used the same enzyme for reverse hydrolysis

with 1-thiopropane, 2-thiopropane, and furfuryl thiol. b-Galactosidases from A. or yzae and P. multicolor catalyzed

the condensation of galactose and 2-mercaptoethanol yielding 2-hydroxyethyl 1-thio-b-D -galactopyranoside. 136

The originated thioglucosides were practically resistant to further hydrolysis, which is in accordance with other

results.135 ,137 Several b-fructofuranosidases (the best one from Candida utilis) catalyzed the transfructosylation

of 2-mercaptoethanol. 138 Stick and Stubbs139 tested a set of thioacceptors for a transglycosylation catalyzed by

b-glucosidase from Agrobacterium sp., however, with no success. A reliable approach leading to thioglycosides repre-

sent thioglycoligases, the acid/base mutants of retaining glycosidases 140 (for details see Section 1.12.8.2). They require

strong nucleophiles like thiosugars as acceptors that do not need general base catalysis, contrary to most wild-type

enzymes. The general intolerance of glycosidases toward thioacceptors is probably due to the fact that the thiol is

ionized to thiolate in the active site and this form is repulsed by the acid/base catalytic carboxylate, so that no

reaction can proceed. Only when this residue is mutated to the uncharged alanine, the thiolate can bind and react in

the active site.
1.12.3.2 Specificity toward Glycosyl Donors

1.12.3.2.1 Donors substituted at C1 – Natural and synthetic substrates
The kinetically controlled transglycosylation reactions require the presence of a glycosyl donor, suitably activated

by a leaving group at its anomeric position. A good glycosyl donor generally has two main features: it binds strongly

to the enzymatic active site and enables a fast formation of the glycosyl-enzyme intermediate. The high affinity

of enzyme to the glycosyl donor (i.e., low Km) and a fast reaction (i.e., high k cat ) minimize the risk of product hydrolysis.

The efficacy of a certain enzyme-donor system is commonly expressed as kcat/Km. Apart from this characteristic, the

cleavage rate of the glycosyl donor should be detectable in a simple and fast manner (Section 1.12.5.1).

The structure of the leaving group is a decisive factor for donor properties. Natural substrates for glycosidases are

polysaccharidic chains and the corresponding disaccharides are still used in transglycosylation reactions as they are

easily available and cheap (e.g., lactose for b-galactosidases, N,N0-diacetylchitobiose for b-N-acetylhexosaminidases,

sucrose for a-glucosidases) and sometimes lead to better results than synthetic donors.141,142 Obviously, the type of the

neighboring monosaccharide unit and its linkage also greatly influence the enzyme performance – a demonstrative

example is a comparison of N,N0-diacetylchitobiose and of its analogue b-D-GlcpNAc-(1!4)-D-ManpNAc as sub-

strates for b-N-acetylhexosaminidase from A. oryzae.143 The latter disaccharide was not accepted as substrate, which

was nicely explained using a molecular model of both compounds docked in the enzymatic active site. Another

example is given by Woudenberg-van Oosterom144 – the initial hydrolysis rate for b-D-Galp-(1!4)-D-Fruf (lactulose)

by b-galactosidases from A. oryzae and Kluyveromyces fragilis was ca twofold higher than that of lactose. However, the

activation by a saccharide leaving group often leads to low yields due to insufficient activation and side hydrolytic and

autocondensation reactions.

In many applications, disaccharidic substrates are substituted by synthetic donors. Their synthesis is sometimes

time-consuming, but this drawback is fully outweighed by their higher efficacy, as demonstrated by Horsch et al.145 in

a set of b-N-acetylhexosaminidases from various sources. With practically all enzymes presented, Km values for

p-nitrophenyl 2-acetamido-2-deoxy-b-D-glucopyranoside, a widely used synthetic donor, were shown to be lower
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than those for N ,N 0  -diacetylchitobiose. 145 The outstanding efficiency of nitrophenyl glycosides as glycosyl donors

has several reasons. First, the planar phenyl structure interacts more strongly with the hydrophobic amino acid

residues in the enzymatic active site (stacking) and, additionally, the charged nitro group and the p-electron density
stabilize the enzyme–substrate complex by interactions with the active site. Another factor is the electrophilic

character of the p-nitrophenyl group, which renders its depart more effective.

The substitution at the aromatic ring is an important feature, too – an electron-withdrawing substituent enhances

the electrophilic character of a leaving group: for example, a phenyl glycoside, though still better hydrolyzed than the

natural disaccharide, is a worse substrate than the corresponding p-nitrophenyl derivative. There is also a difference in

the localization of the aryl substituent – for example, o-nitrophenyl versus p-nitrophenyl. 144,146 On the other hand,

electron-donating substitutents can render the substrate even inert to enzyme hydrolysis. This has been demonstrated

in a study on hydrolysis of substituted phenyl 2-acetamido-2-deoxy- b-D -glucopyranosides by selected fungal b-N -
acetylhexosaminidases (Bojarová et al., unpublished results): p-cyanophenyl (hydrolyzed fastest) < p-carboxyphenyl �
p-nitrophenyl < p-(ethylcarboxy)phenyl � p-aminophenyl (very slowly hydrolyzed), in order of increasing total

hydrolysis times. The key factors influencing the reactivity of a leaving group (number and position of aryl sub-

stituents, their character) reflect on p Ka of the corresponding phenol derivative, as shown by Kempton et al.146

They thoroughly studied the influence of 15 different phenyl substitutions (including more substituents) on the kinetic

parameters of hydrolysis by recombinant b-glucosidase from Agrobacterium sp. (former Agrobacterium faecalis or

Alcaligenes faecalis) and found a relatively high correlation in the Brö nsted plot of log ( kcat/ Km) versus pKa . The

concave-downward shape of this plot is typical for a two-step hydrolytic mechanism of retaining glycosidases.

Dale et al.67 obtained similar results with almond b-glucosidase. Brö nsted plots for both b-glucosidases are shown
in Figure 3 with the reported values 146 in Table 1. Naturally, there are other effects like the direct interaction of a

leaving group with an individual active site residue, and therefore, the final relations cannot be foreseen with

absolute security.

A relatively high donor concentration is essential for effective transfer with a low risk of side hydrolysis. The

hydrophobic leaving groups, though providing more efficient substrate cleavage, often cause solubility problems.

Organic co-solvents, as described in Section 1.12.5.2.2, can overcome the problem; however, their use is not universal.

Nitrophenyl glycosides tend to form autocondensation products in transglycosylation reactions (serving both as donor

and acceptor). Therefore, new effective and highly soluble glycosyl donors are still sought for: 3-nitro- and 5-nitro-2-

pyridyl glycosides,147 vinyl glycosides,148 and also other donors than O-glycosides.
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Table 1 Kinetical parameters of hydrolysis of substituted phenyl b-D-glucopyranosides by b-glucosidases from almond 67

and Agrobacterium sp.146

Phenyl substituent pKa
a

log (kcat /Km)
rel b

Almond b-glucosidase Agrobacterium sp. b-glucosidase

2,4-Dinitro 3.96 3.27 3.03

3,4-Dinitro 5.36 3.45 3.33

4-Nitro 7.18 2.41 2.93

3-Nitro 8.39 2.10 2.34

4-Cyano 8.49 2.18 2.36

4-Chloro 9.38 0.90 1.25

H 9.99 0 0

For plot see Figure 3.
apKa values of the respective substituted free phenols.
b(kcat/Km)

rel is the ratio of kcat/Km of the respective substituted phenyl b-D-glucopyranoside related to that of phenyl

b-D-glucopyranoside.
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In recent years, especially in connection with mutant glycosidases, a new class of glycosyl donors has been brought

to public notice – glycosyl fluorides. Their use is not universal (e.g., N -acetylhexosaminyl fluorides are very unstable)149

but they are successfully applied both as mechanistic probes and in syntheses. For details, see a review by Williams

and Withers.150 The main advantages of fluorine as a leaving group are its small size (causing minimum steric

hindrance in the active site), its ready detection by 19 F NMR spectroscopy even directly in the active site, and its

electron-withdrawing potential, which facilitates its easy departure during cleavage. Glycosyl fluorides are readily

synthesized in both anomeric forms 151 and their stability is acceptable (weeks), though b-D-anomers are to be prepared

prior to use. Their efficiency as donors is comparable to the best aryl glycosides known. Glycosyl fluorides, probably

due to their reactivity and the extremely small size of fluorine, exhibit a noteworthy feature – especially inverting

glycosidases are able to accept glycosyl fluoride anomers with the ‘wrong’ configuration and hydrolyze them. Hehre

et al.152 described the cleavage of b-maltosyl fluoride to b-maltose and hydrogen fluoride by inverting sweet potato

(1! 4)-a-D -glucan maltohydrolase, with ‘retention’ of the anomeric configuration (Scheme 4 ). In reality, this happens

in two steps: first, one ‘wrong’ glycosyl fluoride (here, b-) is transferred to another, yielding an intermediate

disaccharide with the ‘correct’ configuration (here, a-). The intermediate is immediately hydrolyzed with the

inversion of configuration (here, to a b-product).
Exceptionally, this behavior is also observed with retaining glycosidases (retaining a-glucosidase from A. niger

hydrolyzed b-glucosyl fluoride to a-Glc)153 – the detailed mechanism is not fully understood. Several transglycosyla-

tion reactions have been described with glycosyl fluorides as donors.154 An interesting modification represents ice

reaction medium51 – for details see Section 1.12.5.2.2.

A novel alternative to aryl glycosides and glycosyl fluorides are glycosyl azides. They combine some advantages of

the above glycosyl donors, for example, the small size of a leaving group, strong nucleophilic character, and delocalized

p-electron density. Additionally, they are exceptionally stable and perfectly water soluble. They represent a good

alternative especially for N-acetyl-D-hexosamine structures, where the corresponding fluorides are unstable.149
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Cleavage of glycosyl azides was first described with b-glucosidase from Agrobacterium sp.155 We used these donors in

transglycosylation reactions with b-N-acetylhexosaminidases.156 Glycosyl azides are less effective donors than the

corresponding p-nitrophenyl glycosides (considering kcat, Km); however, they do not inhibit the enzyme at higher

concentrations and afford better transglycosylation yields, probably due to the reduction of water activity by high

donor concentration in the reaction mixture. The synthetic applications of glycosyl azides are not limited to b-N-
acetylhexosaminidase-assisted catalysis – good results have also been obtained with b-galactosidases, b-glucosidases,
and a-mannosidases (Bojarová and Křen, unpublished results). b-D-Glucopyranosyl azide has recently been used as a

donor in a coupled screening for thioglycoligase activity.157

Oxazolines derived from N-acetyl-D-glucosamine,158 N-acetyllactosamine,159 and N,N0-diacetylchitobiose160 were
used as donors for glycosylation by chitinase from Bacillus sp. (endoglycanase responsible for chitin hydrolysis).

Wang and co-workers161,162 reported the use of di- and oligosaccharide oxazoline donors in glycosylations catalyzed

by endo-b-N-acetylglucosaminidases from Arthrobacter protophormiae (Endo-A) and from Mucor hiemalis (Endo-M).

Notably, the originated products were not cleaved by these enzymes, which was used in the design of a transglyco-

sylation activity assay.163 Disaccharide oxazolines were also applied in the hyaluronidase-assisted synthesis of

hyaluronan164 and chondroitin 4-sulfate.165

Several other compounds appeared in the literature as donors for glycosidases; however, their use was restricted

to individual applications and their broader utility is to be demonstrated yet. D-Glycals were employed in the synthesis

of 2-deoxy-D-glycopyranosides by b-galactosidase from A. oryzae, by almond b-glucosidase166 and by b-glucosidase
from Agrobacterium sp.95 Another noteworthy example is 1-O-acetyl-b-D-galactopyranose, which showed ca 30-fold

higher kcat/Km ratio than p-nitrophenyl b-D-galactopyranoside in the hydrolysis by Penicillium sp. b-galactosidase and

was also used as a donor in transgalactosylations.167 Use of thioglycosides as glycosyl donors with wild-type glycosi-

dases has not been described yet, though Meulenbeld and Hartmans showed their hydrolysis.168
1.12.3.2.2 Donors substituted at the primary hydroxyl group
The first results on the use of C6-modified glycosyl donors with glycosidases were published in the late 1990s by

Wong’s group.169 p-Nitrophenyl b-D-galacto-hexodialdo-1-5-pyranoside was used in transglycosylations catalyzed by

b-galactosidase from Bacillus circulans. MacManus et al.170 elaborated this concept, presenting the hydrolysis and

transglycosylation of nine C6-modified p-nitrophenyl glycosides by b-galactosidases from barley and from Helix

pomatia stomach juice (snail acetone powder, SNAP). The primary hydroxyl was substituted, for example, by methyl,

carbene, carbyne, and fluorine. The transglycosylation reactions yielded selectively (b1-4) or (b1-6) isomers, depend-

ing on the enzyme source (SNAP or barley, respectively). Hušáková et al.171 performed selective transglycosylations

with 6-O-acetylated glycosyl donors and acceptors catalyzed by b-N-acetylhexosaminidase from P. brasilianum.

Transglycosylations with modified glycosyl donors offer the possibility of introducing a reactive substituent to a

complex molecule, which can be further modified (e.g., reduced, oxidized or conjugated to other compounds such as

amines or hydrazides).We synthesized a novel disaccharide of b-D-GalpNAcA-(1!4)-D-GlcpNAc from the C6 aldehyde

by transglycosylation and subsequent chemical oxidation (Scheme 5).172 Due to the presence of a carboxyl moiety,

this molecule is a powerful ligand of activation receptors of human and rat natural killer cells, with potential
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applications in cancer therapy.173 The employed b-N-acetylhexosaminidase accepted neither the uronic acid nor its

methylester as substrates, which shows the limitations of C6-modified substrates.

Another use of p-nitrophenyl b-D-galacto-hexodialdo-1-5-pyranoside was shown by Weingarten et al.174 on

b-galactosidase from B. circulans. Apart from the aldehyde, they tested eight other modified donors, four of them

being transferred (including b-D-fucopyranoside and a-L-arabinopyranoside). The same enzyme and b-galactosidase
from E. coli were used earlier with 4-methylumbelliferyl 6-sulfo-b-D-galactopyranoside as a donor yielding sulfated

disaccharides.175
1.12.3.2.3 Donors substituted at a secondary hydroxyl group
A high tolerance toward C4 hydroxyl configuration is a typical feature of glycosidases from family 20 – b-N-
acetylhexosaminidases. They hydrolyze and transfer both b-D-GlcpNAc and b-D-GalpNAc structures, though with

different affinities. The gluco-structures are generally more willingly accepted, for example, the enzyme from Xenopus

laevis eggs exhibits an extreme ratio of b-D-GlcpNAc-ase/b-D-GalpNAc-ase activity of 167.176 This proportion

commonly ranges between ca 1.5 and 4.0.145 Some enzymes even exhibit a clear preference for b-D-GalpNAc

structures, as shown by Weignerová et al.177 A b-D-GlcpNAc-ase/b-D-GalpNAc-ase ratio of ca 0.4 was found with

some strains of P. oxalicum. It was shown that the addition of inorganic salts like MgSO4 and cultivation conditions of

the producing organism influence this ratio considerably. The aglycon moiety also has an unexpectedly important

influence – we156 observed practically no hydrolysis of 2-acetamido-2-deoxy-b-D-galactopyranosyl azide by

b-N-acetylhexosaminidases, in contrast to p-nitrophenyl 2-acetamido-2-deoxy-b-D-galactopyranoside.
The tolerance of glycosidases toward C4 hydroxyl modifications is not restricted to b-N-acetylhexosaminidases.

A similar phenomenon was observed by glucosidases – they do not tolerate only galactopyranosides as substrates, but,

more surprisingly, also D-fucopyranosides (D-galactopyranosides missing the C6 hydroxyl), the latter with even higher

affinity than the former, and D-xylopyranosides (D-galactopyranosides missing the C6 hydroxymethyl). This behavior

was found with almond b-glucosidase,66 b-glucosidase from Agrobacterium sp.,146 and from other sources.134 On the

other hand, the cleavage of D-mannopyranosides (C2 epimers) is mostly negligible.

Enzymatic recognition of glycosyl donors modified at a secondary hydroxyl has been studied since the early 1970s.

The first papers investigated the substrate specificity of b-N-acetylhexosaminidase from A. oryzae present in Taka-

diastase, a digestive amylase preparation. Hydrolysis of substrates carrying 3-O-methyl, 6-O-methyl, 3,4-di-O-methyl,

and 3,4,6-tri-O-methyl groups was examined.20 a-Glucosidase from A. niger used 2-deoxy- and 3-deoxy-analogs

of p-nitrophenyl a-D-glucopyranoside as donors for glycosylation.178 Nishimura et al.179 tested the hydrolysis of

p-nitrophenyl b-D-glucopyranosides O-methylated at the C2, C3, C4 and C6 positions by six fungal and plant

b-glucosidases. 6-O-Methyl was tolerated best (2–3 orders higher hydrolysis rate).

A very important group of secondary hydroxyl modifications represent fluoroglycosides.150 When they interact

with a retaining glycosidase, the highly electronegative fluorine on the carbohydrate ring causes the destabilization of

both transition states and the reaction proceeds at a strongly reduced rate, whereas a good leaving group enables

trapping of the fluoroglycosyl-enzyme intermediate. As a result, fluoroglycosides are good mechanism-based inhibi-

tors, useful for specific labeling and identification of the catalytic nucleophile.180 Particularly efficient are compounds

substituted at C2, namely 2-4-dinitrophenyl 2-deoxy-2-fluoro-D-glycosides181 and 2-deoxy-2-fluoro-D-glycosyl fluor-

ides,182 especially in b-configuration (due to a higher stability of the a-glycosyl-enzyme intermediate). Analogously,

2-4-6-trinitrophenyl 2-deoxy-2-2-difluoro-a-D-glucopyranoside was shown to inactivate yeast a-glucosidase.183

5-Fluoro-D-glycosyl fluorides184 work well even with a-glycosidases185 and the substitution at C5 enables to use this

type of inhibitors even for b-N-acetylhexosaminidases,186 as the C2 is not blocked.

The C2 amino group of hexosaminides offers a wide range of modifications. The acetamido group is a crucial

structural feature for accepting the substrate by b-N-acetylhexosaminidases and they are quite sensitive toward its

changes. Studies of the tolerance toward N-acyl-modified substrates as well as a search after new ‘acylhexosaminidase’

activities have taken place since the beginning of the 1970s. The first studies were performed with Takadiastase

enzyme preparation.18,19 The hydrolysis rate was the highest with the acetyl derivative and declined with the growing

length of the acylamido chain. Most substrates tested were decently hydrolyzed, apart from the insoluble p-nitrophe-

nyl 2-benzamido-2-deoxy-b-D-glucopyranoside. The affinity of various b-N-acetylhexosaminidases from mushrooms

and marine intervertebrates toward substrates modified at C2 amino group was thoroughly studied by Molodtsov and

Vafina.187–189 They isolated and characterized ‘b-N-glycylhexosaminidase’ from the marine helminth Chaetopterus

variopedatus190 and ‘b-N-benzoylhexosaminidase’ from the scallop Mizuhopecten yessoensis.191 Besides, they detected a

high tolerance to N-acyl modifications with b-N-acetylhexosaminidase from the fungus Hohenbuehelia serotina.192

Leaback and Walker carried out a similar study with the commercial pig epididymal b-N-acetylhexosaminidase.193
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Our recent study194 disclosed several b-N -acetylhexosaminidases (especially from P. oxalicum and A. or yzae) with broad

substrate specificity toward four p-nitrophenyl 2-acylamido-2-deoxy- b-D -glucopyranosides. The ability of these

enzymes to cleave N -acyl-modified substrates and to perform transglycosylations were demonstrated. The b-N-
acetylhexosaminidases tolerated certain steric changes at C2 (shorter or longer acyls, a hydroxyl instead of a hydrogen)

but did not accept highly electronegative acyls, for example, trifluoroacetyl, nor the free amino group.
1.12.4 Regioselectivity

1.12.4.1 Influences on Reaction Regioselectivity

Contrary to glycosyltransferases, glycosidases exhibit a rather poor regioselectivity. If more than one acceptor hydroxyl

is present, the transglycosylation reaction mostly results in complex mixtures, difficult to separate (Section 1.12.5.3).

In general, the primary hydroxyl group reacts preferentially to the secondary ones, giving yield to (1-6)-linked

products. If a free hexopyranose is used as an acceptor, the preference of individual hydroxyls for the glycosidic

bond formation mostly declines in this order:72 6-OH � 4-OH � 3-OH > 2-OH � 1-OH. It is worth mentioning that

this order of preference, though dependent on the enzyme source and reaction conditions, is somewhat different from

the chemical reactivity of individual hydroxyls. This may be a significant point when opting between the chemical and

enzymatic approaches.

Glycosidase catalysis has resulted in several surprising products throughout its existence, nonreducing disaccharides

being among the most important ones. They are commonly formed by enzymes specific for nonreducing substrates,

such as b-fructofuranosidases (Section 1.12.2.4.2); however, their formation by other exoglycosidases, naturally

operating at the nonreducing end of an oligosaccharide chain and leaving the reducing end intact, is a rarity. Probably

the first formation of a nonreducing saccharide, a-D -Galp-(1$ 1)- a- D-Glc p, by a-galactosidase from Candida guillier-

mondii was reported by Hashimoto et al.195 We described a transglycosylation with b-N-acetylhexosaminidase from

A. or yzae yielding the nonreducing b- D-GlcpNAc-(1 $ 1)-b-D -Man p (Scheme 6, 3a ). 47 The nonreducing oligosacchar-

ides were efficiently separated from the reducing sugar fraction 4a (Scheme 6) by peracetylation followed by

selective C1 deprotection (Scheme 6; see also Section 1.12.5.3). Similarly, b-N-acetylhexosaminidases from

A. flavofurcatis, A. or yzae, and A. tamarii transferred the b- D-Glc pNAc moiety onto D -galactose and lactose yielding

nonreducing di- and trisaccharides. 196 Another example is the synthesis of 60  -sulfo- b-D-Gal p-(1$ 1)-a-D -Glcp by

b-galactosidase from B. circulans.175

The regioselectivity of the transfer reaction is time dependent – when the transglycosylation reaches its thermo-

dynamic equilibrium, the predominating regioisomer, which is the least willingly hydrolyzed one, mostly has a (1-6)

configuration. A typical example is the transglycosylation by b-N-acetylhexosaminidase from A. or yzae, where the

( b1-6) isomer outweighed the originally prevailing (b1-4) product as the reaction proceeded. 142,197 Analogous relations
were observed in a reverse hydrolysis reaction with yeast a-glucosidase. 198 Sometimes the mere change of a reaction

design (Section 1.12.2.2) leads to the change of enzyme regioselectivity, as demonstrated by the reverse hydrolysis 44

and transglycosylation142 with b-N-acetylhexosaminidase from A. oryzae.

The regioselectivity of a glycosidase-catalyzed reaction is also influenced by the reaction environment –

cosolvents199 or ionic liquids.200
1.12.4.2 Remote Anomeric Effect and Acceptor Structure

The dependence of transfer regioselectivity on the identity and stereochemistry of the acceptor anomeric substitution

was first systematically studied by Nilsson.22,23,202,204 In his experiments, he was able to somewhat control the

regioselectivity of a transglycosylation reaction by a careful selection of the anomeric configuration in the acceptor

molecule – mainly methyl, allyl, nitrophenyl, and benzyl galactopyranosides.22,23 Notably, the very term ‘remote

anomeric effect’, nowadays generally accepted for the description of this phenomenon, was not coined by Nilsson but

by Klaffke.201 Successive works demonstrated further extension of this effect to b-N-acetylhexosaminidase-,202,203

b-N-acetylglucosaminidase-,204 and b-N-acetylgalactosaminidase-catalyzed reactions.205 Singh et al.206 demonstrated

this phenomenon in disaccharide acceptors – the acceptor glycosidic linkage determined the configuration of the originat-

ing trisaccharide. Some authors exemplified different regioselectivity on glycosylations of various O- and thio-b-D-
glycopyranosides (phenyl, benzyl, phenylethyl, phenylthio, benzylthio, etc.), including a C-glycosyl compound.95,207

Interestingly, apart from the anomeric substitution, the configuration of other acceptor hydroxyls is also decisive for
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reaction regioselectivity – for example, glycosylation of manno -acceptors (especially of the C2 hydroxyl) generally

renders poor yields and the transfer to the axial 4-position of the acceptor ( e.g., formation of (1-4) regioisomers with

galacto -acceptors) is mostly not favored by b-N -acetylhexosaminidases. 208 Nilsson attributed the remote anomeric

effect to the orientation of a hydrophobic region in the enzymatic active site. However, its general validity is to be

re-proved in the future.

In some cases, a changed or enhanced regioselectivity can be accomplished by partially protected acceptors,

especially those with the C6 position blocked. From the most trivial point of view, this approach limits the choice

of available acceptor hydroxyls, 171,209,210 but this is probably not the only aspect in play, as shown in the reactions with

free and C6-protected D-glucal acceptors.211 The C6 modification of the acceptor may also considerably change the

enzyme affinity.210 Efficient selective protection of C6 hydroxyls by acylation can be achieved by lipases 209,212 or

proteases like subtilisin. 171,210,21 2
1.12.4.3 Regioselectivity and Enzyme Source

Glycosidases synthesize different regioisomers depending on the enzyme source, which was nicely demonstrated

by Ajisaka et al. 102 in a regioselective fucosylation by a-L -fucosidases from various sources. Later, 79 they prepared

different regioisomers of sialylated N-acetyllactosamine. The (b1-6) isomer of N -acetyllactosamine was selectively

prepared by b-galactosidase from A. or yzae according to Kuhn et al.,213 the (b1-4) one by Diplococcus pneumoniae
b-galactosidase. The products were subsequently regioselectively sialylated (( a2-6) or (a2-3) linkage, depending on
the sialidase source). 79 The synthetic preferences of individual enzymes were roughly assumed according to their

substrate specificity in the hydrolytic reaction. The (b1-6) galactosidic linkage is also selectively prepared by E. coli
b-galactosidase. 53 For the preparative formation of the (b1-4) linkage, b-galactosidase from B. circulans is used, though

its regioselectivity is not absolute.199,214,21 5 Good results were also accomplished with thermophilic b-galactosidases,
for example, in the selective synthesis of lactosamine on a multigram scale. 141 The selective synthesis of the (b1-3)
galactosidic linkage was reached using, for example, b-galactosidase from bovine testes.216

The exclusive regioselectivity of some glycosidases can also be used for a practical pre-purification of reaction

mixtures containing an unwanted minor product. For details see Section 1.12.5.3.
1.12.5 Practical Aspects of Glycosidase-Catalyzed Reactions

1.12.5.1 Monitoring of Reaction Progress

Determination of the reaction kinetics and a fast activity screening of large enzyme sets require a fast, cheap, simple,

and reproducible method for measuring the reaction progress. Low rate of false-negative and false-positive signals is

another important issue. Selectivity and a strong response of the measured feature matter especially when directly

analyzing biological samples or crude mixtures – good methods are able to detect enzyme amounts below the protein

detection limit. Generally, we have two possibilities of measuring the cleavage rate: assay of declining donor

concentration or assay of increasing concentration of the hydrolyzed monosaccharide or the leaving group.

A universal method is TLC, GC, or HPLC, which are, however, quite laborious (e.g., filtration of reaction samples

for HPLC, derivatization for GC), measure discontinuously and allow a qualitative detection rather than a precise

quantitative assessment. GC and HPLC may give reasonable information on quantity if a calibration is carried out.

Monosaccharide concentration can be measured in assays coupled, for example, with hexokinase and glucose-6-

phosphate dehydrogenase,217 with peroxidase and glucose oxidase218 (both for assaying D-glucose), or with galactose

oxidase (for D-galactose, N-acetyl-D-galactosamine). Sometimes a reducing sugar determination is applicable,219,220

though its preciseness and reproducibility are debatable at low sugar concentrations.

Therefore, the properties of suitable leaving groups are preferably used for monitoring. The most common method

is spectrophotometry (e.g., for phenyl glycosides). It is relatively cheap and enables either discontinuous (end-point; p-

nitrophenol absorbs at 400–420nm under basic conditions)221,222 or continuous (real-time) assay. One possibility of the

latter comprises the addition of an ionizing agent,223 which obviates the necessity of alkalization. Another possibility

requires considering the difference between the absorption coefficients of the released substituted phenol and the

substrate (or other absorbing substances),�e.155,224 There is a high risk of interference of other substances in this case

because no specific colorimetric reaction is measured. Therefore, the chosen wavelength should be at the maximum

absorbance of the measured reaction product (substituted phenol) and, at the same time, the minimum absorbance

of interfering compounds (e.g., substrate). For example, p-nitrophenol is preferably measured at the wavelength of
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348 nm, the so-called isosbestic point.66,224 It is the wavelength, at which the sum of absorbances of both

p-nitrophenolate resonance forms is equal at every pH. Cells with a suitably short pathlength must be selected to

get absorbances in the measurable range of the individual spectrophotometer ( e.g., 1-mm pathlength cuvettes). 224

There are other methods like fluorimetry (e.g., 4-methylumbelliferone) 225–227 and chemiluminometry (e.g., 40  -(60  -
diethylaminobenzofuranyl)phthalylhydrazide). 228 Besides the colorimetric assay based on p-nitrophenol, fluorimetry

is most widely used, also due to its ca 100-fold higher sensitivity compared to the other cited methods and to the

possibility of application in a colored medium. Naturally, colorimetric assay is the least demanding on sophisticated

and expensive equipment. All the above methods have their disadvantages, for example, problems with substrate

solubility, chromophore stability, automatization, interference by contaminants, and difficult adaptability for continu-

ous measurement. A useful solution is isotopic labeling, especially for high-throughput screening. Its only problem is

the necessity of expensive labeling reagents and analyzing instruments, which renders them off-limits for many

laboratories. Glycosyl fluorides enable a simple quantification of the originating fluorine with an ion-selective

electrode.229 A helpful modification is the microtiter plate format, which saves both time and material, commonly

available both for colorimetric and fluorimetric assays. Kinetic measurements can be performed on a nanoliter scale

by electrophoretically mediated microanalysis (EMMA). 230 Another useful monitoring technique is 1 H NMR, 231

valuable even for reactions with small conversion rates. It enables to follow the time course and kinetics of the reaction

in situ , as well as the direct structural assignment of the originating products. It is also commonly used to determine the

glycosidase character (retaining–inverting) by monitoring the anomeric configuration of the released monosaccharide

before mutarotation occurs. 19 F NMR is preferably employed for the detection of glycosyl fluorides. 150

Importantly, results of hydrolysis monitoring are not necessarily generalizable to the progress of transglycosylation,

though candidates suitable for synthesis are often identified in hydrolytic experiments, which are much easier to

monitor.194 Such a simplification must be used deliberately, as it can sometimes lead to disappointing results.232

Blanchard and Withers 233 presented a simple and rapid microtiter-plate screening procedure for potential glycosyla-

tion acceptors. It was based on measuring the degree of reactivation by adding a potential acceptor to a glycosidase

inactivated by a 2-fluorosugar (Section 1.12.3.2.3).

Several ingenious methods were developed for the screening of activity in mutant libraries, originated by directed

evolution (Section 1.12.8.3). Mayer et al.227 designed a transglycosylation screening of a library of new glycosynthases

from Agrobacterium b-glucosidase. The detection was based on coupling of the tested glycosynthase and endocellulase

from Cellulomonas fimi that selectively cleaved the synthetic product (optimally, 4-methylumbelliferyl b-cellotrioside),
releasing fluorescence ( Scheme 7a ). The coupled cellulase was co-expressed in the same cell as the screened mutants

to spare its purification. Similarly, Mü llegger et al. 157 coupled the tested thioglycoligases from Agrobacterium sp. and

endoglucanase 1 from Fusarium oxysporum with glycosyl azide as a donor (Scheme 7b ). A method of chemical

complementation by Cornish and co-workers 234 links enzyme catalysis to the transcription of a reporter gene using

a yeast three-hybrid system in vivo . The screened enzyme catalyzes the formation of a spacer bond between two

fusion proteins. As a result, a dimeric transcriptional activator is reconstituted and the following transcription is

monitored ( e.g., as an increased cell growth).
1.12.5.2 Unconventional Reaction Designs

1.12.5.2.1 Historical background
Aqueous solution is undeniably the natural milieu for enzyme action although it brings about many limitations, for

example, exclusive use of hydrophilic reagents, reduced yields due to product and activated donor hydrolysis,

unfavorable shift of thermodynamic equilibrium, possibly difficult product recovery, unwanted side reactions, risk

of microbial contamination, etc. The first attempts to place glycosidases into systems other than aqueous media date

back to the onset of the twentieth century 8 and this topic also received some scarce attention in the subsequent

decades. 10 A deeper interest in other than aqueous environments came only with the increasing need of a large-scale

production of enantiomerically pure compounds and modified steroids in the second half of the twentieth century.

Seminal works on this topic were published by research groups of Berezin235 and Halling. 236 In the mid-1980s,

Klibanov and co-workers presented the first systematic studies on enzyme behavior in organic solvents. 237–239 There

are several theories regarding the historical aspects of the onset of enzymology in unconventional media.240–24 2

Although the unconventional reaction designs are not as widely practised with glycosidases as with other hydrolases,

mainly lipases, esterases, and proteases, a range of notable results have been reached in this field. Enzymatic reactions

in other than traditional water environment can be designed in two ways: medium engineering (Section 1.12.5.2.2)

represents tailoring of the reaction environment using, for example, cosolvents, ionic liquids, and other means
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described further. Biocatalyst modification (Section 1.12.5.2.3) comprises change of the very enzyme molecule,

basically by covalent or noncovalent modification. Significant enhancement of protein activity and stability in

unconventional media can also be reached by genetic manipulation 243,244 (Section 1.12.8).
1.12.5.2.2 Medium engineering
Various aspects of enzyme behavior in a range of solvent systems are thoroughly described in numerous reviews.129,245–247

Apart from the common monophasic and biphasic aqueous-organic systems and nonaqueous systems, several new

attractive media with a yet unexplored potential have recently emerged in the literature, for example, ionic liquids,

plasticized glass phase, ice media, and supercritical fluids. These systems will be described in this section with respect

to their application in the glycosidase catalysis.

Enzymes can remain active in non-water media provided that they behold the essential amount of water to retain

their native structure. This amount is strictly dependent on the enzyme type and roughly corresponds to amonolayer of

water molecules around the enzyme. The anhydrous environment ‘locks’ the enzyme kinetically in its prior conforma-

tion and this essential water monolayer provides the flexibility neccessary for catalysis. Hydrophobic solvents are

usually superior to the hydrophilic ones, as the latter tend to strip the essential water off the enzymemolecule and thus

cause its inactivation.248 The only parameter that roughly correlates with the enzyme activity was found to be solvent

hydrophobicity;249 however, there is a strong dependence on the particular enzyme – for example, porcine pancreatic

lipase is active even in 99.5% pyridine,238 unlike most glycosidases. It would be a false presumption that the solubility

of the enzyme is necessary for reactions in a nonaqueous medium; on the contrary, a typical reaction under nonaqueous

conditions is performed in a suspension of enzyme powder in an organic solvent. It is practical due to simple product
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separation and enzyme recovery but problems with diffusional limitations must often be overcome by, for example,

vigorous shaking of the reaction mixture. Common protein-dissolving media like DMF or DMSO mostly render enzymes

inactive by inciting the loss of their native conformation.250 There are exceptions to this rule – for example, 99% glycerol,

another protein-dissolving medium, does not only maintain the activity of lysozyme but even enables its reactivation from

an unfolded and reduced state,251 by contrast to, for example, denaturing ethylene glycol, methanol, and formamide. 252

These results are in correlation with structural studies on lysozyme in all these protein-dissolving media.253,254

In a nonaqueous medium, the enzyme exhibits novel and potentially valuable properties like higher thermostability

(due to enhanced conformational rigidity), 255 ‘molecular memory’ (enzyme activity in organic media depends on how

the sample was prepared),256 and ‘pH memory’ (catalytic activity corresponds to pH of the last contacted aqueous

environment). 250 Zacharis et al. 257 showed that rather than from the fixation of the ionization of protein catalytic

groups by lyophilization, pH memory effect results from the net charge of the buffer ions present in the lyophilizate

and it disappears when buffer ions are removed using, for example, volatile buffers. In summary, the use of

glycosidases in nonaqueous solvent systems is rather scarce, mainly reduced to studies with lysozyme. 250,251,254

More popular are water-solvent systems, ionic liquids, and other reaction designs described further.

In homogenous aqueous solvent mixtures, enzyme activity and stability decisively depend on the nature and the

amount of co-solvent, as shown by Brecia et al.219 on thermal stabilization by polyols. Low concentrations of

co-solvents (usually 5–25% v/v) are known to enhance the initial rate as well as the enzyme stability compared to

the water medium. 194 By contrast, co-solvent concentrations over 70–80% v/v cause rapid enzyme inactivation.

However, there are exceptions, for example, almond b-glucosidase in acetonitrile-water. 258 Several other enzymes

were found to be active even in aqueous media with high co-solvent concentrations (ca 70% v/v), for example,

a-amylase from Bacillus lichenifor mis 259 and from porcine pancreas, b-amylase from sweet potato, and glucoamylase

from A. niger.260 It should be noted that, surprisingly, the aqueous-organic mixtures, a kind of intermediate step

between classical aqueous solutions and pure organic media, tend to have a more detrimental effect on the enzyme

activity than pure organic solvents. Enzyme secondary structure may even be more similar to the native form in pure

organic solvents than in such mixtures. 261 Synthesis by glycosidases, often b-galactosidases or b-glucosidases, is
typically performed in a monophasic solvent-water system to increase the solubility of hydrophobic substrates and

to reduce water activity. Numerous examples include both reverse hydrolysis (for examples see Section 1.12.3.1) and

transglycosylation modes, the latter in media containing, for example, acetonitrile, 116,123,16 6,258 acetone, 166,262 diethyl

ether, 262 dioxane, 116 N ,N 0  -dimethylformamide,22 and tert -butyl alcohol. 263 Finch and Yoon performed a large study

regarding the influence of various organic solvents on the transglycosylation by b-galactosidases. 264 More examples are

given in Sections 1.12.2.2 and 1.12.3.1.

In the early 1980s, a new nonaqueous medium for biocatalysts emerged – ionic liquids.265 They are nonvolatile,

thermally (ca. 100–300�C) and chemically stable, viscous and highly polar liquid organic salts, either water-miscible

or immiscible. They consist of, for example, a 1,3-dialkylimidazolium or N-alkylpyridinium cation and a noncoordi-

nating anion (the most common are tetrafluoroborate and hexafluorophosphate). Altering of cations or anions offers

the possibility of fine-tuning of physical and chemical properties of the resulting medium. These ‘green’ solvents are

applied to biotransformations of highly polar substrates, like saccharides, amino acids and nucleophiles, which react

badly in water due to an unfavorable equilibrium shift and are sparingly soluble in common organic solvents.266

The influence of ionic liquids on enzyme properties and activity is, similarly to conventional organic solvents, strongly

dependent on the enzyme nature. For example, b-galactosidase from E. coli had 6% residual activity in 50% aqueous

1-butyl-3-methylimidazolium tetrafluoroborate, compared to 7% and 3% activity in 50% aqueous ethanol and

acetonitrile, respectively.267 Despite these low activities, nice results have been achieved with galactosidases, as

shown on an optimized production of N-acetyllactosamine in 25% aqueous 1,3-dimethylimidazolium methyl sulfate

(yield increased from 30% to 58%).268 b-Galactosidase from B. circulans catalyzed the reverse hydrolysis of glucose and

galactose in 99.4% 1,3-dimethylimidazolium methylsulfate yielding lactose (17%).269 Similarly to most neat organic

solvents, active enzymes normally do not dissolve in 100% ionic liquids but remain suspended. The stability strongly

depends on the type of ionic liquid268 – enzymes can even be renaturated in such a medium.270 For more information,

see recent reviews.200,271 Ionic liquids, though very trendy recently, have their problems, especially high price and

difficulty in purification of the reaction mixtures. Therefore, their viability for glycosidase-catalyzed reactions is to be

proved in the future.

A special reaction design is a plasticized glass phase. This approach developed from the pilot experiments on

transglycosylations in supersaturated substrate solutions.272,273 A typical reaction design in a plasticized glass phase274

consists in heating a mixture of monosaccharide donor and alkyl glycosides with buffer and ethanol (or another

plasticizer like benzyl alcohol) in a sealed vial until homogeneity, then adding the alcoholic acceptor, the glycosidase,

and leaving to react. Figure 4 shows the ternary phase diagram of a representative sugar–buffer–plasticizer mixture
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with six distinct regions including the monophasic glass phase (A), which is formed with benzyl alcohol (plasticizer)

concentrations up to 53% w/w and buffer contents up to 72% w/w. Gill et al.52 presented the use of plasticized glass

with a range of glucosidases and galactosidases, b-mannosidase from Helix aspersa, bovine b-glucuronidase, and
A. oryzae b-N-acetylhexosaminidase with very optimistic yields (up to 70%) and reaction rates of up to one order of

magnitude higher than in diluted systems. The reactions proceeded in a transglycosylation mode rather than by

reverse hydrolysis and they were feasible even when the acceptor remained partially undissolved in the glass phase.

Another modification of the reaction medium, reducing water activity in favor of synthesis, is the transglycosylation

in ice. This methodology, already commonly used with proteases, requires mesophilic or psychrophilic glycosidases,

which are resistant to low temperatures (even –15�C). Here, glycosyl fluorides or disaccharides are muchmore suitable

donors than phenyl glycosides since high water solubility of reactants is necessary. This reaction mode strongly favors

glycosyl transfer over hydrolysis and, additionally, the formed products remain stable in the reaction mixture

without being hydrolyzed again.148 An example is transgalactosylation by a-galactosidase from green coffee beans

with a-D-galactopyranosyl fluoride as a donor 51 or galactosylation of nucleotides by b-galactosidase from B. circulans

(lactose donor) and by a-galactosidase from Bifidobacterium adolescentis (melibiose donor).115
1.12.5.2.3 Biocatalyst modification
The enzyme molecule can be modified for example by covalent attachment to a polymeric support, by noncovalent

coating or encapsulation into micelles. This results in heterogeneous reaction systems, where the enzyme is stabilized

against the inactivation effect of otherwise harmful solvents and may show other properties like increased thermosta-

bility. This subject has abundantly been reviewed,247,275,276 though most examples are given with other hydrolases,

such as lipases.
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Noncovalent modification by lipid, polymer, or surfactant coating is practical for hydrolases as hydrolysis is

restrained in favor of synthesis. Such modified enzymes, protected against the direct interaction with the denaturing

environment, are highly soluble and active in organic solvents. This method is cheap and simple. Its main practical

hindrance is the problem with large-scale product separation and recovery, except from polymer-coated biocatalysts

separable on the base of molecular weight. Lipid coating comprises a lipid monolayer of ca 150 � 50 molecules per

enzyme. The lipid type may influence the enzyme activity. 277 It is widely used with lipases in hydrophobic organic

systems;278 however, the application of this concept to glycosidases ( b-galactosidase, a-mannosidase, b-mannosidase,

b-glucosidase, and b-N -acetylglucosaminidase) may face problems with limited solubility of glycosyl donors (here, aryl

glycosides) in organic solvents. 277 Therefore, Okahata and Mori extended this approach to a two-phase environment.279

The lipid-coated b-galactosidases from various sources were present in the organic phase and catalyzed the galactosyl

transfer from lactose in the water phase to hydrophobic alcohols in diisopropyl ether, which showed the best

performance from the co-solvents tested. 280 Lipid coating protected the enzyme from denaturation by adsorption at

the interface. This method even enabled transgalactosylation with acceptor alcohols in supercritical carbon dioxide.281

The lipid-coated b-galactosidase from B. circulans showed 10–15 times higher activity in this environment than in

other organic media. Carbon dioxide is particularly popular as the supercritical conditions can be achieved with

standard laboratory equipment; it is not toxic and is easily removed by decompression. The change of pressure and

temperature can readily vary its properties. Lipid-coated enzymes showed much better stability than native ones in

this medium.

Entrapment in reverse micelle is another type of a noncovalent modification. The hydrophilic part of reverse

micelles surrounds the enzyme in its water microenvironment and the hydrophobic chains interact with the solvent,

usually nonpolar. Thus, water-in-oil microemulsions are formed, which optimally resemble solutions due to their

transparency, homogeneity, and thermodynamic stability. The size and shape of micelles depend on the water/

surfactant ratio during their preparation. They have not found much application on a large scale on account of

problems with enzyme recovery, optimization, and reproducibility. An example is a reverse micellar system of

lysozyme in isooctane. Hydrolytic activity of lysozyme was shown to be strongly dependent on the water content

and pH. Under optimum conditions (pH 7.7 and 1.2% water), the enzyme maintained 90% of its hydrolytic activity

in water. 282

Enzymes can also be stabilized by covalent attachment to a support, either to hydrophobic synthetic polymers

(e.g., poly(ethylene glycol), polystyrene, and polyacrylates) or to hydrophilic natural structures like glucans or

dextrans. For example, almond b-glucosidase immobilized on a range of polymeric supports (XAD and glass beads,

celite, and hydroxyapatite) catalyzed the glucosylation of water-immiscible alcohols.283 Otto et al. 284 performed the

condensation of glucose and linear alcohols under the catalysis by the same b-glucosidase immobilized on Eupergit

C. The immobilized enzyme was active in a medium containing only 1% water. Covalent modification, though very

practical for easy biocatalyst recycling, is quite laborious and cost demanding and often causes a significant decrease in

enzyme activity. Germain et al.285 proposed a possible solution to the latter problem by stabilizing their enzyme,

pullulanase (a-dextrin endo-a-1,6-glucosidase), by binding to its macromolecular substrate during the covalent

attachment to activated amylose. This helped the enzyme to maintain its native structure and thus minimized activity

decline. The authors called this approach ‘chemically oriented modification’. Covalent immobilization on, for

example, neutral aluminum oxide, was successfully combined with microwave heating.46 Biocatalyst cross-linking

with, for example, glutaraldehyde, leads to crystalline or amorphous aggregates that enhance the enzyme stability

both against heat and organic cosolvents, such as in the case of amorphous aggregates of b-glucosidase.286 It is a facile
and inexpensive modification; however, its effects are generally hardly predictable as they depend on the extent

and location of randomly originated cross-linking. Another possibility is cross-linking of glycoenzymes by their

carbohydrate chains.287
1.12.5.3 Purification of Products of Glycosidase Catalysis

The poor regioselectivity of glycosidases usually results in a mixture of regioisomeric products (Section 1.12.4.1),

whose separation is generally difficult due to their similar chromatographic behavior. Moreover, if nitrophenyl glyco-

sides are employed as substrates, the released nitrophenol partially migrates together with the saccharidic fractions on

the gel chromatography column and contaminates the product.

The latter problem can be prevented by extraction of the reaction mixture with diethyl ether prior to separation,

which removes the majority of the unwanted nitrophenol. It is fully avoided using glycosyl fluorides and azides, as the

released small ions do not complicate the separation. Considering the separation of complex saccharidic mixtures,

there are several traditional ways of pre-purification288 that can be used before the ‘polishing’ gel chromatography
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step. Such an approach can help to avoid the laborious separations by, for example, preparative HPLC. If the product

mixture contains both hydrophobic (e.g., nitrophenyl glycosides) and hydrophilic (e.g., free oligosaccharides) com-

pounds, the hydrophobic substances can selectively be trapped on XAD resins. Similarly, charged products can easily

be picked out of the reaction mixture by ion exchangers.141 The charcoal-celite chromatography is a traditional

method for separating mono-, di-, tri-, and tetrasacccharide fractions.25,142 Peracetylation followed by silica gel

chromatography is applicable in the case of complex mixtures of similar compounds that are better distinguishable

in the peracetylated state. We showed an elegant modification of this common method at the separation of reducing

and nonreducing sugars (Scheme 6).47 The mixture was peracetylated and the anomeric hydroxyls of reducing sugars

were selectively deprotected. Thus, the C1-deprotected reducing carbohydrates changed their polarity and could

effectively be separated by silica gel chromatography.

The reaction mixtures can also be pre-purified by applying suitable glycosidases that selectively cleave the

unwanted regioisomer. Hedbys et al.27 successively applied b-galactosidase from bovine testes and E. coli b-galactosi-
dase in the synthesis of b-D-Galp-(1!3)-D-GlcpNAc and its ethyl 1-thio-b-glycoside and their separation from the

contaminating isomers. b-D-Galp-(1!6)-D-GlcpNAc was selectively prepared by consecutive use of b-galactosidases
from Kluyveromyces lactis (not selective) and B. circulans (cleavage of minor (b1-4) isomer).289 Similarly, N,N0-diace-
tylchitobiose was isolated from a reaction catalyzed by b-N-acetylhexosaminidase from A. oryzae after treatment with

b-N-acetylhexosaminidase from Canavalia ensiformis, selectively cleaving the (b1-6) isomer.142 Hušáková et al.143

selectively prepared b-D-GlcpNAc-(1!4)-D-ManpNAc from N,N0-diacetylchitobiose by Ca(OH)2-catalyzed C2 epi-

merization (ca 20% yield) and subsequent selective cleavage of the starting material by b-N-acetylhexosaminidase

from A. oryzae. b-D-GalpNAc-(1!4)-D-GlcpNAc and its C2 epimer could be separated analogously. The latter

example clearly demonstrates the main disadvantage of the pre-purification by selective enzymes – the unwanted,

though often quite expensive ‘contaminating’ compound (N,N0-diacetylchitobiose; here, paradoxically, 80% of the

mixture) is cleaved to monosaccharides, which naturally lowers the effectivity and enhances the cost of the whole

synthesis. Therefore, other alternatives are sought. A promising solution, at least for N-acetyl-D-hexosamine-contain-

ing saccharides, is the chromatography on polyolic gels in borate buffer.290 During the separation, borate makes a

stable complex with the saccharides that structurally favor binding, that is, those of manno-configuration, contrary to

gluco- and galacto-structures (Figure 5). The complexation with borate takes place both with the analyte (carbohy-

drate) and with the gel matrix (crosslinked dextran, cellulose, polyvinyl alcohol). Thus, the stationary phase maintains

its exclusion capacity and, moreover, it gains ion-exchange capacity from the borate complexation, which leads to an

efficient separation of the complexed D-ManpNAc derivatives from their C2 epimers.
1.12.6 Glycosidases in Multienzyme Reactions

The synthesis of complex carbohydrate structures can preferably be accomplished using several enzymes in one-pot or

sequential mode. Crude intermediate products may be either directly processed by the next enzyme, or a fast and

simple purification step may be included like desalting, concentrating, etc. This approach saves both time and costs;

however, it requires a relatively high specificity, regioselectivity, and yields in all the steps, which somehow limits the

choice of glycosidases available.

A typical multienzyme reaction, presented in diverse variations, comprises the combined use of a glycosidase

and a glycosyltransferase. If they are applied in one pot, the glycosidase product is directly processed by a selective

transferase and thus, its secondary hydrolysis is avoided. Probably, the first example is a one-pot reaction by

Herrmann et al.291 They coupled b-galactosidase from B. circulans and a-2,6-sialyltransferase from pig liver to prepare
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a-Neup5Ac-(2 !6)- b-D-Gal p-(1! 4)-D-Gal pNAc (26%). In addition, CMP-Neu5Ac, used for sialylation, was in situ

regenerated by a combined use of pyruvate kinase (EC 2.7.1.40), CMP-Neu5Ac synthetase (EC 2.7.7.43) and

inorganic diphosphatase (EC 3.6.1.1). Kř en and Thiem 216 adopted an analogous approach in the synthesis of a

sialylated T-antigen, a-Neup5Ac-(2! 3)- b- D-Gal p-(1 ! 3)-D-Gal pNAc, by bovine testes b-galactosidase and pig liver
a-2,3-sialyltransferase in 36% yield (Scheme 8). Ajisaka et al .79 and Vetere et al.292 prepared various regioisomers of

these compounds using sialidases of diverse origins and transsialidase from Tr ypanosoma cruzi, respectively, thus

avoiding the use of cofactors, however, with an intermediate purification step. Suzuki et al.293 combined b-galactosi-
dase from B. circulans and a-2,3-sialyltransferase from rat liver with chemical modification to obtain a mucin-type

tetrasaccharide linked to protected L -serine. The number of acceptors tolerated by sialyltransferases is rather limited.

This drawback may be circumvented by coupling with T. cruzi transsialidase, capable to sialylate virtually any

b-D-galactoside. It processes a sialyl donor, prepared in situ by the transferase. 294 Glycosidases together with glycosyl-

transferases were also used to change the glycosylation pattern of glycopeptides in vitro. 295

Another useful enzyme combination is the tandem: galactose oxidase – glycosidase. For instance, p-nitrophenyl

b-D-glucopyranoside was oxidized to a C6 aldehyde to increase the efficiency of transglycosylation with B. circulans
b-galactosidase. 169 The resultant disaccharide was reduced back by NaBH4 yielding the target b-D -Galp-(1 !4)- b-D-
GlcpNAc-(1 ! O)-Me. Another example is the successive use of galactose oxidase from Dactylium dendroides and

b-N -acetylhexosaminidase from Talaromyces flavus, followed by in situ chemical oxidation, which afforded an immu-

noactive disaccharide of b-D -GalpNAcA-(1! 4)-D -GlcpNAc 172 (Scheme 5).

Transglycosylations with substrates modified by lipase- or subtilisin-catalyzed esterification are described in

Sections 1.12.3.2.2 and 1.12.4.2. Conversely, Otto et al.284 prepared alkyl glycosides using almond b-glucosidase and
then esterified them by C. antarctica lipase.

The successive use of two glycosidases (a nonselective and a selective one, respectively) can be applied to pre-

purify a product mixture by hydrolysis of the unwanted regioisomer (Section 1.12.5.3). Another application is a

coupled enzyme assay (Section 1.12.5.1).
1.12.7 Glycosidases in Industry

Glycosidases found their first applications in the food industry, mostly in relation to their hydrolytic activity. Their use

in synthesis emerged only later. One of the first commercial products containing glycosidases was Takadiastase, a

mixture of amylolytic and proteolytic enzymes from A. oryzae, used as a digestive aid. b-Fructofuranosidase was

probably the first immobilized enzyme to be used commercially – for the production of Golden Syrup during

World War II.296 Later, a microbial preparation containing a-galactosidase (a-Galactosidase DS, Amano Enzyme
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Inc.) was developed as a digestive aid for the elimination of enteric problems from leguminous diet. a-Galactosidase

from Mortierrela vinacea is used in the sugar industry to remove raffinose (a-D -Galp-(1 !6)- a-D-Glc p-(1$ 2)-b-D -Fru f)

from the crude sugar because it inhibits sucrose crystallization and thus lowers its yields. 297 b-Galactosidase is used for

the hydrolysis of lactose in milk, which makes milk digestible even for lactose-intolerant people.276 a-L -Rhamnosi-

dases are applied for debittering of citrus juices 298,299 as well as for the enhancement of wine and fruit juice aroma, 300

together with b-glucosidases. 301 Their synthetic application consists in the production of pure L -rhamnose. 302

For the synthetic use of glycosidases in industry, there are two essential parameters: space-time yield (i.e., the mass

of product formed per volume of the reactor and time consumed) and product/waste ratio (i.e., the amount of

nonrecyclable waste per kilogram product). From these viewpoints, enzymatic transglycosylation is evidently far

more attractive than chemical synthesis (typically, Kö nigs–Knorr reaction). 77 Another fundamental parameter is the

price and availability of reactants, mainly of glycosyl donors. The most common sugar donors available in bulk

quantities (starch, cellulose, glucose, sucrose, lactose, and fructose) dictate the types of industrially suitable catalysts

to be a- and b-glucosidases, b-galactosidase, b-fructofuranosidase, cyclomaltodextrin glucanotransferase (for a-gluco-
sylation), and a- and b-amylases. Although many other glycosyl donors (Section 1.12.3.2.1) are more effective, they will

hardly find applications in the large-scale production, possibly with the exception of some high-added-value special

chemicals. De Roode et al.303 recently reviewed perspectives for the industrial enzymatic production of glycosides,

including the reactor set-up and downstream processing.

Industrial applications of glycosides are predetermined by their aglycon. The condensation of a monosaccharide

with a long-chain linear alcohol results in efficient nonionic surfactants and emulsifiers, used mainly in detergent304,305

and cosmetic industry.306 Glycosides of unsaturated linear alcohols like terpenes have antimicrobial activity and

glycosides of peptides and steroids are used as antibiotics, antitumor, and cardiotonic drugs.307 Probably the only

detergent and tenside produced by a glycosidase on a large scale is hexyl b-D-glucopyranoside, synthesized from
glucose by almond b-glucosidase in the reverse hydrolysis mode.308 Tsitsimpikou et al.309 studied the influence of

various organic solvents on this reaction. Downstream processing and purification of this compound by extraction with

water, 310 adsorption on alumina 308 and silica, 309 and by distillation 311 were described in detail.

When the prebiotic activities of numerous oligosaccharides were discovered in the 1950s and 1960s, glycosidases

found a range of applications in the production of nutraceutics. The industrial application of glycosidases and

transglycosidases (Section 1.12.8.1) is widespread mainly in Japan. Especially fructo-, isomalto-, and galactoligosac-

charides are used in bioindustry as health-promoting ‘functional sweeteners’ due to their low energetic value, anti-

caries and bifidogenic effects. Isomaltooligosaccharides, used as prebiotics, are prepared on the industrial scale by

thermophylic cyclomaltodextrin glucanotransferase from B. stearother mophilus in Hayashibara Biochemical Labora-

tories (Okayama, Japan) and in many others. 312 The same enzyme is used for the industrial synthesis (Ezaki Glico Co.,

Ltd, Utajima, Osaka, Japan) of flavonoid a-glucosides313 like rutin and hesperidin for food and pharmaceutical

purposes – for example, a-glucosylated rutin is ca 30 000-fold more water soluble than rutin and therefore has better

bioavailablility.314

Besides lactose hydrolysis, b-galactosidases (typically from A. or yzae, K. lactis, and B. circulans) are used in the

preparation of galactooligosaccharides serving as nondigestible prebiotics (soluble fibre). The b-galactosidase from
each source yields a specific spectrum of galactooligosaccharides during lactose hydrolysis. 315 Fungal preparations

afford the most oligosaccharides when lactose is hydrolyzed to 40–50% (50 �  C, pH 4.5), whereas it is 70–80% with

yeast enzymes (37 �  C, pH 7). The best yield was attained with b-galactosidase from A. or yzae (17% trisaccharides

and 4% tetrasaccharides). 315

Fructooligosaccharides (FOS) are ( b2-1) fructose oligomers bound to glucose at the nonreducing end; however,

other definitions can be found in the literature.316 They have suitable properties both as for taste (similar to sucrose)

and nutritional value. They are industrially produced from sucrose 317 by ‘fructosyltransferases’ (sucrose 1-fructosyl

transferases; EC 2.4.1.9) derived, for example, from Aspergillus 318 and Aureobasidium .319 The linkage type in FOS

differs according to the enzyme source. For instance, fructosyltransferases derived from fungi (Aureobasidium pullulans

or A. niger) produce regioselectively 1F-type FOS, whereas plant and microbial enzymes produce mixtures of 1F- and

6G-type FOS.320 The nomenclature of FOS-producing enzymes is not unified as both the terms ‘b-fructofuranosidase’
(EC 3.2.1.26; Section 1.12.2.4.2) and ‘fructosyltransferase’ are used in this respect. In 1984, Meiji Seika Co. (Japan)

introduced the first commercial FOS preparation under the trade name ‘Neosugar’, synthesized by the A. niger

enzyme. More recently, Cheil Foods & Chemicals Co. (Korea) produced FOS using immobilized cells ofAureobasidium

pullulans.319

The nutritional and medical importance of ascorbate is well known. Besides this, it is also used as, for example,

a skin-whitening agent in cosmetic preparations in Japan due to its in vivo inhibitory effect on melanin synthesis.321
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The a-glucosylation of ascorbic acid by cyclomaltodextrin glucanotransferase regioselectively yields 2- O-a- D-
glucopyranosyl- L -ascorbic acid.322 Both in vitro and in vivo tests in humans revealed that using this derivative, the

level of ascorbate sustains in the organism for a longer period then with the conventional ascorbate and ascorbic acid

2-phosphate. Additionally, this glycoside has a UV protective activity.
1.12.8 Mutant Glycosidases

1.12.8.1 Ways to Improved Glycosidases

Genetic engineering is not necessarily the only way leading to glycosidases with modified or improved properties. For

example, carefully selected cultivation conditions ( a-mannosidase from A. phoenicis) 92,93 or a large-scale screening of

various enzyme sources targeted to a certain feature323 can also afford biocatalysts with new or improved regioselec-

tivity, enantioselectivity, or thermostability (thermophilic enzymes). Another desired goal is the suppression of

hydrolytic activity (glycosyl transfer to water) in favor of synthesis (acceptor different from water). Nature has even

furnished exceptions to this typical property of glycosidases – the so-called transglycosidases use the same donors

as glycosidases (oligosaccharides) but they perform, almost exclusively, synthesis with minimum or no hydrolytic

activity.59 Their structure and mechanism rank them among glycoside hydrolases, 32 though they formally belong

to glycosyltransferases (EC 2.4), namely among ‘non-Leloir’72 or ‘non-nucleotide sugar-dependent’ glycosyltrans-

ferases. 56 Examples include levansucrase from B. subtilis (EC 2.4.1.10, glycoside hydrolase family 68),324 transsialidase

from Tr ypanosoma cruzi (EC 2.4.1.-, glycoside hydrolase family 33),325 amylosucrase from Neisseria polysaccharea (EC

2.4.1.4, glycoside hydrolase family 13)326 or industrially applied sucrose 1-fructosyl transferase (EC 2.4.1.9, glycoside

hydrolase family 68, see also Section 1.12.7). Genetic modification can impose this property even in ‘classical’

glycosidases (EC 3.2.1).

With the help of genetic engineering, such enzyme properties can be improved that have not naturally evolved

under selection pressure. It is even becoming possible to design novel biocatalysts – with the help of rational

computational approach. 327 Generally, enzymes can be engineered in two ways: by rational protein design using

site-directed mutagenesis (Section 1.12.8.2) or by directed evolution based on random mutagenesis and screening

(Section 1.12.8.3). Both of these approaches suffer from limitations – rational design requires detailed structural

information, whereas directed evolution is limited to systems with a convenient and rapid screening method available.

Ideally, both methods can be used in combination, for example, individual mutations identified by random mutagen-

esis can be applied in site-directed mutagenesis to obtain even more efficient mutants227 or a rationally designed

mutant can be improved by saturation mutagenesis. 157
1.12.8.2 Rational Protein Design – Glycosynthases and Thioglycoligases

Withers and co-workers developed the first glycosynthase by rational protein design in 1998.328 The rational approach

comprises site-directed mutagenesis of a certain amino acid residue (its substitution by another amino acid or its

elimination), which is believed to be crucial for a certain property of the enzyme. It vitally depends on the previous

background research – sophisticated structural studies (e.g., X-ray crystallography), molecular modeling, employment

of mechanism-based inhibitors, structure–function relationship, and mechanistic studies – and it is well suited to

modify direct substrate–enzyme interactions. Introduction of glycosynthases removed the main shortage of glycosi-

dases – low yields caused by parasitic product hydrolysis. Glycosynthases are retaining glycosidases, in whose structure

the crucial nucleophilic carboxylate in the active site (Asp or Glu) was replaced by a non-nucleophilic residue

(typically, Ala, Ser, or Gly). This leads to correctly folded enzymes with no detectable hydrolytic activity because

they are unable to form the glycosyl-enzyme intermediate329 (see also Section 1.12.2.2). However, these enzymes can

catalyze transglycosylations if they are reactivated by a glycosyl donor with a good small leaving group (e.g., glycosyl

fluoride), which has the opposite anomeric configuration to the wild-type substrate. Such a donor mimics the covalent

glycosyl-enzyme intermediate that would normally originate in the first step of the classical double-displacement

mechanism, and the deprotonated acid–base residue in the active site catalyzes a transglycosylation. Typically,

a-glycosyl fluorides are donors for b-glycosynthases, yielding b-glycosylated products that cannot be cleaved by the

enzyme (its cleavage ability was knocked out by the mutation) and accumulate in the reaction mixture. Thus,

excellent yields can be reached (<80%) even on a large scale (grams). For the reaction mechanism of a glycosynthase,

see Scheme 9.



O
HO

OH

HO

HO

CH3

−O O

O

OH
ORO

OH

HO
H

F

O
HO

OH

HO

HO

CH3

HO O

O

OH
OR

OH

HO
O

HF

Acid/base

Mutated nucleophile

Scheme 9 Transglycosylation mechanism of a glycosynthase (here, nucleophilic Glu was mutated to Ala) with glycosyl

fluoride as a donor. R¼aglycon, for example, p-nitrophenyl.

478 Enzymatic Approaches to O-Glycoside Introduction: Glycosidases
The first mutated glycosidase was Agrobacterium sp. b-glucosidase, which has a remarkable synthetic potential even

as wild type.95 It served as a model enzyme for optimization of glycosynthetic abilities. The first introduced mutation,

Glu358Ala, led to a glycosynthase with a broad synthetic repertoire (over a dozen of acceptors) and without any

detectable product hydrolysis.328 Moreover, substitution of the wild-type glutamate by serine rather than alanine

(Glu358Ser)330 resulted in a significant enhancement of catalytic activity, shown by higher yields, increased reaction

rate, and a broader choice of acceptors. This improvement is probably due to a stabilizing interaction between the

serine hydroxyl and the departing anomeric fluorine of the glycosyl fluoride. Additionally, in contrast to the original

Glu358Ala mutant, the Glu358Ser mutant was able to catalyze the condensation of a-D-galactopyranosyl fluoride and

p-nitrophenyl 2-acetamido-2-deoxy-b-D-glucopyranoside yielding p-nitrophenyl 2-acetamido-2-deoxy-4-O-b-D-galac-
topyranosyl-b-D-glucopyranoside (63% yield). The optimized serine mutant also showed a 24-fold higher catalytic

efficiency (kcat/Km) than the alanine mutant in the condensation of a-D-galactopyranosyl fluoride and p-nitrophenyl b-
D-glucopyranoside.331 Even better results were observed with the Glu358Gly mutant, resulting from the saturation

mutagenesis of the catalytic nucleophile.227

The hydrolytic activity of glycosynthases, which is knocked out by the substitution of the catalytic nucleophile in

the active site, is recovered in the presence of a small external nucleophile like azide or formate,330 sometimes even by

a rather bulky acetate56 or a weakly nucleophilic fluoride.98 In this reactivation process, the external nucleophile

directly attacks the anomeric center of the substrate (mostly a nitrophenyl glycoside) with the ‘correct’ configuration

and forms a cleavage product, glycosyl azide or formyl glycoside, with the inverted configuration. This cleavage

product sometimes reacts further and glycosylates potential acceptors in the reaction mixture by the classical double-

displacement mechanism.98,332 This behavior probably depends on the character of this external nucleophile (strong

or weak).333 A demonstrative example is the retaining mutant b-mannosidase Man 2A Glu519Ser from Cellulomonas

fimi.98 When incubated in buffer containing F- ions, it cleaved 2,4-dinitrophenyl b-D-mannopyranoside generating a-
D-mannopyranosyl fluoride in the active site, which directly reacted with another molecule of b-D-mannopyranoside

yielding a b-mannosylated product. Thus, the externally provided fluoride took over the role of the missing nucleo-

philic amino acid residue and a standard disaccharide product with retained configuration was formed, such as with the

wild-type enzyme. This glycosynthase is especially significant due to a high-yielding production of the hardly

available b-manno-linkage (70–99% overall yield of (b1-3) and/or (b1-4)-mannosides).

Nowadays, catalysis by glycosynthases has become a well-established technique and the number of known mutants

is still growing.334 A typical representative is an exo-b-glycosynthase; however, the recent repertoire also includes

endoglycosynthases,335,336 a-glycosynthases,337 and thermophilic glycosynthases.333 Tolborg et al.338 reported the first

solid-phase oligosaccharide synthesis by glycosynthases. Acceptors linked to poly(ethylene glycol) polyacrylamide

copolymer were glucosylated by Glu358Ser and Glu358Gly mutants of Agrobacterium sp. b-glucosidase with 80–90%

yields. The main advantage of catalysis by glycosynthases is the use of inexpensive and readily synthesized glycosyl

donors (glycosyl fluorides) and nearly quantitative yields, commonly exceeding 80%. However, some drawbacks are

also to be considered, for example, sometimes long reaction times and the necessity of large quantities of mutant

enzyme as well as the thermolability of glycosyl fluorides, which complicates reactions with thermophylic glyco-

synthases. A great number of various glycosyl acceptors have been presented with glycosynthases; however, they are

mostly aryl glycosides (they bind well to the aglycon site but cannot be cleaved by the mutant). It is a question

whether this approach could be extended to other acceptors like disaccharides with the same efficiency.

The suppression of hydrolytic activity in favor of synthesis was also reached by other site-directed mutations than

those of the catalytic nucleophile, though with more modest results than in the case of glycosynthases. For example,
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mutant a-amylases Trp84Leu from Saccharomycopsis fibuligera 339 and Val286Phe from B. lichenifor mis 340 exhibited a

notably higher transglycosylation/hydrolysis ratio than the wild-type enzymes. Another example is the double mutant,

Met424Lys/Phe426Tyr, of hyperthermophilic Pyrococcus furiosus b-glucosidase, which showed transglycosylation
yields ca twice better than the wild type.341 Mutations of six amino acid residues introduced a notable transsialidase

activity to Tr ypanosoma rangeli sialidase, which originally had only hydrolytic ability. The target residues were selected

on the basis of a comparison to the sequence of Tr ypanosoma cruzi transsialidase.82

Another rational design concept has recently resulted in the development of thioglycoligases – retaining glycosi-

dases, in which the acid/base catalytic residue was substituted by another amino acid. For example, mutant

b-glucosidase Glu171Ala from Agrobacterium sp. ( b-thioglucoligase) and mutant b-mannosidase Man2A Glu429Ala

from C. fimi (b-thiomannoligase) 140 were able to glycosylate thiosugars, namely pyranose acceptors carrying a thiol at

C3, C4, or C6, with promising yields of 35–82%. Thioglycoligases process glycosyl donors with a good leaving group

that do not require general acid catalysis ( e.g., dinitrophenyl glycosides). Thiosugars are so strong nucleophiles that

they do not need activation by the acid/base catalytic residue to form the glycosidic linkage (see also Section 1.12.2.2).

Therefore, they are optimum acceptors for thioglycoligases, in which this residue is substituted, contrary to wild-type

enzymes (see also Section 1.12.3.1). Mü llegger et al.157 designed an improved mutant thioglycoligase (Glu170Gln)

from Agrobacterium sp. by saturation mutagenesis. A further extension of the thioglycoligase concept represents the so-

called thioglycosynthases, double mutants of retaining glycosidases (both the catalytic nucleophile and the acid/ base

residue were substituted), which use a glycosyl fluoride donor and thiosugar acceptors.342 For reaction mechanisms of

thioglycoligases and thioglycosynthases, see Scheme 10a and 10b, respectively. Both these mutants are covered in

several reviews.334,343

The site-directed mutagenesis can be combined with chemical modification of the mutated residue. Thus, an

unnatural amino acid is incorporated in the active site, which has a positive impact on the enzyme performance. For

example, the substitution of Glu400 by Cys400-SO2H (cysteine sulfinic acid) in inverting glucoamylase from

A. awamori led to a 1.8-fold increase in kcat/Km for maltose hydrolysis.344
1.12.8.3 Directed Evolution – Random Mutagenesis and Screening

Directed or ‘in vitro’ evolution345–347 mimicks the natural evolution in the way of generating new enzymes – by a

screening for a certain function or property from a large pool of variants. The target gene is randomly mutated and the
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originated mutant genes are transformed and expressed in a suitable host to provide a library of mutant proteins

(typically with several amino acid substitutions). This library is extensively screened for the desired phenotype

( e.g., by efficient automated high-throughput screening).348 ,349 Hence, the existence of a reliable and elegant

screening method for the desired reaction is necessary (Section 1.12.5.1). The best variants may then be used for

further cycles of in vitro recombination and selection to accumulate positive mutations (good achievements can

already be reached with two to four rounds of mutagenesis and library sizes of 10 3–10 5 variants). DNA libraries can

be created in numerous ways, basically by recombinative and nonrecombinative methods. DNA shuffling 350 and

staggered extension process (StEP recombination) 351 are examples of the prior approach. The latter comprises mainly

error-prone PCR, which randomly generates point mutations, 352 and saturation mutagenesis, enabling to introduce

all possible amino acids at any predetermined position in a gene. Cloning and sequencing of DNA fragments from

complex environmental samples (e.g., soil) generates so-called metagenome libraries, which thus provide access to

potentially valuable genes of uncultured microorganisms.

Directed evolution ‘irrational’ approach seems to be the best strategy when no information is available on the

enzyme structure. It is particularly precious for increasing the enzyme stability at extreme temperatures or pH or in

organic solvents, as these properties are not easily attributable to one structural feature, and thus less suitable for

the rational design approach. Directed evolution gave yield to, for example, thermostable mutants of homotetrameric

b-glucuronidase from E. coli 353 and of endoglucanase EngB from Clostridium cellulovorans . 354

Another desired property is the abolished hydrolytic activity in favor of synthesis, leading to transglycosidases. This

area is typical for the rational protein design (Section 1.12.8.2), which yielded, for example, successful glycosynthases.

In contrast to glycosynthases, transglycosidases developed by random mutagenesis use classical glycosyl donors (aryl

glycosides) and they are still able to synthesize self-condensation products. A recent example is the evolution of b-
glycosidase from Thermus thermophilus into a b-transglycosidase.355 Even the wild-type enzyme, thermostable and

regioselective, exhibited a high synthesis/hydrolysis ration with ca 50% transglycosylation yields. The developed

Phe401Ser/Asn282Thr double mutant had even significantly better transglycosylation performance.

Regioselectivity modified by directed evolution has been first reported byBacillus stearothermophilus a-galactosidase,
which has a major (a1-6) and a minor (a1-3) regioselectivities in the wild type. Random mutagenesis and StEP led to a

variant with six mutated amino acid residues, which had a higher selectivity for (a1-3) linkage but displayed low

transglycosylation yields.232 A deeper study disclosed another mutant with a new (a1-2) regioselectivity and a high

transglycosylation potential.356 Among the 10 mutations introduced, the Gly442Arg substitution was decisively

responsible for this new activity.

Altering substrate specificity is considered to be a challenging task for the directed evolution approach; however,

some successful cases have been reported, for example, with E. coli b-galactosidase (lac Z). Zhang et al.107 switched its

activity to an efficient b-fucosidase by seven rounds of DNA shuffling and colony screening. He introduced six amino

acid changes resulting in 10- to 20-fold increase in kcat/Km for fucose substrates, which corresponds to 66-fold increase

in the enzyme activity toward p-nitrophenyl b-D-fucopyranoside. Stefan et al.357 studied the feasibility of introducing

b-glucosidase activity into this enzyme.
1.12.9 Conclusion

This chapter was aimed to present the key aspects of glycosidase-catalyzed reactions in their whole diversity. The

approach to enzymatic synthesis has crucially changed since its beginnings more than a 100 years ago – from the first

surprising findings of unexpected spots on a paper chromatogram of saccharide hydrolysis to sophisticated reactions in

ionic liquids, in ice or in biphasic systems with coated or immobilized glycosidases. The latest trend, which exploits

the newest knowledge of genetic engineering, introduced mutants with astonishing properties that could not have

evolved during the natural evolution and that become tractable tools in intended applications.

Synthesis by glycosidases is not a panacea for all the problems encountered in carbohydrate chemistry. However, the

sometimes-heard arguments condemning glycosidases or enzymatic synthesis in general in favor of the ‘reliable’

chemical approach or highlighting glycosyltransferases over glycosidases are at least useless if not narrow-minded.

Each of the methods has its advantages and the art of a good synthetic chemist is to design the best way to achieve

the set goal. Importantly, synthesis by glycosidases should not be a mere ‘l ’art pour l ’art’ technique and a proof of

principle – they should be applied in order to solve real synthetic problems that cannot be overcome by other means.

Hopefully, the simplicity, cheapness, and adaptability of glycosidase-catalyzed reactions will find many more synthetic

applications in the future.
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Glossary

exoglycosidase An enzyme that cleaves a single glycosidic residue at the nonreducing end of an oligosaccharide chain.

endoglycosidase An enzyme that cleaves internal linkages in a glycosidic chain, releasing an oligosaccharidic residue; for

instance, it removes the whole intact oligosaccharide portion from the glycoprotein.

glycosynthase A retaining glycosidase, in whose structure the crucial nucleophilic carboxylate (Asp or Glu) in the active site

was replaced by a non-nucleophilic residue (typically Ala, Ser, or Gly). This mutated enzyme lost its hydrolytic activity and it

catalyzes tranglycosylation with suitable donors in a virtually quantitative yield.

modified glycosyl donor A glycosidase substrate with a relatively minor modification in the glycon moiety (e.g., acylation,
methylation, hydroxyl oxidation) or in the aglycon part (typically, glycosyl azide or fluoride). Such a substrate is hydrolyzed by a

respective glycosidase and sometimes the modified glycon is transferred to an acceptor.

regioselectivity of a glycosidase The ability of a glycosidase to prefer a single hydroxyl in the glycosidic acceptor and to

synthesize just one regioisomer. Glycosidases do not generally distinguish among acceptor hydroxyls and afford a complex

mixture of regioisomeric products. This property is dictated by the glycosidase source.

remote anomeric effect The influence of the acceptor structure (e.g., of its anomeric configuration) on the regioselectivity of

transglycosylation. For example, the use of methyl a- and b-D-glucopyranosides as acceptors leads to different transglycosylation
products.

retaining/inverting glycosidase A retaining glycosidase releases hydrolytic and transglycosylation products with the same

configuration at the anomeric carbon as the original glycoside substrate, whereas an inverting glycosidase affords products with

the opposite configuration to the processed glycoside. Both types of glycosidases differ in the mechanism.

reverse hydrolysis A thermodynamically controlled equilibrium process in which a free monosaccharide is combined with a

nucleophile under the exclusion of a water molecule. Chemically, it is a condensation reaction.

thioglycoligase A retaining glycosidase, in whose structure the acid/ base catalytic carboxylate was substituted by a non-

nucleophilic residue. It catalyzes high-yielding glycosylations of thiosugars, namely pyranose acceptors carrying a thiol at C3, C4,

or C6.
transglycosylation A kinetically controlled reaction, in which a glycosidase (typically, a retaining exoglycosidase) transfers a

glycosidic residue from an activated glycoside donor to an acceptor with the retention of anomeric configuration.
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46. Gelo-Pujic, M.; Guibé-Jampel, E.; Loupy, A.; Trincone, A. J. Chem. Soc., Perkin Trans. 1, 1997, 1001–1002.
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49. Rabaté, M. J. Bull. Soc. Chim. Biol. 1935, 17, 572–601.

50. Fortun, Y.; Colas, B. Biotechnol. Lett. 1991, 13, 863–866.
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226. Linko-Löppönen, S.; Mäkinen, M. Anal. Biochem. 1985, 148, 50–53.

227. Mayer, C.; Jakeman, D. L.; Mah, M.; Karjala, G.; Gal, L.; Warren, R. A. J.; Withers, S. G. Chem. Biol. 2001, 8, 437–443.

228. Sasamoto, K.; Ohkura, Y. Chem. Pharm. Bull. 1991, 39, 411–416.

229. Konstantinidis, A.; Sinnott, M. L. Biochem. J. 1991, 279, 587–593.

230. Kanie, Y.; Kanie, O. Electrophoresis 2003, 24, 1111–1118.

231. Tyl, C.; Felsinger, S.; Brecker, L. J. Mol. Catal. B: Enzym. 2004, 28, 55–63.
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Professor Dr. Vladimı́r Křen is a head of the Laboratory

of Biotransformation, Center of Biocatalysis and

Biotransformation, Institute of Microbiology, Czech

Academy of Sciences, Prague, and a full professor of

medical chemistry at the Medical Faculty of the
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1.13.1 Introduction

Total synthesis of carbohydrates and analogs has kept chemists busy since 1861 when Butlerow1a–1e discovered the

‘formose reaction’, which generates mixtures of racemic aldoses and ketoses by oligomerization of formaldehyde in the

presence of Ca(OH)2. Nowadays, with the advent of highly stereoselective and enantioselective methods, almost any

natural or non-natural carbohydrates can be obtained readily from inexpensive starting materials in enantiomerically

pure form. D-Glucose, D-mannose, D-glucosamine, D- and L-arabinose of natural source are certainly cheaper than

from total synthesis. But when it deals with unnatural enantiomers of common carbohydrates, or with unusual

derivatives in which hydroxy groups are replaced by amino moieties, by alkoxy groups, thio, halogeno, carbon

substituents, etc., total synthesis from non-carbohydrate precursors may be easy and advantageous. By total synthesis,

the carbohydrates are delivered in suitably protected forms. In contrast, by starting from natural sugars, this sometimes

requires several delicate chemical operations.

This chapter describes the most important synthetic approaches that have been developed during the last 25 years.

It will concentrate on techniques generating enantiomerically enriched, or pure carbohydrates and analogs. For earlier

work, the reader will have to consult available reviews.2a–3b Aldoses, alditols, and their derivatives will be considered,

including aza and thiosugars (with nitrogen and sulfur in the pyranose or furanose rings).
1.13.2 The Formose Reaction

The formose reaction has been developed by Loew4a,4b and Fischer,5a,5b who isolated rac-fructose osazone from the

formose reaction mixture. The reaction shows an induction period during which small amounts of glycolaldehyde,

glyceraldehyde, and dihydroxyacetone are formed, which are believed to act as catalytic species by complexing with
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calcium ions, in the subsequent steps. The yield of formose sugars reaches a maximum at the so-called yellowing

point.6 On further reaction, branched sugars are formed involving aldol condensations followed by cross-Cannizarro

reactions.7 Depending on the nature of the base and additives used to induce the formaldehyde oligomerization,

various proportions of trioses, tetroses, pentoses, hexoses, and long-chain aldoses and ketoses are obtained.8a–8c The

addition of glycoaldehyde or a higher aldose to the reaction mixture reduces considerably the induction period for the

oligomerization. Umpolung catalysts of the thiamin type also reduce the induction period.9a–9c When carried out in

dimethylformamide (DMF¼N,N-dimethylformamide), considerable control in the product distribution of the for-

mose reaction is possible by adjustment of the water content (Scheme 1). When, for instance, formaldehyde is heated

to 75�C for 1h with Et3N and thiamin hydrochloride in 8:1 DMF/H2O, DL-2-C-hydroxymethyl-3-pentulose, char-

acterized as its tetraacetate 1 , is produced in 28% yield. 10

The formose reaction has been investigated using immobilized thiazolium catalyst.11 Under these conditions,

the main products are dihydroxyacetone (DHA), erythrulose, and 4-hydroxymethyl-2-pentulose. The relative impor-

tance of these products depends on the amount of thiazolium salts and concentration in 1,4-dioxane.12–14 A possible

mechanism for the formation of dihydroxyacetone is shown in Scheme 2 (Stetter reaction15a–15d analogous to the

benzoin condensation catalyzed by cyanide anion).

Eschenmoser and co-workers16a,16b studied the aldomerization of glycolaldehyde phosphate which led to mixtures

containing mostly racemates of the two diastereomeric tetrose 2,4-diphosphates and eight hexose 2,4,6-triphosphates

(Scheme 3, route A). At 20 �  C in the absence of air, a 0.08 molar solution of glycolaldehyde phosphate 2 in 2 M NaOH

gave 80% yield of a 1:10 mixture of tetrose 3 and hexose 4 derivatives with DL-allose 2,4,6-triphosphate comprising up

to 50% of the mixture of sugar phosphate.

In the presence of formaldehyde (0.5mol equiv.), sugar phosphates were formed in up to 45% yield, with pentose

2,4-diphosphates dominating over hexose triphosphates by a ratio of 3:1 (Scheme 3, route B). The major component

was found to be DL-ribose 2,4-diphosphate, the ratios of ribose, arabinose, lyxose, and xylose 2,4-diphosphate being

52:14:23:11. The aldomerization of 2 in the presence of H2CO is a variant of the formose reaction. It avoids the

formation of complex product mixtures as a consequence of the fact that aldoses which are phosphorylated at the

C(2) position cannot undergo aldose–ketose tautomerization. The preference for ribose 2,4-diphosphate 5 and allose

2,4,6-triphosphate formation might have significance to the discussion about the origin of ribonucleic acids.
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The ‘classical’ formose reaction gives a very large number of carbohydrates including branched-chain iso-

mers.8a–8c Straight-chain carbohydrates such as trioses, tetroses, pentoses, and hexoses are readily obtained in good

yield by a reaction of formaldehyde with syngas in the presence of RhCl(CO)(PPh3)2 and tertiary amines (Scheme 4).17
1.13.3 Prebiotic Synthesis of Carbohydrates

The formation of Earth from a diffuse cloud of cosmic gas and dust occurred some 4.6�109 years ago. It is proposed

that c. 4.0�109 years ago bodies of water were formed and organic chemistry became established. The oldest known

fossils date back to c. 3.6�109 years and show resemblance to modern blue green algae. Biogenesis from organic

chemistry to a primitive cell must therefore have occurred in the time in-between of c. 0.4�109 years. It is accepted

that there was no free oxygen until the advent of photosynthetic bacteria c. 2.7�109 years ago. Under these (reductive)

conditions, energy required for chemical synthesis would be available from the sun in the form of ultraviolet radiation,

blocked today by the ozone layer. Water, ammonia, HCN, acetonitrile, acrylonitrile, cyanogen, cyanoacetylene, and

formaldehyde are believed to be the building blocks for nature. Laboratory experiments have shown that HCN is

formed in good yield from gaseous mixtures of N2, H2, and NH3 in spark discharge experiments of by the action of

ultraviolet radiation on mixtures of CH4 and NH3, gases abundant in outer space. A spark discharge passed through

CH4 and N2, or through HCN, produced cyanoacetylene and cyanogen, respectively. Similar experiments have

demonstrated the formation of formaldehyde.18 Shevlin and co-workers19 have reported that co-condensation of

carbon with H2O and NH3 at 77K generates amino acids. They also showed that atomic carbon generated by

vaporizing in an arc under high pressure reacts with water at 77K to form low yields of straight-chain aldoses with

up to five carbon centers. A mechanism (Scheme 5) involving hydroxymethylene species has been supported by

deuterium labeling studies.20 Under UV irradiation, neutral aqueous solutions of formaldehyde form CO, CO2, CH4,

CH3CH3, and ethylene gas. At the same time, formaldehyde condenses into glycoaldehyde and glyceraldehyde, two

active precurors in the formose reaction. This might correspond to reactions that occurred on prebiotic Earth and that

have led to the first carbohydrates via the formose reaction.21

There is a debate whether the ‘classical’ formose reaction 3a–5b might have played a role in the prebiotic synthesis

of carbohydrates. When slurry of carbonate-apatite is boiled with 0.5M formaldehyde at pH 8.5, a yield lower then
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40% in sugars is reached after a few hours. Prolonged heating decomposes the carbohydrates. Sugars have been

detected from 0.01M formaldehyde but not from 0.001 M solution. Thus it appears than the ‘classical’ formose model

for prebiotic accumulation of sugars is not plausible because it requires concentrated solutions of formaldehyde and

the sugars formed are rapidly decomposed.22 Iron(III)hydroxide oxide [Fe(OH)O] has been shown to catalyze

the condensation of 25mM DL-glyceraldehyde to ketohexoses at 15 �C (pH 5–6). After 16 days, 15.2% of sorbose,

12.9% of fructose, 6.1% of psicose, 5.6% of tagatose, and 2.5% of dendroketose are obtained. After 96 days at 15�C, this
mixture was not decomposed. [Fe(OH)O] also catalyzes the isomerization of glyceraldehyde into dihydroxyacetone

and of dihydroxyacetone into lactic acid (Scheme 6).23

The ‘classical formose’ conditions are not capable to produce large amounts of ribose (for RNA synthesis), nor of any

other individual sugar. In contrast, the reduced sugar pentaerythritol is formed with great selectivity by the ultraviolet

irradiation of 0.1M formaldehyde. This compound may have played an important role in prebiotic chemistry.24 The

seminal work of Eschenmoser and co-workers16a,16b (Scheme 3) suggests that the ‘initial RNA world’ might have

involved glycoaldehyde phosphate.25 In order to explain the concentration process required, one can envisage that

double-layer hydroxide minerals might have played a decisive role, in particular those incorporating sodium sulfite,

which can absorb formaldehyde, glycoaldehyde, and glyceraldehyde by adduct formation with the immobilized sulfite

anions. This translates into observable uptake at concentration �50mM (Scheme 7).26 Sugars have been proposed to

be the optimal biosynthetic carbon substrate of aqueous life throughout the universe.27
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Benner and co-workers28 have followed the formation of pentoses under alkaline conditions from simple precursors

such as formaldehyde and glycolaldehyde in the presence of borate minerals. The latter stabilize the pentose

selectively by forming complexes.
1.13.4 Aldolase-Catalyzed Asymmetric Aldol Condensations

The enzymatic aldol addition represents a useful method for the synthesis of various sugars and sugar-like

structures.29a–29e More than 20 different aldolases have been isolated (see Table 1 for examples) and several of these

have been cloned and overexpressed.30 They catalyze the stereospecific aldol condensation of an aldehyde with a

ketone donor. Two types of aldolases are known. Type I aldolases found primarily in animals and higher plants

do not require any cofactor. The X-ray structure of the aldolase from rabbit muscle (RAMA¼rabbit muscle aldolase)

indicate that Lys-229 is responsible for Schiff-base formation with dihydroxyacetone phosphate (DHAP) (Scheme 8a).

Type II aldolases found primarily in microorganism use Znþþ as cofactor which acts as a Lewis acid enhancing

the electrophilicity of the ketone (Scheme 8b). In both cases, the aldolases accept a variety of natural (Table 1) and of
Table 1 Examples of enzymes catalyzing the equilibria of natural products with various aldol donors and various
aldehydes (the wavy line indicating the C–C bond involved in the reversible aldol reaction)29a–29e
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non-natural acceptor substrates (Scheme 9). N-acetylneuraminic acid aldolase (Neu5Ac aldolase) from Escherichia coli

catalyzes the reversible aldol reaction of N-acetyl-D-mannosamine and pyruvate to give N-acetylneuraminic acid

(sialic acid). This enzyme is quite specific for pyruvate as the donor, but flexible to a variety of D- and, to some extent,

L-hexoses and L-pentoses as acceptor substrates.31a,31b Using error-prone PCR (polymerase chain reaction) for in vitro-

directed evolution, the Neu5Ac aldolase has been altered to improve its catalytic activity toward enantiomeric

substrates such as N-acetyl-L-mannosamine and L-arabinose to produce the enantiomer of sialic acid (a potent
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neuraminidase inhibitor for the treatment of flu is derived from sialic acid),32 and 3-deoxy-L-manno-oct-2-ulosonic acid

(the enantiomer of Kdo)30,33 (Table 1).
1.13.4.1 Resolution of Racemic Aldehydes

Fructose-1,6-diphosphate (FDP) aldolase catalyzes the reversible aldol addition of DHAP and D-glyceraldehyde-

3-phosphate (G3P) to form D-fructose-1,6-diphosphate (FDP), for which Keq�104M–1 in favor of FDP formation

(Scheme 10). RAMA accepts a wide range of aldehyde acceptor substrates with DHAP as the donor to generate 3S,4S

vicinal diols, stereospecifically (Scheme 9). The diastereoselectivity exhibited by FDP aldolase depends on reaction

conditions. Racemic mixture of non-natural aldehyde acceptors can be partially resolved only under conditions of

kinetic control. When six-membered hemiacetals can be formed, racemic mixtures of aldehydes can be resolved under

conditions of thermodynamic control (Scheme 11).

DL-Glyceraldehyde and 1,3-dihydroxyacetone are obtained from glycerol mild oxidation, for instance with hydrogen

peroxide in thepresenceof ferrous salts as catalysts.34 Selective formationof trioseshasbeenobserved in the formose reaction

when a-ketols bearing electron-withdrawing substituents were added to the reaction mixture.35 In the presence of

thiazolium salts, selective conversion of formaldehyde into 1,3-dihydroxyacetone has been reported.36a,36b Hydration

of halopropargyl alcohol followed by hydrolysis gives 1,3-dihydroxyacetone.37a,37b DHAP can be generated by three

different procedures: (1) in situ from fructose 1,6-diphosphate with the enzyme triosephosphate isomerase; (2) from

the dimer of dihydroxyacetone by chemical phosphorylation with POCl3 (Scheme 12); or (3) from dihydroxyacetone

by enzymatic phosphorylation using ATP and glycerol kinase, with in situ generation of the ATP using phosphoenol

pyruvate (PEP) or acetyl phosphate as the phosphate donor (Scheme 13).34
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1.13.4.2 One-Pot Total Syntheses of Carbohydrates

A one-pot procedure has been proposed to convert dihydroxyacetone and PEP into D-tagatose 1,6-diphosphate 6

(Scheme 13). The reaction mixture contains glycerolkinase, pyruvate kinase, triose phosphate isomerase, and a

D-tagatose 1,6-diphosphate aldolase.38

An efficient asymmetric total synthesis of L-fructose combines the Sharpless asymmetric dihydroxylation with an

enzyme-catalyzed aldol reaction. L-Glyceraldehyde prepared from acrolein is condensed to DHAP in a buffered water

suspension of lysed cells of K12 E. coli containing excess of L-rhamnulose 1-phosphate (Rha) aldolase (E. coli raised on

L-rhamnose as sole carbon source). The L-fructose phosphate obtained is hydrolyzed to L-fructose with acid phospha-

tase (AP). Similarly, the RAMA-catalyzed condensation of D-glyceraldehyde with DHAP, followed by acid phos-

phatase-catalyzed hydrolysis, furnishes D-fructose. A one-pot preparation of L-fructose (55% yield) starting from

(�)-glyceraldehyde and DHAP has also been developed.39 An alternative method starting from glycerol and DHAP

using coupled enzymatic system including galactose oxidase, catalase, rhamnulose-1-phosphate aldolase (RhaD), and

acid phosphatase (AP) has also been presented by Wong’s group39 (Scheme 14). The method works also to generate

6-deoxy-D and L-galacto-2-heptulose from (E)-crotonaldehyde, and 6-phenyl-D and L-galacto-2-hexulose from (E)-cin-

namaldehyde.40

Isomerization of L-fructose catalyzed by fucose isomerase (available from commercial recombinant E. coli strains)

furnishes L-glucose (Scheme 15).41
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1.13.4.3 Synthesis of 1,5-Dideoxy-1,5-Iminoalditols

Two potent glycosidase inhibitors, (�)-1-deoxymannonojirimycin (� )-7 and (þ )-1-deoxynojirimycin (þ )-8 , are readily

obtained in three steps in which RAMA is used as catalyst in the key C–C bond-forming step.29a–29e,42a–42e From

racemic 3-azido-2-hydroxypropanal and DHAP, diastereomeric 6-azidoketones are formed. Following the acid phos-

phatase-catalyzed removal of phosphate and subsequent reductive amination (Scheme 16), the products are isolated

in a 4:1 ratio favoring the manno-derivative. A similar result is obtained with FDP aldolase from E. coli.43 Exclusive

formation of (�)- 7 and (þ )-8 is observed if the respective enantiomerically pure azidoaldehydes are used as starting

materials. An analogous RAMA-catalyzed aldol reaction/reductive amination procedure has been used in the total

synthesis of 2-acetylamino-1,2,5-trideoxy-1,5-imino-D-glucitol and 2-acetylamino-1,2,5-trideoxy-1,5-imino-D-manni-

tol from (S)- and (R)-3-azido-2-acetamidopropanal, respectively.44 The 6-deoxy analogs of the 1,5-dideoxy-1,5-

iminohexitols can be obtained by direct reductive amination of the aldol products prior to removal of the phosphate

group. 29a–29e Fuculose-1-phosphate (Fuc-1- P) aldolase catalyzes the aldolization between DHAP and ( �)-3-azido-2-

hydroxypropanal leading to a ketose-1-phosphate 10 which has used the L-enantiomer of the 2-hydroxypropanal

derivative (Scheme 16). Reduction of the azide generates an amine which cyclizes to an imine that is hydrogenated

with high diastereoselectivity providing (þ )-1-deoxygalactostatine ( þ)- 9.29a–29 e
1.13.4.4 Synthesis of 2,5-Dideoxy-2,5-Iminoalditols

When 2-azidoaldehydes are used as substrates in the RAMA-catalyzed aldol reaction with DHAP, the azidoketones

so obtained can be reduced into the corresponding primary amines that equilibrate with imine intermediates, the

reduction of which generate the corresponding pyrrolidines (Scheme 17).29a–29e,45a–45c 1,4-Dideoxy-1,4-imino-D-

arabinitol 11 was prepared from azidoacetaldehyde. Both (2R,5 R)- and (2S,5R )-bis(hydroxymethyl)-(3 R,4R )-

dihydroxypyrrolidine 12 and 13 were derived from racemic 2-azido-3-hydroxypropanal. The aldol resulting from a
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kinetic control was converted into the (2R ,2R) derivative 12, whereas the product resulting from a thermodynamic

control gave the (2S,5R )-stereomer 13. 45 Similar transformations with 3-acetamido-2-azidopropanal gave aza sugars

structurally related to N-acetylglucosamine.46 The Pd-catalyzed inductive aminations of the azidoketones are stereo-

selective. 6-Deoxyaza sugars and their analogs can also be prepared by direct reductive amination of the aldol products

prior to removal of the phosphate group. The reaction is thought to involve an imine 6-phosphate intermediate 14 as

exemplified by the synthesis of 15 (Scheme 17).

One of the most efficient method to generate 2,5-dideoxy-2,5-iminogalactitol 16 relies on the fuculose-1-phosphate

aldolase-catalyzed aldol condensation of 2-azido-3-hydroxypropanal with dihydroxyacetone monophosphate

( Scheme 18 ).  The same method applied to (2R )-2-azidopropanal ( R)- 17 and to (2S)-2-azido-propanal ( S)- 17 allows

to prepare 2,5,6-trideoxy-2,5-imino-D-allitol 18 and 2,5,6-trideoxy-2,5-imino- L -talitol 19 , respectively.29a–29e

A facile synthesis of (3R,5R)-dihydroxy-L-homoproline, an idulonic acid mimic, was realized using L-threonine

aldolase-catalyzed reaction of glycine with an aldehyde derived from L-malic acid.47
1.13.4.5 Synthesis of Deoxythiohexoses

Very successful has been the aldolase-catalyzed aldol reaction as exemplified in Scheme 19.48 The required (R)-3-

thioglyceraldehyde 20 is obtained from regioselective epoxide ring opening of ( S)-glycidaldehyde diethyl acetal with

thioacetic acid and its potassium salt. Condensation of the thioaldehyde 20 with DHAP catalyzed by fructose 1,6-

diphosphate aldolase from rabbit muscle, followed by removal of the phosphate group using acid phosphatase, yields

thio- L -sorbose 21 . Acetylation of 21 generates the tetraacetate 22 , which is subsequently reduced under ionic condi-

tions to the peracetate of 1-deoxy-5-thio-D -glucopyranose 23 . A p p ly in g s im i l a r t e ch ni q u e s, 1 -d eo xy -5 -t hi o- D-galactose,

1-deoxy-5-thio-L-altrose, 1-deoxy-5-thio-D-mannose, 1-deoxy-5-thio-L-mannose, and 2-deoxy-5-thio-D-ribose have

been prepared.48
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A procedure for large-scale production of 2-deoxy-5-thio-D -er ythro-pentose (Scheme 20 ) has been developed. It

uses a recombinant 2-deoxyribose-5 phosphate aldolase (DERA) from E. coli strain DH5a as catalyst that combines

acetaldehyde with racemic 3-thioglyceraldehyde. 49
1.13.4.5.1 Use of aldolase antibodies
Aldolase antibodies 38C2 and 33F12 are able to catalyze both the aldol addition and the retro-aldol reaction. 50 These

catalysts have been employed to carry out the kinetic resolution of b-hydroxyketones 51 and have been found to
catalyze the asymmetric aldol reactions of 23 donors (ketones) and 16 acceptors (aldehydes). 52 A highly efficient

enantioselective synthesis of 1-deoxy- L-xylulose utilizing the commercially available aldolase antibody 38C2 has been

proposed (Scheme 21). 53

1-Deoxy-D -xylulose has been found as an intermediate in the biosynthesis of thiamine (vitamin B1) 
54 and pyridoxal

(vitamin B6 ). 
55 It has been also found to be an alternate nonmevalonate biosynthetic precursor to terpenoid building

blocks.56a ,56b
1.13.5 Asymmetric Synthesis of Carbohydrates Applying Organocatalysis

The asymmetric proline-catalyzed intramolecular aldol cyclization, known as Hajos–Parrish–Eder–Sauer–Wiechert

reaction, 57a,57b was discovered in the 1970s.58a ,58b This reaction, together with the discovery of non-proteinogenic

metal complex-catalyzed direct asymmetric aldol reactions (see Section 1.13.6.5.1), 59a–59c led to the development by

List and co-workers60a,60b of the first proline-catalyzed intermolecular aldol reaction. Under these conditions, the

reaction between a ketone and an aldehyde is possible if a large excess of the ketone donor is used. For example,

acetone reacts with several aldehydes in dimethylsulfoxide (DMSO) to give the corresponding aldol in good yields and

enantiomeric excesses (ee’s) (Scheme 22).61

In the proline-catalyzed aldol reactions, enolizable achiral aldehydes and ketones are transformed into the

corresponding enamines, which can then react with less enolizable carbonyl compounds, even in one-pot protocols.

These reactions, unlike most catalytic aldol reactions, do not require preformed enolates, and constitute direct aldol

reactions.

Computational studies suggest that the mechanism of the proline-catalyzed aldol cyclization is best described by

the nucleophilic addition of the neutral enamine to the carbonyl group together with hydrogen transfer from the pro-

line carboxylic acid moiety to the developing alkoxide. A metal-free partial Zimmerman–Traxler-type transition state

involving a chair-like arrangement of enamine and carbonyl atoms and the participation of only one proline molecule
S
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Scheme 20 Synthesis of 2,5-dideoxy-5-thio-D-erythro-pentose.
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has been established.62,63 Based on density functional theory (DFT) calculations, Córdova and co-workers64a,64b have

studied the primary amino acid intermolecular aldol reaction mechanism. They demonstrated that only one amino

acid molecule is involved in the transition state. The calculations explain the origin of stereoselectivity in those reac-

tions and demonstrate that the proposed mechanism through enamine intermediate can predict the stereochemistry

of the reaction (Figure 1).

Simple L-alanine, L-valine, L-norvaline, L-isolecucine, L-serine, and other linear amino acids64b or chiral amino acids

with a binaphthyl backbone65 and peptides have also been used as asymmetric catalysts.66 Solid-supported proline-

terminated peptides have been used for heterogeneous catalysis of the asymmetric aldol reaction.67 Apart from proline

and derivatives,68a–68e other cyclic compounds, such as 5,5-dimethyl thiazolidinium-4-carboxylate (DMTC),69 2-tert-

butyl-4-benzyl imidazolidinones,70 and (1R,2S)-2-aminocyclopentanecarboxylic acid,71 are effective catalysts in aldol

reactions.
1.13.5.1 Synthesis of Ketoses

The asymmetric introduction of a hydroxy group at the a-position of a carbonyl function has been carried out through

organocatalytic aldol reaction and provides a new method for the de novo synthesis of carbohydrates72 among other

biologically important compounds such as antibiotics, terpenes, or alkaloids. List and co-workers73 have reported the

L-proline-catalyzed aldol reaction between the hydroxyacetone and cyclohexane carboxaldehyde that furnish a

pentulose framework in 60% yield with good regio- and diastereoselectivity (d.r.) and with complete enantioselectivity

(Scheme 23).

This procedure provides a good method for the construction of 1,2-anti-aldol moieties that are less accessible by

the Sharpless asymmetric dihydroxylation (see Sections 1.13.6.1, 1.13.9.4, and 1.13.11), 74 because the corresponding

Z-olefins are difficult to obtain and show reduced enantioselectivity. The first demonstration of the use of the

biologically significant substrate dihydroxyacetone (DHA) as donor in organocatalyzed aldol reaction have been

reported by Barbas III and co-workers.75 The reactions of DHA with protected glyoxal and glyceraldehydes, in

aqueous media and in the presence of enantiomerically pure diamine 24, provide access to pentuloses and hexuloses,

respectively (Scheme 24).

The use of protected dihydroxyacetone (e.g., 25) improved considerably the stereochemical outcome of the reaction.

In this regard, Barbas III and co-workers76 have reported the organocatalyzed aldol reaction of dihydroxyacetone

variants such as 1,3-dioxan-5-one and 2,2-dimethyl-1,3-dioxan-5-one with aldehydes in the presence of (S)-proline
N

O O

CH3

O

O
H

O

H3C

H3C

H

Figure 1 Postulated transition state model.

O

OH

OHC
+

30% (S )-Pro
DMSO, 20 �C, 2 d

60%

OHO

OH

>95% regioselectivity
>97:3 d.r., >99% ee

O
R

OH

R�

OH
R

CHO

R�
R R

CHO
OH

CHO

R

CHO

R
++

R = OH, Alkyl AABA�A

Scheme 23 Proline-catalyzed aldol reactions and retrosynthesis of a carbohydrate framework.



O

OH

O

HR
OH

+ R
OH

OH O

OH
R

OH
OH O

OH

+
24 , DMSO
0.01 M phosphate
buffer
2.5 mM KCl
137 mM NaCl, pH = 7.4
20 �C, 24–48 h

N
N (25 mol%) 

R = 4-NO2C6H4
R = BnOCH2
R =

Yield (%)

90
50
47

anti/syn

1:1
>20:1

1:1O
O

CH2

Scheme 24 Direct organocatalytic aldol reaction in buffered aqueous media (1:1 DMSO/H2O).

O

HR
+

R =

R = AcOCH2

R = O

R = (MeO)2CH
R = BnOCH2

Yield (%)

75

60
40

69
40

anti/syn

95:5

>15:1
>15:1

94:6
>98:2

O

O O

O

O O

O

R

OH

20 mol% (S )-Pro

DMF, 4 �C, 72 h

N  CH2

O

O

ee (%)

98

98
94

90
97

25

Scheme 25 Stereoselective L-proline-catalyzed aldol reaction.

Synthesis of Monosaccharides and Analogs 503
((S)-Pro) and (S)-2-pyrrolidine-tetrazole. Reactions of 2,2-dimethyl-1,3-dioxan-5-one with appropriate aldehydes

provide access to L-ribulose and D-tagatose (Scheme 25).

Enders and co-workers77a–77c also reported highly diastereo- and enantioselective direct organocatalytic aldol

reactions of 25 with appropriate aldehydes in the presence of ( S)-proline.

In this way, various protected carbohydrates and amino sugars were obtained. There is a matching correspondence

between a-branched ( S)- or (R )-configurated aldehydes and (S)- or (R )-proline, respectively. Thus, the reaction of 25

with the (R)-configurated 2,3-di-O-isopropylidene-D-glyceraldehyde gives the double acetonide of D-psicose in 76%

yield. Acidic deprotection with Dowex gives the parent D-psicose. A similar route has been reported by Córdova and

co-workers.78

The L-alanine-catalyzed reaction of 25 and BnOCH2CHO gives 5-O-benzyl-1,3-di-O-isopropylidene-L-ribulose

(B n ¼ benzyl).64b The direct a symmetric intermolecular a ldol reac tion s are al so catalyzed by smal l peptides. F or instance,

in the presence of 30mol%of L-Ala-L-Ala in DMSO containing 10 equiv. of H2 O, 25 reacted with 4-cyanobenzaldehyde

giving the corresponding aldols with anti/syn ratio of 13:1 and ee 99% for the anti-aldol (65% yield).79
1.13.5.2 Synthesis of Aldoses

Aldopentoses such as D-ribose and L-lyxose have been prepared applying the methodology reported by Enders and

co-workers,77a–77c followed by stereoselective reduction and acetal hydrolysis (Scheme 26).

McMillan and co-workers80 have reported the first example of direct enantioselective aldehyde–aldehyde cross-

aldol reaction using small molecules as catalysts. Subsequently, they have described the enantioselective dimerization

and cross-coupling of a-oxygenated aldehydes to provide erythrose architecture. A second L-proline-catalyzed aldol

reaction generates hexoses (Scheme 27).81
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Combining the L -erythrose derivative 26 obtained by L-proline-catalyzed dimerization of (t -Bu)Ph2SiOCH2CHO

with enoxysilane 27 in Mukaiyama aldol reactions catalyzed by various Lewis acids, MacMillan and co-workers have

realized efficient, two-step syntheses of semi-protected L -glucose 28, L-mannose 29 , and L-allose 30 ( Scheme 28 ). 82

The enamine geometry 32 is crucial for the stereocontrol in organocatalytic aldehyde–aldehyde couplings; amines

of type 31 are convenient catalysts for enantioselective enamine–aldol reactions. Examples are shown in Scheme 29. 70

Importantly, with a-silyloxy acetaldehyde, the syn-aldol is the major dimer (threose derivative). Thus, applying

Mukaiyama condensations with 27 (see Scheme 28 ), hexoses such as idose, gulose, and galactose can be prepared.

A highly stereoselective protocol for the cross-coupling of aldehydes and ketones with a-thioacetal aldehydes has been
developed (Scheme 30).83 The latter acts as acceptor only because of its good electrophilic and non-nucleophilic

character. The a-thioacetal functionality in this enantioselective cross-coupling allows access to highly oxidized,

stereodefined synthons of broad versatility. Moreover, the observed reactivity profile makes them pre-eminent

substrates for highly selective cross-aldol reactions with ketone donors.

Córdova and co-workers have studied the double aldol reaction of benzyloxyacetaldehyde using various a-amino-

acids as catalysts. With L-proline and hydroxy-L -proline, the L -allose derivative 33 was obtained in 41% and 28% yield,

respectively, and with an ee higher than 98% (Scheme 31). As expected, with D-proline as catalyst, the corresponding

D-allose derivative was obtained with the same ease in one-pot operation.84

Out of the 16 possible stereoisomers, a single one is obtained with 99% ee. The same authors reported that the same

amino acids were also efficient organocatalysts in water, demonstrating the neogenesis of carbohydrates under

prebiotic conditions using glycolaldehyde as substrate. With regard to the synthesis of deoxy- and polyketide sugars,

Córdova and co-workers also reported an enantioselective de novo synthesis of both enantiomers of natural or unnatural

hexoses with up to 99% ee. This implied tandem two-step sugar synthesis based on direct aminoacid-catalyzed
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selective iterative aldol reaction with aldehydes (Scheme 32).85 In these reactions, the donor aldehyde is converted

into an enamine by reaction with the amino acid catalyst, in a process analogous to the biosynthetic aldol reactions

catalyzed by class I aldolases.

Silyl-protected glycoaldehydes have been used also for these tandem direct amino acid-catalytic asymmetric aldol

reactions, giving rise to hexoses with free hydroxyl groups at C3 and C1. This allows the introduction of orthogonal

protecting groups in the monosaccharide. This is of importance for oligosaccharide synthesis. Further oxidation

furnishes the corresponding lactones. Darbre and co-workers86a,86b have reported a Zn-proline-catalyzed aldolization

of glycoladehyde and rac-glyceraldehyde that gives mainly tetroses and pentoses.
1.13.5.3 Synthesis of Amino Sugars by Aldol and Mannich Reactions

Direct organocatalytic asymmetric aldol reaction of a-aminoaldehydes with other substituted aldehydes furnishes

b-hydroxy-a-aminoaldehydes with high anti-stereoselectivity. This procedure is of importance for the synthesis of

a-amino sugars and derivatives. Additionally the oxidation of aldehydes gives rise to highly enantiomerically enriched

anti-b-hydroxy-a-amino acids (Scheme 33).87

Barbas and co-workers have used the aldol-organocatalyzed condensation between 25 and 34 for the preparation of

amino sugars (Scheme 34).76

The aldol reactions of 25 with appropriate aldehydes in the presence of L -proline have been also used by Enders

and co-workers 77a–77 c for the preparation of amino sugars D- er ythro -pentos-4-ulose, 5-amino-5-deoxy- L-psicose 36 ,

and 5-amino-5-deoxy- L -tagatose 37 derivatives.

Barbas and co-workers reported organocatalyzed Mannich reactions between p-methoxyphenyl-protected a-imino

ethyl glyoxolate and aldehydes (Scheme 35).88a–88c
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The proline-catalyzed Mannich reaction has been applied also by List and co-workers (Scheme 36).89a,89b In their

method, enolizable aldehydes, ketones, and a primary amine are mixed together with a substoichiometric quantity of

L- and D-proline to give the desired b-aminocarbonyl compounds. When applied to hydroxyacetone, the method

furnishes 4-amino-4-deoxytetruloses.

The reaction exhibits opposite enantiofacial selectivity to the proline-catalyzed aldol reaction. The attack to the

si-face is preferred. An explanation for this enantiofacial selectivity has been proposed by List that is based on

the transition state models shown in Figure 2.

Enders and co-workers90 have reported a protocol for the synthesis of aminopentoses and aminohexoses based on

the use of 2,2-dimethyl-1,3-dioxan-5-one ( 25) as ketone donor in a three-component Mannich reaction with several

aldehydes and p-anisidine in the presence of L-proline or (tert-butyl)dimethylsilyloxy-L-proline as organocatalysts.

Córdova and co-workers91 reported simultaneously a similar approach for the synthesis of protected 4-amino-4-

deoxy-threo-pentulose and 4-amino-4-deoxy-fructose (Scheme 37). The catalyst can be L-proline, other a-amino

acids, or alanine-tetrazole.92

The three-component Mannich reactions with various donor aldehydes have been studied also by Hayashi and co-

workers,93 giving rise, after reduction, to several aminopolyols with high syn-diastereo- and enantioselectivities.94
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1.13.6 Chain Elongation of Aldehydes through Nucleophilic Additions

Chemical asymmetric cross-aldol condensations using enantiomerically pure Lewis acids as promoters (instead of an

aldolase or a-amino acid) have been applied to prepare monosaccharides and analogs.95a,95b If enantiomerically pure

aldehydes (such as diol-protected D- or L-glyceraldehyde) are available, they can be chain-elongated by one, two, or

more carbon centers with high diastereoselectivities. The classical Kiliani–Fischer cyanohydrin synthesis96a–96c is a

milestone in carbohydrate chemistry and has been used in numerous applications.97 Nevertheless, diastereoselectivity

of the nucleophile addition is often low, and the harsh reaction conditions that are required to reveal the chain-

elongated aldose from either their aldonic acid or directly from the cyanohydrin are serious drawbacks. Currently, there

are many more flexible methods to carry out one-carbon homologations of aldehydes, including the reductive end

of aldoses that will be presented below. Aldehyde allylation with allyl boronates98a–98d or with allylstannanes99a–99c

emerge as quite useful because of their high diastereoselectivity and the diversity of modifications that can be applied

to the allylic alcohols. With achiral aldehydes, enantiomerically pure allylic and allenyl stannanes can be used in the

asymmetric synthesis of monosaccharides and analogs.99a–99c,100
1.13.6.1 Total Synthesis of D- and L-Glyceraldehyde and Other C3 Aldose Derivatives

D- and L-glyceraldehyde derivatives are chirons that have been exploited extensively in the total synthesis of mono-

saccharides and analogs. The acetonide of D-glyceraldehyde (( R)- 37, (R )-2,3- O-isopropylidene- D-glyceraldehyde) is

most simply obtained from D-mannitol. D-Glyceraldehyde has been derived also from D-fructose, L-glyceraldehyde

from L -sorbose. 101 The acetonide of L -glyceraldehyde ((S)-37 , (S)-2,3- O-isopropylidene- L-glyceraldehyde) is usually

derived from ascorbic acid.102 The aldehydes ( R)- 37 and ( S)- 37 are not very stable as monomers and undergo

racemization on storage. Derivative ( R)- 38 (2-O -benzylglyceraldehyde) has been proposed as an alternative to

( R)- 37. It is obtained from ( S, S)-tartaric acid as shown in Scheme 38. 103

Enantiomer (S)-38 can be derived from (R ,R )-tartaric acid in the same way. (R ,R )-Tartaric acid is obtained in large

quantities from potassium hydrogen tartrate, a waste product of wineries. Racemic tartaric acid is synthesized104 on

large scale from maleic anhydride and H2O2. Its resolution is carried out either by crystallization, or by enzymatic or

microbiological enantiodifferentiating conversions. Thus, both (S,S)- and (R,R)-(�)-tartaric acid are supplied by the

industry inexpensively.105

Chain extension using an insertion reaction of dichloromethyllithium or dibromomethyllithium with (S)-pinanediol

[(benzyloxy)methyl]boronate 39 has been used to generate L-C3, L-C4, and L-C5-aldoses.
106 In order to obtain 2,3-O-

dibenzyl- L-glyceraldehyde 40, the insertion reaction has to be applied twice (Scheme 39 ). By repeating the process

two more times, L-ribose has been prepared this way with high enantiomeric purity.106

The synthesis of 3-O-methyl-D-glyceraldehyde starts with D-fructose.107 The preparation of 2-O-methyl-D-glycer-

aldehyde and 2-O -benzyl-D-glyceraldehyde (( R)- 38) starts from D-mannitol. 108 Enantiomerically pure derivatives of

glycerol can be prepared on large scale through the lipase (pig pancreas, EC 3.1.1.3)-catalyzed hydrolysis of prochiral

diacetate 41 . The procedure gives (R )-42 (45% yield, 88% ee), which can be converted into crystalline derivative

( R)- 43 or (S)-43 (> 99% ee) as shown in Scheme 40 .109
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Instead of applying enantioselective hydrolysis of meso-diacetates, monoacetylation of meso-diols can generate

enantiomerically enriched monoesters. The catalyst can be an esterase in vinyl acetate (e.g., 44 ! (S)- 42) or a short

peptide derivative (e.g., 45 ! 46 catalyzed by 48), as shown in Scheme 41. Transition state 49 has been proposed for

the asymmetric monoacetylation of diol 45 with acetic anhydride catalyzed by peptide 48 .110

The ( R)- and (S)-benzyl epoxypropyl ether (R )-50 and (S)-50 have been derived from O -benzyl-L-serine

(Scheme 42).111

Stable and easily handled protected forms of L- and D-glyceraldehyde have been obtained by the Sharpless

asymmetric dihydroxylation of the benzene-1,2-dimethanol acetal 51 of acrolein (Scheme 43). The method produces
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either diol (R)- 52 or (S)- 52 with 97% ee after recrystallization from benzene. These diols can be converted into useful

C3 chiral building blocks, for instance, epoxides (R )-53 and (S)-53 , respectively.112 a,112b

Derivatives of D- and L-glyceraldehydes such as 2-amino-2-deoxyglyceraldehyde (serinal), 3-deoxyglyceraldehyde

(2-hydroxypropanal), and 2,3-dideoxy-2-aminoglyceraldehyde (2-aminopropanal) have been used extensively to

construct rare monosaccharides and analogs through chain elongation applying nucleophilic addition to their carbonyl

moiety.113 Semiprotected (R)- and (S)-2-hydroxypropanols are most simply derived from the readily available

D-(-)-lactic and L-(þ)-lactic acids, respectively. (S)-2-Benzyloxypropanal can be obtained via benzylation of ethyl

L-lactate, followed by reduction with LiAlH4 and Swern oxidation. N-(t-Butoxycarbonyl)-L-alaninal can be obtained

with high enantiomeric purity by LiAlH4 reduction of the N-methoxy-N-methyl-a-(t-butoxycarbonylamino)carbox-

amide of alanine.114 Alternatively, N-9-(9-phenylfluorenyl)-L-alaninal has been derived from L-alanine.115

The N-ethyloxazolidinone 57 (Scheme 44 ) is obtained from L -serine by treating (S)-serine methyl ester hydrochlo-

ride with Et3 N, acetaldehyde, and NaBH4 to give N -ethylamine 55 . O xa zo li din one fo rma tion w it h c ar b ony ldiim ida zole



OH O

O
OH

O

O

OH O

O
OH

AD-mix-a
25 °C

t-BuOH, H2O

AD-mix-b

(R )-52

(S )-52

(S )-52
O

O
O

 i, TsCl, py
ii, NaOMe

AD-mix-a : K2Fe(CN)6, K2CO3, K2OsO2(OH)4 (cat.) + ligand a (cat.)
AD-mix-b : Idem + ligand b

NN N N

N N

N N

MeO OMe

EtEt

N N

N N

MeO OMe

Et Et

Ligand for AD-mix-b Ligand for AD-mix-a

(S )-53

51

Scheme 43 Sharpless asymmetric dihydroxylation applied to the syntheses of C3-sugar precursors.

HO
COOMe

NH2.HCl
HO

COOMe

EtN–H

O
N

COOMe

O

MeCHO, Et3N
NaBH4

N
N

O
N

N

MeCN, 80 °C

O
N

H
O

 i, COCl2, K2CO3

ii, NaBH4, EtOH

555 56

OH
O

N
H

O

I
O

N

CHO

O

 i, TsCl, py

DIBAL-H

O
N

H
O

PPh3

5958 57 (Electrophilic chiron)

PPh3/DMF
100 °C

60 (Nucleophilic chiron)

54

I

ii, NaI, acetone

−

Scheme 44 Synthesis of electrophilic and nucleophilic C3-chiron containing masked 2-amino moieties.

Synthesis of Monosaccharides and Analogs 511
leads to 56, the reduction of which generates aldehyde 57 .116 A nucleophilic alaninol synthon 60 has been derived

from 54 by protection of the alcohol and amine moieties as a carbamate obtained by treatment with phosgene.

Reduction of the ester gives the corresponding alaninol 58 which is tosylated, then displaced successively with iodide

and triphenylphosphine to generate 60 ( Scheme 44). 117
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1.13.6.2 One-Carbon Homologation of Aldoses: The Thiazole-Based Method

Dondoni and co-workers have shown that homologation of a-hydroxycarbaldehydes and a-hydroxylactones can

be achieved with high anti-selectivity by addition of 2-(trimethylsilyl)thiazole 61 (Scheme 45). 118a–118j For instance,

D -glyceraldehyde (R )-37 reacts with 61 giving 62 in 96% yields and anti-versus syn-diastereoselectivity better than

95:5. Release of the carbaldehyde moiety requires protection of the alcohol as a benzyl ether, methylation of the

thiazole to generate intermediate 63 that is not isolated but reduced in situ with NaBH4 to give the corresponding

thiazoline. Mercury( II)-catalyzed hydrolysis liberates the semiprotected D -erythrose derivative D -64 in 62% overall

yield.119 Methylation of the thiazole moiety can use methyl triflate instead of MeI, and copper(II) chloride can be used

instead of mercury(II) chloride.120

The iterative addition and unmasking protocols were repeated over several consecutive cycles, so that the chain

elongation of the triose ( R)- 37 was brought up to the nonose derivative 65 (all- anti configuration of the polyol)

(Scheme 46).

For the preparation of syn-isomers, alcohol 62 has to be oxidized into the corresponding ketone, which is reduced

with potassium tri- sec-butylborohydride (K-selectride) into the syn-isomer 66 (Scheme 47 ). The a-amino aldehyde

L -69 , derived from L -serine, was converted into aminotetrose and pentose derivatives 70 and 71, respectively. The

anti -diastereoselectivity observed for addition of 61 to the N,N-diprotected a-amino aldehyde L-69 can be reversed to

syn-selectivity by using an N-monoprotected derivative.121a,121b

An aminohomologation of carbaldehydes has been developed by Dondoni and co-workers, thus extending remark-

ably the scope of their one-carbon chain elongation method (Scheme 48). For example, the N-benzylnitrone 72

derived from D -glyceraldehyde acetonide (R )-37 adds to 2-lithiothiazole 73 giving the syn -adduct 74 with 92%

diastereoselectivity. Interestingly, the same reaction applied to 73 precomplexed with Et2AlCl or TiCl4 gave the

anti -diastereomer 75 preferentially in high yield. The method has been applied to the synthesis of all kinds of amino

sugars including D-nojirimycin ( D-78 ) via the dialdehyde sugar derivative 77 (Scheme 48 ).122 a

The aminohomologation of (R )-37 via nitronate 72 can use the addition of 2-lithiofuran instead of 2-lithiothiazole.

The furyl moiety is then oxidized to open the corresponding 2-aminoaldonic acids.122b Alternatively, the nucleophilic

addition of alkoxy-methyllithium derivatives to nitrones of type 72 are either syn- or anti-selective in the absence or

the presence of Et2AlCl, respectively. The adducts so obtained have been converted into C4 building blocks and

b-hydroxy-a-aminoacid.122c Starting from 2,3,5-tri-O-benzylfuranoses, the same strategy (aminohomologation) has

allowed to prepare 2,5-dideoxy-2,5-iminohexitols and aza-C-disaccharides.122d
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1.13.6.3 Other Methods of One-Carbon Chain Elongation of Aldoses

An alternative method ( Scheme 49 ) for the homologation of D -glyceraldehyde derivative (R )-37 to derivatives of

D-erythrose 80 and D -threose 81 has been proposed by Kusakabe and Sato. 123 Reaction of ( R)- 37 with appropriate

1-(trimethylsilyl)vinyl-copper reagents leads to either anti- or syn-stereoselective adducts anti-79 anti (anti /syn 20:1) or

syn- 79 syn (syn /anti 98:2) in 87% yield. Alcohol protection, followed by ozonolysis, furnishes D -80 and D -81 , respec-

tively.

The nitroaldol condensation with nitromethane (Henry’s reaction), followed by Nef decomposition of the resultant

nitronate under strongly acidic conditions, has been used to elongate aldehydes. For instance, N-acetyl-D-mannosa-

mine has been converted into N-acetylneuraminic acid applying this method iteratively.124a Et3N-catalyzed addition

of CH3NO2 to 1,4:3,6-dianhydrofructose and subsequent Pd–C-catalyzed hydrogenation afforded 2-C-aminomethyl-

1,4:3,6-dianhydromannitol.124b Chikashita and co-workers125 have reported good levels of anti-diastereoselectivity

better than 99% in an iterative homologation sequence using 2-lithio-1,3-dithiane126a,126b with 2,3-O-cyclohexylidene-

D-glyceraldehyde (R )-82 . In the case of the BOM-protected tetrose derivative, the addition of 2-lithio-1,3-dithiane

was syn-selective (syn/anti 82:18) (Scheme 50; BOM¼PhCH2OCH2).
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Addition of MeMgI to aldehyde 87 gave a mixture of secondary alcohols 88 and 89 with low diastereoselectivity.

The selectivity 88 versus 89 increased to 97:3 when aldehyde 87 was precomplexed with ZnCl2 in CH2Cl2/Et2O

at �78�C. Me2 CuLi added to 87 gives mostly 88. Interestingly, the reaction of 87 with Me 3Al in hexane furnished a

4:96 mixture of 88 and 89 in 70% yield. Compound 88 was treated with AcOH and then with MeOH/MeONa giving

L-fucose (Ac¼CH3 CO). Compound 89 was esterified by CH 3 SO2 Cl and then displaced with NaN3 into an azide that

was readily converted into 1,5-dideoxy-1,5-imino-L -fucitol ( 90). Similarly, the mesylate derived from 89 was reacted

with KSAc in DMSO/HMPA (HMPA¼hexamethylphosphoramide ((Me2 N)3 P¼ O)). After treatment with MeOH/

MeONa and acidic hydrolysis, 5-thio- L- fuco-pyranose 91 was obtained (Scheme 51 ). 127

The one-carbon elongation of aldoses to ketoses using iodomethyllithium adding to the corresponding aldonolac-

tones has been used by Bessières and Morin to convert D-mannose into D-manno-hept-2-ulose, and L-arabinose into

L-fructose.128a The addition of Grignard reagent to lactols or aldehydes derived from D-glucose, or D-mannose, has

allowed the preparation of higher-carbon sugars.128b Syntheses of 3-deoxy-2-ulosonic acids have utilized the reactions

of ketene dithio-acetals obtained via Horner–Emmons or Peterson olefination of 2-deoxy-1,5-hexono-lactones.129

Wittig methylenation of 2,3,4-tri-O-benzyl-6-O-(4-methoxybenzyl)-D-glucopyranose gives an enitol that is converted

into 7-O-(4-methoxybenzyl)-4,5-di-O-benzyl-3,6-anhydro-L-ido-hept-1-enitol. Further steps generate (3S,4R,5S)-3,4-

dibenzyloxy-2-methylidene-5-vinyltetrahydrofuran. The latter allyl-vinyl ether is isomerized into a mixture of (1R

and 1S,2R,3S)-1-hydroxy-2,3-dibenzyloxycyclohept-4-ene on treatment with (i-Bu)3Al in CH2Cl2.
130a Wittig methy-

lenation of 2,3-O-isopropylidene-D-ribofuranose and subsequent Malaprade oxidation (NaIO4/H2O/CH2Cl2) gives a

g,d-unsaturated aldehyde that generates L-ribose after alkene dihydroxylation and acetonide hydrolysis.130b L-apiose

has been obtained following a similar synthetic procedure.130b
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1.13.6.4 Additions of Enantiomerically Pure One-Carbon Synthon

The addition of (þ )-( R)-methyl p-tolylsulfoxide 93 to carboxylic esters gives the corresponding b-keto sulfoxides.
When applied to a, b-unsaturated esters 92, the ketosulfoxides 94 so obtained are reduced with high diastereoselec-
tivity with LiAlH4 or ( i-Bu) 2AlH giving optically b-hydroxy sulfoxides such as (R ,S)- 95 and (R, R)- 95 (Scheme 52 ).131

When applied to ester 96, this method generates allylic alcohol 97 that underwent highly diastereoselective osmium-

catalyzed dihydroxylation giving 98 . A Pummerer rearrangement and subsequent reduction with (i-Bu)2AlH and

acetylation furnished the L-arabinitol derivative 99 (Scheme 52 ).132
1.13.6.5 Two-Carbon Chain Elongation of Aldehydes

1.13.6.5.1 Asymmetric aldol reactions
Enantiomerically pure glycolaldehyde derivatives 100 undergo aldol condensations in the presence of Et3N giving

mixtures of erythrose and threose derivatives 101 (Scheme 53) for which the erythrose/threose ratio reaches 58:42 and

the L/D ratio 62:38.133a,133b

A very elegant asymmetric synthesis of D-ribose from achiral starting materials has been presented by Mukaiyama

and co-workers.95 It is based on the cross-aldolization of crotonaldehyde (102 : R¼ H) and enoxysilane 103 in the

presence of an enantiomerically pure diamine 104 , the chiral inducer ( Scheme 54 ). High diastereoselectivity ( anti/syn

>98:2) and high enantioselectivity ( >97% ee for anti-aldol) are observed. The anti-aldol 105 is then doubly

hydroxylated with moderate facial selectivity to give a 72:28 mixture of aldonolactones 107 and 108 . Reduction of the

major lactone 107 provides 109 , the debenzylation of which furnishes D -ribose. The same method has been applied

to prepare 4-C -methyl-D -ribose and 6-deoxy- L-talose starting with methacrolein (102 : R¼ Me) and (E )-but-2-enal

((E)-crotonaldehyde), respectively (Scheme 54).134,135

Applying an analogous method, Kobayashi and Kawasaki95b have prepared L-fucose from (E)-crotonaldehyde and

the ketene acetal 113 in four steps and 49% overall yield (Scheme 55 ). The asymmetric aldol condensation is

catalyzed by a complex made of Sn(OTf)2 and chiral diamine 114 (Tf ¼ trifluoromethanesulfonyl).
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1.13.6.5.2 Nucleophilic additions to enantiomerically pure aldehydes
Mukaiyama and co-workers have pioneered many routes to the total syntheses of rare carbohydrates such as the

2-amino-2-deoxypentoses.134 In 1982, they reported that the potassium enolate derived from the magnesium salt of

( R)-atrolactic acid derivative 115 adds to 2,3-O -isopropylidene-D -glyceraldehyde in a highly stereoselective manner

giving, after alcohol protection, imine hydrolysis, and amine protection, the D-arabinopentonate derivative 116

( Scheme 56 ). Further elaboration leads to 2-acetamido-2-deoxy- D -arabinose 117 . In a similar fashion, starting from

( S)-atrolactic acid, 2-acetamido-2-deoxy- D -ribose 118 has been prepared.135

Several syntheses of aminodeoxypentoses have employed a similar approach in which a three-carbon starting

material is condensed with a two-carbon entity. For instance, the nucleophilic addition of methyl isocyanate to (R)-

37 is highly diastereoselective, giving a mixture of er ythro - and threo-adducts (Scheme 57). The major adduct is then

converted into methyl 2-amino-2-deoxy-D-arabonate.136

A synthetic equivalent of the glycoaldehyde anion, the dioxaborole 119 (Scheme 58),  has  been used for  the carbon-

chain elongation of aldehydes. Thus, L-ribose is prepared from the addition of 2,3-O-cyclohexylidene-L-glyceraldehyde
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(S)- 82 to 119 . Double addition and higher addition reaction to yield polymers is alleviated by using a polymer-

supported reagent.137

Ethyl (S)-lactate has been the primary source of chirality in several syntheses of aminodeoxycarbohydrates. The

derivative 121 of 2-amino-2-deoxy- L -lyxonic acid is the major product of condensation of 2-O-benzyl L -lactaldehyde

with silyl ketene acetal 120 . The derived ester 121 can be converted into lactone 122 (Scheme 59), 138 an intermediate

for the synthesis of L-daunosamine and L-vancosamine.
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1.13.6.5.3 Nitro-aldol condensations
The syntheses of 2-amino-2-deoxy- D - and L -arabinose and of 1,4-dideoxy-1,4-imino- D-lyxitol 124 have been achieved

via the nitro-aldol condensation (Henry’s reaction) of 2-O -benzyl-D-glyceraldehyde (R )- 38 and the diethyl acetal of

nitroacetaldehyde (Scheme 60), which gives a 88:12 mixture of the arabino- and ribo-adducts. Their reduction and

subsequent protection of the amines so obtained, then selective tosylation of the primary alcohol and hydrogenolysis

gives 123 , which is subsequently converted into 124 .140
1.13.6.5.4 Nucleophilic additions of enantiomerically pure enolates
Braun’s enantiomerically pure acetate 125 (( R)-‘HYTRA’)141 can be converted to the lithium enolate 126 (HYTRA ¼
CH3COOCH(Ph)C(Ph) 2 OH). Subsequent addition to acrolein predominantly gives (10  R,3R )- 127 (diastereoselectiv-
ity: 92:8). Alkaline hydrolysis of (1 0  R ,3R )-127 provides (R)- 128 with 83% ee (Scheme 61). On treatment of ( R)- 128



COOEt

MeH
HO

CHO

MeH
RO Br

Li

Me

Br
HO

RO

 i, (t-Bu)Ph2SiCl
   Imidazole

ii, DIBAL-H
   CH2Cl2, −65 °C

−105 °C

HO

O

O  i, t-BuLi, THF
 ii, H3O+

iii, TBAF
iv, HC(OEt)3

Cyclohexanone
 v, O3, CH2Cl2, Me2S

O

O

Major

OH

OH

O

O

O

OH

OH

O

+

D-Digitoxose

R = TBDPS

Sia2BH = (Me2CHCHMe)2BH

 i, CF3CO2H, H2O

ii, Sia2BH/THF, 25 °C
Chromatography

O

HO
OH

OH

Me

134

 i, +126
ii, KOH/MeOH

Minor

Scheme 62 Braun’s synthesis of D-digitoxose.

N
N

MeO Ti(NEt2)3

OMe
H

O
N

N

HO
OMe

COOMe
NHAc

HO
Me

O

+

137136135

MeO

Scheme 63 Use of an enantiomerically pure bislactim ether.

520 Synthesis of Monosaccharides and Analogs
with (S)-1-phenylethylamine and recrystallization, ( R)- 128 is isolated in 42% overall yield and > 99% ee. This

compound has been converted into 129 by iodolactonization. Compound 129 is a precursor of the 2-deoxyfuranosides

131 –133 . 142

D-Digitoxose, a component of cardiac glycosides found inDigitalis purpurea and other higher plants, can be prepared

following a similar method starting from ethyl (R)-lactate 134 and (R)-HYTRA (Scheme 62). 143

The chiral titanated bislactim ether 135 undergoes 1,2-addition to a,b-unsaturated aldehydes. With methacrolein, it

gives adduct 136 , the epoxidation of which and subsequent hydrolysis forms the branched-chain amino acid derivative

137 ( Scheme 63 ). 144

The phenylalanine-derived oxazolidinone 138 undergoes a diastereoselective aldol reaction with crotonaldehyde to

give the syn-product 139 . Formation of the Weinreb amide, followed by silylation of the crude secondary alcohol,

provides 140 . The chiral auxiliary is recovered at this stage. Product 140 is a potential precursor of all kinds of

monosaccharides and analogs, including of 1-deoxynojirimycin (Scheme 64).145

The C33–C37-unit of (þ)-calyculin A (a marine natural product) is an amide derived from 5-O-methyl-4-deoxy-4-

dimethylamino-D-ribonic acid, which has been prepared by Evans and co-workers.146 N-Protection of sarcosine as

benzyl carbamate affords acid 141 which is activated and used to N -acylate the ( S)-phenylalanine-derived oxazolidi-

none. This gives 142 that is methoxymethylated diastereoselectively (98:2) to give 143 . Reductive removal of the

chiral auxiliary, followed by Swern oxidation, forms aldehyde 144 with little racemization if the Hü nig base (i-Pr2NEt)



ON

O

H

Bn

ON

O

Bn
BnO

O

ON

O

Bn
BnO

OOH

H

O

Bu2BOTf, Et3N
−78 to 20 °C

90%
139138

N
BnO

O(t-Bu)Ph2SiO
Me

OMe

140

 i, MeNH(OMe)⋅HCl
    AlMe3, CH2Cl2
ii, (t-Bu)Ph2SiCl
    Imidazole
    DME 
    90%

H
N

HO

1-Deoxynojirimycin ((+)−8)

OH

OH

HO

BnOCH2COCl
ON

O

H

Bn

ON

O

Bn
BnO

O

ON

O

Bn
BnO

OOH

H

O

Bu2BOTf, Et3N
−78 to 20 °C

90%
139138

N
BnO

O(t-Bu)Ph2SiO
Me

OMe

140

 i, MeNH(OMe)⋅HCl
    AlMe3, CH2Cl2
ii, (t-Bu)Ph2SiCl
    Imidazole
    DME 
    90%

H
N

HO

1-Deoxynojirimycin ((+)−8)

OH

OH

HO

BnOCH2COCl

Scheme 64 Use of an Evans’ homochiral enolate.

COOH
MeHN Me

CbzN COOH

Me
CbzN

N

O

O

O

Bn

NaOH
BnOCOCl

0 °C

 i, PivCl, Et3N

ii, XpLi, −78 °C

N

O

O

O

Bn

142141

MeO
CbzNMe

OHMeO
CbzNMe

 i, TiCl4, (i-Pr)2NEt
    CH2Cl2, 0 °C

ii, (MeO)2CH2

    BF3⋅Et2O, 20 °C

LiBH4, MeOH

THF, 0 °C

DMSO, (ClCO)2

(i-Pr)2NEt
HMeO

CbzNMe

143
O

PMBO
N

O

O

O

Bn

145 Xq

144

  i, Sn(OTf)2, Et3N

 ii, TMEDA
iii, +144

MeO
CbzNMe

Xq

OOH

OPMB

146

Xp

LiXp = LiN O

Bn

O

Scheme 65 Synthesis of a 4-deoxy-4-dimethylamino-D-ribonic acid derivative.

Synthesis of Monosaccharides and Analogs 521
is used instead of the usual Et3 N. Enolization of imide 145 , followed by addition of tetramethylethylenediamine and

then of aldehyde 144 , gives rise to the anti-aldol 146 (60%) accompanied by 24% of other diastereomers (Scheme 65 ).

Compound 146 has been used for amide formation with primary amines.

An enantioselective synthesis of 3-deoxypentoses from (�)-myrtenal has been proposed by Franck-Neumann and

co-workers (Scheme 66).147 It features the Mukaiyama cross-aldolization of benzyloxyacetaldehyde and the tricarbo-

nyliron complex 147 derived from the condensation of (� )-myrtenal with acetone. The diastereomeric aldols 148 and

149 are separated and converted ( Scheme 66) into 3-deoxypentoses 150 and 151 .147

Enders and Jegelka 148a,148b have used 1,3-dioxan-5-one 25 to construct enantiomerically pure C5- to C9-deoxycar-

bohydrates. For example, reaction of 25 with ( S)-( þ )-1-amino-2-(methoxymethyl)pyrrolidine (SAMP) gives hydra-

zone 152 , which is deprotonated and alkylated with methyl iodide to yield 153 . The monoalkylated hydrazone is then

alkylated in the same manner with chloromethyl benzyl ether to form 154. Cleavage of the hydrazone with ozone

furnishes the protected ulose 155 (> 98% de, > 98% ee), which is deprotected to ( �)-5-deoxy-L -threo -3-pentulose 156 .

Reduction of 156 with L-selectride gives 157 . Subsequent deprotection provides 5-deoxy- D -arabinitol 158 (> 95% de,

>95% ee) (Scheme 67).
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1.13.6.5.5 Aldehyde olefination and asymmetric epoxidation
Wittig olefination of D -glyceraldehyde acetonide (R )-37 with Ph3P¼CHCHO gives, after reduction of the enal with

diisobutylaluminum hydride, the (E )-allylic alcohol 159 (Scheme 68 ). The Katsuki–Sharpless enantioselective

epoxidation 149a–1 49d applied to 159 allows to prepare D-arabinitol (¼  D-lyxitol) and ribitol, a meso -alditol. Similarly,
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Wittig olefination of ( R)- 37 with Ph3 P¼ CHCH(OEt) 2, followed by acidic hydrolysis of the diethyl acetal and

subsequent reduction of the enal with diisobutylaluminum hydride, provides the (Z )-allylic alcohol 160 . Diastereo-

selective epoxidation and hydrolysis lead to D-arabinitol or xylitol, another meso-alditol.150a

The Katsuki–Sharpless asymmetric epoxidation of (E)-allylic alcohols is the key step in the total synthesis of all

tetroses and hexoses developed by Sharpless and Masamune150c and that are summarized in Scheme 69 for the

L-series. The epoxides obtained by oxidation of the allylic alcohols undergo a Payne rearrangement in the presence of

NaOH, giving terminal epoxides that open regioselectively by PhSNa to give phenylsulfides. After protection of the

diols as acetonides, the sulfides are oxidized with metachloroperbenzoic acid into the corresponding sulfonides that

undergo Pummerer rearrangement on treatment with Ac2O and AcONa, liberating, after hydrolysis, the corresponding

aldose derivatives. Thus, (Z)-but-2-ene-1,4-diol can be converted into 8 tetroses and 16 hexoses if one considers the

base-catalyzed isomerization of cis-disubstituted dioxolane into the more stable trans-isomers (Scheme 69).

The methodology of Wittig–Horner–Emmons olefination to convert an aldehyde into the corresponding two-carbon

chain-elongated allylic alcohol and its subsequent asymmetric epoxidation has been used to prepare (þ)-galactonojiri-

mycin, (þ)-nojirimycin, 1-deoxygalactonojirimycin, and 1-deoxynojirimycin; the method involves the regioselective

opening of the epoxides with azide anion.150d
1.13.6.5.6 Aldehyde olefination and dihydroxylation
Allylic alcohol 159 can be protected as silyl ether and then be submitted to the Sharpless asymmetric dihydroxylation

giving other alditol stereomers. The latter can be converted into all kinds of C5-monosaccharide derivatives. An

example is given in Scheme 70.151a–151d
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Scheme 70 Sharpless asymmetric dihydroxylation of an allylic silyl ether; configuration inversion via regioselective
intramolecular displacement of cyclic sulfate.
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Koskinen and Otsomaa 152a have converted the L-threonine-derived aldehyde 162 ( Scheme 71 ) into methyl

4-amino-4,6-dideoxy-gulo-pyranosides 165 . A modified Horner–Wadsworth–Emmons olefination leads to the (Z)-enoate

163a . Acidic hydrolysis of the aminal protection effects lactonization giving 164 . Double hydroxylation (less sterically

hindered face of the alkene moiety), lactone reduction, and methyl glycosidation furnishes 165 in 42% overall yield

based on 162 . Stereoselective synthesis of 1,2–13 C2-L-fucose, 1,2–
13C2-fucono-g-lactone, and 1,2–13C2-fucono-g-lactol

have been prepared via Wittig–Horner reaction of (2S,3S)-isopropylidenedioxybutanol and subsequent asymmetric

alkene dihydroxylation.152b

Ikemoto and Schreiber153a have prepared (�)-hikizimycin starting from L-(þ)-tartaric acid for the hikosamine

portion, and from D-glucose for the kanosamine part. The synthesis of a suitably protected form of hikosamine follows

a two-directional chain strategy with terminus differentiation (Scheme 72).154 L-(þ)-diisopropyl tartrate, which will

provide the C(6) and C(7) stereocenters of the undecose, is benzylated. In the same pot reduction with DIBAL-H and

Wittig–Horner–Emmons double-chain elongation provides 166 . Double dihydroxylation of 166 follows Kishi’s rule,155

giving a tetrol with high diastereoselectivity that is protected as silyl tetraether 167. Desymmetrization of the diethyl

octadioate 167 is possible with DIBAL-H in CH2 Cl 2 which generates alcohol 168 as main product. This can

be attributed to an entropy effect: once DIBAL-H, a dimeric reagent, has reacted with one of the two carboxylic

moieties, a highly polar intermediate (aluminum alcoholate) is formed, which blocks a large number of solvent

molecules (CH2Cl2, ‘Napalm effect’) and thus increases dramatically the mass of the system compared with the

starting material. The reaction of the second carboxylic moiety is thus retarded because of a more negative entropy of

condensation. (The larger the masses of two reactants, the more negative is the entropy variation of their condensa-

tion, translational entropy. If the rate constant ratio of the two successive reductions were k1/k2 ¼ 2, a maximum yield

of 49% would have been obtained for 168.) Swern oxidation of 168 , followed by Tebbe vinylation, ester group

reduction into a primary alcohol, then Swern oxidation into the corresponding aldehyde and Wittig–Horner–Emmons

olefination generates 169 . The four silyl ethers are exchanged for two acetonides giving 170 . Double hydroxylation in

the presence of dihydroquinine p-chlorobenzoate leads to tetrol 171 with a good diastereoselectivity. Acidic treatment

and diol protection afford g-lactone 172, which is reduced into the corresponding furanose. Treatment with benzoyl

chloride generates pyranoside 173 with unprotected 4-hydroxy group (steric hindrance). The latter is esterified as a

triflate and then displaced with azide anion to give 174 . This operation introduces the nitrogen moiety with the

required configuration. Acetonide methanolysis followed bymethanolysis of the benzoates and acetylation generates a
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pyranoside which undergoes Vorbrüggen’s glycosidation with bis(trimethylsilyl)cytosine giving an intermediate that is

acetylated and oxidized with dichlorodicyanoquinone (DDQ, 2,3-dichloro-5,6-dicyanobenzoquinone). This leads to a

site-selective debenzylation of the 6-benzyloxy moiety giving 175 . Glycosidation of 175 with 176 under Kahne’s

conditions156 gives 177 . Deprotection and hydrogenation of 177 furnishes (� )-hikizimycin.
1.13.6.5.7 Aldehyde olefination and conjugate addition
The first asymmetric total synthesis of acosamine and daunosamine starting from nonsugar precursor was reported by

Fuganti and co-workers.157a,157b They found that baker’s yeast catalyzes the asymmetric pinacolic cross-coupling of

cinnamaldehyde and ethenal giving anti-diol 178 . 158 This diol was protected as an acetonide and submitted to

ozonolysis giving L -179 . OIefination of L -179 with Ph3P¼CHCOOMe, followed by treatment with ammonia,

provided 180 that was then converted into N-trifluoroacetylacosamine 181 (Scheme 73).

Methyl 3-epi -D-daunosaminide 184 has been derived from D -182 via a Wittig-type olefination using (2-thiazolyl-

methylene)triphenylphosphorane (Scheme 74). A 1:1 mixture of (E)- and (Z)-alkenes is obtained, which is isomerized

in the presence of iodine into a 9:1 mixture of ( E)- 183 and (Z )-183 . Methylation of the thiazole moiety increases the

electrophilicity of the alkene, which then adds nucleophiles such as benzylamine. The adduct is treated with NaBH4

to give a thiazolidine. Acetylation and mercury-mediated hydrolysis of the thiazolidine ring and subsequent acidic

treatment in methanol yields the N -benzyl 3-epi- D-daunosaminide 184 . 159
1.13.6.5.8 Allylation and subsequent ozonolysis
The biologically important 2-deoxypentoses can be prepared readily by two-carbon chain elongation of 2,3-O-isopro-

pylidene-D-glyceraldehyde following Roush’s allylation method (Scheme 75), which relies on the highly diastereo-

selective additions of enantiomerically pure allylboronates derived from (R,R)- and (S,S)-tartaric acid.160a,160b

Similarly, the 2,6-dideoxyhexose derivative 185 has been obtained by Roush and Straub ( Scheme 75 ). 161
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Addition of allylmagnesium bromide to serinal derivative 57 is syn -selective in the presence of ( �)- b-methoxydi-

isopinocamphenylborane giving the threo -derivative 186 (Scheme 76 ). Methylation of the alcoholic moiety of 186 ,

followed by ozonolysis with reductive work-up, hydrolysis of the carbamate, and acidic treatment, forms the methyl

glycoside 187 of the E-ring moiety of calicheamicin 61. A similar approach has been proposed by Roush starting from

L -serinal derivative L -69 .162

The aldehyde L -182 adds diallylzinc to give as major adduct 188 , the ozonolysis of which, followed by acidic

hydrolysis, furnishes 2-deoxy-L -fucose, a component of several antibiotics. 163a,163b Similarly, 189 can be converted into

L-mycarose (2,6-dideoxy-3-C-methyl-L-ribo-hexopyranose). The same anti-preference is observed for all these dia-

llylzinc additions (Scheme 77). Using allylmagnesium bromide leads to mixtures of anti- and syn-adducts. The syn-

adducts derived for L- 182 and 189 have been converted, as above, into 2,6-dideoxy-L -arabino -hexopyranose 190 and

into L-boivinose 191 .164a,164b
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Two-carbon chain elongation of protected D -glyceraldehyde (R )-37 and (R)- 82 can be realized via (E)- g-alkoxyal-
lylboronate additions, followed by alkene ozonolysis. The allylboronate 192 generated in situ adds to (R )-82 , giving a

single stereoisomer 193 which can be converted to D -arabinose derivatives after ozonolysis (Scheme 78 ). Similarly,

194 added to (R )-37 gives a major adduct 195 , which was then converted into 2-O-methyl- D-arabinose derivatives. 165

The first noncarbohydrate-based asymmetric synthesis of kedarosamine uses the N,O-protected D-threonine 196 .

It is converted into the corresponding Weinreb amide via the acyl chloride. Coupling with the allyl Grignard reagent

provides 197 . The nonchelation-controlled reduction of ketone 197 with NaBH4 is syn-selective, whereas 1,2-

chelation-controlled reduction with Zn(BH4 )2 is anti-selective. Deacetalization of 197 first, followed by reduction

with the Evans’ reagent, gives the anti-alcohol 198 . This product is then cleaved by ozonolysis, and subsequent ring

closure to the corresponding pyranoses 199 occurs spontaneously. Fischer’s glycosidation of 199 with methanol,

followed by amine deprotection and methylation, yields methyl a-L-kedarosaminide (Scheme 79).166
1.13.6.6 Three-Carbon Chain Elongation

1.13.6.6.1 Allylmetal additions
Roush’s three-carbon chain elongation method applied to 2,3-O -cyclohexylidene-D -glyceraldehyde (R)- 82 is an

efficient approach to D-glucitol derivatives which relies on the syn-selective epoxidation of homoallylic alcohol 200

(Scheme 80).167,187
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Addition of allyl bromide to N -benzyl-N -carbobenzoxy-O -tert -butyldimethyl- D-serinal 201 in the presence of SnCl2
and NaI gives preferentially the anti-adduct 202 ( Scheme 81 ). After protection of the alcohol, dihydroxylation

affords a 1:1 diastereomeric mixture of diols. Oxidation with 2,2,6,6-tetramethylpiperidine N-oxide (TEMPO) gives

a-hydroxy-aldehydes 203 that are hydrogenolyzed to 204. Chromatographic separation, followed by desilylation,

provides enantiomerically pure 1,3-dideoxynojirimycin (( þ)- 205). 168
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1.13.6.6.2 Wittig–Horner–Emmons olefination
Wittig–Horner–Emmons olefination of serinal derivative L- 69 (see Scheme 47) with carbonylphosphorane 206

generates enone 207 , w hi ch c an b e c on ve rt ed t o ( �)-nojirimycin via anti-dihydroxylation and reduction with NaBH4

(Scheme 82), whereas reduction with sodium bis(2-methoxyethoxy)aluminum hydride (Red-Al) leads to (�)-man-

nonojirimycin.169 A similar approach has been applied to generate galactostatine170a and sialic acid analogs.170b
1.13.6.6.3 Aldol reaction
Total syntheses of 3-deoxy-D-ribo and 3-deoxy-D-arabino-hexose have been realized via the cross-aldolization of 2,3-O-

isopropylidene-D -glyceraldehyde ( R)- 37 and 1,1-dimethoxyacetone ( Scheme 83 ). The key step of the synthesis is the

diastereoselective reduction of one of the aldols 209 via boron chelates. Treatment of 209 with triisobutylborane, and

then with NaBH4, gives syn-1,3– 211 and anti -1,3-diol 212 in a ratio 95:5. Acidic hydrolysis provides 3-deoxy-D -ribo-

hexose. If aldol 209 is treated first with an equimolar amount of aluminum triisopropoxide, diol 212 is obtained in 62%

yield (together with 15% of 211 ). Compound 212 is converted then into 3-deoxy- D-arabino -hexose.171
1.13.6.6.4 Other methods of three-carbon chain elongation of aldoses and derivatives
Polt and Sames172 have converted L-serine into N-methylfucosamine (Scheme 84). The method relies on the

diastereoselective propenyllithium addition to the aldehyde derived from protected L-serine derivative 213, giving

allylic alcohol 214 . Catalytic osmylation of 214 gives a 6:1 mixture of anti,syn -215 and syn, syn-aminotriols. Protection of

the triol 215 as triacetate, reductive methylation, and desilylation provides 216 . Successive Swern oxidation, metha-

nolysis, and benzhydryl group hydrogenolysis leads to N-methylfucosamine.173a

The reaction 1,1-difluoro-1-iodol alditols with allyltributyltin and azoisobutyronitrile (AIBN) generates the

corresponding 4,4-difluoroalk-1-ene derivatives.173e Julia olefination of 2,3-O-isopropylidene-D-glyceraldehyde

((R )-37 ) with ( R)-1-benzenesulfonyl-3-benzyloxypropyl-2-amine t-butylcarbamate gives an ( E)-alkene that reacts

with N-methylmorpholine oxide and a catalytic amount of OsO4 giving a diol which was converted to L-mannosamine

derivatives.173f
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1.13.6.7 Four-Carbon Chain Elongation

1.13.6.7.1 (But-2-en-1-yl) metal addition
The addition of (E )-crotylboronate 218 to aldehyde (R)- 37 is highly diastereoselective. 167 The addition of (R )-219 , a

crotylstannane derivative, is highly diastereoselective in the presence of MgBr2� OEt 2 as promoter, giving the syn:syn -

product 220 as single adduct (Scheme 85). 174a The protected threose derivative 221 adds to the g-alkoxyallylstannane
( S)-222 , giving the corresponding syn, syn-product (not shown) of allylation using MgBr2�OEt2 as promoter, and the syn,

anti -adduct 223 i n t h e p re se nc e o f B F3�Et2O promoter (SN2
0 reaction, open transition state, Felkin–Anh rule).174b

Treatment of a-alkoxyallylstannane with InCl3 generates the corresponding g-alkoxyallylindium dichloride (R )-225

which adds to aldehyde 221 (six-membered transition state) with high anti, anti-diastereoselectivity, producing 226. 175

The octitol derivative 231 has been prepared via BF3 etherate-promoted addition of (R)-g-OTBDMS allylic stannane

( R)- 219 to enal 228 derived from L-serine (Scheme 86). 176 This leads to a single syn-adduct 229 , which is converted to

the silyl ether 230. This compound adopts probably the Saito conformation which makes the double cis -dihydroxyla-

tion doubly diastereoselective with the formation of tetrol 231 as major product. Selective oxidative cleavage of tetrol

231 affords a lactol. Desilylation followed by acetonide hydrolysis generates 232 , a precursor of destomic acid.177 a,177b
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1.13.6.7.2 Nucleophilic addition of a-furyl derivatives
A synthesis of Kdo has been reported by Martin and Zinke,178 which relies on the highly stereoselective addition of

2-furyllithium to 2,3- O-isopropylidene- D-glyceraldehyde (R )-37 .179 Trapping of the alcoholate intermediate with
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(t-Bu)Me2SiCl gives 233 in 53% overall yield. Metalation of the furan ring of 233 and sequential addition of benzyl

chloromethyl ether and desilylation provides 234. Treatment of 234 with t-BuOOH in the presence of VO(acac)2 and

subsequent O-methylation of the resulting lactols (a/b 4.5:1) delivers methyl glycoside 235 together with its b-anomer

(acac¼CH3 COCH ¼ C(O – )CH 3). Stereoselective ketone reduction with K-selectride gives 236 (9.8:1 d.r.) which is

converted into carbamate 237 . Iodocyclization of 237 furnishes carbonate 238 . Deiodination followed by debenzyla-

tion provides alcohol 239 (78%). Swern oxidation of 239 followed by oxidation of the intermediate aldehyde under

conditions that induce hydrolysis of the carbonate moiety give 240 , and its deprotection concludes the synthesis of

Kdo (Scheme 87).

Condensation of 2,3-O -isopropylidene- D-glyceraldehyde- N-benzylimine 241 with 2-(trimethylsilyloxy)furan in the

presence of a Lewis acid generates a mixture of butenolides 242 that is converted into D- ribo-N ,N -diprotected

derivative 243 in 68% yield ( Scheme 88 ). Dihydroxylation of 243 followed by diol protection and lactone reduction

furnishes the 5-amino-5-deoxyheptose derivative 244 . Hydrogenolysis in MeOH generates 245 , and its deprotection

furnishes enantiomerically pure 1,5-dideoxy-1,5-imino-D -glycero- D-allo-heptitol 246 . 180

1.13.6.7.3 Hydroxyalkylation of pyrrole derivatives
The Lewis acid-promoted condensation of N-(t-butyloxycarbonyl)-2-(t-butyldimethylsiloxy)pyrrole with 2,3-O-

isopropylidene- D-glyceraldehyde ((R )-37 ) generates pyrrolidones with high diastereoselectivity. For instance, with

1.5 equiv. of SnCl4 in ether, the reaction gives crystalline D -arabino -configurated a,b-unsaturated g-lactam 247 as sole

product, whereas, in the presence of 1 equiv. of BF3 etherate, reversal stereochemistry is observed, resulting in

predominant formation of crystalline D-ribo -epimer 248, along with less than 20% of 247. Almost quantitative

epimerization 247 ! 248 occurs on treatment with Et3N in CH2Cl2 in the presence of 4-dimethylaminopyridine

( Scheme 89 ). Dihydroxylations of the trimethylsilyl ethers of 247 and 248 generate the 4-amino-4-deoxy-heptono-

1,4-lactam derivatives 249 and 250, respectively.181a,181b Lactam hydrolysis of 249 with LiOH, followed by Malaprade

diol cleavage with NaIO4 and further oxidation and deprotection, allows preparing 4-epi-polyoxamic acid.182 Lactam

247 and its enantiomer derived from (S)- 37 have been converted into all four stereomers of cis -1,2-dihydroxypyrro-

lizidine. 183 Compounds 247 and 248 have been used also to prepare the trans -2,3-cis -3,4-dihydroxyprolines.184 ,185
1.13.6.8 Synthesis of Branched-Chain Monosaccharides from C3-Aldoses

Most of the methods presented for the de novo synthesis of ‘linear’ monosaccharides can be used to prepare

branched-chain sugars and analogs and some examples are given below. The branched-chain aminolactone 252
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has been prepared by two-carbon chain elongation via addition of 251 to 2,3-O -isopropylidene-L -glyceraldehyde

(Scheme 90).186

Aldol reaction of (S)-2-benzyloxypropanal with the lithium enolate of methyl 2-methoxypropanoate gives a 7:2:1

mixture of b-hydroxyesters (Scheme 91). After protection of the alcohol moiety, the isomeric mixture is reduced with

LiAlH4. Oxidation of the major alcohol 253 into an aldehyde is followed by Wittig methylenation. This provides 254 .
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Hydroboration of 254 gives a primary alcohol that is oxidized into aldehyde 255 . Hydrogenolysis yields L -cladinose, a

saccharide moiety of erythromycin A.187

The isomeric methyl 3,6-dideoxy-3-C -methylhexofuranosides 260 and 262 (Scheme 92) have been derived from

( S)-2-benzyloxypropanal via homoaldol reactions in three steps. Addition of a-titanated (E )-2-butenylcarbamate (� )-

256 to ( S)-2-benzyloxypropanal gives a 53:47 mixture of enantiomerically pure (Z )-3,4- anti-adducts 257 and 258 .

Face-selective epoxidation of 257 yields 259 , the acidic methanolysis of which forms 260 . Similarly, adduct 258 is

converted into epoxide 261 and then into methyl furanoside 262 .188

L-Arcanose and L-olimycose have been prepared in enantiomerically pure forms and with high stereoselectivity by

Lewis acid-promoted addition of (S)-2-benzyloxypropanal to 1-trimethylsilyl-2,3-butadiene (Scheme 92). Depending

on the nature of the Lewis acid, either the syn-(with TiCl4) or the anti-adduct (with BF3�Et2O) can be obtained.

Epoxidation with lateral control by the allylic alcohol moieties and standard reactions lead to the unprotected

monosaccharides (see also Scheme 54).189

Total syntheses of 2,3-dideoxy-3- C-methyl- D-manno -heptose 265 and of 2,3-dideoxy-2,3-di- C-methyl- D- glycero-D -

galacto -heptose 266 have been realized by addition of 2-(trimethylsiloxy)furan to 2,3-O -isopropylidene-D -glyceralde-

hyde (( R)- 37 ). In the presence of BF3 � Et 2O, the a,b-unsaturated lactone 263 is obtained, which undergoes Michael

addition of Me2CuLi with high facial selectivity to give lactone 264 . Reduction followed by acidic work-up leads to

265 ( Scheme 93 ). a-Methylation of 264 and subsequent reduction furnishes 266 .190
1.13.7 Hetero-Diels–Alder Additions

1.13.7.1 Achiral Aldehydes as Dienophiles

The cycloadditions of achiral oxy-substituted dieneswith aldehydes in the presence of enantiomerically pure (þ)-Eu(hfc)3

shows only modest enantioselectivities. Similarly, modest diastereoselectivities are observed for the reactions of chiral

oxy-substituted dienes (e.g., 267) with aldehydes in the presence of achiral Eu(fod)3 (fod; 2,2-dimethyl-6,6,7,7,8,8,

8-heptafluoro-5-oxo-4-ene-3-olate). However, the combination of chiral dienes with chiral (þ)-Eu(hfc)3 catalyst shows

interesting interactivities, resulting in some instances in diastereoselectivities of 97:3. This is exemplified with the

total synthesis of L-glucose (Scheme 94 ) by Bednarski and Danishefsky. 191 Diene 267 192 adds to benzaldehyde in the

presence of Eu(hfc)3 (hfc; 3-heptafluoropropylhydroxymethylene (þ)-camphorate), catalyst giving a 25:1 mixture of

adducts 268 and 269 . Treatment of pure 268 (obtained by crystallization) with CF3COOH gives L-dihydropyrone

270 . Oxidation of 270 with Mn(OAc)4
193 introduces the 4-acetoxy group from the less sterically hindered face of the

enone. Reduction of enone 271 under Luche’s conditions194 gives rise to the L -glucal analog 272 . Osmylation and

subsequent acetylation generates 273. Ozonolysis of 273 follo we d by ox ida ti ve trea tme nt with H2O2 gives the protected

L -glucuronic acid 274 , the reduction of which with borane, and acetylation, furnishes the peracetate of L -glucose. 191

By applying a similar approach, Wu and co-workers195 have observed a highly double-stereoselective hetero-

Diels–Alder addition between diene 275 and ethyl glyoxylate catalyzed by the (salen)CoII complex 276 (Scheme 95).
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The major adduct 277 is hydroborated to give alcohol 278 that is inverted via oxidation and subsequent reduction to

279 . Acid methanolysis followed by diol protection furnishes 280 . Quenching of the lithium enolate of 280 with

phenyl disulfide and subsequent oxidation with N-bromosuccinimide forms, after deprotection, Kdo (3-deoxy-D-

manno-oct-2-ulosonic acid).196

The reaction of 5-nitrofuran-2-carbaldehyde and 2,3,4,6-tetra-O-acetyl-b-D-glucopyranosides of (E,E)-4-ethoxy-2-
[(tertbutyl)dimethylsilyloxy]butadien-1-yl can be highly diastereoselective, depending on the nature of the lantha-

nide Lewis acid used to promote the cycloaddition (Yb(fod)3, La(fod)3). The adducts so obtained are readily converted

into b-D-glucopyranosyl (1-4)-linked glycols.197a,197b 1-(Z)-Alkoxy-4-(E)-methoxybutadiene derivatives add to ethyl

glyoxylate and diethyl oxomalonate under thermal and hyperbaric conditions. They provide dihydropyranic products

with high stereoselectivities. These hetero-Diels–Alder adducts can be converted into racemic allose, mannose, and

gulose derivatives.197b,198a–198e
1.13.7.2 Chiral Aldehydes as Dienophiles: Synthesis of Long-Chain Sugars

First, total synthesis of Kdo has been presented by Danishefsky and co-workers (Scheme 96).199 The hetero-Diels–

Alder addition of a-selenoaldehyde 281 to the a-furyl-substituted diene 282 gives an adduct mixture, which on

treatment with CF3 COOH delivers a 5:1 mixture of cis /trans -dihydropyrones 283 and 284 . Reduction of pure 283

generates 285 , which adds methanol like a glycal. After benzoylation, 286 is obtained. Oxidative elimination of the
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phenylseleno group gives alkene 287, which is dihydroxylated to a diol, the benzoylation of which affords the

tetrabenzoate 288. Oxidation with RuO4, followed by esterification with diazomethane, generates methyl Kdo

a-methyl glycoside. Deprotection leads to Kdo.

The octosyl acids are isolated from Streptomyces cacaoi; they are part of a broader group of polyoxin anti-

fungal nucleosides.200 Danishefsky and co-workers201 have reported a total synthesis of octosyl acid A featuring the

hetero-Diels–Alder addition of the Danishefsky’s diene 288 to D-ribose-derived aldehyde 289 (which can be obtained
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enantiomerically pure via the ‘naked sugar’ methodology; see Section 1.13.8.2). The pyrone 290 ( Scheme 97 ) is

reduced under Luche’s conditions to give the corresponding allylic alcohol that is protected as para-methoxybenzyl

ether 291. Oxidative double-bond cleavage of dihydropyran 291 generates a lactol which is oxidized to g -lactone 292 .
Hydrolysis of 292 , followed by benzylation of the liberated alcohol and esterification of the free carboxylic moiety,

gives 293 . Oxidative debenzylation liberates the 7-hydroxy group which is mesylated and by acid methanolysis and

subsequent treatment with acetic acid furnishes triacetate 294. Vorbrü ggen’s glycosidation of 2,4-bis(trimethylsily-

loxy)-5-carbomethoxypyrimidine with 294 generates 295 . Alkaline methanolysis liberates the 2,3-diol that reacts with

Bu2 SnO to give the cyclic stannylene derivative 296 , which on treatment with CsF 296 undergoes selective SNi

substitution with formation of the anhydro-octonic acid derivative 297 . Deprotection of 297 furnishes octosyl acid A.

Lincosamine (6-amino-6,8-dideoxy-D-erythro-D-galacto-octopyranose) is the saccharide portion of the clinically

important antibiotic lincomycin. Racemic b-methyl lincosaminide has been prepared202 via the hetero-Diels–Alder

addition of crotonaldehyde to the Danishefsky’s diene 298 that affords ( E)- cis-2-(1-propenyl)-3-(benzyloxy)-2,3-

dihydro-4-pyrone. The ZnBr2 -catalyzed cycloaddition of 298 to N -carbobenzoxy-O-protected- D-allo -threoninal

gives a 2:1 mixture of adducts 300 and 301 that has been converted into 302 , a protected form of 6-amino-6,8-

dideoxy-D-erythro-L-galacto-octopyranose (Scheme 98). Analogously, the ZnBr2-promoted cycloaddition of the

D-threoninal derivative 303 to 298 leads to a 3:1 mixture of adducts. The major product 304 has been transformed

into the 6-amino-6,8-dideoxy- L -threo- L-galacto -octopyranose derivative 305 . 203

An elegant total synthesis of semiprotected form of lincosamine has been realized by Marshall and Beaudoin.176

Destomic acid (6-amino-6-deoxy-L-glycero-D-galacto-heptonic acid) has been derived in a similar way from an L-serinal

derivative via hetero-Diels–Alder addition to 1-ethoxy-3-[(trimethylsilyl)oxy]-4-benzyloxy-1,3-butadiene. A similarmethod

has been also applied to prepare a semiprotected form of anhydrogalantinic acid, a component of the antibiotic galantin I.204
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1.13.7.3 Hetero-Diels–Alder Addition of 1-Oxa-1,3-Dienes

1.13.7.3.1 With chiral 1-oxa-1,3-dienes
The [4þ2]-cycloaddition of a,b-unsaturated aldehydes and ketones (1-oxa-1,3-dienes) to enol ethers (Diels–

Alder addition with inverse electron demand) has been an attractive route for the synthesis of 3,4-dihydro-2H-

pyrans, 205a–205f,206 which can be converted into deoxy- and dideoxypyranosides. 207a–207h,208

The enantiopure 1-oxa-1,3-diene 308 is prepared by acylation of benzyl vinyl ether with oxalyl chloride; this

generates acyl chloride 306 , which acylates the lithium salt of 2-oxazolidinone 307 . In the presence of Me2AlCl, diene

308 adds to (Z )-1-acetoxy-2-ethoxyethene giving mostly adduct 309 , whereas, when using Me3SiOTf as promoter of

the hetero-Diels–Alder addition, diastereomer 310 is the major adduct (Scheme 99 ). Adducts 309 and 310 have been

converted into ethyl b-D-mannopyranoside and ethyl b-L-mannopyranoside, respectively.209a,209b

The chiral oxadiene 311 adds to ethyl vinyl ether giving a 2:1 mixture of endo -adducts ( þ)- 312 and ( �)- 313 .

Deacylation of pure ( þ)- 312 delivers 314 , which is then protected as a silyl ether to give 315 . Raney nickel reduction

and deprotection provides ethyl glycoside 316 . Protection of 314 as a benzyl ether, followed by desulfurization and

subsequent hydroboration and deprotection, provides (�)-L-olivose (Scheme 100).210a

The Diels–Alder additions of enantiomerically pure oxadienes to (Z)-2-ethoxyvinyl acetate are highly diastereose-

lective and have been used to prepare derivatives of 4-deoxy-D-lyxo-hexose.205f Larsen and co-workers210b have

prepared 2,6-dideoxy-6,6,6-trifluoro-arabino-hexoses via a TiCl4-catalyzed hetero-Diels–Alder addition of (E)-1,1,1-

trifluoro-4-[(1R)-1-phenylethoxy]but-3-en-2-one to ethyl vinyl ether or benzyl ether (Scheme 101).
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1.13.7.3.2 With chiral enol ethers as dienophiles
Alternatively, Dujardin and co-workers 211a,211b have prepared derivatives of 2-deoxy-L-arabino-hexose via the Diels–

Alder addition of achiral oxadiene 317 to O -vinyl mandelic ester (� )-318 ( Scheme 102 ). Treatment of 5-O-benzoyl-

1,2-O-isopropylidene-a-D-xylo-furanose with pyridinium dichromate in CH2Cl2 provides a ketone that undergoes

facile elimination of benzoic acid with the formation of an exocyclic enone. The latter compound is unstable and

undergoes a quick hetero-Diels–Alder cyclodimerization.211c Racemic spirocyclopropane-annelated 2-deoxyhexose

derivatives have been obtained via a high-pressure-induced cycloaddition of ethyl (E)-4-ethoxy-2-oxo-3-butenoate

and methyl-(E)-4-benzyloxy-2-oxo-3-butenoate with benzyl (cyclopropylidenemethyl)ether.206
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1.13.7.3.3 Induced asymmetry by the Lewis acid catalyst
Independently, the groups of Evans212 and J�rgensen213 have shown that b,g-unsaturated a-keto esters react with ethyl

vinyl ether in the presence of enantiomerically pure bisoxazoline copper(II) complexes as catalysts leading to

enantiomerically enriched dihydropyrans. For instance, 319 and 320 in ether at 20 �  C and in the presence of complex

321 add to give the endo -adduct 322 in 60% yield and with 96.5% ee. The latter was then converted into ethyl b-D -

manno -pyranoside tetraacetate 323 , as shown in Scheme 103 . 214



(−)-L-Olivose

O
OCOR*

Me

PhS
OEtO

Me

PhS

OCOR*
OEt

O
Me

PhS

O
O

Ph
OMe

OEt+
70 °C, 72 h

90%
+

311

(+)-312  Major (−)-313  Minor

MeOH, K2CO3

O
Me

PhS

OTBDMS
OEt

O
Me

PhS

OH
OEt

O
Me

PhS

OBn
OEt

TBDMSCl
Imidazole

NaH, BnBr

O

OBn
OEt

HO
Me

O

OH

HO
Me OH

O

OH
OEt

Me

  i, Ra-Ni, THF
 ii, BH3⋅Me2S
iii, H2O2, KOH

 i, Ra-Ni, EtOH
ii, Bu4NF

 i, H2, Pd–C
ii, HCOOH

316

314315

Scheme 100 Schmidt’s synthesis of (�)-L-olivose.

F3C O Ph

O Me OEt TiCl4/CH2Cl2
−78 °C
96%

+

O Ph

O

F3C

Ph

OEt

O Ph

O

F3C

Ph

OEt

+

1:1.4

   i, Chromatographic separation
  ii, BH3Me2S, CH2Cl2
 iii, H2O2/OH−

 iv, H2/Pd–C

O

OH
F3C

OEt

OH

29%

O

OH
F3C

OEt

OH

29%

and

Scheme 101 Synthesis of 2,6-dideoxy-6,6,6-trifluoro-arabino-hexoses.

O
E

BnO

O

OBn

O
O(t-Bu)

O

Ph

E

O
OH

Ph

O

OBn

OH
HO

HO

317

+
Eu(fod)3

Toluene
60 °C,
61%

(−)-318E = COOMe

  i, LiAlH4

 ii, BH3⋅Me2S
iii, H2O2, NaOH
iv, HCl, THF, H2O

Scheme 102 Dujardin’s synthesis of 2-deoxy-L-arabino-hexose.

Synthesis of Monosaccharides and Analogs 543



H
N

HO
OH OH

O
O O

N=O 
O
O

Cl

MeO OMe

O
N

Me

MeO OMe

R
O
NCOOBn

Me

MeO OMe

HO

HO
+

324 325 326 327

H
NHO

OH OH

H
N

HO
OH

OH

H
NHO

OH

OH

D-allo D-gluco D-gulo D-galacto

H
N

OH OH

H
N

OH

OH

D-Allonolactame D-Gluconolactame

O O
HO HO

Scheme 104 Streith’s synthesis of 1,6-dideoxy-1,5-iminoalditols and aldonolactames.

O

EtO
O

OBn
AcO

EtO
+

O
EtO

O
OEt

OAc
OBn

N

Cu++

N

O O

(TfO−)2

 i, LiAlH4

ii, Ac2O/py
92%

322
60%

ee 96.5%

319

Et2O, 20 °C

320

321

O
OAc

OEt

OAc
OBn

O
OAc

OEt

OAc
OBn

AcO

O
OAc

OEt

OAc
OAc

AcO

  i, BH3⋅SMe2

 ii, NaOH, H2O2

iii, Ac2O/py
35%

 i, H2/Pd(OH)2

ii, Ac2O/py

323

Scheme 103 J�rgensen’s asymmetric synthesis of an ethyl b-D-mannopyranoside derivative.

544 Synthesis of Monosaccharides and Analogs
The first catalytic, highly enantioselective hetero-Diels–Alder reactions of thiabutadienes with an acyloxazolidi-

none dienophile using homochiral copper and nickel triflate and perchlorate bis(oxazoline) and bis(imine)complex

catalysts to generate dihydrothiopyrans have been reported by Saito et al.215
1.13.7.4 Nitroso Dienophiles: Synthesis of Azasugars

Homochiral nitroso dienophiles can add to conjugated dienes in the hetero-Diels–Alder mode, sometimes with good

diastereoselectivity. 216a–216d For instance, the chloronitroso dienophile 324 derived from D -mannose 217 adds to diene

325 in MeOH/HC(OMe)3 to give adduct 326 , which has been converted into the 1,5,6-trideoxy-1,5-iminoalditols and

the aldonolactams shown in Scheme 104.216c,218a–218c

Int erm edia te 327 has been converted also into the potent a- L-fucosidase and a-galactosidase inhibitor 329
(Scheme 105).219



N

N
O

O

COOBn

COO-t-Bu N

N
O

O

COOBn

COO-t-Bu

HO

HO

NO COO-t-Bu

N
O

COOBn

+

HO N COH
O

H

64%

NMO, OsO4

Acetone, H2O
100%

BnMe3IO4 331330

N

N
O

O

COOBn

COO-t-Bu

O

O

NH

HO

HO

NH

HO

HO
SO3H

TsOH, SO2

H2O, 60 °C

 i, (MeO)2CMe2

 acetone, H+ 
ii, H2/Pd–C

i, NCS, DBU
Cyclohexane

ii, NaCNBH3, AcOH
iii, H2, Raney Ni, EtOH
iv, ClCO2Bn, NaHCO3

v, H2/Pd–C, EtOH
vi, HCl/EtOH

333

332

334

331

Scheme 106 Defoin’s synthesis of 4-amino-4,5-dideoxy-L-lyxose derivatives.

OH
NH2

O

O

MeO OMe

O

O
NCOOBn

OMe
MeO

327
 i, (MeO)2CMe2/H+

ii, H2/Pd–C
 i, ClCO2Bn/NaOH
ii, MeSO2Cl/Et3N
iii, NaOH/MeOH

HO

HO
NH

OH

 i, H+/acetone
ii, NaBH4/MeOH

iii, H2/Pd–C

329

328

Scheme 105 Defoin’s synthesis of 2,5-imino-2,5,6-trideoxy-D-altritol.

Synthesis of Monosaccharides and Analogs 545
Good diastereoselectivity has been observed for the hetero-Diels–Alder addition of homochiral 1,3-dienes with

achiral acyl-nitroso dienophiles. An example is shown in Scheme 106 for the total synthesis of 4-amino-4,5-dideoxy-L-

lyxose derivatives 333 and 334 , potent inhibitors of a-L -fucosidase, respectively. 220a–220d
1.13.7.5 N-Methyltriazoline-3,5-Dione as Dienophile: Synthesis of 1-Azafagomine

Methyl urazol 335 was oxidized into N-methyl triazoline-3,5-dione 336 with tert -butyl hypochlorite. Without isolation,

it was then reacted with (E )-penta-2,4-diene-1-ol giving adduct ( �)- 303 as a racemic mixture. On treatment of ( �)- 337

with a lipase (R/Novozym 435) in vinyl acetate, 38% of ester (S)-338 (86% ee) and 29% of alcohol (þ)- 337 (59% ee) were

isolated. Epoxidation of ( S)- 338 provided 13% of ( �)- 339 and 68% of (� )-340 . The latter epoxide was hydrolyzed

under acidic conditions to provide 341 that reacted with hydrazine to give (� )-1-aza fagomine enantiomerically pure

(Scheme 107).221 This compound has a slow binding inhibitor of almond b-glucosidase (Ki¼0.33mM). Similar

sequence of reactions converted (R )-333 into ( þ)-1-azafagomine. The latter is not an inhibitor of b-glucosidases. 222
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1.13.8 Cycloadditions of Furans

1.13.8.1 Diels–Alder Additions

Just and his group have pioneered the use of 7-oxabicyclo[2.2.1]hept-2-enes as starting materials in the synthesis

of carbohydrates and analogs.223a–223e These bicyclic systems have the advantage to undergo highly face-selective

reactions. They are obtained simply byDiels–Adler addition of furan to alkene dienophiles. For example (Scheme 108),

the mixture of racemic adducts 342 and 343 obtained by addition of furan to methyl ( E)-2-nitroacrylate is
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dihydroxylated into diols 344 and 345 , separated by crystallization. Treatment of the acetonide of 339 with a base

affords alkene 346 . Ozonolysis of 346 and reduction leads to a mixture of epimeric triols 347 , the cleavage of which

with sodium periodate forms 2,5-anhydro-3,4-O -isopropylidene- DL-allose 348 in 15% yield, based on methyl (E )-2-

nitroacrylate used. The same allose derivative has been obtained from the Diels–Alder adduct 349 of furan to

dimethyl acetylenedicarboxylate.223a–223e

The adducts 342 and 343 have been also transformed into epoxide 350 . Ring opening of the epoxide, following by

ozonolysis and reduction, furnishes keto-ester 351. Compounds 348 and 351 have been converted into a variety of

racemic C-nucleosides.224a–224c

Furan adds to vinylene carbonate to produce a exo/endo-mixture of Diels–Alder adducts.225 Double hydroxylation of

the 7-oxanorbornene double bond is highly exo-face selective (Scheme 109). The diol thus obtained is protected as an

acetonide. Saponification of the carbonate liberates a mixture of diols that is oxidized into meso-1,5-anhydroallaric acid

derivative 352 . Treatment of 352 with Ac2O generates the anhydride 353 . It reacts with methanol to give racemic acid

354 that can be resolved by fractional crystallization with brucine or by chromatographic separation of the (R)-1-( b-
naphthyl)ethylamides. They react with ClCOOEt and Me3SiN3 in situ to provide enantiomerically pure D- and

L-riboside derivatives.226

The synthesis of carbasugar analog of 1,4-anhydro-b-D-galacto-pyranose has been obtained in racemic form via Diels–

Alder addition of furan to (E)-fumaroyl dichloride.227a Mimetics of distorted b-D-mannopyranosides possessing the 7-

oxabicyclo[2.2.1]heptane skeleton have been prepared via intramolecular Diels–Alder addition of a furan derivative.227b
1.13.8.2 The ‘Naked Sugars of the First Generation’

1.13.8.2.1 Total synthesis of pentoses and hexoses
The 1-cyanovinyl (10S)-camphanate (derived from (1S)-camphanic acid and pyruvonitrile) adds to furan in the

presence of ZnI2 as catalyst. After 7 days at room temperature, a mixture of four possible diastereomeric Diels–

Alder adducts is formed (95%), from which adduct 359 can be isolated pure by crystallization. Unreacted furan is

recovered and the diastereomer mixture left from the crystallization is heated to give furan and 1-cyanovinyl (10S)-
camphanate that can be recycled to prepare more of the diastereomerically pure adduct 359 (the reversibility of the

furan Diels–Alder addition is exploited here). Starting from (1R)-camphanic acid, which is also commercially available,

pure adduct 360 can be readily prepared in large quantities. 228a Camphanic acid auxiliaries can be replaced by the

chiral auxiliaries (1R,5S,7R)-3-ethyl-2-oxo-3-aza-6,8-dioxabicyclo[3.2.1]octane-7-carboxylic acid (RADO(Et)OH) or

(1S,5R,7S)-3-ethyl-2-oxo-3-aza-6,8-dioxabicyclo[3.2.1]octane-7-carboxylic acid (SADO(Et)OH) derived from (R,R)-

tartaric acid and (S,S)-tartaric acid.228b Using 1-cyanovinyl acetate as dienophile, a mixture of racemic adducts is

obtained which is hydrolyzed into a mixture of cyanohydrines that can be resolved by complex formation with brucine.
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Reaction of the diastereomerically pure complex with Ac2O provides the enantiomerically pure 7-oxanorbornene

derivatives 361 .229 ,230

Enantiomerically pure 7-oxanorbornenyl derivatives 359 , 360 , and 361 and their products of saponification

(recovery of the chiral auxiliary in the aqueous phase), ketones (þ )-362 and (� )- 362, are coined ‘naked sugars of

the first generation’ because they are chirons (¼enantiomerically pure synthetic intermediates) like those derived

from natural hexoses. They are enantiomerically pure like natural sugars, but with three unsubstituted (naked) carbon

centers, the substitution of which follows highly stereoselective methods giving polysubstituted 7-oxabicyclo[2.2.1]

heptane-2-ones that can be oxidized into the corresponding uronolactones as illustrated here.

Double hydroxylation of 359 gives a diol which is directly converted into acetonide (� )-363 . Saponification

followed by treatment with formalin liberates ketone ( þ)- 364 and allows to recover the chiral auxiliary (( �)-

camphanic acid) by simple extraction. Baeyer �Villiger oxidation of (þ)- 364 is highly regioselective giving uronolac-

tone (� )-365 that is converted into uronic acid (�)- 366 in a one-pot operation. Oxidative decarboxylation of (� )-366

gives bromide ( �)- 367, a precursor of anticancer agent 50  -deoxy-5-fluorouridine. 231 Displacement of the bromide by

water produces the D -ribose derivative (�)- 368 (Scheme 110 ).

The silyl enol ether (�)- 369 derived from ketone (þ)- 364 is epoxidized stereospecifically on its exo -face with

metachloroperbenzoic acid (mCPBA). The intermediate hemiacetal so obtained is heated to give an a-(metachloro-

benzoyloxy) ketone that undergoes a highly regioselective Baeyer–Villiger oxidation giving uronolactone 370 . It is the

electron-releasing ability of the 7-oxa ethereal moiety which is responsible of this regioselectivity.232 The uronolac-

tone 370 adds methanol in the presence of anhydrous potassium carbonate producing the uronic ester 371, the

reduction of which, followed by acidic hydrolysis of the acetal moieties, delivers the unprotected D-allose. The same

sequence of reactions transforms 360 into L -allose. 233 If instead of epoxidizing enol ether (�)- 369 one reacts it with

bromine, an a-bromoketone is obtained that undergoes a highly regioselective Baeyer–Villiger oxidation into urono-

lactone 372. Methanolysis generates the unstable furanose 373 that undergoes an intramolecular SN2 displacement

with formation of the anhydrosugar 374. After reduction of the ester moiety and acidic hydrolysis, L -talose is obtained.

Starting with (þ )-369 , D-talose is prepared with the same ease (Scheme 110 ). 233 Acetals of ( þ)- 362 are epoxidized

into 375 (Scheme 111 ). Acid-promoted ring opening of the epoxides of 375 with participation of the endo -OR group

finally leads to the trans-5,6-dioxy-substituted 7-oxabicyclo[2.2.1]heptan-2-ones 376 . 234a–234c The reaction sequences

of Scheme 110 applied to 376 , and to its enantiomer obtained from (�)- 369 , generate D- and L-altrose or L- and

D-galactose, respectively.

Electrophilic addition of PhSeCl to alkene 359 is highly stereo- and regioselective (steric effects) and provides

adduct 377 , if carried out in the presence of acetate nucleophile. Methanolysis, treatment with formalin, and

protection of the endo -alcohol gives ketone 378 . Low-temperature oxidation of the selenide 378 generates a selen-

oxide which does not eliminate readily but has the time to undergo a seleno-Pummerer rearrangement in the presence

of acetic anhydride and sodium acetate, leading to 379 . Reductive elimination of the seleno moiety with tin hydride

forms 380 bearing two endo -hydroxy groups protected in an orthogonal fashion ( Scheme 111 ). 235 Applying reactions

of Scheme 110 to 380 and to its enantiomer generates, in principle, hexoses with a manno - or  gulo-configuration.

Methanolysis of 380 occurs with complete epimerization at C(6) (retro-aldol, aldolization) giving 381 , a potential

precursor of D-glucose and L-idose derivatives (Scheme 111).
1.13.8.2.2 Total syntheses of deoxyhexoses
Under conditions of kinetic control, the cyano-esters 359 add soft electrophiles Eþ X � to generate the corresponding
adducts 383 with high exo -face selectivity and high regioselectivity. In these cases, the bridged ion intermediates 382

are attacked preferentially by the nucleophile X� at C(5), the center least sterically hindered and also the one which

can support the highest partial positive charge (field effect of the electron-withdrawing CN and ester substituents at

C(2)). With the 7-oxabicyclo[2.2.1]hept-5-en-2-one (( þ)- 362, derived from 359 ) electrophiles E þ X� add with oppo-
site regioselectivity and give the corresponding adducts 385. The nucleophile’s (X � ) preference for carbon center C(6)
is attributed to the electron-releasing effect of the carbonyl function in positively charged intermediates 384 $ 384 0

due to favorable n(CO) $ sC(1,2) $ pC(6)þ hyperconjugative interaction (frangomeric effect of the carbonyl n

electron pairs).236a–236f The principle described here (Scheme 112) has been applied to convert the ‘naked sugars’

into 2-, 3-, and 4-deoxyhexoses and derivatives in highly stereoselective manners.

Addition of benzeneselenyl chloride to 359 , followed by oxidative elimination of the selenium and saponification

of the cyanoester moiety, generates chloroenone 386 in 94% yield. Reduction of the ketone is highly exo -face selective,

leading to exclusive formation of endo -alcohol 387 , which can be protected as a benzyl ether. Ozonolysis of the

chloroalkene, followed by reductive work-up, yields the fully protected methyl 2,5-anhydro-4-deoxy-L-xylo-hexuronate
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388 in 90% yield. This sugar can be converted into the partially protected 2,5-anhydro-4-deoxy- D -xylo-hexonic acid

389 (Scheme 113 ). The triflate derived from endo -alcohol 387 can be displaced by BnOLi to give the exo -benzylic

ether 390. The same sequence of reactions as for the conversion of 387 ! 389 provides 2,5-anhydro-3-deoxy- D -ribo-

hexonic acid derivative 391 . Enantiomers of 389 and 391 can be prepared as readily starting from furan adduct 360 .
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The addition of PhSeCl to enone (� )-362 (obtained by saponification of 360) gives exclusively adduct 392 . After

oxidative elimination of the phenylseleno group and subsequent reduction, endo -alcohol 393 is obtained in high yield.

Applying the reaction sequence described in Scheme 113, 393 is converted into derivatives of 2,5-anhydro-3-deoxy-

L -xylo -hexuronate 394 and 2,5-anhydro-4-deoxy- D-xylo-hexonic acid 395 . Inversion of configuration of alcohol

393 via displacement of its triflate and application of the reaction sequence of Scheme 113 furnishes 396 and 397

(Scheme 114).237

Addition of PhSeBr to enone (� )-362 gives adduct 398 , which undergoes oxidative elimination of the phenylseleno

group to give bromoenone 399 . Ketone reduction and protection of the endo -alcohol furnishes 400 ; the double

hydroxylation of its chloralkene unit generates 401 after acetylation. Baeyer–Villiger oxidation yields uronolactone

402 , which has been converted into 3-deoxy- a-D- arabino -hexopyranoside238 and into methyl 4-deoxyhexonate 403 ,

then into 4-deoxy- D-lyxo-hexose derivative 404 (Scheme 115 ).239
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The ‘naked suga rs of the first generation’ (359 , 360 , 361, (þ)- 362 , (� )-362 ) are useful chirons to prepare all kinds

of rare sugar derivatives,240a–240d as shown below, and of analogs such as C-linked disaccharides.241a–241k They have

been converted into conduritols, cyclitols, and carbahexose derivatives.234a–234c,242 The bicyclic ketones can also be

converted into their enoxysilanes and then cleaved by ozonolysis. Depending on the work-up conditions, 2,5-

anhydrohexaldaric acid or 2,5-anhydrohexonic acid derivatives can be prepared readily, in both their enantiomerically

pure forms.243
1.13.8.2.3 Total synthesis of aminodeoxyhexoses and derivatives
Aziridination of the benzyl acetal of ( þ)- 362 furnishes 405, which undergoes ring opening under acidic conditions

with the participation and the migration of the endo -benzyloxy group (possible intermediate 406). This allows the

stereo- and regiospecific 5-exo -amino and 6-endo -oxy substitution of the 7-oxanorbornanone system as in (þ )-407 .

Formation of the corresponding enoxysilane and oxidation with mCPBA provides ketone 408, which undergoes

Baeyer–Villiger oxidation to give an uronolactone that is methanolyzed and silylated as 409 . Uronic ester reduction

and deprotection furnishes amino sugar 410 (Scheme 116 ).244
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Aziridination of 359 to an N-benzoylarizidine gives (�)- 411 that can be rearranged under acidic conditions to

provide (þ )-413 exclusively. The rearrangement implies probably the intermediacy of 412 , which is displaced

intramolecularly into an oxazolidine. Saponification and treatment with formaline liberates ketone (þ )-413 . Bromina-

tion of ketone (þ )-413 gives 414 , which is then oxidized into a uronolactone which adds MeOH to yield the furanose

derivative 415 . The latter displaces the a-bromouronic ester to generate the anhydrous sugar 416. Reduction and

deprotection provides 417 (Scheme 117 ).245

The ‘naked sugar’ m ethodology has also provi ded deoxypolyoxin C (Scheme 118 ). The a-bromouronolactone (� )- 372

(see Scheme 110) gives an allyl uronic ester on treatment with allyl alcohol and triflic acid. Selective hydrolysis of the

allyl ester, followed by displacement of the bromide with the azide anion with retention of configuration, generates an

intermediate cesium carboxylate that reacts with benzyl bromide to give 418 . Conversion of 418 into a triacetate,
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followed by Vorbrü ggen’s glycosidation, reduction, and deprotection yields deoxypolyoxin C. 246 Intermediate 418 has

been converted in two steps into (þ )- D-allonojirimycin ( Scheme 118 ). 247 L -Daunosamine 240a and 2,3-dideoxy-D-

arabino -hexose have also been derived from the ‘naked sugars’ 359 and (þ )-362 , respectively. 248a,248b
1.13.8.2.4 Long-chain carbohydrates and analogs
Mukaiyama cross-aldolizations of 2,3- O-isopropylidene- D-glyceraldehyde ( R)- 37 with bicyclic ketones (þ )-364

and (� )-354 are highly diastereoselective and leads to aldols ( þ)- 420 and (þ)- 421 , respectively. For steric reasons,

only the exo -face of the enoxysilanes (� )-369 and (þ)- 369 (see Scheme 110 ) can be attacked by the complexes
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[(R)-37]�TiCl4 . Depending on the configuration of the enoxysilanes, the (R )-37 complex involving the 2O or that

involving the 3O coordination with TiCl4 reacts (transition states 419A vs 419B, Scheme 119 ) to minimize steric

repulsions. Baeyer–Villiger oxidation of aldol ( þ)- 420 generates the corresponding uronolactone that reacts with

benzyl alcohol in DMSO and in the presence of cesium fluoride (base catalyst) to give the benzyl uronate ( þ)- 422

after 10 min at room temperature. On staying at this temperature in the presence of CsF, or of another base such as

K2 CO 3 , (þ )-422 is epimerized into the more stable uronic ester (�)- 423 . At equilibrium in DMSO, a 1:13.5 ratio is

found for (þ )-422 /( �)- 423 . In benzyl alcohol, the product ratio is nearly 1:1, suggesting that chelation between the

hydroxy group at C(6) and the carboxylate group is responsible for the higher stability of (� )-423 compared with that

of (þ)- 422 in DMSO. Silylation of (þ)- 422 , followed by hydrogenolysis of the benzyl ester and subsequent Curtius

rearrangement (one-pot operation), provides the partially protected 5-amino-5-deoxy-D-erythro-D-talo-octofuranosides

(þ )-424 . Desilylation of ( þ)- 424 and subsequent hydrogenolysis liberates the amine that engenders an imine with the

aldose which is hydrogenated under the hydrogenolysis conditions, to give (�)-1,5-dideoxy-1,5-imino-2,3:7,8-di-O-

isopropylidene-D -er ythro- D-talo -octitol ( �)- 425. Acidic hydrolysis gives the unprotected 1,5-dideoxy-1,5-imino-octitol

(� )-426 , which can be converted into the unprotected pentahydroxyindolizidine ( �)- 427 in one step under Mitsu-

nobu conditions. The same methods applied to benzyl uronate lead to the 5-deoxy-5-amino-D-erythro-L-allo-octofur-

anoside derivatives (þ)- 428 that can be converted into (�)-1,5-dideoxy-1,5-imino- D -er ythro- L-allo -octitol (�)- 429 and

pentahydroxyindolizidine (� )-430 . Following similar routes, aldol (þ )-421 has been converted into 5-amino-5-deoxy-

D- threo-L -talo-octofuranosides 431 and 5-amino-5-deoxy- D -threo -D-allo -octofuranosides 434 , which in turn can be

transformed readily into the corresponding 1,5-dideoxy-1,5-imino-alditols (þ )-432 and (þ )-435 , and finally to the

pentahydroxyindolizidines (þ )-433 and (þ )-436 , respectively. With the possibility to substitute the 7-oxabicyclo

[2.2.1]heptan-2-one at C(5) and C(6) with two protected hydroxy groups in all possible configurations (seeScheme 110)

or with other groups (see, e.g., Schemes 113–117), the reaction sequence of Scheme 119 makes possible the

preparation of a large number of octose derivatives. This demonstrates the high efficiency and versatility of the

‘naked sugar’ methodology for the de novo synthesis of unusual and complicated monosaccharides.249a,249b
1.13.8.2.5 ‘Naked sugars of the second generation’: Synthesis of doubly branched-chain sugars
Doubly branched heptono-1,4-lactones as well as polypropionate fragments have been obtained form 2,4-dimethyl-

furan 437 via its Diels–Alder addition to 1-cyanovinyl-(1 0  R )-camphanate 438 . 250 Without solvent, the ZnI2-catalyzed

and reversible cycloaddition leads to a major crystalline diastereomeric adduct (þ )-439 . Double hydroxylation of the

alkene moiety of (þ)- 439 , followed by diol protection as an acetonide provides ( �)- 440 . Methanolysis followed by

treatment with formaline liberates ketone (þ)- 441 . Baeyer–Villiger oxidation and subsequent a-methylation gener-

ates the exo -a-methyluronolactone (� )-442 . Quenching of the lithium enolate of (� )-442 with MeOH at –50 �  C gives
the endo - a-methyluronolactone (� )-443 . Acidic hydrolysis of (�)- 443 and subsequent silylation and reduction forms

(þ )-444 as major heptono-1,4-lactone (Scheme 120 ). Similarly, enantiomers of this doubly branched sugar can be

prepared starting from adduct ( �)- 445 obtained by addition of 2,4-dimethylfuran 437 to 1-cyanovinyl (10  S)-campha-

nate (�)- 438 ( Scheme 120 ). After conversion of (�)- 445 into dimethyl acetal 446 , regio- and exo -face-selective

hydroboration and further transformations generate the doubly branched uronic acid (� )-448 . 251

The method of thermodynamic diastereoselection (through diastereoselective crystallization of equilibrating

adducts, see Scheme 120) has been applied to furan derivatives bearing chiral auxiliaries that can be recovered readily.

For instance, the acetal of (2S,3S)-butane-2,3-diol and furfural is equilibrated in molten maleic anhydride with one

major crystalline product.252 In a similar way, (1,S)-camphanate of furfuryl alcohol undergoes Diels–Alder addition in

molten maleic anhydride giving one major crystalline adduct (þ )- 449 253 that has been converted into doubly branched

carba-hexopyranoses and derivatives, 254 and into the new 2,6-dideoxy-2,6-iminoheptitol 450 (Scheme 121). 255
1.13.8.3 Dipolar Cycloadditions of Furan

In 1982, Vasella and Voeffray256 presented a synthesis of (þ)-nojirimycin (5-amino-5-deoxy-D-glucose) using the 1,3-

dipolar cycloaddition of a D-mannose-derived nitrone to furan. The chiral source in that synthesis (D-mannose) is not

recovered. Jäger and Müller have used cycloadditions of nitrile-oxides to furan to engender racemic isoxazolines that

were then transformed into racemic 5-amino-5-deoxyfuranosides and aminopolyols.257a–257c Isoxazoline-3-carbaldehyde

(� )-452 has been resolved by the technique of Alexakis and Mangeney using (�)-(1 S,2S)-diphenylethanediamine 258

(Scheme 122 ). Aldehyde ( � )- 452 is obtained from the reaction of 2-nitroethanal diethyl acetal and furan that gives

adduct (�)- 451 . Face-selective dihydroxylation of the enol ether followed by isopropylidination provides (� )-452 . Its

reaction with NaBH4 , followed by acetonide hydrolysis, generates furanose ( þ)- 453 , which is hydrogenated to provide
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( þ)-1-deoxynojirimycin. The same reaction sequence applied to ( �)- 452 furnished (� )-1-deoxynojirimycin in the

shortest approach reported to date. In contrast, the most efficient synthesis converts D-glucose into (þ)-1-deoxynojir-

imycin in four steps and 60% yield.259

With LiAlH4, both the aldehyde and isoxazoline moieties of ( þ)- 452 are reduced with formation of aminodiol

( �)- 454 . Acid treatment of (� )-454 generates the 1,6-anhydro-ido -piperidinose (þ )-455 , the hydrogenation of

which provides (� )-L -1-deoxyidonojirimycin. The same sequence of reactions applied to (� )-452 gives (þ )-D -1-

deoxyidonojirimycin.260
1.13.8.4 [4þ3]-Cycloadditions of Furan

The [4þ3]-cycloaddition of furan to the 1,3-dibromo-2-oxyallyl cation generates, after dehalogenation with the zinc/

copper couple, 8-oxabicyclo[3.2.1]oct-6-en-3-one 456 . Double hydroxylation of the alkene moiety of 456 , followed by

diol protection generates the meso -ketone 457. Enantioselective deprotonation with homochiral lithium (R ,R )-bis(1-

phenylethyl)amide in the presence of Me3 SiCl gives the enoxysilane 458 with high yield (up to 98%) and 85% ee.

Oxidation of 458 with PhIO generates the corresponding exo -a-hydroxyketone 459. Treatment of 459 with Pb(OAc)4

in MeOH, followed by reduction, provides the semiprotected methyl 3,6-anhydro-2-deoxy- L -allo-heptonate 460

(Scheme 123).261
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Hoffmann and co-workers 262 have developed general procedures that convert 456 into a number of 2,6-anhydro-

heptitols as enantiomerically pure isomers ( Scheme 124). The treatment of 456 with (þ )-bis[(R )-1-phenylethyl]

amine, nBuLi, and Et3SiCl/Et3N (in situ quench) in THF gives the corresponding silyl enol ether that is oxidized
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with mCPBA in THF/H2O into (� )-461 . The b-hydroxyketone so obtained is silylated and enolized on its turn with
lithium diisopropylamide in the presence of Et3SiCl/Et3N. The intermediate enol ether is then oxidized in its turn

with mCPBA. After treatment with CF3 COOH/THF/H 2 O, (� )-462 is isolated in 62% overall yield. The reduction of
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(� )-462 with NaBH(OAc)3 gives endo -alcohol 463 , whereas reduction with NaBH 4 and MgBr 2 in MeOH affords the

exo -alcohol 465 . Oxidative cleavage of the endocyclic alkene moieties of 463 and 465 , with subsequent reduction with

NaBH4 and acetalization with benzaldehyde dimethyl acetal providing alditols 464 and 466 , respectively. Selective

monobenzoylation of 465 , followed by inversion of alcohol at C2, provides 437 that is then converted into the 2,6-

anhydroheptitol derivative 468 ( Scheme 124 ).

Enantiomerically pure 3-oxo-8-oxabicyclo[3.2.1]octyl-2-yl derivatives have been obtained by [4þ3]-addition of

furan with chiral 1,2-dioxyallyl cation engendered in situ by acid-catalyzed heterolysis of enantiomerically pure

mixed acetals derived from 1,1-dimethoxyacetone and enantiomerically pure secondary benzyl alcohols.263 For

instance, mixed acetal 469 is enolized into the silyl enol ether 470. In the presence of a catalytic amount of trimethyl

silyl triflate, 470 generates a cationic intermediate that adds to furan at � 95 �  C giving adduct ( �)- 471 . The latter can

be enolized regioselectively and oxidized with mCPBA giving, after esterification, pivalate 472 . Reduction with

NaBH4 and subsequent alkene cleavage generates 473 . Treatment of pivalate 472 with DBU and ultrasounds gives

the 2-epimer 474. Its reduction with NaBH4 gives 475 . Subsequent alkene cleavage generates 476 . Inversion of the

alcohol moiety C3 of 476 , followed by alkene cleavage, furnishes the 2,8-anhydroheptitol 477 (Scheme 125 ).262
1.13.9 Carbohydrates and Analogs from Achiral Polyenes

1.13.9.1 From Cyclopentadiene

Xylitol has been derived from the product of photo-oxidation of cyclopentadiene264 which is (Z)-(4RS)-4,5-epoxypent-

2-enal (Scheme 126 ). Chemoselective reduction of the formyl group gives cis -hydroxyepoxypentene 478 , which is

directly acetylated 479 . Treatment of 479 with tetrabutylammonium acetate in Ac2O opens the epoxide with

formation of 480 . De-O-acetylation gives 481 , the epoxidation of which with p-nitroperbenzoic acid generates a

3:7 mixture of epoxides 482 and 483 , isolated as peracetates. The major epoxide 483 is hydrolyzed into xylitol via the

orthoester 484.
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An elegant total synthesis of acosamine and of daunosamine (11 steps, 15% overall yield) was developed at Roche

starting from cyclopentadiene.265 Monomethylation of cyclopentadiene gives 5-methylcyclopentadiene that is hydro-

borinated asymmetrically with (� )-di-3-pinanylborane giving ( S)-alcohol 485 (Scheme 127 ). Epoxidation syn with

respect to the homoallylic alcohol (lateral control by the hydroxy group) provides 486 , which is oxidized into ketone

487 . Baeyer–Villiger oxidation of 487 is regioselective, the oxygen insertion involving the migration of the secondary,

rather than that of the primary, a-carbon center, as expected. Lactone 488 is reduced to the pyranose, and glycosida-
tion with methanol furnishes 489 . The epoxide unit of 489 is opened by the azide anion to give azido-alcohol 490 , the

reduction of which leads to methyl a-acosaminide. Inversion of alcohol at C(4) of 490 via mesylation and treatment

with sodium benzoate, followed by hydrogenation and acidic treatment, provides daunosamine�HCl.

A total synthesis of 1,3-dideoxynojirimycin starting from cyclopentadiene has been proposed by Johnson and co-

workers.266 Photooxidation of cyclopentadiene and reductive work-up with thiourea generates cis-cyclopent-2-

ene-1,4-diol, which is monoacylated with high enantioselectivity (>99% ee) with isoprenyl acetate and Candida
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antarctica lipase B (Novo Nordisk SP 435) to give 491 . After silylation of 491 and subsequent treatment with KOH and

oxidation, enantiomerically pure enone 492 is obtained.267 Treatment of 492 with iodine and pyridine leads to

a-iodination.268 Successive reduction under Luche conditions, alcohol silylation, carbonylation of the iodoalkene,

reduction of the obtained enal, and alcohol silylation leads to 493 . Ozonolysis of 493 gives the corresponding keto-

aldehyde, which is then transformed into 494 via reductive amination with high diastereoselectivity (syn: anti > 20:1).

Deprotection delivers (þ )-495 (Scheme 128 ). A similar approach has converted enantiomerically pure (2R ,3R)-2,3-

isopropylidenedioxycyclopent-4-en-1-one derived from cyclopentadiene 269a,269b into (� )-1-deoxymannonojirimycin

and (� )-1-deoxytalonojirimycin (1,5-dideoxy-1,5-imino- D-talitol). 270a Enone 492 has been converted to (2R,3 S)-2,3-

bis[(tert-butyl)dimethylsilyloxy]cyclopent-4-en-1-one and then to (þ)-1-deoxynojirimycin.270b

Mehta and co-workers have presented271a,271b a synthesis of racemic deoxynojirimycin analogs and isofagomin

analogs, starting from the Diels–Alder adduct of vinyl acetate to 5,5-dimethoxy-1,2,3,4-tetrachlorocyclopentadiene.
1.13.9.2 From Benzene and Derivatives

Dioxygenases present in the blocked mutants of Pseudomonas putida, a soil bacterium, degrades benzene and its

derivatives into cyclohexa-3,5-diene-1,2-diols. With chlorobenzene, diol 496 is obtained with >99% ee. This com-

pound is converted in a few chemical steps into tetrose, pentose, and hexose derivatives (Scheme 129a).272a Further

applications of this methodology are shown in Scheme 129b 272b and 129c. 272c A recombinant strain of E. coli

expressing naphthalene dioxygenase from Pseudomonas sp. NCIB 9816�4 has been found to oxidize specifically

N-methyl-2-pyridone into the cis-5,6-dihydro-5,6-dihydro derivative.272d
1.13.9.3 From Cycloheptatriene

Cycloheptatriene has been converted into L-glucose via Pseudomonas cepacia lipase-mediated desymmetrization of a

meso-3-O-protected cyclohept-6-ene-1,3,5-triol using isopropenyl acetate as solvent. Cycloheptatriene is oxidized to

tropone by hydride transfer to trityl cation. Reduction of tropone with NaBH4 generates cyclohepta-3,5-dienol. After

protection of the alcohol moiety, singlet oxygen adds to the diene forming endoperoxide 498 , the reduction of which

furnishes 499 . Enzyme-catalyzed monoacetylation leads to 500 in 40% yield and high enantiomeric purity. Protection

of the alcohol moiety of 500 , methanolysis of its acetate, and oxidation provides enone 501. After enolization, the

corresponding silyl ether 502 is oxidized to give 503 . Reduction of the ketone and diol protection furnishes 504 .

Double hydroxylation and protection of the diol generates 505. Conversion of the benzyloxymethoxy group into a

mesyloxy group, followed by desilylation and Swern oxidation, provides enone 506 . After reduction of ketone 506 to

the allylic alcohol, ozonolysis and reduction give triol 507 which is oxidatively cleaved to 2,3:4,5-di-O -isopropylidene-

L-glucose and by acid treatment L-glucose is released (Scheme 130).273a
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Alcohol has been converted also to 3-deoxy-D-arabino-heptulosonic acid273b and to enantio pure 2-deoxyhexoses.273c

Cycloheptatrienone (tropone) has been converted into heptitol derivatives via the optical resolution of the (tropone)

Fe(CO)3 complex.273d Racemic methyl b-allopyranoside and a 2C-branched analog have been derived from cyclo-

octatetraene.274

1.13.9.4 From Penta-1,4-Diene

When applied to penta-1,4-diene, the Sharpless asymmetric dihydroxylation forms a 1:1 mixture of (2S,4S)- and (2S,4R)-

penta-1,2,4,5-tetrols 508 and 509, which can be converted to diepoxides 510 and 511 , respectively ( Scheme 131 ).275

A stereo- and enantioselective synthesis of 510 is possible starting from 1,5-dichloropenta-2,4-diene applying Noyori’s

asymmetric hydrogenation. 276 Diepoxide 510 has been converted into alditol 512 and thioalditols 513 and 514 .

1.13.9.5 From Furfural

Furfural (515 , furfuraldehyde) is a very inexpensive starting material obtained from the left-overs of agriculture (acidic

distillation of straw and brans).277 It adds MeMgCl giving racemic 1-(2-furyl)ethanol (� )-516 , which has been

resolved easily using either enzymatic methods278a–278c or metal-catalyzed kinetic resolution.279a,279b For instance,

the reaction of (� )-516 with t-butyl hydroperoxide in the presence of catalytic amounts of Ti(O- i-Pr)4 and
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L -( þ)-diisopropyl tartrate ( L-( þ)-DIPT) gives a mixture of optically active ( þ)- 516 and pyranone 517 . These

compounds are separated readily and isolated in 32% and 53% yield, respectively (Scheme 132).280a,280b

Utilizing Novozyme 435 (immobilized on acrylic resin) to catalyze the transacetylation of (� )-516 with isopropenyl

acetate in (i-Pr)2 O, ( �)- 516 was obtained in 36% yield and with an ee better than 95% (55% conversion rate). If the

reaction was stopped at 45% conversion rate, ester 518 was obtained in > 97% ee. The same enzyme catalyzed the fast

hydrolysis of 518 into ( þ)- 516 (Scheme 133 ).281 a,281b Oxidation of (þ)- 516 with N -bromosuccinimide in THF/

H2O gave 519 . Subsequent oxidation with CrO 3 �NH 4Cl in CH2 Cl 2 furnished 520 that was reduced into pure 521

under Luche’s conditions (NaBH4/CeCl 3) at� 78 �  C, and into a 2:1 mixture of 521 and 522 at 0 �  C. Compound 522 was

isolated and converted into pyranoses 523 –525 as outlined in Scheme 133 .281a,281b C-linked disaccharides have been

derived from 1,4-di(2-furyl)butane-1,4-diol in a similar way.282
1.13.10 Enantioselective Epoxidation of Allylic Alcohols

This powerful method has already been presented in Schemes 68 and 69. In this section, further applications are

discussed. AZT (30-azido-30-deoxythymidine) and other modified nucleosides have been obtained by Jung and co-

workers,283 starting from crotonaldehyde (Scheme 134). The chirality is introduced via Katsuki–Sharpless epoxida-

tion. Enolization of crotonaldehyde with TMSCl and Et3N gives a mixture of (E)- and (Z)-1-(trimethylsilyloxy)

butadiene. Condensation with methyl orthoformate using ZnCl2 as catalyst gives enal acetal 526. Reduction of

526 leads to the allylic alcohol 527, the epoxidation of which affords epoxy alcohol 528 (>95% ee, 74% yield).

Opening of the epoxide with TMSN3/Et2AlF in CH2Cl2 provides 529 . Acidic hydrolysis of 529 gives the

corresponding 2,3-dideoxypentose derivatives 530 .284 ,285a–285c
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1.13.10.1 Desymmetrization of meso-Dienols

Katsuki–Sharpless desymmetrization of penta-1,4-dien-3-ol 531 gives the monoepoxide 532, which can be converted

into 1,4-dideoxy-1,4-imino- D-lyxitol 533 (Scheme 135 ).286

Asymmetric epoxidation of allylic alcohol 535 derived from the Wittig–Horner olefination of benzyloxyacetaldehyde

with 534 ( Scheme 136 ) gave epoxide (þ )-536 in 87% yield.287 Acid-promoted rearrangement of its acetate ( þ)- 537

(participation of the acetoxy group to the epoxide ring opening via intermediate 538 ) generated orthoester ( þ)- 539

(41%) and a mixture diols of (þ)- 540 (16%) and (þ )-541 (11%). Further hydrolysis of this mixture and methanolysis

provided triol (� )-542 , which has debenzylated into 2-C-methyl- D-erythritol (þ )-543 .288
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By applying a Katsuki–Sharpless asymmetric epoxidation, Schreiber and co-workers289 have obtained Kdo from the

diallyl alcohol 544 (Scheme 137 ). The method generates 2,3,4,5-O-tetrabenzyl- D-arabinose 545 which is coupled

with CrCl2 to benzyl a-(bromomethyl)-acrylate giving a 1:1 mixture of alcohols 546A and 546B . Chromatographic

separation and silylation followed by ozonolysis, hydrogenolysis, and acid treatment provide Kdo.
1.13.10.2 Kinetic Resolution of Racemic Allylic Alcohols

The Katsuki–Sharpless asymmetric epoxidation of racemic diol (� )-547 (obtained by allylation of (E)-crotonaldehyde)

gives, after chromatographic separation, the er ythro-epoxide (þ)- 548 (33% yield, > 95% ee). Its urethane undergoes

assisted epoxide ring opening under acidic conditions providing a 10:1 mixture of arabino-carbonate ( þ)- 549 and ribo-

stereomer. Carbonate hydrolysis and subsequent ozonolysis generates D-olivose (Scheme 138). Asymmetric epoxida-

tion of the kinetically resolved dienol (�)-547 (72%) leads to (�)- 548 (75% yield, 95% ee). Acidic hydrolysis of ( �)- 548

gives a ribo-triol, the ozonolysis of which leads to D-digitoxose.290a–290c In a similar manner, asymmetric epoxidation

of dienol (�)- 550 leads to (þ )-551 , which can be converted into (þ)-oliose, and to (� )-550 , which can be converted to

(þ)-cymarose.291a,291b
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D- and L -chalcose have been prepared in a similar way from the racemic mixtures of threo -dipropenylglycol (� )-552

obtained by reductive dimerization of crotonaldehyde.292

A simple, divergent, asymmetric synthesis of the four stereomers of the 3-amino-2,3,6-trideoxy-L-hexose family has

been proposed by Dai and co-workers,293 which is based on the Katsuki–Sharpless asymmetric epoxidation of allylic

alcohols (Scheme 139). N-Trifluoroacetyl-L-daunosamine, N-trifluoroacetyl-L-acosamine, N-benzoyl-D-acosamine,

and N-benzoyl-D-nitrosamine have been derived from methyl sorbate via the methyl 4,5-epoxy-(E)-hex-2-enoates

obtained via a chemoenzymatic method.294

Application of the Katsuki–Sharpless enantioselective epoxidation to racemic mono-O-benzylated divinylglycol has

allowed to prepare enantiomerically pure L-lyxo- and D-lyxo-pentoses and analogs.295,296a–296c
1.13.11 Enantioselective Sharpless Dihydroxylation and Aminohydroxylation

This extremely powerful method has already been presented in Scheme 43, and selected examples of application are

collected in this section. For instance (Scheme 140), tetritol and tetrose derivatives are obtained readily from

asymmetric dihydroxylation of (E)-but-2-ene-1,4-diol,297 and 4-deoxy-D- and L-threose are derived from benzene-

1,2-dimethyl acetal of (E)-crotonaldehyde.

Asymmetric dihydroxylation of the dimethyl acetal of 5-[(tert-butyldiphenylsilyl)oxy]-(E)-pent-3-enal generates a

diol that is converted in three steps into 2-deoxyxylofuranosides with high ee.298 Asymmetric dihydroxylation of

2-vinylfuran gives diol ( þ)- 555 . Its oxidation with mCPBA generates an enone that eliminates an equivalent of water

with the formation of (þ)-isolevoglucosenone. This compound can be isomerized into (�)-levoglucosenone, as shown

in Scheme 141. The L-hexose derivatives (�)-isolevoglucosenone and (þ)-levoglucosenone are obtained with the

same ease.299
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Applying the same route, D- and L-mannose have been obtained in five-step synthesis (39% overall yield) from

furfural. Similarly, the same methodology has been extended to the preparation of D- and L-gulose and D- and L-talose

(19% yield),300a,300b and to the synthesis of 2-deoxy- and 2,3-dideoxyhexoses.301

A route to difluorosugar 561 has been developed. It includes a Stille coupling 302a–302c of 556 and 557 that

generates diene 558 . Sharpless asymmetric dihydroxylation of 558 was chemoselective and provided diol 559

in 54% yield. The corresponding acetonide 560 was then debenzylated with H2O2/LiOH. After treatment with

12 M HCl in THF, the semiprotected 1-deoxy-1,1-difluoro- D-xylulose 562 was obtained ( Scheme 142 ). 303
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Ethyl D-galactonates 567 and 568 have been prepared by two successive dihydroxylations of dienoates 563

and 564 , respectively (Scheme 143 ). Intermediate diol 566 has been converted into L-galacto- g-lactone 569
( Scheme 143). 304 When using the (2Z ,4E )-dienoate 570 , the same sequence of dihydroxylations provided L -talo-g -
lactone derivative 573 .305

Both cis -((� )-576 ) and trans-2-substituted-1,2,3,6-tetrahydropyridin-3-ol (�)- 577 have been prepared via an aldol

condensation of tosylamide 574 with acrolein and subsequent ring-closing metathesis catalyzed by Grubbs’ I catalyst

( Scheme 144 ). 306 Asymmetric dihydroxylation of trans-acetonide (� )-577 with the Hsung–Vedejs AD-mix- b307 gave



O
OEt

O
O COOEt

CbzN

OH

H
O COOEt

OH

OH
+

(HJQ)2PHAL(1.2 mol%)
t-BuOH

OC
ONa

NClBn

OsO4 (1 mol%) 583582
 7:1

584

O
CbzN

OH

H OH
O

CbzN

OTBS

H

583
(i-Bu)2AlH

91%

  i, NaIO4

 ii, NaBH4

iii, TBSCl
mCPBA
CH2Cl2

0 �C
N

O

Cbz
HO

OTBS
586585

N

O

Cbz
EtO

OTBS

(EtO)3CH
TsOH

N

OH

OH

OH
HO

H H−

−

H2/Pd−C
TsOH, MeOH

N

OH

Cbz
EtO

OTBS

OH
HO

 i, NaBH4,CeCl3
ii, OsO4/NMO

TSO

Scheme 145 Application of the Sharpless asymmetric aminohydroxylation and of the aza-Achmatowicz reaction to the

synthesis of D-1-deoxymannonojirimycin.

N COOEt
Ts N COOEt

Ts

OH

H

N
Ts

O

O

 i, (i-Pr)2NLi
THF

ii, Acrolein
THF, 87%

 i, LiAlH4
THF, 87%

ii, Me2C(OMe)2
p - TsOH, PhH
55%

575

574

N

O

O

Ts

Grubbs' cat. I
CH2Cl2
87−90%

N

O

O

Ts

+

(±)-576 (±)-577

(±)-577
N

O

O

Ts

Hsung−Vedejs
AD-mix-a

28 h

(+)-578
 42%

HO
OH

+
N

O

O

Ts

(−)-579
 35%

HO
OH

 i, Red-Al, THF
toluene
110 �C, 8 h

ii, MeOH/HCl
40%

46%

N

OH

OH

H

HO
OH

N

OH

OH

H

HO
OH

(+)-580 (+)-581

Hsung−Vedejs AD-mix-a : 1:3:3:2:0.1:0.05 alkene/K3Fe(CN)6/K2CO3/MeSO2NH2/(DHQ)2PHAL/OsO4

Grubbs’ cat. I: (Cy3P)2Ru(Cl)2CHPh

Scheme 144 Ring-closing metathesis and asymmetric dihydroxylation: synthesis of iminoalditols.

Synthesis of Monosaccharides and Analogs 571



COOEt COOEt
OH

OH

COOEt
OTBS

OH

AD-mix-a
CH3SO2NH2

t-BuOH/H2O
0 �C 86%

TBSCl/Et3N
DMAP
CH2Cl2

20 �C 64%
588587
93% ee

COOEt
OTBS

N3

 i, 4-NO2C6H4COCl
 py, DMAP, 0 �C

ii, NaN3/DMF
20 �C 80%

589

COOEt
OTBS

NHTs

 i, H2/Pd−C
  EtOAc, 20 �C

ii, TsCl, Na2CO3

Toluene/H2O
20 �C 
80%

590

  i, CF3COOH, THF/H2O, 20 �C
 ii, (i - Bu)2AlH, THF/acetone, −78 �C
iii, TsOH/py (MeO)3CH/MeOH

(−)-591

O
TsHN

Me

OMe

587
TsN=C=O
Pd(Ph3P)4
THF, 86 %

NTs

COOEt

O

O

592

O

O

NHTs

O
TsHN

Me

OMe

 i, H2/Pd−C, EtOAc, 20 �C
ii, NaOH/MeOH
iii, CF3COOH/THF, 72%

593

 i, (i-Bu)2AlH, THF/toluene, −78�C

ii, TsOH/py, (MeO)3CH, MeOH, 94%
594

TBS = SiMe2 (t-Bu)
T = 4-MeC6H4SO2
DMAP = 4-Me2NC5H4N

Scheme 146 New route to deoxyamino sugars.

572 Synthesis of Monosaccharides and Analogs
( þ)- 578 and ( �)- 579 in 42% and 35% yield, respectively. The tosyl groups and acetonides were then removed by Red-

Al and HCl/MeOH to give 1,5-dideoxy-1,5-imino-D-allitol (þ)- 580 and 1,5-dideoxy-1,5-imino-L -mannitol ( þ)- 581 .

Similarly, reaction of trans-acetonide 577 with Hsung–Vedejs AD-mix-a afforded acetonides (� )-578 and (þ )-579 in

50 and 40% yield, respectively. The latter were converted, as before, into 1,5-dideoxy-1,5-imino- L-allitol (� )-580 and

1,5-dideoxy-1,4-imino- D-mannitol (� )-581 . 307

The Sharpless asymmetric aminohydroxylation 308 of the electron-deficient 2-vinylfuran 582 gives a 7:1 mixture of

semiprotected amino alcohols 583 and 584 (41%). The major product 583 (> 86% ee) was reduced by diisobutylalu-

minum hydride giving diol 585 ,300a,300b which can be converted into the b-hydroxyfurylamine derivative 586 , an

important synthetic building block for various biologically important compounds, including 1,5-dideoxy-1,5-imino-

alditols (Scheme 145 ). A less regioselective, but shorter, way to intermediate 586 is the direct asymmetric aminohy-

droxylation of vinylfuran.310a–312b

Sharpless asymmetric dihydroxylation of ethyl sorbate gives diol 587 regioselectively. Selective silylation of 587

provided alcohol 588 (93% ee), which was esterified as a paranitrobenzoate and displaced with NaN3 to give the allylic

azide 589 . Hydrogenolysis of 589 and subsequent formation of a tosylamide furnished 590 , which was then converted

into methyl N -tosyl- a- D-tolyposaminide (� )- 591. Alternatively, diol 587 was reacted with TsN¼C ¼ O to give 592

(Ts ¼ para-toluenesulfonyl). Hydrogenation of the alkene moiety and subsequent methanolysis and acidic treatment

provided lactone 593 . Reduction of lactone 593 with (i-Bu)2NH and glycosidation with methanol furnished methyl

4- epi-N -tosyl- a-D-tolyposaminide (þ )-594 (Scheme 146 ). 313

Lin dströ m and co-workers 313 have presented an efficient asymmetric synthesis of the iminoalditol 599 (Scheme 147).

The method requires only four steps in water, without the use of protecting groups. (E,E)-1,6-Dibromohexa-2,4-diene

595 undergoes Sharpless asymmetric dihydroxylation with formation of diol 596 (70% yield, 97% ee). Upon heating in

water at 50 �  C, the allyl bromide is hydrolyzed chemoselectively giving triol 597 . Epoxidation of 597 with H2O2 in the

presence of dinuclear peroxotungstate catalyst K2 [W 2O 3(O 2) 4(H 2O) 2 ]
314 gave 598 in 99% yield and 92% de. Ammo-

nolysis of bromide 598 in aqueous ammonia was spontaneously followed by an intramolecular ring opening of the

epoxide (60% overall yield based on 595 ).
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Scheme 147 Efficient asymmetric synthesis of an azasugar in water.
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1.13.12 Conclusion

For many years, carbohydrates were very difficult synthetic targets because of their complexity arising from their

stereochemistry and their multifunctionality. In parallel with the recent revolution in organic synthesis, a large number

of complicated and rare monosaccharides have been prepared by total, asymmetric synthesis. Methods are available

that allow one to reach both enantiomers of any natural or non-natural monosaccharides, including deoxyaminosugars,

thiosugars, and azasugars, and this, quite offen, in a few synthetic steps. Depending on the target, pure chemical

procedures relying on asymmetric catalysis using either metallic or pure organic catalysts can be applied successfully,

alone or in combination with chemoenzymatic methods.
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64b. Córdova, A.; Zou, W.; Ibrahem, I.; Reyes, E.; Engqvist, M.; Liao, W. Chem. Commun. 2005, 3586–3588.

65. Kano, T.; Takai, J.; Tokuda, O.; Maruoka, K. Angew. Chem., Int. Ed. 2005, 44, 3055–3057.

66a. Jarvo, E. R.; Miller, S. J. Tetrahedron 2002, 58, 2481–2495.
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80. Northrup, A. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124, 6798–6799.

81. Northrup, A. B.; Mangion, I. K.; Hettche, F.; MacMillan, D. W.C Angew. Chem., Int. Ed. 2004, 43, 2152–2154.

82. Northrup, A. B.; MacMillan, D. W. C. Science 2004, 305, 1752–1755.

83. Storer, R. I.; MacMillan, D. W. C. Tetrahedron 2004, 60, 7705–7714.
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140. Wehner, V.; Jäger, V. Angew. Chem., Int. Ed. Engl. 1990, 29, 1169–1171; see also Ref.: 124b.

141. Devant, R.; Mahler, U.; Braun, H. Chem. Ber. 1988, 121, 397–406.
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285b. Martı́n, R.; Moyano, A.; Pericàs, M. A.; Riera, A. Org. Lett. 2000, 2, 93–95.

285c. Dı́az, Y.; Bravo, F.; Castillón, S. J. Org. Chem. 1999, 64, 6508–6511.
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1.14.1 Introduction

Sialic acids are nine-carbon monosaccharides involved in a wide range of biological phenomena. Their

unique structure is characterized by the presence of a carboxylic group (ionized at physiological pH), deoxygen-

ated C-3, glycerol chain at C-6, and differently, functionalized C-5. Among the 50 derivatives so far reported,

N-acetylneuraminic acid (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-ulopyranosonic acid, Neu5Ac) is the

most widespread, although N-glycolylneuraminic acid (Neu5Gc) and 2-keto-3-deoxy-nonulosonic acid (3-deoxy-D-

glycero-D-galacto-non-2-ulopyranosonic acid, Kdn) are also commonly found in biological systems (Figure 1).1,2 Varia-

tions of these structures in general involve acetylation at C-9 (Neu5,9Ac2), but di-and tri-O-acetylated derivatives are

also known. Lactosylation or phosphorylation may also occur at C-9, while the hydroxyl at C-8 can be methylated or

sulfated.

In the cell, Kdn or Neu5Ac are synthesized by the condensation of 6-phosphate mannose or N-acetylmannosamine,

respectively, with activated pyruvate, followed by dephosphorylation. After activation by CTP, the nucleotide CMP-

Sia donor is transported into the Golgi apparatus where it is then transferred to the newly synthesized glycoconjugates

by the action of specific sialyltransferases. As components of glycoconjugate chains, most sialic acids are typically

found at the terminus of N-glycans, O-glycans, and glycosphingolipids.

The natural equatorial glycosides and their unnatural axial counterparts are classified as a-anomers and b-glyco-
sides, respectively. Sialic acids appear essentially at the terminal position, in which they are most commonly found

(a2!3)- or (a2!6)-glycosidically linked to galactosides or (a2!6)-linked to N-acetylgalactosaminides. The disialosyl

structures Neu5Aca2!8Neu5Ac andNeu5Aca2!9Neu5Ac have also been found as constituents of glycoproteins and

lipids. Polysialic acids of Neu5Ac and Neu5Gc, characterized by (a2!8), (a2!9), or alternating (a2!8)/(a2!9)

glycosidic linkages, have been found in glycoproteins of neural cell adhesion molecule (NCAM), in fish eggs, and in

the capsule of certain bacteria such as Neisseria meningitidis group B. Other sialosides, for example, (a2!4)-linked

homopolymer,3 (a2!5)-linked derivatives,4,5 etc.6,7 have also been described, but these derivatives are by far less

ubiquitous.

Being at the terminus of natural cell-surface glycoconjugates, sialic acids are ideally positioned to mediate

carbohydrate–protein interactions in cell–cell recognition phenomena. For example, sialic acids are involved in the

sialyl Lewisx-selection binding that occurs in the recruitment of leukocytes during the inflammation process. In

addition, sialic acids act as receptors for some toxins, bacteria, and viruses. For example, the interaction between

heamaglutinin and Neu5 Ac signifies the first stage of infection by the influenza virus. Sialic acids also play important
583
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masking roles to prevent biological recognition.8 Modifications of sialic acids can interfere with the mode of cell

interaction. For example, O-acetylation or N-acetyl hydroxylation hinders the action of sialidases leading to a longer

lifespan of rat erythrocytes.9 In this context, acetylation of the C-9 hydroxyl prevents this monosaccharide to act as a

receptor for influenza A and B viruses.10

Striking differences have been found in the sialylation pattern of cells during development, activation, aging, and

onconogenesis.11,12 For the onconogenesis, the specific expression of abnormal sialosides (either overexpression or a

different glycosylation pattern) makes them potential tumor markers and anticancer agents and provides high mobility

to the cell, facilitating metastatic processes. For example, the dimer Neu5Aca2!8Neu5Ac is a principal terminal

constituent of a number of glycoconjugates, such as polysialic acid overexpressed in some cancer cells. The dimeric

structure is important for these biological properties since removal of one of the two Neu5Ac residues often leads to a

dramatic or total loss of activity.
1.14.2 Chemical Synthesis of O-Sialosides

In spite of extensive efforts and notable progress, the chemical synthesis of sialosides in high yield with complete

stereoselectivity remains a significant challenge. 13–16 The presence of a destabilizing electron-withdrawing carboxylic

group along with a tertiary anomeric center and the lack of a participating auxiliary often drive glycosylation reactions

toward competitive elimination reactions resulting in poor stereoselectivity (b-anomer) and in the formation of a 2,3-

dehydro derivative. To overcome these problems, different approaches have emerged. A variety of leaving groups and

activation conditions have been developed. In the following subsections, the latest developments for the direct

stereoselective synthesis of a-sialosides will be classified, described, and analyzed.
1.14.2.1 Traditional Methods

The conventional approach to chemical O-sialylation involves the coupling of a sialosyl donor with an appropriate

leaving group (LG) at the anomeric center (C-2) with a glycosyl acceptor having at least one free hydroxyl (ROH,

Scheme 1). This approach has found wide application and offers a reliable and efficient way for the synthesis of the

natural and unnatural sialosides.
1.14.2.1.1 Sialyl halides
Throughout the 1980s, the synthesis of the sialosides from 2-chloro derivatives was the main tool for the synthesis of

compounds containing N-acetylneuraminic acid.13,17,18 Currently, however, the use of these derivatives is mainly
O
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limited to the glycosylation of simple alcohols or as precursors for the synthesis of other building blocks, such

as thioglycosides and 2,3-dehydroderivatives. 19,20 Most commonly, activation of halo-derivatives is achieved in

the presence of silver( I) or mercury(II ) salts, according to Koenigs–Knoor or Helferich method, respectively.13

Typically, silver salts are less reactive than mercury salts, yet allow a marginally higher stereoselectivity. For example,

an Neu5Ac2 !6Gal derivative was obtained in an excellent yield of 84% as a 3/4 mixture of a/ b-anomers,

using Hg(CN)2 /HgBr 2 as promoter, whereas complete stereoselectivity but poor yield was obtained using Ag2 CO 3

(Scheme 2 ).21 Further improvement of this traditional approach has emerged with the observation by Bovin and co-

workers that partially protected diol acceptors provides significantly higher conversion yields (over 80%), even in the

presence of relatively unreactive Ag2 CO3 (Scheme 2). 22 Although a prolonged reaction time was required (3–7 days),

worthy a-selectivity was achieved at room temperature in dichloromethane (DCM) or 1,2-DCE: reaction solvents that

do not usually support a-sialoside formation. It should be noted that this approach is principally effective for the

sialylation of primary acceptors (6-OH of Gal or GalNAc).

Along with these studies, 2-bromo 23,24 and 2-fluoro derivatives25,26 of Neu5Ac have also been explored as sialyl

donors, yet found somewhat narrower application for synthesis than their 2-chloro counterparts. Conversely, 2-bromo

derivative of Kdn found wide application for Kdn glycosidation. 27–30
1.14.2.1.2 Thiosialosides and other 2-thio derivatives
Alkyl(aryl) thioglycosides have emerged as versatile building blocks for glycoside and oligosaccharide synthesis. 31,32

Due to their availability and excellent chemical stability, anomeric alkyl(aryl)thio groups offer efficient protection of

anomeric centers and are compatible with many reaction conditions often employed in carbohydrate chemistry. In the

presence of soft electrophiles, thioglycosides can be activated and used in direct glycosylations. Another attractive

feature of thioglycosides is that they can be transformed into a range of other classes of glycosyl donors, such as halides

or phosphites.

The 2-thiomethyl sialoside donor is commonly obtained from the corresponding 2- O-acetate by treatment with

methylthiotrimethylsilane (TMSSMe) in the presence of trimethylsilyltriflate (TMSOTf) as a 1/1 mixture of a/b-
anomers. 33 Since the a- or b-linked S-methyl sialosides have very comparable glycosyl donor properties, the mixture

obtained is often used in sialylation without separation of anomers. In this context, 2-thioethyl glycoside of Neu5Ac,

readily available from the corresponding 2-O-acetyl derivative, 34,35 or 2-thiophenyl glycoside of Neu5Ac that can be

synthesized by reaction of thiophenol with 2-O -acetyl, 2-chloro, or 2-fluoro derivatives of Neu5Ac,34,36 possesses similar

sialyl donor properties to corresponding S-methyl glycosides. 37–40 Since it is possible to obtain the 2-a-thiophenyl
donor as an individual diastereomer from the corresponding anomeric b-chloride, application of 2-SPh sialosides as
glycosyl donors has been significantly enhanced in recent years. Their synthesis is commonly performed with the use

of inexpensive thiophenol in the presence of a base, such as potassium hydroxide 41 or diispopropylethylamine. 34

Many different activation conditions have been developed for the thioglycoside activation.42,43 Among these, good

yields and high a-anomeric selectivities were achieved when the synthesis of Neu5Aca2!3Gal derivatives was
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attempted in the presence of dimethyl(methylthio)sulfonium trifluoromethanesulfonate (DMTST, Scheme 3). 44

The best results were achieved when glycosyl acceptors were only protected at the anomeric and primary C-6

position. 45– 47 The complete regioselectivity of this sialylation is attributed to the greater reactivity of the 3-OH and

a considerable steric bulkiness of the sialosyl donor. Typical glycosidations of sialyl donors are performed in the

participating solvents such as acetonitrile and at low temperature (� 40 �  C). These reaction conditions help to better

control the sialylation process and obtain the products in high or even complete a-anomeric stereoselectivity.

When the same reaction conditions (DMTST) were applied to the sialylation of a lactosyl acceptor bearing a free

secondary 30  ,4 0  -diol, the yield and anomeric stereoselectivity were significantly reduced (Scheme 3). In this case, a

notable improvement came with the application of the highly reactive promoter system NIS/cat. TfOH that has

proved to be especially valuable when applied for glycosylations of sterically more hindered hydroxyls.48 For example,

NIS/TfOH-mediated glycosylation of the 3 0  ,40  -diol gave a much higher yield of the (2! 3)-linked product (69%) and

improved anomeric stereoselectivity (a/b-6/1, Scheme 3).

A reaction mechanism for the activation of thiosialosides in MeCN has been described.48 It was proposed that these

sialylations start with in situ generation of the electrophilic species (E ¼þ SMe, Iþ ), which then react with the lone pair
of the anomeric sulfur, resulting in the formation of a sulfonium intermediate (Scheme 4). The sulfonium moiety is an
DMTST: 38% (a/b-4/1)
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excellent leaving group and can be either displaced by a hydroxyl of the glycosyl acceptor or, alternatively, by the

nitrogen of acetonitrile to give a nitrilium ion, which preferentially adopts an axial (b) configuration. Therefore,

subsequent nucleophilic substitution with an alcohol leads predominantly to the equatorially substituted a-sialoside.
It has been observed that less-reactive (secondary) alcohols provide better a-selectivities than primary alcohols.

Other common types of sialosides include (2 !6)-linkage to Gal or GalNAc, and the dimeric units linked via (2 !8)

or (2! 9) bonds. While the sialylation of the primary acceptors the synthesis of (2!6)Gal and (2! 9)-linked dimers is

fairly efficient, the synthesis of (2! 8)-linked dimers has been an extreme challenge. Early attempts to directly obtain

(2! 8)-linked dimers gave very disappointing results. For example, glycosylation of a 8-OH sialyl acceptor with a

2-thiomethyl neuraminyl donor in the presence of DMTST in MeCN at �40 �  C afforded only trace amount (5%) of

the desired a-linked dimer (Scheme 5). 44 A possible explanation for this modest result is poor nucleophilicity of the

sterically hindered secondary 8-OH of Neu5Ac. In addition, the 8-hydroxyl is capable of forming intramolecular

hydrogen bonds with the nitrogen of the 5-acetamido moiety or the 1-carboxylate group ( Scheme 5 ).

Among the first efforts to access this notable challenge was the development of a non-orthodox strategy for the

synthesis of oligosaccharides containing Neu5Ac a2! 8Neu5Ac moiety. Mild acid treatment of colominic acid, an

(a2! 8)-linked homopolymer [! 8)-a-Neu5Ac-(2 ! ]n , allowed controlled glycosidic bond cleavage to give the dimer

along with higher oligomers and the monomer. After separation, the dimer could be converted into a glycosyl donor

(most commonly 2-SPh).49 For a relevant example, see Scheme 6 . In this context, higher oligomers of Neu5Ac have

also been used as sialyl donors.50,51

An attempt to address the challenge of chemical 8-sialylation was performed by changing acceptor conformation. It

was anticipated that the formation of an internal 1,7-lactone would facilitate a ‘break’ in the intramolecular hydrogen

bonding.52 Indeed, this strategy resulted in good yields of coupling products, but, unfortunately, only modest

a-anomeric selectivity was achieved. A number of other efficient protocols for direct and indirect synthesis of

sialosides involving positional modification has been developed. These techniques are discussed in Section 1.14.2.2.

An example of a convergent block synthesis of an oligosaccharide that contains four sialyl moieties is shown in

Scheme 6. 53 This example clearly illustrates three different concepts for introducing the sialic acid fragments into

complex oligosaccharides. NIS/TfOH-promoted glycosylation of a 3 0  ,600 -diol trisaccharide with a 2-thiophenyl glycosyl
donor of Neu5Ac provided excellent regioselectivity and afforded the expected (a2!6)-linked tetrasaccharide in 45%

yield. Subsequent glycosylation of the resulting tetrasaccharide with a dimeric sialyl donor, obtained by controlled

hydrolysis of colominic acid, was set up under similar reaction conditions allowing a hexasaccharide in 42% yield.

Removal of the 3,4-O -isopropylidene acetal followed by DMTST-promoted glycosylation with a Neu5Ac a2! 3

GalSMe donor furnished the desired octasaccharide in excellent overall yield. The last glycosylation step cannot be

formally classified as an O-sialylation, yet this convenient block strategy offers a very common approach for the

synthesis of sialylated oligosaccharides.

2-Thiomethyl sialosides have also been applied in the polymer-supported synthesis of sialyl Lewisx54 and in

convergent orthogonal 55,56 and active–latent 35,57 strategies. 58,59 Differentiating the anomeric reactivity of glycosides

offers an attractive way for synthesizing complex oligosaccharides involving a minimal number of protecting group
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manipulations. In this context, the following thio leaving groups can be selectively activated over conventional alkyl/

aryl thioglycosides and, therefore, have great potential for subsequent investigations in convergent multistep oligo-

saccharide syntheses.

The first class of compounds, 2-(ethoxy)dithiocarbonate or 2-xanthate of Neu5Ac, has been synthesized from the

2-chloride by reaction with potassium ethoxydithiocarbonate in EtOH. 34 Activation of xanthates with DMTST 60 or

NIS/TfOH 37,61,62 has been successfully employed in the synthesis of sialylated oligosaccharides. Good selectivities

and yields have been achieved in the presence of phenyl sulfenyl trifluoromethanesulfonate (PhSOTf) obtained from

PhSCl and AgOTf, and 2,6-di(tert -butyl)pyridine (DTBP) at low temperature (� 70 �  C).63 As highlighted in Scheme 7 ,

the trisaccharide was obtained in an excellent yield of 74% mainly as the a-anomer ( a/b - 19/1). An important feature of

this glycosylation protocol is that sialyl xanthates can be selectively activated in the presence of the thioglycosides. In a

number of applications, sialyl xanthates outperformed their S-alkyl counterparts in direct sialylations.64

Recently, De Meo reported application of the S-benzoxazolyl (SBox) approach to a-sialylation and the convergent
synthesis of a GM3 analog. 65 In this synthesis, selective activation of the SBox-moiety of the sialosyl donor over the

S-ethyl moiety of the galactosyl acceptor was conveniently achieved in the presence of AgOTf. The obtained

disaccharide was used in subsequent coupling directly to afford the desired GM3 trisaccharide motif in good overall

yield (Scheme 7).
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1.14.2.1.3 Phosphites and other O-R derivatives
Sialyl phosphites were independently introduced by Wong 66 and Schmidt 67 and have found wide application in

chemical O-sialylation.13 They are very reactive glycosyl donors for which only a catalytic amount of TMSOTf

(typically 10–20 mol %) is required for activation – a substantial advantage over thioglycosides activated with

stoichiometric amounts of relatively expensive and often hazardous promoters. 31

Diethyl b-sialyl phosphites can be prepared in high yields (97%) by reaction of a hemiacetal derivative of Neu5Ac

with CIP(OEt)2 in the presence of the hindered base i-Pr 2 NEt.67,68 Glycosylation of a 6-hydroxyl derivative of a

glucoside in the presence of TMSOTf (0.1 equiv.) in MeCN at �40 �  C afforded a (2! 6)-linked disaccharide as a 4/1

mixture of a/b-anomers (70%). Application of a di- O-benzyl phosphite derivative, obtained from the hemiacetal in the

presence of N,N -diethylphosphoro amidite and tetrazole, to the same model reaction gave a somewhat higher yield

and improved anomeric selectivity (80%, a/ b ¼ 5/1,66,69 a/b-6/1, 70 Scheme 8).

Other sialyl phosphites such as-O( n-Bu),-OCH2 CH2 Cl, OCH2 CCl3 , O(CH 2 )3 O-, O-CH 2 CH 2Me 2 CH2 O-, 68 and 1,2-

O-cyclopentyl 71 were found to be less-efficient sialyl donors than their OEt or OBn counterparts. Conversely, dimethyl

phosphite proved to be rather reactive, 72 especially when promoted with ZnCl2 /AgClO 4 in CH 2 Cl2 at room tempera-

ture, providing sialosides in high yields (83–85%) yet with high b-stereoselectivity (a/b-1/5–6).
A number of other oxygen-based leaving groups have been investigated in sialylations, among which phenyl-

trifluoroacetimidates 73 and C-2 hemiketals 74 have recently emerged as promising novel technologies for further

perusal.
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1.14.2.2 Positional Modifications

To address the challenges associated with chemical glycosylation, several new technologies have been developed in

the past few years. The improvements of conventional glycosylations with hexopyranoses have primarily emerged

from investigations focusing on the nature of the leaving group or promoter. Sialylations are not exceptional in this

respect, and the achievements toward this direction are summarized above. Differently from the hexoses, substantial

effort has been exerted in the investigation of positional modifications, including the introduction of participating

auxiliaries at the C-1 and C-3 positions. Also, modifications of the C-5 acetamido group have been reported as

alternative strategies to optimize glycosylation reactions. In particular, it has been shown that the nature of the

protecting group at the C-5 position plays an important role in effecting the reactivity of both sialosyl donors and

acceptors.
1.14.2.2.1 Modifications at C-1
An interesting technique to control the stereoselectivity of sialylation via long-range participation was proposed

by Takahashi et al.75 According to this approach, the carboxyl at C-1 of 2-thiomethyl Neu5Ac was protected as a

2-thioethyl ester. It was envisaged that activation of the anomeric center of the Neu5Ac donor would give an oxonium-

ion intermediate, which would be stabilized by long-range participation of the thiomethyl moiety resulting in the

formation of a sulfonium intermediate (Table 1). Glycosylation of the thermodynamically more stable b-sulfonium
intermediate should mainly lead to the formation of a-glycosides. Reasonable yields and a-anomeric selectivities were

achieved when applied to primary as well as secondary glycosyl acceptors. The proposed mechanism was supported by

the finding that anomeric selectivities were not affected by reaction solvents and even when the glycosylation was

performed in ethylene glycol dimethyl ether (DME), mainly a-linked disaccharides were formed in moderate yields

(Table 1, entry 2).

A similar concept was explored by Gin and co-workers. In this case, the N,N-dimethylglycolamido

(OCH2CONMe2) ester functionality was employed as an auxiliary at C-1, allowing the synthesis of a number of

sialosides with improved a-stereoselectivity (Table 1, entries 3 and 4).76 Also, this participating moiety allows the

reactions to be performed in an apolar solvent. This approach was then extended to dehydrative sialylations with

2-OH sialyl donors.74

Ito and a co-worker probed a number of other participating ethers. Although the concept applied was essentially the

same as the aforementioned approaches, somewhat different observations were made.77 Thus, no a-stereoselectivity
improvement was noted in the sialylations when performed in DCM. These results were rationalized by the inability

of the CH2CH2CN ester to directly influence the stereoselectivity of sialylations. However, notable improvement of
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stereoselectivity was detected in MeCN (entries 5 and 6, Table 1). This was rationalized by the solvent-assisted

indirect participation, which stabilized the kinetically generated b-nitrilium ion.

Wong and co-workers determined that significant enhancement of the reactivity of sialosyl donors can be achieved

by conversion of an electron-withdrawing C-1 carboxylic moiety into a protected hydroxymethyl group.78 This

reduction yields glycosyl donors of comparable reactivity to reactive armed glycosyl donors of the D -hexose series.

Upon glycosylation the hydroxymethyl moiety could be deprotected and oxidized. Unfortunately, this elegant indirect

sialylation approach yields predominantly unnatural b-linked sialosides. The unusual stereoselectivity was rationa-

lized by a significant anomeric effect in the C-1-reduced derivatives in comparison to regular sialosides.78
1.14.2.2.2 Modifications at C-3 (indirect methods)
Several glycosyl donors derived from Neu5Ac have been prepared that possess an auxiliary at C-3. This auxiliary

should control the anomeric selectivity of a glycosylation by neighboring group participation leading to the formation

of 2,3-trans -glycosides. 13 Thus, a-glycosides are favored in the case of equatorial auxiliaries (Scheme 9 ), whereas

b-glycosides are preferentially formed when the participating auxiliary is in the axial orientation. The auxiliaries

should also help to prevent 2,3-elimination, which often constitutes a major side reaction in the direct O-sialylations.

One of the most important requirements is that an auxiliary should be easily installed before, and removed after, the

glycosylation. Usually, auxiliaries are introduced by a chemical modification of a 2,3-dehydro derivative of Neu5Ac,

readily accessible from the methyl ester of acetochloroneuraminic acid.79 These transformations can be performed

either through a 2,3-oxirane derivative or by a direct addition reaction to the double bond.
1.14.2.2.2.1 3-Bromo- and 3-O-auxiliaries

Addition of bromine to the double bond of the glycal of Neu5Ac gives a diaxially substituted 2,3-dibromo derivative

which is only suitable for the synthesis of b-sialosides.80 Differently, the addition of NBS to the glycal at low

temperature (�20�C) in aqueous dimethylsulfoxide (DMSO) predominantly afforded a 2,3-diequatorial substitution

product.79 This compound could be converted into a C-2 diethyl phosphite derivative, which gave good anomeric
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selectivities and yields when applied in glycosylation with reactive hydroxyls. Unfortunately, when the synthesis of

the (2! 8)-linked dimer was attempted, a predominantly b-anomer was isolated. 81 Upon glycosylation, the bromo

auxiliary could be removed by reduction with Bu3SnH. 81

To enhance the participatory function of the C-3 moiety, several approaches for the synthesis of 3-O-derivatives

of Neu5Ac have been reported. Beginning from early studies involving the unprotected 3-OH, 82,83 various partici-

pating 3-O-substituents have been probed. For example, 3-O -thiocarbamate and 3-O -thiocarbonyl functionalities

capable of participation through a five-membered cyclic intermediate provided excellent a-stereoselectivities and
high yields. 81,84 As evident from the example illustrated in Scheme 10 , an excellent result was obtained even in

reactions with poorly nucleophilic 8-OH of Neu5Ac. Upon sialylation, these moieties can be removed by reduction

with Bu3 SnH and AIBN. The disaccharide obtained offers an opportunity for iterative oligosaccharide synthesis by

repeating double bond addition–glycosylation sequence.
1.14.2.2.2.2 3-thio and 3-seleno auxiliaries

Neu5Ac derivatives containing a 3-thio or 3-seleno auxiliary in combination with an appropriate anomeric leaving

group possess excellent glycosyl donor properties that have been extensively studied. 13 It has been proposed that

these glycosylations proceed through an episulfonium (or episelenium) intermediate, which induces excellent

a-stereoselectivity. 85

These glycosyl donors can be obtained by addition of PhSCl to the double bond of a 2,3-dehydro derivative of

Neu5Ac to give predominantly the 3-equatorial diastereomer (ax/eq ¼ 1/5).86 Even higher diastereoselectivity of the

addition was achieved with 2,4-dimethylbenzenesulfenyl chloride in CH2 Cl2 (ax/eq ¼ 1/21, 89%).87 This example is

illustrated in Scheme 11 . 2-Chloro and 2-fluoro derivatives, both bearing a 3-S-phenyl auxiliary, have been employed
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for the preparation of a tetrasaccharide using an elegant glycosylation strategy based on sequential leaving group

activation ( Scheme 12 ). 88,89

It has been established that the glycosyl fluoride is stable toward the conditions required for activation of the

anomeric chloride. Therefore, coupling of a 2-chloro glycosyl donor with 8-OH glycosyl fluoride acceptor in the



594 Synthesis of Glycosides of Sialic Acid
presence of AgOTf gave a (2! 8)-linked dimer in 49% yield (Scheme 12). Complete a-selectivity was achieved by
neighboring group participation of the 3-thiophenyl moiety. The obtained dimer was used in the subsequent

glycosylation in the presence of AgOTf/SnCl2 without a need for any chemical manipulations between glycosylation

steps. A glycosylation of a thio-lactosyl acceptor afforded a tetrasaccharide in 39% yield, making use of the finding that

glycosyl fluorides can be selectively activated in the presence of thioglycosyl acceptors. The thioglycoside can be

subsequently activated using a thiophilic reagent and, in this case, the promoter DMTST was used in a coupling with

an azidosphingosine acceptor to give a glycosyl azidosphingosine.

Although the anomeric chloride can be used as a glycosyl donor directly, it has been determined that better results

are obtained when the chlorine is first replaced with a thiomoiety and then activated. 90,91 In spite of a number of

required additional synthetic steps, the results obtained compare very favorably with one-step direct sialylations.

Thus, a trisaccharide was synthesized in a high overall yield and complete stereoselectivity. Nevertheless, a

2-thioethyl leaving group in combination with a 3-thiophenyl participating auxiliary afforded an (a2! 8)-linked

product in a disappointing yield of 28%. 91,92 The usefulness of this approach was extended to a polymer-supported

synthesis of sialyl glycosides. 93
1.14.2.2.3 Modifications at C-5
Recently, a number of groups reported that the nature of the protecting group at the C-5 position plays an important

role in controlling the yield and stereoselectivity of glycosylation reactions. This section summarizes the latest

developments in the chemistry of sialic acid, which involve modifications of the natural 5-acetamido function

(NHAc). It is important to note that the main scientific effort in the area of chemical sialylation has been focused

on a study of amino group modification.
1.14.2.2.3.1 N-Acetylacetamido

Pioneering studies by Boons and co-workers resulted in the discovery of the powerful effect of the C-5 acetamido

group on the yield and stereoselectivity of glycosylation reactions. 94,95 It was discovered that the introduction of

an additional acetyl group at the N-5 position of a thiomethyl sialyl donor drastically improves its reactivity in

glycosylation reactions. For example, an NIS/TfOH-promoted coupling of 2-(trimethylsilyl)ethyl 6-O-benzoyl-b-D-
galactopyranoside with a methylthio 5-N-acetylacetamido donor yielded the desired (a2!3)-linked disaccharide in

72% yield in less than 5 min (Scheme 13). 94 For comparison, sialidation of the corresponding mono-N -acetylated

derivative required significantly more reaction time (2–6h) under essentially the same reaction conditions. Also, no

large excess of the N-acetylacetamido glycosyl donor is typically required, as opposed to glycosylations with mono-

N-acetylated donors typically requiring 2–3 equivalents with respect to the acceptor to achieve similar results.

Recently, Crich and co-workers reported the use of N-acetylacetamido thiophenyl donor for the coupling to a wide

range of acceptors using diphenylsulfoxide/trifluoromethanesulfonic anydride promotion system.96
R = H: 61% (reaction time 2–6 h)
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The higher reactivity of the sialyl donor bearing an NAc2 moiety has also been proven useful for the synthesis of

(a2! 8) dimers. Interestingly, the positive effect of NAc2 was determined for both the glycosyl donor and the glycosyl

acceptor components of this type of sialylation. Thus, when a 5-N-diacetyl neuraminyl donor was coupled with a

5-mono-N -acetyl acceptor, the desired dimer was obtained in 16% yield (Scheme 13 ). 95 Even this modest result was a

marginal improvement compared to a similar direct sialylation performed with the monoacetylated donor and

a structurally similar acceptor (5%, see Scheme 5 ). Significantly higher yield was achieved when a 5-N-acetylacetamido

neuraminyl donor was coupled with a 5-N -acetylacetamido acceptor. In this case, the desired (2! 8)-linked dimer was

obtained in an improved yield (50%) and stereoselectivity ( a/b ¼ 2:1, Scheme 13 ).95 This finding suggests the crucial

role of the N-5 protecting group in the control of the reactivity of 8-OH, probably due to the decrease of H-bonding

between the 5-N and 8-OH.

These promising results encouraged the development of different approaches where 5-N-diacetyl donors modified

at C-3 have been tested. For example, sialylation of the ethylthio 3-thiophenyl-5-N -acetylacetamido donor yielded the

desired (a2!8) dimer in 44% yield, 97 whereas, as mentioned above, its mono-N-acetylated counterpart gave the

corresponding dimer in 28% yield.92 In both cases, complete a-stereoselectivity was achieved due to the efficient
participation of an S-phenyl auxiliary at C-3.

Advantageously, the additional N-acetyl group does not require additional synthetic steps for its introduction or

cleavage, as it can be simply introduced (and removed) upon O-acetylation (or deacetylation).

1.14.2.2.3.2 Azido

The synthesis of 5-azido derivatives of N -acetylneuraminic acid has been accomplished by both enzymatic 98–101 and

chemical 102–105 methods. For the latter, Schmidt 103 and Wong 104 described the introduction of the azido group using

trifluoromethanesulfonyl azide (TfN3 ) as the diazo transfer reagent. Similarly, sialosyl acceptors bearing an azido

moiety at C-5 were synthesized to reduce the unfavorable hydrogen bonds for the synthesis of ( a2! 8)- and ( a2! 9)-

linked dimers.

5-Azido donors and acceptors are notably more reactive than the common acetamido group containing

derivatives. 104,106 For example, the 2-thiocresol (STol) sialyl donor bearing an azido group at C-5 gave signi-

ficantly improved a-stereoselectivity in sialylation, especially when applied to the synthesis of (2! 9)-linked dimers

(Scheme 14). Thus, glycosylation with an azido-bearing sialyl acceptor gave the desired a-linked dimer with complete

stereoselectivity in 65% yield. Under the same reaction conditions, the corresponding N -acetyl and N-acetylacetamido

donors gave the desired disaccharide as a,b-anomeric mixtures (3:1 and 4:5, respectively). When a 5-azido phosphite

was selectively activated over a 5-azido thioglycoside acceptor, the (a2! 9)-linked dimer was obtained in 51% yield

(Scheme 14 ).104 Conveniently, the dimer obtained can be used in subsequent sialylation. High a-stereoselectivity
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was observed with 5-azido derivatives in the case of highly nucleophilic primary acceptor sialylations. The observed

effect was attributed to both steric and electronic effects. The linear azido group withdraws electrons and, therefore,

can stabilize the acetonitrilium intermediate and allow easier access of the acceptor from the a-face of the donor.
The azido group effect on yield and stereoselectivity in glycosylation reactions is less prominent with sterically

hindered and/or less reactive acceptors, such for the synthesis of (a2! 3) galactosyl derivatives and ( a2! 8) dimers. For

the latter, the coupling between 5-azido perbenzylated thioglycoside donor and 5-azido sialyl acceptor did not give any

dimeric product.107

1.14.2.2.3.3 Trifluoroacetamido

As mentioned above, the synthesis of the ( a2! 8)-glycosidic bond is complicated by the low reactivity of the acceptor

due to intramolecular hydrogen bonds (Table 1). Hence, a potent electron-withdrawing group such as trifluoroacet-

amido group should help to further decrease the unfavorable H-bonds between the acetamido function and 8-OH.

The introduction of a trifluoroacetyl group can be accomplished by the reaction of the corresponding 5-amino

precursor with methyltrifluoroacetate in the presence of triethylamine and methanol.24 Thus, a 5-N-trifluoracetyl

sialyl donor and acceptor proved to be far more reactive than the corresponding N -acetamido and N -acetylacetamido

derivatives (Scheme 15 ).108

While complete stereoselectivity was observed in every case, and the highest yields were achieved with 5-N -TFA

acceptor, the versatility of the N -TFA donor allowed a highly efficient synthesis of the human melanoma associated

antigen GD3 derivative, which has multiple (2! 8)-linked Neu5Ac residues. To date, N-TFA-protected sialylations

are the only examples of stereoselective synthesis of (a2! 8) dimers by direct methods.108–11 0

High reactivity of the 5-N -TFA sialyl donor has also been reported for the synthesis of (a2! 3)- and (a2! 6)-linked

derivatives with a wide range of galactosyl acceptors. 111 Thus, complete stereoselectivity and best yields were

accomplished for more sterically hindered/less-reactive acceptors. For more primary hydroxyl groups or triols, loss

of stereoselectivity and/or regioselectivity was observed.

Recently, phosphite sialosyl donors bearing a C-5 trifluroacetamido group were applied to the synthesis of (a2!9)-

linked oligomers (Scheme 16). 112 Also in this case, these donors gave a higher degree of a-anomeric selectivity as

compared to conventional sialyl donors. Thus, an N-TFA phosphite donor was coupled with an N-TFA thioglycoside

acceptor thereby obtaining the a-linked dimer with 77% yield. The STol moiety was then replaced with phosphite. By

iterating these coupling–reprotection steps, higher-order sialosides were obtained with high yield and stereoselectiv-

ity. It was noted that stereoselectivity drops as the size of the glycosyl donor increases.

1.14.2.2.3.4 N-Trichloroethoxycarbonyl (N-Troc)

Conversion of the N-acetyl phenylthioglycoside derivative into the corresponding N-trichloroethoxycarbonyl (Troc)

derivative was described by Wu113 and Kiso114 using succinimidyl 2,2,2-trichloroethyl carbonate and trichloroethyl-

chloroformate, respectively.
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Kiso and co-workers proved that the introduction of a Troc group at N-5 increases the reactivity of a thiophenyl sialyl

donor when compared to the corresponding N-monoacetylated derivative. 114 However, loss in stereoselectivity was

also observed ( Scheme 17). For the synthesis of the (2! 9)-linked dimer, the N-Troc (armed) thiosialoside donor was

coupled with an N-acetyl (disarmed) thiosialoside acceptor. The resulting disaccharide was obtained in moderate yield

and stereoselectivity. Interestingly, the arming and disarming of these building blocks was achieved from a remote

position. Recently, this method was applied for the synthesis of the 2,6-sialyl T antigen by one-pot glycosylation. 115
1.14.2.2.3.5 Miscellaneous substituents at C-5

Recently, an interesting N-5 modification has been reported by Kiso and co-workers: specifically, a conformationally

constrained C-1–N-5 lactam proved to increase the reactivity of 8-OH. 116 Thus, coupling between a 5- N-Troc

thiophenyl donor and 1,5 lactamized acceptor, bearing itself a thiophenyl leaving group, gave the (a2!8) dimer

with 49% yield. The use of an N-TFA donor increased the glycosylation outcome up to 71% (Scheme 18 ).

Conversion of the acetamido group in a oxazolidinone fused ring by introduction has been reported as an alternative

method for the synthesis of (a2! 8) and (a2!9) dimers.117 Thus, coupling between a 5-N, 4-O carbonyl-protected
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sialyl donor and acceptor gave the (a2! 8) dimer with 86% yield (Scheme 19 ). Interestingly, the use of dichloro-

methane as a solvent did not decrease the stereoselectivity.

Other known modifications of C-5 involve N-tert -butyloxycarbonyl (Boc),118 N -benzyloxycarbonyl (Cbz, Z),119

N -phthalimido (Phth),120 and N-tert-butyloxycarbonylacetamido. 121 However, extensive studies of the effect of

these moieties on reactivity or stereoselectivity in the syntheses of sialosides have not yet emerged.

Neu5Gc is an important naturally occurring neuraminic acid derivative. Several attempts to synthesize oligosac-

charides that contain this derivative have been reported and for this purpose, glycosyl donors were prepared that

contain an O-acetyl- 28,122–124 or O -benzyl-protected 125,126 N-glycolyl moiety, �C( ¼ O)CH2OAc or � C( ¼O)CH 2 OBn,

respectively. Other functional groups at C-5 were also introduced for the purpose of biological studies. 127
1.14.3 Synthesis of C- and S-Glycosides

In vivo, sialic acid-containing glycoconjugates undergo desialylation by the action of the hydrolytic enzyme neuramin-

idase. As a result of the cleavage, the asialylated glycoconjugate chain is unmasked and therefore catabolized. The

replacement of the exo-cyclic oxygen in the glycosidic bond by carbon (C-glycosides) or sulfur (thioglycosides) offers

non-hydrolyzable derivatives with attractive pharmaceutical applications.
1.14.3.1 C-Linked Oligosaccharides

The major problem presented by the synthesis of C-glycosides of Neu5Ac is the formation of a quaternary carbon.

A general diastereoselective approach based on the samarium(II)-mediated coupling developed by Beau and

co-workers 128 was adopted by Linhardt and co-workers for the synthesis of C-sialosides. 129 Efficient coupling was

established between a neuraminic acid phenyl sulfone and ketones and aldehydes resulting in exclusively a-linked
C-glycosides. Some of these compounds are potent inhibitors of the bacterial neuraminidase from Clostridium per fringens .

The high stereoselectivity of this methodology was rationalized by the presence of a samarium enolate intermediate

whose b-face is more sterically hindered than the a-face ( Scheme 20 ). The methodology was applied to the synthesis

of a wide variety of C-glycosides derivatives, such as analogs of gangliosides GM4, GM3, and sTn, 130–132 as well as the
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synthesis of C-glycosides of Kdn. 133 Similarly, Beau and co-workers employed their 2-pyridyl sulfones to

C-sialylation. 134

Schmidt and co-workers developed a general strategy for the synthesis of C-glycosides of Neu5Ac which was

applied to the preparation of a methylene-bridged Neu5Ac a2! 3Gal C-disaccharide ( Scheme 21 ).135 The key feature

of this methodology is the use of an inexpensive open chain precursor of Neu5Ac and its stereoselective cyclization

using phenylselenyl triflate.
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1.14.3.2 S-Linked Oligosaccharides

Sialic acid thioglycosides or thiosialosides are another class of hydrolytically stable analogs of glycosides of Neu5Ac that

have garnered particular interest as biological probes and potential inhibitors of sialic acid-recognizing proteins. 136,137

In general, thiosialosides can be synthesized by two common pathways as follows: (1) S-alkylation of an acceptor that

contains a good leaving group with a 2-thio-Neu5Ac derivative or (2) incorporation of sulfur into the glycosyl acceptor,

which is then coupled with a conventional glycosyl donor (Scheme 22). 138 The former has been successfully

employed for a range of thiosialosides. In particular, for the synthesis of thiosialoside with (a2! 3)Gal linkages, the

use of 3-O -triflate-gulose furanose as the alkylation reagent provides the desired product in high yields. 139 In addition,

new chromatography matrix has been developed to selectively bind sialic acid-recognizing proteins. Thus, 2-thioalkyl

derivatives were coupled to CNBr-activated Sepharose 4B through the terminal amino group.140 This matrix was

employed to purify Vibrio cholerae sialidase, sialidase- L from leech, trans -sialidase from Tr ypanosoma cruzi, and

sialyltransferases from rat liver in high yield. Another interesting example of the use of thiosialosides as biological

probes is the synthesis of the CMP-sialic acid thio analog and its biological evaluation in comparison with the natural

CMP-activated sialic acid. Interestingly, the thio-derivatives proved to be more hydrolytically stable toward neur-

aminidase but a poor substrate for a-2,3-sialyltransferase. 141

Multivalent sialosides have proven to increase inhibitor activity by amplifying the carbohydrate–protein interac-

tions. Thus, several examples of multivalent thiosialosides have been reported as high-affinity ligands for sialic acid-

recognizing proteins. 138
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1.15.1 Introduction

It is becoming ever clearer that the presence of carbohydrate motifs, and their mimetics, in naturally occurring

structures has a dramatic effect on their chemical, physical, and biological properties. The myriad of glycoproteins in

nature reflects their broad functions as markers in cell–cell communication events that determinemicrobial virulence,1

inflammatory,2,3 and host immune responses.4–6 In addition, the correct glycosylation of proteins is critical to their
605



606 Synthesis of Glycopeptides and Glycoproteins
expression and folding,7–9 increases their thermal and proteolytic stability,10 and modulates in vivo half-life;11–13

therefore, access to well-defined scaffolds to probe the nature of these processes is paramount. Their precise

manipulation is a dominant primary goal in glycoscience14,15 and has driven and continues to drive synthetic

methodology toward the controlled synthesis of glycoconjugates and in particular glycoproteins.

1.15.1.1 Aims

The aim of this chapter is to highlight various methodologies and synthetic strategies that have been applied to the

preparation of glycoproteins and, where relevant, glycopeptides as model systems. These procedures encompass

chemical, enzymatic, and molecular biological approaches used independently or in combination with one another.

The net result is a formidable range of techniques that enables the crossover between the ever-diminishing

boundaries between chemistry and biology. Glycopeptides/glycoproteins may be considered quite simply to be

polyaminoacid–poly/oligosaccharide conjugates. As such, synthetic strategies may be summarized as depicted in

Scheme 1.16 Many of the terms that have been used to describe the construction of linkages A, B, C, and D are

arbitrary ones that have been coined over time by various workers in the field, but nonetheless are useful and will be

used where appropriate in this review.

It is not the intention of this chapter to provide a complete coverage of all the methods for the construction of

carbohydrate–amino acid conjugates but to instead focus on the formation of glycosylated-polypeptide structures.

Consequently, detailed discussion into glycopeptide synthesis and assembly will only be covered in passing and where

it is of potential or direct relevance to glycoproteins. Many excellent reviews have appeared on the topic of synthesizing

shorter-length glycopeptides and the reader is referred to these.17–30 Similarly, although they are crucial prerequisite

building blocks for glycoprotein synthesis, the synthesis of pure proteins31–35 or oligosaccharides 36–43 will not be covered

unless of direct relevance. This chapter builds on our first comprehensive review in 2002 and adopts a similar

structure,16 and the reader is also referred to other excellent reviews that have also covered aspects of glycoprotein

synthesis, either independently or as part of larger reviews on glycoconjugates.14,44–52 The biological significance of

both natural and synthesized53 glycopeptides/glycoproteins will not be discussed in detail, but of course is the primary

driver for much of this work.54 Furthermore, the somewhat artificial distinction between ‘chemical’ and ‘biological’

techniques is unhelpful and has been avoided where possible. All sources of glycoproteins have potential function;

therefore, there will be no distinction drawn between synthetic analogs, sometimes called neoglycoproteins (neo simply

means new, and adds nothing to the nomenclature of this field), and those occurring naturally. Indeed, with the advent

of an array of techniques adapted from nature, the distinction between neo and natural has already blurred.
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1.15.1.2 Why Does Nature Employ Carbohydrates?

Carbohydrates are unparalleled in the number of structures they can adopt; as a consequence, nature exploits this

structural diversity to convey information at a molecular level. In terms of oligomerization, proteins and nucleic acids

are effectively linear in structure (amide bonds in proteins, and 30–50 linkage of phosphodiesters within DNA), where

limited building block sets (4 for DNA, 20 for amino acids) give rise to limited variations. Carbohydrates on the other

hand are totally unrivalled in the structures that they can adopt due to variation in configuration (e.g., Glc O-2eq. vs

Man O-2ax.) and connectivity (e.g. 1-2, 1-3, 1-4, 1-6 between two pyranoses). This point is illustrated well by the

comparison between a hexamer of the respective biopolymers. Peptides and DNA have 6.4�107 and 4096 possible

permutations, respectively, whereas carbohydrates have access to some 1.05�1012 combinations.55 Furthermore,

additional variety caused by ring size, branching, anomeric configuration, and increased functionality (e.g., acylation,

sulfation, and phosphorylation) gives carbohydrates almost unlimited potential for diversity. This inherent structural

variation of carbohydrates gives them a role in a wide number of functions,4,5,9,56,57 ranging from sources of energy and

metabolic intermediates, to the structural components of plants (cellulose), animals (chitin), and nucleic acids (DNA,

RNA), the latter being a frequently unrecognized example. Above all, the almost unlimited variation of oligosacchar-

ides is truly exploited by nature through the combination of carbohydrates with proteins (glycopeptide/glycoprotein

and in other glycoconjugates), the products of which have caused an explosion of interest within the scientific

community. This structural diversity has been christened glycocode16,58 – a term that well represents the potential

level of complex information that carbohydrate structures are able to convey. It should also be noted that the vast

number of potential permutations represents a high technological barrier and means that no longer can the oligosac-

charide portions of glycoproteins be made on an iterative basis since there are far too many possible synthetic targets.

It is therefore crucial that the design of new glycoproteins is guided by the identification of the associated functions

and activities of existing structures.
1.15.1.3 The Biological Importance of Glycopeptides/Glycoproteins

This section briefly highlights the biological significance of glycopeptides/proteins. The functions and versatility of

glycosylated biomolecules are, as a consequence of their ability to transmit sophisticated information, incredibly

broad. For example, glycoproteins have been implicated in physiological processes ranging from receptor-mediated

endocytosis, and protein quality control, to the interaction and subsequent invasion of pathogens, and the triggering of

effects that lead to the release of biomodulators. A thorough understanding of these processes is essential to their

successful exploitation in pharmaceutical therapies that either block lectin-mediated process through inhibition or

those that exploit this binding to target designed glycoconjugates to lectin-expressing cells. Indeed, the recent failure

of a number of carbohydrate-based drugs may be attributed to a poor understanding of their supposed mechanism of

action rather than due to any inherent flaws associated with carbohydrate therapeutics.59 When good understanding

has been achieved, the results have been impressive.60,61

In addition to their critical role in communication events, an interesting aspect of N-linked protein glycosylation is

highlighted by its post-translational role in the ‘quality control’ of protein synthesis.9 Without correct glycosylation,

many proteins fail to fold correctly. Nascent glycoproteins emerge from the ribosome and interact with the molecular

chaperones calnexin and calreticulin. This process promotes correct protein folding, resulting in the eventual release

of native proteins into the secretory pathway. Misfolded glycoproteins re-enter the calnexin/calreticulin cycle through

repeated glucosylation–deglucosylation following the actions of glucosidase II and UDP-Glc:glycoprotein glucosyl-

transferase.62 Persistently misfolded proteins are eventually trimmed of their terminal mannose by the action of

a-mannosidase I, causing the incompetent protein to enter the endoplasmic reticulum-associated protein degradation

(ERAD) pathway via the critical recognition by mannose-binding lectins EDEM and EDEM2.63 It has been

suggested that, if nascent protein fails to fold properly, these glycans are incorrectly displayed and cannot be processed

in these trimming steps, leading to rejection and ERAD. Therefore, these apparently superfluous trimming steps may

not simply be a means to glycan structure but steps along a ‘quality controlled’ protein production line and suggest a

novel role for added glycans as indicators of correct protein structure.7–9,64 It has also been suggested that glycans aid

the folding and transport of proteins by protecting them from proteolysis10 and chemical glycosylation has also been

linked to increased stability.65 Proteolytic stability, as a result of glycosylation, has been observed through comparison

of RNase A, an unglycosylated pancreatic ribonuclease, with RNase B, which bears a single high-mannose oligosac-

charide at Asn34.66–68 Carbohydrates have also been shown to alter the physiochemical properties of proteins found in

arctic fish.69 In such fish, O-glycan-rich proteins act as an in vivo ‘antifreeze’, preventing the nucleation of ice allowing
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deep sea fish to survive temperatures of �2 �  C. Glycopeptide analogs of these proteins have also demonstrated

significant antifreeze properties. 70

In addition to their role in protein folding, glycans have been shown to stabilize the eventual tertiary structure of

proteins, 71 such as the human glycoprotein CD2. 72 This conformational effect has also been observed on a variety of

glycopeptide models. For example, in aqueous solution a turn is induced in a SYSPTSPSYS segment of the C-terminal

domain of RNA polymerase II when it contains a threonine O-linked to an a-D -GlcNAc monosaccharide, whereas the

corresponding non-glycosylated peptide adopts a randomly coiled structure. 73 This result tallies well with suggestions

that reversible glycosylation of this site might act as a regulatory mechanism for the control of transcription akin to

phosphorylation. 74 Similar observations with glycopeptides have also been reported from NMR studies, which

showed conformational bias and stabilizing effects upon glycosylation. 75,76 However, it should be noted that the

method of glycosylation may also play a significant role; conformational changes observed for the glycosylation of

lysine side chains through amide bond formation appeared to have been largely due to charge neutralization rather

than glycosylation per se .77

Another important function of glycosylation is in the recognition of sperm by egg during fertilization.78 The coating

of the mammalian ovum contains a large number of both O- and N-glycans. In mice, it is believed that the sperm binds

to O-linked oligosaccharides of the ovum glycoprotein ZP3.79 Removal of these oligosaccharides results in sperm-

binding ablation and ZP3 knockout female mice are infertile. A similar mechanism has also been observed in sea

urchins. 57 Carbohydrate recognition also plays a vital role in immunity.6 The inflammatory response caused by either

infection or injury results in the adhesion of leukocytes via the specific interactions of O-linked glycans containing

sialyl Lewis x and newly expressed selectins (E, I, and P) upon the surface of specialized endothelial cells and on

leukocytes themselves. 80,81 Over recruitment of leukocytes to the traumatized site can lead to chronic inflammatory

diseases, for example, rheumatoid arthritis. Consequently, compounds displaying sialyl Lewis x -type structures are

viewed as potential anti-inflammatory drugs.82 In theory, these compounds competitively bind to the expressed

selectins, decreasing the interaction of leukocytes with the endothelial cells, therefore reducing the inflammatory

response.
1.15.1.4 Potential Applications

The future of carbohydrate science will be honed by the application of its products; the applications therefore of

glycoproteins are an important backdrop to this review and are the context in which their synthesis should rightly be

judged. 14,47,54,83,84

As early as 1929 it was identified that immunological activity toward carbohydrates may be greatly enhanced

through conjugation to protein carriers, 85,86 and in 1936 their use as a strategy to combat pneumococci was first

described. 87 However, until the 1970s this work was limited by the often-minute amounts of oligosaccharides isolated

from natural sources. In a series of four papers in 1975,88 Lemieux and co-workers completed the total synthesis of the

Lewis-a (Lea ) trisaccharide using newly developed glycosidation techniques and conjugated it to BSA using the acyl

azide method (see Section 1.15.3) which they pioneered for this purpose. Remarkably, it took another 12 years for the

first carbohydrate–protein vaccine to be licensed and since then the development of bacterial capsular polysaccharide–

protein conjugate vaccines has blossomed. 89

The specificity of the hepatic asialoglycoprotein Gal/GalNAc-specific receptor 90 has been widely exploited for liver

targeting and in many cases has been the model for targeted drug delivery91 and gene delivery 92–95 therapies. A recent

example termed lectin-directed enzyme-activated prodrug therapy (LEAPT), has been designed to exploit endoge-

nous carbohydrate lectin binding through the combination of biocatalysis with novel glycosylated enzymes and

prodrugs. 65 In the first step of this bipartite strategy, a glycosylated enzyme is targeted to specific cell types within

the body that are predetermined by the selected carbohydrate ligand; next, a prodrug capped with a non-mammalian

sugar is administered. The use of linkages in the prodrug that can only be cleaved by the activity of the glycosylated

enzyme ensured that it was only released at the target site ( Figure 1). This first example system employed a

rhamnosidase enzyme which was first deglycosylated following exposure to the enzyme endo H and then chemically

reglycosylated with chosen glycans.96 When co-administered with model rhamnose-capped prodrugs, in vivo analysis

showed a high level of drug in the target organ, the liver. Moreover, use of a prodrug of anticancer compound

doxorubicin allowed promising treatment of an animal tumour model. The methodology shows possible adaptation

to other disease targets by varying the sugar, or to target other suitable receptors of medical relevance.

Although such synthetic glycoproteins are non-natural, their immunogenicities may be low if prepared with a high

degree of homogeneity.94 This approach used for the targeting of drugs may also be used to target physiologically
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beneficial enzymes in so-called enzyme replacement therapy (ERT). For example, the mannosylation of enzymes has

allowed the targeting of enzymes to particular diseased cells. Thus, the beneficial antioxidant effects of superoxide

dismutase (SOD) have been directed to macrophages.97

As an approach to potential anticancer vaccines, Danishefsky and co-workers98 have used reductive amination to

construct a hexasaccharide–keyhole limpet haemocyanin (KLH) protein conjugate.99 The hexasaccharide moiety,

termed globo H, was originally identified from a glycoceramide associated with breast cancer and was synthesized

using glycal methodology. The synthetic globo H–KLH conjugate was successfully administrated to induce high anti-

globo H antibody titers and induced cell lysis, in the presence of human complement, at levels approaching those of

monoclonal antibodies raised against cancerous cells. Other potential anticancer vaccines have been reported based on

other tumour-associated epitopes,100 such as the sialyl-Tn motif; which as a KLH conjugate has shown promisingly

higher survival rates in clinical trials.101 Recently, Verez-Bencomo has developed a glycoconjugate vaccine composed

of a fully synthetic capsular polysaccharide antigen of Haemophilus influenzae type b (Hib),102 highlighting that access

to powerful synthetic complex carbohydrate-based vaccines is now feasible. Initial results from clinical trials demon-

strated long-term protective antibody titers as compared to licensed products. This work has highlighted the need for

further development of similar approaches to other human pathogens. The importance of carbohydrates in anticancer

strategies has been reviewed elsewhere.103

Helicobacter pylori, the bacteria responsible for gastric ulcers, attach themselves to gut cells by binding to extracellu-

lar sialylated glycoproteins. This adhesion has been effectively inhibited, as part of an antiulceritic strategy, by

albumin glycosylated with 30-sialyllactosyl residues and illustrates how glycoproteins might serve a useful role as

antiadhesives.104 It is interesting to think that the array of sialylated conjugates in human milk might serve the same

antiadhesive function as these synthetic glycoconjugates and once again highlights the importance of studying

nature’s tactics as models for our own.
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A much less widely explored aspect is the use of glycosylated enzymes as custom-made biocatalysts.105 Examples

include carbohydrate–protease conjugates, which show greater stabilities at high temperatures106 and in organic

solvents,107,108 and those that catalyze high-yielding peptide synthesis109 with sometimes greatly enhanced synthetic

utility, altered stereospecificity,110,111 and increased activities.112 For example, RNase A that had been chemically

mono- and di-glycosylated showed slightly lower (80% of unglycosylated) catalytic activity but greatly enhanced

thermostability.113 Novel analytical techniques have also utilized glycoproteins. For example, layer-by-layer deposi-

tion of a mannose-specific lectin and mannosylated enzymes (glucose oxidase and lactate oxidase) on a platinum

surface allowed the preparation of a sensitive active-enzyme electrode.114
1.15.1.5 The Need for Homogeneity/Single Glycoforms

As previously discussed, glycoproteins are fundamental to a variety of biological processes. However, the study of

these events is made difficult by the fact that naturally expressed glycoproteins appear as heterogeneous mixtures.115

The biosynthesis of the amino acid sequence of proteins is under direct genetic control. However, the biosynthesis of

the glycan portion is not template mediated; the glycan structure is influenced by competition between various

glycosyltransferases, glycosidases, and their substrates, the substrate specificity of these processing enzymes, and the

substrate/donor availability. This variable post-translational processing of glycans results in the synthesis of a variety of

possible glycan structures called glycoforms, which are glycoproteins that possess the same protein backbone, but differ

in the oligosaccharide component and the site of glycosylation. Therefore, the expression of glycoproteins in

mammalian cell culture often leads to complex mixtures of glycoforms. The different properties demonstrated by

each glycoform within the heterogeneous mixture present not only regulatory difficulties for therapeutic glycopro-

teins,48 but also problems in determining exact structure–activity relationships (SARs). Rudd and co-authors have

suggested that these heterogeneous mixtures of glycoforms provide a broad range of activities that can be biased in

one direction or another by fine tuning of the glycan structure.68 Therefore, there is an urgent need to develop novel

methodologies to provide alternative sources of homogeneous glycoproteins. The development of highly successful

small-molecule carbohydrate-containing ligands has often involved careful SAR refinements.116 If we are to achieve

the same successes with glycoproteins, then homogeneity must be one of the first priorities. This goal is one that the

field of glycoprotein synthesis is now beginning to address.
1.15.2 Glycopeptide Assembly

The need for homogeneous samples (single glycoforms), outlined above, has resulted in great effort in the field of

de novo synthesis of glycoproteins. The preparation of glycopeptides requires a combination of synthetic methods

from both carbohydrate and peptide chemistry. Central to any glycopeptide synthetic strategy is the formation of the

glycan–amino acid bond (Scheme 1, disconnection A). Thus, the required carbohydrate structure is attached to an

amino acid residue (typically serine and threonine for O-linked glycopeptides and asparagine for N-linked glyco-

peptides). An excellent review of methods for the formation of the glycosidic link between peptides and glycans

(Scheme 1, glycopeptide synthesis) has been published.23 Arsequell’s reviews also contain good summaries of

approaches to N-25 and O-linked24 glycopeptide systems. Suitably protected, the glycoaminoacid/peptide is then

used as a building block in strategies that often rely heavily on standard solid-phase peptide synthesis (SPPS)

techniques. As a proof of concept, Ramage and co-workers have reported the first total synthesis of deglycosylated

human erythropoietin via SPPS methodology.117 Two factors limit this approach: first, the requirement not only for

extensive carbohydrate protection but also amino-acid protection regimes; and second, the acid and base lability of

glycosylated amino acid residues.17 This feature of glycoproteins has long been exploited to strip glycans from protein

surfaces. The necessary protection and deprotection regimes, the use of particular supports, including the introduction

of specific linkers, and coupling methods have all been tailored to be compatible with the presence of carbohydrates.

Several excellent reviews17–28,118 cover these aspects in detail but some recent examples to highlight the available

strategies are included.
1.15.2.1 Strategies for Forming the Glycosidic Linkage

1.15.2.1.1 Linkage variety
Most glycan–protein linkages observed in nature are O-(Ser/Thr) and N-(Asn) glycosides. The majority of motifs for

N-linked are GlcNAc(b1-N)Asn, and for O-linked are GlcNAc(b1-O)Ser/Thr or GalNAc(a1-O)Ser/Thr, although
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other unusual linkage forms are also observed,119 for example, GlcNAc(a1-N)Asn,120 Glc-Asn,121 GalNAc-Asn,122

Rha-Asn,123 or even C-linked Man(a1-C)Trp.124 The Complex Carbohydrate Structure Database (CCSD or

CarbBank) (http://bssv01.lancs.ac.uk/gig/pages/gag/carbbank.htm) acts as the oligosaccharide equivalent to GenBank

by cataloging many of these structures. It provides access to information about structure, author, etc. and the

compilation of records that may be submitted to the CCSD. A guide to its use has recently been published.125,126

O-GLYCBASE127,127a is a database of over 170 glycoproteins with experimentally verified O-linked glycosylation sites,

compiled from protein sequence databases and literature. It contains information about the glycan, the sequence,

literature references, and is http-linked to other databases. The information in this database has also provided the

basis for a predictive neural network that may be applied to predictions of mucin-type GalNAc O-glycosylation sites

in mammalian proteins and is available at [http://www.cbs.dtu.dk/services/NetOGlyc/]. Given the apparent lack of

consensus sequences for O-glycosylation, which contrasts with the fairly good predictability in N-glycosylation, such

tools can provide very useful information.
1.15.2.1.2 Natural linkage types
The earliest examples of formation of N-linked glyco-Asn motifs through carbodiimide-mediated coupling of glycosyl-

amines (Scheme 2a) with Asp side-chain carboxylate were reported in 1961128 and have been widely exploited.

Although by far the most popular method, it should be noted that amide-bond formation of an anomeric glycosylamine
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with an aspartate carboxylate side chain is often plagued by the ready anomerization of the glycosylamine and the

resulting formation of anomeric mixtures of glycopeptides.129,130 Some reports have suggested that such anomeriza-

tion is reduced by the use of propanedithiol as a reductant. 131 The glycosylamine approach may also be complicated by

intramolecular aspartimide formation if the Asp to be coupled is one residue toward the N-terminus of a glycinyl or

alaninyl residue.

A number of other valuable methods exist. As a landmark achievement, a protected Man(b1-4)GlcNAc( b1-4)
GlcNAc( b1-N)Asn motif was first synthesized by the reaction of the isothiocyanate of the protected trisaccharide

with the carboxylate side chain of a partially protected Asp (Scheme 2b).132 In the key amidation step,

N,N -bisglycosylthiourea formation also competes. Use of the Ritter reaction has allowed preparation of the key

GlcNAc( b1-N)Asn linkage (Scheme 2c ).133 Thus, reaction of some nitriles followed by hydrolysis of the nitrilium

intermediates results in direct amide formation. More complex amides, such as side-chain N-linked asparagine

derivatives, were formed indirectly from attack of the appropriate carboxylate side chain on a b-acetonitrilium
followed by deacetylation. Neighboring group participation by a C-2 phthalimide is an important factor in

preventing preferential a-amide formation. 134 Subsequent glycosylation of the GlcNAc introduced in this way

allowed GlcNAc( b1-4)GlcNAc( b1-N)Asn motif synthesis. Other aromatic carboxylic acids and the effect of variations

in glycosyl substituents/protection on the glycosyl nitrilium have also been investigated. 135 A silylated amide

asparagine side chain has been directly N-glycosylated with glycosyl sulfoxide donors (Scheme 2d ).136 Reaction

of glycosyl azides with Asp side chain carboxylates in the presence of PPh3
137 in DCM or MeOH provides good

yields of b-Asn N-glycosides (Scheme 2e). 138 Recently, this approach has usefully been expanded to incorporate

deprotected sugars.139 While the majority of the above examples have been applied to glyco-Asn synthesis prior

to assembly, the methodology has also been successfully applied to convergent N-glycosylation of peptides

(Section 1.15.2.2.2).

The majority of O-linked glycoaminoacids have been prepared via traditional glycosylation methodology with

glycosyl donors.24 For example, O-glycosylation of Ser or Thr with, for example, a trisaccharide trichloroacetimidate

glycosyl donor allows O-linked trisaccharide-amino acid building blocks to be synthesized.140 Recently, the glycosyl-

ation of hexafluoroacetone-protected hydroxyl-bearing Ser, Hyp, and Tyr allowed preparation of glycosylated, dipep-

tides in just three steps from readily available unprotected amino acids, for example, [GlcNAc4(b1-O)]TY in 70%

overall yield from T and Y.141 Other examples include the glycosylation of resin-bound peptides with a variety of

glycosyl trichloroacetimidate donors.142,143
1.15.2.1.3 Unnatural linkages
Some valuable techniques, developed for the preparation of unnatural glycan–peptide linkages, may be considered in

the greater context of glycoprotein synthesis. A number of the techniques that follow have either only been applied to,

or indeed are limited strategically to peptide systems. However, many others may be usefully adapted to larger protein

systems. The use of a serine-derived sulfamidate (Scheme 3a) based on previous methods,144 allows reaction with

thiohexoses to create S-linked glycoaminoacids in water and this is a method that could potentially be adapted to

convert N-terminal serines to glycosylcysteines in peptides, although some amino acid a-epimerization was noted and

this may limit its general applicability.145 Oxidative elimination of phenylselenocysteine provides dehydroalanine in

small peptides which can then act as a,b-unsaturated conjugative addition acceptors for various protected and

unprotected thiosugars, although often with poor stereoselectivity (Scheme 3a).146 Solid-supported unprotected

thioglucose can be used as a nucleophile to substitute a number of side-chain amino acid iodides to give S-linked

glycoaminoacids.147 Similarly, iodide displacement of an iodoserine or Mitsunobu coupling using 1-deoxy-1-

thio-GlcNAc gave Fmoc-(GlcNAc-)Cys, although in this study racemization was observed during iodide displace-

ment due to in situ elimination and subsequent conjugate addition.148 Peptides containing b-bromoalanine and

g-bromohomoalanine were prepared by the direct bromination of peptides or via the incorporation of a bromo

amino acid into the peptide synthesis. These were then coupled with 1-thio sugars to furnish S-linked glycopeptides

in good yield (Scheme 3a).149 One major advantage of this methodology is that due to the mild reaction conditions,

epimerization at the a-carbon of the amino acid was not observed. The methodology could also be applied to

deprotected 1-thio sugars resulting in the formation of partially protected glycopeptides. Aziridine-containing pep-

tides (or Azy-peptides) have also been employed as reagents for the preparation of glycopeptides (Scheme 3a).150

Azy-containing peptides can be prepared by standard SPPS technology using FmocAzyOH as a novel amino acid

monomer. Unfortunately, attempts to extend Azy-containing peptides by sequential coupling of single Fmoc-amino

acids were unsuccessful, due to intramolecular aziridine N-deacetylation by the liberated amine upon Fmoc removal

at the [Azyþ2] position. This problem was overcome via incorporation of a dipeptide building block for simultaneous
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incorporation of the [Azyþ 2] and [Azy þ3] residues, avoiding aziridine deacetylation and allowing for further sequen-

tial peptide elongation. The resulting Azy-peptides were treated with 1-thio-sugars to furnish glycopeptides in 43%

yield over 10 steps in a convergent manner. More recently, Wong and co-workers have described a one-pot general

strategy for S-linked glycopeptide synthesis. Peracetylated thiosugars have been converted to S-linked amino acid

building blocks with retention of anomeric integrity.151 Danishefsky and co-workers have created unnaturally

O-glycosylated glyco-amino acids decorated with various tumor-associated antigens. 152 This method relies on a

pentenyl glycoside-derived aldehyde and a glycine phosphonate based on a Horner–Emmons method first devised

by Toone and co-workers. 153 The resulting –(CH2) 4O-glycoside side-chain amino acids, for example, 1 , (Scheme 3b)

were then coupled to create a ‘multiantigenic peptide’.

Glycosylisocyanates prepared by oxidation of isocyanides, in turn prepared from anomeric formamides, react with

amines to give urea linkages and this has allowed one example of a glycosyl–amino acid conjugate to be synthesized

( Scheme 3c). 154 Chemoselective ligation155 approaches have been applied to unnaturally linked glycopeptide syn-

thesis. Both a- and e -lysine amino groups were functionalized with aminooxyacetyl groups before reaction of the free

amine introduced with reducing sugars to generate oxime linkages (Scheme 3d). The use of orthogonal N-protection

also allowed regioselective glycosylation. 156 In a similar manner, reaction of a 12-aa peptide containing an N-terminal

aminooxyacetyl function has also been described. 157 The use of a basic peptide allows this to be used as a method for

enhancing the MALDI-MS sensitivity of oligosaccharides for carbohydrate sequencing work. Good aminooxy-over

lysine-N-selectivity, attributable to a-effect enhanced nucleophilicity, was observed. Aminooxyacetyl Lys capping and

oxime formation with the reducing end of lactose has also been applied to a sulfopeptide.158 This type of oxime formation

can be hindered by E versus Z oxime formation and equilibria between cyclic hemiaminal pyrano- or furano-forms and

open-chain oxime. In contrast, N-methyl aminooxyacetyl-capped lysines react with the reducing ends of various

glucosyl saccharides to give cyclic b-N-linked glycopyranosides with moderate yield and good selectivity; 159

indeed, as observed previously,157 Lys side chains in the peptide do not react. Imperiali has evolved these

ideas by developing non-natural tripeptides containing b-hydroxylamine and alanine- b-hydrazide (Scheme 3d)

and reacting them with N-acetylglucosamine, also via its reducing terminus.160 Double chemoselective thioether

and hydrazone formation in SPPS-derived lysine clusters has allowed glycosylation of lysine side-chain termini

using thioethyl glycosides while extending the keto-functionalized C-terminus with an antigenic hydrazide peptide

sequence.161,162 Glycosylmaleimides can be used to modify cysteinyl-containing peptides163 (see also Section 1.15.5.2,

Scheme 11e ) and in a reverse sense maleimido-peptides react with unprotected 2-thioethyl N-glycosides; the

latter were easily prepared from unprotected parent carbohydrate. 164 The Cu( I) catalyzed [3þ2]-cycloaddition

between organic azides and acetylenes (so called ‘click reactions’), as reported by the groups of Meldal 165 and

Sharpless, 166 generally result in the formation of the corresponding 1,4-disubstituted 1,2,3-triazoles in high yields.

Application of this reaction to azidoglycosides and acetylenic amino acids has allowed the preparation of triazole-

linked glycopeptides (Scheme 3e). 167 This methodology, in combination with a Tyc TE catalyzed macrocyclization

has also been exploited in the preparation of libraries of cyclic glycopeptide variants of the antibiotic tyrocidine. 168

Josephson and co-workers have recently applied ‘click’ chemistry to chemical modification of a peptide containing

an unnatural alkyne amino acid. The resulting thymidine and glucopyranosyl ligated products were detected by

MALDI-TOF MS.169 Olefin metathesis (OM) has been employed in synthetic strategies towards C-linked glycopep-

tides (Scheme 3f).170–172 Tripeptides incorporating an allyl functionality were prepared and successfully ligated with

C-allyl glycosides to furnish the C-linked glycopeptides in yields of up to 68%.170 OM, using the Grubbs second-

generation catalyst, has been successfully employed between a- and b-C-allyl glycosides and protected vinyl glycines

to furnish olefin products in 57–94% yields, subsequent palladium-catalyzed hydrogenation gave C-glycosyl amino

acids in good yield.173 A similar approach has also been employed to produce glycomimetics of globo H.174 Interest-

ingly, Nolen and co-workers report increased efficiency with O-allyl glycosides than the corresponding C-allyl

derivatives.175
1.15.2.2 Assembly Strategies

1.15.2.2.1 Linear assembly
These techniques rely heavily on SPPS methodology. Impressive examples include the synthesis of a cyclic 47-aa

HIV-1 V3 domain containing two GlcNAc residues176 and the synthesis of the RNA polymerase II C-terminal domain

heptapeptide repeat containing a single GlcNAc(b1-O)Ser and variously N-acetylglucosaminidated-Asn 11-aa

sequence from the C-terminal domain of mammalian neurofilaments.177 Preparative scale hydrazinolysis allows

N-glycans to be stripped from N-linked glycoproteins, such as fetuin, on scales of up to 500mg for the construction
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of glyco-Asn building blocks to be used in linear assembly. In this way, glycononapeptide 2 (Figure 2) was synthesized

from carbodiimide-mediated coupling of oligosaccharyl-glycosylamines, derived from the corresponding glycosyl-

hydrazide stripping product after purification, with a protected Asp. 178 This building block was used in linear

assembly; where product yields were lower for the synthesis of the bulkier undecasaccharide-bearing glycosyl

amino acid than for a monosaccharide-bearing glycoaminoacid building block (35% cf. 78%, respectively).

The first example of the synthesis of a glycophosphopeptide 3 is shown in Scheme 4. The enzyme labile group

PhAcOZ was used to protect the N-terminus of a serine residue which was glycosylated with GlcNAc. This formed the

critical building block 4 in the synthesis of 3. Penicillin acylase allowed the removal of PhAcOZ and the free amine

was coupled using carbodiimide to a glycosylated dipeptide, itself prepared from key block 4 . Again, enzymatic

cleavage allowed the N-terminus to be released before further couplings with peptides and finally a serine residue

bearing a protected phosphorylated side chain, where global deprotection gave 3.179

Protease-mediated peptide ligation has typically not been capable of general coupling of glycopeptide blocks due

to the often stringent specificities of these enzymes (see Section 1.15.4.5).180,181 This has limited the utility of

such ligations to those that do not include glycosylated amino acids directly next to the ligation site. However, the

recent application of precise chemical modification to proteases has generated catalysts capable of this type of direct

ligation.111

A hybrid chemical synthesis strategy in which a glycosylated tripeptide was oligomerized up to 12 repeating

units has been reported. The tripeptide Z-AAT-Bn was glycosylated with Gal(b1-3)GalNAc, deprotected, and then

treated with diphenylphosphoryl azide as an activator to form an oligopeptoid which demonstrated significant

antifreeze properties.70 Block coupling strategies may also be applied to the construction of non-proteolyzable (and

therefore with potentially higher oral bioavailability) peptide mimics (glycopeptoids),182 such as the L(GlcNAc-)

NFKA mimic 5, 183,184 ( Figure 3) which may also show interesting conformational restriction as a result of rotamer

formation. Similarly, a linear glycopeptoid mimic of the Tn-antigen (GalNAc(a1-O)Ser/Thr) was prepared using a

reiterative TBTU-mediated coupling of a single orthogonally protected aminoester building block.185 This method
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has been elegantly extended to the concept of glycopeptoids in which both the inter-residue and side chain distance

may be varied. Through the incorporation of different aromatic, amine, and peptide spacer units the spatial presenta-

tion of C-glycosides in these structures may be optimized.186
1.15.2.2.2 Convergent assembly
As has been described above, a linear strategy in glycopeptide synthesis is more usual since direct peptide glycosyla-

tion is often unsuccessful, given the variety of functional groups that would be required to protect a given oligopeptide

of any significant length. However, Lansbury and co-workers have adapted the use of glycosylamine coupling with

carboxylates in a convergent approach to glycopeptide synthesis. For example, HBTU-mediated coupling of GlcNAc

glucosamine with the side-chain aspartate carboxylate in pentapeptide 6 allowed the formation of an Asn-linked

N-acetylglucosaminyl-containing glycopeptide (Scheme 5).187 This method was successfully extended to peptides

containing more complex glycans such as the high-mannose core of N-linked glycoproteins, Man5GlcNAc2.
188

Furthermore, this method has been expanded to encompass solid-phase bound glycosylamines, which are then

coupled to side-chain carboxylates in pentapeptides before the peptide chain is further extended.189,190

As part of their investigation into the preparation of the prostate-specific antigen (PSA) glycopeptides, Danishefsky

and co-workers have developed a ‘universal’ strategy for the preparation of complex N-linked glucopeptides from a

common glycal precursor.191 It was found that a sequence consisting of Kochetkov amination192 of an oligosaccharide

bearing a free reducing terminus, followed by application of Lansbury aspartylation188 and thence by native chemical

ligation (NCL), provided a route to complex N-linked polypeptides.
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A glycosylamine convergent strategy has also been applied to the synthesis of a high-mannose core glycopeptide;

again, anomerization of the pentasaccharide glycosylamine used led to the formation of a mix of a- and b-Asn-GlcNAc

linkages.130 It is worth noting that use of microwave irradiation in the acceleration of the Kotchekov animation.193 In a

strong demonstration of convergent glycosylamine methodology, a 15-mer glycosylamine corresponding to a
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high-mannose H-type 2 blood group determinant was coupled to the carboxylate of a LADVT pentapeptide.

Although the low yield for this step (20%) indicates the apparent difficulties of this type of convergent coupling,

this is a testament to the type of structures that can now be constructed.194 The mutarotation that often accompanies

the use of glycoylamines in convergent glycopeptide synthesis may be avoided through the use of configurationally

stable glycosyl azides. Indeed, the Staudinger reaction has allowed efficient convergent use of such azides in

conjunction with aspartyl peptides without the need for carbohydrate protection.139

Despite these successful examples of convergent N-linked glycopeptides, it should be noted that the convergent

O-glycosylation of peptides to create O-linked (e.g., Ser/Thr) glycopeptides has not yet been achieved in a general

manner in solution, although rare convergent solid-phase examples exist.142,143
1.15.2.2.3 Elaborative and mixed assembly strategies
A mixed strategy of initial linear assembly coupled with convergent elaboration may also be successful. For example,

in an elegant combination of both chemical and glycosyltransferase-mediated glycosylation, the synthesis of an

undecasaccharide-linked asparagine residue 7 ( Figure 4 ) demonstrated that highly glycosylated glycopeptide building

blocks were accessible.195 This was an important step towards the first synthesis of a glycopeptide fragment bearing

this same full N-linked oligosaccharide, which was achieved through linear assembly of a heptasaccharide bearing Asn

into a pentapeptide followed by galactosyltransferase and sialyltransferase-catalyzed elaboration.196

A sulfated N-terminal octapeptide from P-selectin glycoprotein ligand (PSGL-1) bearing a pentasaccharide

sLex(b1-6)GalNAc(a1-O)Thr has been synthesized using a combination of initial SPPS with a disaccharide-amino

acid building block and then chemical tyrosine sulfation followed by glycosyltransferase-mediated elaboration.197 The

presence of sulfotyrosine makes this a particularly difficult glycopeptide to elaborate and in this study alternative

glycosyltransferases, more tolerant than those used previously, had to be found. In an excellent display of the power

of glycosyltransferases in glycopeptide elaboration (Scheme 6), the sulfated N-terminal domain of PSGL-1 has been

synthesized on a small scale and characterized by HPLC and MS in two glycoforms that differ significantly in their

binding to P-selectin as a result of only a subtle alteration of internal glycan structure.198 Isolation of the required six

glycosyltransferases and one sulfotransferase allowed 9 and 10 to be prepared from the linearly SPPS-assembled 23-aa

monosaccharide glycopeptide 8.

1.15.2.2.4 Native ligation assembly
The concept of native chemical ligation (NCL) which involves the ligation of C-terminal thioesters with N-terminal cys-

teinyl peptides was introduced by Dawson and Kent199 and is based on observations made by Wieland in the 1950s.200

Two fully unprotected synthetic peptides react under aqueous conditions at near neutral pH to form an amide bond,

creating a linkage as in the ‘native’ peptide backbone. This reaction essentially proceeds by a transthioesterification

by a cysteinyl peptide such as 13 and a subsequent S! N shift allowing intramolecular amidation (Scheme 7b).

Peptide thioesters required for NCLmay be synthesized through SPPS using Boc-based strategies that are compatible

with a direct thioester linkage to the support; Fmoc methods cannot be used in the same way as this typically leads to
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thioester degradation. However, due to the acidity of the trifluoroacetic acid (TFA) treatment required, Boc-based

methods are incompatible with glycosidic linkages,201 although in some cases acetylation provides TFA stability.202

Applications of NCL in glycopeptide synthesis include linear assembly of a 46-aa C-terminal segment containing eight

GalNAc(a1-O)Ser/Thr residues followed by native chemical ligation with a 47-aa N-terminal peptide fragment; this

allowed the first synthesis of a mucin-type glycoprotein segment, the chemokine lymphotactin.203 Use of sulfonamide

safety-catch linkers also allows the synthesis of the required glycopeptide thioesters via Fmoc strategy.204 –206

To allow the use of NCL in syntheses, additional modifications are also often needed. For example, alteration of

residue 25 in 13 from Gly! Cys was necessary to allow native chemical ligation by incorporating the required Cys at

the N-terminus of the C-terminal portion. In addition, to prevent intramolecular aspartimide formation during SPPS,

two Asp-Gly and Asp-Asn motifs were altered Asp ! Glu. Finally, after ligation, hydrazine treatment allowed depro-

tection of acetylated glycans.

Interestingly, expressed ligation, that is, recombinant preparation (see below and Section 1.15.5.4) of the N-terminal

thioester failed in this system and lower yields (38%) were also obtained from the native ligation due to the presence of

a valinyl residue at the C-terminus of the N-terminal fragment. In this case, glycosylation appeared to have little or no

effect on the structure or activity of lymphotactin.

Expressed protein ligation (Section 1.15.5.4) has been used to incorporate variously modified cysteines at the C-

terminus of bacterially expressed mannan-binding protein (MBP) including Cys-[GlcNAc( b1-N)]Asn 12 .207 Thus,

MBP was expressed in Escherichia coli as a fusion 11 ( Scheme 7a) to the N-terminus of a widely used intein from

Saccharomyces cerevisiae; this intein also bears a chitin-binding domain at its C-terminus. Inteins are protein sequences

that are self-spliced from protein sequences. The first step of splicing is an N!S acyl shift at the Cys N-terminal

amino acid of the intein with a suitable C-terminus of the MBP (Scheme 7a). The resultant thioester can be purified

on chitin beads before being transthioesterified to give a soluble thioester of MBP for use in NCL. MBP can then be

natively ligated199 (Scheme 7b) with a cysteinyl N-terminus peptide such as 12.

Using the NCL methodology, Bertozzi and co-workers have completed the total synthesis of a chemically defined

version of diptericin208 which is a 82-residue antimicrobial glycoprotein isolated from insects. Since diptericin

lacks cysteine, Gly25 was mutated to the cysteine residue necessary for the native chemical ligation. The 58-mer
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C-terminal glycopeptide was prepared by standard SPPS protocol. The ligation of the 24-mer thioester and the 58-mer

cysteinyl glycopeptide followed by O-deacetylation furnished the fully deprotected 82-mer glycopeptide. Recently, a

glycosylated fragment of bovine RNase B was successfully prepared by Unverzagt and co-workers using SPPS method-

ology, thus demonstrating the first example of the synthesis of a complex-type N-linked glycopeptide.209 An Fmoc-

protected asparagine, glycosylated with a complex unprotected biantennary heptasaccharide, was introduced using

PyBOP in the presence of DIPEA onto a pentapeptide linked to a Rink-amide safety catch linker bound201 to a solid
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support. This was subsequently further extended by SPPS and released from the safety catch linker by sodium

thiophenolate (Scheme 8). The resulting thioester was coupled to RNase41–68 through NCL.

Danishefsky and co-workers have introduced an interesting alternative to the difficult preparation of glycopeptide

thioesters.210 It was found that a peptide phenolic ester equipped with an ortho disulfide moiety can be ligated to a

peptide containing an N-terminal cysteine residue after the disulfide end is reductively cleaved (Scheme 9). The

suggested mechanism for this attractive ligation reaction involves a ‘dynamic’ O ! S acyl transfer in the reduced

phenolic ester intermediate, this thioester can then transesterify to take part in NCL. The relative stability of a

glycopeptide ester over a glycopeptide thioester toward Fmoc SPPS conditions renders this an extremely useful native

ligation method. Using this strategy, Danishefsky and co-workers have successfully prepared several model glycopep-

tides containing two glycosylation sites.210

A limitation of NCL methodology is its intrinsic reliance on having a cysteine residue at the ligation juncture.

Cysteine is relatively uncommon and comprises only 1.7% of all residues in proteins.16 In the absence of a cysteine

residue near to or at the glycosylation site, other strategies have been employed. The majority of these emerging

strategies involve removable auxilaries that act as cysteine surrogates to mediate the chemical ligation of peptide

fragments. The challenge of these approaches is to obtain fast ligation while maintaining a cleavable handle. Native

chemical ligation combined with desulfurization to furnish linear and cyclic polypeptides has been described by

Dawson and co-workers.211

Up to now, very few of these removable auxiliary methods have been applied to the preparation of glycopeptides.

Recently, Macmillan and co-workers have reported a rapid synthesis of acyl transfer auxilaries for cysteine-free native

glycopeptide ligation.212 It was demonstrated that auxiliary introduction and cleavage were compatible with the

presence of glycosidic linkages and to function in cysteine-free ligation across Gly–Gly junctions. Unfortunately, the

auxiliaries failed to deliver ligation products atmore general linkages such as Leu–Gly and Ser–Gly due to steric factors.

NCL followed by S-glycosylation has proved to be a versatile method for S-linked glycopeptide synthesis.

Homocysteine-containing peptides prepared by NCL were glycosylated in the presence of Na2CO3 with glycosyl

halides to furnish S-linked glycopeptides in good yield. In this fashion, the synthesis of an S-linked glycopeptide

analog carrying two sugar residues derived fromTamm–Horsfall glycoprotein, the most abundant glycoprotein present

in human urine, was achieved (Figure 5).213
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1.15.3 Chemical Glycoprotein Synthesis

Typically syntheses of glycoproteins adopt one of two strategies. The first is the formation of the putative glycan-

protein link early to form glycopeptide building blocks that may then be assembled (Scheme 1, disconnection B). The

other is the construction of the link late on in the synthesis once the protein scaffold for its presentation is in place
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(Scheme 1, disconnection C). Given the requirements for protection that need to be considered in the use of

glycosylated building blocks, and the instability that may be associated with the link, 17 it is clear why the latter

approach has often seemed the most attractive option. However, although the convergent glycosylation of oligopep-

tides may be successful, it is limited by a lack of chemo-and/or regio-selectivity when applied to proteins. 17 For this

reason, alternative glycoprotein synthesis techniques have been more widely applied.14,44,48,84 ,105,214,215 Protein

glycosylation methods have been divided here according to classes of chemoselective: site-specific and site-selective.

This distinction is arbitrarily based on the overall glycosylation strategy and does not necessarily reflect the inherent

specificity or selectivity of a given reaction. For example, the use of the same chemoselective (e.g., thiol-reactive)

reaction will give rise to: (1) indiscriminate glycosylation with a variety of the available cysteine thiols; (2) site-

specificity when used to glycosylate a single, naturally occuring, cysteine thiol; (3) site-selectivity, when used to

modify a single, cysteine thiol that is artificially introduced to a preselected position.
1.15.3.1 Indiscriminate Glycosylation

The use of 2-iminomethoxymethyl thioglycosides (IME) 96 and reductive amination methods216 are still, after

20 years, the most frequently used strategies for glycoprotein preparation. The former may be readily prepared

by the action of methoxide on cyanomethyl thioglycosides, themselves readily derived from 1-thiosaccharides

(Scheme 10a). Recent applications to this method have been extended to in vivo bipartite drug delivery65 and the

incorporation of �20 000 glycans to the surface of adenovirus. 217 Gray originally used reductive animation to modify

albumin with lactose through NaBH3 CN-mediated reduction (Scheme 10b), 216 although borane has also been used.

Reductive animation is amenable to other sources of aldehyde functionality such as the hydrolysis of acetal-containing

spacer arms, 218 or those generated by ozonolysis of unsaturated spacer arms, 219 or through periodate cleavage of diols.

However, conjugations through reductive amination are often accompanied by low protein loading levels, presumably

due to steric hindrance induced by short spacer arms. In a pragmatic approach to overcome this problem, a second

hydrazide spacer arm can be used to extend an existing aldehyde-terminated linker. 220 Reaction of the maleimido

terminus of the resulting longer spacer arm with thiols introduced to the surface of the KLH allowed a fivefold greater

loading of the sialyl-GalNAc disaccharide.

The use of glycosidic aromatic diazonium salts, derived from p-aminoaryl glycosides, as electrophiles to func-

tionalize a wide range of electron-rich side chains within protein structures was first demonstrated as early as 1929

(Scheme 10c). 85,221 p-Aminoaryl glycosides may also be elaborated to phenylisothiocyanates, which react selectively

on amino residues ( Scheme 10d ). 222 A one-pot, two-step preparation of anomeric para-nitroanilide ( pNA) pyroglu-

tamates from free carbohydrates also provides an alternative route to aromatic isothiocyanates. 223 Following glycosy-

lamine formation with the a-amino group of pNA glutamic acid, the side-chain g -carboxylic acid readily reacts with the
resulting secondary amine to give a pyroglutamate which can be further elaborated (Scheme 10e ). Glycosyl iso-

thiocyanates have also been used in this fashion as protein-labeling reagents to elucidate carbohydrate transport

mechanisms. 224

In 1975, Lemieux and co-workers developed highly activated acyl azides as reagents for the formation of amides

from proteinaceous amines and carboxylate ester-terminus spacer-arm carbohydrates. 88 These esters were trans-

formed to the corresponding acyl hydrazides, prior to oxidation with nitrous acid, to give acyl azides ( Scheme 10f ).

Mixed anhydride methods are well established for the activation of carboxylic acids to form carboxyl derivatives and

allow aldonic acids to be coupled to protein-based amines in this way (Scheme 10g). 225,226 Similarly, carbodiimide

chemistry 227 and the use of N-carboxyanhydrides 228 has allowed the coupling of aldonates and glycosylated amino

acids as sources of glycans bearing carboxylic acids. In a reverse sense, carbodiimide chemistry has also been employed

in an attempt to activate and therefore glycosylate protein carboxylates (Scheme 10h ).229 RNase A was mono- and di-

glycosylated (mixtures of mono 45%, di 34%, and unglycosylated 21% were obtained) by EDC-mediated coupling of

D-glucosamine via N-2. Glycosylation sites were predicted to be Asp53 and Glu49 side-chain carboxylates by analogy

with previous side-chain carboxylate reactions in RNase, but are probably a distribution among several of the 12

available carboxylates. 113 Treatment of the protein with hydroxylamine was assumed to have reversed concomitant

tyrosine modification. A similar modification of a-chymotrypsin led to broad heterogeneity and the formation of

mixtures bearing glucosaminyl residues on 1–7 of the available 17 carboxylates; however, long reaction times (18–21h)

led, in some cases, to up to 75% degradation through autoproteolysis.230

Tietze, Gabius, and co-workers have described the use of diethyl squarate for the coupling of carbohydrates bearing

N-terminus spacer arms to amines in BSA (Scheme 10i ).231 2-Chloroethyl-1-thioglycosides have also been used to

indiscriminately alkylate protein amino and hydroxyl groups;232 an essentially analogous technique using 2-bromoethyl
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glycosides with short peptide sequences containing cysteine or homocysteine and no basic residues allowed some

selectivity for S-alkylation. 233

A novel high-temperature ‘baking’ method has been described for the modification of proteins that are lyophilized

with reducing oligosaccharides. 234 Remarkably, despite being heated with the reducing sugar in air at 95–120 �  C for up
to 40 min both trypsin and an IgG antibody survived with minimal loss of biological activity. The results of tryptic

digests and conjugate hydrolyses suggest that the mechanism of conjugation involves an Amadori rearrangement with

protein lysines which destroys the integrity of the reducing end residue. Pozsgay and co-workers have recently

described the use of Diels–Alder chemistry to glycosylate human serum albumin with a variety of sugar-based dienes

(Scheme 10j ).235 It should be noted that the installation of electron-deficient double bonds as dienophiles required

initial chemical modification on the protein with 3-sulfosuccinimidyl 4-maleimidobutyrate linkers, and so sacrificed

potential chemoselectivity.

Although high levels of functionalization are thus easily accessible using the above methods, a lack of residue

selectivity is often a drawback in the synthesis of well-defined conjugates. In addition, these techniques may alter the

isoelectric point of the protein and/or destroy the cyclic nature of glycans introduced.
1.15.3.2 Chemoselective and Site-Specific Glycosylation

In an attempt to increase the selectivity and predictability of protein glycosylation, various novel approaches have

been described, all of which exploit the chemoselectivities of various enzymatic and traditional methods. Bertozzi and

co-workers have described the use of galactose oxidase to selectively introduce an aldehyde tag to the C-6 of a GalNAc

residue in the antimicrobial 19-residue peptide drosocin (Scheme 11a ). 236,237 This aldehyde tag was then selectivity

conjugated with aminooxy glycosides to introduce further oligosaccharides via the formation of an oxime, in a manner

previously demonstrated for the conjugation of spacer-arm hydrazides with cell surface aldehydes. 238 The resulting

non-native glycopeptide showed comparable biological activity to the native form illustrating that certain unnatural

linkages can in certain circumstances be tolerated. A similar chemoselective ligation approach has been applied to

various glycopeptide syntheses (see Section 1.15.2.3).156 –158,160 These approaches still require the linear construction

of an initial glycopeptide and therefore suffer from the same disadvantages of protection and lability outlined in

Section 1.15.2. However, they do hold the advantage that its application may be coupled with other methods for the

introduction of a ketone tag (see below and Section 1.15.3.3).

In addition, the ready synthesis of hydrazides, thiosemicarbazides, and aminooxyglycosides of lactose, Gal, GalNAc,

GlcNAc, and sLex allowed their attachment to a ketone-containing 19-aa peptide.239 Flitsch’s iodoacetamide meth-

odology (see below)240 has been cleverly adapted by Bertozzi and co-workers to convergently ligate Glc- and Gal-

iodoacetamides to a C-3 sugar thiol in a GalNAc( a1-O)Thr peptide.241 The required thiol-protected glycosylated

amino acid was synthesized via SPPS to give a glycosylated 17-aa glycopeptide that corresponds to the N-terminal

region of P-selectin glycoprotein (PSGL-1). Deprotection of the thiol and treatment with Glc- and Gal-iodoacetamide

allowed the synthesis of a Glc/Gal( b1-3)GalNAc( a1-O)Thr mimetic. It should be noted that no selectivity was

observed if a cysteine was present in the peptide backbone. Furthermore, the alkylation of C-2 modified terminal

mannoses of the N-linked core pentasaccharide with bromoacetamido trisaccharides allowed the preparation of a

biantennary N-linked glycopeptide of CD52. 242

In a strategic sense, although chemoselective, these approaches have avoided the key issue in glycoprotein synthesis –

the formation of the carbohydrate–protein link – by relying on the presence of an existing glycan in the peptide/protein

structure or an artificially introduced reactive group as a tag for reaction. Similarly, the elegant enzymatic methods of

Wong and co-workers, Takegawa and co-workers, and Wang and co-workers described in Section 1.15.4.3 still require

that a protein–N-glycan link be present from the start. 176,190,243–248 As these latter methods alter one glycan structure

for another, they are therefore better described as glycoprotein remodeling (GPR) and they offer the glycoscientist

no general choice over the site of glycosylation.

Several methods have been proposed that tackle this central issue by exploiting specificity for functionality already

found in proteins. Among the first approaches was that of Flitsch and co-workers, who reacted the a-iodoacetamide

of N-acetyl- D-glucosamine with bovine serum albumin (BSA) to modify the single free cysteine present

(Scheme 11b). 240 Later this method was applied by Wong and co-workers to introduce chitotriose and a heptasac-

charide stripped from the surface of horseradish peroxidase to BSA.249 Boons and co-workers have used either

dithiopyridyl methodology to make disulfide-linked BSA- N-acetyl- D-glucosamine constructs (Scheme 11c ) or aerial

oxidation and disulfide exchange to form a variety of glycopeptides/proteins (Scheme 11d). 250–252 More recently,
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glycosylmaleimides have also been developed as cysteine-reactive glycosylation reagents for the direct functionaliza-

tion of a cysteinyl-containing 11-aa peptide and BSA (Scheme 11e ), 163 a method that is similar in concept to earlier

spacer-arm maleimide-terminated reagents.220
1.15.3.3 Site-Selective Glycosylation

For full control of glycosylation, both choice of site (site-selectivity) and glycan are needed. A combined site-directed

mutagenesis and chemical modification approach has solved this fundamental problem. 16,105,112 ,253 This two-step

approach provides a general method that allows both regio- and glycan-specific glycosylation of proteins (Scheme 12).

The strategy involves the introduction of cysteine, via mutagenesis, as a chemoselective tag to preselected

positions within a given protein. The free thiol is subsequently modified with thiol-specific carbohydrate reagents

( Scheme 11b–f), such as glycosyl methanethiosulfonates, GlycoMTS, 254,255 or, more recently, glycosyl phenylthio-

sulfonates, GlycoPTS (Scheme 11f ).256

Four sites on the representative serine protease subtilisin Bacillus lentus (SBL), which does not naturally contain

cysteine, at different locations and of different characteristics were selected for mutation to cysteine in order to provide

a broad test of the glycosylation methodology. Wide applicability with respect to the sugar moiety was evaluated

by using a representative library of tethered or untethered, protected or deprotected, mono- and disaccharide

methanethiosulfonates. The homogeneous glycoproteins formed allowed the first systematic determinations of the

properties of novel glycoforms, thus providing detailed glycan structure–hydrolytic activity relationships for a library

of 48 glycosylated forms of SBL to be determined.253 These glycosylated enzymes displayed enhanced utility as



HS

Protein

Cys

O X S R
O

O

SO X

O

or
H
N

I

O
Cys

Protein

Protein

Site-directed
mutagenesis

X = NHC(O)CH2 or S or O(CH2)2S
R = Me or Ph

HO

HO

HO

Scheme 12 The pioneering strategies in site-selective protein glycosylation.

Synthesis of Glycopeptides and Glycoproteins 627
catalysts in peptide synthesis and allowed syntheses of dipeptides that were not possible using the unglycosylated

catalyst. 110,111, 257

Subsequently, MTS reagents, including glyco-MTS, have been employed to tether a variety of biological ligands

onto SBL that successfully target it to receptor proteins, increasing selectivity to over 350-fold. 258 Initially, the

appropriate ligand acts as a homing device to bind the target protein which is then catalytically degraded by the

attached serine protease (SBL), thereby producing enzymes that selectively destroy protein function. More recently,

the glycoMTS method has also allowed the synthesis of the first examples of a homogeneous protein bearing

symmetrically branched multivalent glycans in which both the site of glycosylation and the structure of the glycan

introduced has been predetermined.259 This new class of glycoconjugate, the glycodendriprotein, allows for increased

protease localization and was demonstrated by a high level of co-aggregation inhibition between the pathogen

Actinomyces naeslundii and co-pathogen Streptococcus oralis (Scheme 13). 260

A recent addition to cysteine site-selective protein glycosylation strategy includes the use of selenenylsulfide-

mediated glycosylation (GlycoSeS) (Scheme 11g). In this approach, site-selective glycoconjugation is accomplished

between cysteine-containing proteins and glycosyl thiols via phenyl selenenylsulfide intermediates. Pre-activation of

either the cysteine mutant protein or thiosugar is possible following exposure to PhSeBr (Scheme 14). This procedure

was demonstrated on simple cysteine-containing peptides and was shown to be successful on a variety of different

proteins highlighting the compatibility of the strategy with a variety of protein thiol environments. This high-yielding

procedure also demonstrated the first example of multi-site-selective glycosylation, the coupling of a heptasaccharide

(the largest to date), and the first enzymatic extension of a disulfide-linked glycoprotein. Furthermore, a novel

thionation reaction of unprotected reducing sugars allows the direct synthesis of glycosyl thiols,262 which when

combined with Glyco-SeS allows for a direct one-pot protein glycosylation method.

An impressive extension by Flitsch and co-workers of this mutagenesis-modification approach has allowed the

glycosylation of erythropoietin (EPO) using glycosyl iodoacetamides (Scheme 11b). 263 Several cysteine mutations

were introduced at natural N-glycan glycosylation sites N24C, N38C, and N83C, where it is known that carbohydrate

motifs are critical to the function of the mammalian hormone. Although requiring forcing conditions, 500 equiv. of

sugar reagent, to obtain partial glycosylation (>60% on N38C, 30% on N24C and N83C as determined by proteolytic

digest), the glycosylated EPO was purified using lectin affinity column chromatography to give glycoprotein.

However, under these forcing conditions additional nonspecific glycosylation of histidine residues, probably in the

His10-tag, was also observed thereby indicating that such glycosyliodoacetamides may not be absolutely selective; this

lack of selectivity was circumvented by carrying out the modification in the presence of excess imidazole. It was

possible to confirm glycosylation of N83C unambiguously by proteolytic digest and it should be noted that, as in the

case of BSA, the three disulfide bonds in these EPO mutants were untouched by glycosylation of the single free

cysteine. The use of iodoacetamides has been further extended by Alleman and co-workers to include the site-

selective modification of dihydofolate reductase (DHFR), where mono-glycosylated forms of DHFR showed

increased stability to thermolytic denaturation. 264 The Cys120 and Cys87 mutant of DHFR, when exposed to

glycosyliodoacetamides at pH 9, resulted in the uncontrolled glycosylation of lysine residues in addition to cysteines.

Fortunately, this problem could be circumvented at pH 7, giving a mixture of mono-glycosylated and unmodified

protein. Purification of this mixture was accomplished using biotinylated thiosulfonates, 265 to scavenge the unmodi-

fied DHFR cysteine mutant, followed by avidin-based affinity chromatography to yield pure glycoproteins, using a

procedure depicted previously.258 More recently, Withers and co-workers have employed glycosyl-iodoacetamides

in conjunction with glycosynthases to chemically glycosylate and then enzymatically extend glycosylation on

proteins. 266
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Boons and co-authors have produced homogeneous disulfide-linked glycoproteins through a cysteine mutation

into the Fc region of immunoglobin G (IgG1). Well-defined glycoforms of IgG1-Fc were prepared by disulfide

exchange between thiol containing sugars and oxidized protein in yields of up to 60% using 50 equiv. of carbohydrate

(Scheme 15 ).251 Unfortunately, previous dithiopyridyl methodology ( Scheme 11c) was not compatible with disac-

charides and larger carbohydrates.250 Importantly, proteolytic digest showed that the procedure had not disrupted the

internal cystine disulfide bridges and that the carbohydrate motif was located at N297C. The glycosylated antibodies

were subsequently screened for their ability to inhibit the JY cell superoxide burst achieved when FcgRI receptors,
found on U937 leukocytes, interact with Fc receptors on JY cells. As expected, the naturally glycosylated Fc fragment

completely inhibits this process, while the aglycosylated showed minimal activity, reiterating the importance of the

carbohydrate motif. Interestingly, the artificial glycoconjugates displayed partial superoxide inhibition, indicating that

protein activity can be restored, or more importantly generated, by the in vitro attachment of oligosaccharides.

In addition to controlled cysteine modification, selective lysine modification has also been achieved. For example,

the use of para-nitrophenylester-linked thiogalactoside allowed an interesting site-selective glycosylation in 60% yield

of one lysine among four potential lysines in a designed helix–loop–helix 42-aa polypeptide. The selectivity of the

amide formation was confirmed by peptide digest mapping, and was achieved by fine-tuning reaction conditions.

Initially, a histidinyl-11-ester intermediate is formed followed by intramolecular acyl transfer to the iþ4 lysine-15 to

compete successfully with direct background amidations with all lysines (the rates are such that under these optimal

conditions 94% of amidation should be intramolecular). 267 Some conformational effects of this glycosylation have also

been noted.77

While these strategies have focused on site-selective glycosylation of naturally occurring amino acids, Schultz

and co-workers have employed triplet amber codon suppression methodology to introduce unnatural ketone ‘handles’

(p-acetyl- L-phenylalanine) into the Z domain of staphylococcal protein A. 268,269 Successful in vivo incorporation of
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unnatural amino acids has been accomplished by the development of a tRNA synthetase–tRNA pair from Methanococcus

jannaschii which is able to introduce unnatural amino acids at amber-suppressed codon sites. The incorporated non-

natural electrophilic amino acid was then targeted by an N-acetyl glucosamine aminooxy saccharide, 270 developed by

Bertozzi and co-workers ( Scheme 16, see Section 1.15.3.2),236 to form glycoproteins in excellent yield following

HPLC purification. Furthermore, the corresponding glycoconjugate was subsequently extended with the well-

established transformation sequence of galactosyltransferase and sialyltransferase to form sialylLacNAc, showing

that the nonnatural oxime linkage tolerates a variety of enzymatic extension conditions.
1.15.4 Enzymatic Glycoprotein and Glycopeptide Synthesis

The two distinct sets of strategies outlined in the two previous sections are equally applicable to enzyme-catalyzed

techniques.
1.15.4.1 Elaboration of Glycans

Enzyme-catalyzed techniques for elaboration of existing glycans on glyco-amino acids/peptides/proteins have proved

particularly successful. One of the earliest examples of the use of glycosyltransferases in glycoprotein synthesis was

reported by Paulson and co-workers who employed a sialyltransferase and CMP- N-acetylneuraminic acid to restore

95% of the sialic acids to a fully desialylated protein. 271 Bertozzi and co-workers have impressively employed

enzymatic approaches to directly modify cell surface proteins. 272 The use of a milk fucosyltransferase, that displays

a broad substrate specificity, allowed modification of glycans with fucosyl residues bearing a range of substituents at

C-6. More recently, Ito and co-workers have employed a glucosyltransferase and UDP-Glc in the monoglucosylation

of a chemically synthesized Man9GlcNAc 2 -containing glycopeptide. 
273

Glycosyltransferases are also often used to elaborate glycopeptide structures either prior to or after linear assembly

(see Section 1.15.2.2.3). Indeed, highly glycosylated glycopeptide building blocks, such as 7, for use in linear

glycopeptide assembly were first made accessible through the use of glycosyltransferases. 195,196 Much of this work

has strong resonance with the use of glycosyltransferases in oligosaccharide synthesis.43,274–27 9,280–282

Glycosyltransferase-mediated elaboration as a chemoselective technique is particularly useful for challenging

structures rich in functionality such as sulfopeptides, 197 although strategic considerations are important with regard

to the often stringent substrate specificity of glycosyltransferases. The presence of sulfation in a PSGL-1 octapeptide

made this a particularly challenging glycopeptide to elaborate, and alternative glycosyltransferases, more tolerant than

those used previously, had to be identified. It should be noted that enzyme availability is sometimes a stumbling block
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in such techniques; in particular, the number of readily available branching GlcNAc-transferases is particularly

limited. In an excellent display of the power of glycosyltransferases in glycopeptide elaboration ( Scheme 6 ), the

sulfated N-terminal domain of PSGL-1 has been synthesized on a small scale and characterized by HPLC and MS in

two glycoforms that crucially differ in their binding to P-selectin as a result of only a subtle alteration of internal glycan

structure.198 This was achieved by the isolation of the required six glycosyltransferases and one sulfotransferase and

allowed 9 and 10 to be synthesized from a linearly SPPS-assembled 23-aa monosaccharide-bearing glycopeptide.

In an early use of enzymatic glycosylation on the solid phase, the sLe x -Asn-Phe dipeptide was synthesized using

aminopropyl silica as a support and subsequently cleaved from a glycine linker by the peptidase chymotrypsin.283 In

this context, it is interesting to note that the ability of glycosyltransferases to modify glycans on glycopeptides may be

greatly influenced by the peptide backbone and sites that are already glycosylated.284 For example, prolines,

negatively charged residues, and the presence of a disaccharide all inhibited the glycosylation of an adjacent

GlcNAc-Thr residue. Enzymatic extensions have also been performed on a water soluble polymer producing a

sialyl-Lewis x-modified 12- and 11-mer. 285,286 Initially, the glycopeptide is constructed through standard SPPS to

include a keto-containing ‘transporter group’ via a modified C-terminal proline residue. The glycopeptide is then

released from the resin and trapped onto a water-soluble polyacrylamide derivative through chemoselective ligation.

Subsequent enzymatic extension, followed by photolytic cleavage of the transporter moiety, furnished the glycopep-

tide in 12% overall yield requiring minimal purification.
1.15.4.2 Trimming of Glycans

It is also possible to purify mixtures of glycoforms through selective enzymatic degradation of unwanted glyco-

forms.287 Endoglycosidase-mediated trimming of glycan strutures plays a critical role in the initial step of

‘glycoprotein remodeling’ (see Section 1.15.4.3). The glycosylation of antibodies affects activity and function 288 and

their manipulation often provides some good case studies in glycoprotein synthesis methods. For example, terminal

deglycosylation of human IgGs with b-galactosidase exposed GlcNAc residues and thereby introduced interactions

with MBP.289

An in vitro enzyme cycle that ‘trims’, using a specific a-glucosidase, and ‘adds’, using a glucosyltransferase, a

Glc(a1-3) unit to the tip of the glucosylated branch in the initial N-linked glycoprotein glycan core has been

created. 290 This in vitro system elegantly mimics an in vivo cycle that plays a critical role in binding to lectin

chaperones, calnexin and calreticulin, during folding in the endoplasmic reticulum (ER). 8
1.15.4.3 Alteration of Glycans (Glycoprotein Remodeling)

The combined trimming (typically enzymatic) of existing glycan structures followed by elaboration to alternative ones

has become known as ‘glycoprotein remodeling’ (GPR). Central to this technique, as a result of the difficulty in

making natural glycan-protein links, at least one glycan must remain to serve as a tag for specific elaboration. For

example, a synthesis of a single unnatural glycoform of ribonuclease B (RNase B) 16 was achived by Endo-H

degradation down to a single N-linked GlcNAc motif followed by elaboration with the well-established sequential

system of galactosyltransferase, fucosyltransferase, sialyltransferase to construct a sLex glycoform (Scheme 17).291

Takegawa and co-workers have applied endoglycosidase-mediated transglycosylation (the synthetic utility of which

was originally demonstrated using Endo-F and Endo-H as early as 1986)292 to the same partially deglycosylated RNase

B 15 in the synthesis of the Man6 GlcNAc 2 glycoprotein 17. 
293 EndoA-catalyzed transglycosylation has also allowed

the addition of decasaccharide Man9GlcNAc from naturally derived glyco aminoacid Man9GlcNAc2-Asn onto a

chemically synthesized native N-linked GlcNAc-Asn containing pentapeptide,294 and a non-native C-linked analog244

in yields of 25–26%.243 This transglycosylation activity of endoA is usefully improved by the use of partially organic

solvent systems, such as 35% aqueous acetone.295,296 Similar yields are also reported by Wang and co-workers in the

Endo-A catalyzed transglycosylation of a variety of high-mannose motifs to a similar peptide backbone.176,245,247

Interestingly, all studied donors showed comparable reactivity with Endo-A highlighting the broad specificity of this

endoglycosidase towards high-mannose motifs. This work has later been extended to include a 34-mer, representing a

section of the HIV-1 glycoprotein envelope gp41. Such EndoA transglycosylation has also been cleverly combined

with the chemical glycoprotein synthesis techniques.297 For example, transglycosylation using Man9GlcNAc2-Asn as a

donor onto p-isothiocyanatophenyl-b-D-Glc as an acceptor gave a high-mannose isothiocyanate Man9GlcNAcGlc

reagent that was used to indiscriminately glycosylate lysines of RNase A, lysozyme, and a-lactalbumin.

Endo-M endoglycosidase shows a moderate, broad substrate specificity toward a variety of oligosaccharides in

transfers to GlcNAc-bearing peptides (up to pentapeptides), but only in yields of up to 20%.298,299 Complex-type



Asn34
OOH

O

Subtilisin 8397

NHAc

NHHO
HO

O

(i) GalT, UDP-Gal
(ii) FucT-V, GDP-Fuc
(iii) SiaIT, CMP-Sial

OH

O

NHAc

NHHO

15

16 17

sLex NH Man6GlcNAc2

Man6GlcNAc2

Endo A,

O O

HO

NH

Asn

Scheme 17 Glycopeptide ligation combined with enzymatic remodelling offers avenues to glycoprotein synthesis.

632 Synthesis of Glycopeptides and Glycoproteins
glycans were transferred more efficiently than high-mannose type. It should be noted that synthetic yields are

inversely related to ability to hydrolyze indicating that post-transglycosylation hydrolysis of a product may be an

important factor in determining overall yield. Endo-M also catalyzes the transfer of (NeuAcGalGlcNAcMan)2

ManGlcNAc to an octapeptide bearing a single GlcNAc in HPLC-determined yields of approximately 10%300 and

allows the synthesis of two different glycoforms of substance P, an undecapeptide,301 all formed using the same

combined SPPS and transglycosylation strategy. The use of a dimethylphosphinothioic anhydride coupling Mpt-MA

(which avoided the need for protection of the glycan) and Ag-catalyzed condensation of an N-terminal frag-

ment thioester with a C-terminal portion (which required only side chain Lys and Cys protection) was coupled with

Endo-M catalyzed transglycosylation to readily yield a C-terminal sequence of eel calcitonin in a non-natural glycoform

that bears a disialo biantennary-type undecasaccharide: CS[(NeuAc-Gal-GlcNAc-Man)2Man-GlcNAc-GlcNAc-]

NLSTCVLGKSQELHKLQTYPRTDVGAGTP-NH2.
302 A recent example by Takegawa and co-workers demon-

strates the combined use of Endo-M and Endo-A in the successful transglycosylation of a 32-mer peptide.

N-glycosylation was demonstrated at two sites with both high-mannose and complex glycans, representing the first

example of a differential multiple glycosylation to a glycopeptide using endoglycosidases.303 This procedure relies on

the efficiency (yields up to 38%) of Endo-M to transglycosylate complex glycans and the specificity of Endo-A toward

high-mannose moieties which prevents hydrolysis of the initial complex. More recently, Wang and co-workers

have produced a 47-mer glycopeptide through an Endo-A catalyzed glycosylation in yields of up to an impressive

86%.176,304 This strategy simultaneously added two N-glycan motifs to HIV-1 V3 domain glycopeptides via novel

oligosaccharide oxazoline donor substrates (Scheme 18). The key to this work has been the ingenious use of oxazolines

which act as good substrates for glycosylation, but the fully incorporated motif is a poor substrate for hydrolysis,

thus minimizing the degradation observed with transglycosylation. A similar result has been reported by Fairbanks

and co-workers.305
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Nature employs a similar ‘remodeling’strategy in the case ofTrypanosoma cruzi, the protozoan responsible for Chagas’

disease. The parasite does not synthesize sialic acid, but instead expresses a transsialidase that catalyzes the transfer of

sialic acid from glycoconjugates found in the host to its own surface proteins. The resulting sialylated glycoproteins are

then bound by host sialic acid-binding receptors, thereby allowing cellular invasion.306 This observation has been

adapted by Contreras and co-workers through the engineering of the yeast cells of Saccharomyces cerevisiae, to express

cell surface-exposed Trypanosoma cruzi trans-sialidase (TS) via fusion to Aga2.307 The ‘biocatalyst’ demonstrated the

conversion of non-sialylated synthetic oligosaccharides to mono- and disialylated variants through the exposure

of acceptors with suitable donors; furthermore, the reaction could be driven to completion using a large excess of

the 30-sialyllactose donor. Although only demonstrated on oligosaccharides, this procedure offers a potentially

powerful tool when combined with other biological augmentation pathways for the synthesis of homogeneous

glycoproteins.
1.15.4.4 Enzymatic Formation of the Glycan–Protein/Peptide Link

An attractive approach to enzymatic glycoprotein synthesis is to exploit the biomachinery responsible for the formation

of the sugar–protein link in N-linked glycoprotein biosynthesis.308 The enzyme responsible, oligosaccharyltransferase

(OST), co-translationally transfers a high-mannose core oligosaccharide from a fatty acid pyrophosphate carrier to the

side chain amide of an asparagine (Asn) residue in the consensus sequence Asn-X-Thr/Ser of the nascent glycoprotein;

although rare, other sequences have been reported (e.g., Asn-Ala-Cys).309 The use of this enzyme in isolated form

in in vitro glycoprotein synthesis has, however, been met with limited success. While transfer of carbohydrates to a

17-residue peptide containing an unusual Asn-Asn-Thr-Ser sequence was possible, direct glycan transfer to RNase

A failed.310 In addition, transfer to sequences in which X¼Pro are not possible and those in which X¼Trp, Asp, Glu,

Leu are inefficient.311 In a more recent example, Imperiali and co-workers have obtained glycopeptides using PglB,

part of the oligosaccharyl transferase complex from Campylobacter jejuni.312 This enzyme was able to transfer unusual

bacterial disaccharides from prenylated donors onto the heptapeptide KDFNVSK and an octapeptide, being a

segment from known glycoproteins of C. jejuni. Investigations into the peptide specificity of PglB highlighted the

requirement of amino acid determinants beyond the sequon of N-X-S/T.

Other enzymes have also been explored, for example, an endo-galactosaminidase has been used to transfer Gal

(b1-3)GalNAc(a1- to the side-chain hydroxyl of a serinyl residue in a hexapeptide.313 Furthermore, the use of a

microbial transglutaminase (TGase) to transamidate the side-chain g-carboxamide group in the dipeptide Z-Gln-Gly

with -O(CH2)3S(CH2)2NH2 glycosides (shorter spacers were unsuccessful) to form an unnaturally N-linked glycopep-

tide has been described.314,315 Such transglutamination has been further developed by Nishimura and co-workers

in combination with enzymatic elongation in the production of mono-, di-, and tri-antennary glycopeptides.316
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Impressively, this work has been combined with site-directed mutagenesis in the first fully enzymatic method for the

site-selective synthesis of homogeneous glycoproteins. Mutagenesis was employed to introduce glutamine into the N-

terminus of the B chain of insulin which subsequently underwent a TGase-catalyzed transamidation with amine-

containing oligosaccharides (Scheme 19).281 Disappointingly, after the TGase reaction proteolytic digestion revealed

a lack of selectivity: both Q1 and Q4 residues were modified. Fortunately, both isomers could be separated by HPLC

and extended with a2,3-SiaT producing two different sialyllactose-modified insulins. Furthermore, this procedure was

also developed to include dendrimeric displays of sialic acid, thus creating glycodendriproteins.282 All modified

glycoproteins demonstrated a lower binding affinity to the insulin receptor; however, overall in vivo activity was

increased due to the incorporation of sialic acid, with the glycodendriproteins demonstrating significantly enhanced

half-life caused by the higher degree of sialic acid incorporation.
1.15.4.5 Glycopeptide Ligation

Subtilisin peptidases have been elegantly used to catalyze the synthesis of glycopeptides,180,181 in spite of the fact that

the natural specificity of these enzymes has limited these peptide ligations to those in which the glycosylated residues

are typically at least one residue distant (P2,P3. . . or P2

0
, P3

0
. . .) from the amide bond formed. Thus, while ligation of Z-

Gly-OBz with H-Gly-[GlcNAcAc3(b1-O)]Ser-NH2 was successful, no yield of product was obtained with H-

[GlcNAcAc3(b1-O)]Ser-NH2. The use of this ligation method coupled with other enzyme-mediated strategies

culminated in a truly elegant synthesis of a single unnatural glycoform of ribonuclease B (RNase B) 16 using a

protease-catalyzed ligation of fragments of the protein backbone, including a fragment bearing a single GlcNAc(b1-N)

Asn, followed by glycosyltransferase-catalyzed elaboration reactions of that glycan (Scheme 17).291 The limitations of

the natural specificity of the subtilisins in this regard have also been overcome by the logical redesign through site-

selective chemical modification.111
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1.15.5 Molecular and Cell Biological Techniques

In vivo methods, that alter the natural machinery of glycosylation, offer promising opportunities. 317 –319 Although,

prokaryotic, for example, bacterial systems, do not typically glycosylate proteins, the use of eukaryotic systems can

circumvent this problem. Unfortunately, as yet, this leads to heterogeneous products, although excitingly homogenei-

ty is almost within reach. 320 –323 This daunting task is made difficult by the large array of biosynthetic glycosylation

products and thus the corresponding array of pathways that need to be controlled or adapted. 324 These pathways, the

levels of enzymes that drive them and their activities, differ subtly according to species, cell-type, and protein. By

expressing a particular glycoprotein in one organism, different glycosylation patterns may arise to those found by

expression of the same enzyme in another. In this way, glycosylation patterns may be guided in a particular direction.

Thus, expression in, for example, plants325 or mice326 may allow the production of patterns similar but subtly altered

compared to those in mammalian systems. The use of yeast to study the N-linked biosynthetic pathway and associated

congenital diseases has been reviewed. 53,321
1.15.5.1 Biosynthesis Augmentation

Broad changes in glycosylation patterns can be achieved through ‘glycosylation engineering’ that regulates levels of

the glycosyltransferases involved in post-translational elaboration of protein-linked glycans. For example, cell lines or

cultures in which extra glycosyltransferase-expressing genes have been introduced may be used to enhance the

presence of particular sugars in glycan structures. The addition of a sialyltransferase to a Chinese hamster ovary (CHO)

cell line resulted in the increased ‘misglycosylation’ of N-linked glycoproteins to give glycan motifs bearing (a2-6)
Gal-in replacement of the normal (a2-3)Gal-linked sialic acid terminated residues. 327 Similarly, tetracycline-regulated

expression of the GlcNAc-transferase involved in ‘bisecting’ (i.e., glycosylation of OH-4 of the b-Man residue in

N-linked glycans) the core of N-linked glycans in CHO cells resulted in an increase in bisected glycoforms from 25%

to 50%, thereby increasing cytotoxicity of the IgG. 328 Transfection of CHO cells with GlcNAc-transferase and

fucosyltransferase activity either using two separate plasmids vectors329 or one polycistronic vector330 allows the

construction of sLex on PSGL-1. The use of one plasmid prevented disparate expression levels.

A rare example involving the re-engineering of the glycosylation pathway in the yeast Pichia pastoris ,321 to mirror the

processing of human N-glycans, has resulted in the secretion of glycoproteins with complex N-glycosylation.322,323,33 1

The procedure required elimination of the ‘natural’ glycosylation pathway and the introduction and correct localiza-

tion of mannosidase I and II, N-acetylglucosaminyltransferases I and II, and uridine 50  -diphosphate- N-acetylgluco-
samine transporter. Successful incorporation of these eukaryotic enzymes produced essentially homogeneous

glycoproteins bearing the complex human N-glycan GlcNAc2Man3GlcNAc2. More recently, Wildt and co-workers

have engineered strains of P. pastoris in a similar manner to synthesize complex glycans bearing GlcNAc2Man3

GlcNAc2. Furthermore, a fusion protein containing the catalytic domain of GalT, UDP-galactose-4-epimerase and a

yeast leader sequence was anchored into the Golgi compartment. This synthetic fusion protein was able to mediate

the epimerization of UDP-glucose to UDP-galactose, and catalyze the transfer of the resulting donor to terminal

GlcNAc residues producing a bi-antennary galactosyl-tipped glycan. A similar strategy has also been employed in

P. pastoris to provide a general platform for the production of recombinant monoclonal antibodies with human

N-glycosylation patterns with high homogeneity.332 Further engineered glycosylation pathways have been compre-

hensively reviewed elsewhere.321

Baculovirus vectors allow introduction of mammalian glycosyltransferases into insect cell systems that normally

produce N-linked glycoproteins with limited glycan diversity.333 For example, the introduction of human GlcNAc-

transferase I allowed a high degree of further processing that is normally lacking in insect cells;334 furthermore, early

expression of bovine b-1,4-galactosyltransferase gave galactosylated N-glycans.335 Plants have also proved suitable

hosts: again additional b-1,4-galactosyltransferase activity is the key to altering plant N-glycosylation patterns toward

those more like mammalian systems. 336 Thus, expression of human b-1,4-galactosyltransferase in tobacco plants
resulted in N-linked glycoproteins of which 15% bore terminal Gal(b1-4) residues. Interestingly, crossing of this

transgenic plant with one expressing mouse antibody (‘plantibody’) allowed in planta glycosylation engineering to

produce galactosylated antibodies.

The prospects are also good for the glycosylation of larger biomolecular complexes by taking advantage of the often-

relaxed specificities of biosynthetic pathways. Indeed, the use of an unnatural N-levulinoylmannosamine (Man–Lev)

as a precursor in preference to natural precursor ManNAc can be achieved simply by feeding it to cells and this has

allowed the introduction of a ketone tag into sialic acid residues found at cell surfaces.337 This allowed the selective

introduction of further glycans through reaction with aminooxy and hydrazide-functionalized carbohydrates to form

imines and hydrazones according to the manner described in Sections 1.15.2 and 1.15.3 (Scheme 11a ). 338 This
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strategy is similar to one previously applied to aldehydes introduced chemically to cell surfaces.238 In a similar manner,

neural cell surfaces have been also engineered by introducing an unnatural N-propanoylneuraminic acid precursor and

an N-thioacetyl.339,340 There is also good evidence that in certain cases the level of glycosylation is also influenced by

levels of the intracellular nucleotide-mono/diphosphate donor substrates for glycosyltransferases that may in turn be

increased simply by increasing the concentration of their biosynthetic precursors in the incubation media. Thus,

increasing glucosamine concentration increased GlcNAc-UDP levels in CHO cells and hence levels of bisecting

GlcNAc structures.341

The powerful Man–Lev technique described above has also been used to display biotin on cell surfaces.342 This

‘cell surface engineering’ utilized a biotinylated hydrazide to give cells that were far more readily transfected by

adenovirus when pre-treated with an avidin-(anti-adenovirus antibody) conjugate. In addition, an aminooxyfunction-

alized Eu3þ-complex MRI contrast reagent was constructed and localized through ligation.343 The use of peracety-

lated N-azidoacetylmannosamine as a precursor allowed the cell surface display of azido-sialic acids through uptake

and intracellular hydrolysis of the acetate groups and the biosynthetic processing.344 Staudinger-type reaction with a

biotinylated phosphine-ester results in an intramolecular amide formation and hence biotinylation of the cell surface.

The advantage of this method is that azides and phosphines are extraneous to nature and are therefore unlikely to

react in the absence of one another; therefore, this method can also allow intracellular ligation.345 A traceless variant

which has extrudes the phosphine oxide formed has also been published to allow ‘clean’ amide formation.346 A further

example follows a salvage pathway in CHO cells that allows the incorporation of a 2-keto analog of GalNAc into cell

surfaces glycoprotein but not a 2-keto analog of GlcNAc.347
1.15.5.2 Biosynthesis Inhibition

The inhibition of enzymes involved in the biosynthesis308 of glycoproteins offers an alternative way of controlling

their structure. For example, the glycosyltransferase inhibitor tunicamycin inhibits the synthesis of the lipid-linked

pyrophosphate oligosaccharide precursor that is used as a glycosyl donor in the formation of N-linked glycoproteins.348

The resulting lack of donor prevents formation of Asn-linked glycans and results in only O-glycosylated proteins. Less

drastic inhibition of later trimming steps, which are mediated by glycosidases in the ER and Golgi, can be used to

create smaller than natural ranges of Asn-linked glycoforms rather than none at all. For example, the use of the

glucosidase inhibitor N-butyl deoxynojirimycin (NBDNJ) resulted in a reduction in the number of glycoforms of the

HIV surface protein gp120 that were produced from more than 100 to 3.5 NBDNJ shuts down the early glucosidase

triming in HIV glycoprotein biosynthesis and results in poorly processed N-glycans of gp120.349 Inhibition of

trimming glycosidases also alters the function of IgGs by altering glycosylation pattern.350 Swainsonine, a branch

trimming a-mannosidase II inhibitor, reduces the formation of the GlcNAc(b1-6) branch in N-linked glycans.351

Mutation of the gene that encodes for a-mannosidase II in mice leads to lupus-like automimmune disease thereby

showing the importance of N-glycosylation.352
1.15.5.3 Non-Coded Methods

In the late 1990s Hecht353,354 and Schmidt355 have both proposed the adoption of the in vitro use of misacylated

tRNAs in non-sense codon suppression read-through techniques356 to exploit the natural mechanism of protein

biosynthesis (translation). Unlike natural protein glycosylation, which occurs co- and post-translationally, this method

requires the synthesis of AUCtRNA acylated with glycosylated-amino acids (Scheme 20). In this way Glc(b1-O)Ser was

incorporated in place of Ser at position 286 of firefly luciferase.353,354 Schmidt and Wieland have also described the

preparation of a hARF-protein altered to contain GlcNAcAc3(a1-O)Ser instead of a Lys in this way.355 To this end,

Hecht and co-workers demonstrated the synthesis of tRNAs acylated with Gal,Glc,Man,GlcNAc-Ser, albeit in very

low overall yields due to difficulties in achieving efficient acylation and deprotection steps.357 More recently these

problems have been overcome by Schmidt and co-workers in a novel synthesis of aminoacylated dinucleotides which

have been used in an efficient synthesis of dinucleotides loaded with protected glycosyl amino acids.358 Although they

have low suppression efficiency, these glycosylated amino acids, including the Tn-antigen, have been incorporated

into human granulocyte-colony stimulating factor through noncoded read-through techniques. Impressively, Schultz

has taken this approach one step further through in vivo use of theM. jannaschii tRNA synthetase-tRNA system to allow

the incorporation of the key glycosylamino acids, b-GlcNAc serine and a-GalNAc threonine, into a selection of

proteins.359,360 Although these procedures are still in their infancy, they offer the scientific community a powerful tool

for the synthesis of homogenous glycoproteins. Once a routine method, it will be interesting to see if glycoproteins made

this way through ‘pre-translational glycosylation’ will differ from natural glycoproteins, which are co-/post-translationally
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glycosylated, especially given the apparent role of glycosylation in correct protein folding. It is also interesting to see

the further possibilities for combining read-through techniques with those of chemical glycoprotein synthesis. To this

end, read-through techniques have also allowed the introduction of un-natural amino acids as tags for subsequent

site-selective glycosylation (see Section 1.15.3.3).270
1.15.5.4 Expressed Protein Ligation

Expressed protein ligation ( Scheme 7a) has been used to create bacterially expressed peptides for use in NCL.361 For

example, mannan-binding protein (MBP) was expressed in E. coli as a fusion to the N-terminus of a widely used intein

from Saccharomyces cerevisiae ; this intein also bears a chitin-binding domain at its C-terminus for purification. Once

expressed, this portion self-spliced the binding domain, and the resulting peptidothioester was used in native

chemical ligation (see Section 1.15.2.2.4) with glycosylated peptides such as Cys( b-GlcNAc-)Asn. 207

Imperali and co-workers have developed a semisynthetic route toward the immunity protein Im7.362 In this

procedure, a glycopeptide bearing an N-terminal Cys, obtained from standard SPPS, was coupled using NCL to a

thioester-containing fragment, obtained from recombinant methods using the commercially available IMPACT

system, a technique based on a pH-dependent intein cleavage. Bertozzi and co-workers have also used expressed

protein ligation to construct two model non-natural glycoproteins:363 a 42-aa GlyCAM-1 central fragment, a stretch

which is not glycosylated in full GlyCAM-1, was expressed as an intein–chitin binding domain fusion protein in

bacterial culture and purified on chitin beads. This was released as a C-terminal thioester and then coupled with a

15-residue glycopeptide through native chemical ligation. Interestingly, a second unglycosylated 77-aa domain was

also ligated to a polyglycosylated 56-mer, constructed from SPPS and NCL, in this manner. The final result was the

preparation of three well-defined glycoforms of GlyC-1 with as many as 13 N-acetylgalactosamine residues present.364

More recently, Wong and co-workers have employed tobacco etch virus protease (TEV protease) cleavable fusion

proteins to produce N-terminal cysteine-containing peptides.365 These peptides were then coupled to a synthetic

thioester glycopeptide viaNCL. N-terminal cysteines have also been produced using the more common Xa protease-

catalyzed cleavage through the introduction of a Ile-Glu-Gly-Arg (IEGR) cleavage site into a section of GlyC-1.364

N-terminal cysteine-containing peptides have also been cleanly produced chemically through cyanogen bromide-

mediated cleavage at methionine sites.366
Glossary

armed and disarmed donors Terms first used by Prof. B. Fraser-Reid in the description of the relative reactivities of

differently protected glycosyl donors; armed are more reactive typically by virtue of etheric protection (e.g., Bn).

calnexin Also referred to as IP90, p88, and p90, is a 88kDa chaperone protein found in the endoplastmic reticulum having a

similar role to calreticulin. It binds transiently and selectively with nascent partially folded monoglucosylated N-linked glyco-

proteins and retains them in the endoplasmic reticulum until they are completely folded.
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calreticulin Calreticulin is an important multifunctional calcium binding protein found in the membranes of smooth muscle

and non-muscle endoplasmic reticulum (ER). The principle role of calreticulin’s is its function in the folding and peptide-loading

nascent N-linked glycoproteins.

C-glycoside Sugar derivative where the exocylic anomeric oxygen has been replaced with a methylene group.

EDEM and EDEM II Mannose binding lectins responsible for entry into ERAD.

Endo A, EndoH and EndoM A family of Endoglycosidase’s that cleave within the chitobiose core of high mannose (Endo H

and A) and complex type (Endo M) N-linked glycoproteins, leaving only a single GlcNAc residue bound to the glycoprotein.

EPO Generally used short form for erythropoietic glycoprotein hormone secreted from the renal gland in response to oxygen

depletion in tissues, involved in the regulation of the production of red blood cells.

ERAD (Endoplasmic reticulum-associated protein degradation) An intracellular trafficking process involving the translo-

cation of misfolded N-linked glycoproteins to the cytoplasm, which undergo subsequent enzymatic degradation.

Gal Abv. galactose.

GalNAc Abv. N-acetylgalactosamine.

Glc Abv. glucose.

GlcNAc Abv. N-acetylglucosamine.

glycan Strictly defined as polysaccharide, but loosely used in literature to refer to any carbohydrate structure for example the

carbohydrate component of a glycoprotein or glycolipid.

glycocode The term used to describe the information conveyed by the structural diversity of carbohydrates.

glycoconjugate Molecules that contain carbohydrate structures covalently bound to another molecular structure, e.g., glyco-

lipids, glycopeptides, and glycoproteins.

glycoform Variants of a glycoprotein in which both the composition of the carbohydrate and/or the site of glycosylation exhibit

heterogeneity while the peptide remains uniform.

inteins A section that is removed in a protein that reacts through self-splicing and rejoining. Inteins are extensively used in

biotechnology particularly within native chemical ligation.

lectin Carbohydrate-binding proteins that are not enzymes or antibodies.

Lewis X (see Lewis sugars).

sialyl Lewis X (see Lewis sugars).

Lewis sugars Lewis system sugars are a family of fucosylated blood group sugars, to include Lewis a (Lea), Lewis b (Leb),

Lewis c (Lec), Lewis d (Led), Lewis x (Lex) and sialyl Lewis (sLex (sLex)).

Man Abv. mannose.

NeuAc Abv. N-acetylneuraminic acid.

N-linked glycoprotein A glycoprotein where a carbohydrate is bound to the protein via the nitrogen of the amide side chain of

asparagine. The Asn residue is typically found in the sequence Asn-X-Ser/Thr (X¼any amino acid except proline).

O-linked glycoprotein A glycoprotein where a carbohydrate is bound to the protein via an the alcohol side chain of typically

serine or threonine.

PTM (Post-translational modification) The chemical modification of a protein after its translation. Modifications include

lipids, carbohydrates, sulfation, phosphorylation.

receptor-mediated endocytosis The process whereby cells absorb material (molecules such as proteins) outside the cell by

engulfing them within their cell membrane through the specific interactions of receptors with ligands on the substrate.

selectins A family of lectins that are expressed as part of the inflammatory response promoting leukocyte homing to sites of

trauma.

SPPS Solid Phase Peptide Synthesis.

TCA Trichloroacetimidate, the anomeric leaving group found in one of (if not the) leading glycosyl donor type.

thiosugars Carbohydrate in which an oxygen (here largely used to indicate the anomeric O-1) is replaced by sulfur.

Tn antigen (motif ) GalNAc(a1-O)Ser/Thr.
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124. DeBeer, T.; Vliegenthart, J. F. G.; Löffler, A.; Hofsteenge, J. Biochemistry 1995, 34, 11785–11789.

125. Nagai, K.; Ishizuka, I. Trends Glycosci. Glycotechnol. 1998, 10, 257–271.

126. Nagai, K.; Ishizuka, I. Trends Glycosci. Glycotechnol. 1998, 10, 472.

127. Gupta, R.; Birch, H.; Rapacki, K.; Brunak, S.; Hansen, J. E. Nucleic Acids Res. 1999, 27, 370–372.

127a. O-GlycBas e v6.00. Website: http://www.cbs. dtu.dk/data bases/OGLYCBAS E.

128. Marks, G. S.; Neuberger, A. J. Chem. Soc. 1961, 4872–4879.

129. Teshima, T.; Nakajima, K.; Takahashi, M.; Shiba, T. Tetrahedron Lett. 1992, 33, 363–366.

130. Danishefsky, S. J.; Hu, S.; Cirillo, P. F.; Eckhardt, M.; Seeburger, P. H. Chem. Eur. J. 1997, 3, 1617–1628.

131. Unverzagt, C. Carbohydr. Res. 1998, 305, 423–431.

132. Günther, W.; Kunz, H. Angew. Chem. Int. Ed. 1990, 29, 1050–1051.

133. Handlon, A. L.; Fraser-Reid, B. J. Am. Chem. Soc. 1993, 115, 3796–3797.

134. Ratcliffe, A. J.; Konradsson, P.; Fraser-Reid, B. J. Am. Chem. Soc. 1990, 112, 5665–5667.

135. Nair, L. G.; Fraser-Reid, B.; Szardenings, A. K. Org. Lett. 2001, 3, 317–319.

136. Kahne, D.; Walker, S.; Cheng, Y.; vanEngen, D. J. Am. Chem. Soc. 1989, 111, 6881–6882.

137. Inazu, T.; Kobayashi, K. Synlett 1993, 869–870.

138. Mizuno, M.; Muramoto, I.; Kobayashi, K.; Yaginuma, H.; Inazu, T. Synthesis 1999, 162–165.

139. Doores, K. J.; Mimura, Y.; Dwek, R. A.; Rudd, P. M.; Elliott, T.; Davis, B. G. Chem. Commun. 2006, 1401–1403.

140. Komba, S.; Meldal, M.; Werdelin, O.; Jensen, T.; Bock, K. J. Chem. Soc. Perkin Trans.1. 1999, 415–419.

141. Burger, K.; Kluge, M.; Fehn, S.; Koksch, B.; Hennig, L.; Müller, G. Angew. Chem. Int. Ed. 1999, 38, 1414–1416.

142. Schleyer, A.; Meldal, M.; Manat, R.; Paulsen, H.; Bock, K. Angew. Chem. Int. Ed. 1997, 36, 1976–1978.

143. Halkes, K. M.; Gotfredsen, C. H.; Grotli, M.; Miranda, L. P.; Duus, J. O.; Meldal, M. Chem. Eur. J. 2001, 7, 3584–3591.

http://www.cbs.dtu.dk/databases/OGLYCBASE


Synthesis of Glycopeptides and Glycoproteins 641
144. Baldwin, J. E.; Spivey, A. C.; Schofield, C. J. Tetrahedron: Asymmetry 1990, 1, 881–884.

145. Cohen, S. B.; Halcomb, R. L. Org. Lett. 2001, 3, 405–407.

146. Zhu, Y.; Donk, W. A. V d. Org. Lett. 2001, 3, 1189–1192.

147. Jobron, L.; Hummel, G. Org. Lett. 2000, 2, 2265–2267.

148. Ohnishi, Y.; Ichikawa, M.; Ichikawa, Y. Bioorg. Med. Chem. Lett. 2000, 10, 1289–1291.

149. Zhu, X.; Schmidt, R. R. Chem. Eur. J. 2004, 10, 875–887.

150. Galonic, D. P.; Van der Donk, W. A.; Gin, D. Y. J. Am. Chem. Soc. 2004, 126, 12712–12713.

151. Thayer, D. A.; Yu, H. N.; Galan, M. C.; Wong, C.-H. Angew. Chem. Int. Ed. 2005, 44, 4596–4599.

152. Allen, J. R.; Harris, C. R.; Danishefsky, S. J. J. Am. Chem. Soc. 2001, 123, 1890–1897.

153. Debenham, S. D.; Debenham, J. S.; Burk, M. J.; Toone, E. J. J. Am. Chem. Soc. 1997, 119, 9897–9898.

154. Ichikawa, Y.; Nishiyama, T.; Isobe, M. Synlett 2000, 1253–1256.

155. Lemieux, G. A.; Bertozzi, C. R. TIBTECH 1998, 16, 506–513.

156. Cervigni, S. E.; Dumy, P.; Mutter, M. Angew. Chem. Int. Ed. 1996, 35, 1230–1232.

157. Zhao, Y.; Kent, S. B. H.; Chait, B. T. Proc. Natl. Acad. Sci. USA 1997, 94, 1629–1633.

158. Durieux, P.; Fernandez-Carneado, J.; Tuchscherer, G. Tetrahedron Lett. 2001, 42, 2297–2299.

159. Peri, F.; Dumy, P.; Mutter, M. Tetrahedron 1998, 54, 12269–12278.

160. Peluso, S.; Imperiali, B. Tetrahedron Lett. 2001, 42, 2085–2087.

161. Grandjean, C.; Rommens, C.; Gras-Masse, H.; Melnyk, O. Angew. Chem. Int. Ed. 2000, 39, 1068–1072.

162. Grandjean, C.; Gras-Masse, H.; Melnyk, O. Chem. Eur. J. 2001, 7, 230–239.

163. Shin, I.; Jung, H.-J.; Lee, M.-R. Tetrahedron Lett. 2001, 42, 1325–1328.

164. Hansen, P. R.; Olson, C. E.; Holm, A. Bioconj. Chem. 1998, 9, 126–131.

165. Tornoe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057–3064.

166. Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2596–2599.

167. Kuijpers, B. H. M.; Groothuys, S.; Keereweer, A. R.; Quaedflieg, P. J. L. M.; Blaauw, R. H.; van Delft, F. L.; Rutjes, F. P. J. T. Org. Lett. 2004,

6, 3123–3126.

168. Lin, H.; Walsh, C. T. J. Am. Chem. Soc. 2004, 126, 13998–14003.

169. Josephson, K.; Hartman, M. C. T.; Szostak, J. W. J. Am. Chem. Soc. 2005, 127, 11727–11735.

170. McGarvey, G. J.; Benedum, T. E.; Schmidtmann, F. W. Org. Lett. 2002, 4, 3591–3594.

171. Dondoni, A.; Marra, A. Chem. Rev. 2000, 100, 4395–4421.

172. Leeuwenburgh, M. A.; van der Marel, G. A.; Overkleeft, H. S. Curr. Opin. Chem. Biol. 2003, 7, 757–765.

173. Dominique, R.; Liu, B.; Das, S. K.; Roy, R. Synthesis 2000, 862–868.

174. Biswas, K.; Coltart, D. M.; Danishefsky, S. J. Tetrahedron Lett. 2002, 43, 6107–6110.

175. Nolen, E. G.; Kurish, A. J.; Wong, K. A.; Orlando, M. D. Tetrahedron Lett. 2003, 44, 2449–2453.

176. Li, H.; Li, B.; Song, H.; Breydo, L.; Baskakov, I. V.; Wang, L.-X. J. Org. Chem. 2005, 70, 9990–9996.

177. Meinjohanns, E.; Vargas-Berenguel, A.; Meldal, M.; Paulsen, H.; Bock, K. J. Chem. Soc. Perkin Trans. 1. 1995, 2165–2175.

178. Meinjohanns, E.; Meldal, M.; Paulsen, H.; Dwek, R. A.; Bock, K. J. Chem. Soc. Perkin Trans. 1. 1998, 549–560.

179. Pohl, T.; Waldmann, H. J. Am. Chem. Soc. 1997, 119, 6702.

180. Wong, C. H.; Schuster, M.; Wang, P.; Sears, P. J. Am. Chem. Soc. 1993, 115, 5893–5901.

181. Witte, K.; Seitz, O.; Wong, C. H. J. Am. Chem. Soc. 1998, 120, 1979–1989.

182. Barkley, A.; Arya, P. Chem. Eur. J. 2001, 7, 555–563.

183. Saha, U. K.; Roy, R. Tetrahedron Lett. 1995, 36, 3635–3638.

184. Roy, R.; Park, W. K. C.; Wu, Q.; Wang, S.-N. Tetrahedron Lett. 1995, 36, 4377–4380.

185. Kim, J. M.; Roy, R. Tetrahedron Lett. 1997, 38, 3487–3490.

186. Arya, P.; Kutterer, K. M. K.; Qin, H. P.; Roby, J.; Barnes, M. L.; Kim, J. M.; Roy, R. Bioorg. Med. Chem. Lett. 1998, 8, 1127–1132.

187. Ansfield, S. T.; Lansbury, P. T. J. Org. Chem. 1990, 55, 5560–5562.

188. Cohen-Anisfeld, S. T.; Lansbury, P. T., Jr. J. Am. Chem. Soc. 1993, 115, 10531–10537.

189. Roberge, J. Y.; Beebe, X.; Danishefsky, S. J. Science 1995, 269, 202–204.

190. Wang, Z.-W.; Zhang, X.; Visser, M.; Live, D.; Zatorski, A.; Iserloh, U.; Lloyd, K. O.; Danishefsky, S. J. Angew. Chem. Int. Ed. 2001,

40, 1728–1732.

191. Dudkin, V. Y.; Miller, J. S.; Danishefsky, S. J. J. Am. Chem. Soc. 2004, 126, 736–738.

192. Likhosherstov, L. M.; Novikova, O. S.; Derevitskaya, V. A.; Kochetkov, N. K. Carbohydr. Res. 1986, 146, C1–C5.

193. Bejugam, M.; Flitsch, S. L. Org. Lett. 2004, 6, 4001–4004.

194. Roberge, J. Y.; Beebe, X.; Danishefsky, S. J. J. Am. Chem. Soc. 1998, 120, 3915–3927.

195. Unverzagt, C. Angew. Chem. Int. Ed. 1996, 35, 2351–2352.

196. Unverzagt, C. Tetrahedron Lett. 1997, 32, 5627–5630.

197. Koeller, K. M.; Smith, M. E. B.; Huang, R.-F.; Wong, C.-H. J. Am. Chem. Soc. 2000, 122, 4241–4242.

198. Leppänen, A.; Mehta, P.; Ouyang, Y.-B.; Ju, T.; Helin, J.; Moore, K. L.; vanDie, I.; Canfield, W. M.; McEver, R. P.; Cummings, R. D.

J. Biol. Chem. 1999, 274, 24838–24848.

199. Dawson, P. E.; Muir, T. W.; Clark-Lewis, I.; Kent, S. B. H. Science 1994, 226, 776–779.

200. Wieland, T.; Bokelmann, E.; Bauer, L.; Lang, H. U.; Lau, H.; Schafer, W. Ann. 1953, 583, 129–149.

201. Bernatowicz, M. S.; Daniels, S. B.; Koster, H. Tetrahedron Lett. 1989, 30, 4645–4648.

202. Unverzagt, C.; Kunz, H. GIT Fachzeitschrift fuer das Laboratorium 1988, 32, 599–600, 602–604.

203. Marcaurelle, L. A.; Mizoue, L. S.; Wilken, J.; Oldham, L.; Kent, S. B. H.; Handel, T. M.; Bertozzi, C. R. Chem. Eur. J. 2001, 7, 1129–1132.

204. Yang, L.; Morriello, G. Tetrahedron Lett. 1999, 40, 8197–8200.

205. Escher, S. E.; Kluever, E.; Adermann, K. Lett. Pep. Sci. 2001, 8, 349–357.

206. Ingenito, R.; Dreznjak, D.; Guffler, S.; Wenschuh, H. Org. Lett. 2002, 4, 1187–1188.

207. Tolbert, T. J.; Wong, C.-H. J. Am. Chem. Soc. 2000, 122, 5421–5428.

208. Shin, Y.; Winans, K. A.; Backes, B. J.; Kent, S. B. H.; Ellman, J. A.; Bertozzi, C. R. J. Am. Chem. Soc. 1999, 121, 11684–11689.

209. Mezzato, S.; Schaffrath, M.; Unverzagt, C. Angew. Chem. Int. Ed. 2005, 44, 1650–1654.

210. Warren, J. D.; Miller, J. S.; Keding, S. J.; Danishefsky, S. J. J. Am. Chem. Soc. 2004, 126, 6576–6578.



642 Synthesis of Glycopeptides and Glycoproteins
211. Yan, L. Z.; Dawson, P. E. J. Am. Chem. Soc. 2001, 123, 526–533.

212. Macmillan, D.; Anderson, D. W. Org. Lett. 2004, 6, 4659–4662.

213. Zhu, X.; Haag, T.; Schmidt, R. R. Org. Biomol. Chem. 2004, 2, 31–33.

214. Aplin, J. D.; Wriston, J. C. Crit. Rev. Biochem. 1981, 10, 259–306.

215. Marcaurelle, L. A.; Bertozzi, C. R. Chem. Eur. J. 1999, 5, 1384–1390.

216. Gray, G. R. Arch. Biochem. Biophys. 1974, 163, 426–428.

217. Pearce, O. M. T.; Fisher, K. D.; Humphries, J.; Seymour, L. W.; Smith, A.; Davis, B. G. Angew. Chem. Int. Ed. 2005, 44, 1057–1061.

218. Zhang, J.; Yergey, A.; Kowalak, J.; Kovac, P. Tetrahedron 1998, 54, 11783–11792.

219. Bernstein, M. A.; Hall, L. D. Carbohydr. Res. 1980, 78, C1.

220. Ragupathi, G.; Koganty, R. R.; Qiu, D. X.; Lloyd, K. O.; Livingston, P. O. Glycoconj. J. 1998, 15, 217–221.

221. McBroom, C. R.; Samanen, C. H.; Goldstein, I. J. Methods Enzymol. 1972, 28, 212–219.

222. Buss, D. H.; Goldstein, I. J. J. Chem. Soc. C 1968, 1457–1461.

223. Quétard, C.; Bourgerie, S.; Sdiqui, N.; Mayer, R.; Strecker, G.; Midoux, P.; Roche, A. C.; Monsigny, M. Bioconjugate. Chem. 1998, 9, 268–276.

224. Taverna, R. D.; Langdon, R. G. Biochim. Biophys. Acta 1973, 298, 412–421.

225. Arakatsu, Y.; Ashwell, G.; Kabat, E. A. J. Immunol. 1966, 97, 858–866.

226. Ashwell, G. Methods Enzymol. 1972, 28, 219–222.

227. Lonngren, J.; Goldstein, I. J.; Niederhuber, J. E. Arch. Biochem. Biophys. 1976, 175, 661–669.

228. Rude, E.; Westphal, O.; Hurwitz, E.; Fuchs, S.; Sela, M. Immunochemistry 1966, 3, 137–151.

229. Levashov, A. V.; Rariy, R. V.; Martinek, K.; Klyachko, N. L. FEBS Lett. 1993, 336, 385–388.

230. Jiang, K.-Y.; Pitiot, O.; Anissimova, M.; Adenier, H.; Vijayalakshmi, M. A. Biochim. Biophys. Acta. 1999, 1433, 198–209.

231. Tietze, L. F.; Schroter, C.; Gabius, S.; Brinck, U.; Goerlach-Graw, A.; Gabius, H. J. Bioconjugate. Chem. 1991, 2, 148–153.

232. Ticha, M.; Cerny, M.; Trnka, T. Glycoconj. J. 1996, 13, 681–685.

233. Bengtsson, M.; Broddefalk, J.; Dahmén, J.; Henriksson, K.; Kihlberg, J.; Lönn, H.; Srinivasa, B. R.; Stenvall, K. Glycoconj. J. 1998, 15,
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1.16.1 Introduction

Carbohydrates present an interesting feature: the electrophilic character of the anomeric center allows the sugar to link

different molecules presenting a functional group that acts as a nucleophile.

Usually an alcohol, an amino, or an amido group perform this linkage in Nature; however, occasionally, a sulfur or a

carbon nucleophile are also involved, generating respectively S-glycosides and C-glycosides. Figure 1 shows example

of natural S- and C-glycosides.

Glucosinolates 1 are examples of S-glycosides widely present in the Brassica family (cauliflower, sprouts, cabbage,

and other), and are hydrolyzed by enzymes to volatile flavors when cellular structure is disrupted.

C-Glycosides are formed in Nature when a compound with a particularly nucleophilic carbon atom reacts with

an NDP-sugar; an example is the glucosyltransferase reaction of resorcinol with UDP-glucose that affords compound
647
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2. Also exogenous compounds, such as drugs containing a carbon atom with a strong nucleophilic character, can

undergo an enzymatic reaction which generates C-glycosylated drug metabolites. Scheme 1 describes the enzymatic

conversion of Butazolidin® into the corresponding C-glucuronate.1

S-Glycosides are synthesized in Nature starting from an NDP-sugar and a compound containing a nucleophilic sulfur

atom. An example is the S-glycosylation of thiohydroamic acids with UDP-glucose that is catalyzed by a UDPG-

thiohydroximate glucosyltransferase and leads to desulfoglucosinolates, precursors of glucosinolates (Scheme 2).2

A variety of methods have been developed to synthesize in laboratory S- and C-glycosides, most of which exploit,

like in Nature, a nucleophilic sulfur or carbon atom that displaces a leaving group at the anomeric center of the sugar.

Like any glycosylation reaction, two anomers can be obtained, and the possibility to control the stereochemical

outcome of the reaction, generating stereoselectively each of the two stereoisomers, is an important synthetic goal.

The interest in S- and C-glycosides lies on the metabolic stability of the glycosidic linkage, which cannot be

hydrolyzed by glycosidases. The metabolic stability of these compounds finds application in the inhibition of

carbohydrate-processing enzymes, the S- and C-glycosides being able to fit into the active site of glycosidases and

glycosyltransferases without being modified by the enzyme. This behavior allows also mapping the active site in order

to study the recognition and binding processes, and to investigate the mechanism of action of these enzymes.3a,3b The

metabolic stability of S- and C-glycosides is also exploited in the generation of glycomimetic drugs resistant to in vivo

hydrolysis, such as integrine ligands or glycidic immunostimulators.
1.16.1.1 C-Glycosides of Biological Relevance

Since 1959, a number of C-nucleosides, such as pirazomycin 6 or showdomycin 7 (Figure 2), in which the carbon

atoms substitute the nitrogen of the base, have been isolated from natural sources.
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Those compounds showed a variety of interesting biological properties such as antitumor, antiviral, or antibacterial

activities.4a,4b The combination of metabolic stability and relevant biological activities generated a great interest in the

synthesis of a variety of C-glycosides designed in order to inhibit specific enzymes, act as agonists or antagonists in

receptorial phenomena, and induce immunogenic response.

Aryl C-glycosides, in particular antraquinone-carbohydrate hybrids such as undamycinone B 8 (Figure 3), have

shown DNA-binding properties and cytotoxicity, therefore being promising antitumor agents.5a,5b

C-Glycosides presenting reactive a-bromoketone functionality (9 in Figure 4)6 have been described as irreversible

inhibitors of glycosidases.

More sophisticated C-glycosidic structures have been synthesized to mimic NDP-sugars and therefore as specific

inhibitors of glycosyltransferases. An example, reported in Figure 5, shows the nucleoside-diphospho-exo-glycal 10

displacing time-dependent inactivation of UDP-galactopyranose mutase.7
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C-Glycosides related to tumor-associated antigens are another relevant synthetic target. Mimics of GalNAca1-O-Ser
(Tn antigen) linked to immunogenic peptides in order to elicit both B- and T-immunoresponse have been synthesized

(11 and 12 in Figure 6).

In order to achieve increased stability toward in vivo degradation, the two moieties are connected by a C-glycosidic

bond, in place of the natural O-glycosidic linkage. In addition, the concept of chemoselective ligation has been applied

to the site-specific attachment of the sugar moiety to peptides. Chemoselectivity was achieved coupling an aminoxy

group properly introduced in the peptide backbone with a keto function present on the C-glycosyl analog of the Tn

antigen, affording the corresponding oxime.8a,8b In compound 12, the presence of two sugar moieties acts as an adjuvant

on dendritic cells by upregulating the expression of B7.2 molecule and increasing the presentation of the peptide to

T-cells. This suggests that the N-acetylgalactosamine analog not only can be used as a B-cell epitope, but in multiple

copies, it can target the vaccine to dendritic cells by binding and cross-linking its surface receptor. C-Glycosides related

to the Neu5Aca2-6GalNAca1-O-Ser, the sTn antigen, have been also synthesized; Figure 7 describes the sTn mimic

13 in which the neuraminic acid is linked to the N-acetylgalactosamine unit through a C-glycosidic linkage.9a,9b

C-Glycoside mimics of important glycidic ligands, such as sialyl Lewis X, which are implicated in selectin interaction

as an initial event in inflammation response and in tumor metastasis generation, have been synthesized. In the example

reported in Figure 8,10 the C-disaccharide 14 contains the structural elements responsible for selectin-sialyl Lewis

X recognition (the L-fucose and D-galactose units and the carboxylic group of sialic acid).

An interesting example of biological application of C-glycosides has been reported by Tietze et al., which generated

novel carboranyl C-glycosides for the treatment of cancer by boron neutron capture therapy.11 Boron neutron capture

therapy is a binary system used for the treatment of cancer, which involves administration of a boron compound and

subsequent irradiation with slow neutrons. It relies on the specific ability of the isotope 10B to react with thermic

neutrons to give an a-particle. If boron is present in a tumor cell, irradiation with a beam of slow neutrons will cause

destruction of the malign tissue.
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A C-glycoside analog of the immunostimulant a-galactosylceramide has been synthesised by Frank and co-workers,

and resulted 1000 times more protective than the O-glycoside in mouse against malaria (Plasmodium yoelii) infection,

and 100 times more effective against lung melanoma.12

From the reported examples, it is clear that the presence of a C-glycosidic linkage has been exploited, taking

advantage of the metabolic stability, either for inhibiting an enzymatic process or to generate potential glycidic drugs

avoiding the intrinsic metabolic lability of the O-glycosidic linkage.
1.16.1.2 S-Glycosides of Biological Relevance

Several thioglycosides presenting interesting biological activities have been isolated from many different organisms.

Glucosinolates, previously introduced, are one of the most important classes. Their unique properties were first

observed in the seventeenth century and, nowadays, about 120 different glucosinolates have been identified in

16 families of dicotyledonous angiosperms.13

Glucosinolates are b-thioglucoside N-hydroxysulfates differing for the side-chain R (Figure 1) and resulting to be

stable water-soluble precursors of isothiocyanates. In particular, upon tissue disruption, a specific enzyme called

myrosinase (EC 3.2.3.1) is released and it can reach its glucosinolate substrate. Myrosinase hydrolyzes the b-glucosyl
moiety, affording the thiohydroxyamate-O-sulfonate that rearranges giving isothiocyanates or other breakdown pro-

ducts, such as thiocyanates and nitriles, responsible for the highly distinctive flavor of the Brassicaceae family.

Glucosinolates and their breakdown products have been extensively studied and characterized also for their bacter-

iocidal,14a–14i fungicidal,15a–15g nematocidal,16a,16b and alleopathic17 properties. In addition, cruciferous vegetables,

such as cabbage and mustard, have been used as wound poultices and antitumor agents for centuries (Figure 9). As

a consequence of the fact that an important correlation between increased consumption of vegetables (in particular

cruciferous ones) and fruits and reduced incidence of many types of cancer has been demonstrated,18 glucosinolate/

isothiocyanate cancer chemoprotection activities are now attracting great interest for the development of new anticancer

drugs.

Lincomycines are other examples of remarkable thioglycosides occurring inNature.LincomycinA andB (Figure 10)

are thioglycoside-based antibiotics produced by Streptomycies lincolnensis.19 They consist of an aminooctose moiety,

the a-methylthiolincosaminide, linked by an amidic bond to an N-propilhygric acid (lincomycin A) or an ethylhygric

acid (lincomycin B) unit.

Lincomycins present a bacteriostatic activity based on the inhibition of the bacterial proteic synthesis. Lincomycin

A in particular have been largely employed in clinical therapy of infections caused by micoplasmas, Gram-positive

bacteria, and cocci, but it presents a lot of side effects; for this reason, it has been substituted by 7-chloro-7-

deoxylincomycin or clindamycin (Figure 10), a semisynthetic more lipophilic compound having larger spectrum of

action and major antibacterial activity.
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1.16.2 Procedures of C-Glycosidation

The synthesis of C-glycosides can be effected in a great variety of procedures, and has been reviewed by many

authors.20a–20h Here we will highlight the most important general methods, and describe specific interesting examples

in which biologically relevant or particular complex C-glycosides have been generated, or examples in which particular

original methods have been adopted.

A general overview of the most common strategies, intermediates, and synthons in C-glycosylation starting from an

aldose or a ketose is showed in Scheme 3. The carbonyl function 17 of the sugar, which is masked in the hemiacetalic

form 16, can undergo either nucleophilic addition by way of a carbon nucleophile, or olefination reaction. In the first

case, the obtained diol 20 must be cyclized with elimination of a molecule of water affording the C-glycoside 27. In

the second case, the enitol 21 can be cyclized by activation of the double bond and attack of the hydroxyl group. If the

olefination is performed with a stabilized Horner–Emmons reagent, the double bond is already activated by the

electron-withdrawing group, and a Michael cyclization occurs.
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Alternatively the anomeric center of the sugar can be activated by conversion of the hydroxyl group to a better

leaving group X (18 in Scheme 3), usually an halide, an imidate, a thioderivative. Depending on the nature of X,

anomeric cations (oxonium ions) 22, anomeric carbanions 23, and anomeric radicals 24 can be generated. Those

intermediates respectively react with proper carbon nucleophiles, carbon electrophiles, and carbon radical scavengers,

generating C-glycosides 27.

Oxidation of the anomeric hydroxyl group affords the sugars lactone 19, which reacts with organometallic reagents

affording the lactol 25, which in turn can easily generate the anomeric carbocation 26, the reduction of which with

triethylsilane affords C-glycoside 27.

Glycals 28, that can be easily generated from activated sugars 18 by elimination of HX, are useful intermediates in

the synthesis of C-glycosides. The double bond can be activated either by epoxidation (29 in Scheme 4) or with

transition metal catalysts (30 in Scheme 4), in order to undergo the attack of proper carbon nucleophiles affording

C-glycosides 31 and 32.

All these C-glycosylation procedures present specific stereochemical outcomes that depend on many factors, the

reaction mechanism, the preferred conformation of the sugar substrate and/or the reaction intermediate, the presence

of ‘participating’ groups adjacent to the anomeric center, and even the nature of the solvent.
1.16.2.1 Reaction of Glycosyl Halides with Organometallic Reagents and Carbanions

The first example of synthesis of a C-glycoside goes back to 1945, when Hurd reacted 2,3,4,6-tetra-O-acetyl-D-

glucopyranosyl chloride 33 with different arylmagnesium halides, obtaining, after acetylation, the corresponding

polyacetylated C-glucopyranosyl derivatives 34 and 35 (Scheme 5).21
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The same author experimented the Grignard reaction on different sugar substrates, such as 2,3,4,6-tetra-O-acetyl-D-

mannopyranosyl chloride 36 (Scheme 6).22a,22b

In these examples, the presence of an acyl ‘participating’ group at C2 in the polyacetylated glycosyl halide directs

the attack of the nucleophile from the opposite side, as in O-glycosylations (Scheme 6). In the case of glucopyranosyl

chloride 33 the prevalent product is therefore the b-C-glucoside 34, whereas in the case of mannopyranosyl chloride

the main product is the a-C-mannoside 37.

In the absence of a participating group, the C-glycosylation occurs mainly with inversion of the anomeric configura-

tion, as the reaction intermediate is probably a ‘ion pair’ 40, as shown in Scheme 7. So, the stereochemistry of the

2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl chloride 39 with 2,4-dimethoxyphenyl magnesium bromide affords the

corresponding b-C-glucopyranosyl derivative 41 (60% d.e.; 4:1 b: a).23

Other organometallic reagents such as organolithium,24 organocadmium,25 organozinc,26 lithium dialkyl cuprates,27

organomercurium,28 and organoaluminum29 have also been experimented.Table 1 reports examples of the reaction of

glycosyl halides with the different organometallic reagents, providing yields and references.

Stabilized carbanions, such as malonates, react with glycosyl halides affording C-glycosides.30a–30f The reaction

usually occurs with inversion of the configuration. It has been reported that 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl
bromide 42 reacts with sodium dibenzyl malonate affording the corresponding b-C-glucoside 44, whereas the same

reaction performed in the presence of tetrabutyl ammonium bromide affords the a-C-glucoside 45 (Scheme 8). The

bromide ion in fact displaces the glycosyl bromide, giving rise to an equilibrium in which the a-anomer 42 is more

abundant (anomeric effect), but the less stable b-anomer 43 is more reactive. It reacts faster with the malonyl anion,

affording the product with the a-anomeric configuration.
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Table 1 Reaction of glycosyl halides with different organometallic reagents

Organometallic reagents Leaving group Yields (%) References

RMgBr, RMgCl Cl, Br 50–85 22a,22b,23

PhLi Cl 27 24

Ar2Cd Cl 20–83 25

Ph2Zn Cl 72 26

R2CuLi Br 40–60 27

furanylHgCl Br 58 28

M3Al F 95 29
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Many factors however can influence the stereochemical outcome of the reaction, among which are the reactivity

of the glycosyl halide and the kinetic or thermodynamic control of the reaction. The reaction of the less reactive

2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl iodide 46 with 1.3 equiv. of diethyl malonate previously treated with

sodium hexamethyldisilazane in the presence of 15-crown-5 resulted in the preferential formation of the a-C-glucoside
47 (5:1 a:b). This result suggests that the glycosyl iodide is not particularly susceptible to the attack of the malonate

anion, whereas the b-iodide that is formed by in situ anomerization, being more reactive, undergoes the nucleophilic

attack affording the product with the a-anomeric configuration.30f In the case of 2,3,4,6-tetra-O-benzyl-a-D-galacto-
pyranosyl iodide 48, which is more reactive, the same reaction affords the preferentially b-C-galactoside 49 (1:10 a:b)
(Scheme 9).

On the other hand, the possibility of a malonyl C-glycoside such as compound 47 to perform a retro-Michael

reaction, affording an unsaturated open-chain derivative 50, followed by a Michael cyclization, affords the thermody-

namic product, which is the b-C-glycoside 51 (Scheme 10).
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1.16.2.2 C-Glycosylation via Glyconolactones

Organometallic reagents can generate C-glycosides also reacting with glyconolactones 52. In this process, usually

performed with organolithium compounds due to the hardness of the lactone, a lactol 53 is formed, the Lewis acid-

catalyzed reduction of which with triethylsilane affords the C-glycoside 54 (Scheme 11).31 The stereocontrol of the

reaction depends on the stereochemical requirements of the reductive step.32

In the case of glucopyranosides and more in general in pyranosides in 4C1 conformation, the reducing agent ap-

proaches the anomeric carbon from the a-face, therefore affording a b-C-glucoside. In furanosides, the stereochemical

outcome cannot be predicted due to the conformational flexibility of the intermediate oxonium ion. This procedure

has been exploited with different vinyl lithium,33 aryl lithium,34 alkinyl lithium,35 alkyl tin,36 and Grignard reagents.37

Recently, a mild and easy Co(0)-and/or Mg-mediated addition of a-bromoacetates to sugar lactones 55 to give the

corresponding lactols 56, and the reduction to a C-glycoside 57, has been reported (Scheme 12).38

The Co(0)-mediated addition of a-haloesteres and a-haloketones to carbonyl compounds represents a mild and

convenient procedure for the synthesis of b-hydroxy esters and b-hydroxyketones.39 A similar approach, applied to the

reaction of a-halophosphonates and carbonyl compounds, yields b-hydroxyphosphonates, stable biomimetics of the

corresponding phosphates.40

A different approach that allows to generate C-glycosides from glyconolactones consists in the olefination of the

lactone. Glyconolactones (58 in Scheme 13) undergoes Tebbe methylenation,41a,41b difluoromethylenation,42 and

dichloromethylenation,43 and also the Wittig olefination44 to afford different glycoexoenitols 59–63, which can

be manipulated to generate different C-glycosides. In particular, it is worthy of note that a stabilized Grignard

reagent, such as Ph3P¼CHCN, can be efficiently used in olefination of glyconolactones with the use of microwave

activation.45 Treatment of the lactone with ethyl isocyanoacetate46 affords a useful synthon 63 to obtain C-glycosyl

aminoacids, a class of compounds that has attracted great interest.47
1.16.2.3 C-Glycosylation Involving Lewis Acid-Catalyzed Formation of Oxonium Ions

One of themost efficient and widely usedmethods of C-glycosylation consists in the treatment of a glycoside 64with a

Lewis acid, resulting in the displacement of the leaving group (OR, OCOR, Cl, F, SR, trichloroacetimidate)48 with

formation of an oxonium ion 65, which can react with a variety of proper carbon nucleophiles, such as allylsilanes,49

propargylsilanes,50 enolethers51a,51b and enamines,52 trimethylsilyl cyanide,53 aromatic compounds,54a,54b and even

alkenes,55 affording the C-glycosides 66–71 (Scheme 14).
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The stereochemistry of the process is determined by the anomeric effect which favors the transition state in which

the lowest unoccupied molecular orbital (LUMO) of the orbital that will link the nucleophile overlaps with the ion

pair of the ring oxygen. In the case of glycopyranosides with a 1C4 conformation, such as glucopyranosides, mannopyr-

anosides, and galactopyranosides, the attack of the nucleophile occurs from the a-face generating the a-C-glycoside
with high stereoselectivity.

In the case of furanosides, the prediction or the stereochemical outcome of the reaction is muchmore difficult, and it

depends on the nature of the solvent and the reaction temperature. It is interesting to note that this procedure is very

efficient also in the formation of C-glycosides of ketoses, such as fructose, in which the reaction occurs on a

tetrasubstituted carbon atom, which makes more difficult to apply other procedures.

The reaction of methyl 1,3,4,6-tetra-O-benzyl-a-D-fructofuranoside 72 with allyltrimethylsilane and the Lewis acid

trimethylsilyltriflate stereoselectively afforded the a-allyl C-glycoside 73 in about 60% d.e., independently of the

nature of the solvent and the temperature.56 Manipulation of the a-allylic appendage allows to obtain different

a-C-furanosides and even b-C-fructosides. To do that, the double bond of the allylic appendage of 73 was exploited

to deprotect the primary hydroxyl group at C1, so that it can be further manipulated as C-glycosidic appendage,

whereas the allylic substituent was converted into an hydroxymethylene group (Scheme 15).
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The strategy, in other words, consists in having two hydroxymethylene substituents at the ‘anomeric’ center of the

sugar, differently protected so that they can be selectively manipulated.

In details, treatment of C-glycoside 73 with iodine results in the attachment of the benzylated oxygen at C1 to the

oxonium ion intermediate with debenzylation and formation of the cyclic iodoether 74. Treatment of the cyclic

iodoether 74 with zinc and acetic acid resulted in a reductive elimination, with formation of 75, which is molecule 73

deprotected at C1. Once deprotected, this hydroxyl group of 75 can be functionalized in different ways, so acting as a

b-oriented C-glycosidic substituent.

The a-oriented allylic anomeric appendage of 75 can be in turn converted into an hydroxymethyl group, taking the

place of the original C1 of the fructose skeleton. The conversion of the allylic substituent into an hydroxymethyl group

was effected by isomerization of the double bond ozonolysis and reduction of the ozonide to a hydroxyl group (77 in

Scheme 15). The procedure required a delicate choice of protecting groups and experimental conditions, as the

proximity of the two appendages can cause reciprocal interference.

TheLewis acid-catalyzedC-glycosylation procedure has been applied to the synthesis of a variety of aryl C-glycosides,

some ofwhich showed interesting antibiotic activities.57 This is a sort of Friedel–Craft electrophilic aromatic substitution

in which the glycosyl oxonium ion acts as nucleophile. The reaction has been extended to a variety of heteroaromatic

compounds such as pyrrole.58 Recently, the environmentally friendly C-glycosylation of phloroacetophenone with

unprotected glucose using scandium(III) trifluoromethanesulfonate in aqueous media has been reported.59

This procedure can be applied to the synthesis of C-glycosides of amino sugars, such as glucosamine, which is all but

trivial, provided that the amino group is fully protected as phthalimido,60 or is substituted by an azido group,61 from

which the amine can be generated by reduction at the end of the synthesis.
1.16.2.4 C-Glycosylation via Olefination–Cyclization

Another possibility to perform a C-glycosylation exploiting the electrophilic character of the anomeric center consists in

the olefination of the free aldehyde, in equilibrium with the hemiacetal, followed by cyclization of the obtained enitol.
1.16.2.4.1 C-glycosylation using stabilized ylides
Aldoses, such as 2,3,5-tri-O-benzyl-D-ribofuranose 78 in Scheme 16, react with stabilized ylides, affording an open-

chain elongated sugar 79 that can undergo, spontaneously or by treatment with bases, Michael-type cyclization with

generation of the C-glycoside 80.62a–62h
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This reversible reaction favors the thermodynamic product, in the case of glucopyranosides or galactopyranosides

in the b-anomer due to the less-hindered equatorial orientation of the anomeric substituent. In the case of man-

nopyranosides, the disfavored cis-interaction of the b-anomeric substituent with the subsituent at C2 makes more

complicated the prediction of the stereochemical outcome of the reaction. An interesting result has been obtained

with N-acetylglucosamine protected as 4,6-benzylidene, the reaction of which with carboethoxymethylenetriphenyl-

phosphorane afforded the one-pot cyclized product stereoselectively with the a-configuration.63 This is an interesting

approach for the stereoselective synthesis of a-C-glycosides of glucosamine that has been shown effective also with a

4,6-ethylidene protection.64

Suppression of the electron-withdrawing group, for example, by reduction of the ester function to an hydroxyl

group, prevents the Michael cyclization; therefore, a kinetic control of the cyclization reaction can be obtained by

activation of the double bond with a proper electrophile. This activation can be performed by Sharpless epoxidation

(Scheme 17),65 or by iodination.66 In the Sharpless procedure, the a,b-unsaturated ester 82 has been reduced with

diisobutyl aluminum hydride, after protection of the free hydroxyl group, to generate the a,b-unsaturated alcohol 83.

The allylic alcohol 83 was submitted to stereoselective Sharpless epoxidation in presence of (þ)diethyl tartrate

to afford the epoxide 84, and (–)diethyl tartrate to afford the epoxide 85. Deprotection of the hydroxyl group that

must perform the cyclization, and treatment with sodium hydride in order to generate an alcoholate that efficiently

attacks the epoxide, results in the formation of the b-C-glycoside 86 from epoxide 84, and the a-glycoside 87 from

epoxide 85.
1.16.2.4.2 C-glycosylation using not stabilized ylides
In Section 1.16.2.4.1, it had been shown that enitols such as compound 83 can generate C-glycosides by activation of the

double bond. More in general, Wittig reaction followed by cyclization via electrophilic activation of the double bond is

an interesting C-glycosidation procedure. Different electrophiles, such as I2, Br2, NBS, NIS, PhSeCl, or metachlorper-

oxybenzoic acid, have been used in the cyclization of glycoenitols,67 but the best stereochemical results have been

obtained with mercuric salts and iodine. Properly protected aldoses, such as tetrabenzyl glucose 88 in Scheme 18,

react with methylene triphenylphosphorane to afford an enitol 89. In order to cyclize this enitol, activation of the

double bond with mercury salts or with iodine is required.68a–68e If the activation of the double bond is performed with

iodine (or with N-iodosuccinimide), one must take care of the fact that also the oxigens of the benzyl ethers can act as

nucleophiles, undergoing debenzylation. In this case, the preferred 5-exo-cyclization, according to the Baldwin rules,69

occurs with formation of a C-furanoside 91.
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This process is highly stereoselective, the double bond being attached by the electrophile from the less-hindered

face of the most stable conformation, the one in which the allylic hydroxyl group lies on the same plane of the double

bond (Figure 11).

A limit of this procedure is that the yield of theWittig reaction is often very low, as the b-elimination is a competitive

reaction. To overcome this problem, the open-chain enitols have been generated by vinylation (Scheme 19).70 With

divinylzinc, the vinylation occurs in a highly stereoselective manner affording the threo-products, according with a

Cram-kelated model.

The process has been applied also to the synthesis of C-glycosides of D-glucosamine,71 exploiting the stereoselec-

tive reaction of vinyl magnesium bromide with the benzylglycosylamine 95 obtained by reaction of tribenzyl

arabinose 92 with benzylamine in presence of molecular sieves as dehydrating agents (Scheme 20). Mercurio

cyclization of the aminoenitol 96 afforded stereoselectively the a-C-glucosaminoside 97.
1.16.2.5 C-Glycosides by Cyclization of Diols and Derivatives

Furanosides and pyranosides can be respectively obtained from a g- or d-diol by intramolecular dehydration. The

cyclization can be performed by acid catalysis or by conversion of one of the two hydroxyl groups into a leaving group.
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This process has been applied to the synthesis of C-glycosides, with two main synthetic strategies: (1) exploiting in the

cyclization two hydroxyl groups already present in the open-chain starting sugar 99, with contraction of the sugar ring

(route a in Scheme 21); (2) generating a new alcoholic function by addition of an organometallic reagent to the

anomeric carbonyl group of 99, therefore maintaining the original ring size of the sugar (route b in Scheme 21).

The C-glycoside formation by ring contraction has been proposed in very mild condition, heating a 2-O-trifluoro-

methanesulfonyl glycoside in pyridine-DMS (DMS¼ dimethyl sulfide; Scheme 22).72

Instead of the triflates, epoxides,73 organothallium,74 organoselenium,75 and diazonium salts76 have been used. The

reaction of the aldose with an organometallic reagent affords a diol, the cyclization of which has been effected by acid-

catalyzed dehydration77 or by treatment with p-toluenesulphonyl chloride.78 In these cases, however, a mixture of

stereoisomers is obtained, as each of the two hydroxyl groups can act as leaving group.
1.16.2.6 C-Glycosylation of Glycals

The easy accessibility and versatile functionality of glycals also provides advantages in C-glycoside synthesis.79

Glycals represent a very important class of compounds where the double bond can be easily modified, for example,

by hydroxylation, hydrogenation, epoxidation, and amino hydroxylation. C-Glycosylation of glycals usually occurs by

allylic substitution with carbon nucleophiles, furnishing 2,3-unsaturated C-glycosides or C-pseudoglycals 106

(Scheme 23).
1.16.2.6.1 Acid-catalyzed addition of carbon nucleophiles to glycals
Allylic substitution of glycals with carbon nucleophiles can be catalyzed by a strong Lewis acid such as BF3�OEt2

80,81

or TiCl4.
82 Other reagents such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),83 TMSOTf,84 montmorillon-

ite K10,85 and InCl3
86 and InBr87 are also known to promote C-glycosylation of glycals (TMS¼ trimethylsilyl).



O

OAc

AcO
AcO

O

OAc

AcO

Nu

10 mol% Yb(OTf)3

C-Nucleophile

mainlya

SiMe3

OSiMe3 OSiMe3
OSiMe3 OSiMe3

SiMe3SiMe3SiMe3

Br
OAc

Ph

N

Boc

O
OBn O

O

105 106

107

Scheme 24 Description of the different carbon nucleophiles used in the allylic substitution on 3-O-acetyl glycals.

O

OAc

AcO
AcO

O

OAc

AcO

Nu
105 106

Scheme 23 3-O-Acetyl glycals undergoes nucleophilic allylic displacement.

662 Synthesis of C- and S-Glycosides
Schmidt and co-workers described the synthesis of C-pseudoglycals starting from tri-O-acetyl glucal and different

allylsilanes or silylenol ethers as nucleophiles in the presence of catalytic amounts of Yb(OTf )3 (Scheme 24). They

demonstrate that Yb(OTf)3 is an efficient catalyst for high stereoselective C-glycosylation procedures to produce a

variety of functionalized C-pseudoglycals, which are useful intermediates for various applications.88

More recently, Das and collaborators reported a novel synthesis of 2,3-unsaturated glycosides using microwave-

induced, InCl3-catalyzed Ferrier rearrangement of acetylglycals. This method provides an efficient alternative to the

existing methodologies to synthesized 2,3-unsaturated C-glycosides.89

Misra and co-workers explore the potential of HClO4–SiO2, an inexpensive catalyst for the preparation of 2,3-

unsaturated C-glycosides through Ferrier rearrangement of glycals. They studied the use of HClO4–SiO2-catalyzed

allylic rearrangement of acylated and alkylated glycals with silylated C-nucleophiles and active methylene com-

pounds. The reaction proceeds smoothly at room temperature producing excellent yield of C-pseudoglycals, without

the formation of any by-products.90 Triflate salts release trifilic acid, which catalyze the allylic rearrangement of

acylated or alkylated glycals leading to the Ferrier rearrangement product.
1.16.2.6.2 Transition metal-catalyzed addition of carbon nucleophiles to glycals
An interesting alternative for C-glycosylation of glycals consists in the use of palladium or palladium salts as catalysts.

Following this approach, proper carbon nucleophiles are b-dicarbonyl compound91 and aromatic systems.54a In

palladium-catalyzed reactions, different products (109–111) can be obtained, as the intermediate organopalladium

adduct 108 decomposes in different ways92 (Scheme 25).

Maddaford and co-workers described the synthesis of C-arylglycosides, using arylboronic acids as nucleophiles.

These reagents are attractive for their air and moisture stability, availability, and low toxicity, and generate a wide

variety of s-aryl-Pd complexes by transmetalation when treated with a palladium(II) salt under very mild conditions

(Scheme 26). The efficiency of the transmetalation from boron to palladium was demonstrated in the cross-coupling

reaction of organoboron compounds with organic electrophiles.93

The mechanism of the reaction is believed to involve a transmetalation of the phenylboronic acid to Pd(II)(AcO)2

to give PhPdOAc, which then undergoes syn-addition to the a-face of the glycal double bond followed by anti-

elimination of palladium(II) acetate.
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A two-step process involving Tebbe methylation and thermal Claisen rearrangement to produce C-b-pseudoglycals
has been reported.94 In this process, the hydroxyl group at C3 of 4,6-diprotected D-glucal 112 was esterified with

different carboxylic acids to afford compounds 113, which were then submitted to Tebbe methylenation in order

to generate the enol ethers 114 that underwent a Claisen rearrangement with formation of the 2,3-unsaturated

C-glycosides (Scheme 27). The reaction mechanism implies that the orientation of the substituent at C3 is main-

tained at C1 after the rearrangement; therefore, the process is totally stereoselective.
1.16.2.6.3 Addition of carbon nucleophiles to glycals via 1,2-episulfonium intermediates
Treatment of glycals with arylsulfonyl chloride results in the formation of a 2-deoxy-2-arylthio-glycosyl chloride which

in presence of Lewis acids generates a 1,2-episulfonium intermediate that can be attached by different nucleophiles,

including carbon nucleophiles such as enol ethers, silyl enol ethers, or Grignard reagent (Scheme 28).95
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1.16.2.7 C-Glycosylation via 1,2-Anhydrosugars

Among the many glycosyl donors that have been utilized in C-glycoside synthesis, 1,2-anhydrosugars (sugar epoxides)

have received a significant amount of attention (Scheme 29). This is largely due to their utility in the synthesis of

C-glycosides having a trans-relationship between the C2 hydroxyl group and the anomeric substituent. Furthermore,

the experimental improvement in the synthesis of sugar oxiranes, which can be obtained by epoxidation of

glycal with dimethyldioxirane under very mild experimental conditions, strongly enhanced the potentiality of this

procedure.96a,96b This procedure allows to use the crude epoxidation product in the subsequent reaction, bypassing

the isolation of relatively unstable epoxide prior to the addition of carbon nucleophiles.

1,2-Anhydrosugars (epoxides) have been reacted with organocuprates97a–97c to afford C-glycosides since 1982. There

are few examples of reaction of glycal epoxides with other carbon nucleophiles such as Grignard reagents,98

organolithium reagents,98 sodium malonates and alkinylzinc reagents,99 allylstannanes,98 organoaluminum and orga-

noboron reagents.100 The topic has been reviewed.
1.16.2.8 C-Glycosylation via Glycosyl Radicals

Treatment of glycosyl halides with allyl-n-butylstannane results in the formation of a glycosyl radical that can be

exploited in the synthesis of C-glycosides. The first example goes back to 1982 when Keck reported the C–C bond

formation via the reaction of trialkylstannanes with different organic halides among which 2,3:4,6-diisopropylidene-a-
D-mannopyranosyl chloride.101 One year later, Baldwin102 reported the reaction of glycosyl radical, obtained from a

2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl phenylselenide or bromide with methyl acrylate, and Giese103a,103b the re-

action with acrylonitrile. Scheme 30 summarizes the most different approaches that have been reviewed in 1998.104

The glycosyl radical can be generated by irradiation or with radical promoters such as 2,20-azobisisobutyronitrile
(AIBN), starting from glycosyl halides, phenylselenides, methylthiocarbonates, or p-anisyltellurides. Allystannanes,

allylthioethers, and variety of carbon–carbon double bonds activated with an electron-withdrawing group have been

used as radical scavengers, including the glycoderivative 128 in order to afford the C-disaccharide 129.105a,105b One

serious limitation of the procedure lies in the fact that an excess of scavenger is required in order that the reaction

proceeds in acceptable yields. Taking into account that the intramolecular radical reactions are much more efficient,

the scavenger has been attached to the hydroxyl group at C2 of the sugar.106a,106b This approach has been used by in

the synthesis of C-disaccharides using temporay ketal107 or silylketal108a,108b connections between the two sugars.

The stereochemistry of the reaction of glycosyl radicals is strongly influencedby the anomeric effect. Glucopyranosides

and mannopyranosides afford stereoselectively the a-C-glycoside, whereas in furanosidic structures the stereochemistry

is not always predictable.

Little and Parrish used a titanocene-mediated ring opening of carbohydrate-derived epoxides to generate glycosyl

radicals which in turn have been reacted with different radical-trapping agents among which is the N-Boc-protected

2-amino-2-propenoate, which affords a C-glycosyl amino acid 131 (Scheme 31).109
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The C-glycosylation via glycosyl radicals can be applied also to the synthesis of 2-amino-2-deoxy sugars. Taking into

account that an easy way to generate 2-amino-2-deoxy sugars consists in the azidoseleniation of glycals, and that

phenylseleno glycosides efficiently generate glycosyl radicals, Gallagher and co-workers110 proposed the procedure

reported in Scheme 32.
1.16.2.9 C-Glycosylation via Glycosyl Anions

The anomeric center of the sugars has an electrophilic character; however, many attempts have been made to reverse

making it nucleophilic. The first problem that has been encountered in these attempts is the presence of a leaving

group in b-position (usually an alkoxy or acyloxy group) that undergoes b-elimination if a carbanion is generated at the

anomeric center. The elimination is prevented if the anomeric anion is strongly stabilized, for example, by a nitro

group (Scheme 33),111a–111c or in presence of a bad leaving group, such as the anions –O–112a,112b or –N-Ac–,113

generated from a free hydroxyl group or an acetamido group at C2 (Scheme 34), and obviously in 2-deoxy sugars.
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Anomeric metalations have been effected in different ways, starting generally from glycosyl halide or from glycals,

that were converted into glycosyl-SnBu3,
114a,114b glycosyl-SO2Ph,

115 glycosyl-SO2Py, glycosyl-Mn(CO)5,
116 that

reacted with carbon electrophiles such as aldehydes or a,b-unsaturated carbonyl compounds, usually by in situ

conversion into the more reactive organolithium reagent.

Glycosyl-SO2Py allows the in situ reaction with a carbon electrophile catalyzed by samarium iodide.117a–117d This

is probably the most efficient method to generate C-glycosides, including 2-amino-2-deoxy-C-glycosides and

C-disaccharides (Scheme 35), exploiting a C-glycosyl nucleophilic intermediate. The synthesis of C-disaccharides

using this and other methods has been reviewed by Postema et al.20f and the carbanionic reactivity of the anomeric

center of carbohydrates by Somsàk.118
1.16.2.10 C-Glycosylation via Ramberg–Backlund Reaction

Reaction of a protected aldose 144 with sulfolylphosponate reagent 145 in presence of NaH results in the formation of

the C-glycosyl sulfone 146, whereas with reagent 145 affords the glycoside 148 that can further react with an aldose to
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afford the C-disaccharide 150. Ramberg–Backlund rearrangement of sulfones 147 and 150 generates the C-glycoside

149 and the C-disaccharide 151. Following this approach, different C-glycosides and C-disaccharides have been

synthesized (Scheme 36).119a–119c
1.16.3 Procedures of S-Glycosylation

The chemical synthesis of S-glycosides has been reviewed by many authors. In this chapter, we focus on the most

important general methods, and examples reported are focused on the synthesis of non-natural thioglycosides of

biological interest. Several methods have been published for the synthesis of thioglycosides. These include the

glycosylation of thio-acceptors with activated glycosyl donors, such as trichloroacetimidates, an SN2-type reaction

involving the displacement of a good leaving group by a 1-thio-glycopyranose or the nucleophilic attack of a thiolate

anion on a glycosyl halide, the Michael-like addition of a 1-thiosugar to an a,b-unsaturated system. Recently, a

new approach based on the enzymatic synthesis of thioglycosides, exploiting engineered glycosidases, has been

introduced.
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1.16.3.1 S-Glycosylation by Acid-Promoted Displacement at the Anomeric Center
of Glycosyl Donors

A classical method for glycosyl donor activation is the preparation of the corresponding trichloroacetimidates; it can

also be applied to the synthesis of thioglycosides. In Scheme 37, two glycosylation reactions for the preparation of

thio-analogs of kojibioside, employing glucopyranose trichloroacetimidates as donors, activated with a Lewis acid

(TESOTf ), and a 2-thio-glucopyranoside as acceptor, are reported.120

The use of both the benzilated a- and b-glucopyranose trichloroacetimidate resulted in a highly stereoselective

glycosylation reaction that afforded exclusively the a-anomer, while the acetylated a-trichloroacetimidate donor gave a

mixture of a- and b-anomers. Also 1,6-anhydro derivatives of mono- and disaccharides can be used as glycosyl donors.

With this approach, Wang et al.121 achieved, under acidic conditions, the disaccharide 159, a precursor for the synthesis

of 4-thiomaltose (Scheme 38).

A mixture of the a-linked and the b-linked isomers was also obtained in this case. The same procedure, applied to

the disaccharide 160 as acceptor, gave rise only to the a-linked thio-trisaccharide (Scheme 39).
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It has been demonstrated that this reaction does not work when 1,6-anhydro-di-and-trisaccharides are employed as

glycosyl donors.

Another possibility is represented by the use of protected sugars bearing anomeric acetates, under Lewis acid

catalysis. One of the first examples was reported by Ferrier and Furneaux122 and concerns on the synthesis of a

thiophenylglucoside (i, Scheme 40).

Recently, Das et al. described the use of indum(III) halides, in particular InCl3, with TiCl4 as co-activator, as new

alternative promoter for the highly yielding synthesis of thioglycosides starting from acetate donors (ii, Scheme 40).123

In 2003, Tai and co-workers proposed the one-pot synthesis of per-O-acetylated thioglycosides from unprotected

reducing sugars (Scheme 41).124

In this method, the use of a stoichiometric quantity of acetic anhydride, with the addition of catalytic amount of

Cu(OTf )2, avoiding the neutralization of reagent in excess followed by work-up and purification before the second

step, makes possible the sequential per-O-acetylation-anomeric thiolysis in order to obtain a per-O-acetylated thio-

glycoside in good yields by a one-pot procedure. According to the experimental data reported, in most of the case, only

the 1,2-trans-thioglycoside was recovered, as a consequence of the neighboring group participation of the acetyl group

present on C2. A similar result was achieved byMukhopadhyay et al. that substituted Cu(OTf )2 with iodine as catalyst

for the per-O-acetylation step.125 Agnihotri and co-workers presented a variation of this procedure that employed

BF3�OEt2 as catalyst for both acetylation and thiolysis reaction.126
1.16.3.2 S-Glycosylation via SN2 Reaction of 1-Thiosugar Donors with
Activated Acceptors

This method takes advantage of the fact that sulfur atom is less basic but more nucleophilic than oxygen. As example,

the synthesis of methyl 4-deoxy-4-thio-maltoside 170 and methyl 4-deoxy-4-thio-cellobioside 173 (Scheme 42)

performed by Driguez and co-workers is illustrated.127a,127b 1-Thiolates 168 and 172 reacted with the proper acceptor

169 affording, through a SN2 mechanism, the thiodisaccharides 170 and 173 with a thio-a and thio-b linkage,

respectively, depending on the stereochemistry of the donor.

The anomeric S-alkylation strategy was also used by Rye and Withers that synthesized a thiodisaccharide based on

the structure of the glycosaminoglycan chondroitin (Scheme 43).128

This compound was designed as potential inhibitor of chondroitin AC lyase from Flavobacterium heparinum, useful

for the structural analysis of the enzyme active site.

A method for the exclusive preparation of 1,2-trans-thioglycosides uses S-glycosyl isothiouronium salts 180 for the

introduction of the thio function in the anomeric position. S-glycosyl isothiouronium salts are synthesized from

glycosyl halides by treatment with a thiourea (Scheme 44).129a–129d

These compounds present the additional advantage that, in contrast with glycosyl halides from which they are

generated, they are stable solids.

Falconer and co-workers demonstrated that thioglycosides can be obtained reacting a 1-thiosugar and an alcohol via

a Mitsunobu condensation, obviously with retention of configuration at the anomeric center (Scheme 45).130
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1.16.3.3 S-Glycosylation via SN2 Reaction of Thiolate Anions on Glycosyl Halides

This method is based on the displacement of an electrophilic group at the anomeric position of the donor with a thiolate

present on the acceptor. For comparison, the synthesis of methyl 4-deoxy-4-thio-maltoside and methyl 4-deoxy-4-thio-

cellobioside, previously described for the case of thiodonors, is presented.131 The thiodisaccharides 170 and 173 show a

thio-a and a thio-b linkage, respectively, which are opposite to the stereochemistry of the donor (Scheme 46).

This kind of S-glycosylation offered an alternative approach to the synthesis of the Neu5Aca2-3-S-Gal 189

(Scheme 47), as described by Schmidt et al.132a,132b
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Neu5Aca2-3Galb1-4(Fuca1-3)GlcNAc, the Lewis X epitope, is involved in inflammatory processes. The insertion

of a thioglycosydic linkage in the Neu5Aca2-3Gal moiety increases the metabolic stability maintaining the biological

activity. Another example is the synthesis of 4-deoxy-4-thio-lactoside (Scheme 48) described by Goodman et al.,

which used the approach already described.133

An interesting variation of this method uses of disulfide sugars as glycosyl acceptors. Schmidt and co-workers

applied this strategy to the synthesis of b1-4-linked thiodisaccharides (Scheme 49).134

The reaction of disulfide 192 with acetobromogalactose 190 in presence of a mixture of Hg(CN)2 and HgBr2

achieved the thiodisaccharide 193 in 50% yield, with additional formation of the trisaccharide 194. According to the

proposed model, cyanide opens the disulfide bond, with the generation of a thiolate able to react with the anomeric

position of the glycosyl donor substituting the bromide by an SN2 mechanism; as a consequence, in this case also, the

thioglycosidic bond formation resulted as diastereospecific, affording the b-linkage.
Very recently, Kumar et al. developed a new one-pot strategy for the synthesis of thioglycosides in excellent yield

through in situ generation of per-O-acetylated glycosyl bromides.135 As pictured in Scheme 50, the use of stoichio-

metric quantity of acetic anhydride in the presence of HBr/AcOH (30%) allows the preparation of a per-O-acetylated

glycosyl bromide directly from a free sugar, that is then submitted to a phase transfer-catalyzed anomeric thiolysis by

addition of the proper thiol in order to achieve the target thioglycoside.
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The products were obtained with complete inversion of stereochemistry. This procedure can be applied also to the

synthesis of glycosyl azides.
1.16.3.4 S-Glycosylation via Michael Addition of 1-Thiosugars to Unsaturated Acceptors

This approach, introduced in 1995 byWitczak et al.,136 consists in the stereoselective Michael addition of a 1-thiosugar

to the a,b-conjugated system of a convenient levoglucosenone, thus achieving the formation of an 1,4-thio linkage

between two sugars. Here, we report the synthesis of L-fucopyranosyl-4-thiodisaccharides that present inhibitory

activity on a-L-fucosidase (Scheme 51).

Uhrirg and co-workers employed this methodology for the synthesis of 3-deoxy-4-S-(1!4)-thiodisaccharides

208–211 that showed b-glycosidase inhibitory activity.137 2,3,4,6-Tetra-O-acetyl-1-thio-b-galactose 205 or 2,3,4,6-

tetra-O-acetyl-1-thio-b-glucose 181 were coupled to (2S,6S)-6-acetoxymethyl-2-(2-propyloxy)-2H-pyran-3(6H)-one

204, using a catalytic amount of triethylamine. Subsequent reductions with sodium borohydride of the crude ulosides

led to two pairs of isomers 208–211 (Scheme 52).

Compounds 208 and 210 were tested as inhibitors of a b-galactosidase fromEscherichia coli. Compound 208 resulted

in a competitive inhibitor with Ki¼0.16mM and Km¼1.17mM, while compound 210 is a mixed-type inhibitor with

Ki¼0.12mM. In contrast, thiodisaccharides 209 and 211 did not show any b-glucosidase inhibitory activity.
1.16.3.5 Enzymatic S-Glycosylation: The Use of Thioglycoligases

All routes for chemical thioglycosides synthesis previously described require different protection and deprotection

steps and a good control of anomeric stereochemistry. A suitable and very interesting option is the use of enzymatic

activities able to catalyze the formation of an S-glycosidic bond. A new approach for the synthesis of (1-4)-b-S-
disaccharides138a,138b explores the use of thioglycoligases, the alanine acid/base mutants of two retaining b-glycosi-
dases, the b-glucosidase from Agrobacterium sp. Abg E171A (Scheme 53a) and the b-mannosidase from Cellulomonas

fini Man2 E429A (Scheme 53b). This strategy employs unprotected activated donor glycosides, in particular

dinitrophenyl glycosides, and deoxythiosugars as acceptors.
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Also, the double mutant (acid/base and nucleophile) Abg E71A E358G was developed.139 It efficiently catalyzes

thioglycoside formation from a glycosyl fluoridine donor with inverted anomeric stereochemistry (Scheme 54). This

represents a significant improvement, because glycosyl fluoride donors are more easily synthesized than dinitrophenyl

ones. In addition, whereas acid/base mutant slowly hydrolyzes the donor, the acid/base and nucleophilic mutant is

completely hydrolytically inactive.

More recently, Stick and co-workers140 extended the use of this methodology to the synthesis of (1-3)- and (1-6)-b-
S-linked disaccharides (Scheme 55).

In principle, this enzymatic methodology could allow the synthesis of thioglycosidic linkages in oligosaccharides

under mild, aqueous conditions.
1.16.3.6 Synthetic Applications of S-Glycosides

1.16.3.6.1 Thioglycosides as glycosyl donors
Thioglycosides are largely employed as glycosyl donors for the synthesis of oligosaccharides. This is the consequence

of the fact that the thioacetal function can act at the same time as an anomeric protecting group and as an efficient

leaving group. In fact, the sulfur atom is a soft nucleophile and can react with soft electrophiles such as halogens,

alkylating and acylating reagents, and heavy metal cations. In contrast, the oxygen atom of the hydroxyl groups is a

hard nucleophile and shows a good reactivity mainly with hard electrophiles. Thioglycosides offer sufficient temporary

protection of the anomeric position, showing a good stability toward a wide range of reaction conditions, thus allowing

the introduction of many different functional and protecting groups on the alcoholic functions of sugars. Moreover,

there are several alternative methods, based on the use of electrophilic reagents, for thio function activation in order to

obtain a glycosylating species.
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Taking advantage of these features, thioglycosides play a crucial role in different sequential glycosylation

routes.141a,141b The versatility of thioglycosides allowed the development of chemoselective, orthogonal, and iterative

glycosylation strategies recently reviewed by van der Marel et al.142
1.16.3.6.2 Toward the synthesis of glycoproteins: Synthesis of S-linked glycoconjugates
Glycoproteins are involved in a number of biological processes, such as cell adhesion, cell differentiation, signal

transduction, host–pathogen interactions, and immune response.143a–143f Chemical synthesis of glycosylated proteins

is thought to be a useful tool to study and understand glycan function and to obtain new potential therapeutic agents.

In the light of these considerations, the development of new methodologies for the synthesis of natural and unnatural

glycoproteins (neoglycoproteins) arouses great interest.

Glycopeptides occurring in Nature present N-glycosidic or O-glycosidic linkages between the side chain of an

appropriate amino acid and the carbohydrate moiety. The substitution of the anomeric nitrogen or oxygen atom by

sulfur achieves the corresponding thioglycopeptides. This kind of carbohydrate–protein linkage, tolerated by most

biological systems, is more stable to chemical and enzymatic degradation and allows the synthesis of thio-oligosacchar-

ides employed as enzyme inhibitors,144a,144b which are considered better immunogens than the natural ones.145a–145c

The most common synthetic procedure for thio-linked glycosyl amino acids is based on the reaction between an

anomeric thiolate and an aniline residue functionalized with a good leaving group (Scheme 56).

In this approach, a b-elimination side reaction, followed by a Michael addition, can occur, affording a diasteroiso-

meric mixture at the a-carbon of the amino acid obtained. Schmidt and co-workers proposed an alternative method in

order to overcome this drawback.146 They performed the reaction in an ethyl acetate/water two-phase system, in the

presence of tetrabutylammonium hydrogen sulfate (TBAHS) and NaHCO3, or in a one-phase system of dimethyl-

formamide (DMF)/water, in the presence of NaHCO3, using b-bromoaniline-containing peptides. The thiolate anion

is generated in situ by NaHCO3 action and the a-thioglycoside is formed by nucleophilc displacement of the b-bromo

leaving group. The use of a solution of NaHCO3 at pH 8.5 reduced drastically the risk of the bromoaniline derivatives

undergoing b-elimination.

At the same time, Davis et al. developed a very original two-step strategy, in order to perform a one-pot site-selective

protein glycoconjugation (Glyco-SeS).147 According to this procedure, a cysteine residue is incorporated into the

protein backbone in a specific position. The protein is then activated to thioglycosylation with the transformation of

this cysteine thiol function into a phenylselenyl sulfide by treatment with phenylselenenyl bromide. The electrophilic
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Scheme 56 The most common synthetic approach for the synthesis of S-linked glycosyl amino acid.
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character of the sulfur atom in the resulting S–Se bond makes possible its nucleophilic substitution by 1-thio mono- or

oligosaccharides (Scheme 57).

With the aim to apply this strategy on oligosaccharides directly isolated from natural sources, they tried to develop a

chemo- and regioselective procedure for the thionation of the anomeric center in the presence of other functional

groups. In particular, they investigated the use of Lawessons’s reagent (LR),148 achieving a two-step strategy for the

direct protein glycoconjugation, starting from deprotected reducing sugars (Scheme 58).149

This procedure was tested on different sugars, among which are the oligosaccharides isolated from N- and

O-glycoproteins occurring in Nature. They were treated with LR and then submitted to reaction with SBLCys156-

SePh, a selenenylsulfide-activated mutant subtilisin from Bacillus lentus, giving rise to the corresponding glycoproteins

with percentages of conversion superior to 95%.
1.16.4 Conclusions

The chapter shows how relevant glycomimetics such as C-glycosides and S-glycosides are in the development of

metabolically stable inhibitors, agonist, and antagonist, and how many efficient and various synthetic methods have

been developed for their generation. Some problems of control of the stereochemistry still remain, but undoubtedly,

taking advantage of themany synthetic methods reported, it is now possible to obtain almost all the desired C-glycosides

and S-glycosides. It is expected therefore that these glycomimetics will not only help the scientists in spreading light on

the complex and multifarious physiological roles of carbohydrates, but also in finding carbohydrate-based new drugs.
Glossary

aglycon A not glycidic compound linked to a sugar.

agonist A molecule that performs the same physiological effect as a reference drug or a natural regulator.

anomeric center The carbon atom involved in the glycosidic linkage.

antagonist A molecule that prevents the physiological effect of a reference drug or a natural regulator.

C-glycosylation A process in which the anomeric center of the sugar links a carbon atom instead of on oxygen atom.

chemoselective ligation A process that allows to link selectively two molecules involving two functional groups that react

without requiring the protection of the other functional group present in the molecule.

dendritic cell Cells responsible for the immunoresponse.

epitope Part of a molecule that generate an immunoresponse.

glucosinolate Natural glycoconjugates present in Brassicaceae that presents S-glycosidic linkage.

glycomimetic A compound that mimes the structure and/or the functional group distribution of a natural saccharidic structure.

glycosidases Enzymes involved in the hydrolysis of the glycosidic linkage.

glycosyltransferases Enzymes involved in the formation of the glycosidic linkage.

myrosinase An enzyme that hydrolyzes glucosinolates.

selectin Receptorial protein that recognizes and links carbohydrate ligands.

S-glycosylation A process in which the anomeric center of the sugar links a sulfur atom instead of on oxygen atom.
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98. Evans, D. A.; Trotter, B. W.; Cotè, B. Tetrahedron Lett. 1998, 39, 1709–1712.

99. Leeuwenburgh, M. A.; Timmers, C. M.; Van der Marel, G. A.; van Boom, J. H. Tetrahedron Lett. 1997, 38, 6251–6254.

100. Rainer, D. J.; Cox, M. J. Org. Lett. 2000, 17, 2707–2709.

101. Keck, G. E.; Yates, J. B. J. Am. Chem. Soc. 1982, 104, 5829–5831.

102. Adlington, R. M.; Baldwin, J. E.; Basak, A.; Kozyrod, R. P. Chem. Commun. 1983, 944–945.

103a. Giese, B.; Dupuis, J. Angew. Chem., Int. Ed. 1983, 22, 522–623.

103b. Giese, B.; Dupuis, J.; Leising, M.; Nix, M.; Lindner, H. J. Carbohydr. Res. 1987, 171, 329–341.

104. Togo, H.; He, W.; Yokoyama, M. Synlett 1998, 700–717.

105a. Giese, B.; Witzel, T. Angew. Chem., Int. Ed. 1986, 25, 450–451.

105b. Giese, B.; Hoch, M.; Lamberth, C.; Schmidt, R. R. Tetrahedron Lett. 1988, 29, 1375–1378.

106a. De Mesmaeker, A.; Hoffmann, P.; Ernst, B.; Hug, P.; Winkler, T. Tetrahedron Lett. 1989, 30, 6307–63106311–6314.

106b. Stork, G.; Suh, H. S.; Kim, G. J. Am. Chem. Soc. 1991, 113, 7054–7056.

107. Vauzzeilles, B.; Cravo, D.; Mullet, J.-M.; Sinay, P. Synlett 1993, 522–524.

108a. Xin, C. Y.; Mallet, J.-M.; Sinay, P. Chem. Commun. 1993, 864–865.

108b. Abe, H.; Shuto, S.; Matsuda, A. J. Org. Chem. 2000, 65, 4315–4325.

109. Parrish, J. D.; Little, R. D. Org. Lett. 2002, 4, 1439–1442.

110. Grant, L.; Liu, Y.; Walsh, K. E.; Walter, D. S.; Gallagher, T. Org. Lett. 2002, 4, 4623–4625.

111a. Aebischer, B.; Bieri, J. H.; Prewo, R.; Vasella, A. Helv. Chim. Acta 1982, 65, 2251–2272.

111b. Baumberger, F.; Vasella, A. Helv. Chim. Acta 1983, 66, 2211–2222.

111c. Aebischer, B.; Meuwly, R.; Vasella, A. Helv. Chim. Acta 1984, 67, 2236–2241.

112a. Frey, O.; Hoffmann, M.; Wittmann, V.; Kessler, H.; Ulmann, P.; Vasella, A. Helv. Chim. Acta 1994, 77, 2061–2069.

112b. Frey, O.; Hoffmann, M.; Kessler, H. Angew. Chem., Int. Ed. 1995, 34, 2026–2028.

113. Burkhart, F.; Hoffmann, M.; Kessler, H. Angew. Chem., Int. Ed. 1997, 34, 1191–1192.

114a. Lesimple, P.; Beau, J.-M.; Sinay, P. Chem. Commun. 1985, 894–895.

114b. Hutchinson, D. K.; Fuchs, P. L. J. Am. Chem. Soc. 1987, 109, 4930–4939.

115. Beau, J.-M.; Sinay, P. Tetrahedron Lett. 1985, 26, 6185–61886189–6192, 6193–6196.

116. DeShong, P.; Slough, G. A.; Elango, V. J. Am. Chem. Soc. 1985, 107, 7788–7790.
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1.17.1 Introduction

The surface of a bacterial cell is covered by a stable layer called cell envelope. The major constituents of this envelope

are macromolecular glycoconjugates which are characteristic of bacteria in terms of both their building molecules and

structural architecture. Typical of such cell surface glycoconjugates are peptidoglycan (PGN), lipopolysaccharide

(LPS), and lipoteichoic acid (LTA), which constitute the theme of this chapter. These complex molecules are essential

for the survival of bacteria as they form a strong structure which maintains the cell shape and protects the life process

carried out inside: the cytoplasmic cell membrane alone is too fragile to protect the cells from osmotic and other

mechanical stresses.1,2 Among the three mentioned above, PGN is common to both Gram-positive and-negative

microbes with some minor structural variations. By contrast, LPS and LTA are ubiquitous but typical components of

Gram-negative and-positive cells, respectively.

Intensive chemical synthesis of PGN and LPS, and later LTA as well, was undertaken mainly in relation to the

strong potency of these glycoconjugates to activate the immunological systems of their hosts.3,4 These bacterial cell

components which never occur in higher organisms are recognized by their hosts as definite signals of invading

microorganisms and trigger the defense systems of the hosts: this is a widespread phenomenon now known as innate

immunity.5 Chemical synthesis provides homogeneous compounds with known definite structures free from the

influence of any bacterial contaminants. Synthetic preparations corresponding to various partial structures of PGN,

LPS, and LTA, therefore played decisive roles in unequivocal determination of the structures required for triggering

the innate immunity systems. Identification of the specific receptors on host cells which recognize individual bacterial

components became possible on the basis of the synthetic works described in this chapter. Chemical synthesis has now

become a powerful tool in the research field of biologically active glycoconjugates because of its high potency to

construct complex molecules built up from various types of components including carbohydrates, amino acids, fatty

acids, and phosphates.
1.17.2 Synthesis of Peptidoglycan

PGN is a macromolecule with characteristic three-dimensional network structure consisting of glycan chains and

peptides.1,2,6 The glycan chain is a (b1-4)-linked linear polymer of alternating N-acetylglucosamine (GlcNAc) and
685
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N-acetylmuramic acid (MurNAc). Short peptide chains of alternating L- and D-amino acids of a constant sequence

interlink between the carboxyl groups of MurNAc residues of different glycan chains forming the network structure.

This rigid structure is important to protect bacterial cells against various environmental stresses.1,6 Any compounds

such as typical antibiotics able to inhibit the biosynthesis of PGN are of value to protect mammals from invading

microoraganisms.7

The same structure of the glycan chain is shared by most bacteria, but some variations are found in the peptide part.

The major variation is observed at the third amino acid of the peptide interbridge. Most Gram-negative bacteria and

Gram-positive bacilli have meso-diaminopimelic acid (meso-Dap), whereas other Gram-positive bacteria use L-lysine

(L-Lys) at this position. Some other minor variations are also observed but basic architecture is well conserved in

practically all bacterial species (Figure 1). PGN is therefore utilized by innate immunity systems of higher organisms

ranging from invertebrate to mammals to discriminate microorganisms and self.4,8

The early synthetic works on PGN were focused to confirm the proposed structure of PGN in relation to its

biosynthesis and the action mechanisms of antibiotics. Bricas et al. synthesized many Dap-containing peptides

corresponding to partial structures of PGN and established the configurations of the Dap residue involved in particular

linkage of Dap-type PGN. They discriminated the L- and D-centers of meso-Dap by the aid of selective enzymatic

cleavage of N2 -t-butoxycarbonyl hydrazide at the L -configurated carboxyl group. The structure of a tetrapeptide 1

synthesized is shown below.9,10
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Early observation by Freund11 that heat-killedMycobacterium cells strongly enhance the immunological responses of

higher animals initiated intensive investigations toward elucidation of the active principle for this unique function of

bacterial cells. This function then proved to be not unique to Mycobacterium cells but common to various bacterial

species. Controlled enzymatic degradation of PGN and careful separation of the hydrolysis products were effective to

conclude that a small and soluble partial structure of PGN is responsible for this activity. The final evidence was

obtained by the aid of chemical synthesis. Synthetic N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyl dipeptide,

MDP, 2) free from any contaminants of bacterial origin showed definite activity comparable to that of PGN

(Scheme 1). MDP, a common partial structure of all PGN, was thus concluded to be the minimal structure required

for the immunostimulatory function of PGN.12–15 Elongation of the peptide chain from MDP to muramyl tri- and

tetrapeptide has no obvious effect on the biological activity.
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Muramyl peptides containing meso-Dap and several of their unnatural diastereomers and analogs were also

synthesized for the precise study of their biological activities.16,17 In these synthesis, meso-Dap was constructed by

the coupling of two different components for easier differentiation of the two stereogenic centers (L and D, respec-

tively) of meso-Dap. Scheme 2 illustrates one of the syntheses of meso-Dap derivatives where an olefin methathesis
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Figure 1 Schematic structures of cell wall peptidoglycan. Arrows in the structures represent the direction of peptide bonds.
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reaction was employed to give a stereoselectively protected meso -Dap 3. 17 The other utilized Wittig–Hornor coupling of

C5 and C2 units. 
16 T he s te re os el ec ti ve ly p ro te c t e d meso- Dap derivatives (3 and 4) thus obtained were used for the

synthesis of PGN fragments. Stepwise coupling of appropriately protected amino acids with 2-azido-2-deoxy-4,6-O-

isopropylidene derivative of muramic acid b-thexyldimethylsilyl glycoside 5 and conversion of the azide into an acetamido

group followed by final deprotection gave various N -acetylmuramyl di-, tri-, and tetrapeptides (6 ) (Scheme 3). 16

A small molecule, MDP, represents the active center responsible for the immunostimulating activity of macromo-

lecular PGN, but nothing was known on the effect of the molecular size, in particular the length of the glycan chain, on

the biological activity and manner of recognition by receptors of host cells. To access this issue, PGN fragments with

longer glycan chains were synthesized based on a simple and efficient strategy (Scheme 4).

Direct coupling of muramic acid and glucosamine components was achieved by employing a 3-O-benzyl-4,6-O-

benzylidene- N -2,2,2-trichloroethoxycarbonyl (N -Troc) glucosamine trichloroacetimidate 7 as the donor and the a-allyl
glycoside of 6-O -benzyl-N -Troc-muramic acid ethyl ester 8 as the acceptor: the reaction proceeded smoothly to form

the desired (b1-4)-disaccharide 9 directly.18 N -Troc derivatives of 2-amino sugar were known to be good glycosyl

donors for the formation of b-glycosidic linkages of 2-amino-2-deoxy sugars as demonstrated in the earlier synthesis of

lipid A derivatives described later in this chapter.19,20 The other protecting groups were so designed that the

disaccharide obtained can be converted to both disaccharide donor and acceptor by simple procedures. Thus, the

disaccharide donor was obtained by selective cleavage of the allyl glycoside followed by conversion to the glycosyl

trichloroacetimidate 10, whereas selective reductive opening of the benzylidene ring of 9 directly afforded the

disaccharide acceptor 11. Both were coupled under similar conditions to give the tetrasacharide 12 of alternating

glucosamine and muramic acid. The same deprotection and coupling procedures were again applied to the
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tetrasaccharide to give the octasaccharide. Removal of all the Troc groups followed byN-acetylation and coupling with

L-alanyl- D-isoglutamine benzyl ester and final hydrogenolysis afforded the oligosaccharide peptide fragment 13 of

PGN.18,21

In the meantime, Inohara et al. and others characterized two cytoplasmic proteins named Nod1 and Nod2 which

belong to the family of NOD-LRR proteins.22,23 Nod1 was concluded to be a receptor which specifically recognizes

g-D -glutamyl- meso -Dap (14 ) and induces cellular responses of innate immunity.24 Compound 14 is a common partial

structure of Dap-type PGN and this represents the second minimal immunostimulating active entity of this type of

PGN. Nod2, by contrast, turned out to be a specific receptor of MDP 2, 25 which has been looked for almost 30 years

after the identification of MDP as the first minimal active entity of PGN. There was some confusion due to

heterogeneity of test components isolated from bacterial cells until the true ligands of Nod1 and Nod2 were

unequivocally identified by the use of synthetic MDP and Dap peptides.22–25 It should also be mentioned here

that MDP activates Nod2 more efficiently than any of its di-, tetra-, and octasaccharide dipeptide analogs as clearly

confirmed with the synthetic MDP and its oligosaccharide analogs.21,25

Identification of Nod1 also gave substantial base for the immunositimulating activity of FK156 (15 ) isolated as a

microbial metabolite and chemically synthesized.26,27 FK156 has a lactyl tetrapeptide structure corresponding to

another partial structure of Dap-type PGN. Discovery of Nod1 revealed that MDP is not a sole active entity of

peptidoglycan recognized by the innate immune system of higher animals, which monitors invading microorganisms

by multiple channels.
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1.17.3 Synthesis of Lipid A and Lipopolysaccharide

On the outermost surface, that is, outside the peptidoglycan (PGN) layer, of Gram-negative bacterial cells, another

lipid bilayer called the outer membrane which differs from the cytoplasmic membrane is present.28–30 Lipopoly-

saccharide (LPS) constitutes, as a component characteristic of this group of bacteria, the outer leaflet of the outer

membrane. LPS has been synonymously called endotoxin after a German microbiologist, Pffeifer, who first recog-

nized LPS as a toxic material firmly bound to the cell of Vibrio cholerae and gave the name ‘endotoxin’ to the material.31

Endotoxin, or LPS, induces high fever, tissue damage, septic shock and, in serious cases, even death of experimental

animals and thus causes related serious problems also in humans. Besides these harmful so-called endotoxic activities,

LPS exhibits beneficial functions such as antitumor activity and high potency to stimulate immunological responses of

host animals. All of these functions of LPS are now known to be attributed to its ability to activate immunocompetent

cells such as monocyte and macrophage to induce cytokine production, which results in activation of the entire

immunological system. This reflects the important self-defense ability of higher animals against invasion of

Gram-negative bacteria occurring ubiquitously around us. The overexpression of this defense function to lead to

uncontrolled activation is observed as the toxic action of LPS.

Chemically, LPS consists of a polysaccharide and a glycolipid which are covalently linked together. The latter

glycolipid is localized in the lipid bilayer of the outer membrane, anchoring the LPS molecule to bacterial cells,

whereas the polysaccharide is extended outward from the cell surface. The polysaccharide can be divided again in two

distinct parts. The distal one is called O-antigenic polysaccharide consisting of repeating oligosaccharide units, which
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Figure 2 Schematic architecture of an enterobacterial lipopolysaccharide (LPS).
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is variable depending on species and strains and represents the antigenic determinant of the bacteria. The rest is an

oligosaccharide, having more conserved structures, called core oligosaccharide, which connects the O-polysaccharide

and the glycolipid designated lipid A (Figure 2).29,32
1.17.3.1 Synthesis of Lipid A, the Lipophilic Component of Lipopolysaccharide

1.17.3.1.1 The first synthesis of natural-type lipid A
The lipophilic component, that is, the glycolipid part, of LPS was named ‘lipid A’ by Westphal and Lüderitz, who

found that the linkage between the core oligosaccharide and glycolipid can be selectively cleaved by mild acidic

hydrolysis and observed that the latter is the endotoxic principle of LPS.33,34 The chemical structure of enterobacterial

lipid A was then intensively studied.35,36 Lipid A itself is not present naturally in a free form in bacterial cells but

obtained as a hydrolysis product only after mild acid treatment of LPS. The basic structure of enterobacterial lipid A is

an N,O-polyacylated (b1-6)-glucosamine disaccharide bisphosphorylated at the 1- and 40-positions. Lipid A has a

strong tendency to aggregate owing to the amphiphilic nature of the molecule. Efficient purification and spectroscopic

and structural analysis of lipid Awere thus very difficult. The number, composition, and exact positions of acyl groups

in the disaccharide backbone had not been strictly determined until the complete chemical structure ofEscherichia coli

lipid A 16 was finally proposed.37 The structure contains four (R)-3-hydroxytetradecanoic acids and each one

dodecanoic and tetradecanoic acids in an unsymmetrical manner as shown in the structural formula.

The first chemical synthesis of lipid A was achieved with the structure 17. 37,38 This compound corresponding to one

of early biosynthetic intermediates to LPS which contains only 4 mol of 3-hydroxytetradecanoic acids in a symmetrical

distribution on the disaccharide bisphosphate, so that the synthesis was simpler than that required for 16.
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The mature lipid A of E. coli 16 was then synthesized as summarized in Scheme 5 .39,40 Th e b asic strategy of the

synthesis was designed based on the following principles: (1) Only those persistent protecting groups were employed that

can be removed by hydrogenolysis at the final step. This was expected to facilitate the purification of the final amphiphilic

product. (2) All the acyl groups and the protected 40-phosphate were introduced already at the stage of monosaccharide

precursors in order to reduce the number of protecting groups required. (3) The N-acyl group of the distal glucosamine

residue was, however, introduced after the formation of the disaccharide. N-3-acyloxyacyl groups on 2-amino-sugar

moieties readily undergo b-elimination to form a,b-unsaturated acyl derivatives when the glycosidic position of the

sugar was activated for glycosylation. The respective 2-amino group was protected during glycosylation with a
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2,2,2-trichloroethoxycarbonyl (Troc) group which assures the formation of desired b-glycosides and can be selectively

removed after the formation of the disaccharide. (4) The glycosyl phosphate moiety was introduced at the final synthetic

stage because of the chemical lability of this particular phosphate. The optically pure (R)-3-hydroxy fatty acid, one of the

important components of lipid A, was prepared by enantioselective reduction of the corresponding ketoester.41

The actual synthesis started with mercury salt-assisted coupling of a 2-N -Troc-glycosyl bromide 18 with an acceptor

19 having two free hydroxy groups at the 4- and 6-positions. Selective glycosylation at the 6-hydroxy group proceeded

to give the desired b(1-6) backbone disaccharide. Cleavage of the N- and O-Troc groups was followed by N-acylation

to give the fully acylated disaccharide, whose 60-hydroxy group was again protected by benzyloxymethylation for the

subsequent phosphorylation. Phosphorylation of the glycosidic hydroxy group was then achieved by selective lithia-

tion and reaction with dibenzyl phosphorochloridate. Hydrogenolytic removal of all the benzyl-type protecting groups

with a palladium catalyst was followed by hydrogenolysis with a platinum catalyst to remove the phenyl esters of the

40 -phosphate to give the desired synthetic E. coli lipid A.
Biological test proved that the synthetic 16 exhibits all the endotoxic activities, including both beneficial and

detrimental ones, described for bacterial LPS and lipid A obtained from it.42 This was the first and final direct proof

that lipid A is the real active entity of bacterial endotoxin.
1.17.3.1.2 Synthesis of lipid A analogs via improved routes
The successful syntheses of lipid A 16 and 17 opened a new possibility to prepare various definite structural analogs of

lipid A for precise study on the relationship between the chemical structures and biological activities of this family of

glycoconjugates. Thus, many analogous structures including both natural and unnatural ones were prepared where the

synthetic routes were modified at various points to improve yields and reduce reaction steps.43 The basic strategy in

the above early synthesis was also followed in most of the new syntheses, too. The major points followed were: (1) use

of benzyl groups for persistent protection and final hydrogenolytic deprotection; (2) use of N-Troc glycosyl donors; and

(3) introduction of the glycosyl phosphate at the latest stage.
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One of such improved synthesis is shown in Scheme 6 as a typical example, w here E. coli- type lipid A 20 has

unnatural (S)-3-hydroxytetradecanoic acids in place of the natural (R)-acids.44 The major points improved include (1)

the regioselective reductive opening of a 4,6-O-benzylidene ring to directly lead to a 6-O-benzylated glucosamine

derivative in one step; (2) the use of a cyclic benzyl-type diester45 for the protection of the 40-phosphate; and (3) the

use of an N-Troc-glucosamine imidate as a glycosyl donor. The cyclic benzyl-type xylidene ester of a phosphate is more

stable than a simple dibenzyl ester which is partly cleaved during the many reaction steps of the total synthesis. More

importantly, the use of the xylidene protection for the 40-phosphate enabled the final hydrogenolytic deprotection in one

stepwith palladium catalyst alone. Several new routes to optically pure b-hydroxy fatty acids also became available.44,46,47

The method was also improved for the purification of the final free lipid A after hydrogenolysis. Liquid–liquid

partition chromatography was applied for this purpose. For example,E. coli-type lipid Awith (S)-hydroxytetradecanoic

acid 20 was purified by the use of centrifugal partition chromatography (CPC) with a two-phase solvent system of

butanol/THF/water/triethylamine¼45:35:100:22.44 More convenient and more effective purification can then be

achieved by the same partition principle with a column of Sephadex LH-20 with similar solvent systems. Newly

synthesized 16 was purified successfully with a solvent system of chloroform/methanol/2-propanol/water/triethyl-

amine¼40:40:5:45:0.01.48

Several other lipid A analogs were also synthesized to obtain information on the relationship between their chemical

structures and biological activities. Described below are typical of those works, where efficient synthetic routes were

designed for the construction of the respective target structures.

LPS of Salmonella R595 contains a heptaacyl lipid A 21 . Controlled acidic and alkaline hydrolysis of the former

results in the preferential formation of an artificial hexaacyl derivative 22 , which has reduced toxicity but retains

sufficient immunositimulating activity.49,50 This bacterial preparation, named Monophosphoryl lipid A, was thus

recommended as an adjuvant for vaccination in veterinary fields. For the evaluation of the intrinsic immunositimulating

activity, however, this bacterial preparation never meets the present criteria owing to its twofold heterogeneity: one is the
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inherent heterogeneity of the lipid A part produced by bacteria and the other is the heterogeneity caused by incomplete

selectivity of the hydrolysis reactions. Recently, several structural analogs of this monophosphoryl lipid A 22 containing

normal fatty acyl groups with various chain lengths were synthesized and their immunositimulating activity compared.51
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Another example of unique lipid A analog synthesized is one from Rhizobiumm sin-1. This lipid A 23 contains a

(b1-6)disaccharide of glucosamine and 2-aminogluconolactone and lacks both phosphates. The acylation pattern is

unique as well. This lipid A is reported to lack endotoxic activity and, instead, it inhibits the cellular responses against

E. coli lipid A (like lipid A of Rhodobacter sphaeroides and Rh. capsulatus do as described later in this chapter).

A divergent synthetic route was recently described, and the antagonistic activity to suppress the effect of E. coli

lipid A was confirmed for a synthetic product.52

There are some other interesting contributions based on the chemical syntheses of lipid A (such as the synthesis of

Helicobacter pylori lipid A), which attracted much interests in relation to the pathogenicity of this particular bacteria

which causes gastric diseases. The structure of this lipid A was elucidated to be 24; it has been synthesized and its

function investigated.53–55
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The above three natural types of lipid A lack either both or one of the phosphates on the disaccharide as compared

to the typical enterobacterial lipid Awhich shares the same bisphosphorylated disaccharide backbone structures. The

effects of the phosphate groups on the biological activity of lipid A had been discussed since the time of the first

synthesis of E. coli lipid A.42 The fatty acyl groups in lipid A also vary depending on the bacterial species and

sometimes also growing conditions.35,36,56 The number, chain length, and location of the acyl groups have striking

influences on the activity of lipid A, as seen in the case of biosynthetic precursor and those from Rhodobacter sphaeroides
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described below. In the case of Yelsinia pestis, the number of acyl groups changes depending on the growing

temperatures, which is described to be responsible for the strong virulence of this bacteria to cause plaque.57,58 For

every synthetic lipid A analog, its biological activity is examined so that many data have been accumulated until now.

But simple discussion of the relationship between the chemical structure and biological activity is not possible because

the activity is markedly influenced by physicochemical properties of respective compounds. There are discussions on

the influence of acylation patterns through the overall molecular shape,59 which is expected to reflect in the manner of

supramolecule formation and recognition. Various physicochemical measurements, such as small-angle X ray diffrac-

tion, IR spectra, and NMR spectra,59–61 are used to elucidate the molecular conformation andmanner of aggregation of

mainly natural and synthetic homogeneous compounds. Biological activities of synthetic structural analogs are

summarized in a review article.62

The receptor protein which is present on the host animal cells and recognizes LPS and lipid A was recently

characterized.3 It belongs to the family of so-called Toll-like receptors (TLRs) and among them TLR4 is responsible

for the recognition of lipid A and later another small protein MD2 proved to be required for recognition.3,63 The

stoichiometry of the TLR4 and lipid A as well as the occurrence of ternary complex of TLR4, MD2, and lipid A was

proved by the use of synthetic radio-labeled lipid A derivatives synthesized as described below.64 Participation of

some other proteins forming a multiple receptor system in the recognition is discussed.65,66 The signal transduction

within the cells is well understood.3
1.17.3.1.3 Synthesis of phosphonooxyethyl analog of lipid A
The chemical lability of the glycosyl phosphate functionality makes the synthesis and purification of lipid

A derivatives difficult tasks, especially when dealing with a small amount of this amphiphilic substance which tends

to aggregate. During intensive investigation toward novel analogs of lipid A to be used clinically as antitumor agents,

an artificial phosphonooxyethyl (PE) analog 25 was created. 67 Contrary to the original expectation to have a less

endotoxic compound which yet retains antitumor activity, 25 exhibited potent endotoxic activity indistinguishable

from that of natural counterpart 16 . But this fact brought about unexpected merits. Because the phosphonooxyethyl

group is stable enough as compared with the glycosyl phosphate, the synthetic routes to 25 can be quite flexible and

the purification of both synthetic intermediates and the final product becomes much easier. These facts were utilized

in the first chemical synthesis of a radio-labeled endotoxic lipid A analog 25a .68
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Radio-labeled lipid A has been desired for a long time for the elucidation of the action mechanism of lipid A. In view

of its strong endotoxicity, very high specific radioactivity is required to detect a minute amount of lipid A which

suffices to induce reasonable response of host cells without killing them. Such a high radioactivity can never be

attained by a biosynthetic procedure. In addition, labeling of the fatty acyl groups and phosphate should be avoided in

order to exclude false information because these functionalities can be cleaved off in living systems when used as a

tracer. A phosphonooxyethyl analog 25a tritium-labeled at the ethylene glycol unit that meets all the above require-

ments was prepared as illustrated in Scheme 7.68

A fully acylated disaccharide 40 -phosphate 26 corresponding to a synthetic intermediate to E. coli lipid A was used as

the starting material to the tritium-labeled PE-type lipid A. Contrary to the ordinary synthesis of lipid A, where the

allyl group is cleaved and the resulting 1-hydroxy group phosphorylated to give the lipid A structure, the allyl group
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Scheme 7 Synthesis of tritium-labeled phosphonooxyethyl (PE) analog of E. coli-type lipid A.
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was oxidized to an aldehyde 27 in this synthesis. Reduction of the aldehyde with a tritium-labeled borohydride

reagent gave the a-glycosidically linked radio-labeled hydroxyethyl function, which was then phosphorylated. Hydro-

genolysis after intensive purification of the protected precursor gave the product 25a with high specific radioactivity in

pure form. The corresponding biosynthetic precursor-type labeled PE derivative was also similarly obtained.68
1.17.3.1.4 Synthesis of lipid A containing an unsaturated fatty acyl group
In all the syntheses described above, the final deprotection steps were carried out by catalytic hydrogenolysis. This

general strategy has been satisfactory from the following two reasons. First, most lipid A isolated from natural bacterial

sources contain only saturated fatty acids as their components. The second reason is that hydrogenolysis of benzyl,

xylidene, and, in earlier cases, phenyl groups forms only volatile byproducts which are readily removable leaving the

final free lipid A in pure states without damaging other functionalities including the unstable glycosidic phosphate.

The synthetic strategy based on the benzyl-type protection is not applicable to lipid A analogs which contain

unsaturated acyl groups as is the case of Rhodobacter sphaeroides lipid A 28 . This lipid A is reported to share the same

hydrophilic backbone consisting of the 1,40-bisphosphorylated (b1-6) glucosamine disaccharide as in those from other

bacteria but contains unusual fatty acids: a 3-keto acid on the 2-amino group and an unsaturated acid in the

3-acyloxyacyl group linked to the 20-amino group of the backbone.69,70

Because R. sphaeroides lipid Awas reported to have a potent antagonistic activity to suppress the endotoxic function

of LPS, clinical application of this particular lipid A or its derivatives was planned for therapy against sepsis and shock

syndrome caused by Gram-negative infections. Christ et al.71 elaborated a new synthetic route based on allyl-type

protections. These groups can be removed by transition metal-catalyzed reactions leaving the isolated double bond in

the acyl group intact.

The authors employed the allyloxycarbonyl (Alloc) group for persistent protection of hydroxy groups and the diallyl

ester for the 40 -phosphate. Thus, the glycosyl trichloroacetimidate 29 of a 2-azide sugar was used as a donor for the

disaccharide formation. The glycosidic position of the acceptor 30 was temporarily protected as the t-butyldimethyl-

sily (TBS) glycoside. After formation of the disaccharide 31, its azide function was converted to the acylamido group.

The TBS group was then cleaved and the glycosyl phosphate introduced as its diallyl ester by means of the

phosphoramidite method. The all allyl-type protecting groups were successfully removed in one step with a palladi-

um(0) catalyst to give the first synthetic lipid A analogs 28a and 28b having a double bold ( Scheme 8).
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Scheme 8 Synthesis of a proposed structure of R. sphaeroides lipid A containing an unsaturated fatty acid.
None of the synthetic products 28a and 28b prepared separately, corresponding to the cis - and trans-isomers of the

proposed structure, were, however, identical with the natural lipid A obtained from R. sphaeroides cells. Nevertheless,

the synthetic compounds proved to have potent activities to suppress the toxic effect of LPS in a human monocyte

system. This indicates a potential of derivatives of 28 to be used for clinical treatment of sepsis patients. In fact, the

same authors then designed a novel artificial derivative 32 which is more resistant than 28 against biological

degradation and expected to be of therapeutic value in future.72
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1.17.3.2 Synthesis of Re-Type Lipopolysaccharide

Lipid A was unequivocally proved to be the chemical entity responsible for the endotoxic activity of bacterial LPS as

described in the preceding sections. There still remained, however, some discussions on the possible role of the

saccharide portion of LPS on the biological function of LPS. LPS present on the surface of wild-type bacteria contains

a long O-specific antigenic polysaccharide chain. Mutant strains of Gram-negative bacteria are also present which lack

the enzyme system producing the O-polysaccharide. These are called rough form, or in short R-form, mutants because

of the appearance of their cells as compared to the smooth surface of wild-type bacteria. LPS of R-mutant bacteria

lacks the O-polysaccharide chain and thus consists of the core oligosaccharide and lipid A. Among R-mutants, many

types such as Ra to Re have been described depending again on the partial defects of biosynthetic enzyme systems

leading to various chain lengths of the core oligosaccharide part. The simplest naturally occurring LPS is the one

observed on the cells of Re-mutant bacteria.29 Re LPS 33 of E. coli contains only two additional sugar units linked to

the 60-hydroxy group of the lipid A molecule.73 The sugar linked to lipid A is a unique eight-carbon acidic sugar,

3-deoxy-D-manno-oct-2-ulosonic acid abbreviated Kdo based on its old name, 2-keto-3-deoxyoctonic acid. The

ketosidic linkage of Kdo is quite labile to acidic treatment, which is the reason that lipid A can be selectively cleaved

from the rest of LPS by mild acid hydrolysis.
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Total chemical synthesis of Re LPS 33 was undertaken to unequivocally investigate the effect of the oligosaccha-

ride part on the biological activity of lipid A under conditions where possible influences from other bacterial

components are avoided. This work was a synthetic challenge because of the complex molecular structure of the

target which contains both acid-labile ketosidic linkages and glycosidic phosphate and alkaline-labile O-acyl moieties.
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Stereo- and regio-selective formation of the two a-ketosidic linkages of pyranosidic Kdo was also an additional point
to be elaborated.

The synthetic route was so designed to introduce the two Kdo units stepwise to a glucosamine disaccharide which

already has all acyl groups at the required positions. The glycosyl phosphate was introduced at the latest stage just

before the final hydrogenolytic deprotection, as in the case of lipid A synthesis described above. The other phosphate

on the 40 -position was also introduced after coupling of the first Kdo with the glucosamine disaccharide, because

preliminary experiments proved that the presence of a protected 4 0 -phosphate inhibits the glycosylation at the
60 -hydroxy group of the disaccharide. 4 0 -Phosphorylation was smoothly achieved after introduction of the first Kdo

moiety by the aid of the phosporamidite method.

C o up li ng of 4 , 6 - O -benzylidene- N-Troc-glucosamine trichloroacetimidate 34 with another gl uc osamine unit 35 having

free 3- and 6-hydroxy groups gave a (b1-6) glucosamine disaccharide 36 selectively. After stepwise introduction of the acyl

groups at the 3-O- and 20 -N-pos itions, the benzylidene group was r emoved and t he prim ar y 6-hydroxy gr oup w as selectively

activat ed by converting into the triet hylsilyl ether 37 for the subsequent reaction with a Kdo donor (Scheme 9). 74

Protected pyranosidic Kdo fluorides were used as glycosyl donors as described in previous works of the same

group,75,76 where construction of the eight-carbon skeleton of Kdo by Umpolung coupling of a D -mannitol derivative

with a glyoxylic acid unit was first described. The Kdo fluorides used in the present work was prepared as exemplified

in Scheme 10 utilizing the modulation described by van Boom et al. thereafter. 77 Thus, after appropriate selective

protection of D -mannose and reduction to the corresponding mannitol derivative, coupling of a latent C2 ketoacid

unit gave the carbon skeleton 38 of Kdo. Oxidative removal of the dithioacetal group followed by reaction with

(diethylamino)sulfurfrifluoride (DAST) gave 4,5-O -isopropylidene fluroride 39 to be used as a Kdo donor. The

corresponding 4,5-di- O-TBS fluoride 40 was prepared from 39 .74 Preliminary experiments showed that Lewis acid-

catalyzed reaction of Kdo fluorides proceeds smoothly with hydroxy groups activated as silyl ethers in satisfactory

yields. High a-selectivity was obtained when the donor has sterically demanding protecting groups such as isopropy-

lydene or TBS groups on the 4- and 5-positions, which inhibit the access of the glycosyl acceptor from the b-face of the
Kdo donor.

Coupling of 37 and 40 gave the desired trisaccharide 41 containing a-linked Kdo in excellent stereoslectivity and
high yield. The free 40 -hydroxy group of 41 was then phosphorylated by the phosphoramidite method using the cyclic

xylidene protection. The TBS groups of the resultant 42 were removed and the 40 -hydroxy group of the product were
selectively converted to its triethylsilyl ether for the introduction of the second Kdo residue, which was achieved by

using the isopropylidene-type Kdo fluoride 39. The second Kdo residue was successfully introduced again with

perfect a-selectivity to give the tetrasaccharide backbone of Re LPS. In this reaction the TBS protected donor 40 gave

a lower yield probably because of its too high steric hindrance. After removal of the isopropylidene groups of the

tetrasaccharide derivative 43 by careful acidic treatment followed by cleavage of the allyl glycoside, the free glycosidic

position was selectively phosphorylated to give the desired protected Re LPS 44. The final hydrogenolytic deprotec-

tion of 44 proceeded smoothly to give the first synthetic Re LPS 33. The synthetic route can be modified in many

ways in a manner suitable for the preparation of various partial structures and analogs of 33 . For example, from the

synthetic intermediate 42 , a trisaccharide partial structure 45 was also prepared which can never be obtained from

natural sources.
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Biological test of the synthetic preparations provided with clear evidence that addition of the Kdo residue(s)

enhances the ability of lipid A to activate the innate immunity system. Such a strict comparison was never possible

with the use of natural specimens even after intensive purification.74
1.17.4 Synthesis of Lipoteichoic Acid

Lipoteichoic acid (LTA) is another typical component of the cell envelope of Gram-positive bacteria. The chemical

structure of LTA has been extensively studied by Fischer et al. and others.78,79 According to them, LTA consists of a

glycolipid and a hydrophilic polymer of glycerophosphate covalently bound to the former. The glycolipid usually

consists of oligosaccharide of D-glucose (D-Glc) with glycosidically linked 1,2-diacyl-sn-glycerol. Structural variations

are observed mainly in the glycolipid part depending on bacterial genera and species. For example, LTAs from

some Enterococcus and other species contain kojibiose (an (a1-2)-disaccharide of D-Glc) and a-glycosidically bound

1,2-diacyl-sn-glycerol. LTAs of Streptococcus aureus and Bacillus subtilus, by contrast, are composed of gentiobiose

(a (b1-6)-disaccharide of D-Glc) and b-linked diacylglycerol. The hydrophilic polymer of repeating glyceropho-

sphates is linked to a hydroxy group of the glycolipid via a phosphodiester: in many cases, the linkage position is

the distal glucose residue of the gentiobiose or kojibiose moiety of the glycolipid. LTA on the cell anchors itself

with the glycolipid being located in the lipid bilayer of the cell membrane. The hydrophilic glycerophosphate part

is thereby thought to be directed outside from the cells.78 At the 2-hydroxy groups of the glycerols, nonstoichio-

metric D-alanyl or, less frequently, glycosyl substituents are observed. LTA has also been assumed to be a stimulant

which triggers the innate immunity system of higher animals, and several chemical syntheses were undertaken in

this regard.
1.17.4.1 Synthesis of Kojibiose-Containing LTA

LTAs obtained from Streptococcus pyogenes and Enterococcus hirae cells have similar structures sharing the same

glycolipid consisting of a-kojibiosyl diacylglycerol (46 and 47). The latter one of E. hirae has an additional

phosphatidyl moiety on the 6-position of the disaccharide. These two LTAs were synthesized to confirm the

immunostimulating activity described for natural LTA fractions from these particular bacterial cells.80,81 These

syntheses share some basic strategic points with a previous work of the group of van Boom, who described a

synthesis of a partial structure proposed for Staphylococcus aureus LTA as mentioned in the next section,82 though a

combination of new protecting groups described below was essential to construct the more complex architecture

of 46a and 47a .
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Of the two LTAs, synthesis of more complex E. hirae LT A 47a is summarized (Scheme 11) because both LTAs were

constructed basically via similar routes.83,84 To make the synthesis accessible, substituents in the glycerophosphate

chain were omitted and only hexadecanoic acid was employed for O-acylation at the four hydroxy groups of the two

glycerols. The glycolipid was constructed by stepwise condensation of a chiral glycerol derivative and two glucose

residues to ensure selective formation of both a-glycoside linkages. Thereby appropriate glucosyl fluorides (48 and 49)

with nonparticipating benzyl-type protecting groups at the respective 2-hydroxy groups were employed as glycosyl

donors. The 6-hydroxy group of the disaccharide obtained was then selectively liberated for the introduction of the

phosphatidyl moiety. This synthetic strategy became possible by the use of two novel benzyl-type protecting groups,

that is, p-pivaloylaminobenzyl (PAB) and p-nitrobenzyl (4-nitrophenylmethyl, NPM) groups which are independently

and selectively removable under mild oxidative conditions but are more stable than the so far known p-methoxybenzyl

(4-methoxyphenylmethyl, MPM) group.85,86 The MPM group is particularly versatile because it can be removed

oxidatively and used in numerous syntheses for selective protection of hydroxy groups. MPM ethers are, however,

sometimes too labile to be retained through Lewis acid-catalyzed conditions of glycosylation reactions.

For the formation of the a-glycosyl diacylglycerol part, an indirect route via a glycoside of 1,2-di-O-allyl-sn-glycerol

50 was employed to exclude possible migration of the acyl groups on the optically active glycerol moiety during acid-

catalyzed glycosylation reaction. After coupling and manipulation of the protecting groups, the two allyl groups were

removed and the two hexadecanoyl groups introduced. The NPM group on the 2-position was selectively removed

without damaging the PAB ether function in the molecule. This was effected by anodic oxidation after reduction to

the corresponding aminobenzyl derivative 51 . The second protected glucose unit was introduced to the 2-hydroxy

group of the first glucose moiety forming the second a-glycoside linkage of the glycolipid part. The PAB group on the

6-position of the disaccharide 52 was then removed by DDQ oxidation, and the phosphatidyl moiety was introduced

by the phosphoramidite method at the resultant 6-hydroxy group to form the fully protected glycolipid 53.

The protected glycerophosphate 54 prepared separately by iterative phosphoramidite reactions83 was then coupled

at the free 6 0 -hydroxy group liberated by selective cleavage of the Troc function of 53 . Now that all the components

had been coupled together at the desired positions in correct configurations to give fully protected LTA structure 55

of E. hirae, all the benzyl protecting groups were removed by catalytic hydrogenolysis to give a molecule which

corresponds to the proposed fundamental structure of E. hirae LT A 47a .
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Scheme 11 Synthesis of the fundamental structure of E. hirae LTA.
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Contrary to the initial expectation, the synthetic 46a and 47a showed no immunostimulating activity. Extensive

analysis of LTA fractions from E. hirae cells has led to the conclusion that observed cytokine-inducing potency of

natural LTA fraction be attributable not to LTA itself having the structure 47 but to another cell wall component

such as lipopeptides,87 which is still to be characterized.
1.17.4.2 Synthesis of Gentiobiose-Containing LTA

Synthesis of a fragment of Staphylococcus aureus LT A 56a , in which a glycolipid of b-gentiobiosyl diacylglycerol is
linked to a glycerophosphate chain at the 60-hydroxy group of the disaccharide, was reported by the group of van

Boon.60 In this early synthesis, bifunctional phosphorylating reagents with 2,2,2-tribromoethyl and 2-chlorophenyl

phosphates frequently used at that time in nucleic acid synthesis were employed for the preparation of the glycerophos-

phate trimer and its coupling with the glycolipid component. The alanyl substituents were omitted as in the synthesis

of 46a and 47a above. The benzyl group was used for persistent protection and the selectively cleavable pivaloyl

group for temporary protection of hydroxy functions, respectively.

O

O OOH
HO

HO
O

O R
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O
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OP
OO
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OO

OO
X2 X3

HO O OHO
P

OHO

O
X1

HO O

n

O

HO
HO

O
H

X1, X2, X3: H, D-Ala, or a-D-GlcN RCO: fatty acyl56

RCO: CH3(CH2)12CO56a

X1: H,  X2: D-Ala;  X3: a-D-GlcN RCO: CH3(CH2)12CO56b

X1, X2, X3: H n = 1

n = 4

Recently, another synthesis of the same LTA was also reported by Schmidt et al. (Scheme 12).88,89 The authors

planned to prove the role of D-alanine residues present in the glycerophosphate chain. The same group recently

reported that the D-alanyl ester which is readily cleaved during the isolation procedure of LTA from cells is essential

for the cytokine-inducing activity of the isolated LTA.90

Synthesis of the glycolipid started from gentiobiose, which was converted to a b-glycoside 57 of 1,2- O-isopropyli-
dene-sn-glycerol. After conversion of the protecting groups on the disaccharide, the isopropylidene group was

removed and the resulting hydroxy groups were acylated. The glycolipid 58 was then converted to phosphoramidite

59 at the 60 -position and subjected to coupling with the glycerophosphate chain with six glycerol units 60 prepared
separately. The latter hexamer 60 was constructed by stepwise phosphoramidite reactions, where four glycerol units

were temporarily protected with MPM groups at the central 2-hydroxy groups for the later introduction of alanine

esters. The 2-hydroxy group of the proximal glycerol in 60 bears a-glycosidically bound N -acetylglucosamine. The

substitution pattern of the hexamer was so designed as to reflect the 4:1:1 ratio of alanine, glucosamine, and hydrogen

in the glycerophosphate part of natural LTA.

After the coupling of 59 and 60, selective oxidative cleavage of the MPM ethers in the product 61 followed by

coupling with N-benzyloxycarobonyl-D-alanine under conventional conditions gave the fully protected target struc-

ture, which in turn was subjected to hydrogenolytic deprotection to give the final product 56b .

The synthetic compound corresponding to the proposed fundamental structure of LTA from S. aureus was reported

to have immunostimulation activity to induce cytokine production in human leukocytes as the natural LTA dose.91 An

analog of 56b which has L-alanyl substituents in place of the D -alanine exhibits 10- to 100-fold less than its natural-

type counterpart 56b but definite activity. The synthetic glycolipid devoid of the glycerophosphate part was also

reported to have similar weak activity. Thus, the definite structural entity responsible for the immunostimulation of

LTA seems to be not yet very specifically characterizable. Under this situation, it should also be noted that another

research group has the opinion that instead of the lipoteichoic acid, a lipoprotein is the dominant immunobiologically

active component in Staphylococcus aureus cells.92,93
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1.17.5 Closing Remarks

In this chapter chemical syntheses are described of various complex glycoconjugates of bacterial origin. Rationally

designed condensations of protected components led to strictly defined target compounds, whose structures are

confirmed spectroscopically at every key step, so that even after multistep reactions the structures of the products are

well guaranteed. The molecular weights of some final products are over 2000, or sometimes close to 3000. Even in

those cases, their molecular formulas can be precisely confirmed by matrix-assisted laser desorption ionizaion

(MALDI) or electrospray ionization (ESI) mass spectrometry (MS) techniques.

One may agree that at present well-trained chemists are able to construct such complex, large molecules at will by

the aid of various protecting groups which can be selectively and independently introduced/removed to or from each

other at desired steps to distinguish individual hydroxy groups. In some cases novel methods for protection had to be
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elaborated as exemplified in some of the syntheses described above. The great methodological developments in

glycosylation, phosphorylation, as well as peptide bond formation during the recent decades also very much contribute

to increase the power of synthetic chemistry in this field.

As mentioned frequently, synthetic compounds played decisive roles in the identification of the structures

responsible for the biological activities of the typical bacterial glycoconjugates dealt with in this chapter. In the

biological studies carried out after that, various synthetic structural analogs of both natural and unnatural structures

contributed to the understanding of the structure–activity relationships. The latter works not described in detail in this

chapter are summarized in several review articles 61. 61,62,94

One of few but obvious weak points of chemical synthesis at present is the limitation of the amounts of materials to

be supplied, in particular, when the preparations require too many steps of reactions to reach the targets. A limited

number of research laboratories cannot thus afford to offer sufficient amounts of materials for biological studies

worldwide. Commercial supply of key compounds is very important. MDP 2whose preparation is not too complicated,

for example, has been commercially available from several sources. In the case of lipid A, by contrast, synthetic 16 and

17 are available only from a single source.

The group of Raetz recently described a procedure for extensive purification of LPS from an E. coli Re mutant on

the basis of his long basic research on the biosynthesis of LPS.95,96 According to their MS analysis, the purified natural

LPS consists exclusively of compound 33 with a minor component having a shorter fatty acyl chain. They propose to

use the purified natural Re LPS as a characterized standard for biological investigations under the situation where

sufficient amounts of synthetic preparations are not available. As far as LPS and lipid A are concerned, the receptor

system on host cells has been unequivocally identified by the use of synthetic lipid A and the major signaling pathway

after the receptor also elucidated. In view of such a situation, the purified natural LPS may be accepted for further

biological investigations. Nevertheless, it should yet be noted here that when the biological activity of the synthetic

Re LPS 33 was compared with that of a purified natural counterpart in which only a trace amount of unidentified

impurities was detected by MS, the natural preparation showed definitely higher activity very probably due to the

impurities of bacterial origin.74 One has to pay attention to this point as far as bacterial products are used.

The important missions of chemical synthesis, therefore, never end by unequivocal identification of the structure

responsible for the biological activity of such complex glycoconjugates. Rather, supply of pure standard preparations is

strongly required for subsequent researches on the mechanism of biological functions. To answer this, the efficiency of

chemical synthesis has to be continuously improved. This can be achieved by reduction of the numbers of protecting

groups employed, which necessarily requires elaboration of efficient and more highly selective couplings of compo-

nents like enzyme reactions. Entirely new strategies may also be important for efficient improvements. A wide space

still remains open where new chemistry is to be developed. Collaboration and frequent exchange of information

between synthetic chemists and scientists working in the biological fields are therefore quite important.
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1.18.1 Introduction: Glycosaminoglycans Structure and Biology

1.18.1.1 Structure: HA, CS/DS, HP/HS, KS

Glycosaminoglycans (GAGs) represent an important family of polyanionic, linear, highly functionalized bioactive

oligosaccharides that are ubiquitous components of animal connective tissues. Although hyaluronic acid and heparin

are also found in their free form, GAGs often exist as long chains covalently linked to a protein core, called a

proteoglycan (PG).1 GAGs are major structural components of PGs and are believed to be responsible for the many

biochemical events mediated by PGs.

The GAG family are comprised of keratan sulfate (KS), hyaluronic acid or hyaluronan (HA), chondroitin sulfate

(CS), dermatan sulfate (DS), heparin (HP), and heparan sulfate (HS). These polysaccharides all consist of repeating

disaccharide units composed of a 2-amino-2-deoxy sugar (hexosamine) and, with the exception of KS (containing

D-galactose), a uronic acid residue (Table 1).

KS can occur in two differentmain forms. KSI is linked to its core protein by anN-glycosidic linkage betweenN-acetyl-D-

glucosamine and L-asparagine and KSII is linked to the core protein by an O-glycosidic linkage between N-acetyl-

D-galactosamine and L-serine or L-threonine.2,3 A third type of KS has been reported with an O-linkage through

mannose to a serine residue.4 KS is a polymer of D-galactose and N-acetyl-D-glucosamine disaccharide repeating units

[3)-b-D-Gal-(1!4)-b-D-GlcNAc-(1!]n (5<n<30) and sulfonation can occur at the C-6 position on either the

D-galactose and/or the N-acetyl-D-glucosamine residue.

HA and CS are GAGs that contain a glucuronic acid residue in their disaccharide repeating units but have

different hexosamine moieties. HA consists of a 2-acetamido-2-deoxy-D-glucose with disaccharide repeating unit of

[4)-b-D-GlcA-(1!3)-b-D-GlcNAc-(1!]n. No sulfo groups are observed in the HA polysaccharide, in contrast to the

other members of the GAG family. The hexosamine residue of CS is a 2-acetamido-2-deoxy-D-galactose resulting in a

[4)-b-D-GlcA-(1!3)-b-D-GalNAc-(1!]n disaccharide repeating unit. CS is a sulfated polysaccharide and contains, on

average, one O-sulfo group per disaccharide unit, usually at the C4 (CS-A) or C6 (CS-C) position of the b-D-GalNAc
713



Table 1 Structure of glycosaminoglycans
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residue. Oversulfated CS also exists having two O-sulfo groups per disaccharide unit such as CS-D (6,20-di-O-sulfo),
CS-E (4,6-di-O-sulfo), and CS-K (4,30-di-O-sulfo).1

DS, HS, and HP are GAGs that contain an iduronic acid residue in their disaccharide repeating unit. DS is a

microheterogeneous linear copolymer composed of L-iduronic acid and 2-acetamido-2-deoxy-D-galactose,

[4)-a-L-IdoA-(1!4)-b-D-GalNAc-(1!]n. The position and degree of sulfonation vary with DS source. Most

commonly, the D-galactosamine residue is sulfated at C4, but DS-containing 6-sulfo and 4,6-disulfo sequences have

also been reported. The L-iduronic acid moiety in DS can also be sulfated at the C2 position. HP and HS are

heterogeneously sulfated and composed of alternating 1!4-linked a-L-IdoA or b-D-GlcA and b-D-GlcN units. The

uronic acid residue of HP consists, on average, of 80–90% L-IdoA and 10–20% D-GlcA. Typically, the HP disaccharide
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unit is trisulfated with sulfonation at the C2 position of the iduronic acid residue and at the C2 and C6 positions of

glucosamine residue. A number of minor structural variants are found in which the 2-amino group can also be

acetylated or unsubstituted and the C3 position of glucosamine is sulfated, giving rise to very complex and heteroge-

neous structures. HP has chains of molecular weight ranging from 5–40kDa (15kDa on average) and an average

negative charge of approximately �75, thus having the highest negative charge density of any known biological

macromolecule.5 HS has an average molecular weight of 20kDa (5–50kDa) and, while structurally related to HP, is

much less sulfated and contains a more varied sequence. HS generally has one sulfo group per disaccharide unit but

individual HS may have higher (or lower) contents of sulfo group. HS chains also often contain domains of extended

and alternating sequences having low or high sulfonation. D-GlcA predominates in most type of HS but some forms

can contain substantial amounts of L-IdoA, making the structure of HS very complex.
1.18.1.2 Biosynthesis

GAG biosynthesis takes place in the Golgi, after the assembly of core protein in the endoplasmic reticulum. This is a

complex process involving approximately 20 enzymes allowing linker formation, chain elongation, and chain func-

tionnalization (Figure 1).6–8

The formation of the linkage region, relying on the GAG chain to the core protein, in CS, DS, HS, and HP, involves

common steps.7 First, a single xylose residue is added to the core protein serine by a xylosyltransferase [XylT]. Then,

two galactose residues are added by the successive actions of two different galactosyltransferases ([GalTI] and

[GalTII]). The addition of a single glucuronic acid residue, catalyzed by a glucuronytransferase [GlcATI], allows for

the completion of the linkage region. The GAG chain elongation then involves polymerases or transferases (EXT1,

EXT2) that catalyze the alternative addition of an hexosamine and an uronic acid moiety at the non reducing end

of the nascent chain. Finally, modification of the GAG chain occurs by the action of different enzymes, including

N-deacetylases-N-sulfotransferases, C5 epimerases, and O-sulfotransferases.

The biosynthesis of HA apparently does not require core protein and involves the alternate addition of D-glucuronic

acid andN-acetyl-D-glucosamine units from the corresponding UDP-GlcA and UDP-GlcNAc catalyzed by hyaluronan

synthases (HASS).
9 It has been shown that the chain elongation can occur at both the reducing end and the

nonreducing end of the HA chain. Indeed, Stoolmiller and Dorfman10 observed the elongation of HA chain at the

nonreducing end using an enzyme preparation from group A Streptococcus (spHAS), while Prehm11 observed the chain

elongation of HA at the reducing end by digesting pulse-chase-labeled HA produced by a teratocarcinoma cell

membrane fraction. These observations have recently been confirmed by Lindahl et al.9
1.18.1.3 Biology

PGs are found in the membrane of all animal cells (i.e., syndecan, decorin, glypican) and within the extracellular

matrix (ECM) where they display multiple biological functions that are believed to primarily result from their GAG

chains.12–17 GAGsbindtoawidevarietyofproteinsandsignalingmolecules in theextracellularenvironmentandmodulate

their activity.18 Because of their extracellular location, anionic character, and conserved structure across virtually all animal

species, they appear to play a critical role in cell–cell communication,16 assembling protein–protein complexes such as

growth factor receptor and enzyme inhibitor,17 inflammatory response, and wound repair and healing.19

The presence of GAGs on the cell surface and in the ECM has also resulted in their exploitation by infectious

pathogens such as microbes, viruses, bacteria, and parasites to gain access and entry into animal cells (Figure 2).16

Thus, it has been shown that HS PGs play a critical role in infection by herpes simplex virus (HSV)20 and human

immunodeficiency virus (HIV).21

The ability of GAGs to regulate various processes is only beginning to be understood at a molecular level and has been

proposed to be encoded in the form of a ‘sulfation code’.22 An improved understanding of the various roles of GAGs

should facilitate the development of new therapeutic strategies for the treatment of a wide variety of disease states.
1.18.2 Overview of Synthetic Approaches

The structural complexity of oligosaccharides is a prerequisite for their participation in cellular recognition mechan-

isms and thus, for synthetic chemists, their synthesis has remained a challenge. Oligosaccharide synthesis involves

agile manipulation of protecting group but the critical point is the stereoselectivity of the glycosylation reaction.

The necessity to form stereospecifically a- or b-glycosidic linkage (or 1!2-cis or 1!2-trans glycosidic linkage) is the

main reason why chemical O-glycosylation is one of the most challenging problems of modern chemistry.
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The stereochemical outcome of the glycosylation reaction depends on many parameters such as the nature of the

donor (trichloroacetimidate, fluoride, bromide, thioglycoside, sulfoxide, n-pentenyl, etc.), the protecting group at the

C2 position of the donor (participating group vs. non participating group), the solvent (ethers, acetonitrile, CH2Cl2,

toluene, etc.), and the nature of the promoter (halide ions, IDCP, TMSOTf, TfOH, etc.).1,23

The 1!2-trans glycosylation reaction is a major requirement in the synthesis of KS, HA, CS, and DS. The

stereochemistry can be easily controlled by the presence of a participating group at the C2 position of the donor

(generally an acetyl group) resulting in the formation of a cationic bicyclic intermediate.24 The 1!2-cis glycosylation

reaction, required for the synthesis of HP and HS, is much more difficult to control.23,24

The sulfation pattern and the presence of uronic acid in GAGs play an essential role in GAG–protein interactions.

The regioselective introduction of sulfo groups and carboxyl groups is of critical importance and requires the clever

manipulation of protecting groups. These functionalities are generally introduced in the last stage of synthesis. The

carboxyl group of the uronic acid moiety can decrease the glycosylation yield and is frequently introduced after this

step. The sulfonation reaction is generally the final step, mainly because of the poor stability of sulfo groups under

strongly basic and acidic conditions and the poor solubility of sulfonated compounds in standard organic solvents.

Moreover, the structural diversity of GAGs makes their synthesis very difficult.

Pure oligosaccharides are needed to better understand the role of GAGs. Synthetic carbohydrate chemistry has

resulted in the development of a wide variety of different strategies for oligosaccharide synthesis. More recently, the

development of biotechnological approaches such as chemoenzymatic and enzymatic syntheses, having improved

efficiency, has been reported. This chapter tends to give an overview of these different approaches.
1.18.2.1 Glycosaminoglycans without Uronic Acid: KS

1.18.2.1.1 Chemical synthesis
KS differs from the other glycosaminoglycans in that the uronic acid moiety is replaced by a simple D-galactose unit,

thereby simplifying its synthesis by avoiding elaboration at C6. Ogawa et al. have described the synthesis of the

tetrasaccharide fragment 1 of keratan sulfate I (Scheme 1). 25

The target KSI tetrasaccharide was obtained by the successive addition of orthogonally protected monosaccharide

acceptor and donor. Silver(I) triflate-catalyzed glycosylation of acceptor 3 with the chloride donor 2 gave the

corresponding b1!4-linked disaccharide, which was then deacetylated using lithium hydroxide and hydrogen

peroxide and further benzylated in the presence of benzyl bromide, potassium iodide, and silver(I) oxide. Deallylation

of the resulting compound was achieved in the presence of Wilkinson’s catalyst and 1,4-diazabicyclo[2.2.2]octane

followed by treatment with mercury(II) oxide and mercury(II ) chloride in 10% aqueous acetone to give the hemiacetal 4.

Acetylation of 4 followed by chemoselective deacetylation of the anomeric acetate using hydrazine acetate afforded a

hemiacetal, which was then converted into the b-trichloroacetimidate 5 in good yield. Glycosylation of 5 with

compound 6 catalyzed by BF3.Et2O promoted the formation of the desired trisaccharide in 83% yield and was
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followed by deacetylation and regioselective protection of 6-OH group using tert-butylchlorodiphenylsilane to give

the protected trisaccharide acceptor 7. The b-configuration of the newly generated anomeric center of 7 was

controlled by the presence of a C2 N -phthaloyl group. Trifluoroborane etherate promoted glycosylation of 7 with

8 afforded the expected tetrasaccharide in 71% yield based on consumed glycosyl acceptor 7. Dephthaloylation using

NH2NH 2.H 2 O followed by acetylation gave the fully protected tetrasaccharide 9 which was then deprotected as

follows. Cerium(IV) ammonium nitrate treatment of 9 in aqueous acetonitrile allowed the removal of the OMP
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protecting group. The TBDPS protecting group was then removed using n-Bu4NBF4 to allow the regioselective

sulfonation of all the C6 positions using SO3.NMe3 complex in DMF. Finally, hydrogenolysis of the resulting

compound in the presence of 10% Pd–C in 9:1 MeOH–H2O gave the KSI tetrasaccharide target 1.

1.18.2.1.2 Enzymatic synthesis
KS is composed of repeating poly-N-acetyllactosamine units, [3)-b-D-Gal-(1!4)-b-D-GlcNAc-(1!]n. Four enzymes

are responsible for the production of KS carbohydrates.26 Two glycosyltransferases (b-1,3-N-acetylglucosaminyltrans-

ferase and b-1,4-galactosyltransferase), which transfer GlcNAc and Gal to a nonreducing terminus of a carbohydrate

core structure connected to carrier proteins, are involved in elongation of the poly-N-acetyllactosamine backbone of

KS. Two sulfotransferases (GlcNAc 6-O-sulfotransferase and Gal 6-O-sulfotransferase), which transfer a sulfo group to

the 6-O-position of GlcNAc or Gal, are involved in the modification of the resulting polysaccharide and allow the

formation of KS which is composed of both mono- and disulfated disaccharides. In 2002, Akama et al. reported the

in vitro synthesis of KS disulfated disaccharide using sequential enzymatic reactions involving these four enzymes.26

Human corneal sulfotransferase hCGn6STwas used as the GlcNAc 6-O-sulfotransferase because of its efficiency in

transferring sulfate to oligosaccharides having a poly-N-acetyllactosamine backbone. A synthetic carbohydrate sub-

strate GlcNAcb1!6Mana1!6Manb1-octyl was used as the starting material for further elongation and sulfonation.

The GlcNAc residue was first sulfated in the 6-O-position using hCGn6ST and PAPS (30-phosphoadenosine-
50-phosphosulfate), the classical sulfate donor. This step has to be done before elongation because hCGn6ST only

transfers sulfate onto thenonreducing terminalGlcNAcof a carbohydrate substrate. Subsequent addition of aGal unitwas

accomplished by treatment of the resulting sulfated substrate with bovine milk b4Gal-TI in the presence of a Gal donor,

UDP-Gal. Then, another GlcNAc unit was introduced by the action of human b3Gn-T2 in the presence ofUDP-GlcNAc

and further sulfated as described in the first step.Finally, theGal residuewas sulfated in the 6-O-positionusing an enzyme

fraction of KSG6STand PAPS. The carbohydrate structures were confirmed by treatment with keratanase, an endogly-

cosidase that recognizes GlcNAc6Sb1!3Galb1!4GlcNAc and digests Galb1!4GlcNAc linkage.27
1.18.2.2 Glycosaminoglycans with Glucuronic Acid: HA and CS

1.18.2.2.1 Chemical synthesis
A wide variety of HA oligosaccharides have been synthesized over the past decades.28–31 One of the major strategies

to obtain the glucuronic acid moiety involves the use of glucose, which is then oxidized to glucuronic acid after the

construction of the oligosaccharide backbone. Using this first approach, Ogawa et al. reported the synthesis of an HA

tetrasaccharide having a glucosamine at the reducing end by successive addition of suitably protected monosaccha-

rides.28 Oxidation of D-Glc moieties into D-GlcA was promoted by Swern oxidation and treatment with sodium

hypochlorite. Ogawa et al. also reported the synthesis of the reverse sequence having a glucuronic acid at the reducing

end using a 2þ2 glycosylation strategy.32 Danishefsky’s iodosulfonamidation methodology, which offers an alternate

route to 2-deoxy-2-amino sugars, was used by Carter et al. for the synthesis of an HA disaccharide, and the oxidation at

C6 position was then accomplished in the presence of Jones reagent.33 In 1998, Vliegenthart et al. reported the

synthesis of HA pentasaccharide 10 and hexasaccharide 11 and their 6-O -sulfo analogs 12 and 13 ( Scheme 2). 34

The pentasaccharide 16 was obtained by glycosylation of trisaccharide acceptor 14 with disaccharide trichloroace-

timidate donor 15 in the presence of trimethylsilyl triflate followed by removal of the allyloxycarbonyl group with

tetrakis (triphenylphosphine)palladium and morpholine. Acidic removal of the isopropylidene followed by conven-

tional acetylation and delevulinoylation using hydrazinium acetate afforded 18 in good overall yield. The hexasac-

charide backbone was obtained from pentasaccharide acceptor 16 and monosaccharide donor 17 in the presence of

TMSOTf. Successive removal of the isopropylidene functions under acidic conditions, conventional acetylation of the

hydroxyl functions and delevulinoylation afforded the hexasaccharide 19 . Oxidation of the primary hydroxyl groups of

18 and 19 was achieved using pyridinium dichromate and acetic anhydride as previously described. 35 The target

pentasaccharide 10 and hexasaccharide 11 were thus obtained after dephthaloylation, deacylation, and N-acetylation.

The sulfated analogs of 10 and 11, 12, and 13 , respectively, were also synthesized starting from 18 and 19 . The

sulfonation of the free primary hydroxyl groups was accomplished by treatment with sulfur trioxide–trimethylamine

complex before classical deprotection reactions to afford 12 and 13 in high yields. Recently, Petillo et al. described a

gram-scale syntheses of two hyaluronan disaccharides in which the oxidation of glucose moiety to glucuronic acid was

promoted by TEMPO.36

In all these syntheses, the D-GlcA residue was obtained by selective oxidation at C6 of the corresponding D-Glc

residue after construction of the oligosaccharide backbone. A more straightforward strategy was developed by

Jacquinet in 1996 for the synthesis of tetrasaccharide 20, hexasaccharide 21 , and octasaccharide 22 having a methyl
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11 bGlcA(1→3)bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA(1→3)bGlcNAc-1-OMP

13 bGlc6S(1→3)bGlcNAc(1→4)bGlc6S(1→3)bGlcNAc(1→4)bGlc6S(1→3)bGlcNAc-1-OMP

10 bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA(1→3)bGlcNAc-1-OMP

12 bGlcNAc(1→4)bGlc6S(1→3)bGlcNAc(1→4)bGlc6S(1→3)bGlcNAc-1-OMP

1514

16

18

17

19

(a)

(d)

(e)

(b)

(c)

Scheme 2 Synthesis of HA pentasaccharide and hexasaccharides and their 6-O-sulfo analogs. (a) i, TMSOTf, 81%; ii, Pd

(PPh3)4, morpholine, 89%; (b) i, CF3CO2H/H2O 10/1, CH2Cl2, then Ac2O, pyridine, DMAP, 90%; ii, H2NNH2.AcOH, 74%; (c)

for 10 i, PDC, Ac2O, 70%; ii, MeNH2, EtOH, then Ac2O, MeOH, 0�C, 64%; and for 12 i, SO3.NMe3, 88%; ii, H2NCH2CH2NH2,
BuOH, 90�C, then Ac2O, pyridine, DMAP, then NaOH 2M, THF, 0�C, 68%; (d) i, TMSOTf, 62%; ii, CF3CO2H/H2O

10/1, CH2Cl2, then Ac2O, pyridine, DMAP, 84%; iii, H2NNH2.AcOH, 75%; (e) for 11 i, PDC, Ac2O, 58%; ii, H2NCH2CH2

NH2, BuOH, 90�C, then Ac2O, pyridine, DMAP, then NaOH 2M, THF, 0�C, 73%; for 13 SO3.NMe3, 78%; ii, H2NCH2CH2NH2,
BuOH, 90�C, then Ac2O, pyridine, DMAP, then NaOH 2M, THF, 0�C, 88%.
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b-D-GlcA residue at the reducing end (Scheme 3).30 In this case, the oligosaccharide backbone was obtained by direct

coupling between well-protected D-GlcA and D -GlcN derivatives. The D-GlcA acceptor 23, obtained in good yield

from 1,2,3,4-tetra-O-acetyl-b-D-glucopyranuronate, was reacted with the 2-deoxy-2-trichloroacetamido-b-D-glucopyr-
anose trichloroacetimidate 24 in the presence of TMSOTf and afforded the corresponding b-disaccharide in 89%
yield. Oxidative removal of the 4-methoxyphenyl group with CAN followed by activation afforded the crystalline

trichloroacetimidate donor 26. Disaccharide acceptor 27 could also be obtained from 24 and 25 followed by the

removal of the chloroacetyl group using thiourea. A ‘2 þ 2’ glycosylation reaction between 26 and 27 allowed the

formation of tetrasaccharide 28 in 87% yield. The chloroacetyl group at C3 of the D -GlcN residue was then selectively

deprotected for further chain extension at the nonreducing end. Thus hexasaccharide 29 and octasaccharide 30 were

obtained by second and third coupling with trichloroacetimidate 26 (1.5 and 1.7 equiv., respectively). Complete

deprotection afforded the HA tetrasaccharide 20 , hexasaccharide 21 and octasaccharides 22 .

CS possesses a D-GalNAc unit, instead of a D-GlcNAc found in HA, and contains, on average, one sulfo group per

disaccharide unit. Thus, the synthesis of CS oligosaccharides is more complicated than the synthesis of HA oligo-

saccharides. Indeed, sulfo groups are sensitive to acid and base, limit the solubility in standard organic solvent, and

pose some problems in separation and analysis. Moreover, D-GalN is a rare and expensive sugar and has to be

prepared. Two main strategies have been developed for its synthesis. The first one involves the azidonitration of

galactal37 and the second one is based on inversion of the configuration at C4 starting from D-GlcN.38 The second

strategy has been widely used to access D-GalN compounds and, in 1995, Coutant and Jacquinet reported the

synthesis of CS-A trisaccharide 31 (Scheme 4). 38 The trisaccharide 36 was obtained in good yield by stepwise

glycosylation reactions involving thioglycoside donor 32 and acceptor 33 and then the resulting acceptor 34 with



21 bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA-1-OMe

20 bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA-1-OMe

22 bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA(1→3)bGlcNAc(1→4)bGlcA-1-OMe
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Scheme 3 Jacquinet synthesis of HA oligosaccharides. (a) i, TMSOTf, 89%; ii, (NH4)2Ce(NO3)6, then Cl3CCN, DBU, 78%;

(b) i, TMSOTf, 91%; ii, thiourea, pyridine, 96%; (c) TMSOTf, then thiourea-pyridine, 83%, 77%, 80%; (d) i, Bu3SnH, AIBN,

benzene-N,N-dimethylacetamide, 81%, 88%, 91%; ii, AcOH/H2O, 100�C, then NaOH 3M, 80–83%.
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31 bGlcA(1→3)bGalNAc4S(1→4)bGlcA-1-OMe
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Scheme 4 Synthesis of a CS-A trisaccharide. (a) i, NIS, TMSOTf, CH2Cl2, 0
�C, 90%; ii, thiourea, pyridine/EtOH, 92%;

(b) i, TMSOTf, CH2Cl2, 0
�C, 92%; ii, AcOH/H2O 3/1, 100�C, then BzCN, pyridine, 90%; (c) i, Tf2O, pyridine, �15�C, 96%;

ii, Bu4NNO2, DMF, 87%; iii, Bu3SnH, AIBN, 80
�C, 92%; iv, Me3N.SO3, DMF, 65�C, 93% v: NaOH, MeOH/H2O 5/1, 87%.
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trichloroacetimidate 35 . The inversion of configuration at C4 was accomplished via an SN2 reaction by treatment of 36

with triflic anhydride followed by nucleophilic displacement with tetrabutylammonium nitrite. After reduction of the

trichloroacetamido group, 4-O-sulfonation and saponification afforded the desired trisaccharide.

A combinatorial approach, based on orthogonal protecting groups, for the synthesis of a CS disaccharide library

was reported by Lubineau and Bonnafé in 1999, and allowed the preparation of eight sulfonated GlcA-GalNAc

( Scheme 5 ). The disaccharide skeleton 48 was prepared by glycosylation of D -GlcN acceptor 46 with trichloroaceti-

midate donor 45 using TMSOTf followed by methanolysis of the methoxybenzylidene acetal and stannylene-promoted

alkylation of the resulting primary alcohol. Epimerization at the C4 position of D-GlcN was then carried out under

Swern oxidation conditions of the secondary alcohol and further stereospecific K-selectride reduction. The common

intermediate 48 , containing orthogonal protecting groups, was selectively deprotected and sulfonated in different

positions, before or after the oxidation of D-Glc to D-GlcA, to prepare the eight target disaccharides. Interestingly,

the O-sulfo groups were found to be stable in basic, low-temperature acidic conditions and Swern oxidation.
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38 bGlcA2S(1→3)bGalNAc6S-1-OH

39 bGlcA2S(1→3)bGalNAc4S-1-OH

37 bGlcA2S(1→3)bGalNAc-1-OH

40 bGlcA2S(1→3)bGalNAc4,6S-1-OH

42 bGlcA(1→3) bGalNAc6S-1-OH

43 bGlcA(1→3)bGalNAc4S-1-OH

44 bGlcA(1→3)bGalNAc4,6S-1-OH 

41 bGlcA(1→3)bGalNAc-1-OH

45 46

48

47

Libraries

TBDMS = Si(CH3)2C(CH3)3

−O3SO

−O3SO

−O3SO

(f)(d)

(e)(c)

(b)

(a)

Scheme 5 Combinatorial approach for the synthesis of CS oligosaccharides. (a) i, TMSOTf, CH2Cl2, 74%; ii, PPTS, MeOH,
then Bu2SnO, toluene, then p-MBnCl, Bu4NBr, 80

�C, 70%; iii, (COCl)2, DMSO, NEt3, CH2Cl2, �78�C; (b) K-selectride,
THF, �78�C, 88%; (c)–(f) sulfonations: Me3N.SO3, DMF, 60�C, 81–92%; benzylations: NaH, BnBr, DMF, 0�C, 90%;

oxidations: (COCl)2, DMSO, NEt3, CH2Cl2, �78 to 0�C; removal of TBDMS: Bu4NF, AcOH, THF, quant., removal of MPM:

DDQ, wet CH2Cl2, 81%; deacetylation: K2CO3, MeOH; ester hydrolysis: NaOH 0.33M, 80–98%; debenzylations: Pd(OH)2,
MeOH/H2O, 96–100%.
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To avoid the C4 epimerization step, some syntheses have been reported starting directly from D-GalN derivatives.

Tamura et al. described the systematic syntheses of CS di-, tri-, and tetrasaccharides having 4-O-sulfo (CS-A), 6-O-sulfo

(CS-C), and 4,6 di-O -sulfo (CS-E) groups ( Scheme 6). 39 Disaccharide 59 , containing selectively removable MP

glycoside and 3-O-Lev protecting group at the reducing and nonreducing end, respectively, was prepared and used

as the precursor of di-, tri-, and tetrasaccharides targets. Removal of the levulinoyl group followed by simultaneous

conversion of the azido and alcohol groups to acetamide and acetate, respectively, by the action of AcSH in

pyridine and regioselective reductive opening of the benzylidene acetal furnished disaccharide 58. CS 4-O -sulfo

disaccharide 55 was then obtained after 4-O-sulfonation. Attempts to regioselectively form the 6-O -sulfo derivative 57
O

O
O

Ph

LevO

N3

N3

O
MeOOC

O
MBzO

MBzO OC(NH)CCl3

O

OBnHO

AcO

NHAc
O

MeOOC

O
MBzO

OMBz

OMP

O
MeOOC

MBzO
MBzO

MBzO OC(NH)CCl3

O

O
O

Ph

HO

N3

O

MeOOC

O
MBzO

OMBz

OMP

O

O
O

Ph

LevO O
MeOOC

O
MBzO

MBzO

OMP

O

OBnHO

O

NHAc
O

MeOOC

O
MBzO

OMBz

OMPO
MeOOC

MBzO
MBzO

MBzO

56 bGalNAc4,6S(1→4)bGlcA-1-OMP

49 bGlcA(1→3)bGalNAc6S(1→4)bGlcA-1-OMP

50 bGlcA(1→3)bGalNAc4S(1→4)bGlcA-1-OMP

51 bGlcA(1→3)bGalNAc4,6S(1→4)bGlcA-1-OMP

55 bGalNAc4S(1→4)bGlcA-1-OMP

57 bGalNAc6S(1→4)bGlcA-1-OMP

52 bGalNAc6S(1→4)bGlcA(1→3)bGalNAc6S(1→4)bGlcA-1-OMP

53 bGalNAc4S(1→4)bGlcA(1→3)bGalNAc4S(1→4)bGlcA-1-OMP

54 bGalNAc4,6S(1→4)bGlcA(1→3)bGalNAc4,6S(1→4)bGlcA-1-OMP
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(d)

(c)(b)

(a)

Scheme 6 (a) i, H2NNH2.AcOH, quant.; ii, AcSH, pyridine, 75%; iii, NaBH3CN, HCl-Et2O, 87%; (b) for 55 i, SO3.NMe3, then

LiOH THF-H2O, then NaOMe/MeOH, then H2 Pd(OH)2, 88%; and for 56 i, SO3.NMe3, then H2 Pd(OH)2, then SO3.NMe3,

then LiOH THF-H2O, then NaOH 0.5M, 71%; (c) i, Ac2O, pyridine, DMAP, 81%; ii, H2 Pd/C, 88%; iii, SO3.NMe3, then LiOH

THF-H2O, then NaOH 0.5M, 87%; (d) H2NNH2.AcOH, quant.; (e) i, (NH4)2Ce(NO3)6, then Cl3CCN, DBU, 94%; (f) i, BF3.Et2O,
�20�C, 50%; ii, AcSH, pyridine, 43%; iii, H2NNH2.AcOH, then Ac2O, pyridine, DMAP, 64% for 52 i, NaBH3CN, HCl-Et2O,

51%; ii, Ac2O, pyridine, then H2 Pd/C, 99%; iii, SO3.NMe3, then LiOH THF-H2O, then NaOH 0.5M, 82%; for 53 i, NaBH3

CN, HCl-Et2O, 51%; ii, SO3.NMe3, 92% then LiOH THF-H2O, then NaOMe/MeOH, then H2 Pd(OH)2, 70%; and for 54 i, CSA,
CH2Cl2/MeOH 1/1, 78%; ii, SO3.NMe3, 78%; iii, LiOH THF-H2O, then NaOH 0.5M, 89%; (g) i, BF3.Et2O, 39%; ii, AcSH,

pyridine, 78%; iii, NaBH3CN, HCl-Et2O, 69%; (h) for 49 i, Ac2O, pyridine, DMAP, then H2 Pd/C, then SO3.NMe3, then LiOH

THF-H2O, then NaOH 0.5M, 67%; for 50 i, SO3.NMe3, 92%; ii, LiOH THF-H2O, then NaOH 0.5M, 61%; iii, H2 Pd(OH)2, 82%;

and for 51 i, SO3.NMe3, then H2 Pd/C, 71%; ii, SO3.NMe3, then LiOH THF-H2O, then NaOH 0.5M, 71%.
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from the 4,6-diol failed, and thus, compound 58 was first acetylated at the C4 position before selective deprotection

and further sulfonation of the 6-hydroxyl group to afford the desired 6-O -sulfo disaccharide 57 , after saponification.

The 4,6-di- O-sulfo derivative 56 was prepared from 58 after hydrogenolysis, sulfonation, and deprotection. Disaccha-

ride 59 was also converted to disaccharide acceptor 60 that was further coupled with mono-61 and disaccharides 63

donors, respectively, leading to the formation of the corresponding trisaccharide and tetrasaccharide. These were then

selectively deprotected before sulfonation step. The synthesis of 4-O-sulfo 50 and 53 and 6-O-sulfo 49 derivatives

were similar to those previously described. Attempts to synthesize the disulfonated trisaccharide 51 through direct

sulfonation of the 4,6-diol did not succeed. A 6-day reaction was used to afford the compound starting from the 4-O-

sulfo trisaccharide. For the synthesis of 6-O -sulfo tetrasaccharide 52 , regioselective sulfonation of the corresponding

4,6-diol was efficient and was accomplished in 78% yield.

This regioselective 6-O-sulfonation of a 4,6-diol was also reported by Jacquinet et al. in 1998 in a multigram

synthesis of a CS disaccharide having a galactosamine at the reducing end.40 Later, the same group applied this

efficient sulfonation strategy to the synthesis of pentasaccharides of CS-A and CS-C.41

CS oligosaccharides sulfonated in both the hexosamine and uronic acid residues have drawn less attention. CS-D

(2 0!6-di- O-sulfo) disaccharides were synthesized by Karst and Jacquinet 42 and then further elaborated to prepare

tetra- and hexasaccharide methyl glycosides, 64 and 65 (Scheme 7). 43 A common disaccharide intermediate 68 ,

prepared by glycosylation of D-GalN acceptor 67 with D-GlcA trichloroacetimidate 66, was used successively as donor

to afford the tetrasaccharide 70 and hexasaccharide 71 backbones. The disaccharide building block 68 was also used

as precursor to obtain acceptor 69 by glycosylation with methanol catalyzed by TMSOTf and dechloroacetylation
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64 bGlcA(2S)(1→3)bGalNAc(6S)(1→4)bGlcA(2S)(1→3)bGalNAc(6S)-1-OMe

65 bGlcA(2S)(1→3)bGalNAc(6S)(1→4)bGlcA(2S)(1→3)bGalNAc(6S)(1→4)bGlcA(2S)(1→3)bGalNAc(6S)-1-OMe
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70 n = 1
71 n = 2(d)
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Scheme 7 Synthesis of the CS-D oligosaccharides. (a) i, TMSOTf, 71%; ii, 85% HCOOH, THF, 91%; III, BzCl, pyridine/

CH2Cl2, 0
�C, 89%; iv, (NH4)2Ce(NO3)6 then Cl3CCN, DBU, CH2Cl2, 0

�C, 64%; (b) i, MeOH, TMSOTf, 86%; ii, thiourea,

pyridine/EtOH, 80�C, 91%; (c) TMSOTf, then thiourea, pyridine/EtOH, 80�C, 44% and 46%; (d) i, 4-methoxybenzyl
trichloroacetimidate, TMSOTf, 60% and 70%; ii, Bu3SnH, AIBN, N,N-dimethylacetamide, 95�C, 68% and 81%; iii, LiOH/

H2O2, THF, 0
�C, then NaOH 4M, MeOH, 68% and 80%; iv, SO3.NMe3, DMF, 50�C, 67% and 64%; v, H2 Pd/C, MeOH/H2O,

93% and 68%.
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using thiourea. Both ‘2 þ 2’ and ‘2 þ 4’ glycosylations proceeded stereoselectively allowing the formation of the corre-

sponding tetrasaccharide and hexasaccharide b-derivatives 70 and 71 in good yield after dechloroacetylation. The

hydroxyl group at the nonreducing end of 70 and 71 were then protected with hydrogenolyzable 4-methoxybenzyl

group, and N-trichloroacetyl protections were transformed into N-acetyl moieties. Saponification with lithium hydro-

peroxide followed by methanolic sodium hydroxide, O-sulfonation in the presence of sulfur trioxide–trimethylamine

complex in DMF, and ion exchange chromatography (Sephadex SP C25 Na þ ) afforded the desired sulfated product.
While 6-O-sulfonation of GalNAc moieties proceeded rapidly, GlcA 2-O-sulfonations were sluggish, requiring a large

excess of reagent to go to completion. After final deprotection through catalytic hydrogenation, the target molecules

64 and 65 were obtained.

1.18.2.2.2 Chemoenzymatic synthesis
In 2001, Kobayashi et al. described the chemoenzymatic hyaluronidase-based synthesis of HA and chondroitin and

some of their derivatives. 44–46 They designed oxazoline derivatives of GlcA b1!3GlcNAc and GlcAb1! 3GalNAc

disaccharides 72a–1 as nonnaturals, transition state analogs substrate monomers for hyaluronidase catalyzed synthesis

(Figure 3).

Ovine testicular hyaluronidase (OTH) was found to be more efficient than bovine testicular hyaluronidase (BTH)

and allowed the formation of HA-type polysaccharides in 40–53% yield with molecular weight values of (8–13.3)�104.

For the synthesis of chondroitin-type polysaccharides, H-OTH was used and gave 19–50% yield with molecular

weight values of (2.1–4.6)�103.

Using the same approach, they were able to synthesize well-defined chondroitin 4-sulfate (CS-A) starting with

GlcAb1!3GalNAc4S as the transition state analog substrate monomer for hyaluronidase-catalyzed synthesis.47 The

molecular weight of the resulting polymer ranged from 4�103 to 1.84�104, and could be controlled by varying the

reaction conditions. However, OHT was unable to catalyze the polymerization of the 6-sulfate or 4,6-disulfate

monomers for the synthesis of CS-C and CS-E, respectively.

In another approach, Endo et al. described the reconstruction of GAG chains using transglycosylation reaction

catalyzed by BTH.48 HA polysaccharide was used as the donor and a pyridylaminated hyaluronan hexasaccharide

(PA-HA hexasaccharide) having a GlcA at the nonreducing end as acceptor. Hydrolysis of the HA polysaccharide led

to the in situ formation of a disaccharide unit which was then transferred to the nonreducing terminal of the
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hexasaccharide acceptor. This enzymatic reaction allowed the formation of octasaccharide to docosasaccharide (22

monosaccharide unit) from the starting pyridylaminated hexasaccharide acceptor. Moreover, using a pyridylaminated

chondroitin (PA-Ch), chondroitin 4-sulfate (PA-Ch4S), or chondroitin 6-sulfate (PA-Ch6S) as acceptor and HA as

donor, they were able to reconstruct hybrid natural and unnatural GAGs chains. The main problem of these two

approaches is the polydispersity of the HA and CS chains obtained.

Indeed, although the mechanisms are not well understood, it is now recognized that the size of HA polymer dictates

its biological effects in many cellular and tissue systems.49–51 Thus, to better understand the influence of the chain

length on the bioactivity of HA polysaccharides, the need to access to monodisperse HA polymers is critical.

The first gene for a GAG synthase that was cloned was the HA synthase from Streptococcus pyogenes.52 Since then,

many bacterial, viral, or eukaryotic HA and CS synthase genes and cDNA sequences have been identified and cloned

for subsequent enzymatic and chemoenzymatic syntheses of HA and CS polymers.52–58 In 1993, DeAngelis et al.

identified and cloned the sequence of the HA synthase gene from group A S. pyogenes.52,59 This HA synthase only

recognize UDP-GlcNAc and UDP-GlcA as substrates and allowed the elongation of HA oligosaccharides in a processive

manner to produce polymers on the order of 5�106 Da. More recently, DeAngelis et al. reported the chemoenzymatic

synthesis of HA polymers (up to 20 sugar unit) having single length using a chemically synthesized HA tetrasaccharide

(4GlcAb1!3GlcNAcb1!)2 as acceptor and a Pasteurella multocidaHA synthase (pmHAS).60 This enzyme,which is able

to transfer to an acceptor oligosaccharide both glucuronic acid and N-acetylglucosamine from the corresponding UDP-

sugar nucleotides,61,62 was converted by mutagenesis into two single-action glycosyltransferases. The two resulting

enzymes were then individually immobilized on solid supports to produce two different bioreactors that were used in

an alternating fashion to elongate a starting HA tetrasaccharide acceptor allowing the syntheses of extremely pure sugar

polymers of a single length in a controlled, stepwise manner without purification of the intermediates.

Recombinant pmHAS is able to synthesize HA polymers in vitro if both UDP-sugar nucleotides are supplied

allowing a completely enzymatic synthesis of HA.63 However, the overall incorporation rate is elevated up to �50–

100-fold if an HA-like oligosaccharide is also supplied as the starting acceptor. De Angelis et al. suggested that the rate

of initiation of a new HA chain de novo is slower than the subsequent elongation of a nascent HA chain and that the

observed stimulation of synthesis by exogenous acceptor operates by bypassing the kinetically slower initiation step.64

Thus, they performed HA polymerization in different reaction conditions and observed the influence of the presence of

anHA tetrasaccharide acceptor (Figure 4). When the reaction was run in the absence of acceptor (panel A), some chains

were initiated before other chains (short lag vs. long lag period) resulting in asynchronous polymerization and leading to

the formation of HA chains having broad size distribution. When an HA tetrasaccharide was supplied as the starting

acceptor (panel B), all of the chains were elongated by the nonprocessive pmHAS in a parallel synchronous fashion.

This resulted in the formation of HA polymers having a narrow size distribution. Thus, the stoechiometry between the

starting acceptor and the UDP-sugar nucleotides can be adjusted to control the size of the target polymer (panel C).

In 2006, DeAngelis et al. tested a range of acceptor sugars that pmHAS elongated in the presence of the appropriate

UDP-sugar nucleotides, indirectly determining the size of the two acceptor binding pockets of pmHAS.65

The minimal size for the starting acceptor that demonstrates efficient elongation was found to be three or four
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Figure 4 Influence of the presence of an acceptor on the pmHAS-catalyzed polymerization of HA.
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monosaccharides containing the trisaccharide GlcA1!3GlcNAc1!4GlcA. Thus, the presence of the carboxylate

groups of the two GlcA units are important to bind the acceptor binding pocket of pmHAS.

DeAngelis et al. also identified and cloned a chondroitin synthase from Pasteurella multocida type F.66,67 This

enzyme, called P. multocida chondroitin synthase (pmCS), was found to be 87% identical at the nucleotide and the

amino acid level to the hyaluronan synthase pmHAS from P. multocida type A. A recombinant Escherichia coli-derived

truncated, soluble version of pmCS was shown to promote the repetitive addition of UDP-GalNAc and UDP-GlcA to

only chondroitin-type acceptors in vitro and allowed the synthesis of chondroitin polymers composed of approximately

103 sugar units.

Sugahara et al. have recently cloned and expressed a human chondroitin synthase (ChSy) exhibiting glucuronyl-

transferase-II (GlcAT-II) and N-acetylgalactosaminyltransferase-II (GalNAcT-II) activities that are responsible for the

biosynthesis of CS polysaccharides.68,69 However, the recombinant enzyme requires the co-expression of a chondroi-

tin polymerizing factor (ChPF) to exhibit polymerizing activity.69 Using UDP-GlcA and UDP-GalNAc as sugar

donors, they were able to elongate the so-called GAG–protein linkage region tetrasaccharide sequence of a-thrombo-

modulin, suggesting that the ChPF acts as a specific activating factor for ChSy in chondroitin polymerization.

In a similar study, Kimata et al. reported the molecular cloning of the region 2 of K4 capsular gene cluster of

E. coli strain K4 and further identified a gene encoding a bifunctional glycosyltransferase that polymerize the

chondroitin backbone.70 The soluble enzyme, expressed in a bacterial expression system, was found to transfer

alternatively GalNAc and GlcA from the corresponding UDP-sugar nucleotides and polymerized the chondroitin

chain. This enzyme absolutely requires a starting acceptor to exhibit polymerizing activity and chondroitin sulfate

polysaccharide or oligosaccharide or a chondroitin or hyaluronan polymer or oligomer can be used as acceptor but

dermatan sulfate and heparin cannot. This group also identified and cloned the so-called chondroitin sulfate synthases 2

and 3 (CSS2 and CSS3) and showed that they both possess glucuronyltransferase andN-acetylgalactosaninyltransferase

activities.71,72
1.18.2.2.3 Enzymatic synthesis
In 1995, Wong et al. described one of the more elegant enzymatic syntheses of HA polysaccharides (Scheme 8).63 HA

synthase was utilized to catalyze the successive addition of GlcNAc and GlcA units using UDP-GlcNAc and
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UDPGlcA as donors. Because these sugar nucleotides are very expensive and the yield was low (20%), a system for the

in situ regeneration of the UDP-sugars was developed. UDP-GlcNAc was generated from GlcNAc monophosphate

(GlcNAc-1-P) and UTP in a reaction catalyzed by UDP-GlcNAc pyrophosphorylase. UDP-GlcA was generated from

glucose monophosphate (Glc-1-P) and UTP in a reaction catalyzed by UDP-Glc pyrophosphorylase followed by

oxidation to UDP-GlcA catalyzed by UDP-Glc dehydrogenase. This system allowed the synthesis of HA polysacchar-

ides having average molecular weight of 5.5 � 105, corresponding to a degree of polymerization of about 1500.

Chondroitin polymers can be further sulfated by sulfotransferase enzymes to lead to the formation of chondroitin

sulfate. Chondroitin 4-O-sulfotransferases (C4-OST), chondroitin 6-O-sulfotransferases (C6-OST), chondroitin 4-sulfate

6-O-sulfotransferase (GalNAc4S-6-OST), and chondroitin 2-O-sulfotransferase (CS2-OST) can thus be involved in the

modification of the chondroitin sugar backbone.6

The in vitro enzymatic synthesis of CS-E (4!6-di-O-sulfo) starting from CS-A (4-O-sulfo) using a GalNAc4S-6-OST

isolated from squid cartilage and 30-phosphoadenosine-50-phosphosulfate (PAPS) as a universal sulfate source has been
reported by Habuchi et al.73 The enzyme was found to transfer a sulfo group in the 6-position of about half of the

GalNAc4S unit of a CS-A polymer on average.
1.18.2.3 Glycosaminoglycans with Iduronic Acid: DS, HS, and HP

1.18.2.3.1 Chemical synthesis
Glycosaminoglycans containing L-IdoA as the uronic acid moiety are probably the most difficult to obtain. Indeed,

L-IdoA is a rare sugar which is not commercially available. The efficient preparation of the L-IdoA skeleton is a major

concern in these syntheses and thus, a wide variety of strategies have been developed for its preparation. Radical

reduction of 5-bromouronate,74 functionalization of D4-uronic acid species,75 stereoselective addition on D-xylo-

dialose,76 epimerization of D-GlcA derivatives,77,78 and diastereoselective hydroboration of exo-glucals79,80 have

shown good results. However, for large-scale synthesis, older procedure involving the intramolecular nucleophilic

substitution at C5 starting from 3-O-benzyl-1,2-isopropylidene-a-D-glucofuranose is still used.81,82

In 1989, Marra et al. reported the first synthesis of a IdoA-GalN4S-OMe and showed that trichloroacetimidate can

be used as efficient L-IdoA glycosyl donors.83 Later, this was confirmed by Sinaÿ et al. who compared the efficiency of

thioglycosides, trichloroacetimidates, n-pentenyl, and fluorides donors.84 Jacquinet et al. reported similar results and

observed that the nature of the L-IdoA donors has strong influence on the stereochemical outcome of the glycosylation

reaction.85 L-IdoA chlorides donors led exclusively to the b-linked disaccharides, and L-IdoA trichloroacetimidates

donors led selectively to the a-linked ones. However, although L-IdoA derivatives can be used as good glycosyl donors,

they are considered poor acceptors. Therefore, the use of L-Ido derivatives as acceptors that can be oxidized to L-IdoA

after construction of the sugar backbone constitutes a good alternative. This strategy was used by Ogawa et al. for the

synthesis of hexasaccharide 73 containing IdoA2S-GalNAc4 S repeating unit (Scheme 9 ).86

Disaccharide 74 was obtained in good yield from the glycosylation of well-protected L-Idose derivative 76 with

tricholoroacetimidate 75 after deprotection of the allyl group and activation. Successive 2 þ 1 and 2 þ 3 glycosylation

reactions using trichloroacetimidate 74 afforded the desired pentasaccharide 79 after deprotection of the levuloyl

group with hydrazine. The hexasaccharide backbone resulted from glycosylation of acceptor 79 with trichloroaceti-

midate 80. L -Ido units of hexasaccharide 81 were converted to L -IdoA using Swern oxidation followed by treatment

with sodium hypochlorite. After saponification, 20- and 4-O-sulfonation and deprotection of the benzyl groups, the

target hexasaccharide 81 was obtained. In 1997, Sinaÿ et al. used a similar strategy for the synthesis of the methyl

glycoside analog of 81 through successive 2 þ 2 and 2 þ 4 glycosylation reactions. 87

In 2000, Barroca and Jacquinet reported the synthesis of DS disaccharide GalN4S-IdoA2S and its methyl glyco-

side. 81 Their study demonstrated that relatively unreactive 4-hydroxyl group of L -IdoA acceptors can afford good

yields of 1!2-trans-disaccharide when 2-deoxy-2-trichloroacetamido-D-GalN trichloroacetimidate derivatives

are used as donors. Later, they investigated the synthesis of DS trisaccharides having various sulfonation patterns

( Scheme 10). 88 First, two disaccharides 88 and 89 were prepared by glycosylation of D-GalN acceptors 86 and 87 with

L -Ido trichloroacetimidate 85. Regioselective oxidation of disaccharides containing the 4,6-Ido diol residue was first

attempted using oxyammonium ion-catalyzed procedure under phase transfer conditions89 but led to unsatisfactory

results. However, when these 4,6-diols were treated with a catalytic amount of TEMPO at 0�C in the presence of

stable calcium hypochlorite as a co-oxidant and sodium hydrogenocarbonate followed by esterification with methyl

iodide, the corresponding methyl esters were formed in 63% and 66% yield. Conventional chloroacetylation at O4

gave 88 and 89 . The L-IdoA acceptor 90 was glycosylated with disaccharide donor 89 to afford the 1,2- trans-

trisaccharide 91 in 61% yield. Since pivalate esters are more stable under basic conditions than benzoate, 90 it was

possible to selectively remove the benzoate groups for subsequent 2-O-sulfonation of the IdoA moieties, to afford
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IdoA2 S-GalNAc-IdoA2S 82 after deprotection reactions. IdoA2 S-GalNAc4S-IdoA2 S 83 could also be obtained after

complete saponification. Donors 88 and 89 were converted to their b-methyl glycosides 92, 93 and used as glycosyl

acceptors, after selective dechloroacetylation, with the D-GalN trichloroacetimidate 94 to afford the expected

trisaccharides 95 and 96 . Ester groups were completely removed and sulfonation followed by deprotection afforded

trisasaccharide GalNAc4 S-IdoA2 S-GalNAc4 S 84 .

Recently, Linhardt et al. prepared monosulfo- and disulfo-protected hexosamines building blocks and demonstrated

that trifluoroethylsulfonate moieties can be compatible with a wide variety of protection and deprotection reactions.91

They also used trifluoroethylsulfonate-protected sugars as donors (fluorides and trichloroacetimidates) in glycosyla-

tion reactions with good yields.

The disaccharide repeating unit of HP and HS is composed of a glucosamine a1!4-linked to a uronic acid which

can be IdoA or GlcA and the sulfonation can occur on the amino group and nearly all the OH groups. As a result, HS

and HP oligosaccharides possess the highest structural heterogeneity of the GAG family. The biological activities of

HS andHP PGsmainly result from the interaction of their GAG chain with heparin-binding proteins.5 The interaction

of HP with antithrombin III (ATIII), which is responsible for its anticoagulant activity, is the most famous. The

sequence responsible of this interaction is the pentasaccharide 97 (Figure 5 ) and, a wide number of syntheses have
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focused on this ATIII-binding pentasaccharide. 92 These studies allowed a better understanding of HP structure–

activity relationship and resulted in the synthesis of pentasaccharide analog 98 (Figure 5) where hydroxyl groups were

replaced by O-methyl groups and N-sulfo groups replaced by O-sulfo groups.93

In 1999, Sinaÿ et al. reported the synthesis of HP tetrasaccharide and hexasaccharide possessing the regular

repeating unit region of HP, IdoA2S-GlcNS6S.94 Their strategy used 2þ2 and 2þ4 glycosylation reactions with

suitably protected sugars to allow sulfonation at the C2 position of IdoA and C2 and C6 positions of GlcN moieties.

Lay et al. also reported the synthesis of HP-like tetrasaccharides having different sulfonation pattern at the C6 position

of GlcN moieties.95

In 2001, Martin-Lomas et al. described the syntheses of hexasaccharide 99 and octasaccharide 100 structurally

related to the regular region of HP (Scheme 11).96 Their strategy relied on nþ2 glycosylation reactions after the

construction of three suitably designed disaccharide building blocks. Disaccharides donors 101 and 103 were prepared

by glycosylation reactions involving a 2,4-diol IdoA 105 as acceptor. The regioselectivity in favor of the C4 position

most likely resulted from the 1C4 conformation of 105 favored by a strong OH4-O2 hydrogen bond and from the steric

hindrance imposed on OH2 by the bulky DTS group. Acceptor 102 was obtained from 101 by glycosylation with

isopropanol followed by deprotection of the benzylidene acetal and selective benzoylation at the C6 position.

Tetrasaccharide 107 was then synthesized from 101 and 103 after removal of the benzylidene acetal and selective

benzoylation at C6 for further elongation at the nonreducing end C4 position. Glycosylation of 107 with 103 afforded,

after classical deprotection and sulfonation, hexasaccharide 99. Octasaccharide 100 was obtained from 107 by

successive 2þ4 and 2þ6 glycosylation reactions, deprotections, and sulfonation.

Suda et al. have also described the synthesis of di- and trisaccharides analogs of HP regular region.97,98 As the key

disaccharide unit in heparin responsible for binding to platelets was previously identified to be GlcNS6S-IdoA2S and

as they observed that the frequency of this unit was important for the binding potency, they focused their attention on

the synthesis of cluster analogs containing more than one disaccharide unit and studied their platelet-binding

activities by competitive binding assay ( Scheme 12 ).99,100 The construction of the trisaccharide unit 111 was achieved

through classical glycosylation reactions, deprotection, and sulfonation. A D-glucose unit was introduced at the

reducing end as the donor for further reductive amination with aromatic amino groups of linker molecules.101 Indeed,

using sodium cyanoborohydride as the reducing reagent, the reductive amination reaction took place without altering

the sulfated oligosaccharide moiety. The glucose unit also worked as a hydrophilic portion to minimize

any nonspecific hydrophobic interactions between the linker and the target proteins or cells. The potency of

platelet-binding activities was shown to increase with increasing the number of GlcNS6S-IdoA2S unit and thus, the

trimeric assembly 110 showed the highest activity.

A wide variety of modifications of HP sequence has been studied to better understand the structure–activity

relationships.102 The synthesis of HP/HS analogs containing D-GlcA residues in place of L-IdoA has been reported by

a number of research groups.103–106 Of particular interest is the work of Sinaÿ et al. who examined the influence of the

nature of the uronic acid moieties in the pentasaccharide sequence responsible for the HP binding to bFGF.105,106

They synthesized the four possible bFGF-binding pentasaccharides containing different combinations of D-GlcA and

L-IdoA residues. The pentasaccharide containing only IdoA units was found to be the most effective compound to

inhibit the binding of soluble FGF-2 to HP or HS.

Elaboration of synthetic analogs of the HP ATIII binding pentasaccharide is also of great importance and many

studies have been undertaken to improve the anticoagulant and antithrombotic activities of HP oligosaccharide.

Although the anticoagulant activity depends on the presence of unique defined domains of the molecule, many
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nonspecific interactions are mainly correlated with the charge density and the size of the heparin chains. Indeed,

the nonspecific interaction of heparin with platelet factor 4 (PF4) is responsible of heparin-induced-thrombocytopenia

(HIT), the most harmful side effect of current heparinotherapy.107 Thus, to obtain more specific drugs, HP mimetics

possessing the ATIII-binding pentasaccharide but having variable size and charge density were synthesized.

Van Boeckel et al. first described the synthesis of HP mimetics having a noncarbohydrate spacer between

antithrombin-binding domain and thrombin-binding domain.108,109 In 1998, this group also described the synthesis

of an hexadecasaccharide containing a modified DEFGH pentasaccharide, a fully methylated maltose oligosaccharide

as the linker and a polysulfated tetrasaccharide as the thrombin binding domain.110

Petitou et al. then reported the synthesis of hexasaccharides to eicosasaccharides having IdoA-Glc as the repeating

unit where the hydroxyl groups were alkylated and N-sulfo groups replaced by O-sulfo groups to simplify the

synthesis. 111,112 In another approach, they synthesized the heptadecasaccharide 112 where a modified ATIII penta-

saccharide DEFGH was linked, through a neutral hexasaccharide, to a sulfated hexasaccharide, chosen to mimic the

charge density of the HP regular sequence, playing the role of thrombin-binding domain (Scheme 13).113

The galacto epoxide 113 was used as precursor of both donor 114 and 115 . Glycosylation between 114 and 115

afforded, after further transformations, acceptor 116 and donor 117. Successive coupling between 116 and 117

allowed the generation of hexasaccharide 118 which furnished 119 after acetolysis of the 1,6-anhydro ring, acetylation,

anomeric deacetylation, and activation as trichloroacetimidate. Hexasaccharide 120 was obtained using the same

sequence after selective removal of the p-methoxyphenyl protecting group with CAN. Acceptor 121 was then

glycosylated with donor 119 to afford heptasaccharide 122 after deacetylation, methylation, deprotection of

TBDMS group, and benzoylation. Coupling between 122 and 123 , available from previous work, followed by

treatment with CAN gave undecasaccharide acceptor 124 which was coupled with 120 using TBDMSOTf to furnish

the fully protected corresponding heptadecasaccharide. Deprotection of all benzyl and ester groups using H2 Pd/C and

NaOH/MeOH respectively was followed by complete sulfonation of the resulting alcohols with Et3N.SO3 to give the
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target molecule 112 . In vivo , this synthetic oligosaccharide was found to be 5–10 times more potent than standard

heparin. Moreover, while PF4 was able to neutralize thrombin inhibition by heparin, the activity of 112 was not affected

by the presence of a large concentration of this protein. These results demonstrated that well-designed synthetic

substitutes for heparin possessing a full anticoagulant activity but devoided of any nonspecific interaction with platelets

and PF4 can be obtained by synthesis of oligosaccharides having active domains separated by a neutral sequence.

Petitou et al. also reported the synthesis of hexadecasaccharide to eicosasaccharide having a common sequence

(Glc6S) as the linkage region and the thrombin binding domain in order to simplify the synthesis.114 These

oligosaccharides also showed good anticoagulant activity without interacting with PF4.

An alternative approach toward the synthesis of HP/HS oligosaccharides has been recently developed by Boons and

Haller.115–117 This modular approach consisted in the synthesis of a wide range of HS oligosaccharides whereby a set

of properly protected disaccharides building blocks, precursors of the 20 different disaccharide units found in HP/HS,

can easily and repeatedly be used for the construction of a library of sulfated oligosaccharides. In this strategy, the

oxidation of C6 position of glucosides or idosides moieties is performed after the construction of the sugar backbone

and sulfonation to avoid problems associated with the use of uronic acids such as poor glycosyl-donating properties and

C5 epimerization. In this context, the use of a catalytic amount of TEMPO in the presence of sodium hypochloride as

co-oxidant was found to be very efficient and compatible with the sulfonate groups. They demonstrated that six well-

designed monosaccharide building blocks 125–130 can be used in a combinatorial manner for the construction of all

structural elements found in HS (Scheme 14).

Levulinoyl esters are employed as protection for hydroxyl groups that needs sulfonation in the final product and

can be removed in the presence of hydrazine acetate. The C4 hydroxyl, required for extension, is protected as

9-fluorenylmethyl carbonate (Fmoc) that can be easily removed with Et3N without affecting other protecting groups.

An azido group is used as amino-masking functionality and can be selectively reduced for further acetylation or

sulfonation. As a nonparticipating group, azido functionality allows selective a-glycosylation reactions. The anomeric

positions are protected with allyl group that can be efficiently transformed to the hemiacetal, which can be converted

to trichloroacetimidate for further glycosylation. The protection at C-6 position involves TBDPS for the glucosamine

residues to avoid oxidation by TEMPO. For uronic acid residues, benzyl ethers are used and can be selectively
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Scheme 13 (a) i, p-MeOPhOH, AlCl3, 90
�C, 74%; ii, 1M BnONa/BnOH, then 110�C, 94%; iii, MeI, NaH, DMF, 0�C to RT,

97%; iv, CF3CO2H, Ac2O, then BnNH2, Et2O, 96%; v, Cl3CCN, Cs2CO3, CH2Cl2, 98%; (b) i, p-MeOPhOH, AlCl3, 90
�C, 74%;

ii, 1M BnONa/BnOH, then 110�C, 94%; iii, MeI, NaH, DMF, 0�C to RT, 97%; iv, (NH4)2Ce(NO3)6, CH3CN/H2O, 0�C, 94%;

(c) TBDMSOTf, CH2Cl2, �20�C, then H2 Pd/C, t-BuOH/CH2Cl2, then Ac2O, DMAP, Et3N, CH2Cl2, 66%; (d) (NH4)2Ce(NO3)6,

DMF/H2O, 0�C, 84%; (e) i, CF3CO2H, Ac2O, then BnNH2, Et2O, 92%; ii, Cl3CCN, K2CO3, CH2Cl2, 87%; (f) i, TBDMSOTf,
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0�C, 82%; ii, CF3CO2H, Ac2O, then BnNH2, THF, 78%; iii, Cl3CCN, Cs2CO3, CH2Cl2, 88%; (h) i, TBDMSOTf, CH2Cl2,�20�C,
87%; ii, 1M aq. NaOH, MeOH/CH2Cl2, then MeI, NaH, DMF, 0�C, 86%; iii, Bu4NF, THF, 65

�C, 94%; iv, p-MeOBzCl, DMAP,
pyridine, 60�C, 97%; (i) i, NIS, TfOH,CH2Cl2/Et2O,�45�C, 56%; ii, (NH4)2Ce(NO3)6, CH3CN/H2O, 0�C, 84%; (j) i, TBDMSOTf,

CH2Cl2, �20�C, 70%; ii, H2 Pd/C, AcOH, then 5M NaOH, MeOH, then Et3N.SO3, DMF, 55�C, 77%.
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removed before oxidation reactions. Benzyl groups are also used as permanent protections for the secondary alcohols

that will remain unsulfated in the final product. The coupling reactions 125 þ 127, 125 þ 128, 126 þ 127, 126 þ 128

were catalyzed by TMSOTf in 70–85% yields. For exemple, the compound 131 resulting from coupling reaction

between 125 and 128 could be transformed to 132 after removal of the levuloyl group, O-sulfonation at C2,

deprotection of the benzyl, Fmoc and azido groups using palladium-catalyzed hydrogenation, N-sulfonation, oxidation

of the primary hydroxyl group, and deprotection of TBDPS.
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Seeberger et al. also developed a modular approach for the synthesis of HS/HP oligosaccharides.118 Based on six

monosaccharide building blocks, four differentially protected GlcN, one GlcA, and one IdoA, this approach allowed

the preparation of di- and trisaccharide modules in a fully selective fashion. Interestingly, they also described a new

concept for stereochemical control of the glycosylation reaction. Indeed, while 1!2-trans-glycosidic linkages are

relatively easy to install by virtue of a C2 participating group, 1!2-cis-glycosidic linkages are generally more difficult

to obtain since anchimeric assistance cannot be exploited.23 They observed that glycosylation of IdoA acceptors with

glucosamine donors (trichloroacetimidates or fluorides) led specifically to the a-glycosidic linkage while using GlcA as

acceptor led to poor a-selectivities. These results were explained in terms of preferred conformations of the

uronic acid moieties. Glucuronic acid preferentially adopts a 4C1 conformation and, in contrast, iduronic acid adopts

either a 1C4 conformation or a skewed boat 2S0 conformation depending upon the substituents on the ring.119,120

Based on these observations, they introduced a conformational constraint into uronic acid acceptors to control the

stereochemistry of the glycosylation reaction. A 1,2-acetal group introduced in glucuronic acid was found to force the
1C4 conformation, as revealed by the low J4,5 coupling constant obtained in 1H NMR (Scheme 15). These 1,2-acetal

locked uronic acids 133–136 were then involved in glycosylations with glucosamine donors (137–141) and afforded

stereospecifically the a-linked corresponding disaccharides in 77–92% yield.

Solid-phase synthesis has proved its efficiency in peptide and oligonucleotide synthesis could be similarly important

to the field of oligosaccharide chemistry.121,122 Solid-phase synthesis greatly simplifies procedures, allowing removal of

excess reagents by washing the resin and minimizing the number of purification steps. Both the donor-bound

glycosylation strategy123,124 and the acceptor-bound glycosylation strategy121 have been reported but the second

approach is usually preferred because in most glycosylation reactions, better results are obtained when the donor is

used in excess amount. In 2004, Martin-Lomas et al. described the synthesis of heparin-like oligosaccharides on

polymer supports using an acceptor-bound glycosylation strategy.125 A well-protected disaccharide, precursor of HP

regular region, was attached to a resin and transformed to an acceptor. Elongation by successive glycosylation reactions

involving a disaccharide donor was then accomplished in the presence of TMSOTf. At the end of the elongation step,

the oligosaccharide was removed from the resin using hydrazine acetate.

More recently, Seeberger et al. used solid-phase synthesis to prepare heparin oligosaccharides in a microarray format

and studied their interaction with FGF-1 and FGF-2 proteins.126
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1.18.2.3.2 Chemoenzymatic synthesis
The biosynthesis of DS and HP/HS involves a wide number of enzymes such as polymerases, N-deacetylase

N-sulfotransferases, O-sulfotransferases, and C5 epimerases.6,7 The biosynthesis of heparan sulfate backbone in

vertebrates needs HS copolymerase, which is believed to be a complex of EXT1 and EXT2 proteins because

mutational defects in EXT1 and EXT2 result in hereditary multiple exostoses (HMEs).127,128 The EXT family is

composed of three others members, EXTL1-3 (EXT-like 1-3), that express glycosyltransferase activities in relation

with HS biosynthesis. However, their role in HS elongation in vivo remains unclear. GAGs are also produced by a few

clever microbes which use it to avoid antibody response from the host. During the last decade, enzymes responsible

for the biosynthesis of the heparan backbone in vertebrates and microbes have been cloned, expressed, and used to

generate heparin-type oligosaccharides and polysaccharides.128–131

In 2003, Rosenberg et al. described the chemoenzymatic synthesis of classical and nonclassical anticoagulant HS

polysaccharides using N-acetylheparosan as starting material.132 First, N-deacetylation was accomplished via hydra-

zinolysis or alkaline treatment with 2M NaOH. The resulting free amino groups were then selectively sulfonated in

the presence of trimethylamine sulfur trioxide complex. After that, treatment with glucuronyl C5 epimerase promoted

inversion of the stereochemical configuration at the C5 position of many GlcA along the chain. As this epimerization

proceeds only at GlcA located at the reducing side of N-sulfonated glucosamine residues and only with uronic acid that

are neither O-sulfonated nor adjacent to O-sulfo glucosamine residues,133 this step was carried out before any further

modifications with sulfotransferases. The ratio of IdoA to GlcA was estimated to be �85/15. The 2-O-sulfonation of

the newly generated IdoA residues was then accomplished with 2-OST1 in the presence of PAPS and was followed by

6-O-sulfonation promoted by 6-OST1 or 6-OST2a. Finally, treatment of the resulting polysaccharide with 3-OST1,

which is active on glucosamine residues located between a GlcA (at the nonreducing side) and an IdoA residue (at the

reducing side), afforded the target polysaccharide having the ATIII-binding structure. Using the same approach, they

synthesized a nonclassical ATIII-binding polysaccharide lacking the sulfate group in the C2 position of the IdoA

residues. This nonclassical polysaccharide, called mitrin,134 acts as an anticoagulant while reducing the risk of HIT, in

which the IdoA2S residue is a key component.135

In a similar approach, Lindahl et al. described the chemoenzymatic synthesis of neoheparin oligosaccharides by

sequential modification of K5 capsular polysaccharide from E. coli.136 Their strategy relied on selective solvolytic

O-desulfonation after chemical per-O-sulfonation.137 The heparosan polysaccharide was first N-deacetylated and

N-sulfated using NDSTand �60% of GlcA residues were transformed to IdoA by treatment with C5 epimerase. The

resulting polysaccharide was then per-O-sulfonated using pyridine. SO3 adduct and selectively de-O-sulfonated by

solvolysis in DMSO/MeOH 9/1 followed by re-O-sulfonation in C6 position of the glucosamine residues and re-N-

sulfonation. The neoheparin thus obtained contained approximately 60% of the IdoA residues that are 2-O-sulfonated

and 50% of GlcN units that are 3-O-sulfonated. In contrast to IdoA, on GlcA residues the 2-de-O-sulfonation was

favored leading to a major proportion of GlcA3S. Neoheparin was found to possess saccharide sequences that bind AT

as avidly as authentic high-affinity heparin and showed antifactor Xa and IIa anticoagulant activities as well as

antithrombotic activity similar to that of commercial LMWH.
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More recently, Linhardt et al. described the chemoenzymatic redesigning of heparin for the synthesis of

multimilligram quantity of heparan sulfate having three distinct biological activities, associated with binding

to antithrombin (AT), fibroblast growth factor-2 (FGF2) and herpes simplex virus (HSV) envelope glycoprotein

D (gD) (Scheme 16).138 Heparin was first chemically desulfonated by treatment with DMSO/MeOH and

re-N-sulfonated using sulfur trioxide–pyridine complex. The desulfonated N-sulfonated heparin (DSNSHeparin)

thus obtained was then selectively sulfated using sulfotransferases (2-OST, 6-OST, 3-OST1 and 3-OST3) immobilized

on agarose. These enzymes were shown to be reusable and the sulfated polysaccharides products could be separated

from the immobilized enzymes by simple washing of the beads with 1M NaCl. A system previously reported by

Burkhart et al. was used for the regeneration of PAPS in the enzymatic catalyzed sulfonation reactions.139

The binding of the synthesized polysaccharides to AT and FGF2 were determined by surface plasmon resonance

(SPR). Compound 146 was found to bind to AT in the range of nanomolar, very similar to heparin and compounds

145a and 145b were found to have binding affinity to FGF2 at a Kd of 35nM. Immunoprecipitation showed that 12%

of polysaccharide 147 , generated by incubation of polysaccharide 145 with immobilized enzyme 3-O ST3, bind to

glycoprotein D of HSV. Thus, this study clearly demonstrated that HS with specific biological activities can be

synthesized by subjecting an HS backbone polymer to selective enzymatic sulfonations and is in agreement with a

sulfation code in GAG biology.22,140

The Linhardt group also recently reported the chemoenzymatic synthesis of heparin related polysaccharides on

sensor chips for a rapid screening of heparin–protein interactions.141 A library of heparin-like polysaccharides was

prepared by immobilizing a biotinylated N-sulfoheparosan (chemically prepared by N-deacetylation of heparosan

using 2M NaOH, biotinylation with sulfo-NHS-LC-biotin,142 and N-sulfonation in the presence of Me3N.SO3) on

sensor chip followed by selective enzyme catalyzed modifications (C5 epimerization, 2-, 3-, and/or 6-O-sulfonation).

SPR was used to quantify the interaction of each synthesized polysaccharides with ATIII and afforded structural

information on sulfo groups required for this interaction. The fully modified polysaccharide, N-sulfoheparosan treated

successively by C5 epimerase, 2-OST, 6-OST1, and 3-OST1, is structurally related to heparin and showed the better

affinity with ATIII. This method allows the rapid screening of the interaction of a library of polysaccharides with a

protein and will be used to study other HP–protein interactions.

Only a few chemoenzymatic syntheses of dermatan sulfate oligosaccharides have been reported. Keiichi and

Keinosuke synthesized hybrids containing L-IdoA-D-GalN disaccharides using testicular hyaluronidase.143 Although

testicular hyaluronidase did not use the disaccharide unit derived from DS, L-IdoA-D-GalN4S, as substrate, the

unsulfated analog could be transferred to oligosaccharides having a D-GlcA at their non-reducing end.

Linhardt et al. also reported the chemoenzymatic preparation of DS oligosaccharides by partial depolymerization of

dermatan sulfate with chondroitin ABC lyases.144 The formation of an unsaturated disulfated tetrasaccharide was

observed and was followed by selective removal of the unsaturated uronic acid unit at the nonreducing end by

treatment with mercuric acetate. The resulting disulfated trisaccharide, GalNAc4Sb1!4IdoAa1!3GalNAc4S,

was then selectively 4-O-desulfonated at the nonreducing end galactosamine unit using arylsulfatase B. The resulting

N-acetylgalactosamine unit could be selectively removed in the presence of N-acetylhexosaminidase to afford a

monosulfated disaccharide that was subsequently cleaved using a mammalian iduronidase. All the intermediate

oligosaccharides were fluorescently labeled by reductive amination with 2-aminoacridone (AMAC) for analysis of

products by electrophoresis.
1.18.2.3.3 Enzymatic synthesis
Recently, Kusche-Gullberg et al. and Sugahara et al. have reported the in vitro synthesis of HS polysaccharides

using a truncated recombinant soluble enzyme expressed by transfection of EXT1/2 and UDP-GlcNAc and

UDP-GlcA as sugar sources.128,129 Kusche-Gullberg et al. compared the efficiency of recombinant soluble EXT1,

EXT2, and EXT1/2 complex in elongation of exogenous oligosaccharides acceptors derived from E. coli K5 capsular

polysaccharide. EXT1 and EXT1/2 both showed polymerase activity and were able to elongate acceptors having a

GlcA (10-mer) or a GlcNAc (11-mer) at the nonreducing end. However, though EXT1 was shown to catalyze the

incorporation of GlcNAc and GlcA residues with similar efficiency, in EXT1/2 complex-catalyzed polymerization

reactions, GlcA residues were incorporated more efficiently than GlcNAc units. Thus, EXT1-catalyzed polymeriza-

tions gave even- and odd-numbered products in similar proportions and EXT1/2 catalyzed reactions gave mainly

even-numbered oligosaccharides (Figure 6). In contrast, EXT2 was only able to catalyze the addition of one GlcA unit

and showed no GlcNAc transferase activity. When singly expressed EXT1 and EXT2 were combined in equal

amounts, adsorbed to anti-FLAG agarose and incubated with 10-mer and 11-mer, the proportions of the resultant
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Figure 6 Restricted polymerization by recombinant EXT1 (a) and EXT1/2 complex (b).
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oligomers resembled that of EXT1 alone. This indicated that the catalytic activity of EXT1/2 was due to complex

formation of the two proteins.

Sugahara et al. studied the elongation of the recombinant glypican-1 core protein and a synthetic linkage region

analog (GlcA-Gal-O-C2H4NH-benzyloxycarbonyl).129 Recombinant soluble enzymes expressed by co-transfection of

EXT1 and EXT2 were able to polymerize the heparan backbone with average molecular weights >1.7�105.

Truncated forms (devoid of the transmembrane and cytoplasmic region) of EXT1 and EXT2 were expressed because

a previous work suggested that truncated forms of EXT1 and EXT2 are sufficient for complex formation.145 First,

N-acetylheparosan was used as acceptor substrate for the co-expressed truncated soluble forms of EXT1 and EXT2

but only a few numbers of sugar units were incorporated at the nonreducing end. Then, since it was reported that

concurrent N-deacetylase/N-sulfotransferase reactions enhanced the polymerization of heparin chains,146 partially N-

sulfo derivatives of the K5 oligosaccharides were evaluated as acceptors but did not show better efficiency. The

authors suggested that polymerization reactions require acceptor core proteins and tested a synthetic linkage region

analog (GlcAb1!3Galb1-O-C2H4NHCbz) and glypican 1. In both cases, chain polymerization occurred, leading to the

formation of polymers having molecular weight of 98 600 and 28 600, respectively. a-Thrombomodulin and the linkage

region tetrasaccharide–hexapeptide GlcA-Gal-Gal-Xyl-Ser-Gly-Trp-Pro-Asp-Gly also showed good activity as accep-

tors and the results altogether are consistent with the notion that a certain hydrophobic sequence peptide sequence is

required for the chain initiation and polymerization. No polymerization was observed on any acceptor tested by using

only one of the soluble forms of EXT1 or EXT2 or by using a mixture of separately expressed soluble forms of EXT1

and EXT2.

In 2002, DeAngelis et al. identified and cloned from P. multocida type D a heparosan synthase, a dual-action

glycosyltransferase responsible for polymerizing the heparosan backbone component of the type D capsular polysac-

charide.130 The recombinant E. coli-derived P. multocida heparosan synthase ( pmHS1) catalyzed the polymerization

of the monosaccharides from UDP-GlcNAc and UDP-GlcA and no other structurally related sugar nucleotides

were used as donor by the enzyme. Although the presence of a starting polymer acceptor was not necessary to

observe the polymerization reaction, it was found to stimulate about 7–25-fold the synthase activity allowing the

production of heparosan-type polymers composed of �500–3000 sugar residues. More recently, DeAngelis and White

identified a new heparosan synthase ( pmHS2) from P. multocida types A, D, and F, encoded by the gene hssB.131

As P. multocida types A and F were previously found to possess hyaluronan ( pmHAS) and chondroitin ( pmCS)

synthases, respectively,67,147 the authors suggested that type A and F organisms utilize either the capsule locus

synthase gene (encoding pmHAS and pmCS, respectively) or the hssB gene to produce their camouflage, depending

on environmental conditions or stage of infection. From a synthetic point of view, the pmHS2 enzyme was not

stimulated greatly by the addition of an exogenously supplied polymer acceptor and yielded smaller molecular-

weight-product size distributions.

One of the more elegant application of enzymatic synthesis of HS oligosaccharides was reported in 2003 by

Rosenberg et al. and describe the preparation of ATIII-binding pentasaccharide (Figure 7).148 N-acetylheparosan

150 was harvested from E. coli K5 bacterial cells and further modified by sequential enzyme-catalyzed transforma-

tions. N-Deacetylation followed by N-sulfonation was accomplished using N-deacetylase N-sulfotransferase

2 (NDST2) in the presence of PAPS. Next, polysaccharide 151 was treated with heparitinase I, resulting in a mixture

of oligosaccharides of different sizes that were purified to homogeneity by preparative HPLC. Hexasaccharide 152

thus obtained was then subjected to treatment with C5 epimerase and 2-O-sulfotransferase 1 (2-OST1) to prepare
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hexasaccharide 153. Fortunately, the C5 epimerase can only act on a GlcA unit flanked by N-sulfoglucosamine re-

sidues.133 2-OST1 preferentially promote the sulfonation of IdoA located at the reducing side of N-sulfoglucosamine

residue. 149 Thus, after epimerization, preferential sulfonation occurs on the newly generated IdoA and lead to the

formation of hexasaccharide 153. Then, selective 6-O-sulfonation of two glucosamine units, located at
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the nonreducing end and in the middle of the hexasaccharide, was accomplished in the presence of 6-OST1 and

6-OST2a.150 Removal of the unsaturated uronic acid residue at the non-reducing end by treatment with D4,5-

glycuronidase afforded pentasaccharide 155 in quantitative yield. The last step, involving the 3-O-sulfonation of

the central glucosamine unit was accomplished by treatment with 3-OST1 and allowed the generation of ATIII-

binding pentasaccharide. This enzymatic approach generated the ATIII-binding pentasaccharide in six steps with an

overall yield of �1.1%, at least twofold better than for the chemical approach.

The enzymatic preparation of dermatan sulfate oligosaccharides and polysaccharides has been less studied.

Habuchi et al. have reported the enzymatic synthesis of oversulfated DS by sulfonation of dermatan sulfate using

GalNAc4S-6-OST in the presence of PAPS.73,151 Recently, Lauder et al. characterized oligosaccharides obtained by

enzymatic degradation of chondroitin and dermatan sulfate using NMR spectroscopy.152
1.18.3 Conclusions and Future Prospects

The ability of GAGs to regulate a wide number of biological processes is only beginning to be understood at a

molecular level. In this context, the synthesis of well-defined GAG oligosaccharides is essential. The arsenal of

methodologies developed in synthetic organic chemistry over the past century has allowed the preparation of

important targets. However, the number of steps involving selective protection/deprotection sequences and the

stereoselectivity of the critical glycosylation reactions still remains problematic. Enzymatic and chemoenzymatic

syntheses are an area of growing interest. Mutant synthases form P. multocida (pmHAS, pmCS, pmHS1, and pmHS2)

allowing the in vitro synthesis of HA, CS, and HS oligosaccharide backbones has been studied by DeAngelis and are

able to polymerize appropriate UDP-sugar nucleotides (UDP-GlcA and UDP-GlcNAc or UDP-GalNAc). A wide

number of enzymes involved in the modification (N-sulfonation, O-sulfonation, C5 epimerization) of theses oligosac-

charide backbones have also been identified and used for the synthesis of well-defined sulfated oligosaccharides and

polysaccharides. As a representative example, the enzymatic synthesis of ATIII-binding pentasaccharide has been

described in six steps (�60 for the chemical approach) with an overall yield of 1.1% (<0.5% for the chemical

approach). In the near future, the strength of enzymatic (regioselectivity and stereoselectivity) and chemical (access

to nonnatural structures) strategies might be combined to generate well-defined GAG oligosaccharides, leading to a

better understanding of their biological roles. Ultimately, one might also imagine the controlled synthesis of recombi-

nant sulfated GAG polysaccharides in a metabolically engineered bacteria having all the appropriate enzymes, the

sugar donors (UDP-sugars) and the sulfate donor (PAPS). GAGs with unnatural structures might also be made using

such an approach by exploring the use of unnatural sugar donors.
Glossary

decorin Member of the leucine-rich repeat (LRR) protein family composed of a 36.5kDa core protein substituted with one

glycosaminoglycan chain on an N-terminal Ser-Gly site.

fibroblast growth factors (FGFs) Group of growth factors that act on the fibroblast within the body. Fibroblasts are basic

building blocks of fibrous tissue, including the brain, nervous system, eye, blood vessels, heart, stomach, skin, liver, kidney,

muscle, and bone. In fact, most cells within these organs possess receptors for FGF and therefore are susceptible to its biological

effect.

glypican Family of heparan sulfate proteoglycans which are anchored to cell membranes by a glycosylphosphatidylinositol

(GPI) linkage.

platelets Cells in the blood that help it to clot.

syndecan Family of transmembrane heparan sulfate proteoglycans which are implicated in the binding of extracellular matrix

components and growth factors. Syndecans bind a variety of molecules via their heparan sulfate chains and can act as receptors or

as co-receptors.

thrombocytopenia Any disorder in which there are not enough platelets.
References

1. Karst, N. A.; Linhardt, R. J. Curr. Med. Chem. 2003, 10, 1993–2031.

2. Funderburgh, J. L. Glycobiology 2000, 10, 951–958.

3. Funderburgh, J. L. IUBMB Life 2002, 54, 187–194.

4. Krusius, T.; Finne, J.; Margolis, R. K.; Margolis, R. U. J. Biol. Chem. 1986, 261, 8237–8242.



742 Synthesis of Glycosaminoglycans and Their Oligosaccharides
5. Capila, I.; Linhardt, R. J. Angew. Chem., Int. Ed. 2002, 41, 390–412.

6. Kusche-Gullberg, M.; Kjellen, L. Curr. Opin. Struct. Biol. 2003, 13, 605–611.

7. Sugahara, K.; Kitagawa, H. Curr. Opin. Struct. Biol. 2000, 10, 518–527.

8. Esko, J. D.; Selleck, S. B. Annu. Rev. Biochem. 2002, 71, 435–471.

9. Bodevin-Authelet, S.; Kusche-Gullberg, M.; Pummill, P. E.; DeAngelis, P. L.; Lindahl, U. J. Biol. Chem. 2005, 280, 8813–8818.

10. Stoolmiller, A. C.; Dorfman, A. J. Biol. Chem. 1969, 244, 236–246.

11. Prehm, P. Biochem. J. 1983, 211, 181–189.

12. Sasisekharan, R.; Shriver, Z.; Venkataraman, G.; Narayanasami, U. Nat. Rev. Cancer 2002, 2, 521–528.

13. Lever, R.; Smailbegovic, A.; Page, C. Inflammopharmacology 2001, 9, 165–169.

14. Jackson, R. L.; Busch, S. J.; Cardin, A. D. Physiol. Rev. 1991, 71, 481–539.

15. Esko, J. D. Essentials of Glycobiology 1999, 441–453.

16. Linhardt, R. J.; Toida, T. Acc. Chem. Res. 2004, 37, 431–438.

17. Raman, R.; Sasisekharan, V.; Sasisekharan, R. Chem. Biol. 2005, 12, 267–277.

18. Hook, M.; Kjellen, L.; Johansson, S. Ann. Rev. Biochem. 1984, 53, 847–869.

19. Baldwin, H. S.; Lloyd, T. R.; Solursh, M. Cir. Res. 1994, 74, 244–252.

20. Campadelli-Fiume, G.; Cocchi, F.; Menotti, L.; Lopez, M. Rev. Med. Virol. 2000, 10, 305–319.

21. Rider, C. C. Glycoconj. J. 1997, 14, 639–642.

22. Gama, C. I.; Hsieh-Wilson, L. C. Curr. Opin. Chem. Biol. 2005, 9, 609–619.

23. Demchenko, A. V. Synlett 2003, 1225–1240.

24. Demchenko, A. V. Curr. Org. Chem. 2003, 7, 35–79.

25. Kobayashi, M.; Yamazaki, F.; Ito, Y.; Ogawa, T. Carbohydr. Res. 1990, 201, 51–67.

26. Akama Tomoya, O.; Misra Anup, K.; Hindsgaul, O.; Fukuda Michiko, N. J. Biol. Chem. 2002, 277, 42505–42513.

27. Nakazawa, K.; Suzuki, S. J. Biol. Chem. 1975, 250, 912–917.

28. Slaghek, T.; Nakahara, Y.; Ogawa, T. Tetrahedron Lett. 1992, 33, 4971–4974.

29. Slaghek, T. M.; Hypponen, T. K.; Ogawa, T.; Kamerling, J. P.; Vliegenthart, J. F. G. Tetrahedron: Asymmetry 1994, 5, 2291–2301.

30. Blatter, G.; Jacquinet, J. C. Carbohydr. Res. 1996, 288, 109–125.

31. Yeung, B. K. S.; Hill, D. C.; Janicka, M.; Petillo, P. A. Org. Lett. 2000, 2, 1279–1282.

32. Slaghek, T. M.; Hyppoenen, T. K.; Ogawa, T.; Kamerling, J. P.; Vliegenthart, F. G. Tetrahedron Lett. 1993, 34, 7939–7942.

33. Carter, M. B.; Petillo, P. A.; Anderson, L.; Lerner, L. E. Carbohydr. Res. 1994, 258, 299–306.

34. Halkes, K. M.; Slaghek, T. M.; Hypponen, T. K.; Kruiskamp, P. H.; Ogawa, T.; Kamerling, J. P.; Vliegenthart, J. F. G. Carbohydr. Res. 1998, 309,

161–174.

35. Corey, E. J.; Samuelsson, B. J. Org. Chem. 1984, 49, 4735.

36. Adamski-Werner, S. L.; Yeung, B. K. S.; Miller-Deist, L. A.; Petillo, P. A. Carbohydr. Res. 2004, 339, 1255–1262.

37. Lemieux, R. U.; Ratcliffe, R. M. Can. J. Chem. 1979, 57, 1244–1251.

38. Coutant, C.; Jacquinet, J.-C. J. Chem. Soc., Perkin Trans. 1: Org. Bio-Org. Chem. 1995, 1573–1581.

39. Tamura, J.; Neumann, K. W.; Kurono, S.; Ogawa, T. Carbohydr. Res. 1998, 305, 43–63.

40. Jacquinet, J. C.; Rochepeau-Jobron, L.; Combal, J. P. Carbohydr. Res. 1998, 314, 283–288.

41. Belot, F.; Jacquinet, J.-C. Carbohydr. Res. 2000, 326, 88–97.

42. Karst, N.; Jacquinet, J.-C. J. Chem. Soc., Perkin Trans. 2000, 2709–2717.

43. Karst, N.; Jacquinet, J.-C. Eur. J. Org. Chem. 2002, 815–825.

44. Kobayashi, S.; Morii, H.; Itoh, R.; Kimura, S.; Ohmae, M. J. Am. Chem. Soc. 2001, 123, 11825–11826.

45. Kobayashi, S.; Itoh, R.; Morii, H.; Fujikawa, S.-i.; Kimura, S.; Ohmae, M. J. Polym. Sci., A: Polym. Chem. 2003, 41, 3541–3548.

46. Kobayashi, S.; Ohmae, M.; Fujikawa, S.-i.; Ochiai, H. Macromol. Symp. 2005, 226, 147–156.

47. Fujikawa, S.; Ohmae, M.; Kobayashi, S. Biomacromolecules 2005, 6, 2935–2942.

48. Saitoh, H.; Takagaki, K.; Majima, M.; Nakamura, T.; Matsuki, A.; Kasai, M.; Narita, H.; Endo, M. J. Biol. Chem. 1995, 270, 3741–3747.

49. Fieber, C.; Baumann, P.; Vallon, R.; Termeer, C.; Simon, J. C.; Hofmann, M.; Angel, P.; Herrlich, P.; Sleeman, J. P. J. Cell Sci. 2004, 117,

359–367.

50. Termeer, C. C.; Hennies, J.; Voith, U.; Ahrens, T.; Weiss, J. M.; Prehm, P.; Simon, J. C. J. Immunol. (Baltimore, MD: 1950) 2000, 165, 1863–1870.

51. McKee, C. M.; Penno, M. B.; Cowman, M.; Burdick, M. D.; Strieter, R. M.; Bao, C.; Noble, P. W. J. Clin. Invest. 1996, 98, 2403–2413.

52. DeAngelis, P. L.; Papaconstantinou, J.; Weigel, P. H. J. Biol. Chem. 1993, 268, 19181–19184.

53. DeAngelis, P. L. Glycobiology 2002, 12, 9R–16R.

54. DeAngelis, P. L.; Weigel, P. H. Biochemistry 1994, 33, 9033–9039.

55. DeAngelis, P. L.; Jing, W.; Drake, R. R.; Achyuthan, A. M. J. Biol. Chem. 1998, 273, 8454–8458.

56. Spicer, A. P.; Augustine, M. L.; McDonald, J. A. J. Biol. Chem. 1996, 271, 23400–23406.

57. Kumari, K.; Weigel, P. H. J. Biol. Chem. 1997, 272, 32539–32546.

58. Weigel Paul, H. IUBMB Life 2002, 54, 201–211.

59. DeAngelis, P. L.; Papaconstantinou, J.; Weigel, P. H. J. Biol. Chem. 1993, 268, 14568–14571.

60. DeAngelis, P. L.; Oatman, L. C.; Gay D. F. J. Biol. Chem. 2003, 278, 35199–35203.

61. DeAngelis, P. L. Cell. Mol. Life Sci.: CMLS 1999, 56, 670–682.

62. Weigel, P. H.; Hascall, V. C.; Tammi, M. J. Biol. Chem. 1997, 272, 13997–14000.

63. De Luca, C.; Lansing, M.; Martini, I.; Crescenzi, F.; Shen, G.-J.; O’Regan, M.; Wong, C.-H. J. Am. Chem. Soc. 1995, 117, 5869–5870.

64. Jing, W.; DeAngelis P. L. J. Biol. Chem. 2004, 279, 42345–42349.

65. Williams, K. J.; Halkes, K. M.; Kamerling, J. P.; DeAngelis, P. L. J. Biol. Chem. 2006, 281, 5391–5397.

66. DeAngelis, P. L.; Padgett-McCue, A. J. J. Biol. Chem. 2000, 275, 24124–24129.

67. Jing, W.; DeAngelis P. L. Glycobiology 2003, 13, 661–671.

68. Kitagawa, H.; Uyama, T.; Sugahara, K. J. Biol. Chem. 2001, 276, 38721–38726.

69. Kitagawa, H.; Izumikawa, T.; Uyama, T.; Sugahara, K. J. Biol. Chem. 2003, 278, 23666–23671.

70. Ninomiya, T.; Sugiura, N.; Tawada, A.; Sugimoto, K.; Watanabe, H.; Kimata, K. J. Biol. Chem. 2002, 277, 21567–21575.

71. Yada, T.; Gotoh, M.; Sato, T.; Shionyu, M.; Go, M.; Kaseyama, H.; Iwasaki, H.; Kikuchi, N.; Kwon, Y. D.; Togayachi, A.; et al. J. Biol. Chem.

2003, 278, 30235–30247.



Synthesis of Glycosaminoglycans and Their Oligosaccharides 743
72. Yada, T.; Sato, T.; Kaseyama, H.; Gotoh, M.; Iwasaki, H.; Kikuchi, N.; Kwon, Y. D.; Togayachi, A.; Kudo, T.; Watanabe, H.; et al. J. Biol. Chem.

2003, 278, 39711–39725.

73. Habuchi, O.; Moroi, R.; Ohtake, S. Anal. Biochem. 2002, 310, 129–136.

74. Chiba, T.; Sinay, P. Carbohydr. Res. 1986, 151, 379–389.

75. Bazin, H. G.; Kerns, R. J.; Linhardt, R. J. Tetrahedron Lett. 1997, 38, 923–926.

76. Lubineau, A.; Gavard, O.; Alais, J.; Bonnaffe, D. Tetrahedron Lett. 2000, 41, 307–311.

77. Vlahov, I. R.; Linhardt, R. J. Tetrahedron Lett. 1995, 36, 8379–8382.

78. Schell, P.; Orgueira, H. A.; Roehrig, S.; Seeberger, P. H. Tetrahedron Lett. 2001, 42, 3811–3814.

79. Chiba, T.; Jacquinet, J. C.; Sinay, P.; Petitou, M.; Choay, J. Carbohydr. Res. 1988, 174, 253–264.

80. Rochepeau-Jobron, L.; Jacquinet, J.-C. Carbohydr. Res. 1997, 303, 395–406.

81. Barroca, N.; Jacquinet, J. C. Carbohydr. Res. 2000, 329, 667–679.

82. Van Boeckel, C. A. A.; Beetz, T.; Vos, J. N.; De Jong, A. J. M.; Van Aelst, S. F.; Van den Bosch, R. H.; Mertens, J. M. R.; Van der Vlugt, F. A.

J. Carbohydr. Chem. 1985, 4, 293–321.

83. Marra, A.; Dong, X.; Petitou, M.; Sinay, P. Carbohydr. Res. 1989, 195, 39–50.

84. Tabeur, C.; Machetto, F.; Mallet, J.-M.; Duchaussoy, P.; Petitou, M.; Sinay, P. Carbohydr. Res. 1996, 281, 253–276.

85. Rochepeau-Jobron, L.; Jacquinet, J.-C. Carbohydr. Res. 1998, 305, 181–191.

86. Goto, F.; Ogawa, T. Bioorg. Med. Chem. Lett. 1994, 4, 919–924.

87. Bourhis, P.; Machetto, F.; Duchaussoy, P.; Herault, J. P.; Mallet, J.-M.; Herbert, J. M.; Petitou, M.; Sinay, P. Bioorg. Med. Chem. Lett. 1997, 7,

2843–2846.

88. Barroca, N.; Jacquinet, J.-C. Carbohydr. Res. 2002, 337, 673–689.

89. Magaud, D.; Grandjean, C.; Doutheau, A.; Anker, D.; Shevchik, V.; Cotte-Pattat, N.; Robert-Baudouy, J. Carbohydr. Res. 1998, 314, 189–199.

90. Neumann, K. W.; Tamura, J.; Ogawa, T. Bioorg. Med. Chem. 1995, 3, 1637–1650.

91. Karst, N. A.; Islam, T. F.; Linhardt, R. J. Org. Lett. 2003, 5, 4839–4842.

92. van Boeckel, C. A. A.; Petitou, M. Angew. Chem. 1993, 105, 1741–1761(see also Angew. Chem., Int. Ed. Engl. 1993, 1732(1712), 1671–1790).

93. Westerduin, P.; van Boeckel, C. A. A.; Basten, J. E. M.; Broekhoven, M. A.; Lucas, H.; Rood, A.; van der Heijden, H.; van Amsterdam, R. G.M.;

van Dinther, T. G.; Meuleman, D. G. Bioorg. Med. Chem. 1994, 2, 1267–1280.

94. Tabeur, C.; Mallet, J. M.; Bono, F.; Herbert, J. M.; Petitou, M.; Sinay, P. Bioorg. Med. Chem. 1999, 7, 2003–2012.

95. Poletti, L.; Fleischer, M.; Vogel, C.; Guerrini, M.; Torri, G.; Lay, L. Eur. J. Org. Chem. 2001, 2, 2727–2734.

96. De Paz, J.-L.; Angulo, J.; Lassaletta, J.-M.; Nieto, P. M.; Redondo-Horcajo, M.; Lozano, R. M.; Gimenez-Gallego, G.; Martin-Lomas, M. Chem.

Bio. Chem 2001, 2, 673–685.

97. Suda, Y.; Bird, K.; Shiyama, T.; Koshida, S.; Marques, D.; Fukase, K.; Sobel, M.; Kusumoto, S. Tetrahedron Lett. 1996, 37, 1053–1056.

98. Koshida, S.; Suda, Y.; Sobel, M.; Ormsby, J.; Kusumoto, S. Bioorg. Med. Chem. Lett. 1999, 9, 3127–3132.

99. Koshida, S.; Suda, Y.; Fukui, Y.; Ormsby, J.; Sobel, M.; Kusumoto, S. Tetrahedron Lett. 1999, 40, 5725–5728.

100. Koshida, S.; Suda, Y.; Sobel, M.; Kusumoto, S. Tetrahedron Lett. 2001, 42, 1289–1292.

101. Koshida, S.; Suda, Y.; Arano, A.; Sobel, M.; Kusumoto, S. Tetrahedron Lett. 2001, 42, 1293–1296.

102. Faham, S.; Hileman, R. E.; Fromm, J. R.; Lindhardt, R. J.; Rees, D. C. Science (Washington, DC) 1996, 271, 1116–1120.

103. Westman, J.; Nilsson, M. J. Carbohydr. Chem. 1995, 14, 949–960.

104. Westman, J.; Nilsson, M.; Ornitz, D. M.; Svahn, C.-M. J. Carbohydr. Chem. 1995, 14, 95–113.

105. Kovensky, J.; Duchaussoy, P.; Petitou, M.; Sinay, P. Tetrahedron: Asymmetry 1996, 7, 3119–3128.

106. Kovensky, J.; Duchaussoy, P.; Bono, F.; Salmivirta, M.; Sizun, P.; Herbert, J.-M.; Petitou, M.; Sinay, P. Bioorg. Med. Chem. 1999, 7, 1567–1580.

107. Stuckey, J. A.; St. Charles, R.; Edwards, B. F. Proteins 1992, 14, 277–287.

108. Westerduin, P.; Basten, J. E. M.; Broekhoven, M. A.; de Kimpe, V.; Kuijpers, W. H. A.; van Boeckel, C. A. A. Angew. Chem. Int. Ed. Engl. 1996,

35, 331–333.

109. Buijsman, R. C.; Kuijpers, W. H. A.; Basten, J. E. M.; Kuyl-Yeheskiely, E.; van der Marel, G.; van Boeckel, C. A. A.; van Boom, J. H. Chem. Eur.

J. 1996, 2, 1572–1577.

110. Dreef-Tromp, C. M.; Basten, J. E. M.; Broekhoven, M. A.; Van Dinther, T. G.; Petitou, M.; Van Boeckel, C. A. A. Bioorg. Med. Chem. Lett. 1998,

8, 2081–2086.

111. Petitou, M.; Duchaussoy, P.; Driguez, P.-A.; Jaurand, G.; Herault, J.-P.; Lormeau, J.-C.; Van Boeckel, C. A. A.; Herbert, J.-M. Angew. Chem. Int.

Ed. 1998, 37, 3009–3014.

112. Duchaussoy, P.; Jaurand, G.; Driguez, P. A.; Lederman, I.; Gourvenec, F.; Strassel, J. M.; Sizun, P.; Petitou, M.; Herbert, J. M. Carbohydr. Res.

1999, 317, 63–84.

113. Petitou, M.; Driguez, P.-A.; Duchaussoy, P.; Herault, J.-P.; Lormeau, J.-C.; Herbert, J.-M. Bioorg. Med. Chem. Lett. 1999, 9, 1161–1166.

114. Driguez, P.-A.; Lederman, I.; Strassel, J.-M.; Herbert, J.-M.; Petitou, M. J. Org. Chem. 1999, 64, 9512–9520.

115. Haller, M.; Boons, G.-J. J. Chem. Soc., Perkin Trans. 2001, 1, 814–822.

116. Haller, M. F.; Boons, G.-J. Eur. J. Org. Chem. 2002, 2033–2038.

117. Prabhu, A.; Venot, A.; Boons, G.-J. Org. Lett. 2003, 5, 4975–4978.

118. Orgueira, H. A.; Bartolozzi, A.; Schell, P.; Litjens, R. E. J. N.; Palmacci, E. R.; Seeberger, P. H. Chem. Eur. J. 2003, 9, 140–169.

119. Das, S. K.; Mallet, J.-M.; Esnault, J.; Driguez, P.-A.; Duchaussoy, P.; Sizun, P.; Herault, J.-P.; Herbert, J.-M.; Petitou, M.; Sinay, P. Chem. Eur. J.

2001, 7, 4821–4834.

120. Das, S. K.; Mallet, J.-M.; Esnault, J.; Driguez, P.-A.; Duchaussoy, P.; Sizun, P.; Herault, J.-P.; Herbert, J.-M.; Petitou, M.; Sinay, P. Angew. Chem.

Int. Ed. 2001, 40, 1670–1673.

121. Seeberger, P. H.; Haase, W.-C. Chem. Rev. (Washington, DC) 2000, 100, 4349–4393.

122. Plante, O. J.; Palmacci, E. R.; Seeberger, P. H. Science (Washington, D.C.) 2001, 291, 1523–1527.

123. Danishefsky, S. J.; Bilodeau, M. T. Angew. Chem. Int. Ed. Engl. 1996, 35, 1380–1419.

124. Seeberger, P. H.; Bilodeau, M. T.; Danishefsky, S. J. Aldrichim. Acta 1997, 30, 75–92.

125. Ojeda, R.; Terenti, O.; de Paz, J.-L.; Martin-Lomas, M. Glycoconjugate J. 2004, 21, 179–195.

126. de Paz, J. L.; Noti, C.; Seeberger, P. H. J. Am. Chem. Soc. 2006, 128, 2766–2767.

127. Zak, B. M.; Crawford, B. E.; Esko, J. D. B B A – Gen. Sub. 2002, 1573, 346–355.

128. Busse, M.; Kusche-Gullberg, M. J. Biol. Chem. 2003, 278, 41333–41337.

129. Kim, B. T.; Kitagawa, H.; Tanaka, J.; Tamura, J.; Sugahara, K. J. Biol. Chem. 2003, 278, 41618–41623.



744 Synthesis of Glycosaminoglycans and Their Oligosaccharides
130. DeAngelis, P. L.; White, C. L. J. Biol. Chem. 2002, 277, 7209–7213.

131. DeAngelis, P. L.; White, C. L. J. Bacteriol. 2004, 186, 8529–8532.

132. Kuberan, B.; Beeler David, L.; Lech, M.; Wu Zhengliang, L.; Rosenberg Robert, D. J. Biol. Chem. 2003, 278, 52613–52621.

133. Kusche, M.; Hannesson, H. H.; Lindahl, U. Biochem. J. 1991, 275, 151–158.

134. Kuberan, B.; Beeler, D. L.; Lawrence, R.; Lech, M.; Rosenberg, R. D. J. Am. Chem. Soc. 2003, 125, 12424–12425.

135. Stringer, S. E.; Gallagher, J. T. J. Biol. Chem. 1997, 272, 20508–20514.

136. Lindahl, U.; Li, J.-P.; Kusche-Gullberg, M.; Salmivirta, M.; Alaranta, S.; Veromaa, T.; Emeis, J.; Roberts, I.; Taylor, C.; Oreste, P.; et al. J. Med.

Chem. 2005, 48, 349–352.

137. Naggi, A.; De Cristofano, B.; Bisio, A.; Torri, G.; Casu, B. Carbohydr. Res. 2001, 336, 283–290.

138. Chen, J.; Avci, F. Y.; Munoz, E. M.; McDowell, L. M.; Chen, M.; Pedersen, L. C.; Zhang, L.; Linhardt, R. J.; Liu, J. J. Biol. Chem. 2005, 280,

42817–42825.

139. Burkart, M. D.; Izumi, M.; Chapman, E.; Lin, C. H.; Wong, C. H. J. Org. Chem. 2000, 65, 5565–5574.

140. Habuchi, H.; Habuchi, O.; Kimata, K. Glycoconjugate J. 2004, 21, 47–52.

141. Munoz, E.; Xu, D.; Avci, F.; Kemp, M.; Liu, J.; Linhardt, R. J. Biochem. Biophys. Res. Commun. 2006, 339, 597–602.

142. Hernaiz, M.; Liu, J.; Rosenberg, R. D.; Linhardt, R. J. Biochem. Biophys. Res. Commun. 2000, 276, 292–297.

143. Keiichi, T.; Keinosuke, I. Trend. Glycosci. Glycotechnol. 2000, 12, 295–306.

144. Dasgupta, F.; Masada, R. I.; Starr, C. M.; Kuberan, B.; Yang, H. O.; Linhardt, R. J. Glycoconj. J. 2000, 17, 829–834.

145. Senay, C.; Lind, T.; Muguruma, K.; Tone, Y.; Kitagawa, H.; Sugahara, K.; Lidholt, K.; Lindahl, U.; Kusche-Gullberg, M. EMBO Rep. 2000, 1,

282–286.

146. Lidholt, K.; Kjellen, L.; Lindahl, U. Biochem. J. 1989, 261, 999–1007.

147. DeAngelis, P. L.; Oatman, L. C.; Gay, D. F. J. Biol. Chem. 2003, 278, 35199–35203.

148. Kuberan, B.; Lech, M. Z.; Beeler, D. L.; Wu, Z. L.; Rosenberg, R. D. Nat. Biotech. 2003, 21, 1343–1346.

149. Rong, J.; Habuchi, H.; Kimata, K.; Lindahl, U.; Kusche-Gullberg, M. Biochemistry 2001, 40, 5548–5555.

150. Habuchi, H.; Tanaka, M.; Habuchi, O.; Yoshida, K.; Suzuki, H.; Ban, K.; Kimata, K. J. Biol. Chem. 2000, 275, 2859–2868.

151. Ito, Y.; Habuchi, O. J. Biol. Chem. 2000, 275, 34728–34736.

152. Huckerby, T. N.; Nieduszynski, I. A.; Giannopoulos, M.; Weeks, S. D.; Sadler, I. H.; Lauder, R. M. FEBS J. 2005, 272, 6276–6286.



Biographical Sketch

Robert J. Linhardt was born in Passaic, NJ (USA),

received his B.S. from Marquette University in 1975

and his M.S. and Ph.D. in 1977 and 1979 from Johns

Hopkins University and did postdoctoral research at

MITwith Professor Robert Langer. He is the recipient

of the Isbell and Hudson Awards in carbohydrate

chemistry from ACS and the AACP Volweiler Award

in pharmaceutical chemistry. He currently is the

Broadbent Professor of chemistry, biology, and chemi-

cal engineering at Rensselaer Polytechnic Institute.

His research areas are glycochemistry, glycobiology,

and glycotechnology.

Michel Weı̈wer was born in Nice (France), studied at

Nice University (UNSA), where he obtained a B.S. in

chemistry in 2000, M.S. in 2002 and his Ph.D. in 2005

under the direction of Dr. Elisabet Dunach. He joined

Professor Linhardt’s group at Rensselaer Polytechnic

Institute in December 2005 as a postdoctoral research-

er. His scientific interests include chemical, chemoen-

zymatic, and enzymatic synthesis of heparin-like

oligosaccharides.

Synthesis of Glycosaminoglycans and Their Oligosaccharides 745



1.19 Synthesis of Glycosylphosphatidylinositol
Derivatives
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1.19.1 Introduction

Glycosylphosphatidylinositol anchors (GPI anchors) constitute a family of glycolipids which are involved in important

biological events and have been a subject of sustained interest for a number of years.1 They serve to attach proteins

and nonprotein glycoconjugates to the outer face of cellular membranes through a covalent linkage providing a stable

association to the lipid bilayer.2–6 They also seem to act as a sorting and targeting signal in some polarized epithelial

cells where GPI-anchored proteins are exclusively transported to the apical surface.7 In addition, they have been

postulated to participate in an intracellular signaling mechanism which seems to operate in the case of insulin and

other growth factors and cytokines.8–16
1.19.1.1 The Structure of GPI Anchors, Free GPIs, and IPGs

Protein GPI anchors present the conserved core structure 6-NHCH2CH2-O3PO-Mana1!2Mana1!6Mana1!
4GlcNa1!6myo-Ins-1-OPO3 -lipid (1, Figure 1), where the GPI-anchored protein is linked through a phosphodiester

linkage to the phosphoethanolamine moiety. This conserved structure may be modified by the presence of

branching groups at different positions.6,17 These branching residues can be additional phosphoethanolamine groups,
747
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carbohydrate side chains, and long-chain fatty acids. They appear located at the specific positions indicated in

Figure 1. The GPIs which serve to attach extracellular nonprotein glycoconjugates to cell membranes, particularly

in the case of protozoa, share the common core structure Mana1!4GlcNa1!6myo-Ins-1-OPO3 -lipid 2.
4,18

In addition to GPI anchors, the existence of free GPIs (GPI-like molecules without anchoring function that do

not seem to be derived from hydrolysis of GPI-anchored proteins or glycoconjugates) has also been described.15,19,20

The structures of some of these free GPIs are much less defined than those of the GPI anchors. They have been

proposed to give rise, after phospholipase cleavage, to inositolphosphoglycans (IPGs) which have been postulated as

second messengers in the insulin intracellular signaling system.8,13,14,21–31 The precise chemical structures of these

IPG mediators and those of their GPI precursors have not been yet elucidated. They do not seem to share the

minimum consensus structure of GPI anchors, Mana1!4GlcNa1!6myo-Ins, though they may at least contain a GlcN

(or GalN)-1!X-myo-(or chiro)-Ins structural motif.28,32–37 Along this chapter the terms IPG or IPG-like molecules will

be used, by extension, to denote delipidated structures derived from GPIs.
1.19.1.2 The Synthesis of GPIs and IPGs

Because of their biological significance, their biomedical interest, and their structural complexity, GPIs have received

a great deal of attention from synthetic chemists. They have been chosen as a target to test methods and strategies in

complex oligosaccharide synthesis, becoming a testing ground for new approaches in stereoselective carbohydrate

coupling. In addition to the stereoselective assembly of the cyclitol-containing glycan chain (pseudopentasaccharide

chain), the presence in the same molecular structure of the cyclitol unit, the carbohydrate side chains, the phospho-

lipid moiety, and the phosphoethanolamine and long-chain fatty acid residues decorating the pseudopentasaccharide

backbone, involves important synthetic challenges.

Since the first complete elucidation of a GPI anchor structure was reported in 1988,1,17 several total syntheses

of naturally occurring protein GPI anchors have been published. Ogawa and Murakata reported the first synthesis

of the GPI anchor of the VSG of Trypanosoma brucei.38–40 The same GPI anchor was later synthesized by Ley and

co-workers.41,42 Schmidt and co-workers synthesized the GPI anchor of Saccharomyces cerevisiae,43,44 in which a

ceramide replaces the diacylglyceryl moiety. The GPI anchor of Thy-1 glycoprotein from rat brain was first synthesized

by Fraser-Reid45–47 and then by Schmidt.48,49 Fraser-Reid50,51 and Seeberger52 have also synthesized Plasmodium

falciparum candidate GPI structures. Guo et al. have reported the synthesis of the GPI anchor of human sperm CD52

glycopeptide,53 the first synthesis of a GPI-linked dipeptide,54 and a GPI-glycopeptide native conjugate.55 Finally,

Vishwakarma et al. have recently reported the synthesis of the GPI anchor of Trypanosoma cruzi IG7 antigen.56

Besides these total syntheses, a variety of partial structures have also been synthesized, some of them with a

considerable structural complexity, as an IPG structure from Toxoplasma gondii reported by Schmidt and co-workers.57
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Some of these partial structures have been prepared in developing methods and strategies as part of total GPI

syntheses. Many others have been synthesized in the frame of biosynthetic studies and in the search for biologically

active molecules, particularly, IPG-like or structurally related compounds as putative insulin mediators and GPI-

protein conjugates as malaria vaccine candidates.

Because of interest in IPG-like compounds as potential insulin mimetics, syntheses of fragment analogs

containing chiro-inositol instead of myo-inositol and galactosamine instead of glucosamine have been described as

well. Since no chiro-inositol and galactosamine containing GPI structures have been unequivocally characterized in

nature to date,35,58–60 the synthesis of these molecules will not be discussed in detail in this chapter. The interested

reader may find the existing literature on the synthesis of chiro-inositol derivatives61–84 and the synthesis of chiro-

inositol-containing IPGs37,85–100 in the reference list at the end of this chapter.

The synthesis of GPI anchors has been previously reviewed. Detailed reviews appeared in 1997 by Gigg and

Gigg,101 and in 2001 by Campbell.16 A short review covering more recent work with a particular emphasis on the

synthesis of GPIs with 2-O-acylated inositol residues and GPIs conjugated to peptides and glycopeptides, by Guo and

Bishop,102 appeared in 2004. The review byGigg and Gigg summarized the early work on the synthesis of GPIs and GPI

fragments by different research groups until 1997. Four years later, the chapter by Campbell already discussed the

synthesis of five complete or nearly complete GPI structures. The present chapter presents and discusses the synthesis

of GPI anchors, IPGs, and structurally related compounds covering the relevant literature until December 2005. As

in the previous reviews, the synthesis of optically active myo-inositol building blocks, the construction of the

GlcNa1!6-myo-Ins fragment, the phosphorylation methodologies, the installation of the phosphate groups, and the

assembly of the glycan chain are discussed following the main disconnections in a retrosynthetic analysis of a GPI

anchor structure.
1.19.2 Retrosynthetic Analysis

Most of the synthetic approaches to GPIs have involved convergent approaches in which the phosphate groups and

the lipid moiety were installed in the last steps of the synthetic process. Therefore, the most frequently used strategies

for the synthesis of GPIs (3) involve disconnection I at the first retrosynthetic level giving rise to a conveniently

protected pseudopentasaccharide core structure 4 in which R, R1 , and R 4 to R7 are the appropriate protecting groups to

reach the desired final structure 3 (Figure 2). This first splitting of the phosphate groups and the lipid moiety is a

consequence of the expected lack of stability of the phosphodiester linkage to the wide variety of experimental

conditions required along the synthetic route, particularly acidic conditions. However, there are examples in the

synthesis of GPI and IPG fragments showing that some phosphate esters can be stable to glycosylation87,89,103,104 and

stronger acidic conditions.105 Even the whole phospholipid moiety, previously installed in a pseudodisaccharide

glycosyl acceptor, has been recently shown to be stable to glycosylation conditions in the synthesis of a complex GPI.53

The synthesis of the glycan moiety 4 has been performed using convergent block synthesis approaches and, less

frequently, step-by-step sequential coupling strategies. Within the pseudopentasaccharide structure 4, the most usual

disconnection II splits the glycan chain between the proximal mannose unit (c unit) and the glucosamine unit (b unit),

leading to pseudodisaccharide 5 (ab fragment) and the trimannose 6 (cde fragment). The ab fragment 5 can in turn be

disconnected to appropriately protected glucosamine 7 (b unit) and cyclitol 8 ( a unit) derivatives. This is a critical

fragment and a key building block in most of the syntheses of GPI anchors and IPG-like compounds reported so far.

The trimannose fragment cde 6, which may contain any side chains present in the target GPI, has been built in

different ways. In the most commonly utilized convergent block synthesis approaches, [ab ] þ [cde ] strategies, the cde

building block 6 is usually prepared through a [ cd ( 8)þ e ( 9)] or [c (11 )þ de (10 )] coupling sequence, primarily

depending on the complexity of the final GPI structure and, therefore, on the pattern of substitution in unit c 11 in

which positions 2 and 3 or 2 and 4, in addition to positions 1 and 6, may have to be differentiated. However, convergent

[abc]þ[de] and [aþbc]þdþe assemblies can also be found in the literature as well as linear abþcþdþe syntheses.

In the following sections, the synthesis of the ab fragment 5 will be considered first (Section 1.19.3). This fragment

represents the conserved structural motif of all partial GPI and IPG-like structures. Since most synthetic IPGs are

phosphorylated pseudodisaccharides or pseudotrisaccharides containing this structural motif, the methodologies

which have been employed for phosphate and phospholipid installation are subsequently reviewed and the synthesis

of some selected partial GPI and IPG structures discussed in Section 1.19.4. Finally, the assembly of the glycan chain

and the total synthesis of major GPI anchor and IPG structures are discussed in Section 1.19.5.
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1.19.3 Synthesis of the ab Fragment

The synthesis of the ab fragment constitutes one of the critical steps in the synthesis of GPIs and GPI derivatives, as it

involves the preparation of a suitably protected optically pure myo-inositol derivative (a unit) and the a-glycosylation
of this unit with a glucosaminyl donor (b unit). The synthesis of the appropriate myo-inositol derivatives is a

challenging task becausemyo-inositol is a symmetrical molecule and most derivatizations lead to a pair of enantiomers.

Additionally, with the exception of the axially oriented hydroxyl group at C2, all other hydroxyl groups in myo-inositol

possess a similar reactivity and selective derivatization is often difficult to achieve. On the other hand, the 1,2-cis-

glycosylation of optically pure and appropriately protected myo-inositol derivatives with glucosaminyl donors to yield

the a-linked ab fragment is one of the most challenging glycosylation steps in the synthesis of GPIs and derivatives.

Although extended experimental experience and established mechanistic thinking, primarily based on some funda-

mental concepts such as the anomeric effect,106 neighboring group participation,107–109 armed–disarmed donor,110–112

and solvent113,114 and leaving group effects,115,116 have greatly contributed to our present understanding of carbohy-

drate coupling, there are many glycosylations where yield and stereochemical outcome are hardly predictable. The

formation of the b!a a-glycosidic linkage is one of these particular cases, and a considerable amount of work has been

carried out in an attempt to prepare this valuable fragment with high yield and complete stereoselectivity.
1.19.3.1 Synthesis of Optically Pure myo-Inositol Derivatives: Unit a

As previously mentioned, myo-inositol is a meso-compound containing a plane of symmetry between carbons C2 and

C5. Therefore, any derivatization of the cyclitol ring destroying this symmetry (derivatization at positions 1,3 or at

positions 4,6) will give rise to a pair of enantiomers (Figure 3). This is the case of GPIs where the myo-inositol ring is

phosphorylated at position 1 and glycosylated at position 6. In addition, some GPI anchors contain an acyl group

at position 2 of the myo-inositol unit and this has to be also taken into account in designing the synthesis of some

specific targets.

Fortunately, a considerable amount of work has been carried out in the last 20 years on the synthesis of optically

active myo-inositol derivatives,117–119 due to the great deal of interest that the inositol phosphate intracellular signaling

pathway120 arose in the chemical community from the early 1980s. These synthetic methodologies have facilitated the

synthesis of GPIs, but some new methods have been specifically developed for the synthesis of GPIs as well.16,101,102

In this chapter, only methods that have been used for GPI synthesis are reviewed.
1.19.3.1.1 Resolution of racemic myo-inositol derivatives
myo-Inositol, being an inexpensive and easily available natural compound, has been the most frequently used starting

material for the synthesis of unit a derivatives for the synthesis of GPIs. As stated previously, however, the required

derivatization of this meso-compound inevitably leads to racemic mixtures which need to be resolved using an

appropriate chiral auxiliary.

The most popular derivatization of myo-inositol for GPI synthesis is bis-ketalization to obtain a mixture of

cyclohexylidene ketals. Treatment of myo -inositol 13 with 2-ethoxycyclohexene results in a mixture of the three
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racemic bis-cyclohexylidene ketals 16, 17, and 18 (Scheme 1). 117,121,122 From this mixture, which can be separated by

crystallization and chromatography, racemate 16 , where both positions 1 and 6 to be later functionalized remain free, is

the most frequently used.

The resolution of racemate 16 has been frequently carried out by with (–)-camphanic acid chloride as a chiral

auxiliary. Scheme 2 shows a typical case in which the resolution of racemic 16 with this chiral auxiliary has been

carried out by Fraser-Reid and co-workers to prepare enantiomerically pure compound 22 ,46 which was a key building

block for the synthesis of the GPI anchor of Thy-1 glycoprotein.45–47 Stannylidene acetal-mediated p-methoxybenzyl-

ation of 16 gave racemates 19 and 23 . Resolution of 19 with (–)-camphanic acid chloride afforded diastereoisomer 20

in 36% yield after chromatographic separation. Compound 20 was transformed into enantiomerically pure 22 through

the corresponding 1-O -allyl derivative 21. Racemic 23 was transformed in 24 , resolution of which as above gave

diastereoisomer 25, that was in turn converted in 22. This scheme clearly exemplifies the problems involved in the

preparation of the required myo-inositol derivative, which is inevitably obtained after long and tedious multistep

procedures.
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Similar derivatization schemes with slight modifications have been used in the same laboratory46 and in the

laboratories of d’Alarcao123 and Ogawa.38 In the latter, the first synthesis of a GPI anchor ever published, the GPI

anchor of the VSG of T. brucei,38–40 was carried out using the wrong myo-inositol diastereoisomer as the assignation of

configuration in the resolution of the camphanic esters was performed by comparison with an intermediate whose

configuration had been erroneously established.122–124 This case also clearly exemplifies the problems involved in the

synthesis of these unit a derivatives.

The resolution of racemate 16 has also been performed with menthol-based chiral auxiliaries as indicated in

Scheme 3, which shows the preparation of optically active derivatives 26 125 and 2957 reported by Schmidt and

co-workers. The synthesis of 26 is based in the tin mediated (–)-menthoxycarbonylation of 16 and chromatographic

separation of the diastereoisomeric mixture obtained.125 Compound 26 has been used for the synthesis of the GPI

anchor of Saccharomyces cerevisiae .43,44 Compound 29 whose preparation involves several additional steps (27 ! 28

! 29), presents a more convenient protecting group pattern. This myo -inositol derivative (29) has been used in the

synthesis of the GPI anchor of Thy-1 glycoprotein also reported by the group of Schmidt.48,49

Similar resolution schemes have been performed starting from racemate 1887,1 26–129 and racemic bis-isopropilidene

myo-inositol derivatives.130,131

The resolution of racemate 16 has also been carried out enzymatically by Guo and co-workers 54,132 developing a

modification of a previously reported procedure.133 Using a combination of tin-mediated regioselective acylation of

racemic 16 and enantioselective deacylation of the obtained 1-O -acyl derivatives by digestion with cholesterol esterase

or pancreatic lipase, both enantiomers, 16 (þ ) and 16 (–), were obtained and transformed into compound 32 with a free

OH group at position 2, which permits the preparation of 33 bearing a palmitic ester group at this position (Scheme 4).

Tin-mediated allylation of 16( þ) and subsequent p-methoxybenzylation afforded 31 after selective hydrolysis of the

4,5-trans -acetal group and conventional benzylation. Compound 31 wa s tran sforme d in to 33 a f t e r h yd ro l y si s a nd r e gi o s e -

lective benzylation. Enantiomer 16 (–) was also converted into 33 according to the sequence 34 ! 35 ! 32 ! 33 .

Compound 33 has been used by the group of Guo for the synthesis of the GPI anchor of sperm CD52 glycopeptide,53

an IPG-dipeptide conjugate,54 and the glycopeptide-GPI conjugate which constitutes the skeleton of the sperm C52

antigen.55

A completely different approach utilizes the glycosylation of the racemate with a derivative of 2-amino-2-deoxy

glucose. In this case, the glucosaminyl donor for the synthesis of the ab fragment acts at the same time as chiral
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auxiliary. The potentiality of this approach, which in principle may considerably reduce the number of steps needed

for the synthesis of ab fragment, has been investigated in several laboratories.123,126,127,134 But in general, the results

indicate that the usefulness of this elegant approximation is very seriously hampered by the complexity of the

mixtures obtained in the glycosylation reactions. However, Vishwakarma and co-workers56 have recently found that

the glycosylation of racemic 36 with the 2-azido glucosyl donor 37 gives a pseudodisaccharide mixture 38, which on

deacylation and benzylidenation quantitatively permits a clear separation of the two diasteromeric pseudodisaccha-

rides 39 and 40 (Scheme 5). The same sequence has been successfully used with racemates 22 and 41 . Compound 39

has been used by Vishwakarma et al. to synthesize the GPI anchor of T. cruzi IG7 antigen.56
1.19.3.1.2 Enantioselective derivatization with chiral auxiliaries
This method employs a chiral ketone and achieves derivatization and desymmetrization of myo-inositol in one single

step. It was first introduced by Bruzik and colleagues who used D -camphor dimethyl ketal 41 to generate a

diasteromeric mixture, which upon crystallization affords diastereoisomer 42 in 31% yield. 135 From 42, compound

43 was obtained and both of them were used for the synthesis of inositol phosphates and phosphatidylinositol

phosphates 136 (Scheme 6a ). Compound 42 has been also utilized as an optically pure starting material for the

synthesis of two IPG-type compounds137,138 and a fragment of the GPI of the cell surface of Leishmania.104,139

Martı́n-Lomas and co-workers have prepared compound 46 , the enantiomer of 43, by treating myo -inositol with

L -camphor dimethyl ketal 44 (Scheme 6b). 140 Compound 46 has been extensively used in the synthesis of IPG-like

derivatives,105,140,141 the synthesis of a GPI anchor core structure,142 and the solid-phase synthesis of a fully functio-

nalized pseudopentasaccharide GPI precursor. 143 Additionally, compound 45 has been utilized by Konradsson et al. as

optically pure starting material for the synthesis of an IPG-like derivative.144

A similar methodology has been developed by Ley and co-workers with dispiroketals as chiral auxiliaries. Dispiro-

ketals constitute a rigid skeletal motif with a wide range of synthetic applications,145 which were originally developed

for the protection of vicinal diols in the presence of 1,3 diols.146 They have been successfully used to achieve

concomitant enantioselective and regioselective protection of myo-inositol derivatives41,42,147 (Scheme 7). From
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myo -inositol 13, the meso -derivative 48 was obtained through diacetal 47 . D er ivatization of 48 with dispiroketal 49 led t o

diastereoisomer 50 with excellent yield. Compound 50 was transformed into diol 52 via tetrabenzyl derivative 51. Tin-

mediated allylation of 52 yielded a mixture in which the desired 1-O -allyl derivative 22 was the major component. The

minor component 53 could be deallylated and compound 52 recovered.

This is an effect ive route to construct uni t a derivatives for t he synthesis of GPIs. The drawback is that dispiroketal 49

has to be prepared by a multistep sequence. 148,149 Compound 22 has been used by the group of Ley in the synthesis of

the GPI anchor of the VSG glycoprotein of T. brucei .41,42 As discussed above, compound 22 has also been prepared by

Fraser-Reid and co-workers by a different procedure (Scheme 2).

Another synthetic strategy simultaneously dealing with myo-inositol derivatization and desymmetrization was

developed in the laboratory of Martı́n-Lomas.150 This strategy is based on the regioselective acylation of a soluble

perborylated myo-inositol derivative 54, prepared from 13 in quantitative yield, with (–)-menthyl chloroformate

through a transmetallation reaction using tri- n-butyl acetylacetonate ( Scheme 8 ).151 Diastereoisomer 55 could be

obtained by crystallization and transformed into bis-ketals 56 and 57 , which were used in the synthesis of IPG-like

derivatives.134,152,153

1.19.3.1.3 Microbial oxidation of aromatic precursors
Microbes that contain dioxygenases which dearomatize aromatic rings have been used for obtaining optically active

myo-inositol derivatives. The microbial oxidation of aromatic compounds has been developed as a powerful tool in

synthetic organic chemistry.61,154– 157 By dearomatizing halobenzene with Pseudomonas putida, compound 58 was

obtained. From 58, tetraol 60 was prepared via 59 using a combination of dihydroxylation and epoxidation reactions

as indicated in Scheme 9. 158 Compound 60 has been used by Fraser-Reid and co-workers 159 to prepare unit a 22

according to the sequence 60 ! 61 ! 62 ! 22 and by Ley and co-workers 160 in the synthesis of an IPG-like

compound.
1.19.3.1.4 De novo synthesis from chirons
Enantiomerically pure myo-inositol derivatives have been synthesized by several research groups using the chiron

approach. Based on the previous finding that SmI2-promoted pinacol coupling reactions preferentially produce

cis -diols,161 compound 65 was synthesized by Chiara and Martı́n-Lomas 162 using a sequence involving an
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SmI2-mediated stereoselective intramolecular pinacol coupling of 1,6-dialdehyde 63 , prepared from D-mannitol, 163 as

the key step ( Scheme 10a ). From 63 , optically pure cyclitol 64 was prepared in excellent yield and subsequently

transformed into 65. A similar approach was independently reported by Mioskowski and co-workers. 164

Bertozzi and co-workers have reported the preparation of optically pure myo -inositol derivative 69 from dimethyl

2,3-isopropylidene- D -tartrate 66 following the sequence depicted in Scheme 10b. The key steps in this sequence are

ring closure of 67 using Grubbs’ catalyst and subsequent stereoselective dihydroxylation to 68 .165

However, the most commonly used approaches to prepare optically pure myo-inositol derivatives from carbo-

hydrate precursors have been based on the Ferrier carbocyclization reaction.166 Fraser-Reid and co-workers

reported the synthesis of myo-inositol derivatives 22 and 76 using this carbocyclization as the key step, as indicated

in Scheme 11 .159,167 Starting from methyl a-D-glucopyranoside 70, optically pure cyclitol derivative 74 was prepared
according to the sequence 70! 71 ! 72 ! 73 ! 74. Compound 74 was transformed into 75 after deacetylation and

regioselective allylation, and into 76 after deacetylation and acetalation. Known derivative 22 was prepared from 75 .

Compound 76 was used by Fraser-Reid in the synthesis of a GPI candidate structure of the cell surface glycoprotein of

P. falciparum. 50,51 Seeberger and co-workers have used the same route to prepare compound 77 , which was also

employed for the synthesis of a candidate structure of the same GPIs.52 Other enantiomerically pure myo-inositol

derivatives have been synthesized by different groups using Ferrier carbocyclization.67,89,168–171

1.19.3.2 Synthesis of Conveniently Substituted GlcN Glycosyl Donors: Unit b

The major requirement for the stereoselective synthesis of 1,2-cis-glycosidic bonds, such as the b! a glycosidic bond,

is the presence of a nonparticipating group at C2 in the glycosyl donor. Although different nonparticipating groups at
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C2 have been employed, the most commonly used to install the a-glucosaminyl linkage for the synthesis of GPIs and

GPI derivatives has been the azido group.172,173 The 2-azido moiety, serving both as a latent functionality and as a

nonparticipating group in glycosylation reactions, was first introduced by Paulsen174 and has been extensively used in

complex oligosaccharide synthesis ever since. The azido group is generally stable, sterically undemanding, and can be

easily reduced either selectively or concomitantly with the removal of permanent benzyl protecting groups in the final

steps of the synthetic process.

The installation of the 2-azido function to prepare 2-azido-2-deoxy-D-glucopyranosyl donors was first explored by

Paulsen starting from 1,6-anhydro-D -mannopyranose 79 through the corresponding 2,3-epoxy (80 ) and 2-azido (81 )

derivatives (Scheme 12, route a).174,175 This route has been utilized by van Boom et al. to prepare a unit b for the

synthesis of an IPG-like compound.127 Variations of this synthetic route aiming to improve the regioselectivity of the

nucleophilic attack have also been reported. Some of these are shown in Scheme 12. Two other different routes, route

b and route c, to obtain glycosyl donors 85134 and 89 ,46 are respectively shown. From 79 , benzylidene derivative 82

was prepared, which was transformed into 83 by regioselective reductive opening of the benzylidene ring and

subsequent installation of the azide function. Compound 83 was converted into trichloroacetimidate 85 via diacetate

84 . Alternatively, 2-azido derivative 87 was prepared from 79 via 86 . Opening of the 1,6-anhydro ring in 87 yielded

diacetate 88 that was converted into bromide 89. These compounds have been used for the synthesis of several IPG-

like molecules,134 including a fragment of the GPI anchor of Thy-1 antigen.46

2-Azido-2-deoxy-glucopyranosyl donors have been also prepared through azidonitration of glycals as first reported

by Lemieux.176,177 This reaction proceeds with much better selectivity in the case of galactal than in the case of glucal.

Tr ic hl or oa ce ti mi da te 37 was obtained by az idonitration of triacety-D-glucal 90 via silyl glycoside 91 ( Scheme 13). 178,179

Compound 37 was used by Schmidt and co-workers for the synthesis of the GPI anchors of S. cerevisiae 43,44 and Thy -1

glycoprotein.48,49

D-Glucal 92 has been also employed by Beau and co-workers 181 as starting material, using a configurationally

controlled two-step procedure through 1,6-iodocyclization 180 (! 93) and subsequent installation of the azido group
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(! 95 ) to prepare 2-azido-2-deoxy- D -glucopyranosyl donors, such as 97, via 96 (Scheme 14, route a). Guo

and co-workers have developed a variation of this methodology with the sequential synthesis, without purification,

of 2,3-epoxy-1,6-anhydro-D -mannopyranose 98 to prepare unit b 101 54,132, 182 (Scheme 14, route b) through the

sequence 98 ! 99 ! 100 ! 101 . Fluoride 101 was used for the synthesis of the GPI anchor of sperm CD52

glycopeptide,53 an IPG-dipeptide conjugate,54 and the full nonlipid portion of the same glycopeptide.55

A completely different approach to install the 2-azido functionality involving a diazo transfer reaction from triflyl

azide and commercial D-glucosamine hydrochloride was first reported by Vasella et al.183–185 This procedure has been

widely employed in the synthesis of IPGs and GPI derivatives. Scheme 15 shows the synthesis of glycosyl donors 37

and 105 . Starting from commercial glucosamine hydrochloride, triacetate 103 could be obtained in one-pot three-step

process. From 103 , glycosyl donors 37 , 104, and 105 were prepared. Trichloroacetimidates 37 and 105 have been used

to synthesize IPG-like derivatives and GPI fragments by Martı́n-Lomas and co-workers.105,134,14 0–143,153
1.19.3.3 Glycosylation of myo-Inositol Derivatives with 2-Azido-2-Deoxy-
D-Glucopyranosyl Donors

Unfortunately, the stereochemical outcome of glycosylations using 2-azido-2-deoxy sugars as glycosyl donors is not

completely predictable and seems to depend to a great extent on the nature of the anomeric leaving group and the

promoters of the coupling.172 Besides, the protecting groups in both donor and acceptor to achieve a reasonable

reactivity–selectivity balance and effective donor–acceptor match, and the experimental conditions, are also key

factors for the feasibility and the selectivity of these glycosylations.
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Trichloroacetimidate, fluoride, and pentenyl have been the most common anomeric leaving groups, but glycosyl

bromides and thioglycosides can also be frequently encountered in these glycosylations. Concerning protecting

groups, it must be taken into account that, depending on the final target, the ab fragment may contain up to five

different protecting groups (Figure 4). Benzyl groups have been used in almost all cases as permanent groups. In unit

a, C1 has to be differentiated in all cases for installation of the phospholipid moiety in the case of GPIs, or a phosphate

group in the case of IPG-like compounds. In this unit, C2 may have to be differentiated as well in those cases in which

the final target presents a long-chain acyl group at this position or a cyclic phosphate in the case of some IPG-like

compounds. On the other hand, differentiation of position C4 in the glucosamine unit is mandatory for further

elongation of the glycan chain.

As stated before, meeting these requirements to find the best experimental conditions to form this b! a glycosidic

linkage with good yield and stereoselectivity may constitute a real challenge in GPI synthesis. Table 1 presents some

selected examples showing how yield and stereoselectivity can vary depending on the reaction partners and the

experimental conditions.16

The data summarized in Table 1 show that the yield and the stereoselectivity of this glycosylation are extremely

dependent on factors which cannot be readily evaluated. The effect of the nature of the anomeric leaving groups and

the protecting group patterns in both donor and acceptor are difficult to assess and the existing data difficult to

rationalize. In these particular glycosylations, only a careful investigation of the effect of reaction conditions, solvent,

temperature, and promoter, and the choice of the glucosaminyl donor that, fitting the synthesis needs, matches its

reactivity–selectivity requirements with those of the myo-inositol acceptor, may permit to achieve high yield and

a-stereoselectivity.
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1.19.4 Phosphorylation Methodologies for the Synthesis of GPIs and IPGs

Introduction of the phosphate esters usually constitutes the penultimate step in the synthesis of GPIs and related

compounds. There are a variety of methodologies, most of which have been originated in the field of nucleotide

synthesis. These methods are conveniently classified according to the oxidation state of phosphorus in the reagent.

1.19.4.1 Phosphorus(V) Reagents

P(V) reagents such as phosphoric anhydrides, halophosphates, and pyrophosphates have been extensively used in

nucleotide chemistry186 and in the synthesis of inositol phosphates.117,122 However, they have been of little use in the

synthesis of GPIs and related compounds as a result of steric hindrance and low reactivity.

1.19.4.2 Phosphorus(IV) Reagents: Phosphonium Salts

Phosphonium salt 107 is prepared by reacting phosphite 106 with pyridinium perbromide. Phosphite 106 was readily

prepared using phosphoramidite methodology (see Section 1.19.4.4). Reaction of 107 with an alcohol leads to the

corresponding phosphate 108 after basic treatment in aqueous medium (Scheme 16a ). This phosphorylation method

was applied by Watanabe187 to the synthesis of inositol phosphates. Phosphonium salts show a low reactivity as

compared with P(III) reagents and H-phosphonate derivatives. They have been used byMartı́n-Lomas and co-workers

to selectively install the phospholipid moiety in the equatorially oriented OH-1 of glucosaminyl myo-inositol 1,2-diol

systems, such as 109, using phosphite 110 for the synthesis of GPI fragment 112 via 111 (Scheme 16b). 140
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1.19.4.3 H-Phosphonate Derivatives

In H-phosphonate derivatives,188 the phosphorus atom is in tautomeric equilibrium between the oxidation states P(III)

and P(V), in which the form P(V) predominates according to the values of the P–H coupling constants (�500Hz)

observed in their 1H and 31P NMR spectra (Scheme 17a). However, they show higher reactivity than P(V) reagents.

H-Phosphonates 113 are usually synthesized from P Cl3 by the general procedure reported by Lindh and Stawiñsky.189

The method more frequently used when working with H-phosphonates involves activation with a good leaving

group such as pivaloyl to give the H-phosphonate mixed anhydride intermediate 114 . After reaction w ith the

corresponding nucleophile, t he H-phosphonate 115 is oxidized, usually with iodine to give the phosphate 116 . The

first synthesis of a proteinGPI anchor reportedbyOgawa and co-workers used theH-phosphonatemethod.38–40 Since then,

a number of groups have used this methodology. Thus, Brimacombe et al.128,190–192 synthesized pseudodisaccharide

GPI fragments, such as 120 , by treatment of pseudodisaccharide 117 with H-phosphonate 118 via fully protected

derivative 119 (Scheme 17b ). Seeberger and co-workers 193 and several other groups also synthesized GPI derivatives

using the H-phosphonate method.52,56,194,195 Müller et al., directly using P(OH)3 as a reagent, synthesized a series of

IPG-like compounds.27
1.19.4.4 Phosphorus(III) Reagents: Phosphoramidites

Most of the synthetic studies on GPI anchors and related molecules have used reagents of P(III) in the phosphorylation

steps. P(III) reagents are easily activated under mild conditions, are relatively stable, and have less steric encumbrance

and higher reactivity than P(V ) reagents.196 Among the reagents based on P(III ), phosphoramidites 121 are the most

widely utilized. These reagents contain an amino ligand which is activated after protonation with a weak acid such as

1H-tetrazole (Scheme 18a ). Nucleophilic attack by an alcohol generates phosphite 122 , which is then oxidized in situ

by metachloroperbenzoic acid ( m-CPBA) or t-BuOOH to yield the corresponding phosphate 123.

Phosphoramidites were developed for nucleotide synthesis197 and are now among the most popular reagents to

install phosphate groups using the commercial reagent N ,N -diisopropyl dibenzyl phosphoramidite 126 .198 As an



Table 1

Entry Donor Acceptor Promoter Solvent Yield Reference

a

O

Br
N3

AcO
BnO

OAc

OBn
OBn

OBn
HO

BnO

O
AgCIO4 Et2O a¼63%

b¼22%

46

b

N3

O

Br

TBDMSO
BnO

BnO

OBn
OBn

OBn
HO

BnO

O
TBAI CH2Cl2 a¼65%

b¼n.d

41

c
O

N3

AcO
AcO

OAc

O

NH

CCl3 OBn
OBnHO

BnO

PMBO

OBn
TMSOTf CH2Cl2 a¼70%

b¼n.d.

57

d
O

N3

AcO
AcO

OAc

O

NH

CCl3

Cy

O
OHO

O

(−)MenthO2CO

O Cy
TMSOTf Et2O a¼85%

b¼n.d.

43

e
O

N3

BnO
BnO

OAc

O

NH

CCl3 O
OHO

O

(−)MenthO2CO

O
TMSOTf CH2Cl2 a¼67%

b¼n.d.

152

f
O

N3

BnO
BnO

OBn

O

NH

CCl3
OBn

OBnHO
BnO

O

O

Cy

TMSOTf Et2O

CH2Cl2

a¼46%

b¼25%

129

7
6
4

S
y
n
th
e
s
is

o
f
G
ly
c
o
s
y
lp
h
o
s
p
h
a
tid

y
lin

o
s
ito

l
D
e
riv

a
tiv

e
s



g
O

N3

O
BnO

OBn

F
O

OPivHO
PivO

PivO

O D-Camph
Cp2ZrCl2
AgOTf

Et2O a¼48%

b¼trazes

137

h
O

N3

AcO
AcO

OAc

O

NH

CCl3
O

OHO
HO

O

O

L-Camph

TIPDS
TMSOTf Et2O a(1!6)¼ 80% 140

b(1!6)¼ 9%

a(1!5)¼n.d.

i
O

N3

AcO
BnO

OBn

O

NH

CCl3
O

OHO
HO

O

O

L-Camph

TIPDS
TMSOTf Et2O a(1!6)¼48% 141

b(1!6)¼26%

a(1!5)¼n.d.

j
O

N3

BnO
O

NH

CCl3

O
OPh

O
OHO

HO

O

O

L-Camph

TIPDS
TMSOTf Et2O a(1!6)¼72% 105

b(1!6)¼5%

a(1!5)¼6%

k
O

N3

AcO
AcO

OAc

O

NH

CCl3
OBn

OBnHO
BnO

O

OPMB
TMSOTf CH2Cl2 a¼70%

b¼18%

52

l
O

N3

O
BnO

OBn

F OBn
OBnHO

BnO

PMBO

O

O

C15H31 AgOTf

HfCp2Cl2

Et2O a¼40%

b¼30%

54

m O

N3

BnO

OBn

O

O
BnO

BnO
OBnAcO

O

NH

CCl3

OBn
OBnHO

BnO

O

O

Cy

TMSOTf CH2Cl2
heptane

a¼22%

b¼72%

27

n.d.¼no data.

S
y
n
th
e
s
is

o
f
G
ly
c
o
s
y
lp
h
o
s
p
h
a
tid

y
lin

o
s
ito

l
D
e
riv

a
tiv

e
s

7
6
5



P

OBn

R1O OBn

O

N3

BnO
BnO

OBn

O
OBn

OBn
OHBnO

HO

Py−HBr3

py, CH2Cl2
P

Br

OBn

OBn

R1O

Br−

+  i, R2OH

ii, NaHCO3

P

O

OBn

OR2

R1O

+
P

OBnO

OCOC13H27

OCOC13H27

BnO

Py−HBr3
py, CH2Cl2 54%

O

N3

BnO
BnO

OBn

O
OBn

OBn
OHBnO

O

P
OBnO

OCOC13H27

OCOC13H27

O

O

H3N
+

HO
HO

OH

O
OH

OH
OHHO

O

P
O−O

OCOC13H27

OCOC13H27

O

H2, Pd/C
AcOEt, THF
EtOH, H2O 

106 107
108

*

111112

(a)

(b)

100%

109
110

Scheme 16 (a) Preparation of and phosphorylation of myo-inositol derivatives with phosphonium salts.187 (b) regioselec-
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example, Scheme 18b shows the synthesis of the IPG-like derivative 128 from pseudodisaccharide 125 readily

obtained from 124 . Reaction of 125 with 126 followed by oxidation with m -CPBA gave 127 that was deprotected

to 128. Compound 128 was designed as an inhibitor of cyclic AMP-dependent protein kinase, a key enzyme in the insulin

signaling process.104 IPG-like pseudodisacchar ides 129 ,89,123,137 ,138,152,160 130 ,137,138 ,140,152,199 131 ,87,152 128 , 132 , and

133 104 have been synthesized by several research groups using this commercial reactive in the phosphorylation steps

(Scheme 18c).

Several general methods for the preparation of phosphoramidites have been published196,200–204 and several

commercial intermediates exist which have considerably simplified the phosphorylation protocol. Thus, commercial

derivative 134 is often used as starting material where a first substituent is directly introduced (135 ), and the second

one is installed after activation of one of the isopropylamino groups with 1 H-tetrazole to give 136 with excellent yield

(Scheme 19a). For GPI synthesis, R1 is usually benzyl or ethanenitrile and R2 diacyl glycerol, acylalkyl glycerol, or

even more complex structures, as in the case of the pseudodisaccharide fragment of the GPI anchor of S. cerevisiae 141

synthesized by Schmidt and co-workers 205 (Scheme 19b ). Reaction of 137 with phosphoramidite 138 and subsequent

oxidation afforded 139 . In this case, the ethanenitrile substituent permitted the formation of the enantiomerically

pure derivative 140 after in situ treatment of 139 with dimethylamine. Several research groups have used this

phosphorylation methodology in their synthesis of GPI anchors41–51,53,142 and GPI anchor fragments.54,55,132,206–208
1.19.5 Assembly of the Glycan Chain

Stereoselective oligosaccharide synthesis has been a major topic in synthetic carbohydrate chemistry during the last

30 years. As previously mentioned, GPIs soon became a testing ground for methods and strategies in oligosaccharide

synthesis. Therefore, all major glycosylation methods reported to date have been assayed to couple the different

building blocks for synthesizing GPIs and GPI derivatives. Most of these syntheses have been carried out in solution,

although two different solid-phase synthesis approaches have been reported as well.
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With regard to the strategy to assemble the glycan chain, most of the published total syntheses follow the main lines

of the retrosynthetic analysis presented in Section 1.19.2. Highly convergent block synthesis approaches have been

frequently used where the critical ab fragment has been synthesized and then elongated to form the pseudooligo-

saccharide skeleton in different ways. In many of these syntheses, the c, d, and e units have been synthesized

and coupled to form the corresponding conveniently protected cde fragment, equipped with the carbohydrate side

chains and having the positions in which the ethanolamine phosphate groups have to be later installed suitably

differentiated.

The synthesis of the a-linked trimannose cde fragment is not, in principle, a difficult task as the formation of the

a-glycosidic linkage between thedifferentmannopyranose units, in contrast to the problems associated to the formation of

the b-glycosidic bond,209–211 can be easily achieved. However, the synthesis of this fragment may present serious

difficulties for some GPI anchor structures in which unit c must permit access to positions 1, 2, 3, and 6, or 1, 2, 4, and 6.

Themain drawback of this [ab]þ[cde] convergent block synthesis approach comes from the fact that glycosylation of

OH-4 of glucosamine unit b, in the corresponding ab fragment, with the appropriate edc fragment glycosyl donor,

may present some problems as the outcome of these glycosylations is not always predictable. Therefore, in some

cases, the glycosylation of the ab fragment has been performed with structures less elaborated according to a strategy
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[abþc]þ[de]. Less frequently, in the case of GPIs with carbohydrate side chains on unit c, the myo-inositol unit

has been glycosylated with the elaborated bc fragment and the glycan chain completed after successive glycosyla-

tions with d and e units. This [aþbc]þdþe strategy was used in the first synthesis of the GPI anchor of the VSG

of T. brucei. In addition, linear syntheses have also been reported using [ab]þcþdþe for the assembly of the

glycan chain.

In the following discussion, the block synthesis approaches will be dealt with first and then the linear synthesis

strategies will be presented.
1.19.5.1 Block Synthesis Approaches

The syntheses of GPIs and GPI derivatives, which have been performed using convergent block synthesis approaches,

are discussed in the next paragraphs. They are divided into three main groups according to the strategy developed to

assemble the glycan structure. The first group includes all syntheses performed using the [ab]þ[cde] assembly; the
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second, those in which the glycan has been constructed using a [abþc]þ[de] coupling; and the third, those performed

using a less usual [aþbc]þdþe coupling. In order to discuss the relatively large number of syntheses falling within

the first group, a further formal division has been made according to the strategy used to arrange the cde fragment:

cþde or cdþe.
1.19.5.1.1 Strategy [ab]þ[cde]

1.19.5.1.1.1 Strategy [ab]þ [cdþe]

This strategy was first developed for the synthesis of GPI structures which do not contain carbohydrate side chains at

unit c although two such structures, the GPI anchor of Thy -1 glycoprotein 147 48,49 and an IPG from T. gondii 145 ,49,57

have been synthesized using this approach (Figure 5). It was first developed by Schmidt and co-workers for the

synthesis of the GPI anchor of S. cerevisiae 142 ,43,44 and has been employed to synthesize the glycan chain of molecules

with different structures, ranging from the unsubstituted pseudopentasaccharide core carrying a 1,2-cyclic phosphate

group 148 ,153 to molecules with a high degree of structural complexity such as the GPI anchor of Thy- 1 antigen

147 . 48,49 In an increasing order of structural complexity, these molecules include 1,2-cyclic phosphates 148 153 and

149 , 195,206,212 phosphate 144 ,194,195 the GPI anchors of T. cruzi IG7 antigen 143 ,56 S. 142 ,43,44 sperm CD52 glycopep-

tide 150, 53 P. candidate GPI structure 151 , 52 the 1-phosphates derived from the GPIs of T. gondii 145 57 and rat brain

Thy -1 glycoprotein 146, 49 and the complete GPI anchor of Thy -1 glycoprotein 147. 48,49 Also, the GPI-anchored

dipeptide 152 54 and the GPI-glycopeptide 153 55 have been synthesized using this approximation for the assembly

the glycan chain.

The glycan chains of compounds 148 and 150 are pseudopentasaccharide structures. In the case of 150 , the

pseudopentasaccharide structure is decorated with a fatty acid at position 2 of a unit and the core ethanolamine

phosphate group at position 6 of unit e . In addition, pseudopentasaccharide compounds 152 and 153 contain a

dipeptide or a glycopeptide moiety, respectively, linked at the ethanolamine phosphate group at position 6 of unit e.

The glycan chains of compounds 142 , 143 , 144 , 149 , and 151 are pseudohexasaccharide structures as they contain the

additional a-mannopyranosyl chain at position 2 of unit e , and compound 151 presents the additional 2-O-acyl fatty

chain on unit a. Compound 145 is also a pseudohexasaccharide, but in this case the additional side chain is a b-N -
acetyl-glucosaminyl residue at position 3 of unit c, while compounds 146 and 147 are pseudoheptasaccharides which

contain both the a-mannopyranosyl and the b-N-acetylglucosaminyl side chain structural motifs at positions 2 and 3 of

units e and c, respectively, and an additional ethanolamine phosphate group sitting at position 2 of unit c. As for the

phospholipid moiety, the GPI anchor structures 143 and 147 have been synthesized with an alkylacyl glyceryl moiety,

the GPI anchor 151 with a diacyl glyceryl moiety, the GPI 142 with a phytosphingosine-containing ceramide moiety

and the GPI 150 with a monoalkyl glycerol residue. The more relevant features of the synthesis of this diversity of

structures are now summarized and discussed.

Compound 148 has been prepared by Martı́n-Lomas et al. to investigate the insulin mimetic activity of IPG-like

molecules derived from the core structure of protein GPI anchors.153 The synthesis was carried out by assembling the

cde fragment using the sulfoxide glycosylation reaction213 to establish the d! c and the e! dc glycosidic linkages. The

cde fragment, anomerically activated as a trichloroacetimidate, was then coupled to a suitably protected ab fragment

synthesized from the enantiomerically pure myo-inositol derivative 46, prepared as indicated in Scheme 6, by regio-

and stereoselective glycosylation with a suitably protected 2-azido-2-deoxy-D-glucopyranosyl trichloroacetimidate.

The ability of 148 to mimic insulin activity was investigated. 153

IPG-like compound 149 , where unit e appears disubstituted by the a-mannopyranosyl side chain and the ethanol-

amine phosphate group at positions 2 and 6, respectively, has been synthesized by Seeberger et al.206 This synthesis

was developed with the main aim of procuring rapid access to malaria toxin structures to be applied to the construction

of an effective malaria vaccine. The malaria parasite P. falciparum expresses a large amount of protein-bound and free

GPIs on the cell surface, and there is increasing evidence which indicates that the proinflamatory cytokine cascade

triggered by these GPIs is mainly responsible for the morbidity of the disease. In this case, the cde fragment bearing

the a-mannopyranosyl side chain at C2 of unit e was prepared sequentially in solid phase using the trichloroacetimi-

date glycosylation procedure.

The solid-phase synthesis of this cde fragment was carried out with an octanediol-functionalized Merryfield resin 155

on an automatic oligosaccharide synthesizer (Scheme 20). The tetrasaccharidewas released from thepolymer support by

G rubbs’ methatesis. The t et rasaccharide 160 was then linked to the ab fragment 161 in solution. The synthesis of 160

started by coupling unit c trichloroacetimidate 154 to the resin 155. After removal of the 6-O -acetyl group, the

saccharide chain was elongated using unit d trichloroacetimidate 156 . The resin-bound cd fragment was subsequently

deacylated and glycosylated with unit e trichloroacetimidate 157 having positions 2 and 6 differentiated. The resulting
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resin-bound cde fragment submitted to a final deacetylation–glycosylation cycle with trichloroacetimidate 158 . Cleav-

age of the octanediol linker using Grubb’s catalyst provided the n-pentenyl tetrasaccharide 159 . Attempted glycosyl-

ation of 161 in solution with this n-pentenyl tetrasaccharide (159 ) failed. Therefore, compound 159 was transformed

into trichloroacetimidate 160 . Glycosylation of 161 with 160 afforded the desired hexasaccharide in modest yield.

Hydrolysis of the 1,2-cyclic ketal with simultaneous loss of the silyl group was followed by regioselective resilylation

and installment of the 1,2-cyclic phosphate using methyldichlorophosphate to give 162 . The synthesis was completed

after introduction of the ethanolamine phosphate group using phosphoramidite 163 and final deprotection to afford 149 .

Compound 149 was treated with 2-iminothiolate to introduce a sulfidryl group and conjugated to maleimide-

activated ovalbumin (OVA) or keyhole limpet hemocyanin (KLH). This material was used to immunize mice which

were substantially protected against malaria.212

The same compound 149 and compound 144 (see Figure 5) were later synthesized assembling the tetramannosyl

fragment in solution using a similar approach.194,195,212 The glycosylation of the ab fragment was optimized in these

cases using a benzoyl group at position 2 of the unit c. These syntheses were scaled up for preclinical and clinical trials.

Compound 144 and related fragments were used as second-generation malaria GPI vaccine candidates, where the

conjugation with the protein was through a phosphodiester residue at position 1 of unit a.

The GPI anchor from yeast 142 was synthesized by Schmidt et al. 43,44 (Scheme 21). This molecule contains a

phytosphingosine ceramide instead of diacylglycerol linked through a phosphodiester bond to C1 of myo-inositol, and

the additional a-mannopyranosyl unit and the ethanolamine phosphate side chains at C2 and C6 of core unit e,

respectively. This was the first natural GPI anchor ever synthesized, as the GPI anchor of T. brucei, synthesized 2 years

earlier by Murakata and Ogawa,38–40 contained by error the wrong myo-inositol enantiomer.214

For the synthesis of 142 , the ab fragment 169 was prepared from optically pure unit a 26, synthesized as indicated

in Scheme 3 , and peracetylated 2-azido-2-deoxy- D -glucopyranosyl trichloroacetimidate 37 , as glucosaminyl donor

in diethyl ether at room temperature with TMSOTf as promoter. In these conditions, exclusive formation of the

a-pseudodisaccharide took place (seeTable 1, entry d). The formation of the remaining glycosidic bonds was based on

highly stereoselective glycosylations using trichloroacetimidates as glycosyl donors as well. The edc fragment 168 ,

comprising the additional a-D-mannopyranosyl unit on unit e, was synthesized from a common mannose 1,2-ortho-

acetate precursor, and the phosphorylations were carried out by the phosphoramidite procedure. The ceramide

component was prepared from an advanced intermediate previously reported by the authors.125,215 The cd fragment

165 , prepared by glycosylation of allyl glycoside 164 with trichloroacetimidate 156 , was glycosylated sequentially with

166 and 156 to build the tetrasaccharide fragment 167, which was transformed into trichloroacetimidate 168 . The

glycosylation of 169 with 168 yielded the corresponding pseudohexasaccharide, which after protecting group manip-

ulation and subsequent reaction with phosphoramidite 163 yielded advanced intermediate 170 . Installation of the

ceramide moiety by reaction with 138 afforded, after deprotection, GPI anchor 142.

The GPI anchor of T. cruzi IG7 antigen 143 (see Figure 5) presents the same glycan structure as the GPI anchor of

S. cerevisiae 142 . In this case, the ceramide moiety is replaced by the alkylacyl glycerol residue. In the recent synthesis

of this molecule described by Vishwakarma et al.,56 the ab fragment was prepared by concomitant b ! a a-glycosyla-
tion and desymmetrization of the myo-inositol unit. In this case, the 2-azido-2-deoxy-glycopyranosyl unit b behaves as

an efficient chiral auxiliary (see Scheme 5). The construction of the cde fragment with the additional mannopyranosyl

side chain was established using glycosyl trichloroacetimidates, and the phosphorylations were also performed using

the phosphoramidite method.

A higher degree of structural complexity stems from the presence of a long-chain fatty acid esterifying the axially

oriented position 2 of the myo-inositol unit. There have been reported several naturally occurring GPIs having this

large acyl group linked to position 2 of the myo-inositol unit. This myo-inositol monoacylation is important for GPI

biosynthesis, but the acyl group is often deleted after the biosynthesis is accomplished. The biological implications of

its presence in mature GPIs are presently unknown. This large 2-O-acyl group, which causes GPI resistance to

bacterial phosphatidylinositol-specific phospholipase C (PI-PLC), poses the additional problems derived from the

synthesis of an optically active myo-inositol derivative with positions 1, 2, and 6 differentiated, besides those problems

expected from the increase of steric encumbrance in the cyclitol ring.

Xue and Guo reported the synthesis of the GPI anchor of sperm CD52 glycopeptide 150 which contains a 2-O-

acylated myo-inositol unit.53 This glycopeptide antigen is involved in recognition processes of human immune system

and in the process of human reproduction. The syntheses of 150 , and those of the GPI-peptide 152 54 and glycopep-

tide 153 , 55 have been the main subject of a recent review 102 and are briefly summarized in the next paragraphs.

The synthesis of 150 was performed as depicted in Scheme 22 . The cde fragment glycosyl donor 175 was prepared

from 173 and 174 according to the [ cd þ e] strategy. Ethyl thioglycoside 173 was synthesized by glycosylation of 172

with chloride 171 . Thioglycoside 175 was coupled to the lipidated ab fragment 178 to afford the corresponding GPI
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Scheme 22 Synthesis of the GPI anchor of sperm CD52 glycopeptide.53
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derivative 179. Compound 178 had been already prepared from 176 by the same authors, 132 synthesized by

glycosylation of a 1,2,6 differentiated optically active myo -inositol derivative 33 prepared by enzymatic resolution as

depicted in Scheme 4, with a 2-azido-2-deoxy-D-glucopyranosyl fluoride (seeTable 1, entry l). The phosphoethanol-

amine residue was installed in position 6 of unit e by reacting 179 with phosphoramidite 180 and subsequent

oxidation. GPI 150 was finally obtained after deprotection.
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An important aspect of this synthetic design was the installment of the phospholipid moiety at an early stage, using

the lipidated ab fragment 178 in the assembling of the pseudopentasaccharide skeleton. This was a consequence of

the problems encountered when the authors tried to apply the usual strategy of assembling first the pseudopenta-

saccharide moiety, and then introducing the phospholipid moiety by the phosphoramidite procedure. In this case, a

side reaction occurred and a cyclic phosphiteamide was formed, indicating the involvement of the azido group. The

authors interpreted this result as a result of the steric crowding imposed by the presence of the trimannose cde

fragment, and the palmitoyl group on the myo-inositol unit.

Guo et al. have also reported the first chemical synthesis of a GPI-anchored peptide derivative, the IPG-dipeptide

conjugate 152 54 (Scheme 23), which is a fragment of sperm CD52 glycopeptide, and the full nonlipid portion of the

same glycopeptide 153 55 ( Scheme 24 ). This latter synthesis also constitutes the first chemical synthesis of a natively
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linked GPI-glycopeptide conjugate. The installment of the dipeptide moiety 185, prepared by reaction of commercial

perfluorophenyl ester of Fmoc-proline with free serine, was performed on pseudopentasaccharide 184 , synthesized

from cde fragment 175 and ab fragment 182 after phosphorylation with the Fmoc-protected phosphoramidite 183 and

removal of the Fmoc group. Thioglycoside 175 was synthesized by coupling bromide 174 with thioglycoside 173 ,

which was in turn prepared by glycosylation of 172 with orthoester 181.

The synthesis of glycopeptide-GPI anchor conjugate 153 55 was carried out as depicted in Scheme 24. The

preparation of the glycopeptide moiety 187 was performed by solid-phase synthesis of the peptide chain, using

conventional Fmoc chemistry on an automatic peptide synthesizer, and manual introduction of the glycan residue

synthesized according to literature procedures. The GPI synthesis was carried out as previously shown in Scheme 23.
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The pseudopentasaccharide 184 was first phosphorylated using phosphoramidite 126 and the Fmoc group removed,

affording the ready-for-coupling compound 186 . The assembly of the glycopeptide-GPI backbone was carried out by

coupling 186 with protected glycopeptide 187 using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

(EDC) and N-hydroxybenzotriazole (HOBt) as the condensation reagents. Global deprotection was achieved by

hydrogenolytic debenzylation followed by acidic removal of the peptide side-chain protecting groups.

As a continuation of their work on the development of an effective malaria vaccine, Seeberger and co-workers have

synthesized a GPI anchor of P. falciparum glycoprotein 151 ,52 which also contains a 2-O -acyl fatty ester (Scheme 25).

Glycosylation of disaccharide 189, prepared from building blocks 156 and 188 , with trichloroacetimidate 157 , and

then, with the mannose side chain precursor trichloroacetimidate 156, led to the corresponding tetrasaccharide which

was transformed, after removal of the allyl group, into trichloroacetimidate 190 . In these glycosylation sequences, the

acetyl groups at C2 were selectively removed in the presence of the benzoate groups with acetyl chloride in methanol

prior to the next glycosylation step. This synthesis was scaled up to produce 190 on a 20 g scale. 195

Glycosylation of ab fragment 191 with 190 gave after protecting group manipulation pseudohexasaccharide 192 in

good yield. Compound 191 was synthesized by glycosylation of myo-inositol unit 76, obtained by p-methoxybenzyl-

ation of an intermediate prepared by Ferrier carbocyclization of methyl a-D-glucopyranoside (see Scheme 11), with

tri- O -acetyl 2-azido-2-deoxy- D-glucopyranosyl trichloroacetimidate 37 (see Table 1, entry k). The 2-O -palmitoyl

group was first introduced followed by installation of the phospholipid moiety using H-phosphonate 193 to obtain

194 . Then the phosphoethanolamine residue was installed using 195 as phosphorylating agent. The GPI anchor 151

was obtained after final deprotection. It should be remarked that, in contrast with the results by Guo and co-workers,

using theH-phosphonate instead of the phosphoramidite phosphorylation procedure allowed efficient phosphatylidation

of the pseudohexasaccharide construct.

The same coupling sequence has been used by Schmidt et al. to synthesize GPI derivatives of higher structural

complexity, as the IPGs derived from the protein-free GPI from T. gondii 145 57 and the GPI anchor from rat brain Thy -1

antigen 146 ,49 and the complete structure of this latter GPI 147 as well (see Figure 5). 48,49 The most critical issue in

these cases is the protecting group pattern of mannopyranosyl unit c, which plays a key role in the synthesis strategy

requiring selective access to positions 1, 4, and 6, in the case of 145 , and 1, 2, 4, and 6, in the case of 146 and 147 .

Toxoplasma gondii is a parasitic protozoan causing severe encephalopatitis in the course of the acquired immunode-

ficiency syndrome. The glycan structure of 145 has been found to belong to a family of free GPIs which has been

described to exhibit immunological characteristics suitable for serological diagnosis of acute toxoplasmosis. The

structure of the GPI anchor of Thy- 1 antigen 147 was, together with that of VSG from T. brucei , the first complete

GPI anchor structure determined, and its synthesis has been pursued by several research groups ever since. The

approximation of Pekari and Schmidt to 146 and 147 is discussed in some detail.

In developing the synthesis of 147 , Pekari and Schmidt48,49 have introduced what they call a variable concept for

the construction of branched GPIs, which may permit the preparation of practically all GPI anchors. Themain features

of this synthesis are summarized in Scheme 26. This concept is based on a highly variable synthetic strategy, which

may also allow attaching peptides and naturally occurring proteins to the anchor. This strategy involves the introduc-

tion of some branches at an early stage, and the use of an array of orthogonal protecting groups to block the

monosaccharide units to which branches should be attached.

Thus, building block 198 , bearing the carbohydrate side chains on unit c and unit e , was prepared by sequential

coupling of 197 (a cd fragment already equipped with the 3-O -b-D -glucosaminyl side chain) with 166 and 156. The

synthesis of trisaccharide 197 required a careful planning of the protecting group pattern in unit c, permitting b-
glycosylation at position 4 with a galactosaminyl donor carrying a participating trichloroacetyl amino protecting group

to give 196 , and then a-mannosylation at position 6 of 196 with trichloroacetimidate 156 . Compound 197 presents

positions 1 and 2 in unit c and position 2 in unit d differentiated, allowing the elongation of the glycan chain from

position 2 of unit d through two consecutive glycosylations with trichloroacetimidates 166 and 156 , to afford

pentasaccharide building block 198 . All a-mannosylation reactions were high yielding and completely stereoselective,

due to the anchimeric assistance of the 2-O-acetyl groups of the donor building blocks. Reduction of the N-

trichloroacetyl group to N-acetyl group, deacetylation, and benzylation were followed by deprotection of the two

allyl groups, diacylation with phenoxyacetyl chloride, selective removal of the phenoxyacetyl group at the anomeric

position, and installation of the trichloroacetimidate function to afford glycosyl donor 199.

In order to allow for the introduction of a peptide moiety at unit e, if needed at a later stage of the synthesis process, ab

fragment 200 having a Boc-protected amino group instead of the azido group was prepared. Glycosyl donor 199 was

coupled to 200 to give the glycan backbone of the GPI anchor, with a protecting group pattern which allowed the

independent installment of the three different phosphate esters, and the selective deprotection of the phosphate ester at

unit e. Thus, cleavage of the silyl group at unit e was followed by phosphorylation with a benzyloxycarbonyl-protected
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ethanolamine phosphoramidite 163 , and immediate removal of the phenoxyacetyl group to liberate position 2 of unit c.

This position was subsequently phosphorylated with N -Boc-protected ethanolamine phosphoramidite 201. Deprotec-

tion of position 1 in unit a gave an advanced intermediate 202 , which was phosphorylated to install the phospholipid

moiety. Removal of the Boc protecting groups followed by hydrogenation gave the final target 147 .

Alternatively, hydrogenation of the advanced intermediate 202 with Pearlman’s catalyst gave a Boc-protected

intermediate that may permit the attachment of a peptide moiety or different biological markers at unit e of the

GPI anchor. Compound 202 was also used to synthesize the corresponding IPG derivative 146 after phosphorylation

and deprotection.
1.19.5.1.1.2 Strategy [ab]þ [cþde]

Ley and co-workers have explored the potentiality of 1,2-diacetal-mediated reactivity tuning of glycosyl donors to

synthesize partial structures of GPI anchors.216,217 In their total synthesis of the GPI anchor of the VSG of T. brucei 214 ,

they described a highly convergent strategy which minimizes the number of manipulations in which the final

assembling of the glycan structure involves a [ab]þ[cþde] coupling.41,42 In this synthesis, the most salient feature

was that the reactivity of glycosyl donors with selenophenyl and thioethyl anomeric leaving groups could be tuned by

using 2,3-butane diacetal (BDA), silyl and acyl protecting groups, to give four levels of descending reactivity. This

allowed assembly of the carbohydrate core in only six steps.

The synthesis of GPI 214 is summarized in Scheme 27 . The ab fragment 209 was synthesized from a suitably

protected enantiomerically pure myo -inositol derivative 22 , desymmetrized using a chiral dispiroketal as chiral

auxiliary (see Scheme 7), and a 2-azido-2-deoxy-D-glucopyranosyl bromide prepared from a 2-phtalimido ethylthio

glucopyranoside by deprotection and diazo transfer (see Table 1, entry b). Building block 208 , containing the a-linked
digalactopyranosyl side chain at position 3 of unit c , was synthesized from 206 , a trisaccharide building block in which

unit c has been already equipped with the digalactopyranosyl moiety, and selenoglycoside 207 selectively activated as

a glycosyl donor in a trimethylsilyl triflate (TMSOTf)-promoted glycosylation reaction. Trisaccharide 206 was

synthesized by TMSOTf-promoted glycosylation of a conveniently protected ethylthio mannopyranoside glycosyl

acceptor, with a selectively activated selenophenyl digalactopyranoside glycosyl donor. The higher reactivity of the

selenophenyl leaving group allowed the selective activation in the presence of the thioethyl group of the acceptor in

these glycosylations. Disaccharide 207 was obtained from two selenophenyl mannopyranoside building blocks 204

and 205 , as a single anomer in excellent yield upon N-iodosuccinimide (NIS)–TMSOTf-promoted activation. BDA

and chloroacetate protecting groups tuned the reactivity of the glycosyl acceptor and prevented homocoupling.

Activation of ethylthio pentasaccharide 208 with NIS–trifluoromethanesulfonic acid (TfOH), allowed glycosylation

of 209 to give the complete glycan structure 210. Installation of the phosphodiester group on the terminal D -

mannopyranose unit using phosphoramidite 211 and subsequent deallylation yielded 212 . Finally, phospholipid

introduction using phosphoramidite 213 and deprotection afforded GPI 214 . The deprotection involved hydrogena-

tion as a first step, to remove the benzyl ethers, the benzyloxicarbonyl group, and to transform the azide into the amine

group, then treatment with hydrazine dithiocarboxilate to selectively deacylate the chloroacetates leaving the alkyl

esters intact, and finally hydrolysis of the BDAs. This deprotection sequence is perhaps the only drawback of this

effective and elegant synthetic design since the final protected pseudoheptasaccharide contains four different types of

protecting groups, which have to be cleaved in the final stage of the synthesis.

In summary, the synthesis of the GPI anchor of the VSG of T. brucei by Ley et al. constitutes an outstanding example

of convergence and efficiency in complex oligosaccharide synthesis, in which the diacetal protection protocols

developed by the authors in the 1990s allow to desymmetrize myo-inositol to protect building blocks and to tune

the reactivity of glycosyl donors.
1.19.5.1.2 Strategy [abþc]þ[de]
This strategy was used by Fraser-Reid and co-workers for the first reported synthesis of the GPI anchor of murine

brain Thy-1 antigen 147 45–47 (Scheme 28 ) and some related IPG-like compounds, 46,47 using pentenyl glycosides. This

first synthesis of the GPI anchor of Thy-1 constituted an excellent demonstration of the possibilities and advantages of

the pentenyl activating group for complex oligosaccharide synthesis.

Glycosylation of ab fragment 209 , prepared from optically active myo-inositol precursor 22 ( Scheme 2) and a

2-azido-2-deoxy- D-glucopyranosyl bromide (see Table 1, entry a), with n-pentenyl-branched unit c 215 , gave a

pseudotetrasaccharide that was dechloroacetylated to afford pseudotetrasaccharide building block 216 . Pentenyl

disaccharide building block 215 was synthesized by coupling a N-phtalimido-galactopyranosyl trichloroacetimidate

with a suitably protected n-pentenyl mannopyranoside, allowing the required access to positions 1, 2, and 6 of unit c.
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Pentenyl trisaccharide building block 220 was synthesized from three different mannopyranosyl units, unit d 217, unit

e 218 , and side chain 219 , prepared from a n-pentenyl orthoester precursor after protecting group manipulation. The

divergent pathways followed by n-pentenyl orthoesters upon treatment with different electrophiles, which can give

rise under mild conditions to pentenyl glycosides (unit d 217 ) or to glycosyl halides (unit e 218), were thoroughly

investigated and used to reduce the number of starting materials in this synthesis. Glycosylation of 216 with 220 yielded

the GPI pseudoheptasaccharide backbone which was transformed into advanced intermediate 221 by sequential

installation of the phosphodiester groups at positions 6 of unit e and 2 of unit c, respectively, using phosphoramidite

211 . The synthesis was completed by introduction of the phospholipid moiety at position 1 of the myo -inositol ring in

221 , using phosphoramidite 203 and final deprotection to give the complete GPI anchor structure 147.

This [ab þ c ] þ [de] assembly of the pseudopentasaccharide core was used by Ló pez-Prados and Martı́n-Lomas to

synthesize the conserved GPI structure 231 142 (Scheme 29 ) and a series of IPG-like pseudotrisaccharides. 105

Fragment abc 224 was prepared by glycosylation of fragment ab 125 with unit c trichloroacetimidate 222 , followed

by acidic cleavage of the ketal and silyl groups. Building block 125 was prepared by glycosylation (see Table 1, entry j)

of optically pure myo -inositol derivative 46 (see Scheme 6) with trichloroacetimidate 105 (see Scheme 15). Position 1

of the myo -inositol ring in 224 was differentiated by dibutyltin-mediated regioselective allylation after protecting the

free primary hydroxyl group with triisopropylsilyl chloride to give 225 . Benzylation of the free secondary hydroxyl

group, followed by silyl deprotection, gave the abc fragment 226 . Glycosylation of 226 with trichloroacetimidate 229

afforded the corresponding protected pseudopentasaccharide 230, which, after deallylation, installation of the phos-

pholipids moiety using phosphoramidite 213 , and final deprotection, gave the conserved GPI anchor structure 231 ,

that was asymmetrically inserted onto large unilamellar vesicles and on micelles, for enzymatic and structural studies

on GPIs in systems mimicking the cell membrane environment.218,219

Fragment abc 223 and related compounds were used as precursors in the synthesis of a series of IPG-like

trisaccharides that were designed as inhibitors of c-AMP-dependent protein kinase, a key enzyme in the insulin

signaling process.105
1.19.5.1.3 Strategy [aþbc]þdþe

Some GPI anchor structures have been synthesized following other strategies which cannot be formally included in

the above paragraphs. Thus, Murakata and Ogawa38–40 designed the first synthesis ever published of a GPI anchor, the

GPI anchor of the VSG of T. brucei 242 , introducing the optically active protected myo -inositol moiety (unit a) in a more

advanced stage of the synthetic process than in the syntheses described so far. This is an unusual approach, because

the critical glycosidic linkage between the glucosamine and the cyclitol is formed using a more elaborated glycosyl

donor fragment than the 2-azido-2-deoxy-D-glucopyranosyl unit, generally employed in most of the synthetic designs.

In this synthesis by Murakata and Ogawa, fragment bc 234 was prepared from methylthioglycoside 232 to establish

the a-glycosidic linkage to position 4 of silyl 2-azido-2-deoxy- D-glucopyranoside 233 in a silver triflate-promoted

glycosylation ( Scheme 30). The obtained disaccharide was activated as a fluoride ( 234 ) and coupled to myo -inositol

derivative 235 in the presence of zirconocene dichloride and silver perchlorate with good yield and stereoselec-

tivity. It has been already mentioned that unit 235 was erroneously used with the wrong configuration as indicated

in Scheme 30 . The a1! 6 digalactopyranosyl fluoride 237 was prepared by coupling a methylthioglycoside galacto-

pyranosyl donor with a p-methoxyphenyl galactopyranoside acceptor, in the presence of copper(II) bromide–tetrabutyl

ammonium bromide. Fluoride 237 was installed at position 3 of c unit in 236 , using again zirconocene dichloride–

silver perchlorate-mediated glycosylation conditions to give, after diacetylation, pseudopentasaccharide 238 . After-

ward, the two mannopyranosyl units remaining to complete the GPI anchor glycan core were sequentially introduced.

Unit d, activated as a glycosyl chloride (171 ), was introduced using mercury cyanide–mercury bromide glycosylation

conditions and unit e , activated as a fluoride ( 239), was installed through a zirconocene dichloride–silver perchlorate-

promoted coupling. Finally, both the phosphatidyl and the phosphoethanolamine moieties were installed on advanced

intermediate 240 using the H-phosphonates 241 and 195 , respectively. After final deprotection, GPI structure 242

was obtained.

An [aþbc] approach to prepare pseudotrisaccharide fragments has been reported by d’Alarcao et al. for the synthesis

of IPG-like compounds 243 , 244 , and 148 a, using methylthioglycosides as glycosyl donors to establish the cb ! a

glycosidic linkage.220,221 The low stereoselectivity observed permitted the isolation of both the a- and the b-isomers.

The same [a þ bc] approach, using trichloroacetimidates as glycosyl donors, was used to synthesize pseudotrisac-

charide IPG 243 a and pseudotrisaccharide GPI 245 by Martı́n-Lomas and co-workers.140 Compound 245 had been

previously reported by Murakata and Ogawa,222,223 as a part of their studies on the synthesis of the GPI anchor of the
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VSG of T. brucei. Schmidt and co-workers,207 in the course of their studies to prepare labeled GPIs, also synthesized

compounds 246–250 using an [ab þ c ] strategy (Figure 6).

Müller et al.27 have reported the synthesis of several IPG-like compounds in the frame of their structure activity

studies on compounds mimicking the metabolic action of insulin. These IPG-like compounds were synthesized

using the strategy previously established by Murakata and Ogawa for the synthesis of the GPI anchor of the VSG of
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T. brucei. 38–40 Glycosylation of unit a 76 with trichloroacetimidate 251 led to a,b pseudotrisaccharide 252 (Scheme 31).

Sequential glycosylation of the separated isomers 253 a and 253 b with the corresponding trichloroacetimidates of

suitably protected units d and e, and subsequent installment of phosphate, H-phosphonate, sulfate, and phosphoetha-

nolamine groups, after each glycosylation step, afforded a diversity of IPG-like compounds for biological investigation.

When the enantiomer of 76 was used in the first glycosylation steps, compounds 254 a and 254b were obtained which
gave rise to a second family of IPG-like compounds carrying the L- myo-inositol unit. Structures 255 –259 may give a
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general idea of the diversity of structures prepared only with the GlcNa1!6myo-Ins structural motif (D-series).

Unfortunately, a full description of the syntheses and a complete characterization of the obtained products have not

been reported. The biological activity of these IPG-like compounds as insulin mimetics was investigated.
1.19.5.2 Linear Synthesis Approaches

This linear ab þ c þ d þ e approach was first reported by Oscarson et al., who described the synthesis of phosphorylated

IPG-like structure 260 (Figure 7).144 In this sequential approach, fragment ab 125 (see Scheme 32 ) was synthesized

from an optically pure myo-inositol derivative prepared using a modification of the method of Bruzik,140 that was

glycosylated with an appropriately protected 2-azido-2-deoxy-D-glucopyranosyl thioglycoside.224 The sequential

glycosylations were performed with three differently substituted mannose ethylthio glycosides.

This strategy was used by Reichardt and Martı́n-Lomas143 to develop a solid-phase step-by-step construction of the

pseudopentasaccharide GPI anchor core 265 , which may allow the access to a diversity of GPI anchor structures

(Scheme 32). Building block 125 , which can be obtained in multigram quantities, was levulinated, the L-camphor

ketal subsequently removed, and the resulting 1,2-diol regioselectively attached through position 1 to a polyethylene

glycol-grafted polystyrene resin with a commercial Wang-type linker. The resin-bound pseudodisaccharide 261 was

then acetylated and delevulinated to give the key resin-bound acceptor 262. Mannopyranosyl trichloroacetimidates

263 (c unit), 264 , (d unit) and 156 (e unit), were prepared for the step-by-step construction of the orthogonally

protected pseudopentasaccharide backbone. The highly functionalized trichloroacetimidate 263 was designed so as

to permit selective deprotection at 2, 3, 4, and 6 for further attachment of branching groups. Compound 265

was obtained after releasing from the resin and acetylation. The overall yield of the target structure 265 was 20%

after nine steps.

This solid-phase strategy permits the assembly of GPI precursor structures with a fully orthogonal protecting group

pattern, which can allow for the synthesis of a variety of GPI molecules. It may also allow for the construction of a

diversity of structures in a combinatorial manner for the generation of a small library of GPI precursors.
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Fraser-Reid and co-workers have also developed a linear assembly of the glycan chain for the synthesis of the 2-O-

acylated GPI anchor of P. falciparum 275 50,51 (Scheme 33). In this approach, all required units, with the exception of

the enantiomerically pure myo-inositol derivative 76 , were synthesized from a manno -neopentenyl orthobenzoate,

which can be prepared from mannose in three easy steps. Compound 76 was prepared from methyl a-D -glucopyrano-

side using Ferrier’s carbocyclization as depicted in Scheme 11. In an attempt to avoid the problems associated to the

formation of the a-glycosidic linkage between a 2-azido-2-deoxy glycosyl donor and the myo-inositol unit to generate a

suitably protected a-linked ab fragment, 76 was glycosylated with the manno -configurated orthoester 266 under the

agency of ytterbium triflate Yb(OTf)3 and NIS, a promoter system which induces chemospecific reaction of

n-pentenyl orthoesters while leaving neopentenyl glycosides untouched, to obtain 267 in almost quantitative yield

and complete stereoselectivity. Replacement of the benzoyl group in 267 by triflate and inversion of the configuration

at position 2 of the mannopyranosyl unit with trimethysilyl azide 225 gave the corresponding ab fragment 268 .

Unfortunately, the yield of this step was much lower than expected according to previous experience.226

Stepwise elongation of the glycan chain by sequential glycosylation with suitable c, d, and e units was achieved

with three different pentenyl orthoesters, 269 , 270 and 271 , obtained from the same manno -neopentenyl orthobenzo-

ate. The last glycosylation step proved to be difficult, but was finally achieved using the tritylated diacetylated

neopentenyl orthoester 271. Installment of the phosphoethanolamine grouping at position 6 of unit e in the obtained

pseudopentasaccharide 272 was carried out, after mild cleavage of the trityl group, using phosphoramidite 211 . The

introduction of the acyl group at position 2 of myo-inositol was envisaged by stereoelectronically controlled opening of

a 1,2-cyclic orthoester. Thus, removal of the cyclohexylidene followed by the formation of a cyclic orthoester in unit a
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afforded the nonisolated structure 273 . Regioselective opening of the 1,2-cyclic orthoester by treatment with Yb

(OTf)3, first investigated with model compounds,50,227 gave the required 2-O-acyl derivative with good yield and

selectivity, particularly with long-chain analogs. It is also to be remarked that the subsequent introduction of the

phosphatidyl moiety using phosphoramidite 274 was satisfactorily performed and no side reactions took place even

when long-chain acyl groups were placed on the glyceryl moiety. This is in contrast to the results reported byGuo et al.,53

where a similar reaction could not be performed and the synthetic strategy had to be modified as was previously

discussed. Final deprotection afforded GPI anchor 275.

Glossary

glycosylphosphatidylinositol anchors myo-Inositol containing glycophospholipids, composed of a conserved pseudopentasac-

charide structure, which serve to attach proteins and nonprotein glycoconjugates to the outer face of cell membrane through a

covalent linkage.

inositolphosphoglycans The delipidated structures generated from glycosylphosphatidylinositols after phospholipase C or

phospholipase D cleavage.

pseudooligosaccharide Oligosaccharide structure in which the glycosyl unit at the reducing end is replaced by a cyclitol

residue.

racemic resolution Separation of both enantiomers in a racemic mixture. In the case of racemic myo-inositol derivatives, the
resolution is usually carried out by chemical combination with an optically active compound that produces a mixture of

diastereoisomers differing in physical properties.

stereoselective glycan assembly Coupling of different building blocks to construct an oligosaccharide backbone by means of

stereochemically controlled glycosylation reactions.
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218. Bonilla, J. B.; Cid, M. B.; Contreras, F.-X.; Goñi, F.-M.; Martı́n-Lomas, M. Chem. Eur. J. 2006, 12, 1513–1528.
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Javier López-Prados obtained his degree in Chemistry

from the University Autónoma of Madrid in 1994. He

worked for his master’s degree, which he obtained in

1996, in the same university under the supervision of

Professor Javier deMendoza and Dr. Pilar Prados. After

working for three years with Lilly Spain S.A., he joined

Martı́n-Lomas’ laboratory at the Institute for Chemical

Research (IIQ-CSIC) in Seville, where he obtained his

Ph.D. degree from the University of Seville in 2005

under his supervision. His recent research interests are

in the field of inositophosphoglycans and heparin-

related glycosaminoglycans involved in fibroblast

growth factor activation.

Synthesis of Glycosylphosphatidylinositol Derivatives 795



1.20 Synthesis of Glycolipids

T. Ando, A. Imamura, H. Ishida, and M. Kiso, Gifu University, Gifu, Japan

� 2007 Elsevier Ltd. All rights reserved.
1.20.1 Introduction 797

1.20.2 Synthesis of Glycolipid Carrying Ceramide 797

1.20.2.1 Overview 797

1.20.2.2 Synthetic Strategy 798

1.20.2.3 Synthesis of Ceramide or Its Equivalents 799

1.20.2.4 Construction of an Oligosaccharide Portion 799

1.20.2.5 Total Syntheses of Disialyl Lactotetraosyl Ceramide and Disialyl Lewis A Ganglioside 801

1.20.3 Synthesis of Glycosphingolipid Carrying Phytoceramide 801

1.20.3.1 Overview 801

1.20.3.2 Synthetic Strategy 803

1.20.3.3 Preparation of Phytoceramide Acceptor 804

1.20.3.4 Total Synthesis of a-Galactosyl Phytoceramide 804

1.20.4 Synthesis of Glycolipid with Artificial Ceramides 806

1.20.4.1 Overview 806

1.20.4.2 Synthesis of Artificial Ceramides 809

1.20.4.3 Construction of Oligosaccharide Backbone 810

1.20.4.4 Synthesis of 6-O-Sulfosialylparagloboside and Sialyl LewisX Neoglycolipids Containing

Lactamized Neuraminic Acid 810

1.20.4.5 Reactivity of Lactamized Sialyl 6-O-Sulfo LeX Glycolipid and Related Compounds

against mAb G159 811
1.20.1 Introduction

Glycolipids are membrane components and occur in all kingdoms of organisms, that is, bacteria, plants, and animals

including humans. They are glycoconjugates and comprise a very heterogeneous group of molecules which possess

one or more monosaccharide units linked by a glycosyl linkage to a hydrophobic moiety such as acylglycerol, ceramide,

or prenyl phosphate. They play an important role in a broad variety of biological processes, for example, in cell–cell

communication, in receptor modulation, or in signal transduction.

This chapter focuses on the syntheses of sphingoglycolipids including ceramide, phytoceramide, and an artificial

ceramide owing to their biological and chemical significance.
1.20.2 Synthesis of Glycolipid Carrying Ceramide

1.20.2.1 Overview

In animal tissues, glycolipids are important constituents of the plasma membrane. They play a significant role in cell–

cell communications, cellular differentiation, and proliferation, and also in oncogenesis, as indicated by alteration in

their composition and in glycosyltransferase activities during differentiation and growth of cells.

The most prominent lipid anchor of animal glycolipids is ceramide (Figure 1), which consists of sphingosine that is

substituted at its amino group by fatty acids of various chain lengths. Sugars are linked glycosidically to ceramide at the

primary hydroxyl group of sphingosine. Lipids of this type are called glycosphingolipids.

Glycosphingolipids can be divided into two groups: neutral and acidic glycosphingolipids. Negative charges in the

latter group can be provided by sialic acids, uronic acids, sulfates, phosphates, and phosphonates.
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Table 1 Fundamental carbohydrate structure of gangliosides

Hematoside series
Galb1!1Cer

Galb1!4Glcb1!1Cer

Ganglio series
GalNAcb1!4Galb1!4Glcb1!1Cer

Galb1!3GalNAcb1!4Galb1!4Glcb1!1Cer

Lacto and neolacto series
[Galb1!3GlcNAcb1!3]nGalb1!4Glcb1!1Cer

[Galb1!4GlcNAcb1!3]nGalb1!4Glcb1!1Cer

Globo and isoglobo series
GalNAcb1!3Gala1!4Galb1!4Glcb1!1Cer

GalNAcb1!3Gala1!3Galb1!4Glcb1!1Cer
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Gangliosides are distinguished from other glycosphingolipids in that they contain sialic acid. As shown in Table 1 ,

gangliosides are further classified into several subclasses depending on the structure of the oligosaccharide backbones.

In the following sections, the chemistry of the syntheses of gangliosides is described by demonstrating the total

synthesis of sialyl lacto type I series (lacto-series) gangliosides, disialyl lactotetraosyl ceramide, and disialyl Lewis

A ganglioside ( Figure 2 ), as a typical example, including synthetic strategy (Section 1.20.2.2), synthesis of ceramide

(Section 1.20.2.3), construction of oligosaccharide backbones (Section 1.20.2.4), and total synthesis of gangliosides

(Section 1.20.2.5).

For the synthesis of ganglio-, lacto type II (neolacto), and globo- and isoglobo-series gangliosides, please refer the

Refs.: 1 and 2.

Sialyl lacto type I gangliosides are defined by monoclonal antibody, and applied for the diagnosis of cancer by the

determination of antigen level in the tumor tissue. Furthermore, these carbohydrate determinants are involved in the

adhesion of cancer cells to the vascular endothelium and contribute to hematogeneous metastasis of cancer.3 Recently,

it has also been shown that disialyl lactotetraosyl ceramide (DSLc4) is a high-affinity ligand for Siglec 7, which is

expressed in natural killer (NK) cells and is able to affect NK activity through the binding.4
1.20.2.2 Synthetic Strategy

Retrosynthetic analysis for the systematic synthesis of those gangliosides is shown in Figure 3, which exhibits two

important concepts which can be applied to almost all of gangliosides in common.

First, the lipid part should be incorporated into the sialo-oligosaccharide after complete construction of the sugar chain.

When the lipid is coupled with glucose, which is the reducing terminal of the oligosaccharide, at the first stage of the

synthetic route, the reactivity of the resulting glycolipid is too low to serve as a glycosyl accepter for further elongation of

the oligosaccharide chain, mainly due to a steric hindrance. In addition, it is worth noting that azidosphingosine is

poplularly employed as a ceramide precursor, a sphongosine equivalent, because of the good yield for coupling and the

versatility to accept a series of fatty acids as components of ceramide, although the resulting glycosyl azidosphingosine

necessitates further transformation. Ogawa et al. were successful in the coupling of oligosaccharides and the ceramide in

good yield by employing the pivaloyl group for the protection of hydroxyl at the C-2 of the reducing terminal glucose.5
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Second, sialic acid should be introduced at an early stage of the synthetic route; because of the structural feature,

sialic acid affords the corresponding glycoside in good yields only on the coupling with reactive acceptors. When

reacted with less reactive acceptors, like oligosaccharides, sialic acid is easily transformed into the 2,3-dehydro

derivative which is the major by-product and reduces the yields.
1.20.2.3 Synthesis of Ceramide or Its Equivalents

The most popular and a practical way to prepare ceramide or its equivalents is a synthesis from chiral starting

materials, particularly from serine precursors6 like biosynthetic pathway. Carbohydrates were also utilized as chiral

sources. A classical approach to ceramide from D-galactose or D-xylose was reported by Kiso et al.7 to give an azido

derivative of sphingosine (azidosphingosine) which is rather a reactive equivalent of sphingosine or ceramide.

The synthesis starts from a mixture of 2,4-O -isopropylidene- D-threose and its formate 3 obtained in one step from

3,5-O -isopropylidene- D-xylofuranose 1 or 4,6-O -isopropylidene-D -galactopyranose 2, which was subjected to the

Wittig alkenation with triphenylphosphonio-tetradecylide. The resulting 1,3-O-isopropylidenated C18 alkene 4 was

transformed, by the introduction of an azido function at C-2, into the corresponding 1,3-O-protected 2-azidosphingo-

sine 6. The appropriate manipulation of protecting groups gave the 3-O-benzoylated or tert-butyldiphenysilylated

derivative 7 or 8, which serves as a key intermediate for the synthesis of glycosphingolipids (Scheme 1). It is

noteworthy that phytosphingosine, [(2S, 3S, 4R)-2-amino-1,3,4-octadecantriol], is now readily available from a yeast

fermentation process and the transformation into sphingosine was reported as the most promising way to supply

sphingosine and ceramide in an adequate amount.8
1.20.2.4 Construction of an Oligosaccharide Portion

The crucial point in the systematic synthesis of the target oligosaccharides is the successive a-stereo- and regioselec-

tive sialylation at O-6, regioselective introduction of the a-sialyl-(2!3)-D-galactose unit to O-3, and/or a-selective
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fucosylation of O-4 of GlcNAc residue in 2-(trimethylsilyl)ethyl (2-acetamido-2-deoxy- b-D-glucopyranosyl)-(1 ! 3)-
(2,4,6-tri- O-benzyl-b-D -galactopyranosyl)-(1 !4)-2,3,6-tri-O -benzyl-b-D -glucopyranoside 99 with the glucosyl donors

11 10 and 14 .11 In the view of the systematic total synthesis of DSLc4 and DSLea , the fucosylation should be

performed in the final stage of oligosaccharide synthesis (Scheme 2 and 3).

The two possible synthetic routes to construct DSLc4 oligosaccharide 18 are shown in Scheme 2. In the synthetic

route A, the iodonium-ion promoted, regio- and a-stereoselective glycosylation 12,13 of the key trisaccharide 10 14 with
Neu5Ac donor 11 gave the tetrasaccharide 12 (74%), accompanied by the corresponding b-sialoside (16%). Deprotec-

tion of MPM group in 12 with ceric (IV) ammonium nitrate (CAN) gave the 3,4-diol tetrasaccharide acceptor 13, which

was glycosylated with the sialyl a2! 3galactosyl trichloroacetimidate donor 14 to afford the desired (b1! 3)-linked
disialyl lactotetraose (DSLc4) derivative 18 (53%) preferentially, accompanied by the corresponding (b1! 4)-linked
hexasaccharide (13%).

In the synthetic route B, the suitably protected trisaccharide 15 was first glycosylated with 14 to give the sialyl

lactoteraose derivative 16 in 96% yield. Removal of anisylidene by an acid treatment gave the 4,6-diol pentasaccharide

acceptor 17. Iodonium ion-promoted, regio- and a-stereoselective sialylation of 17 with the Neu5Ac donor 11 afforded

the desired hexasaccharide 18 (19%) accompanied by the corresponding b-sialoside (5%), which could not be easily

separated by silica gel column chromatography. It is worth noting that the coupling of the sialyl donor with bulky

acceptors have disadvantages both in the chemical yield and in the separation, as described in the previous section.

Therefore, the (a2!6)-sialylation should be carried out before construction of the pentasaccharide, showing that the

synthetic route A is preferable to B.



D-Xylose
O

OH

OMe2C
OH

HC

CH2

HCOR

OCH

Me2C

R = H, CHO

HC CH(CH2)12CH3

N3CH

OCH2

OCH

HC CH(CH2)12CH3

HCOR

OCH2

OCH

4 R = H
5 R = CH3SO2

7 R = Bz
8 R = TBDPS

O
OH

OH

O
OH

OCH2

D-Galactose

O
O N3

H H
C CH(CH2)12CH3

Me

Me

1

2

3

Me2C

Me2C

Me2C

HO

N3

C13H27

OR

O

Wittig reaction

6

OCH2

Scheme 1 Synthesis of azidosphingosine from D-xylose and D-galactose.

Synthesis of Glycolipids 801
The fucosylation of 18 was performed in the presence of N-iodosuccinimide (NIS)-trifluoromethanesulfonic acid

(TfOH) to give disialyl Lewis A heptasaccharide 21 in 75% yield only when the excess amount of fucose donor 2014

(15 mol equiv.) was employed in the reaction. The low yield could be explained by the apparent incompatibility of the

highly reactive glycosyl donor and the much less reactive glycosyl acceptor.
1.20.2.5 Total Syntheses of Disialyl Lactotetraosyl Ceramide and Disialyl
Lewis A Ganglioside

Before coupling of the oligosaccharides obtained with the ceramide moiety, all the hydroxyl groups except for the one

on the reducing-end were protected with acyl-type groups, and the 2-(trimethylsilyl)-ethyl (SE) group at the reducing

end was removed selectively by the treatment 16 with trifluoroacetic acid to give the 1-hydroxy compound 23 , which

were further converted into the trichloroacetimidate 24 (Scheme 4 ).15,17

Coupling of 24 with (2S, 3R, 4E )-2-azido-3- O-benzoyl-4-octadecene-1,3-diol (7 ) was carried out in the presence of

boron trifluoride etherate to give 25 in 36% and 40%, respectively. The b-selectivity was obtained by the virtue of the
neighboring acyl group participation in the coupling. Selective reduction 18 of the azido group with hydrogen sulfide in

an aqueous pyridine afforded the amine derivatives, which, on condensation with octadecanoic acid, using 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride gave the fully protected disialyl lactotetraosyl ceramide and

disialyl Lewis A ganglioside 26 .

Finally, O-deacylation of 26 with sodium methoxide in methanol, with subsequent saponification of the methyl

ester group, yielded the desired target compound DSLc4 and DSLea after the purification by column chromatography

on Sephadex LH-20 gel.
1.20.3 Synthesis of Glycosphingolipid Carrying Phytoceramide

1.20.3.1 Overview

Although the first time glycosphingolipids were isolated from the tissues of the central nervous system of mammals, it

was known many years ago that these group of substances are general constituents of other organs in other classes of



O

OBn
O

OBn

O

OBn

O

OBn
BnOO

NHAc
HO

OSE

OBn

O
OMP

O

OBn
O

OBn

O

OBn

O

OBn
BnOO

NHAc
OSE

OBn

HO

OH

9

O

OBn
O

OBn

O

OBn

O

OBn
BnOO

NHAc
O

O

RO

COOMe
O

OAc

AcO

AcO
OAc

O

OBz
O

BzO
OBz

O

OAc

AcHN

AcO

AcO
OAc

COOMe

OSE

OBn

O

OBn
O

OBn

O

OBn

O

OBn
BnOO

NHAc
RO

O

HO

COOMe
O

OAc
AcHN

AcO

AcO

OAc

OSE

OBn

O

OBn
O

OBn

O

OBn

O

OBn
BnOO

NHAc
O

OR1

R2O

O

OBz
O

BzO
OBz

O

OAc

AcHN

OAc

AcO
OAc

COOMe

OSE

OBn

Synthetic route A

Synthetic route B

12  R = MPM
13  R = H

16  R1, R2 = anisylidene

17  R1 = R2 = H

10

18 b1→4 isomer

15

11

11

14

NIS, TfOH, CH3CN
74%

TMSOTf
CH2Cl2

96%

NIS, TfOH, CH3CN
19%

TMSOTf
CH2Cl2

53%

13%

O

OBn
O

OBn

O

OBn

O

OBnBnOO

NHAc
HO

OH

HO
OSE

OBn

SPh

COOMe

O

OAc

AcHN
AcO

AcO

AcO

O
O

OBz
O

OBz OBz

O

OAc

AcHN
AcO

AcO

AcO COOMe

CCl3

NH

14

18  R = H

19  R = Ac

MPMO

AcHN

Scheme 2 Synthesis of disialyl lactotetraosylceramide.

802 Synthesis of Glycolipids
the animal kingdom (e.g., birds, fish, and insects) as well. Furthermore, microorganisms, mushrooms, and plant

materials (such as seeds and leaves) also contain similar substances, which are distinguished from animal glycolipids

in that they contain phytosphingosine (Figure 4).

Recently, phytosphingosine is attractingmuch attentionbecause of its chemical and biological significance. First, phyto-

sphingosine is now readily available from the yeast culture, in good contrast with sphingosine which must be synthesized

chemically for sufficient supply, and can serve as a substituent for sphingosine in some biological functions.
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Second, a novel glycolipid (a-galactosyl phytoceramide, a-GalCer, Figure 4) was isolated and found to possess

unique biological functions. In the following sections, the chemistry of the syntheses of glycosphingolipids is

explained by demonstrating the total synthesis of a-GalCer as a typical example, including the synthetic strategy

(Section 1.20.3.2), the preparation of phytoceramide acceptor from phytosphingosine (Section 1.20.3.3), and its

coupling with galactose residue (Section 1.20.3.4).

a-GalCer [Gala1!1Cer] was first isolated from the marine sponge,19 and since then several biological functions of

a-GalCer have been studied.20,21 a-GalCer presented by CDld was recognized by T-cell antigen receptor on NKTcell,

thereby resulting in the stimulation of NKTcells which are essential not only for defense against pathogens, but also

for the initiation of adaptive immune responses to infections, malignancy and in autoimmunity. Therefore, a-GalCer

became a new attractive option for the treatment of microbial infection, cancer, and autoimmune diseases.
1.20.3.2 Synthetic Strategy

So far, several methods for the syntheses of a-GalCer have been reported;22–25 mostly, perbenzylated galactosyl

donors having leaving groups were used for the production of a-galactosyl linkage. However, galactosylation of the

ceramide part is far from high stereoselectivity and high yield. Recently, it was demonstrated that di-tert-butylsilylene

(DTBS) group on C-4,6 position of galacto-type sugar directed the high a-selective glycosylation in spite of

the presence of the participatory group on C2 such as benzyloxy- and 2,2,2-trichloroethoxycarbamoyl group.26 This

methodology can be utilized for the a-galactosyl linkage in the desired a-GalCer.
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1.20.3.3 Preparation of Phytoceramide Acceptor

The phytoceramide acceptor was prepared as depicted in Scheme 5 . The commercially available phytosphingosine

was reacted with stearic acid in the presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride to

furnish the phytoceramide derivative 27 . Then, the primary hydroxyl group of 27 was tentatively silylated with tert -

butylchlorodiphenylsilane (TBDPSCl), followed by benzoylation of the remaining hydroxyl groups. The resulting 29

was desilylated with TBAF to produce phytoceramide acceptor 30 (76% over two steps).
1.20.3.4 Total Synthesis of a-Galactosyl Phytoceramide

The key galactosyl donor 34 having DTBS group mounted on the C-4,6 hydroxyl groups was prepared as follows

( Scheme 6). The known p-methoxyphenyl (MP) galactopyranoside 31 28 was treated with di- tert -butylsilyl bis
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(trifluoromethanesulfonate) [DTBS(OTf )2 ], and successive benzoylation gave the compound 32 in 71% yield. Next,

oxidative cleavage of the anomeric MP group of 32 by CAN gave the hemiacetal 33 in 64% yield, which was converted

into the a-trichloroacetimidate 34 in an excellent yield. DTBS-galactosyl donor 34 was coupled with the phytocer-

amide 30 in the presence of trimethylsilyl trifluoromethanesulfonate. As a result, the desired a-GalCer 35 was

exclusively produced in 60% yield. Removal of 4,6- O-DTBS group within 35 by tributylamine hydrofluoride

(TBAHF) and sequential benzoylation yielded fully acylated a-GalCer 36 in 82% yield. Final global deacylation of

36 with sodium methoxide in methanol gave the a-GalCer in 99% yield27 (Scheme 7 ). Recently, Wang’s group

performed direct a-galactosylation of the phytoceramide with perbenzylated trichloroacetimidate donor, thereby

producing a-GalCer skeleton in 59% yield. The similar results indicate that DTBS-protected donor is the donor of

choice.
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Recently, it was reported that isoglobotrihexosyl ceramide [Gala1!3Galb1!4Glcb1!1Cer] (iGb3; Figure 4) acts

as an endogeneous ligand for mouse NKT cell,29 which may be involved in controlling NKT cell responses to

infections, malignancy and in autoimmunity. The galactose donor 34 developed for the synthesis of a-GalCer can

also serve as a key glycosyl donor for the synthesis of iGb3.
1.20.4 Synthesis of Glycolipid with Artificial Ceramides

1.20.4.1 Overview

Glycosphingolipids, and gangliosides in particular, constitute the well-defined antigenic structures which have been

implicated in a wide range of biological and immunological activities. Although the exact structures of the ceramide

portions have been suggested as being involved in some biological processes, for example, in monoclonal antibody-

ganglioside GM3 (Figure 5) interactions, the structure of the lipid component is not critically important for other

purposes, for example, to coat microtiter plates with glycolipid to determine the carbohydrate-binding specificites. In

addition, the large-scale synthesis of glycosphingolipids containing intact ceramide residues is nontrivial and requires

ample of the latter. Therefore, the replacement of natural sphingolipids by artificial ceramide to develop therapeutic

agents based on glycosphinglipids is reasonable. For example, the sulfo LeX glycolipid named GSC-150 has been

established as a potential substituent for sialyl LeX gangliosides in binding to selectins.30 It is also known that
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the ceramide of GM3 and GM4 (Figure 5) can be replaced with artificial ceramides without the loss of immunosup-

pressive activity. 31,32

In the following sections, the chemistry of the synthesis of 6-O-sulfo sialylparaglobosides and sialyl Le X neoglyco-

lipids containing lactamized neuraminic acid as a typical example, including the synthesis of artificial ceramide

(Section 1.20.4.2), construction of oligosaccharide backbone (Section 1.20.4.3), construction of the desired novel

glycolipids (Section 1.20.4.4), and the antigenic reactivity against monoclonal antibody (Section 1.20.4.5), have been

discussed ( Figure 6).

Selectins (L, E- and P-selectin) are a family of carbohydrate-binding cell adhesion molecules which play important roles

in homing of lymphocytes, recruitment of leukocytes to sites of inflammation, thrombosis, cancer metastasis, etc. 33,34

It has been demonstrated that sialyl 6-O -sulfo LewisX (Figure 7) is an endogenous L-selectin ligand on the human

high endothelial venule (HEV). Recently, de-N-acetyl-sialyl 6-O-sulfo Lewis X was found to be a superior ligand for

L-selectin, which may be inactivated (downregulation) by conversion into the cyclic structure detected with G159

monoclonal antibody (G159 mAb).35 Since then, we have systematically synthesized a series of gangliosides

and neoglycolipids containing cyclized neuraminic acid for mapping the G159 mAb recognition sites in more detail

(Figure 8).
1.20.4.2 Synthesis of Artificial Ceramides

Treatment of commercially available 2-(decyl)dodecanoic acid or 2-(tetradecyl)hexadecanoic acid ( 37) in methanol in

the presence of concd sulfuric acid gave the methyl ester 38 in a quantitative yield. In the essentially same way, 3-

(nonyl)dodecanoic acid or 3-(tridecyl)hexadecanoic acid ( 40) gave the corresponding methyl esters 41 in almost

quantitative yields. Reduction of the methyl esters with LiAlH4 in dry ether gave the corresponding alcohols 39 and

42 in good yields, respectively (Scheme 8). 11
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1.20.4.3 Construction of Oligosaccharide Backbone

Coupling of the sialyla2! 3galactosyl donor 43 36 and the suitably protected trisaccharide acceptor 4437 in the presence
of trimethylsilyl trifluoromethanesulfonate gave the expected pentasaccharide 45 in 76% yield (Scheme 9).

The partial N,O-deacylation of 45 with sodium methoxide in methanol and subsequent saponification of the methyl

ester group afforded 46 in 80% yield.

Lactamization (cyclization) 38 of the neuraminic acid in 46 was achieved by treatment with 1-ethyl-3-(3-dimethyl-

aminoproyl)carbodiimide hydrochloride and HOBt, followed by acetylation, to give 47 (46% in two steps). In the
1H NMR spectrum of 47 , the value of vicinal couplings ( J3,4) changed to clearly indicate that typical B boat

conformation was formed by lactamization of the neuraminic acid part. The lactamization reaction was greatly improved

by using O -benzotriazol-1-yl- N,N,N0 ,N0 -tetramet-yuronium hexafluorophosphate (HBTU) and HOBt as described for

the conversion of the sialyl LeX derivative 50 in the lactam derivative 51. Hydrogenolytic removal of the benzyl

groups in 47 and 51 followed by complete acetylation gave 48 and 52 (90% and 93% in two steps) (Scheme 10).
1.20.4.4 Synthesis of 6-O-Sulfosialylparagloboside and Sialyl LewisX Neoglycolipids
Containing Lactamized Neuraminic Acid

Compound 48 was then transformed into the corresponding trichloroacetimidate 53 by a selective removal of the

2-(trimethylsilyl)ethyl group with trifluoroacetic acid and subsequent imidate formation (Scheme 11). 39 Glycosylation

of 2-(tetradecyl)hexadecanol 39 with 53 in the presence of TMSOTf gave the desired b-glycoside 54 (43%). Selective

cleavage of the 4-methoxyphenyl (MP) group in 54 and the 6-O-sulfation of 55 with the sulfur trioxide–pyridine

complex, followed by an addition of triethylamine afforded 56 in high yield. Removal of all protective groups in

56 under alkaline conditions furnished the target compounds, 6-O -sulfo sialyl paragloboside neoglycolipid (D) and

6- O-sulfo LeX neo-glycolipid (E).
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1.20.4.5 Reactivity of Lactamized Sialyl 6-O-Sulfo LeX Glycolipid and Related
Compounds against mAb G159

The synthesized compoundsD and E were clearly stained with G159 mAb in TLC-immunostaining as well as B and

C. In contrast, A was not stained (Figure 8)39 These results suggest that the sulfate group at O-6 of GlcNAc could be

essential for the recognition of G159 mAb, while the fucose residue was not. The difference in the structures of the

ceramide and the artificial ceramide may not be critical for the recognition of G159 mAb.
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1.21.1 Introduction

Glycosidases and glycosyl transferases are important enzymes which are responsible for the hydrolysis and formation

of glycosydic bonds. They play a fundamental role in the control of metabolism of carbohydrates (breakdown and

reassembly), metabolism of O- and N-linked glycoproteins and glycolipids, the formation of cell walls and others

barriers, etc. These enzymes are also involved in a variety of metabolic disorders and other carbohydrate-mediated

diseases such as diabetes, lysosomal storage disorders, viral and bacterium infection, cancer, etc. Due to the impor-

tance of these enzymes in a wide range of biological processes, interest has developed in glycosidase inhibitors as

possible therapeutics.1,1a–1e
1.21.1.1 Lysosomal Storage Disorders

More than 40 lysosomal storage disorders are known at present in humans.2,2a–2c They are caused by the defective

function of a specific lysosomal protein, which results in accumulation of incompletely degraded metabolites in
815
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several organs. Lysosomes are present in all nucleated cells, and form part of a complex intracellular recycling system,

collectively known as the ‘endosomal–lysosomal system’. Lysosomes contain digestive enzymes that are active at

acidic pH (4–5) of this organelle and most of these enzymes are soluble and localized in the lysosomal lumen. These

lysosomal storage disorders (LSDs) are classified according to the nature of the defective enzyme or in some cases to

the nature of the accumulating substrate.

Treatment of LSDs can be divided into: enzyme replacement therapy (ERT), substrate-reduction therapy (SRT),

and chemical-chaperone therapy (CCT). ERT is based on replacement or complementation of deficient enzyme

levels. At present, this strategy is used to treat Gaucher’s disease (Cerezyme®), Fabry disease (Replagal® and

Fabrazyme®), and mucopolysaccharidosis type I (Aldurazyme®). This therapy is used only when disease is not

manifestated neurologically, due to impossibility of the enzyme to cross the blood–brain barrier. Other ERT treat-

ments are at earlier stage of the development. Phase III clinical tests have started for mucopolysaccharidosis II, VI and

Pompe disease.

In SRT, the synthetic enzymes are inhibited by oral administration of small molecules (glycosidase inhibitors). In

this approach, it is tried to prevent the metabolic and cellular defects that occur by accumulation of undegraded

substrates by partially inhibiting their biosynthesis. An advantage of this treatment is that the glycoside inhibitors are

small molecules, which possibly can cross the blood–brain barrier, making this therapy specially useful for LSDs

affecting central nervous system. Zavesca® (N-butyldeoxynojirimycin, 1 ) is a glucosylceramide synthase inhibitor, 3 this

enzyme being responsible for the first step in the synthesis of most of glycosphingolipids. NB-DNJ 1 has recently

obtained approval for the oral treatment of type I Gaucher disease in patients unsuitable for enzyme replacement

therapy; the main side effect is diarrhea due to inhibition of intestinal disaccharidases. Other N-alkylated iminosugars

such as N-butyl-deoxygalactonojirimycin 2 and adamantane-pentyl-deoxynojirimycin 3 were found to be more

selective inhibitors than 1 and do not cause gastrointestinal side effects 4,4a (Figure 1).

The third approach for LSD treatment is CCT. The lumen of the endoplasmic reticulum (ER) presents a

specialized compartment for folding and oligomeric assembly of secretary proteins, plasma membrane proteins, and

proteins destined for various organelles of the vacuolar system. It is known that ER has an efficient ‘quality-control’

system to ensure that transport to the Golgi apparatus is limited to properly folded and assembled proteins, and the

misfolded proteins are subjected to rapid degradation through the ER-associated degradation system. This complex

quality-control system in ER consists of enzymes that ensure that only proper folded proteins are secreted.5,5a,5b In some

LSDs, mutant enzymes are not properly folded, but still retain full or partial catalytic activity; they are however

nevertheless degraded. A high-affinity glycosidase inhibitor may work as a chemical chaperone by binding to the

active site of the enzyme inducing the proper folding of the enzyme and preventing its degradation, so that it later can

do good service.

CCT may work at concentrations of the glycosidase inhibitor that are subinhibitory for the substrate conversion,

because of the high affinity for the enzymatic active site. This approach was first described for Fabry disease.6 The use

of deoxygalactonojirimycin (4, DGJ), a competitive inhibitor of a-galactosidase A, enhanced the mutant enzyme

activity cells and transgenic mice in Fabry disease. 6 Other DGJ derivatives were tested for intracellular enhancement

of a mutant a-Gal A activity.7 The chemical chaperon therapy established in Fabry disease is also applicable to other

type of LSDs. 8,8a,8b For example, N -nonyl-deoxynojirimycin ( 5, NN-DNJ) and N-octyl- b-epi -valienamine 6 increased

the activity of lysosomal b-glucocerebrosidase and a-galactosidase, respectively.
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1.21.1.2 Antidiabetic Agents

Diabetes mellitus is a hormonal deficiency disease characterized by chronic elevated blood glucose levels. There are

two different manifestations of diabetes: type 1 diabetes, characterized by autoimmune-mediated destruction of

pancreatic b-cells resulting in total insuline deficiency; and type 2 diabetes, characterized by insulin resistance and/or

abnormal insuline secretion. At present, therapy for type 2 diabetes relies on diet, exercise, and oral hypoglycemic

drugs intended to reduce the hyperglycemia. There are two possible ways to control the blood glucose level with oral

hypoglycemic agents: (1) to regulate the absorption of carbohydrates by inhibition of digestive a-glucosidase and (2) to

suppress the hepatic glucose production by inhibition of hepatic glycogen phosphorylases (GPs).
1.21.1.2.1 Digestive glycosidase inhibitors
In the 1970s, it was proved that inhibition of the digestive enzymes by inhibitors could regulate the absorption of

carbohydrates and that these inhibitors could be used therapeutically in oral treatment of diabetes type 2. For

example, acarbose 7, which was discovered by Bayer from a fermentation broth of the Actynoplanes strain SE 50,9 is

a potent a-glucosidase inhibitor. Acarbose was marketed in Germany in 1990 for the treatment of diabetes under the

name Glucobay®. In 1984, valiolamine 8 was discovered as a potent inhibitor of pig intestinal sucrase (Figure 2 ).10

Horii et al.11 prepared a series of N-substituted valiolamine derivatives to enhance its a-glucosidase activity in vitro

and the comparatively simple derivative voglibose 9 was found to be more potent than acarbose 7 itself. Voglibose was

marketed (Basen® ) as an antidiabetic agent in 1984 in Japan. Deoxynojirimycin (DNJ, 10) was isolated from mulberry

tree, 12 whose leaves were used in traditional Chinese medicine to treat diabetes; it was an excellent a-glucosidase
inhibitor in vitro, but its efficiency in vivo was only moderate. Therefore, a large number of DNJ derivatives were

prepared to enhance the in vivo activity. Miglitol 11 and emiglitate 12 were selected as favorable inhibitors. Miglitol

was introduced onto the market in 1999 with the name Diastabol ® for treatment of diabetes type 2.13,13a Salacinol 13

and kotalanol 14 were isolated from the water-soluble fraction of the roots and stems of Salicia reticulata 14,14a and used

for treatment of diabetes in traditional Indian medicine; these compounds have been found to be potent inhibitors of

a-glucosidase (IC50 1.1nM and 0.38mM, respectively).
1.21.1.2.2 GP inhibitors
GP is themain regulatory enzyme in the liver, being responsible for the control of blood glucose level, and for that reason it

is considered as a new target for the treatment of diabetes type 2.15 One of the approaches to modulate the action of GP is

the use of glucose derivatives as inhibitors.16 Molecular design, organic synthesis, protein crystallography, and

biological assays led to glucopyranosylidene- spiro-hydantoin (15 , Ki¼3.4mM) as an efficient GP inhibitor.17,17a

Modification of 15 allowed the preparation of N-acyl-N 0  -b-D -glucopyranosyl urea derivative 16 (Ki¼0.4mM) as one
N

OH

HO
HO

OH

OH

N

OH

HO
HO

O

OH
CO2Et

HO
HO

OH

HO NH O
HO

HOO O
OH

HO
HOO

OH

O
HO

HO OH

HO
HO

HO
NH

OH

HO
OH

OH

S

OH

HO
HO

OH

OH

O3SO

S

OH

HO
HO

OH

O3SO

OH

OH

OH
OH

7

Acarbose
(Glucobay®)

13
Salacinol

14
Kotalanol

11

Miglitol
(Diastabol®)

12
Emiglitate

9

Voglibose
(Basen®)

HO
HO

HO
NH2

OH

HO

8

Valiolamine

NH

OH

HO
HO

OH

10

Deoxynorojimycin

−

−

Figure 2 Important glycosidase inhibitors.



818 Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance
of the best glucose analog inhibitors to date.18 Iminosugars such as isofagomine ( 17, IC50¼0.7mM), azafagomine

(18, IC50 ¼ 0.7 mM), and the recently prepared noeuromycin ( 19, IC50 ¼ 4 mM) were found to inhibit GP

(N. G. Oikonomakos, M. Kosmopoulou, D. D. Leonidas, E. D. Chrysina, and M. Bols, unpublished results);19

however, N-substitution could not improve the binding.19,20 Natural five-membered ring iminosugar 1,4-dideoxy-

1,4-imino-arabinitol (DAB, 20 ) shows strong inhibition of GP with Ki values in the nanomolar range (Figure 3).21
1.21.1.3 Antiviral Agents

It is known that viral envelope glycoproteins are essential for virion assembly, secretion, and infectivity. For that

reason, compounds that interfere with the glycosylation process of viral glycoproteins are expected to act as

antiviral agents. a-D-Glucosidase and a-L-fucosidases inhibitors have shown in vitro anti-HIV activity (for a review,

see Ref.: 22,22a ). Deoxynojirimycin 10, NB-DNJ 1 , castanospermine 21, and 6- O-butanoylcastanospermine 22 inhibit

human immunodeficiency virus (HIV) replication and HIV-mediated syncytium formation in vitro22,23 (Figure 4).

Castanospermine derivative 22 has started clinical trial Phase II for treatment of patients with chronic hepatitis C. 24,24a

NB-DNJ 1 was found to inhibit human hepatitis B in vitro .25,25a Also, the five-membered iminosugar nectrisine 23 was

found to reduce the cytopathic effect of HIV and to inhibit the Friend leukemia virus. The potent a-fucosidase
inhibitor deoxyfuconojirimycin 24 did not show anti-HIV activity; however, its derivative 25 was found to have the

same activity as N-alkylated DNJ and castanospermine.

Influenza virus has been the cause of some serious epidemics in the past century. The most famous was the ‘Spanish

flu’ that killed more than 20 million people in 1918–19. Influenza is caused by the infection of virus IFVA and IFV B;

furthermore, proliferation of the avian H5N1 virus, belonging to a new IFVA type, has provoked a certain alarm about

a new world pandemia.26,27 Thus, importance of controlling such diseases has prompted researchers to find a

preventing agent or cure for the most common ones. Influenza virus possesses28 two major glycoproteins in the

viral coat: neuraminidase (so-called sialidase) and hemagglutinin, that act in concert; the latter recognizes host

N-acetylneuraminic acid residues, the most common examples of sialic acids (derivatives of 3-deoxy-D-glycero-

D-galacto-nonulosonic acids),29 present on cell surfaces in higher animals.30 After the arrival of more virus particles,

neuraminidase, an exoglycosidase, cleavages the a-ketosidic connections of sialic acid and vicinal sugar residues of

several glycoconjugates.31 It is remarkable that virus infecting humans recognize (a2-6)-linkages, whereas those
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affecting birds cleave (a2-3) tethers. The fact that human respiratory epithelium has a majority of (a2-6)-linkages
explains the low incidence of avian virus infection in humans.26

By carrying out this sialic acid cleavage, viscosity of the virus is reduced, thus allowing the infection to be extended

through epithelial cells. Furthermore, neuraminidase also destroys hemagglutinin at this stage, releasing progeny

virions.28

Thus, neuraminidase is a pivotal target32 for antiviral pharmacological drugs, as loss of activity of this enzyme is

directly correlated to minimization of the viral infection. Another beneficial effect is reducing synergism between the

influenza virus and Streptococcus pneumoniane.

Furthermore, sialidase inhibitors might be applied topically, as there is no need of them to cross cell membranes.33

In this context, potent and selective inhibitors of the title enzyme are good candidates for effective influenza

treatments. The rational design of neuraminidase inhibitors drove to the ‘start’ compound, zanamivir (26 , Relenza ®). 34

Zanamivir inhibited neuraminidase of influenza virus in nanomolar range (Ki ¼ 0.1 nM). Due to the low oral bioavail-

ability of zanamivir, a carbocyclic mimetic was synthesized, oseltamivir (27, Tamiflu ®), 35 that exhibits the same

potency as 26 . Both have received FDA approval, and they were marketed under the names Relenza ® and Tamiflu® ,

respectively. Zanamivir binds the active site of the enzyme with only minor conformational changes; on the contrary,

oseltamivir induces major protein conformation changes, and both of them inhibit the viral proteins related the viral

infection of 1918.33

Natural products structurally related with N-acetylneuraminic acid, such as siastatin B, whose 3-epimer (28 ) was

found to be a good inhibitor of influenza virus neuraminidase, and thus to reduce the in vitro viral infectivity. Also,

five-membered rings such as cyclopentane derivatives36 (29 and 30) were found to inhibit neuraminidase from

influenza in the nanomolar range (Figure 5).
1.21.1.4 Anticancer Agents

Alterations in glycan structures presented on the cell’s surface are involved in tumor progression and metastasis. The

use of glycosidase inhibitors to prevent the formation of the aberrant glycan and to inhibit catabolic glycosidase is

being considered as a therapeutic strategy for cancer treatment. 37 Swainsonine 31 , an alkaloid isolated from several

fungi species,38 is an inhibitor of mannosidase II and has shown potent anticancer effect on various types of cancer, but

can also stimulate the immune system and prevent the toxicity on hematopoietic system from chemotherapy. Phase I

and IB of clinical trials concerning swainsonine showed a significant improvement in some patients with advanced

malignancies,39,40 although no activity was found in Phase II for renal cell carcinoma.41 Despite the good results

obtained in some of the clinical tests, the trials were halted due to toxicity associated with swainsonine; besides

inhibiting a-mannosidase II, the title compound also inhibits lysosomal a-mannosidase with a similar Ki value (roughly
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100nM). This lack of selectivity leads to accumulation of oligomannosides in tissues and body fluids and so to a

phenocopy of human mannosidosis, a lysosomal storage disorder.39 Similar effects were observed in cattle subjected to

prolonged ingestion of food-containing swainsonine.42

From a screening of anti-metastatic agents, sodium D-glucaro-g -lactam 32 , a nojirimycin derivative, 43 was found to

inhibit pulmonary metastasis of B16 variant in a dose-dependent fashion (Figure 6).
1.21.1.5 Other Applications

Other applications of glycosidase inhibitors can be those where the synthesis or degradation of N-linked conjugate is

involved, such as in antibacterial, antifungal, and/ or antiparasite activity.22 Thus, valienamine has shown antibacterial

activity against certain Bacillus species, 44 whereas deoxyfuconojirimycin 24 and analogs were found to interfere with

fucosyltransferases of the parasite Schistosoma mansoni.
1.21.1.6 Inhibitor Design

Two approaches are commonly used when glycosidase inhibitors are designed. In the first approach, modification/

variation of a known glycosidase inhibitor, typically a natural product, is carried out intending to improve it or to adapt

it to other enzymes. Since over 100 glycosidase inhibitors have been found in nature, the inspiration from this side is

considerable. The interesting work that has been carried out by Mario Pinto and colleagues on salacinol analogs is a

recent example on this approach.45 Alternatively, the de novo design of the inhibitor often as a transition state analog is

carried out. The important work of Vasella and others on glycoimidazoles is an example of this approach.46 Frequently

the approaches are combined.
1.21.2 Glycosidase Inhibitors

1.21.2.1 Introduction to Glycosidase Inhibitors

As mentioned above, glycosidases, so called glycoside hydrolases, are enzymes involved in many pivotal anabolic and

catabolic processes, such as glycoprotein and glycolipid processing, digestion, or lysosomal hydrolysis of glycoconju-

gates.47 They act by catalyzing the exocyclic C–O bond hydrolysis in glycosides; therefore, modification or blockage of

these processes can be of therapeutic interest.1,1a,1d For this purpose, many glycosidase inhibitors1e (for recent reviews

on glycosidase inhibitors, see Ref.: 48,48a–48c) have, up to now, been prepared or isolated from nature,1,49,50 and their

inhibitory properties have been studied with the aim of developing new drugs with applications as antidiabetic,

antiviral, or anticancer agents, or in metabolic disorders.

The design of potent and selective glycosidase inhibitors involves a detailed study of the glycoside cleavage

mechanism. It is generally accepted48a–48c that a compound that mimicks the transition state of glycoside cleavage

in terms of charge and structure must be a potent inhibitor of the corresponding glycosidase.

In general, glycoside hydrolysis can proceed through two different mechanisms,51,52 leading to retention or

inversion of the anomeric configuration in the sugar moiety. In the first case (Figure 7), one acidic residue in the

active site of the enzyme is supposed to protonate the exocyclic oxygen atom, converting the aglycon into a good

leaving group, which allows the formation of an oxocarbenium ion. This oxocarbenium ion then reacts with a

carboxylate moiety of the enzyme active site to give an intermediate ester that is displaced by the nucleophilic attack

of a water molecule to afford the final reducing sugar with overall retention of configuration.

On the other hand, for those enzymes acting with inversion of the configuration51,52 (Figure 8), there are, as in the

case above, a carboxylic acid and carboxylate residue acting as a general acid or base, respectively. Nevertheless, in this

case, the reaction takes place with only one transition state and with a single nucleophilic displacement, thus leading

to inversion of the anomeric configuration.
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Transition states bear a considerable oxocarbenium ion, as deduced from kinetic isotope effect studies. As such,

anomeric carbon changes to sp2 hybridization and partial positive charge accumulates through O5–C1 bond by donation

of lone pair elctrons in O5. These features demand planarity of C5, O5, C1, and C2 in order to allow orbital overlapping

between orbitals associated to lone pair and scissile bond.53–55 This situation represents a conformational distortion as

compared to ground state and it is fulfilled by half-chair (4H3,
3H4) and boat (2,5B and B2,5) conformations (Figure 9).

It has generally been assumed that substrates being hydrolyzed by means of a glycosidase adopted a half-chair

conformation in the transition state; nevertheless, recent studies including crystallographic data56 suggest that this

assumption may not always be correct. Instead, different conformers have been observed to bind to different glycoside

hydrolases; thus, whereas a-sialidases probably hydrolyze substrates in a half-chair conformation,57 family 11 xylanases
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are thought58,59 to act through a 2,5B conformation of the substrate in the transition state. Gloster et al. indicated60 that

X-ray structure of a complex of TmGH1, a b-glucosidase from Thermotoga maritime, and castanospermine shows a 1,4B

conformation of the latter.

Furthermore, manno-configured substrates are complexed to Man26A through a B2,5 conformation, as deduced by

Ducros et al.55

All these observations indicate that further mechanistic and structural data on glycosidases are needed so as to carry

out an efficient design of the inhibitor exhibiting a more precise transition state mimicry.

Among the families of glycosidase inhibitors reported so far, iminosugars, azasugars, and related compounds (IUPAC

recommend that the name iminosugar be used for compounds where ring oxygen has been replaced with nitrogen, and

that the name azasugar be used for compounds having a carbon replaced with nitrogen)61 have prominent positions,

and especially iminosugars, of which numerous analogs have been made.

Iminosugars can be protonated under physiological pH and the corresponding iminium cation can mimic48a–48c the

intermediate glycopyranosyl cation of glycosidase-mediated hydrolysis. The extraordinary biological activities of

these sugar mimics, either natural1,1a–1e or synthetic,62 make them important targets in the search for new compounds

of pharmacological interest. Naturally occurring iminosugars (Figure 10) are divided among piperidines (e.g.,

nojirimycin 33 and 1-deoxynojirimycin 10), pyrrolidines (e.g., CYB3 34 ), indolizidines (e.g., castanospermine 21

and swainsonine 31 ), pyrrolizidines (e.g., alexine 35), and nortropanes (e.g., calystegine A3 36).

Due to the biological and pharmacological properties exhibited by these compounds,47 much effort has been

devoted to the synthesis of analogs as potent and selective inhibitors of glycosidases. In this chapter, the recent

syntheses and inhibitory properties of the above groups of compounds, together with some other important sugar

mimics such as azasugars (isofagomines, azafagomines) or sulfur analogs of the previous inhibitors, are covered.
1.21.2.2 Nojirimycins and Derivatives

Nojirimycin 33 (5-deoxy-1,5-imino- D-glucitol) was the first polyhydroxylated alkaloid mimicking glucose found in

nature in 1966. This compound, isolated from Streptomyces roseochromogenes R-468 and Streptomyces nojiriensis SF-426

cultures,63 was shown to exhibit antibiotic activity by strongly inhibiting a- and b-glucosidases.1,1a–1e Some years later,

the epimeric compounds mannojirimycin64 and galactonojirimycin (galactostatine),65 potent mannosidase and

b-galactosidase inhibitors, respectively, were also isolated from fermentation cultures of Streptomyces species.
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Nevertheless, these compounds are found to be relatively unstable as a result of their hemiaminal structure, and are

stored as their bisulfite adducts.1,1a–1e The corresponding 1-deoxy derivatives were found to be more stable and some

of them also exhibit inhibitory properties (Figure 11). Biological activity found in these iminosugars, with inhibition

constants in the low micromolar or in the nanomolar range, prompted researches to carry out not only their total

synthesis,66–68 but also the preparation of a wide range of derivatives as potential glycosidase inhibitors. For example,

1-deoxynojirimycin 10 , another natural iminosugar 69 exhibiting potent a-glucosidase activity (Ki¼0.44mM,

Figure 11), can be obtained from nojirimycin by reduction with sodium borohydride; the first synthesis of this

compound was carried out by Paulsen and co-workers in the 1960s starting from L-sorbofuranose.70 Since then, many

approaches have been developed for its preparation.71–74

A very simple and efficient methodology for the synthesis of 1-deoxynojirimycin 10 was developed by Matos et al.75

starting from 2,3,4,6-tetra- O -benzyl-D-glucopyranose 39 (Figure 12 ). This compound was reduced to the

corresponding 1,5-diol 40 by treatment with lithium aluminum hydride, which underwent a double Pftizner–Moffat

oxidation upon treatment with methyl sulfoxide to give the unstable 1,5-dicarbonyl derivative 41. Cyclization to

obtain the piperidine-derived 42 was carried out by a stereocontrolled intramolecular reductive amination, using

ammonium formate and sodium cyanoborohydride. Final removal of benzyl groups with lithium in liquid ammonia

afforded 1-deoxynojirimycin 10 .

Some other remarkable approaches for preparing 10 are those reported by McDonnell76 and Somfai.66 The first of

them is based on the use of methyl 6-iodo-6-deoxy-a-D-glucopyranoside as the chirality source, whereas the second
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one is an example of an asymmetric approach with a noncarbohydrate starting material; in this case, the key steps are

an asymmetric hydroxylation, epoxidation, and intramolecular cyclization.

1-Deoxymannojirimycin 38 , a potent a-mannosidase inhibitor, can be obtained by using a wide spectrum of starting

materials,62,77 including carbohydrates, amino acids, or heterocycles; some of these syntheses involve reductive

ammination of carbonyl compounds,78 chemoenzymatic processes68,79 or ring-closing methatesis80 as key steps.

For instance, Stütz et al. have also carried out the preparation81 of 1-deoxymannojirimycin starting from inexpensive

D-fructose. As an example of approaches based on a different starting material than carbohydrates,68, 80–83 Banwell and

co-workers reported79 the use of microbial oxidation of chlorobenzene as one of the key steps in the synthesis of this

molecule.

1-Deoxygalactonojirimycin 4 (deoxygalactostatin) shows potent inhibitory activity ( Ki¼3nM against a-galactosi-
dase, Figure 11), and its synthesis has been carried out with approaches involving both carbohydrate84–86 and non-

carbohydrate87,88 precursors. For instance, Barili and co-workers reported89,90 the use of a double reductive amination

as a diastereoselective approach to 1-deoxy-galactostatin and related compounds starting from the easily-available

methyl b-D-galactopyranoside.
Shilvock et al. have also reported91 a short synthesis of deoxygalactostatin starting from 5-azido-1,4-lactones and

using a hydroxymethyl anion equivalent as the key step; this synthon is achieved by transmetallation of protected

stannylmethanol and butyllithium. The same deoxynojirimycin derivative was also obtained by Johnson and co-

workers92 in a short synthesis starting from benzene or bromobenzene, which were subjected to microbial oxidation for

the preparation of a cyclohexene-based amido alcohol.

A remarkable dioxanylpiperidine, prepared fromGarner aldehyde, has been used by Takahata et al.93 as a useful and

versatile building block for the preparation of not only 1-deoxygalactonojirimycin, but also some other nojirimycin

derivatives of different configurations.

L-Fucose is an important sugar, as it is present in bacterial and plant polysaccharides, human milk, glycolipids, and

glycoproteins. Potent and selective inhibitors of L-fucosidases, the enzymes involved in hydrolysis of glycosides of

L-fucose, are of biomedical and pharmacological interest.94

In this context, Fleet et al. carried out95 the first synthesis of the extremely potent inhibitor 1,5-dideoxy-1,5-imino-

L -fucitol 24 (Ki¼4.8nM, a-L-fucosidase), so called L-fuco-1-deoxy-nojirimycin. Polt and co-workers reported96 the

synthesis of this deoxynojirimycin derivative starting from Schiff base amino acids and using tandem reduction–

alkenylation and osmylation as the key steps.

Takahashi et al. accomplished 94 the synthesis of 24 starting from easily available arabinofuranoside 43 (Figure 13).

Thus, hydrolysis of benzoyl groups in 43 , followed by selective pivaloylation in the primary hydroxyl group and
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silylation of the secondary positions, gave furanoside 44. The pivaloyl group was removed under reductive conditions

to give alcohol 45, which underwent a Swern oxidation to give aldehyde 46 . Reaction of the latter with trimethyl

aluminum to give alcohol 47 proceeded with an excellent stereoselectivity (96:4) with the minor diastereoisomer

being removed by column chromatography. Tosylation of the secondary hydroxyl group of 47 , followed by nucleo-

philic displacement of the p-toluenesulfonyloxy group with azide, gave azido derivative 48. Silyl substituents of

48 were interchanged by acetoxy groups upon treatment with acetic AcOH–Ac2O–H2SO4 mixture to give tri-O-

acetylated furanose 49 . Final acetolysis of the ester moieties and reduction of the azide group by hydrogenolysis gave

l-fuconojirimycin 24 .
1.21.2.2.1 N-Alkylated nojirimycins
N-Alkylation of deoxynojirimycins led not only to retention of the inhibitory potency, but sometimes also increased

activity, together with selectivity.97 In particular, N -butyl-deoxynojirimycin 1 (Zavesca ®, Figure 14 ), a potent and

competitive inhibitor for ceramide glucosyltransferase (Ki¼7.4mM), has recently been approved for use in clinical

therapies against Gaucher’s disease.98 Molecular modeling of N -butyl-deoxynojirimycin 1 revealed a good mimicry of

the ceramide structure.

Nevertheless, N-butyl-deoxynojirimycin is not a selective inhibitor, as it also strongly inhibits some other enzymes

nonrelated to lysosomal disorders, such as a-glucosidase I and II, sucrase, and maltase, thus inducing some side effects

in long-lasting therapies.99 On the other hand, the analog with D-galacto configuration, N-butyl-deoxygalactonojiri-

mycin 2, was proved to be a more selective inhibitor in vivo and in vitro than compound 1, 4a as it only inhibits

glycosphingolipid biosynthesis and lactase, and so it should also be evaluated for use in human diseases (Figure 14).

Due to the promising inhibitory properties100 of this kind of compounds, many N-alkylated nojirimycin derivatives

have been synthesized and tested as potential glycosidase inhibitors.4,101–104 For instance, an increase in the chain

length up to 9 or 10 carbon atoms (N -nonyl- and N -decyl-deoxynojirimycin 5 and 50 , respectively) provided both more

inhibitory potency and selectivity toward a-glucosidase I as compared to parent deoxynojirimycin.102,105 Compounds

bearing chains up to nine atom carbons were shown to possess antiviral activity, whereas long fatty chains allowed a

better inhibition of ceramide glucosyltransferase. 4,4a As an example, N-nonyl-deoxynojirimycin 5106 was shown, in

animal models, to reduce the activity of infection of hepatitis B107 and C108 by inhibiting viral a-glucosidase.
The use of such lipophilic substituents allows the compound to get into the cellular lipidic bilayers, improving its

mode of action and allowing it to reach the central nervous system. On the other hand, the presence of either branched

chains or acyl moieties led to decreased potency against glycosidases.4,4a An example of another compound bearing a
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very large hydrophobic moiety is N -(5-adamantane-1-yl-methoxypentyl)-deoxynojirimycin 3, a nanomolar and selec-

tive inhibitor of non-lysosomal glucosylceramidase (Ki¼1.7nM). 4 (Figure 14).

Furthermore, the use of ether linkages 108 in the hydrophobic chain, such as in 7-oxadecyl-deoxynojirimycin 51 ,

reduces the cytotoxicity associated with long-chain-containing azasugars,101 while retaining glycosidase inhibition. It

has been found that the position of the oxygen atom along the fatty chain plays a pivotal role in the inhibitory

properties of the compound; thus, the closer the oxygen atom is to the sugar ring, the less effective the compound is as

an inhibitor.101

The synthesis of N-alkyl-deoxynojirimycin derivatives can be carried out following some different synthetic path-

ways; for example, an inexpensive preparation of N-butyl-deoxynojirimycin was reported by Matos et al.75 using the

same procedure depicted in Figure 12 for the preparation of deoxynojirimycin, in which the key step is the

stereoselective reductive amination of a dicarbonyl intermediate. Other different approaches use deoxynojirimycin

as starting material to carry out either a reductive alkylation with butyraldehyde102 or a nucleophilic substitution on

1-bromobutane.104

N -Butyl-deoxygalactonojirimycin 2 was prepared in a similar way by reductive alkylation of deoxygalactonojirimycin

with butyraldehyde using either NaBH3CN
109 or molecular hydrogen110,111 as reducing agents.

Adamantane-derived deoxynojirimycin 3 was prepared by Overkleeft et al. 4,4a starting from glutaric dialdehyde

mono(diethyl)acetal112 and commercial adamantine methanol, also using a reductive amination with deoxynojirimycin

as the key step.

Another N-alkylated nojirimycin derivative of medicinal and pharmacological interest is N-(2-hydroxyethyl)-1-

deoxynojirimycin (Miglitol) 11 , currently in clinical use for treatment of diabetes type 2. 113 One practical synthesis

of this compound was reported by Yasuda et al.114 by direct alkylation of deoxynojirimycin with 2-bromoethanol

in basic medium. Fouace and co-workers have also accomplished115 the synthesis of this compound starting from

per-O-benzylated methyl 6-bromo-6-deoxy-a-D-glucopyranoside via bromomercuric intermediates.

In order to study the active site of glucosidase I, Romaniouk et al. have recently prepared116 deoxynojirimycin-

derived amides 53 and 54 by reaction of carboxylic derivative 52 with the corresponding amine (Figure 15 ).

Compound 52 was prepared by direct alkylation of deoxynojirimycin 10 with 6-bromo-hexanoic acid. Amides 53

and 54 were found to strongly inhibit glucosidase I, in the low micromolar range.

As an attempt to increase the lipophilicity of the N-alkyl substituents, Lesur and co-workers117 used silicon-

containing fragments (Figure 16). Thus, alkylation of deoxynojirimycin with alkyl bromides containing a silicon

atom in their structure afforded the corresponding derivatives, among which 55 and 56 are extremely potent inhibitors

of sucrase, with Ki values of 8 and 0.15nM, respectively.
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1.21.2.2.2 1-C-Alkylated-1-deoxynojirimycins
One important drawback associated with the use of 1-deoxynojirimycins as glycosidase inhibitors is the lack of

selectivity found sometimes toward a- and b-enzymes, which might cause important side effects from the therapeutic

point of view.118 Introduction of a lipophilic substituent on C1, thus affording 1-C-deoxynojirimycin glycosides, may

induce a better selectivity toward glycosidases; in particular, much effort has been devoted to the preparation of the

a-glycosides, due to the biological importance of trimming a-glycosidases.119

The potential interest of these sugar mimics has encouraged researchers to carry out the preparation of iminosugar-

derived glycosides. Thus, Cipolla et al. have reported the short and efficient preparation of a protected a-allyl glycoside
of deoxynojirimycin,119 a versatile intermediate for the synthesis of a variety of iminosugar derivatives bymodification of

the allylic appendage.

The preparation of some other glycosides, either natural120 or synthetic,121–125 has also been reported in the last few

years. In this context, Felpin and co-workers reported120 the preparation of natural azadisaccharide 57 , a potent

a-glucosidase (IC50¼0.49–6.1mM) and a-galactosidase (IC50¼1.7mM) inhibitor (Figure 17).

Godin et al. carried out the synthesis of deoxynojirimycin C -alkyl glycosides118 58 –62 as potent and selective

a-glucosidase inhibitors (Figure 17). In general, the inhibitory potency was increased with the length of the fatty

chain, affording the most potent intestinal a-glucosidase inhibitors reported up to date. The only comparable

inhibitors are the N-silylated derivatives,117 which are also potent, but lack selectivity.

The synthesis of glycosides 58 –61 was carried out in 11 steps starting from commercial 2,3;4,6-di-O -isopropylidene-

a-L -sorbofuranose 63 123 by using a procedure based on the stereocontrolled addition of organometallic reagents onto

imine intermediates (Figure 18). On the other hand, the synthesis of the nonyl glycoside 62 was accomplished 118

using an allyl-C-glycoside as the key intermediate. Lengthening of the glycosidic appendage was carried out by using

an olefin cross-methatesis reaction with 1-octene.
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1.21.2.2.3 Homonojirimycins
Homonojirimycins are iminosugar C-glycosides where formerly there is an insertion of a methylene group into the

anomeric C�O bond of the corresponding nojirimycin derivative. Some of these compounds have been isolated from

nature,126,127 and others have been chemically synthesized, many of them having been shown to be extremely potent

glycosidase inhibitors.

Not only many of these compounds retain the inhibitory properties of the parent piperidine derivatives, but in many

cases there is also an increase in the selectivity toward the aglycon recognition region of the glycosidase.Thus, the isolation

of a-homonojirimycin 69 from nature and the finding of its inhibitory properties prompted researchers to carry out the

synthesis of not only this compound, but also of some other iminosugars of different configurations (Figure 19).

Saavedra and Martin accomplished the synthesis128 of b-homonojirimycin 70 using a double reductive amination

of a 2,6-heptodiulose as the key step in two different approaches; in the first one, the synthesis started by treating

per-O-benzylated D -gluconolactone with a lithiated nucleophile. Preparation of 70 proceeded via a totally stereo-

selective reductive intramolecular amination of a dicarbonyl intermediate with ammonium formate in the presence of

NaBH3CN; nevertheless, attempts to carry out this cyclization using primary alkylamines were unsuccessful.

In the second synthetic pathway, the same authors carried out a Wittig reaction on 2,3,4,6-tetra-O-benzyl-D-

glucopyranose to afford an heptenitol, and as considered in the first synthetic pathway, a similar dicarbonyl compound

underwent an intramolecular reductive amination with ammonium formate.

The synthesis of the potent glycosidase inhibitors a- and b-homomannonojirimycin 71 and 72 has been reported by

Shilvock et al.129 starting from a bicyclic imino lactone.130 The key building block used in this synthesis is a bicyclic

amino lactone that was converted into two diastereoisomeric piperidine-derived esters by basic methanolysis; the ratio

of such diastereoisomers, which after deprotection afforded a- and b-homomannonojirimycins 71 and 72 , was found to

be dependent on the basicity of the reaction medium.

Recently, Martin and co-workers have carried out the preparation131 of both anomers of homogalactostatin, that is,

homogalactonojirimycin. In particular, the synthesis of the more potent a-homogalactostatin 73 was carried out starting
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from 2,3,4,6-tetra-O-benzyl-D-galactopyranose using Wittig reaction, and an intramolecular amidomercuriation/iodo-

mercuriation process as the key steps.

Wu et al. reported132 the synthesis of some fuconojirimycin derivatives with the aim of preparing some fucosidase

inhibitors ( Figures 20 and 21 ). The synthesis of these compounds started from L-gulono-1,4-lactone 82 using a

modification of the procedure developed by Fleet 133 and involving the azido lactone 83 , that was obtained from 82 in

four steps in a 40% overall yield. So, treatment of 83 with methyllithium, followed by intramolecular reductive

amination led to fuconojirimycin derivative 84 as the only stereoisomer. Finally, O-deprotection in acidic medium

afforded b-homofuconojirimycin 76 .

Subsequent N-protection of derivative 84 , followed by silyl deprotection, gave diol 85 , which underwent a

Mitsunobu reaction to afford azido compound 77 after O- and N-deprotection. Subsequent hydrogenolysis of 77

led to fuconojirimycin derivative 78 .

Carboxylic acid derivative 79 was also obtained from compound 84 by protection of the secondary hydroxyl group,

followed by removal of the silyl protection group, oxidation of the hydroxymethyl moiety, and deprotection of the

secondary hydroxyl groups (Figure 21).

Compounds 77–79 were tested against a- L-fucosidase and proved to be quite potent inhibitors of this enzyme, with

IC50 values in the nanomolar range (Figure 19).

Carboxylic derivative 79 was used for the preparation of a library of amides by treatment with several carboxylic

acids and subsequent screening without further purification. In this screening, amides 80 and 81 were found to be one
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of the most potent and selective glycosidase inhibitors reported, with Ki values of 0.5 and 0.6nM, respectively. These

results strongly contrast with the reported data134 about the reduction of the inhibitory activity by acylation of an

exocyclic amino moiety.
1.21.2.2.4 Castanospermine and calygestines
There are some bicyclic compounds that are structurally related to deoxynojirimycins and also exhibit important

inhibitory properties (Figure 22 ). Among them, castanospermine 21 , a polyhydroxylated indolizidine isolated135 from

the seeds of Castanospermum australe, is remarkable.

This polyhydroxylated alkaloid is a potent inhibitor of a- and b-glucosidases from plant and animal sources, and also

of some bacterial a-glucosidases.136,137 Furthermore, castanospermine has proved to prevent clinical signs of experi-

mental autoimmune encephalomyelitis in mice, which might be of practical interest for the treatment of autoimmune

diseases such as multiple sclerosis.
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Another important feature of this compound is its antiviral activity138 exhibited in cells by inhibiting ER

a-glucosidase I. Thus, in vitro experiments show a reduction of the infection caused by bovine diarrhea virus, HIV,

or influenza virus, whereas in vivo tests demonstrate an antiviral activity against herpes simplex virus. Subsequent

mechanistic studies reveal that antiviral activity exhibited by castanospermine might be due to disrupted folding of

some viral proteins.

As a result, castanospermine and analogous bicyclic indolizidines are considered potential agents for the treatment

of HIV, hepatitis C, sclerosis, cancer, or diabetes, which has prompted researchers to carry out the synthesis of these

structural moieties. Since its isolation from nature, more than 60 syntheses of either castanospermine66,139–146 or

derivatives147–157 have been reported.

The synthesis of this indolizidine has been accomplished using many different synthetic approaches; one of these

pathways is ring-closing metathesis, a widely used procedure for the preparation of bicyclic azasugars.158 Using this

approach, Overkleeft and Pandit reported146 the preparation of castanospermine 21 starting from per-O-benzylated

D-glucono- d-lactam 95 (Figure 23 ). N-Allylation of gluconolactam was carried out using allyl bromide in a biphasic

system, using tetrabutylammonium iodide as the phase-transfer catalyst to afford derivative 96 . Primary benzyl group

was selectively replaced by an acetyl group by using acetic anhydride and FeCl3 as catalyst, followed by hydrolysis of

the ester moiety in basic medium. Free hydroxyl group was oxidized using Dess–Martin periodinane and the aldehyde

group of derivative 97 reacted with a stabilized ylide in a Wittig reaction to afford diolifin 98.

The latter derivative underwent a ring-closing metathesis reaction in the presence of an (alkylidene)ruthenium

catalyst, unprecedented for a compound bearing an a,b-unsaturated ester moiety, to give bicyclic derivative 99 , that

was converted into sulfates 100 and 101 by subsequent co-oxidation with OsO4 and N-methylmorpholine N-oxide

(NMO) and treatment with SOCl2 sodium periodate. The major stereoisomer 101 was transformed into castanosper-

mine 21 through a nonisolated monosulfate by a reduction reaction, followed by hydrogenolysis of the benzyl groups.

The two final steps were previously reported by Miller and Chamberlin.159

Some other remarkable syntheses of castanorpermine are those developed by Zhao142,145 and Kim.141 In the first

case, the indolizidine was obtained via a triple reductive amination strategy starting from a 6-aldehyde-derived

glucopyranoside. On the other hand, the approach used by Kim involved an indium-mediated diastereoselective

allylation as one of the key steps.
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Another family of naturally occurring azasugars closely related to deoxynojirimycins are calystegines (Figure 22),

although their properties have been less extensively studied than pyrrolidines, indolizidines, and other iminosugars.

These compounds are alkaloids with a nortropanic skeleton, bearing three (calystegines A), four (calystegines B), or

five (calystegines C) hydroxyl groups in different positions.160–162 Furthermore, Asano et al. reported163 the isolation of

a different family of calystegines bearing a bridgehead amino group instead of a hydroxyl group, which they

designated as calystegine N1. Some of these calystegines were first isolated from the roots of Calystegia sepium

(Convolvulaceae),160 and they were suggested to be nutritional mediators for rhizosphere bacteria, and so being

involved in plant–bacteria interaction processes.164 Like many other azasugars, there are several examples of calys-

tegines being potent and selective inhibitors of glycosidases, mainly glucosidases and galactosidases (Figure 22),

which may have practical applications of these compounds in the treatment of several diseases. In fact, some

calystegines are present in an oriental crude preparation (Radix Physalis) used as an antitussive and diuretic

drug.165 Up to date, no clear reports concerning toxic effects have been published;160 furthermore, in vitro assays

have shown very promising properties as potential drugs.160

For instance, calystegines B1 88 and C 1 93 are potent b-glucosidase inhibitors, whereas calystegines B2 89 ,

N-methylated A3 91 and B 2 92 are potent a-galactosidase inhibitors; on the other hand, calystegines A3 36 and

B4 90 are inhibitors of trehalase (Figure 22). Most calystegines act as competitive inhibitors, except for calystegine

N1 and azadisaccharide 94, 
166 which are noncompetitive inhibitors. Enzymatic studies164 ,167 reveal that for an increase

in the inhibition potency against b-glucosidase, an increase in the number of equatorial hydroxyl groups is needed.

The equatorial orientation of the hydroxyl groups is also an essential feature for the strong inhibition of

b-galactosidase.
The interesting biological properties exhibited by this family of alkaloids, together with their low availability, have

increased the number of short and efficient synthesis of these compounds168–174 and related structures;167,175–177

however, no structure-activity studies have been reported with modified compounds, possibly due to the intrinsic

instability associated to the hemiaminal structure present in most calystegines.

Skaanderup and Madsen168 on the one hand, and Boyer and Hanna171 on the other hand, have reported the shortest

synthesis for the preparation of natural calystegineB2 89 starting from per-benzylated 6-iodo-6-deoxy- a- D-glucopyrano-
side 102 (Figure 24), easily available from methyl a- D-glucopyranoside in two steps. 178 Thus, subsequent treatment

of methyl glucopyranoside 102 first with zinc and benzylamine and then with allyl bromide under sonication afforded

aminodienes 103 in a roughly 5:1 ratio. After separation by column chromatography, the major diastereoisomer was

N-protected as the corresponding benzyl carbamate prior to the ring-closing metathesis step, as the presence of a free

amino group was previously reported to decrease the yield of such reaction. 179 Compound 104 was then subjected to a

ring-closing metathesis reaction in the presence of Grubbs’ catalyst to afford seven-membered carbocycle 105.
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Hydroboration–oxidation of this olefine gave a mixture of all possible alcohols that were oxidized to the corresponding

ketones 106 and 107 in a 1:3 ratio. Boyer and Hanna 171 carried out the separation of intermediate alcohols, and the

major isomer was oxidized to ketone 107 by using pyridinium chlorochromate. Final removal of the benzyl groups by

hydrogenolysis afforded calystegine B2 89 in a good overall yield.

Skaanderup and Madsen used the same procedure170 for the synthesis of natural calystegines B3 and B4, starting

from the corresponding methyl glycopyranosides of galacto- and manno-configuration, respectively.
1.21.2.3 Imidazoles

Another different approach to mimick both flattened chair conformation and charge in transient oxocarbenium ions is

based on the preparation of carbohydrates fused with heterocycles, comprising imidazoles, triazoles, and tetrazoles,48,48b

as depicted in Figures 25 and 26; furthermore, these derivatives were proved to be more stable than most amidines

and amidine derivatives. The syntheses of such compounds have been carried out mainly by Vasella’s46,48b,180–194 and

Streith’s195–205 groups. In 1992, nagastatin 108 , an extremely potent N -acetyl-b- D-glucosaminidase inhibitor

(Ki¼4nM), was isolated from the fermentation broth of Streptomyces amakusaensis;206,206a it is remarkable that in

several diseases, such as diabetes mellitus, leukemia, or cancer, the activity of such enzyme has been found to increase

in serum.206 Nagstatin is the only example of a natural annulated heterocycle in sugars reported so far.

Tatsuta et al. accomplished the total synthesis of nagstatin 108 ,207 as well as the preparation of debranched 208

nagastatin 109 and some other derivatives as potential glycosidase inhibitors of gluco -, manno -, galacto -, and talo-

configurations, such as 110 , structurally related to nagastatin (Figure 27). Preparation of these compounds started

from methyl L-furanoside 135 , that was converted into reducing sugar 136 by subsequent benzylation and removal of

the aglycon moiety. This partially protected derivative was coupled with lithiated N-tritylimidazole, prepared by

treatment of N -tritylimidazole with butyllithium; this reaction afforded open-chain derivatives 137 and 138 , of  L -allo-

and L-altro-configurations, respectively. The compound with L-allo-configuration was N-detritylated and cyclizated in

a ‘one-pot’ fashion by reaction with BnSO2Cl, followed by heating in Ac2O. O-Deacetylation with sodium methoxide

afforded imidazolo-fused 139 , of  talo-configuration. Inversion on C2 was accomplished by treatment with HN3 in

the presence of tributyl phosphine and DEAD to give azido derivative 140 . Final hydrogenolysis followed by selective
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N-acetylation with Ac2O� MeOH gave debranched nagastatin 109, a potent N-acetyl-glucosaminidase inhibitor,

whose potency (Ki¼6nM) was similar to that exhibited by natural nagastatin (Figure 25).

By starting 208 from altro-imidazole-derived 138 , compound 110 , an analog of debranched nagastatin, was prepared

by the same authors.208 Thus, N-detritylation and cyclization was carried out as described above for the other

diastereoisomer; subsequent O-deacetylation afforded galacto-derivative 141 , and final hydrogenolysis led to 110 , a

very potent inhibitor of b-galactosidase (Ki ¼ 2 nM). 209 Intermediate 141 can be converted into azido 140 by using

HN3 under the same conditions as those used for talo-derivative 139 , without inversion of the configuration on C2.208

As mentioned previously, since the beginning of the 1990s, Streith’s group has studied imidazole-fused carbohy-

drates as potential glycosidase inhibitors. They also prepared imidazolepentoses198,200,201203,204 as nagastatin analogs

lacking the hydroxymethyl moiety in the C5 position. These derivatives are moderate inhibitors with the exception of

compounds 111 and 112 , of the L -series, that proved both of them to be potent glycosidase inhibitors against

b-glucosidase and b-galactosidase (Figure 25). These results indicate that the hydroxymethyl moiety is important

for binding with the enzyme-active site.

Synthesis of derivative 111 was accomplished 200 starting from L- er ythro-aldehyde 142 (Figure 28) (whose synthesis

has been reported previously by the same authors),201 and coupling of this aldehyde with lithiated N-trityl-imidazole

afforded a mixture of compounds 143 (major) and 144 (minor) having L -arabino and L -ribo configuration, respectively.

After separation by column chromatography, L-arabino diastereoisomer was benzylated and the acetal moiety was

removed by using acidic Dowex resin to give crystalline derivative 145 . Subsequent treatment with TsCl afforded a

nonisolated N- and O-ditosylated compound that underwent an intramolecular cyclization upon treatment in basic

medium to give L -arabino piperidinose 146 . Final removal of benzyl groups by hydrogenolysis provided O-unprotected

derivative 111 .200
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Inhibition of b-glucosidase and b-galactosidase by the L-arabino derivative was improved by introducing a lipophilic

chain on C2 of the imidazole ring (compound 112 , Figure 25). This result is in agreement of Vasella’s hypothesis187

stating that substituents on C3 cause an impairment of inhibitory activity toward retaining b-glucosidases and

b-galactosidases, whereas substitution on C2 provokes a significant increase of inhibitory potency.190 This observation

might be due to a favorable interaction between the hydrophobic moiety and the aglycon-binding subsite of these

glycosidases.

Dithioacetal 147 , readily available from L-arabinose in three steps, was selectively deprotected 198 to give aldehyde

148 ( Figure 29 ); condensation of this aldehyde with glyoxal in saturated methanolic ammonia following Rothenberg’s

procedure 210 provided imidazole-derived 149 , whose trityl group was removed under acid conditions to afford

compound 150 . Subsequent treatment with NIS afforded diiodo derivative 151 that underwent intramolecular

cyclization upon mesylation in pyridine to provide imidazole-fused L -arabino -derivative 152. This compound was

selectively converted into monoiodinated 153 by treatment with ethylmagnesium bromide. Introduction of substitu-

ent on C2 was carried out by using Sonogashira’s conditions;211 thus, treatment of 153 with phenylacetylene allowed

introduction of an acetylene moiety in C2 position of the imidazole ring. Final hydrogenolysis led to compound 112

after reduction of the triple bond and removal of benzyl groups.198

The same authors have also carried out the preparation of pyrrolidinopentoses196,199,202 with different configura-

tions, and found that compound 113, having D-xylo configuration, was the most potent inhibitor199 ( Ki¼0.2mM,

Figure 25).

Tatsuta and co-workers reported208 the synthesis of compound 114 , whereas Terinek and Vasella described 182 the

preparation of N-acetylglucosamine derivatives 115 and 116 as nagstatin analogs. These compounds showed to be

potent N-acetyl-b-D-glucosaminidase inhibitors, with activities lying in the nanomolar range (Figure 25). As expected

due to the gluco-configuration of these compounds, they are stronger inhibitors against N-acetyl-b-D-glucosaminidase

than related nagstatin, which have galacto-configuration. Parent derivative 114 and ester 115 are stronger inhibitors

than carboxylic derivative 116 , thus indicating a disrupting influence of the negatively charged carboxylate group.

Vasella’s group has carried out the preparation of a series of annulated tetrazoles 48b,186,194 (e.g., 117–119, Figure 25 )

as neutral and stable lactone analogs in order to study whether neutral lactone-type inhibitors are configurationally

selective and if indeed they are transition-state analogs. In this context, Heigtman et al. reported194 the preparation of

N -acetylglucosamine-derived tetrazole 118 as a transition-state analog glycosidase inhibitor ( Figure 30). The starting

material for this synthesis is the known oxime 155 ,212 which was converted into nitrile 156 by dehydration upon

treatment with diphenyldisulfide in the presence of tributylphosphine. Oxidation of the nitrile with Py�SO3 afforded

ketone 157 that was reduced to give a 1:19 mixture of alcohols of D-gluco - and L-ido -configurations, that were separated

by column chromatography. Tosylation of the latter afforded derivative 158 ; transformation of this compound into

tetrazole 161 was accomplished by an intermolecular 1,3-dipolar cyloaddition with azide.
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The best conditions for this step turned out to be treatment with sodium azide and ammonium chloride, which

afforded a mixture of the desired compound 161 , together with L -ido tetrazole 159 and azido-nitrile 160 . The latter

compound was converted into 161 as the major product by thermolysis. Final hydrogenolysis of the desired tetrazole

afforded O-unprotected derivative 118 , whose NMR spectra showed it to be in a half-chair conformation.194 This

compound was proved to be stable in water, acidic, and diluted basic solutions; nevertheless, in more concentrated

basic mediums, it underwent epimerization to the corresponding tetrazole of manno -configuration. Compound 118 is a

competitive strong inhibitor of b-glucosaminidase, with a Ki value of 0.2mM.194

Tetrazoles of gluco- and manno-configuration proved to be stable in aqueous solutions in a wide range of pH values,

and enzymatic essays showed them to be imperfect transition-state analogs; the same consideration can be made for

glyconolactones, glyconolactams, and the corresponding oximes.

According to the classical mechanism of enzyme-mediated hydrolysis of glycosides with retention of configuration,

postulated by Koshland213 in the 1950s, the catalytic acid residue of the enzyme is placed above the saccharide ring

plane. On the one hand, Heightman and co-workers noticed that in strong inhibitors of the type lactone, lactame,

amidine, oxime, imidazole, and tetrazole there is always a heteroatom in the glycosidic position, so there must be a

favorable interaction of the acidic moiety of the enzyme and the heteroatom, thus mimicking the positive charge of

glycosidic oxygen.48b
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This observation agreed with the fact that 1,2,3-triazoles, that is, triazoles without a nitrogen in the glycosidic

position, are weaker inhibitors than the corresponding tetrazoles.193 On the other hand, in the case of lactone-type

inhibitors, glycosidic heteroatom lone pair is placed in a nonbonding orbital positioned in the plane of the ring;

therefore, proton donor must be close to this plane, and not perpendicular to it (Figure 31).

Nevertheless, among all the annulated heterocycles consideredbyVasella’s group, imidazoles46,180,182, 183,187,188, 190–192

turned out to be more potent glycosidase inhibitors than related 1,2,4-triazoles and tetrazoles, for gluco-, manno-, and

galacto-configurations. These results are in agreement185,190 with the fact that fused imidazoles are more basic

compounds than tetrazolo and triazolo derivatives, as evidenced by the corresponding pKa values (tetrazoles pKa c.-4,

triazoles pKa c. 2, and imidazoles pKa c. 6). According to that, the presence of a more basic nitrogen atom in the pseudo-

anomeric position of imidazoles allows proton transfer between the enzyme acidic residue and the heterocycle, leading

to a partial positive charge and, thus, to a better interaction with the catalytic enzymatic nuclophile. This situation is

more favorable in imidazoles than in tetrazoles and triazoles,48b,190 due to the more basic nitrogen in the pseudo-

anomeric position as compared to these derivatives.

Vasella and co-workers have extensively studied the heterocyle, configuration, and substituent’s effects on the

inhibitory properties of these heterocycle-fused carbohydrates (Figure 26). As depicted in Figure 26 and already
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considered previously, substitution on C2 position of the imidazole moiety usally leads to improved activity, whereas

substitution on C3 position provokes an important reduction of inhibitory properties.187

Synthesis of C2-substituted imidazolo derivatives can be accomplished187 by starting from a 2-iodo-imidazolo

scaffold such as 166 (Figure 32 ). This compound can be obtained starting from per-O-benzylated gluconolactam

95 , by conversion into thiolactam 162 with Lawesson’s reagent followed by coupling with 2-aminoacetaldehyde

dimethyl acetal; in this reaction, thiolactam was activated by using mercury(II) acetate. Deprotection of the masked

aldehyde of derivative 163 with p-toluenesulfonic acid allowed intramolecular cyclization to obtain imidazole deriva-

tive 164 . Hydrogenolysis of this compound led to the potent b-glucosidase inhibitor 120 (Ki¼20nM, Figure 26).

Treatment of 164 with N-iodo-succinimide afforded the corresponding 2,3-diiodo derivative 165 that was converted

into 2-monoiodo compound 166 after subsequent treatment with ethylmagnesium bromide and water, as reported

previously by Tatsuta et al.207 Coupling reaction of the latter with methyl acrylate under standard Heck conditions

afforded derivative 167 in moderate yield (63%); however, replacement of palladium(II ) acetate and triphenyl

phosphine with Herrmann’s palladacycle214 allowed an increase of the yield of this compound up to 92%. Hydro-

genolysis of 167 afforded the very potent b-glucosidase inhibitor 124, which exhibited activity in the low nanomolar

range (Ki¼1.8nM, Figure 26).

A more active compound against the same enzyme is phenethyl derivative 126 , with a Ki value of 0.11nM.187

Flexibility and hydrophobic substituents on C2 of compounds 124 and 126 seem to be the key aspects of their

remarkable activity against b-glucosidases as compared to related structures with different moieties on C2 position of

the imidazole; these features allow these compounds to interact in a very favorable fashion with hydrophobic residues

of the enzymatic aglycon-binding subsite.

The 2-methyl derivative 121 has a similar activity as nonsubstituted 120, thus indicating that methyl moiety of the

imidazole ring does not have an important interaction with the aglycon-binding subsite. On the other hand, hydro-

xymethyl derivative 122 inhibits b-glucosidase 4–5 times stronger than related 120 and 121; this is probably due to the
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formation of hydrogen bonding with the carbonyl moiety of the catalytic acid residue.187 a/b-Glucosidase selectivity as

compared with parent 121 was only improved in C2-substituted derivatives by a maximum factor of 10; in some cases,

it was even reduced.48,187

Using a similar synthetic strategy, manno -configured imidazolo derivatives such as 130 –133 were reported by

Terinek and Vasella as potent b-mannosidase inhibitors (Figure 26). 46,180, 190 Structure-activity studies with inhibition

exhibited by C2-substituted imidazoles of gluco- and manno-configuration against b-glucosidases and b-mannosidases

revealed that mechanisms of action of these enzymes do not differ considerably from each other. Alkene 131 was

shown to be the strongest known inhibitor of the b-mannosidase considered (Ki¼6.0nM, Figure 26), despite its

restricted flexibility, whereas aniline 133 is the strongest competitive inhibitor against the same enzyme (Ki¼8.0nM,

Figure 26).46

Vonhoff et al. reported189 the preparation of cellobiose-derived imidazole 134 , which turned out to be a potent

cellobiohydrolase inhibitor (Ki ¼ 1 mM), thus having inhibition of the same magnitude as amidine derivatives 202

and 203 .
1.21.2.4 Glyconolactams

Glyconolactams are well-known63–65 neutral glycosidase inhibitors that present a flattened conformation, and thus are

thought to mimick the oxocarbenium ion in the transition state of glycosidase hydrolysis. There are many different

methods of synthesizing these glyconolactams; also, some of them were isolated from a fermentation broth of marine

actinomycete. They can be obtained from natural products like nojirimycin63 or Vitamin C.215 Pandit et al.216 reported

the synthesis of some of the lactams in few steps from the corresponding lactones. Nishimura et al.217 described the

synthesis and inhibitory activity of all eight stereoisomers of D-glycono-g-lactams. The synthetic strategy consists of

a stereodivergent formation of g-lactams with configurational retention or inversion at C4 of starting g-lactones, each
g-lactone affording two epimers of g-lactam (Figure 33).

Only five of the eight stereoisomers showed inhibitory activity (glucono-, galactono-, mannono-, tallono-, and idono-

g-lactams), and were confirmed to be competitive inhibitors. Also D-rhamnono-g-lactam218 was found to inhibit

b-glucosidase with IC50 value of 50 nM, but mannono- g-lactam 169 was a better inhibitor than the related

deoxy derivative (Figure 34). Vasella’s group synthesized a series of analogs of glyconolactams where the hydroxyl

group in the position 2 was substituted by an amino group 6,18,180 ( Figure 35 ). The D-glucosamino lactam 171
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and D-mannosaminolactam were obtained from the tri-O-benzyl-glucosaminolactam186 and tri-O-benzyl-glucono-

lactam,180 respectively. Inhibitory assays against different glycosidases showed that replacement of a hydroxyl group

by an amino group led to weaker glycosidase inhibitors. In general, all these D-glycono-g-lactams were found to be

poor to moderate glycosidase inhibitors.

Withers et al.219,219a reported a new type of isofagomine lactam derivative, a xylobiose isofagomine lactam

(Figure 35), that was a potent inhibitor (Ki ¼ 0.34 mM) of Cex-xylanase. The affinity of 174 was studied by X-ray

crystallography in complex with enzyme (xylanase Xyn10A) to clarify the mode of binding, and it was found that the

lactam binds to the enzyme as the amide tautomer.219a

Some other isofagomine lactams were prepared in Bols’ group, such as glucose/mannose-, galactose-, and L-fucose

isofagomine lactams220 ,220a (Figure 35). The glucose/mannose 175 and galactose isofagomine lactam 176 were

synthesized from D-arabinose in 9 and 11 steps, respectively, and the L-fucose isofagomine lactam 177 was synthesized

from L-arabinose in 12 steps. These lactams were found to inhibit glycosidases in micro- to nanomolar range.

Compound 175 was found to inhibit b-glucosidase better than 168 and 169 ( 175 : Ki 0.13 mM, 168: Ki 51 mM, 169 :

Ki 0.51 mM) and b-mannosidase with a similar rate as 169 (175 : K i 9 mM, 169 : Ki 9 mM). This ‘dual’ inhibition of

b-glucosidase and b-mannosidase was studied by Davies et al.221 by X-ray crystallography of three-dimensional

structures of enzymes ( Tm GH1 and Cm Man5) complex with 175 . In the case of Tm GH1, 175 adopted a 4 H3

conformation, whereas with CmMan5 a B2,5 conformation was adopted (Figure 36). They proposed that this ‘dual’

inhibition was related to the structure of the transition state (4H3 and B2,5) than an interaction with the catalytic acid.

Lactam 176 was found to be a remarkably potent inhibitor of b-galactosidase, 250-fold more potent than 172 . L -fuco-

lactam 177 was found to be a moderate fucosidase inhibitor.

Vasella et al.222 synthesized tetrahydropyridazinone 181 , which can be considered as an azafagomine lactam. The

synthesis was carried out starting from triacetylglucal 178 by oxidative cleavage with RuO2/NaIO4, followed by

esterification withMe3SiCHN 2 to give oxo ester 179 in a 63% yield. This ester was treated with an excess of hydrazine

followed by deacetylation with ammonia in methanol to give the dihydropyridazinone 180 in a 78% yield. Finally,

reduction of 180 with NaCNBH3 in methanol, in the presence of acetic acid, gave the tetrahydropyridazinone 181

in a 75% yield as a diastereoisomeric mixture (Figure 37). Compound 181 was found to be a good inhibitor of
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b-glucosidase (Ki 13mM), a-mannosidase (Ki 25mM), and b-mannosidase (Ki 6mM). This ‘dual’ inhibition was

attributed to an interaction between the carbonyl group of the lactam and the catalytic acid, in constrast with what

Davies and co-workers proposed.221

Recently, Cardona et al.223 reported the synthesis of two (þ)-lentiginosine lactams derivatives. The inhibitory

activity of these lactams was tested toward some available glycosidases; at 1mM concentration, only b-glucosidase was
inhibited in 31% and 56%, respectively.
1.21.2.5 Amidines

Attempts to achieve more potent and selective glycosidase inhibitors by a better mimicry of the transition state led

Ganem’s group to prepare a series of new glycosidase inhibitor families48,224 based on polyhydroxylated piperidines

bearing an amidino, amidrazono, or amidoximo moiety225–228 (Figures 38 and 39). The quite high potency exhibited

by some of its congeners and the unprecedented range of activity against gluco-, manno-, and galactosidases made

these compounds to be considered as broad spectrum inhibitors by Ganem and co-workers.225 For instance, amidine

182 , an iminosugar of gluco-configuration, exhibited activity in the low micromolar range against b-glucosidase and
a-mannosidase (Figure 38).225

The synthesis 225 of this amidine was accomplished starting from known D-gluconolactame 205 ( Figure 40 );229 thus

protection of the hydroxyl groups of 205 as silyl ethers afforded 206 , which was treated with Lawesson’s reagent to

give O-unprotected thiolactam 207 after acidic work-up. Reaction of the latter with saturated methanolic ammonia

gave moisture-sensitive amidine 182 , which was stabilized as the corresponding hydrochloric salt upon treatment by

methanolic HCl. As salts, these compounds are quite stable in water; nevertheless, as free bases, amidines are quite

sensitive to nucleophiles at basic pH. Using the same procedure as described for 182, treatment of intermediate

thiolactam 207 either with hydrazine or hydroxylamine afforded more stable amidrazone 183 or amidoxime 184 ,

respectively (Figure 40).

Epimeric amidines, amidrazones, and amidoximes of manno - and galacto-configuration (185 –189, Figure 38 ) can be

obtained228 by the same procedure starting from the corresponding glyconolactames upon treatment with ammonia,

hydrazine, or hydroxylamine, respectively. It is remarkable that in the case of the preparation of mannoamidines the

use of ammonia or diethylamine led to epimerization228 to the corresponding gluco-amidine, this situation not being

observed in the case of galacto-derivatives.
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Amidines, amidrazones, and amidoximes were proved to be potent inhibitors of glycosidases (Figure 38). Papandreu

et al. assumed228 that these compounds mimicked both the half-chair conformation and the incipient positive charge of

the transition state for hydrolysis reaction by stating that carbon–nitrogen double bond was endocyclic in all

these compounds. For that reason, the fact that endocyclic nitrogen had a sp2 hybridization would enable the flattened

conformation in the inhibition process, unlike sp3 -hybridized deoxynojirimycins such as 1-deoxy-nojirimycin 10 .

Nevertheless, the position of the double bond has led to some controversy;48,230 thus, theoretical calculations, NMR

studies with labeled 15N derivatives, and X-ray structures revealed230 that hydroxymolactams should exist in the form

of the tautomeric compound with an exocyclic double bond. However, when protonated upon interaction with the

active site of the glycosidase enzyme, these compounds adopt48 a half-chair conformation, which exhibits a stronger

conjugative interaction between both nitrogen atoms.

Schedler et al . accomplished 231 the preparation of amidrazone 190 of L -fuco-configuration ( Figure 41 ), which turned

out to be a potent a-L-fucosidase inhibitor (Ki ¼ 0.82 mM). Thus, protection of 2-amino-2-deoxy- D-galactose 208 ,

followed by oxidation in the presence of platinum, afforded galacturonic acid 209 . Subsequent aglycon hydrolysis,

followed by thioacetalation with ethanethiol of the transient aldehyde, led to compound 210 , which underwent

cyclization upon desulfurization with Raney nickel to give lactam 211 . Conversion of this lactam into thiolactam 212

was accomplished by first silylating the hydroxyl groups and then by using Lawesson’s reagent, with the hydroxyl

groups being desilylated after work-up. Finally, treatment of 212 with hydrazine in methanol afforded amidrazone 190

in good overall yield.

N-Alkylation of these iminosugars have also been carried out in order to study changes in the potency and selectivity

of the inhibitors, as these substituents are expected to mimick the aglycon moiety of natural substrates.48 Legler et al.

accomplished 232,233 the synthesis of N-butyl and dodecyl-D -glucoamidines 191 and 192 with the aim of studying

the interaction of hydrophobic substituents with the active site of glycosidases. Despite the good activity shown by

both compounds against b-glucosidases (Ki¼3.0 and 0.2nM, respectively), it turned out to be only �10 times better

than weakly basicN-alkyl-D-glucosylamines. Legler and co-workers considered233 that the small improvement may be

due to the fact that in many cases glycosidases are better inhibited by nonprotonated species, rather than by

protonated mimics.

Recent ly, Kato a nd co-workers reported234 the preparation of the very potent b-glucosidase inhibitors 193 (Ki¼1.6mM)

and 194 (Ki ¼ 1.0 nM), which are N-alkylated derivatives of Ganem’s amidine 182, by reaction of D-glucothiolactam



N

OH
HO

OH

HO H
N

NHR

191: R = C4H9
Ki  3.0 nM (b -glucosidase)
192: R = C12H25
Ki  0.2 nM (b -glucosidase)

NH

OH
HO

OHHO

N
O

O OMe

OH
HO

OH

201
Ki  0.1 µM (b -galactosidase)

O
O

OH
HO

OH

NH

OH
HO

OH

N

HO
OH

202
Ki  5 µM (cellobiohydrolase Cel6A)

O
O

OH
HO

OH

NH

OH
HO

OH

N

HO
O

203
Ki  1 µM (cellobiohydrolase Cel6A)

O

H
N

Ph

NH
HO

HO

HO
HO

N

204 
Ki  6 nM (a -mannosidase)
Ki  9 nM (a -mannosidase)

NH2

NH

OH
HO

OH

HO N

COO OH

193
Ki  1.6 µM (b -glucosidase)

NH

OH
HO

OH

HO N

194
Ki  1.0 nM (b -glucosidase)

195
Ki  550 nM (a -mannosidase)
Ki  6 µM (b -mannosidase)

N
OH

HO

HO
HO H

N
NHBn

N
OH

HO

HO
HO

NH O
HO

HO
HO

OCH3

196 
Ki  2.6 µM (a -mannosidase)

NH

OH
HO

OH

HO

N
OCH2SCH3

198 
Ki  2.4 µM (b -glucosidase)

NH

OH
HO

OH

HO

N
O

O

H
N

Cl

197
Ki  3.4 µM (a -glucosidase)
Ki  0.15 µM (b -glucosidase)

N

HO

OH

HO

HN NHR

199: R = C6H5
Ki  0.21 ± 0.01 µM (nucleoside hydrolase)
200: R = p-NO2-C6H4
Ki  2 ± 1 nM (nucleoside hydrolase)

Figure 39 Glycoamidine and glycoamidrazone glycosidase inhibitors.

844 Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance
with the corresponding amine. These compounds exhibited a very good selectivity toward b-glucosidase (Figure 39).
Compound 193 inhibited b-glucosidase almost 300 times stronger than a-glucosidase, whereas 194 did not inhibit
a-glucosidase at all. These compounds are expected to be useful as ligands in affinity chromatography for the

purification of the b-glucosidase that controls nyctinasty in plants.

Blériot et al. carried out the preparation235–237 of a series of N-substituted amidines, and studied the influence of the

hydroxyl groups or the aglycon structure in the inhibitory properties of the compounds. N -Benzyl-amidine 195 , and

pseudo-disaccharide 196 , of  manno -configuration in both carbohydrate units, turned out to be one of the most potent

inhibitors 237 reported so far against mannosidases (Figure 39). It is remarkable that compound 196 exhibits a better

selectivity toward b-glucosidase, as the intrinsic hydrophobicity of the aromatic ring of 195 enhances affinity to

b-glucosidase, and none of them showed inhibition against b-galactosidase.
Similar studies involving both, basicity and substitution, were carried out by Hoos and co-workers238 by preparing

2-chlorophenylcarbamate 197 and thioether 198. For the carbamate derivative, a mixed-type and strong inhibition
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against glucosidases was observed; O-acylation turned out to increase potency, but at the same time, to reduce a/b
selectivity for glucosidases, as compared with parent amidoxime 184 . On the other hand, thioether 198 binds to

b-glucosidase in a competitive mode, thus indicating interaction with only one site of the enzyme.238

Five-membered ring compounds containing amidrazone moieties were prepared by Boutellier239 and Ganem as

mimics of the transition states catalyzed by nucleoside hydrolase. This kind of enzymes promotes the cleavage of C–N

glycosidic bonds and is involved in pivotal processes, such as the reparation of nucleic acids. These authors reported239

the preparation of D-ribofuranosylamidrazones 199 and 200 , and that they were competitive inhibitors of nucleoside

hydrolase in the nanomolar range (Figure 39). The synthesis of these compounds is started from N-protected lactam

214 , (Figure 42 ) easily available from S-pyroglucamic acid 213 in five steps.240

Hydroxylation of the double bond of lactam 214 followed by removal of the N-benzyl group afforded derivative 215

that was per-O- and N-silylated to give compound 216 . As indicated previously, conversion into the corresponding

thiolactam was carried out by treatment with Lawesson’s reagents followed by deprotection in acid medium. Finally,

coupling of the unprotected thiolactam 217 with N-substituted hydrazone furnished the corresponding ribofurano-

sylamidrazones in good yield.239
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Some examples of disaccharide-containing amidoxime moieties were reported by Vasella’s group;189,241 for instance,

hydroxylactam 201 241 was found to be a competitive and potent inhibitor (Ki¼0.1mM) of b-galactosidase. Molecular

modeling studies suggest that despite the larger tether unit, this compound adopts a similar comformation of that

present in lactose, a natural substrate for the galactosidase considered. Compounds 202 and 203 were found to be

strong inhibitors (Ki¼5 and 1mM, respectively) of the cellobiohydrolase Cel6A,189 an enzyme that degrades cellulose

by hydrolyzing (b1-4)-linkages to release cellobiose from the ends of the chain. Nevertheless, cellobiohydrolase

Cel7A is only weakly inhibited by these compounds.

Hydroximolactam 202 was prepared 189 following the procedure depicted in Figure 43 . The anomeric hydroxyl

group of partially benzylated cellobiose 218 was oxidized using Dess–Martin periodinane to afford the corresponding

lactone 219 , which reacted with ammonia to give amide 220 ; in the first step, Dess–Martin oxidation proved to have

more reproducibility than Swern oxidation for large-scale reactions. Subsequent oxidation of the latter compound

with 1-hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide in aqueous DMSO led to a mixture of the diastereoisomeric

lactams 221 , of  D -gluco and L -ido configurations. Deoxygenation of this mixture was accomplished by using

NaCNBH3� HCO 2 H to give lactams 222 . Conversion of D -glucolactam into the corresponding thiolactam 223 was

carried out upon treatment with Lawesson’s reagent. Protected hydroximolactam 224 was obtained by treatment of

223 with hydroxylamine in boiling methanol. Subsequent debenzylation with lithium in methanol, followed by

acetylation–deacetylation steps, afforded cellobionohydroximolactam 202 .

Heck et al. have recently reported242 the preparation of bis-cationic glycoamidines with the aim of improving the

inhibitory behavior of previous amidines (Figure 44). Among the numerous amidines prepared by these authors,

the activity of manno -derivative 204 is remarkable ( Figure 39 ): It has a Ki value smaller than 10nM, which, in fact, is

one of the best inhibitors reported against a-mannosidases. The excellent activity of this compound was explained

with the additional amino group allowing another electrostatic interaction with the second carboxylate moiety of the

enzyme active site. On the other hand, it could be assumed that this compound adopts a B2,5 boat conformation, rather

than a half-chair conformation, as there are some glycosidases that do not react through a half-chair transition state.55

Per-O-benzylated D -gluconolactam 95 was converted into thiolactam 162 upon treatment with Lawesson’s reagent;

this compound was later treated with Meerwein’s salt to afford glucoiminoethyl thioether 225. Reaction of this

thioether with mono N-Boc-protected ethylenediamine afforded a separable mixture of amidines 226 and 227 (7:3

ratio) of manno- and gluco-configuration, respectively. Subsequent removal of the Boc protective group of the manno-

derivative in acidic medium afforded, after hydrogenolysis, compound 204 .
1.21.2.6 Salacinols

An interesting recent class of glycosidase inhibitors is based on the natural products salacinol 13 14,243 and kotalanol

14 14a ( Figure 45 ). 244,245 These compounds are sugar mimics having a trivalent positively charged sulfur atom in place

of the ring oxygen atom, and obviously resemble a developing positive charge at the endocyclic oxygen of the

substrate. Also, it is known from pyrrolidine inhibitors, such as iminoarabinitol 20 , that the five-membered ring

structure resembles quite well the reaction intermediates. Salacinol 13 and kotalanol 14 are potent natural inhibitors

of a-glucosidases, and have been found as components in antidiabetics used in traditional Indian folk medicine.
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Several syntheses of salacinol have appeared,45,246,247 as well as a synthesis of a sulfonium ion analog of natural

compound castanospermine.248 Various analogs have also been prepared and investigated.249,250 Salacinols binding to

glycosidases have been studied251 by X-ray crystallography252 and modelling.253

Previous to the discovery of 13 and 14, rationally designed sulfonium ion glycosidase inhibitors have been

synthesized. Compound 229 is an example of such a compound and closely related to the alkaloid swainsonine 31

( Figure 45). Compound 229 has been tested against 12 different human enzymes but showed appreciable inhibition

of only two enzymes. Inhibition of a-mannosidase (76% at 1mM, pH 6.5) was somewhat smaller than by swainsonine,

but comparable with that of 1-deoxymannonojirimycin. a-Fucosidase was also moderately inhibited (41% at 1mM,

pH 5.5).254 Sulfide, sulfoxide, sulfone, and sulfonium analogs of the azasugar isofagomine have been made and

compared with the azasugar parent, and though the sulfonium analog is clearly the better inhibitor of the sulfur

derivatives it is not as potent as the nitrogen equivalent.255

Two diastereomeric compounds, 230 and 231 , containing a trivalent sulfur atom were also investigated as glycosi-

dase inhibitors by Wong and co-workers. Both compounds were tested for inhibition against almond b-glucosidase,
bovine kidney N-acetyl-b-glucosaminidase, and brewer’s yeast a-glucosidase. Only b-glucosidase was weakly inhibited
(Ki¼1.7mM), and only by one of the diastereoisomers.256
1.21.2.7 Isofagomines

Isofagomines are monosaccharide analogs having a nitrogen atom in place of anomeric carbon and a carbon atom

in place of the ring oxygen atom. Isofagomine 17 itself, a regioisomer of the natural product fagomine and a

2-deoxyglucose analog, was first reported in 1994257 to be a potent glucosidase inhibitor.258 The compound is much

more potent against b-glucosidase than a-glucosidase, but isomaltase and glycogen phosphorylase19 are also inhibited.

The inhibition of b-glucosidase is believed to be caused by a potent ionic interaction being formed between the

nucleophilic carboxylate in the enzyme and the protonated nitrogen atom,48b a hypothesis which has been supported by

X-ray crystallography.259 Subsequently, stereoisomeric isofagomines mimicking galactose,260 fucose,261,262 glucuronic

acid,263 ribose, xylobiose,264 isomaltose,258 or maltose265 have been prepared and found to be potent inhibitors of

the corresponding glycosidases. A selection of these compounds is shown in Figure 46.

Isofagomine 17 has been synthesized by a number of different routes, which are summarized in Table 1 , using a

wide selection of starting materials. The number of steps and the overall yield are given, and this certainly gives an

indication of the efficiency of the synthesis, but should nevertheless not be taken as the only selection parameters,

since some of the longer syntheses involve a number of routine steps that are quickly and readily carried out. For

the synthesis of analogs, the different syntheses will of course offer different possibilities of analog preparation.

The syntheses fall into several categories, some starting from carbohydrates such as levoglucosan,266 D-lyxose,267

D-arabinose,268 and other chiral starting materials269 such as D-glyceraldehyde,270 and D-tartrate,271 and those starting
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Table 1 Summary of isofagomine synthesis

No. Year Starting material Steps Overall yield (%) Reference

1 1994 Levoglucosane 10 12 257

2 1998 D-Lyxose 13 5 267

3 2000 D-Glyceraldehyde cyclohexylacetal 8 27 270

4 2000 D-Tartaric acid 11 5 271

5 2000 Arecoline 7 4a 273

6 2001 Arecoline 7 11 19

7 2001 D-Arabinose 6 20 268

8 2001 Methyl nicotinate 8 41 b 272

9 2002 L-Xylose 12 15 269

10 2005 (R)-2-(CH2OAc)-5-Me-3-hexenol 11 14 274

11 2005 (�)-Butadiene monoxide 10 14 275

aProduct racemic.
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from achiral starting materials.272 –275 Most of the syntheses involve some problem of separating diastereoisomers,

enantiomers, or both with exceptions being synthesis 1, 3, and 9.

The chiral pool synthesis gets the secondary hydroxyl groups of isofagomine directly from C2 and C3 of D-arabinose,

L-xylose, or D -tartrate, or from C3 and C4 of D -glucose or D-lyxose. In general, these syntheses enjoy the comfort of

100% enantiopurity, and flexibility in modification around nitrogen and C2, C3, C5, and C6, but little flexibility in

modifications of stereochemistry. It should be noted though that many of these starting materials can be obtained

in both enantiomeric forms almost at the same price. One of the most practical synthesis, in our opinion, is the one

from D-arabinose 236 , which is short, starts from an inexpensive starting material, with the only drawback being that

separation of diastereoisomers is required in the final step (Figure 47 ). D -Arabinose 236 is converted to the benzyl

glycoside, and then oxidized selectively in the 4-position using dibutyltin oxide/bromine276 to give ketone 237. This

compound is reacted with nitromethane in a Henry reaction adding the extracyclic carbon atom followed by

peracetylation and elimination, reductive addition giving 238 as a mixture of diastereomers favored toward the

desired isomer. Hydrogenolysis of 238 directly leads to 17 , which is obtained in 53% yield after chromatographical

removal of the epimer.

Most of the syntheses from achiral starting materials prepare a 5-substituted piperidi-3-ene, and then introduce the

hydroxyl groups of 17 by dihydroxylation giving the synthesis flexibility in terms of stereochemistry and modification

of C3 and C4. While attractive, this strategy has, so far, been hampered by the significant and somewhat surprising

problem that the piperidi-3-ene cannot be epoxidized or even dihydroxylated with diastereoselectivity. These

syntheses also fight the significant problem of introducing high enantioselectivity in order to effectively compete

with the chiral pool synthesis, and this problem has been nicely solved in the recent synthesis by Ouchi et al.

(Figure 48 ).275 In this synthesis, butadiene monoxide was reacted with allylmine giving 3:1 mixture of two



H2, MeOH

Pd/C
53%

i, MeNO2
 Et3N, 55−65%

ii, Ac2O
TsOH, 82%

iii, NaBH4, 96%

i, BnOH, HCl

ii, (Bu3Sn)2O
Br2, 80−90%

NH
HO

OH

HO

O

HO
OH

OH

OH

O

O OH

OH

OBn

O

OH

OH

OBn

NO2
17

236 237

238

Figure 47 Synthesis of isofagomine (17) from D-arabinose.

i, CH2=CHCH2NH2

ii, Boc2O, 66%
iii, Grubbs,, 99%

NH
HO

OH

HO

17

239 240

O N
Boc

HO i, Lipase PS
AcOCH = CH2, 48%

ii, TBDPSCl
Imidazole, 99%

241: R = TBDPS

N
Boc

RO

NBoc
HO

RO

242: R = TBDPS

i, CF3COCH3
Oxone, 72%

ii, (CH2CH)2CuCNLi2
BF3, 74%

i, OsO4/NaIO4

ii, NaBH4
iii, HCl, 85%

Figure 48 Synthesis of isofagomine (17) from 3-butenoxide.

850 Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance
regioisomers with the desired product of primary attack being the major one. N-Protection and Grubbs’ olefin

methathesis led to piperidine 240 . Now this racemic alcohol could be resolved with high efficiency using lipase PS

and vinyl acetate giving 49% of the R-acetate and 48% of the S-enantiomer of 240 both with more than 99% ee. This

latter compound was silylated to 241 . This was subjected to epoxidation with trifluoromethylmethyl dioxirane giving

a 4:1 trans–cismixture of epoxides. The trans-epoxide was reacted with a higher-order vinyl cuprate giving a 74% yield

of 242 . A sequence of dihydroxylation, periodate cleavage, and reduction was used to convert the vinyl group into a

hydroxymethyl group, and deprotection gave 17 (Figure 48). 275

The thermodynamics of isofagomine binding has been subject to study and some controversy. Bülow et al. found

that the binding of isofagomine to b-glucosidase increased with temperature, thus giving a binding with a relative large

and positive DHy.277,278 This was in contrast to the behavior of 1-deoxynojirimycin. Zechel et al. reinvestigated the

binding of these two inhibitors to two b-glucosidases using microcalorimetry to directly measure a DH value and found it

negative in both cases. 279 This study confirmed, however, that the binding of 17 increases with temperature and thus

that DHy is positive; so this appears to be a case where the DH determined frommicrocalorimetry does not reflect DHy.

Nevertheless, the reasons for a large difference in DHy value for 17 and 1-deoxynojirimycin remain unclear. Zechel

et al. used X-ray crystallography to show that no unusual change in the protein took place when 17 was bound.279 It is

probably more likely that the unusual thermodynamics is related to the protonation states of inhibitor and enzyme, as

calculations suggest. Also, the binding of 17 to b-glucosidase is associated with a very slow onset, which is not the case
in the binding of 1-deoxynojirimycin, with the binding step being the slow step.280 This suggests that the inhibitor

and/or enzyme are binding in an ionized state that is only present in very small quantities in solution.

Apart from the stereoisomers mentioned above, a range of structural analogs of 17 have been investigated. The most

important of these are probably the 2-substituted derivatives, such as 19 and 243 ( Figure 49 ). The 2-OH-analog,

noeuromycin 19 , is generally more potent than 17 , in some cases up to 4000 times.281 The reason for better binding is

obviously the presence of the 2-OH similarly to the substrate, though in some cases the electron-withdrawing effect of

the OH on the amine may actually compromise the binding. Mutarotation at C2 allows the compound to bind to

proteins in both gluco- and manno-form, showing that the OH is certainly not superfluous. The hemiaminal at C2
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results in the compound’s decomposition at neutral pH,282,283 similarly to what has been found for nojirimycin.

Replacing the OH with hydroxymethyl, which avoids this problem, does not result in very good inhibition.284

The 2-amino analogs of 17, the siastatin B’s, were for many years considered as analogs of sialic acid. However, when

these molecules are turned around, it becomes clear that compound 243 is an isofagomine-related analog of glucuronic

acid (Figure 49), and the compound is indeed a very potent inhibitor of b-glucuronidase. Siastatin B itself is the

2-acetamidogalacturonic acid analog. Many different analogs and isomers have been made and investigated as has

been described in reviews.48,285,286 Generally, the trifluoroacetamido derivatives are the most potent compounds

being much stronger inhibitors than the acetamido derivatives. They are however also unstable at neutral or slightly

acidic pH, decomposing to 2-OH derivatives (noeuromycins) and, eventually, to the 3-ketone, which is inactive.282

The higher activity may therefore be due to the conversion to noeuromycin 19.

Isofagomine analogs with deoxy or other substituents at 3-, 4-, 5-, or 6-position have also been prepared and

investigated, but modification in these positions generally decrease inhibitory strength very much.287–289

An important and readily made modification that has been investigated by many is the alkylation of the nitrogen,

which can be done either by reductive amination or alkylation. This modification is of particularly interest in order to

obtain more lipophilic compounds or glucocerebrosidase inhibitors. However, in contrast to what is observed in the

nojirimycin series, alkylation at the nitrogen in isofagomine reduces bioactivity, and is thus not a very successful

modification.19,267

In recent work by Zhu et al., modification of the pseudo-ring oxygen atom of 17 was achieved by introducing alkyl

chains in this position with equatorial stereochemistry, for example, compound 244 ( Figure 49 ). 290 This modification

is positional equivalent to the N-alkylation in the nojirimycin series and indeed 244 and analogs are very potent

inhibitors of b-glucocerebrosidase and stronger than 17 itself.
1.21.2.8 Azafagomines and Glycooxazines

Azafagomines and glycooxazines are monosaccharide analogs where a hydrazine or a hydroxylamine has been

introduced in the ring, respectively. Azafagomine 18 resembles the natural product, fagomine, but has a nitrogen

atom in place of the anomeric carbon (Figure 50 ).291 Glycooxazines, such as 245 , are similar to 18 (or 17 ) except that

the ring oxygen normally present in monosaccharides has been retained.292,293 So, while these two molecules resemble

each other chemically, they are functionally distinct, in that one, 245 , may be considered a more perfect transition
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state or intermediate analog than isofagomine 17, while the other, 18 , with its ability to become charged in two places,

becomes a hybrid between nojirimycin derivatives and isofagomines.

Awide range of stereoisomeric azafagomines have been prepared mimicking D-glucose,294 D-xylose,287 D-galactose,295

D-glucuronic acid, and L-fucose.287 All of them are potent inhibitors of both the corresponding a- and b-
glycosidases (Figure 50) with Ki values in the low micro- or nanomolar range. The L-gluco-isomer has also been

prepared and is a very poor inhibitor of glucosidases.296 Compared to the isofagomines, azafagomine is more potent

against b-glucosidase, and less potent against a-g lu cosid ase . T hu s t he glu co isome r 18 displays a Ki of 0.32mM versus b-
glucosidase and 6.9 mM versus a-glucosidase, while the galactoisomer 246 displays a Ki of 0.04mM versus b-galactosi-
dase and 0.28mM versus a-galactosidase. This inhibition profile can be explained by the higher promiscuity of the

inhibitor, allowing it to become charged at either nitrogen and resembling both nojirimycins and isofagomines, since

nojirimycins generally are the best a-glycosidase inhibitors, while isofagomines are the best b-glycosidase inhibitors.

An azafagomine analog of castanospermine has also been made, but this compound is a disappointing inhibitor

compared to castanospermine.297 The weaker inhibition, in some cases, of the azafagomine compared to

the corresponding amine inhibitor is undoubtedly due to the lower base strength of the former. Azafagomine 18 has

a pKa of 5.3, while 17 has a pK a of 8.4 and 1-deoxynojirimycin has a p K a of 6.7, which could make the inhibitor’s

interaction with the acid groups in the glycosidase active site weaker. Noteworthy is also that 248 is a considerably

stronger inhibitor than the isofagomine analog. As has been observed for 17, azafagomines display slow onset

inhibition of some glycosidases, where the binding step is the slow step.278,280 This is probably due to either inhibitor

and/or enzyme binding in little-populated protonation states.

Depending on the stereochemistry, these inhibitors are best prepared from chiral pool or asymmetric synthesis. The

glucoisomer, azafagomine 18 , has been synthesized from both achiral 298 and chiral294 starting materials. The most

efficient route to the enantiopure compound is the synthesis from L-xylose, which is shown in Figure 51. L-Xylose

is converted to the 2,3,5-tri- O-benzyl-furanoside 249 , which is subjected to reductive amination with Boc hydrazine,

N-acetylation, and mesylation of the 4-OH. Removal of the Boc allows the molecule to cyclize and deprotection

yielded 18 .

The glycooxazine 245 was proposed quite early, 292 later synthesized racemically 293 and eventually made enantio-

merically pure.269 It has also been converted into oligosaccharide analogs by substitution in the 4-position with

glucosyl residues giving cellulose inhibitors.299 While the compound at neutral pH was found to be a relatively poor

inhibitor (Ki¼60mM), it has subsequently been found that at low pH it becomes up to 50–100 fold better.300
1.21.2.9 Valienamine and Analogs

Valienamine, [(1S,2S,3 S,4R)-1-amino-5-(hydroxymethyl)cyclohex-5-ene-2,3,4-triol] 252 , is a carbasugar belonging to

the C7 N aminocyclitol family, which was first isolated from the microbial degradation of validoxylamine A 253 by

Pseudomonas dentrificans. 301,301a Valienamine and the related carbasugars valiolamine 8, validamine 254 , and hydro-

xyvalidamine 255 resemble a-D -glucose, and demonstrated strong inhibition against a-glucosidase 44,302,302a,302b

(Figure 52).

The methods for production of valienamine and its related analogs can be divided into four categories (production

and properties of valienamine and its derivatives have been reviewed in Ref.: 303,303a): (1) microbial or chemical
i, MeOH, H+

ii, BnBr
iii, H3O+
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L-xylose 249

i, BocNHNH2
NaCNBH3, 84%

ii, Ac2O
iii, MsCl, 92%

250

251

i, TFA

64%
ii, DIPEA, 60 �C

75%

i, H2/Pd

ii, H3O+

O

BnO OBn

OBn
OH

O

OHHO

OH

OH
Ac
N

OBn

OMs

OBn

OBn

NHBoc

NAc

NHBnO
BnO

OBn

NH

NHHO
HO

OH

Figure 51 Synthesis of azafagomine (51).
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degradation of 253 or derivatives, 301,301a,304,304a –304f (2) isolation from fermentation broth, 10 (3) hydrogenolysis of

validamycin A 256 and B, 305 and (4) chemical synthesis. Valienamine has been synthesized in racemic 303,303a and

enantiomerically pure forms. The first synthesis was described by Paulsen and Heiker306,306a using L-quebrachitol as

starting material. Seven other syntheses used D-glucose as a chiral template involving Ferrier rearrangement,307,307a,307b

and aldol cyclization of a nitrofuranose,308 an intramolecular Horner–Emmons reaction,309 and a ring-closing alkene

metathesis.310,310a,310b Using this ring-closing alkene metathesis, Jeon and Kim described an efficient synthesis of

valienamine.310a

They started from commercially available 2,3,4,6-tetra- O-benzyl-D -glucopyranoside 39 . Opening of the pyranoside

ring and protection of the aldehyde was accomplished by using ethanethiol �TFA to afford dithioacetal 257 in a 77%

yield. The hydroxyl group in dithioacetal 257 was oxidized with acetic acid and DMSO to the corresponding ketone in

a 94% yield; subsequent Wittig reaction gave olefin 258 in an 88% yield. Hydrolysis of the dithioacetal with HgO/

HgCl2 in aqueous CH3CN gave an aldehyde which was subjected to reaction with vinylmagnesium bromide to give an

inseparable mixture of allylic alcohols 259 in a 79% yield. Ring-closing metathesis of diene 259 using Grubbs’ second-

generation catalyst gave a mixture of diastereomeric cyclohexenols 260 and 261 in 25% and 61% yields, respectively.

Treatment of 261 with diphenylphosphoryl azide in presence of DBU followed by addition of sodium azide afforded

azide 262 in an 83% yield. Staudinger reduction of 262 followed by debenzylation with sodium in liquid ammonia

gave valienamine 252 ( Figure 53).

Another synthesis reported by Tatsuta and co-workers311 started from D-xylose using an aldol condensation of

sulfone as the key step. Other three syntheses that used Diels–Alder reaction to generate the cyclohexene skeleton

were reported.312,312a,312b Shing et al.313,313a reported the synthesis of valienamine using (–)-quinic acid as starting

material. Also, the syntheses of some valienamine analogs have been reported: 2-aminovalienamine,314 2-deoxyvalie-

namine,315,315a 7-nor-valienamine,312a and 2-epi-valienamine.313 Validamine, valiolamine, and its analogs have also

been synthesized by a variety of methodologies in racemic and optically pure forms.303,303a,316,316a–316c

Valienamine and related compounds showed moderate inhibitory effects on various sugar hydrolases (a-glucosidase,
a-glucoamylase, sucrase, maltase, isomaltase, and trehalase).302,302a,302b N-Alkyl- and N-aralkylvalienamine, which

were synthesized by condensation with an alkyl halide or reductive amination with an aldehyde or a ketone, were

found to be more potent against glucosidase, sucrase, and maltase than valienamine.302a Interestingly, valiolamine and

its N-alkyl and N-phenylalkyl derivatives11 showed more potent inhibitory effects on glucoside hydrolases than the

corresponding valienamine, validamine, and its derivatives10 (Figure 54). One of these analogs, N-[2-hydroxy-1-

(hydroxymethyl)ethyl)]-valiolamine (voglibose, 9), was obtained by reductive amination of valiolamine with dihy-

droxyacetone. It has been developed as a blood glucose suppressing agent, showing IC50 values against maltase and

sucrase of 15 and 4.6nM, respectively. It was more potent than acarbose itself and one advantage is the absence of

some undesirable side effect, for example, diarrhea, flatulence, and abdominal distension. Voglibose has been

marketed (Basen®) as an antidiabetic agent since 1994 in Japan.317
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Glycosylceramides and glycolipids play a pivotal role in biological functions, and, for that reason, their biosynthesis

has been extensively studied. A very potent and specific glucosylceramide synthase inhibitor, PDMP (D-threo-1-

phenyl-2-decanoylamino-3-morpholino-1-propanol, 271 ) has been used as starting point. Ogawa and co-workers

reported318,318a potent and specific b-glucocerebrosidase inhibitors, 5a-carba-b-D-xylo-hex-5(5a)-enopyranosylcera-
mides (272 , (E )- and (Z )-isomers), but conversely, they did not report activities against glucosylceramide synthase

(Figure 55). Next, they tried to replace the morpholine moiety of PDMP with a b-valienamine residue to provide a

new glucosylceramide synthase inhibitor.319

The synthesis was achieved using the corresponding stereoisomers of 2-amino-1-phenyl-1,3-propanediol 273 and

2,3:4,6-di-O -isopropylidene- b-valienamine 275 . Treatment of 273 with 2,4-dinitrophenylfluorobenzene gave the

corresponding N-dinitrophenyl derivatives. Selective sulfonylation with mesyl chloride in pyridine followed by

treatment with DBU at 60 �  C afforded the aziridine 275 . Condensation of 274 and 275 in 2-propanol at 120 �  C gave
the coupling product 276 . Removal of the acetal groups with acetic acid, and the N-protective group with Amberlite

IRA-400 (OH–) resin, followed by reaction with an excess of decanoyl chloride, gave the corresponding bisamide,

whose isolation was subjected to a hydrolysis of the tertiary amido group, affording the desired compounds 277 –280

(Figure 56). All stereoisomers demonstrated strong b-glucocerebrosidase inhibition and have been shown to be

inactive against glucosylceramide synthase. These results confirm that the carbasugar scaffold makes the

corresponding derivative inactive against synthases, whereas it is indispensable for glucocerebrosidase inhibition.

Ogawa and co-workers tried to simplify the structure of these valienamine glucocerebrosidase inhibitors ( 272 and

277 –280 ), by preparing a series of N -alkyl-b-valienamines 281–285 , 320 N-octyl- b-epi-valienamines 286 ,321,321a and

N, N-dialkyl- b-valienamines 287 –293 .322 The synthesis was carried out starting from protected b-valienamine 275 ,

which was converted into an amide by reaction with the corresponding alkanoyl chloride, followed by reduction with

lithium aluminum hydride to give N-alkyl derivative 294 . Subsequent deprotection of 294 with aqueous acetic acid

gave the corresponding N -alkyl-b-valienamine derivatives 281 –285 . A second alkylation of N -octyl derivative 294
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gave the N-alkanoyl- N-octyl- b-valienamine 295 , and subsequent reduction and deprotection gave the N -alkyl-N -

octyl-valienamine 287 –293 (Figure 57 ). Inhibitory activity against b-glucocerebrosidase was determined and proved

to be dependent on the length of alkyl chain. N-Octyl- b-valienamine 282 was the most potent compound, even more

than the carba-glucosylceramide 272 . N ,N -Dialkyl derivatives 287 –293 were as potent as N -alkyl derivatives 281 –285 .

These results indicate that the hydrophobic ceramide moiety can be replaced by an aliphatic chain without affecting

the activity. Also, N-butyl- N-octyl- b-valienamine 287 and N -decyl-N -octyl-b-valienamine 290 were tested in mouse-

derived B16 melanoma cells, and showed change in the biosynthesis of glycosphingolipids (GlcCer and GM3).

Compounds 281 –285 and 287 –293 showed a potent and specific inhibition of b-glucocerebrosidase; these results
prompted Ogawa and co-workers to accomplish the preparation of N-octyl-b-valienamine having b-galacto-configura-
tion (286 ), with the aim of having strong activity against b-galactocerebrosidase. The synthesis started from N-octyl- b-
valienamine 294 , whose secondary amine group was protected to give the tert -butoxycarbonyl derivative. The

isopropylidene group was removed with acetic acid and the positions 4 and 6 were protected to give the 4,6-O-

benzylidene derivative by treatment with a,a-dimethoxytoluene in dimethylformamide (DMF). This compound was

further protected with methoxymethyl ether groups to give 296 . Next, the benzylidene group was removed and the

resulting primary hydroxyl group was selectively protected to give tert -butyldimethylsilyl derivative 297 . At this point,

the 4-hydroxyl group was oxidized with PCC and the corresponding ketone was selectively reduced to the epimeric

alcohol; subsequent deprotection gave N -octyl- b-valienamine with D- galacto-configuration (286 ) (Figure 57).
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Biological assays of N-octyl derivative 286 showed moderate inhibitory activity toward b-galactocerebrosidase, but
strong activity against b-galactosidase (IC50 ¼ 0.30 mM). 321 Ogawa et al. reported321a an improved route for the synthesis

of b-galactose-type N-alkyl- b-epi-valienamine (286 , 302 –304 ). The starting material for such synthesis was alkandiene

298 that was first converted to the 3,4- O-isopropylidene derivative 299 , which was subsequently treated with bromine

to afford the a/b mixture of dibrominated compounds 300 , resulting from a 1,4-addition. This mixture was treated with

sodium acetate to give compounds 301 , which were separated by column chromatography. Reaction of the a-bromide

301 a with alkylamines selectively provided the corresponding N -alkyl-b-amines, which were treated with aqueous

acetic acid to afford the b-galactose-type N-alkyl- b-valienamine (286 , 302 –304 ) in moderate to good yields

(Figure 58 ).

As expected, N-alkylation provided an improvement of the inhibitory activity toward a- and b-galactosidase.
It is remarkable that compounds 286 and 302–304 showed strong inhibitory activity against b-galactosidase
and b-glucosidase, with no specifity for the substrate. 321b Recently, N -octyl- b- epi-valienamine 286 had been

studied as potential CCT for GM1-gangliosidosis and b-galactosidosis, 8a and N -octyl-b-valienamine 282 for Gaucher

disease.323

Furthermore, a/b-DL-valienamine and a/b-L-validamine with L-fuco-configuration were synthesized.324,324a,324b 5a-

Carba- b- L-fucopyranosylamine 305 and 5a-carba- a- L-fucopyranosylamine 306 were found more potent a-fucosidase
inhibitors than the unsaturated derivatives 307 and 308 , in contrast with the a-glucosidase activity relationship of
a-glucose-type valienamine and validamine302c (Figure 59).

Recently, 1,10-N-linked pseudo-disaccharides comprised of two valienamine and two epi-valienamine units

were synthesized.325 The first of them showed moderate a-glucosidase inhibition, but potent trehalase inhibition

(IC50¼17mM).

Valienamine has been found to be an essential core unit for biological activity in pseudo-oligosaccharides such as

acarbose, amylostatins, adiposins, acarvosin, and tretatins.303,303a These pseudo-oligosaccharides exhibit stronger

enzyme inhibitory activities than valienamine itself.
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1.21.2.10 Pyrrolidines

Polyhydroxylated pyrrolidines, that is, 1,4-iminoglycitols, are classical, important glycosidase inhibitors, that has been

targeted in pharmacological326–328 and biological research for many years. In contrast to the six-membered azasugars,

where the activity is explained by reasonable mimicry of the transition state of the enzymatic substrate, the explana-

tion for pyrrolidines is obviously more complicated, and at present it is assumed329 that these inhibitors act by

mimicking the exo-protonated glycoside in the course of the hydrolysis.

Polyhydroxylated pyrrolidines have been known since the 1970s, when Paulsen described330,331 related compounds

of the L-lyxose and xylose series. Up to that date, a plethora of 1,4-iminoglycitols, with different configurations

and structural scaffolds have been described by isolation from nature332,333 or by chemical and chemoenzymatic

syntheses. 334 –351 Among natural compounds, the activity exhibited by compounds such as DMDP 309, DAB-1 20, or

nectrisine 23 is remarkable. Figures 60 and 61 show examples of some of the most potent pyrrolidine-derived

inhibitors. As it can be observed, in many cases, these inhibitors, although quite potent, are less selective than related

six-member piperidines.352 This feature might be explained considering a major conformational flexibility of pyrro-

lidines as compared to piperidines.352

Donohoe et al. have reported353 a flexible approach for the synthesis of polyhydroxylated pyrrolidines, as depicted in

Figure 62. The synthetic pathway is based on the partial reduction of electron-deficient 2,5-disubstituted pyrroles.

Thus, double lithiation of commercially available N -Boc pyrrole 341 with lithium 2,2,6,6,-tetramethylpiperidine

(LiTMP) afforded 2,5-disubstituted derivative 342 , available in a multigram scale. Partial reduction of compound

342 can lead to cis- or trans-isomers, depending on the conditions used, which makes this procedure quite useful for

the synthesis of pyrrolidines with different configurations. In particular, for the synthesis of natural DMDP 309, a

potent inhibitor354,355 of glucosidases, galactosidases, sucrase, invertase, and trehalases (Figure 60), treatment of

pyrrole 342 with lithium in ammonia, followed by quenching with ammonium chloride, led to trans -derivative 343 ,

with good yield and diastereoselectivity. O-Protected diol 344 was prepared from 343 in a two-step procedure by

subsequent treatment of this compound with LiEt3 BH and Ag2 O/BnBr. Dihydroxylation of 344 with catalytic osmium

tetroxide afforded the corresponding cis -diol 345 , as the only cis -product, due to the C2 symmetry of 344 . Monosilyla-

tion of compound 345 was accomplished by treatment with TBSOTf at �78 �  C, upon reaction with the less sterically
hindered hydroxyl group. Inversion in the free hydroxyl group was carried out by ‘one-pot’ triflatation and displace-

ment of the triflate group with potassium acetate to give 347 . Final deprotection (basic hydrolysis of the acetate group,

acidic removal of the silylated protection group, hydrogenolysis, and acid removal of Boc) afforded DMDP 309 in

10 steps.

The activity exhibited by DMDP is comparable to that shown by 1-deoxynojirimycin 10 . Its extraordinary potency

is probably356 due to a close mimicry of the flat conformation of transition state by the five-membered ring.

Mono-O-alkylation of primary hydroxyl group of DMDP 309 with fatty chains led to potent b-glucosidase
inhibitors, with inhibition constants in the low micromolar range; one example is derivative 314 ( Ki¼0.74mM,

Figure 60 ). Replacement of one of the primary hydroxyl groups of DMDP 309 with an amino moiety led to a loss

of activity of the corresponding 1-amino derivative as compared to parent compound. However, derivatization of the

amine as the amido or sulfonamido group with an aromatic moiety356 gave a series of very potent b-glucosidase
inhibitors (315 –317 , Figure 60), some of them in the low nanomolar range. Among these compounds, those bearing a

bicyclic aromatic system and a tertiary amine proved to be the most potent. Furthermore, the aromatic systems’ size

and distance of the amine to the five-member ring proved to be crucial for the inhibitory properties.356

Another pyrrolidine exhibiting potent biological activity is nectrisine 23, a fungal metabolite isolated from Nectria

lucida that turned out to be a potent a-glucosidase and a-mannosidase inhibitor (Figure 60), with an inhibition

constant in the nanomolar range. Kim and co-workers reported357 the synthesis of this pyrrolidine starting from D-(–)-

diethyl tartrate ( Figure 63 ), that was transformed into aldehyde 348 358 in a four-step procedure in excellent yield.

Modified Strecker reaction of 348 with p-methoxybenzylamine and phosphorocyanidate afforded aminonitrile 349 as

a nonseparable mixture of diastereoisomers whose ratio was not determined. Deprotection of this aminonitrile with

tetra- n-butylammonium fluoroborate (TBAF) afforded aminoalcohol 350 in good yield. Oxidation of 350 (tetra- n-

propylammonium perruthenate, NMO) and cyclization led to lactam 351 , which was treated in situ with methanolic

sodium methoxide to afford methyl ester 352. Subsequent reduction gave a mixture of diastereoisomeric alcohols 353

and 354 in a 56:44 ratio, which were separated by column chromatography. The primary hydroxyl group of 353 was

protected, and N-protective group was replaced by the more electron-withdrawing Boc moiety. Reduction of lactam

355 with Super Hydride® and final treatment with HCl in THF afforded nectrisine 23 .

Kim and co-workers 359 used the same nonsugar chiral pool for the preparation of naturally occurring DAB-1 20, in an

efficient pathway to related azasugars.
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Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance 859
Another short and efficient synthesis of 23 was reported by Bosco et al. 360 These authors also described the

conversion of this pyrrolidine into phosphonoazasugars as versatile synthetic intermediates.

Many pyrrolidines that inhibit mannosidases have also been reported. The pharmacological interest of this enzyme

is based on the fact that potent and selective inhibitors of a-mannosidases may work as antimetastic agents.1e In that

context, Jäger361 and Gerber-Lemaire362,363 carried out the preparation of derivatives 1,4-dideoxy-1,4-imino-D-man-

nitol (DIM, 319 ), 320 , and 323 , respectively, all of them potent a-mannosidase inhibitors.

DIM 319 was prepared361 by using a diastereoselective nitroaldol addition as the key step (Figure 64 ). Nitro

derivative 359 was prepared starting from D-mannitol via aldehyde 358 by subsequent osmylation, and oxidation in

the presence of trifluoroacetic acid of the latter. Nitroaldol reaction between nitro derivative and a partially protected
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D -aldehyde gave D-manno -compound 360 as the major diastereoisomer. Catalytic hydrogenation afforded amino

derivative 361 , that underwent cyclization in the presence of Appel reagent.364 After work-up, the hydrochloric salt

of DIM 319 was obtained.

On the other hand, pharmacological studies of compound 323 362 revealed that, despite exhibiting a good inhibitory

profile, it did not inhibit the growth of glioblastoma cells. The corresponding 4-bromobenzoyl derivative of the

primary hydroxyl group, despite showing impairment of the activity against a-mannosidase, demonstrated high

efficiency in human tumor cells. It was suggested 362 that the hydrophilic nature of 323 prevented efficient transpor-

tation through liphophilic cellular membranes. Thus, esterification of this compound might allow the preparation of a

new class of prodrugs, where, on the one hand, its liphophilic nature would allow cellular transportation, and, on the

other hand, hydrolysis of the ester moiety would provide the active drug.

Ribose derivatives 321 and 322 were prepared by Behr et al .365 and reported to be quite potent and selective

a-mannosidase inhibitors, with an activity similar to those exhibited by mannostatin A 398 . Thus, preparation

of 4-amino-4,5-dideoxy- L-ribose 322 and its sulfite adduct 321 was accomplished starting from an N-dienyl- L-

pyroglutamate as diene and a nitroso compound as dienophile via an asymmetric hetero-Diels–Alder cycloaddition366

that proceeds with total regioselectivity and good asymmetric induction.365
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Compounds 324 –329 352,365,367–370 are examples of good galactosidase inhibitors (Figure 61 ), showing inhibition

constants in the low micromolar or in the nanomolar ranges. The very strong inhibitor 325 was prepared 367 by Fechter

and Stütz using a glucose isomerase-mediated conversion of C5-modified aldohexoses into the corresponding ketoses

as the key step.

Defoin et al. have accomplished 368 the synthesis of 1,4-dideoxy-1,4-imino-D-lyxitol 325 starting from pentanedie-

noic acid 362 and chloro-nitroso dienophile 363 as chirality source in an asymmetric hetero-Diels–Alder reaction

( Figure 65). The corresponding adduct 364 was N-protected and esterified. Enantiomeric excess of the latter was

found to be 85% and was increased up to 95% by a single crystallization. Osmylation of this compound (OsO4, NMO)

afforded cis-diols 366 and 367 , in a syn- and anti -relationship with the ester moiety, respectively. Anti -derivative 367

was protected as the corresponding acetonide 368 that underwent a basic rearrangement to give g-aminoketone 369 in

the hemiaminal form. This compound was hydrogenolyzed to give crystalline ester 370, this one being reduced with

LiAlH4 affording alcohol 371 ; final deprotection in acid medium afforded the potent a-galactosidase inhibitor 325.
Tarnus’ group has carried out the preparation of compounds 331 and 336, 371,372 which are very potent inhibitors

of a- L-fucosidase (Figure 66). L-lyxose derivative 375 was prepared 371 from D -ribose, as depicted in Figure 66 . Thus,

D -ribose was transformed into benzyl b-D-ribofuranoside 372 following Vasella’s procedure.373 Ribofuranoside 372
was mesylated in the primary hydroxyl group, followed by reduction with lithum aluminum hydride to furnish 373 .

Hydrogenolysis of the 5-deoxy derivative afforded ribose derivative 374 . Classical oximation of the latter with

hydroxylamine afforded oxime 375 in a 60:40 (E)/( Z )-ratio; subsequent silylation of oxime moiety, followed by

mesylation of C5 hydroxy group and desilylation with tetrabutylammonium fluoride, allowed cyclization to give

nitrone 377 and cyclic oxime 378 , that were obtained in a 90:10 ratio. Treatment of nitrone 377 with aqueous SO3

afforded the crystalline sulfite adduct of 4-amino-4,5-dideoxy-L -lyxose 336 . Final saponification of the sulfite adduct

with barium hydroxide gave imino derivative 331 .

Derivatization of imine 331 at C2 was accomplished by using cycloadditions of nitrone 377 with a series of

dienophiles. Final compounds turned out to be competitive inhibitors of kidney a-L-fucosidase, specially C-glycoside
332 , bearing a 2-hydroxymethyl moiety. This compound was prepared previously by Wang et al.374 by using

chemoenzymatic synthesis, together with other pyrrolidines with different configurations.



N

OO

CO2H H
N

OO

O
O

+
NR�

O

COOR

364: R = H; R�= H.HCl

365: R = Me; R� = CO2Bn

i, ClCO2Bn
NaHCO3

ii, HCl/MeOH

OsO4, NMO

N
O

COOH
HO

HO CO2Bn

+

N
O

COOH
HO

HO CO2Bn

18   :   82
MeO OMe

H+

N
O

COOH
O

O CO2Bn

NaHCO3

MeOH

H
N

OHHO

HO

CO2Bn
HO

MeO2C
H2, Pd/C

N

OO

CO2Bn

MeO2C

LiAlH4

H
N

OO

HO Aq. HCl

362
363

366
367

368369370

371 325

NO
Cl

Figure 65 Synthesis of 325.

Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance 863
Wong’s group has also carried out375 the preparation of some other five- and six-membered iminosugars as potential

glycosidase inhibitors. Among them, compound 330, obtained by reduction of imine 331 , or homoazasugar 335 are

remarkable, with inhibition constants in the nanomolar or low micromolar range, respectively (Figure 61).

Palmer and Jä ger reported329 the preparation of pyrrolidines 330 , 333 , and 334 which also exhibited a very good

inhibitory profile against a-L-fucosidase.
Takebayashi et al. carried out376 the synthesis of a series of iminocyclitole derivatives as potent and selective

inhibitors of b-N -acetylhexosaminidase, among which the activity exhibited by compounds 338 –340 was remarkable

(Figure 61). It was clear that carrying out minor modifications in the iminocyclitol structure, such as placing different

chains on the nitrogen, led to extremely potent and selective inhibitors.
1.21.2.10.1 Swainsonine derivatives
(–)-Swainsonine 31 , (1S,2R,8 R,8aR )-1,28-trihydroxyindolizidine, is a natural bicyclic iminosugar exhibiting interesting

biological properties (Figure 67).136,377 It was first found in the fungus Rhizoctonia leguminicola and later in plants such

as the Australian Swainsona canescens and the North American locoweed Astragalus lentiginosus.377 Ingestion of

locoweed by livestock was found to be responsible for the disorder known as locosim,378 with swainsonine being

the main toxin for its induction. Swainsonine turned out to be a quite potent and selective inhibitor of both lysosomal

acid and cytosolic a-mannosidases (involved in cellular degradation of polysaccharides)379 and Golgi a-mannosidase II

(an enzyme participating in processing of asparagine-linked glycoproteins).380 When inhibiting the latter enzyme, it
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provokes a decrease in glycoprotein bearing complex side chains. Interestingly, the altered distribution of this kind of

glycoproteins along the surface of cancer cells is associated with metastasis; in particular, swainsonine affects the

expression of (b1-6)-branched chain oligosaccharides. Due to this activity, swainsonine has been found to be an

anticancer and antimetastatic agent, having been selected for clinical trials.39 It was demonstrated that this indolizi-

dine reduced the growth of human melanoma by 50%.381 Furthermore, it was also proved that introduction of an ester

moiety at the C2 position decreased the activity in vitro, but in vivo potency was comparable to that exhibited by

swainsonine. This result suggest that esterase-mediated hydrolysis releases the active compound.382 It is expected

that the increased liphophilicity of some esters would increase the cellular absorption as compared to parent

swainsonine.383

Some other related bicyclic structures 377 with relevant biological activity include lentiginosine 379 , isolated from

locoweed Astragalus lentiginosus var. diphysus and 2-epi-lentiginosine (8-deoxy-8a- epi-swainsonine) 380, found in

R. leguminicola . Lentiginosine 379 was proved to be a potent inhibitor of amyloglucosidases, whereas compound

380 is a biosynthetic precursor of swainsonine, as well as a potent a-mannosidase and human lymphoblast lysate

inhibitor (Figure 67).42,384,385 It has been suggested that potent a-mannosidase inhibition exhibited by swainsonine

and some analogs is due to their resemblance to a-mannopyranosyl cation or the oxocarbenium-type transition state.48c

The practical interest of these compounds has encouraged researchers to provide both short and efficient synthesis

as well as preparation of related structures386–393 with the aim of improving properties in terms of activity and

selectivity. For instance, syntheses of swainsonine and analogs have been extensively reviewed by Pyne394 and El

Nemr.377

Syntheses of swainsonine have been carried out by using mainly two synthetic approaches:377 the chiral pool

approach, based on the use of carbohydrate, amino acids, or maleic acid derivatives as cheap starting materials, or

nonchiral derivatives, involving asymmetric syntheses.

A short and multigram scale synthesis of (�)-swainsonine has recenty been reported395 by Pearson and Powers,

starting from the inexpensive D-ribose (Figure 68). D-ribose was acetonated and the corresponding derivative was

treated with vinylmagnesium bromide to afford compound 388 in a diastereoselective fashion. Oxidative cleave of

acetonide of this compound with sodium periodate on silica afforded lactol 389 as a 6:1 mixture of diastereoisomers.

Reductive amination of the latter with dibenzylamine and sodium cyanoborohydride gave compound 390 , that

underwent a Johnson orthoester Claisen rearrangement to give unsaturated ester 391, in good overall yield from

D-ribose. Sharpless asymmetric dihydroxylation of the latter, followed by mesylation and hydrogenolysis, allowed

cyclization to afford lactam 393 , already described by Pearson. 396 Final reduction with borane and removal of the

acetal protective group in acid medium afforded natural ( �)-swainsonine 31.

Fujita et al.388 have accomplished the synthesis of a series of 5-substituted swainsonine-derived compounds using a

stereoselective Mannich reaction as the key step (Figure 69). Among these compounds, 5a-p-tert-butylphenyl
derivative 381 turned out to be the most potent a-mannosidase inhibitor, with a better inhibitory activity than

(–)-swainsonine against jack bean a-mannosidase. Its synthesis started from commercially available 2,3-O-isopropyli-

dene- D-erythronolactone 394 , that was converted into azido lactone 395 in seven steps. 396 Reduction of the latter

compound with DIBAL-H and subsequent methylation afforded derivative 396, that was hydrogenolized and cyclized

to give building block amine acetal 397 . This amine acetal reacted with several ketones in acid medium to give

5a-substituted swainsonine analogs via a stereoselective acid-catalyzed Mannich reaction.

The Mannich adducts were obtained in moderate yields, as a result of formation of a swainsonine dimer under the

reaction conditions. It was observed that addition of acetonitrile improved the yield of the adduct, but reactions in

pure acetonitrile led to decomposition of the starting material.

Structure-activity studies revealed that compounds with substituents oriented to the a-face (such as 381 ), bearing
an aromatic residue with bulky moieties, are the most potent analogs, whereas 5b derivatives, obtained by epimeriza-

tion with methoxide or a basic resin, led to an impairment of inhibition.

Hembre and Pearson have carried out391,392 the synthesis of swainsonine-derived compounds bearing a 3-hydro-

xymethyl (e.g., compounds 382 and 383) or 3-benzyloxymethyl moiety (e.g., compounds 384 –386 ), starting from

D-ribose with the aim of getting selective Golgi mannosidases inhibitors (Figure 67). Although 3-hydroxymethyl

derivatives 382 and 383 were less potent than swainsonine, 3 b derivative 383 showed promising selectivity toward

Golgi mannosidases. On the other hand, 3 a derivatives 384–386 exhibited better inhibitory properties against jack
bean a-mannosidases than swainsonine itself.

Davis and co-workers have accomplished 393 the synthesis of (þ)-swainsonine 387 , the enantiomer of the natural

indolizidine 31 , and proved that it is a potent and selective inhibitor of L -rhamnosidase, so-called naringinase

(Figure 67).
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1.21.2.11 Mannostatin and Aminocyclopentitol Analogs

Mannostatin A 398 and B 399 were isolated from microorganism Streptoverticillium verticuillius var. quintum by Aoyagi

and collaborators397 and so named because of their strong inhibition activity against a- and b-mannosidases, respec-

tively (Figure 70).

Several syntheses of 398 and 399 and analogs have been reported. 398,399,399a–399 m Two of them used myo -

inositol399,399h,399k as the starting material and proceed via an aldol condensation between nitromethane and a

sugar-derived aldehyde; other two started from D-ribonolactone.399a,399e Ganem et al.399b,399f used asymmetric cyclo-

addition to 1-(methylthio)cyclopenta-2,4-diene as the key step and Trost and co-workers399c,399d used desymmetriza-

tion of meso-diols in presence of a palladium catalyst. Mariano combined the use of pyridinium salt photochemical

reaction to obtain highly functionalized aminocyclopentenes and enzymatic desymmetrization to prepared manno-

statin A in nonracemic form. 399i Photolysis of pyridinium perchlorate 400 in 0.7% aqueous HClO4 followed by

acetylation gave the amido-diacetate 401 in a 42% yield. Treatment with electric eel acetylcholisterase (EEACE)

in phosphate buffer (pH 6.9) gave the monoalcohol 402 in a 68% yield and 80% ee. This monoalcohol can be used as

a building block for the preparation of other natural products, for example (–)-swainsonine 387 and ( þ)-castanosper-

mine. 140 The hydrochloride of (þ )-mannostatin A was obtained from 402 in seven steps with an overall yield of

38% (Figure 71).

Recently, Vasella’s group reported the synthesis of mannostatin A399l using the oxidation of N-aminoglyconolactams

to the cyclopentane derivatives as the key step. N -amino-ribonolactam 404 was prepared in high yield from known

methanesulfonate 403 with neat NH2NH2�H2O at room temperature. Subsequent silylation gave (tert-butyl)

dimethylsilyl ether 405 in an 85% yield. Oxidation of 405 with Pb(OAc)4 in toluene gave a mixture of the acetoxy

epoxide 406 and diazo ketone 407 in 48% and 27% yields, respectively. Reduction of the acetoxy epoxide 406 with

LiAlH4 gave a trans-diol, and triflation at –60 
�  C proceeded selectively to monotriflate 408 in an 88% yield (two steps).

Monotriflate 408 was mesylated, treated with an excess of NaSMe, and desilylated at –30 � C to give alcohol 409 in a
98% yield (three steps). Treatment of 409 with trichloroacetonitrile and DBU in the presence of diisopropylethyla-

mine provided the dihydrooxazole 410 in 80% yields. The hydrolysis of 410 with HCl in methanol afforded the

hydrochloride of mannostatin A (398 � HCl; Figure 72 ).

Mannostatins strongly and selectively inhibit mannosidases. Theses enzymes are widespread in nature, and play a

role in the biosynthesis of oligosaccharides. There is one exo-a-mannosidase in the ER and two in the Golgi apparatus.

There is an endo-a-mannosidase in Golgi apparatus, and lysosomal and cytosolic mannosidases are also present in other

compartments of the cell. Mannostatin A 398 and B 399 were the first natural a-mannosidase inhibitors having

aminocyclopentitol structures. Inhibitory properties were of the reversible, competitive type and did not show the

slow-binding phenomenon exhibited by other inhibitors such as swainsonine, trehazolin, and its analogs.

Many derivatives have been described such as enantiomers,399a,399g,399h sulfoxide isomers,399g,h,i,f deoxy-,400,400a oxo-

and epi-analogs. 399f,401 Only sulfoxide 411 and sulfone 412 399f have been found to display similar activity to that

exhibited by 398 and 399 . Replacement of the methyl moiety by an ethyl unit in ethylthioether 413 402 led to impairment
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Figure 72 Synthesis of 398 from D ribonolactone.
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Figure 73 Cyclopentane glycosidase inhibitors 398–399 and 411–415.
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of activity; nevertheless, replacement of the sulfur atom by an oxygen atom provided methoxy derivative 415, 399,402

whose activity turned out to be comparable to that exhibited by 398. These results indicate the importance of the

methyl group rather than the sulfur atom (Figure 73).

N-Derivatization ofmannostatines was also studied; the correspondingN-acetyl derivative was found inactive, but N-

benzyl derivative 414 activity was found similar to that showed by 398. Siriwardena and co-workers 399,399a–3 99m,l,1a–1e

studied the effect of introducing several aromatic substituents at the amino function. Benzylation of the amino group

of mannostatin A gave compounds slightly less potent inhibitors against human Golgi a-mannosidase and with similar

potency against human lysosomal a-mannosidase as 398 .

Although aminocyclopentitols represent an important group of glycosidase inhibitors,398 correlation between

structure and inhibition is not very well known yet. Aminocyclopentitols integrate the complete stereochemical

pattern of glycopyranosides, in which each of the five substituents in the cyclopentane represents one of the five

substituents in the pyranoside in a stereodefined manner. Unlike mannostatin A, aminocyclopentitols are cationic
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mimics of protonated glycosides and the a- or b-orientation of the leaving group is mimicked by the protonated amino

group (Figure 74). This characteristic is missing from most of the other glycosidase inhibitors.

Reymond and co-workers prepared b-D-gluco-,403,403a a- and b-D-galacto-,403a,404 and a- and b-L-fuco-aminocyclo-

pentitols.405,405a,4 05b b-D -gluco -aminocyclopentitol 421 was prepared starting from tetra- O-benzyl glucose 39 using a

radical cyclization procedure. Reaction of 39 with O -benzylhydroxylamine followed by reaction with phenyl chloro-

thioformate diimidazol gave the thiocarbamate 416 in a 91% yield (two steps). Reaction of 416 with Bu3SnH and AIBN

in refluxing benzene provided a stereoisomeric mixture (1.6:1) of the b-D -gluco - and b-L -ido -aminocyclopentitols 417
OHO
HO

OH

OH

O
R

H

A

Nu

HO
HO

OH

OH

N
R

H H

A

Nu

Figure 74 Proposed binding mode of cyclopentane glycosidase inhibitors and comparison with the transition state

stucture.
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O
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N
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Figure 75 Synthesis of 421–427.
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and 418 in 55% and 35% yield, respectively. Deprotection by catalytic hydrogenation in acetic acid under pressure

resulted in cleavage of the NO bond and removal of benzyl protective groups. The products were isolated as the

corresponding acetyl derivatives (419 and 420 ). The b-D -gluco -421 and b-L -ido -aminocyclopentitols 422 were

obtained quantitatively from the acetylated precursors by acidic hydrolysis (Figure 75). Furthermore, some N-alkyl

derivatives of b- D-gluco -aminocyclopentitol 421 were prepared. Alkylation of 421 with methyl(bromomethyl) benzo-

ate followed by hydrolysis of the ester gave carboxybenzyl derivative 423 . Reductive amination with different

aldehydes gave the N -benzyl 424 , N -phenethyl 425 , and N -phenylpropyl 426 derivatives in moderate yields. The

reduction of amide 419 with hydrogen and palladium in acidic medium gave the N -ethyl-b-D -gluco-aminocyclopentitol

427 in quantitative yield (Figure 75 ).

The synthesis of b-D -galacto - and b-L -fuco-aminocyclopentitols started from enones 428 and 429 , which are readily

prepared from D-lyxose and D-ribose, respectively, in three steps. Stereoselective epoxidation with basic H2O2 at low

temperature gave epoxides 430 and 431 in 79% and 86% yield, respectively. Methylenation followed by aminolysis of

the volatile epoxy olefins 432 and 433 with aqueous ammonia allowed selective opening at the allylic carbon (434 and

435 ). Subsequent Boc protection gave the N -Boc derivatives 436 and 437 in 40% and 95% yields, respectively.

Hydroboration of 436 with borane–THF gave stereoselectively alcohol 438 in a 60% yield. Finally, acidic deprotec-

tion with aqueous HCl afforded b-D -galacto -aminocyclopentitol 439 . On the other hand, hydrogenation of 437 with

palladium proceeded stereoselectively to give 440 , which was purified as its benzyl ether. Deprotection gave the

b- L-fuco -aminocyclopentitol ( 441, Figure 76).
i, BH3 THF
ii, H2O2, NaOHi, BH3 THF

ii, HCl
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O O
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O O
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NHR

OH

OH

HO

HO OH

O O O O

OH

HO

D-Lyxose

430     X = O     431
432     X = CH 2    433

H2O2, NaOH
−50 �C

434: R = H
436: R = Boc

Boc2O
Aq.NaHCO3

H2, Pd/C

i, BnNH2
ii, Boc2O

428

438

439

440

441

442

443

O

O O

D-RiboseH2O2, NaOH
−50 �C

X

O O

O

429

O O

NHR

OH

432
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Figure 76 Synthesis of 439, 441 and 443.
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N-Benzyl- b-D -galacto-aminocyclopentitol 443 was synthesized using the same route described for 439. Aminolysis

of 432 with benzylamine, followed by Boc protection, gave carbamate 442 in 24% yield. Hydroboration and acidic

deprotection gave the N -benzyl-b-D- galacto 443 in a 75% yield (Figure 76 ). N -Benzyl- a-D- galacto- and b- L-fuco -
aminocyclopentitols were obtained by stereoselective opening at the allylic carbon of epoxide 430 and 431 . Treatment

of 430 and 431 with lithium bromide in acetic acid at room temperature gave the bromohydrin 444 and 445 in 53%

and 85% yields, respectively. The alcohols were converted into the N -benzyl carbamates 446 and 447 by reaction with

benzyl isocyanate. Hydroboration of 446 with borane–THF followed by mild oxidation with perboric acid gave the

primary alcohol that was protected as the TBS ether 448.

Reaction of 448 with NaH in THF allowed intramolecular displacement of bromine by the N-benzyl carbamate

moiety to give tricyclic compound 449 in a 91% yield. Deprotection, first with sodium hydroxide to open the cyclic

carbamate, followed by acidic treatment gave N-benzyl-a-D -galacto -aminocyclopentitol 450 in quantitative yields

(Figure 77). On the other hand, hydrogenation of 447 with Wilkinson’s catalyst gave 451 in a stereoselective fashion.

Treatment of 451 with NaH in THF gave the carbamate 452 ; subsequent deprotection with NaOH, and hydrogena-

tion of benzyl group gave a-L- fuco-aminocyclopentitol 453 . Deprotection of 452 with NaOH and aqueous HCl gave

N-benzyl- a-L- fuco-aminocyclopentitol 454 ( Figure 77 ). Other N-substituted derivatives (455 and 456 ) were obtained

by reductive amination of the corresponding aldehyde with 454 .
i, BH3
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iii, TBSOTf, lutidine
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O
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448451
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Figure 77 Synthesis of 450, 453 and 455–456.
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Jä ger and co-workers have also synthesized b-D -galacto -aminocyclopentitol 439 and N-substituted b-D- galacto-
aminocyclopentitols (443 and 460 –463 ).406 The synthesis is started from L -arabino -5-hexenose 457, which can be

obtained in three steps from D-galactose. Hexenose 457 was transformed into the corresponding isoxazolidines 458

and 459 by treatment with N-substituted hydroxylamines via intermediate nitrones. The isoxazolidines were obtained

in a diastereomeric syn/anti-ratio of of 83:13 to 79:21 using a polar solvent. The aminocyclopentitols were obtained from

the isoxazolidines by catalytic hydrogenation with Pd(OH)2/C or with zinc in AcOH followed by treatment with HBr

in methanol (Figure 78 ). Other N-substituted derivatives (460 –463 ) were obtained by reductive amination of 439

with aldehydes.

Jäger and co-workers also synthesized b-D-manno-aminocyclopentitol using the cycloadditon of nitrile oxide to

hexenoses to give isoxazolines. 407 The unstable D -lyxo-5-hexenose 466 was prepared from the bromide 465 , which can

be obtained from mannoside 464 , and directly transformed into the oxime 467 . Subsequent treatment with sodium

hypochlorite gave a mixture of isoxazolines ( 468 and 469 ) in the diastereomeric ratio of 62:38. The reduction of 468

with LiAlH4 gave the amino alcohol 470 in a 98% yield.

Deprotection of 470 gave b-D -manno -aminocyclopentitol 471 in an 83% yield ( Figure 79 ). The corresponding

N-substituted derivatives were obtained by reductive amination.

Inhibition studies of aminocyclopentitols bearing a primary amine with a- and b-L-fuco-, b-D-galacto- and b-D-gluco-
configurations showed that the inhibitory selectivity to the different glycosides was driven by the hydroxyl group

configuration corresponding to the carbohydrate type, and the amino group configuration to the anomeric selectivity.

The b- D-gluco -aminocyclopentitol 421 is a potent inhibitor of b-glucosidase and it is comparable with the b-D-galacto
439 . Compound 439 is a selective inhibitor of b-galactosidase over a-galactosidase. The a- and b-L -fuco-derivatives
( 441 and 454 ) showed similar activity against a-fucosidase ( Ki 18 and 12mM, respectively). In the case of a- and b-D-
manno -derivative (472 and 473 ), no anomer selectivity was found against a-mannosidase, even though 472 was better

than the b-anomer (Ki 74nM against 0.41mM).

Substitution of the amino group usually led to an increase of the potency (Figure 80 ). N-Benzyl- a-450 and b-D -

galacto -aminocyclopentitol 443 showed anomer selectivity but in the case of the a-anomer this is relatively weaker

than for the b-anomer, which might have been caused by the conformational flexibility of the N-alkyl group.403a In the

case of the a-L-fuco-aminocyclopentitol, addition of a benzyl substituent produced a remarkable enhancement of the

potency and selectivity, whereas the b-L-fuco-aminocyclopentitol showed no inhibition against a-fucosidase.405b These

results suggested that perhaps the benzyl group is binding in a pocket normally occupied by the glycosidic leaving

group. Finally, substitution of the amino group led to no selectivity in inhibition of mannosidases by a- and b-D-manno
derivatives.
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Figure 80 Cyclopentane glycosidase inhibitors.

Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance 873



HO OH

OH N
HO

HO OH

N

(+−)-477
Ki  8.0 µM

(a-mannosidase)

HO OH

OH N
Bn

479
Ki  280 µM

(b-glucosidase)

478
Ki  240 µM

(b-glucosidase)

Figure 81 Aziridine glycosidase inhibitors.

874 Glycosidase Inhibitors: Structure, Activity, Synthesis, and Medical Relevance
Some groups have also carried out the preparation of cyclopentane-derived aziridines. In that context, Ganem’s

group 408 found that aziridinylcyclopentitol 477 was a competitive inhibitor of a-mannosidase, and can be obtained as a

racemic mixture by photohydration of N-alkylpyridinium salts (Figure 81). On the other hand, Bols’ and Fernández-

Bolañ os’ groups409 synthesized bicyclic aziridines ( 478 and 479 ) as restricted analogs of isofagomine. The aziridines

were rather poor or no glycosidase inhibitors (Figure 81).
Glossary

LSD lysosomal storage disorder.

ERT enzyme replacement therapy.

SRT substrate reduction therapy.

CCT chemical chaperone therapy.

NB-DNJ N-butyldeoxynojirimycin.

DGJ deoxygalactonojirimycin.

NN-DNJ N-nonyldeoxynojirimycin.

AA-P-DNM 4-azidoanilido-N-pentyl deoxynojirimycin.

AIBN 2,20-azobis(isobutyronitrile).
ASBA-P-DNM [4-(azidosalicylamido)butyl-5-amido-pent-1-yl]deoxynojirimycin.

CAN cerium ammonium nitrate.

CmMan5 a b-mannosidase found in Cellvibrio mixtus, a saprophytic aerobic soil bacterium.

DAB 1,4-dideoxy-1,4-iminoarabinitol.

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene.

DEAD diethyl azadicarboxilate.

DIM 1,4-dideoxy-1,4-imino-D-mannitol.

DIPEA diisopropylethylamine.

DMAP 4-(N,N-dimethylamino)pyridine.

DMDP 2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine.

EEACE electrophorus electricus acetylcholisterase.

ER endoplasmic reticulum.

GC’ase b-glucocerebrosidase.
GlcCer the simplest glycosphingolipid found in mammalian cells, produced at the cytosolic side of the Golgi.

GM3 sialosyl-lactosylceramide, the major ganglioside of human liver.

LiTMP lithium 2,2,6,6-tetramethylpiperidine.

NMO N-methylmorpholine N-oxide.
PDMP D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol.

PCC pyridinium chlorochromate.

TBSOTf tert-butylsilyl triflate.
TmGH1 a b-glucosidase present in Thermotoga maritime, a rod-shaped bacterium belonging to the order Thermotogales,

originally isolated from geothermal heated marine sediment at Vulcano, Italy.

TPAP tetra-n-propylammonium perruthenate.

TPSCl triphenylchlorosilane.

DIBAL-H diisobutylaluminum hydride.

TBDPS tert-butyldiphenylsilyl.

NIS N-iodosuccinimide
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80. Martı́n, R.; Murruzzu, C.; Pericàs, M. A.; Riera, A. J. Org. Chem. 2005, 70, 2325–2328.
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278. Bülow, A.; Plesner, I.; Bols, M. Biochem. Biophys. Acta 2001, 1545, 207–215.

279. Zechel, D. L.; Boraston, A. B.; Gloster, T.; Boraston, C. M.; MacDonald, J. M.; Tilbrook, D. M. G.; Stick, R. V.; Davies, G. J. J. Am. Chem. Soc.

2003, 125, 14313–14323.

280. Lohse, A.; Hardlei, T.; Jensen, A.; Plesner, I.; Bols, M. Biochem. J. 2000, 349, 211–215.
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409. López López, O.; Fernández-Bolaños, J. G.; Lillelund, V.; Bols, M. Org. Biomol. Chem. 2003, 2003(1), 478–482.



Biographical Sketch

Mikael Bols was born in 1961 in Copenhagen, Den-

mark. He received his M.Sc. (1985) and Ph.D. (1988)

from the Technical University of Denmark under the

Supervision of Professor Inge Lundt. After a Postdoc-

toral stay in 1988–89 at Queen’s University, Canada

with Professor Walter Szarek he joined Leo Pharma-

ceutical Products, where he was a research chemist

from 1989–91. He then returned to an assistant profes-

sorship at the Technical University of Denmark. In

1994 he did a sabbatical stay at Columbia University

in Professor Gilbert Strok’s group. Finally in 1995 he

went to Aarhus University where he became a full

Professor in 2000. His research interests are medicinal

chemistry, carbohydrates and artificial enzymes.
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1.22.1 Influenza Virus and the Disease

1.22.1.1 General Introduction

As a result of the emergence of the extremely aggressive avian H5N1 influenza virus, the likelihood of a human

influenza pandemic and the possible socioeconomic impact is now of major concern. Influenza over the centuries has

had a significant impact on human health and as a result the World Health Organization (WHO) continues to monitor

the disease as it appears around the world.1–3 Even in recent times the lethal nature of influenza virus has been

witnessed when avian influenza viruses claimed human lives in Asia.4–8
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The first drugs available for the treatment of influenza were the adamantane-based M2 ion channel protein

inhibitors, Rimantidine and Amantadine.9,10 Both of these compounds have been useful in the treatment of only

influenza A infection because only the A strains of the virus have an M2 ion channel protein.9–13 This class of drug is

ineffective against all influenza virus B strains because of the absence of the target M2 ion channel protein in B strains.

Furthermore, while both of the drugs were found to be effective against influenza virus A infection, unfortunately they

have been reported not only to have significant side-effects,10,11 but also have given rise to the rapid emergence of

drug-resistant influenza viral strains.12,13 As a consequence these adamantane-based drugs typically end up being

irrelevant as clinically useful therapeutics.

In the absence of strain-independent anti-influenza drugs there has been significant effort worldwide over the years

in the quest for the discovery of novel therapeutic agents against all types of influenza.
1.22.1.2 The Virus

Influenza virus belongs to the orthomyxoviridae family. The virus has a single-stranded RNA genome, enclosed within

an outer lipoprotein envelope, are present in eight separate segments of ribonucleoprotein (RNP) and all of these

segments are required for successful viral replication.

This virus family is further subdivided into three serologically distinct types A, B, and C, although only influenza

virus A and B appear to be of concern as human pathogens.14,15 The further classification of influenza virus is on the

basis of the antigenic properties of both of its envelope-bound surface glycoproteins hemagglutinin (HA) and sialidase

(neuraminidase, NA).16,17

Both of these surface glycoproteins are carbohydrate-recognizing proteins and in humans recognize the well-known

sialic acid, N-acetylneuraminic acid (Neu5Ac, 1 ), associated as the terminal carbohydrate unit of upper respiratory

tract and lung-associated glycoconjugates.15,18

HOH

HO O

CO2H

OHR
HO

H OH

R = NHAc

Neu5Ac

1

The HA glycoprotein is made up of three identical subunits (Figure 1) and is anchored to the virus’ lipid

membrane.15 Two significant roles have been associated with this glycoprotein. The first function is to provide an

initial point of contact for the virus to the target host cell-surface glycoconjugates via a-ketosidically linked terminal

sialic acid residues.19–21 The second key role of this glycoprotein is its involvement in the internalization process of the

virus through fusion of the viral envelope with the host cell.21,22 A multitude of influenza virus HA structures have

been determined as well as the structure of a number of HA–ligand complexes, reviewed elsewhere.23

Unlike HA, influenza virus sialidase (EC 3.2.1.18) is an enzyme made up of four identical subunits and is also

anchored to the viral membrane (Figure 2).24

The essential roles, although controversial at times, played by both of these surface glycoproteins in the infectious

lifecycle of the virus coupled with a significant body of available structural information, have provided very many

exciting opportunities for rational structure-based drug discovery of anti-influenza agents over the years.22 To date, the

most successful structure-based anti-influenza drug discovery has arisen from targeting the sialidase function and this

review provides an account of the discovery of the potent sialidase inhibitor and now commercially available anti-

influenza drug Zanamivir.25 In the light of the most recent pandemic threat, a number of new research initiatives that

target the influenza virus sialidase are reviewed in the following section.
1.22.2 The Influenza Virus Sialidase

1.22.2.1 Background

The influenza virus sialidases are family 34 exo-glycoside hydrolases (NA, neuraminidase, EC 3.2.1.18) that catalyze

the cleavage of terminal a-ketosidically linked sialic acid (Neu5Ac, 1a) from adjoining galactose and N-acetylgalacto-

samine residues on a wide range of glycoconjugates including glycolipids and glycoproteins (Scheme 1).26,27 The

a(2-3) linkage is preferably cleaved by influenza virus NA, though the (a2-6) linkage is also normally a substrate.28,29

The biochemistry of influenza virus sialidase has been studied extensively.30–33 The enzyme has been suggested to



Figure 2 The tetrameric unit of influenza A virus sialidase.

Figure 1 A view of the influenza virus haemagglutinin trimer showing N-acetylneuraminic acid ( 1, in CPK form) bound.
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contribute to viral pathogenesis via desialylation of viral HA on the surface of infected cells, thus easing the release of

viral progeny that could otherwise adhere via HA–HA interactions.34,35 In addition, the action of NA on heavily

sialylated viral binding glycoproteins (mucins) in the respiratory tract may reduce the viscosity of mucus in the host

environment, facilitating movement of the virus in this medium.18,28 Finally, desialylation of the viral coat may reduce

any tendency of the virus to aggregate.34,35 Collectively, the roles of the influenza virus NA advance inhibition of this

enzyme as a means of interfering with the viral life cycle.
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Scheme 1 The reaction catalyzed by influenza virus sialidase. The initially formed a-anomer 1a undergoes rapid equili-

bration with the b-anomer 1b.
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1.22.2.2 Influenza Virus Sialidase: Structure and Mechanism

The sequence and three-dimensional structure of NA have been studied in detail. Investigations in the early 1980s

provided the first X-ray crystal structure of influenza virus NA.36,37 While the active site could be identified, resolution

was insufficient to determine the orientation of the bound ligand (Neu5Ac) within the catalytic center. Subsequent

efforts in protein crystallography allowed further refinement of the structure of the apo-enzyme and yielded high-

resolution structures of NA from both influenza A and B virus sialidases [NA(A), NA(B)] complexed with Neu5Ac 1 or

the naturally occurring inhibitor 2-deoxy-2,3-didehydro- N-acetylneuraminic acid (Neu5Ac2en, 2). 38–43 Numerous

crystal structures of influenza virus sialidase A (N2 and N9) and B are now available, both in the native state and in

complex with a variety of ligands. A 2006 search of the Protein Data Bank revealed in excess of 50 deposited

structures. Sialidases from influenza A and B viruses display approximately 30% amino acid sequence homology.44

Influenza A virus sialidase subtypes may differ in terms of sequence by over 50%, while variation within a given

subtype may be as much as 30%. However, a number of important sialidase active site residues are conserved both

within subtypes and between the influenza virus A and B variants. In particular, the approximately 10 amino acid

residues thought to bind the sialic acid portion of the substrate are essentially invariant, as are a similar number that

help define and stabilize the active site topology (Figures 3a and 3b).45

High-resolution crystal structures of influenza virus NA and its complex with the product of its action (Neu5Ac, 1a)

or the inhibitor Neu5Ac2en (2 ) highlight several common structural features among NA from clinically relevant strains

of the virus.39,40 The influenza virus NA active site is defined by a number of discrete adjoining binding pockets that

interact with specific functional groups on the ligand. The active site contains an unusually high number of charged

amino acids, and in total there are 4 nonpolar and 10 polar (Arg/Asp/Glu) residues of note in binding. A number of

bound water molecules also mediate binding through hydrogen bonding networks. The orientation of Neu5Ac or

Neu5Ac2en within the active site is dominated by charge–charge interactions between the carboxylate at C1 and a

cluster of positively charged arginine residues. The remaining intermolecular contributions to binding energy are

achieved through hydrogen bonding, electrostatic and nonpolar interactions involving the C4 hydroxyl, C5 acetamido

function, and glycerol side chain of either ligand (Figures 4a and 4b).

Neu5Ac2en is a broadly acting inhibitor of sialidases, reflecting a degree of structural homology in the active sites of

enzymes from various sources. The generally accepted status of Neu5Ac2en as a transition state analog has served as a

central paradigm in influenza virus NA inhibitor design. The mechanism by which sialidases exert their hydrolytic

activity remains an active field of research.46–49 In the absence of structural information, it was originally proposed in

the 1970s that the hydrolysis reaction is driven by substrate distortion whereby the normally 2C5 configured a-sialoside
is bound in a high-energy half-chair conformation favored by electrostatic interactions between the substrate

carboxylate and positively charged residues in the enzyme active site.50 The X-ray structures of influenza virus NA

in complex with a-Neu5Ac 1a later confirmed both distortion of the substrate upon binding and the formation of a salt

bridge between the carboxylate and triarginyl cluster.39,40 The hydrolysis reaction catalyzed by influenza virus NAwas

suggested, on the basis of kinetic isotope effect measurements and molecular modeling studies, to proceed through an

enzyme-stabilized sialosyl cation intermediate 3, that in turn reacts in a stereoselective manner with a water molecule

to afford a-Neu5Ac.51,52 However, it is now known that the formation of a glycosyl-enzyme covalent intermediate is a
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Figure 3 a-N-Acetylneuraminic acid 1a bound in the active site of influenza virus sialidase N2. (a), Stick model of 1a
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common feature of most retaining glycosidases.53–55 There is increasing evidence to support the intermediacy of a

covalent linkage formed between Neu5Ac and a conserved tyrosine residue, though this has not been demonstrated

for the influenza virus NA itself.56–59 Regardless of the exact nature of the catalytic mechanism, the effectiveness of

Neu5Ac2en 2 and structurally related molecules as inhibitors of a wide range of sialidases including those of the

influenza viruses strongly support the existence of a planar sialosyl cation intermediate 3 at some point along the

reaction coordinate (Scheme 2).
1.22.2.3 Influenza Virus Sialidase: Substrate Binding and Active Site

The active site of influenza virus NA can be divided into five regions or subsites (S1–S5) in order to facilitate a

description of the binding modes of all known substrates and competitive inhibitors.60 Active site and subsite topology

is discussed here in the context of the inhibitor Neu5Ac2en 2 , which is known to bind in an analogous manner to

Neu5Ac. The carboxylate residue (C1 of Neu5Ac and Neu5Ac2en) is positioned in subsite S1 via ionic interactions

with Arg118, Arg292, and Arg371, termed the triarginyl cluster or arginyl triad (numbering used throughout this

chapter reflects that reported for influenza virus N2 neuraminidase). Neu5Ac2en also makes contact with the protein

via the C4 hydroxyl group, the C5 acetamido group, and the glycerol side chain as follows. The hydroxyl group at C4 is

positioned in the negatively charged binding pocket S2 comprised of two glutamate residues, Glu227 and Glu119, the

latter of which engages in hydrogen bonding with this hydroxyl group. Additional peripheral functionalities in S2

include Trp178, Asp151, and a water molecule. The C5 acetamido function contributes to binding via interaction with

subsite S3. This association is promoted by hydrogen bonding of the carbonyl oxygen to Arg152 and the acetamide
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hydrogen to an intermediate structural water molecule, and furthermore through hydrophobic interactions between

the acetamide methyl group and the nonpolar region formed by Ile222 and Trp178. Subsite S4 is defined by nonpolar

surfaces of Ala246, Arg224, and Ile222. S4 is unoccupied by Neu5Ac2en and glycosides of Neu5Ac but plays a

significant role in the binding of some other inhibitors bearing nonpolar substituents in place of the glycerol side chain

(vide infra). The final pocket S5 is comprised of Glu276, which engages in a bidentate hydrogen bonding network with

hydroxyl groups at C8 and C9, and Arg224, that makes hydrophobic contacts with the glycerol side chain of Neu5Ac or

Neu5Ac2en. A second conformation is available to Glu276, wherein the carboxylate is ion-paired with Arg224. When

Glu276 adopts this orientation, its hydrophobic surfaces combine with those of Ala246 to make S5 considerably more

hydrophobic in character. A comparison of the crystal structures of influenza A and B virus sialidases suggest that

the active sites in each case orient the substrate in a similar fashion.39,40,42 Key active site residues occupy similar

positions, with only minor variation in the position of Glu276 in S5 and some bound water molecules evident among

the different subtypes (Figure 5).
1.22.2.4 Influenza Virus Sialidase as a Drug Discovery Target

Influenza virus sialidase has attracted considerable attention as a target for antiviral drug design, owing to its

prominent position at the surface of the virion, its profound role in viral pathogenesis, and the conserved nature of

the active site among viral strains.23,61–69 Random screening programs identified a number of low-affinity inhibitors

that were not selective for the influenza virus NA.61,70,71 Neu5Ac is itself an inhibitor of sialidases in the millimolar

range (Ki¼5�10–3 M).72 However, efforts to develop substrate mimetics as influenza virus sialidase inhibitors have

met with limited success.Hydrolysis-resistantN- and S-glycosides of sialic acid (Ki¼10–3 to 10–6 M)were among the first

inhibitors examined in this class.73 Some representative substrate mimetics including thioglycoside (Ki¼2.8�10–6 M)

( 4), 3-deoxy-3-fluoro (Ki ¼ 8 � 10 –6 M) (5 ), and phosphonate (IC 50 � 1 � 10–4 M) ( 6) analogs of Neu5Ac are shown

in Figure 6.74–76

Investigators identified the first inhibitor with significant activity against influenza virus NA, Neu5Ac2en ( 2, Ki�
10–6 M), in the late 1960s.77,78 Derivatization of Neu5Ac2en by manipulation of the N-acyl group at C5 resulted in the

identification of superior in vitro inhibitors, the most potent of which was 2-deoxy-2,3-didehydro-N-trifluoroacetyl-

neuraminic acid 7 (Ki¼8�10–7M).79 This molecule was also effective in cell culture assays, but unfortunately the

activity of Neu5Ac2en and its 5-N-acyl derivatives was abrogated in animal models of influenza infection, reportedly

owing to their rapid excretion.35,80–8 2 Neither Neu5Ac2en or its fluorinated analog 7 demonstrated significant

selectivity towards NAs of viral or other origin.78,79
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1.22.2.4.1 Structure-based drug design – the discovery of Zanamivir
The appearance of the first crystal structure of influenza virus sialidase in 1983 followed by additional structures

featuring the bound ligands a-Neu5Ac 1a and Neu5Ac2en 2, marked a watershed in the design of influenza virus NA

inhibitors.36,37,39,40,43 These data afforded an excellent chance to employ the principles of structure-based drug

design, an opportunity seized upon by von Itzstein and colleagues.25 The potential for introduction of new function-

ality on the Neu5Ac2en scaffold was assessed by manually guided computer-assisted exploration of the enzyme active

site. Using the predictive software program GRID,83 a series of functional group probes (ammonium, carboxylate,

hydroxyl, methyl, and phosphate) were employed to determine regions of the active site that displayed theoretical

affinity for the probe in question.84 After identification of potentially attractive interactions, the probe group could be

incorporated via appropriate substitution of Neu5Ac2en, and the new inhibitor assayed for its ability to bind to the

enzyme. It emerged from these studies that an amino group was potentially better suited than a hydroxyl to interact

with amino acids in subsite S2. Specifically, it was envisaged that the protonated ammonium form of 4-amino-4-deoxy-

Neu5Ac2en 8 should engage with Glu119 via charge–charge interactions, resulting in a more tightly bound inhibitor.

The large volume of the C4-hydroxyl binding pocket also availed the opportunity to employ a larger basic group in

place of the amine. Furthermore, it was predicted that a bifunctional group such as a guanidino substituent would, in

the context of Neu5Ac2en derivative 9, engage in binding with two carboxylate residues (Glu119 and Glu227) via both

of its terminal nitrogens.
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The amine and guanidino derivatives, 8 and 9 respectively, were prepared and evaluated against NA from influenza

virus A (N1 and N2) and B. Both 8 and 9 were determined to be highly potent competitive inhibitors of the enzyme

in vitro (8 Ki ¼ 4 � 10 –8 M, 9 K i ¼ 3 � 10 –11 M), irrespective of the viral strain, and effectively prevented viral replication

in vitro and in vivo. 25,78,85 The crystal structures of influenza virus NA in complex with 8 revealed the predicted bound

orientation and indicated that the enzyme active site did not undergo significant reorganization following binding.

The interactions of the guanidino function of 9 with the two glutamate groups varied somewhat from prediction. One

of the primary NH groups of the guanidino substituent is hydrogen bonded to a backbone carbonyl oxygen (Trp178), a

water molecule, and a carboxylate (Glu227), while the other primary nitrogen interacts with the backbone carbonyl

oxygens of both Trp178 and Asp151. The secondary nitrogen in 9 occupies the place of the amine in 8 , and has been

shown to interact with Glu119 via a salt bridge. In addition, the larger guanidino substituent was found to displace a

water molecule from subsite S2, potentially accounting for the slow binding properties and some of the affinity gains

realized. The modification of Neu5Ac2en 2 by addition of a more bulky substituent at C4 not only enhanced binding

affinity, but also formed the basis for its selective inhibition of influenza virus sialidase over those of mammalian or

bacterial origin. 4-Deoxy-4-guanidino-Neu5Ac2en 9 was adopted as a lead drug candidate by Glaxo-Wellcome under

the generic name Zanamivir and gained regulatory approval as the first sialidase-targeting anti-influenza drug

(RelenzaTM) in 1999. Owing to its highly polar nature and consequent rapid excretion, RelenzaTM is delivered

directly to the primary site of infection via inhalation (Figure 7).86

Two sialidase inhibitors, RelenzaTM and TamifluTM (vide infra), have now been approved as anti-influenza

therapeutics. The availability of these compounds coupled with lower demand than expected engendered a percep-

tion among many that the NA-inhibitor antiviral market would not support further pharmaceutical research and

development in this field.87 The emergence and more widespread acceptance of a pandemic influenza threat in the

early 2000s rekindled interest in the design and development of a new generation of NA inhibitors, leading to the fast-

track designation of Biocryst’s injectable candidate Peramivir by the US Food and Drug Administration in 2006. Biota

and Sankyo have also announced their joint intention to market a new influenza virus sialidase inhibitor that is

currently in clinical trials. This chapter provides a historical overview of the structure-based design of transition state

mimetic NA inhibitors and reviews more recent advances in this field.
1.22.3 Influenza Virus Sialidase Inhibitors

Two in vitro assays are commonly employed to measure the effectiveness of influenza virus sialidase inhibitors prior to

investment in in vivo studies. The first involves inhibition of the isolated sialidase, and is normally conducted using a

fluorometric assay that measures release of a synthetic fluorophore following its cleavage from Neu5Ac by NA. In

contrast, the plaque reduction assay measures sialidase inhibition indirectly in cell culture, and provides somemeasure

of the inhibitor’s effect on the viability of the influenza virus. In vitro and in vivo systems for analysis of inhibitors of

influenza virus enzymes have been reviewed.88
1.22.3.1 Inhibitors Based on the Neu5Ac2en Scaffold

1.22.3.1.1 Modifications at C1 of Neu5Ac2en
An early report by Meindl and Tuppy indicated that the methyl ester derivative of Neu5Ac2en (Neu5Ac2en1Me, 10 )

failed to inhibit influenza virus NA.77 In contrast to these findings, Flashner and co-workers demonstrated that 10 was

indeed a competitive inhibitor of sialoside hydrolysis catalyzed by both N1 and N2 variants of influenza A virus NA.89

However, Neu5Ac2en1Me was a considerably less-potent inhibitor (�500-fold) than Neu5Ac2en, highlighting the

significant contribution of electrostatic interactions involving the arginyl triad and C1 carboxylate.
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Figure 7 Key interactions of Zanamivir 9 with the active site of influenza virus A sialidase.83
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1.22.3.1.2 Modifications at C4 of Neu5Ac2en
The overwhelming success of modifications at C4 (amino, guanidino) in increasing inhibition prompted interest in the

assessment of a wide range of other substituents and a detailed examination of their structure–activity relationships.

Complete removal of the substituent at C4 11 resulted in only a twofold drop in inhibition relative to Neu5Ac2en,

adding support to computational work suggesting that the C4 hydroxyl group makes little contact with the protein.84,90

The significance of the configuration at C4 was also investigated. Azido-, amino-, and hydroxy-substituted C4 epimers

of Neu5Ac2en (12–14 ) were assessed for their NA inhibitory activity. 84,89,91 The axial orientation of the substituent

resulted in a reduction in efficacy by 10- to 50-fold relative to their equatorial counterparts, including azide 15 .78

Oxidation of Neu5Ac2en to the ketone 16 resulted in drop in potency by a factor of over 100.89 The superior

inhibitory character of 4-amino-4-deoxy- epi -Neu5Ac2en 13 relative to Neu5Ac2en and its reduced effectiveness

relative to 4-amino-4-deoxy-Neu5Ac2en 8 suggests that the amine substituent engages in some favorable contacts
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with the protein at an alternative subsite, but that these contacts are not as significant as those created by interactions

with glutamate residues in S2 (Figure 8).

The majority of other modifications examined at the C4 position of Neu5Ac2en involved N-alkylation or

N-acylation of 4-amino-4-deoxy-Neu5Ac2en or modification of the guanidino substituent of Zanamivir. N-methyl-

amino 17 , N -allyl 18, and N ,N -dimethylamino 19 derivatives of amine 8 were effective inhibitors of NA from

influenza A and B viruses (Ki¼10–5 to 10–7M) though they showed reduced activity against a number of bacterial

sialidases. 78,91 The decrease in effectiveness of the mono- and di-alkyl derivatives 17 –19 relative to the primary amine

8 (Ki ¼ 4 � 10 –8 M) is reflective of the importance of positive charge at this position. The inhibition demonstrated by

N -allyl- N -hydroxy 20 and N -(1-hydroxy)ethyl 21 variants was again reduced relative to 8 to a level similar to that of

Neu5Ac2en. Conversion of the amine to an acetamide 22 resulted in the largest drop in potency among the derivatives

studied, likely as a result of the relatively low basicity of the amide nitrogen atom.78
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Modifications of the guanidino function of Zanamivir 9 at the primary nitrogen resulted in a dramatic reduction in

the inhibition of NA and of viral replication in vivo. N3-nitro, ethoxycarbonyl, methyl, hydroxy, and amino derivatives

23 –27 inhibited the catalytic action of NA between 300 and 3000 less than the parent guanidino derivative 9.92

Interestingly, the relative activities of these compounds were different in plaque reduction and NA inhibition assays,

perhaps reflecting the importance of lipophilicity. Cyanomethyl ether 28 served as a key intermediate in the synthesis

of inhibitors intended to mimic Zanamivir at C4 (29 and 30), and was itself evaluated against NA. 93,94 These

modifications were not particularly successful as 28 –30 showed only 7–30% inhibition of catalysis at 1.0 mM, a

concentration at which Zanamivir inhibits NA activity by over 90%.
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Despite rather intensive efforts to design superior inhibitors to Zanamivir or 4-amino-4-deoxy-Neu5Ac2en by

replacement of the group at C4, no improvements have been realized. This reflects the importance and complexity

of both electrostatic interactions and the extensive multiatom intermolecular hydrogen bond networks that assure the

high affinities observed for 8 and 9.
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1.22.3.1.3 Modifications at C5 of Neu5Ac2en
Original interest in modification of the C5 substituent of Neu5Ac2en in the 1960s stemmed from observations

that Neu5Ac2en was a sialidase inhibitor and that a-benzyl sialosides bearing modified N-acyl groups were

hydrolyzed more slowly than their N-acetyl counterparts by NA.77,95 A group of 18 N-acyl-modified Neu5Ac2en

derivatives were screened against influenza A and B virus sialidases.79 From among this group were identified

trifluoroacetamide 7 and difluoroacetamide 31 , the first inhibitors of NA with comparable activity to Neu5Ac2en

[IC50 ¼ 1 � 10–5 M 2, 5� 10 –6 M 7, 1� 10 –5 M 31 ]. This effort also marked the advent of the Neu5Ac2en scaffold in the

development of influenza virus NA inhibitors.

With the availability of structural information some years later, the requirements for successful modification of

functional groups at C5 became clearer, and the outcomes of earlier studies were explained. A well-defined binding

pocket that can accommodate the C5 acetamido group of Neu5Ac is a common feature of all sialidases for which there

are structural data, regardless of enzyme origin.96 As described previously, interactions between the C5 acetamido

function and strictly conserved residues in the influenza virus NA active site are mediated via hydrogen bonding of the

carbonyl oxygen to Arg152, by hydrogen bonding of the NH moiety to a bound water molecule, as well as by van der

Waal’s contacts between the methyl group and the hydrophobic patch formed by Trp178 and Ile222 in subsite S3. The

spatial constraints of S3 dictate that only small N-acyl substituents are accommodated, as observed in the earlier

study.79 Potential modifications to the C5 acetamido substituent included its complete removal, replacement by a

different functional group, modification of the acetamido substituent in line with previous reports, or replacement of

the amide hydrogen by a different group.

Removal of the C5 acetamido group from either 4-amino-4-deoxy or 4-deoxy-4-guanidino-Neu5Ac2en resulted in a

marked decrease in the affinity of the enzyme in each case, with the IC50 of 32 found to increase by a factor of at least

25000 relative to Zanamivir.97 Investigations of the tolerance of bacterial sialidases towards modification at this

position have shown that the acyl group contributes heavily to binding, with a 1000-fold decrease in affinity observed

for 33 relative to Neu5Ac2en.98 The magnitude of the analogous modification in the 4-amino-4-deoxy-Neu5Ac2en

series when applied to influenza virus NA was somewhat reduced, as inhibition by 34 was reduced only 10-fold

relative to its N -acyl counterpart 8 .91
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It was anticipated that successful replacement of the C5 acetamide with alternative N-acyl groups would be

governed by the stringent steric requirements imposed by subsite S3. These expectations were born out in the

evaluation of a series of such inhibitors 35–42 related to Zanamivir and its 4-amino-4-deoxy precursor. 99 Replacement

of the acetamide group of 4-deoxy-4-guanidino-Neu5Ac2en with a trifluoroacetamide yielded a potent inhibitor 35 of

influenza virus A and B NA as well as of viral replication in vitro , although the inhibitory capacity of 35 relative to

Zanamivir was reduced by a factor of approximately five. Replacement of the acetamido function on the 4-amino-4-

deoxy-Neu5Ac2en scaffold with propionamido 36, formamido 37, or cyclopropylamido 38 groups resulted in a

reduction in enzyme inhibition by factors of approximately 10, 100, and over 1000, respectively.
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The replacement of the amido hydrogen atomwith an alkyl group represented a potential means to displace a bound

water molecule from the active site and achieve associated entropy-related enhancement of binding energy. However,

N -methyl- N-acetyl 39 a n d c yc li c l ac t a m 40 derivatives proved highly ineffective against NA (IC50�500mM).99 The

installation of an ethanesulfonamide 41 or methanesulfonamide 42 or 43 in place of the acetamide was, likewise,

unfruitful.99
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1.22.3.1.4 Modifications at C6 of Neu5Ac2en
Molecular modeling studies concluded that the contribution to binding made by the dihydropyran ring oxygen in

Neu5Ac2en is minimal, and this position was thus targeted for modification. 52 The thio-isosteres 44 and 45 of

4-amino-4-deoxy and 4-deoxy-4-guanidino-Neu5Ac2en were prepared and evaluated against influenza virus NA

in vitro.100 These sulfur-containing molecules displayed IC50 values comparable to the original Neu5Ac2en deriva-

tives, suggesting that any impact of this heteroatom exchange on overall conformation is small. Carbocyclic analogs of

Neu5Ac2en, formally substituted cyclohexenes, will be discussed separately (see Section 1.22.3.4). The related

nitrogen-containing heterocycle has not been reported.
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1.22.3.1.5 Modification at C7–C9 of Neu5Ac2en
Following on the success of C4 functional group modification leading to the development of Zanamivir, and

the realization that C1 carboxylate and C5 acetamido substituents were more or less essential for binding, attention

was turned to alteration of the glycerol side chain in efforts to create more potent inhibitors of influenza virus NA

activity. Crystal structures of influenza virus sialidase in complex with Neu5Ac 1, Neu5Ac2en 2, and the 4-amino-4-

deoxy and 4-deoxy-4-guanidino Neu5Ac2en derivatives 8 and 9 identified interactions between Glu276 and

hydroxyl groups at both C8 and C9, and hydrophobic contacts between the carbon backbone of the glycerol side

chain and Arg224.25,39,40,42,101 A mutant NA strain in which the Glu276 carboxylate residue was replaced (Glu276Gln)

was shown to be devoid of hydrolytic activity, suggesting that its interaction with the diol motif is likely to significantly

influence substrate binding.102 Furthermore, the displacement of two water molecules from the NA active site by

the C7–C9 arm upon binding highlights the potential contribution of this region to the entropic component of binding

free energy.

Bamford and co-workers sought to determine the overall contribution to binding made by the C7–C9 triol section of

4-amino-4-deoxy and 4-deoxy-4-guanidino-Neu5Ac2en through iterative removal of hydroxymethyl units.103 Six-,

seven-, and eight-carbon homologs 46 –51 of 4-amino-4-deoxy-Neu5Ac2en 8 and its 4-deoxy-4-guanidino derivative 9

were prepared and assayed as inhibitors of influenza virus sialidase and of replication of influenza virus in cell culture.

Inhibition of enzyme activity was found, in an isolated NA(A) enzyme assay, to decrease in a stepwise manner with

removal of each hydroxymethyl group. Seven- and eight-carbon Zanamivir homologs 50 and 51 displayed similar

potencies to Neu5Ac2en (2 IC50¼9mM) and 4-amino-4-deoxy-Neu5Ac2en (8 IC50¼0.32mM), respectively, while

complete removal of the side chain resulted in considerable abrogation of inhibition (Figure 9).
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Figure 9 Analogs of 4-amino-4-deoxy-Neu5Ac2en 8 and 4-deoxy-4-guanidino-Neu5Ac2en (9 ) modified by removal of

C7–C9. IC50 values for 46– 51 against isolated influenza A virus sialidase are given in parentheses.
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1.22.3.1.5.1 C7 modifications

The hydroxyl group at C7 of Neu5Ac2en is the only polar group on this scaffold that does not appear to make contact

with the active site, and is in fact directed toward bulk solvent. Modifications at this position have primarily aimed to

enhance the pharmacokinetic properties of Neu5Ac2en-based inhibitors by introducing lipophilic character or

attaching the ligand to a multivalent scaffold.

A series of 7-O-carbamoyl derivatives of 4-amino-4-deoxy and 4-deoxy-4-guanidino-Neu5Ac2en were prepared

and screened for their ability to inhibit sialidase activity and viral replication (influenza virus A and B).104 Potent

inhibitors 52 and 53 were identified that rivaled the activity of Zanamivir 9 in enzyme assays, but proved slightly less

effective in plaque reduction assays (plaque IC50 influenza virus B: 52 0.023mgml–1, 53 0.009mgml–1, 54 0.52mgml–1,

9 0.002mgml–1). In general, monosubstitution of the carbamate nitrogen proved superior to disubstitution, and bulky

and/or lipophilic N-substituents were inferior to those bearing polar functional groups. These results were rationalized

in terms of interactions between the substituents and polar amino acid residues on the surface of the protein or with

solvent. In keeping with trends observed for other Neu5Ac2en derivatives, 7-O-carbamoyl C4 guanidino derivatives

were significantly more potent inhibitors than the corresponding 7-O-carbamoyl C4 amine derivatives. The ability to

derivatize the C7 hydroxyl group of Neu5Ac2en and related compounds without affecting binding to the NA active

site has allowed for the development of a carbamate-based Zanamivir–biotin conjugate for potential application as an

influenza diagnostic.105
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Modification of the substituent at C7 in 4-deoxy-4-guanidino-Neu5Ac2en by O-alkylation has also been

reported.106,107 Ethers containing a linear alkyl chain ranging from 1 to 14 carbons in length were evaluated against

influenza A virus in both sialidase inhibition and plaque reduction assays. While none proved superior to Zanamivir

against NA in isolated enzyme inhibition assays, alkyl ethers up to 12 carbon atoms in length performed better in the

viral replication assay. Alkylation of the C7 hydroxyl with two-carbon substituents bearing terminal hydroxyl, amino,

azido, and acetamido groups yielded inhibitors 55 –58 with antiviral properties that exceeded those of the parent triol 9

in the plaque reduction assay, although their potency did not differ substantially from ethyl or propyl ethers 59 or 60.

The superior effectiveness of 7-O-alkyl ethers bearing hydrophobic substituents (2–12 carbon atoms) stands in

contrast to results reported for hydrophobic groups among the 7-O-carbamoyl series. These findings have not been

rationalized to date.

Derivatives of 4-deoxy-4-guanidino-Neu5Ac2en such as 61, O-alkylated at C7 and deoxygenated at both C8 and C9

were prepared and evaluated against influenza A and B virus sialidases and used in a viral replication assay.107 While

these molecules displayed similar efficacy to the parent triol against influenza A virus sialidase, they were relatively

ineffective against influenza B virus (Figure 10).

NA inhibitors formed by replacement of the hydroxyl at C7 of 4-deoxy-4-guanidino-Neu5Ac2en with fluorine,

azide, or amine for the most part maintained both their ability to inhibit the enzyme and to prevent influenza
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Figure 10 Zanamivir derivatives modified through alkylation of the C7 hydroxyl. Values in parentheses reflect IC50 values

against influenza A virus in a plaque reduction assay, and are relative to a reference value of 1.0 for Zanamavir, 9.
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Figure 11 Zanamivir derivatives modified by replacement of the C7 hydroxyl. Values in parentheses reflect the relative

ability of the compounds to inhibit influenza A virus sialidase. The reference value for Zanamivir 9 is 1.0.
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replication in vitro .106 In particular, the fluoro and azido derivatives 62 and 63 demonstrated superior characteristics to

Zanamivir. In keeping with trends observed for 7-O-alkyl derivatives of Zanamivir, amides prepared by acylation of

amine 64 were effective inhibitors when shorter alkyl groups ( <8 carbons) were employed. The 16-carbon amide 66

and the gem-difluoro analog of Zanamivir 67 saw the greatest reduction of potency both in enzyme inhibition and

plaque reduction assays (Figure 11).
1.22.3.1.5.2 C8 and C9 modifications

Contacts between the glycerol side chain and subsite S5 involving, in particular, interactions of the side chain terminus

and Glu276 were targeted by replacement of the C9 hydroxyl of Neu5Ac2en and derivatives with nitrogen. The

impetus for these modifications was derived from an expectation of significant electrostatic interaction between the

carboxylate of Glu276 and a terminal amine/ammonium group. Both the amine 68 (Ki ¼ 400 mM) and diamine 69 (Ki ¼
15mM) demonstrated a reduction in inhibition on the order of 100 to 400-fold relative to their 9-hydroxy precursors

2 (Ki ¼ 4 mM) and 8 (K i ¼ 0.04 mM), suggesting an atypical binding mode for the 9-amino-9-deoxy Neu5Ac2en deriva-

tives. 108 However, high-resolution X-ray crystal structures of 68 and 69 in complex with NA revealed bound ligand

orientations comparable to those observed for Neu5Ac2en. Computational evaluation of the observed binding

energies suggested that desolvation penalties may exceed the potential affinity gains realized by replacement of the

C9 hydroxyl group in either case. These difficulties serve as a reminder of the increased complexity encountered

when attempting to capitalize on potential electrostatic interactions relative to shape-based hydrophobic and van der

Waal’s interactions. 109 A 9-amino-9-deoxy derivative 70 of trifluoroacetamide 7 was also prepared and displayed high

micromolar inhibition of influenza A virus sialidase activity (Ki 525mM), 100-fold change over that reported for the
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parent tetrol 7. 79,110 The mixed acetamide/trifluoroacetamide 71 and the 5,9-ditrifluoroacetamide 72 both demonstra-

ted superior inhibition (50–100-fold) to the amine 70 .110
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1.22.3.2 Mimetics of Neu5Ac2en and Zanamivir

1.22.3.2.1 Replacement of the glycerol side chain

1.22.3.2.1.1 C6 amide side chains

A series of inhibitors were prepared in which the glycerol side chain of Zanamivir or 4-amino-4-deoxy-Neu5Ac2en was

replaced entirely by secondary or tertiary amides with the general structure of 73 or 74. 111,112 These structure-guided

modifications were intended to enhance the oral bioavailability of the inhibitor and create contacts between the newly

introduced alkyl/aryl substituent and hydrophobic regions of subsites S4 and S5, while maintaining key interactions

between existing pendant functionalities and residues in subsites S1–S3. From a drug discovery perspective, the

reduction in molecular complexity accompanying removal of the chiral side chain and the potential for combinatorial

synthesis rendered the amide approach attractive.

O CO2H
N

NH2

AcHN

O
H

R1

R2

73

R1, R2 = H, alkyl, aryl

O CO2H
N

HN
AcHN

O
HR1

R2

74

H2N
NH

Initial efforts focused on alkyl amides with polar termini 75 and 76 that were expected to maintain hydrogen

bonding interactions with Glu276. These amides demonstrated only weak inhibition of NA. However, the introduc-

tion of simple alkyl or aralkyl groups 77, 78 , or 79 in place of the alcohol or amine resulted in significant affinity

enhancements and amide 79 exhibited comparable activity to Zanamivir in both enzyme inhibition and plaque-

reduction assays against influenza A virus.112 Notably, the tertiary amides were considerably more potent inhibitors

than their secondary counterparts 78 vs 77 , and all compounds demonstrated significantly higher activity against the

NA of influenza A virus than against that of influenza B virus. Other lead compounds derived from an 80-member

library prepared by automated synthesis included the 3,5-dialkyl pyrrolidinamides. Further investigation of this

scaffold identified a strict requirement for the cis-orientation of alkyl groups, and 3,5-dimethylpyrrolidine derivative

80 offered the best NA inhibition (Figure 12 ).

4-Deoxy-4-guanidino variants of the C6 amides generally displayed higher activity than their corresponding

4-amino-4-deoxy counterparts but the degree of improvement was considerably lower than that observed between

the analogous amine and guanidino derivatives of Neu5Ac2en. In keeping with these findings, further modifications at

C4 in the amide series revealed that both the nature of the substituent and the configuration at this center were

relatively unimportant. 113 The 4-deoxy-4-guanidino, 4-amino-4-deoxy, and deoxy variants (82 –84) of the phenethyl

propyl amide 81 displayed IC50 values against influenza A NA that differed from the reference compound by a factor

of less than three. The axial alcohol 85 (17 nM) was only threefold less potent in an NA(A) inhibition assay than the

epimeric equatorial alcohol 81 (7 nM). The equivalent pair of epimeric alcohols in the Neu5Ac2en series, 14 and 2,

were reported to vary in their ability to inhibit NA(A) by 20–50 times (Figure 13).89

Modification of the C5 position in the amide series again highlighted the tight steric requirements generally

imposed by the residues that comprise subsite S3 surrounding this area. Replacement of the acetamido substituent
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Figure 12 C6 Carboxamide derivatives of 4-amino-4-deoxy-Neu5Ac2en 8 assayed as inhibitors of influenza virus
sialidase. IC50 values against sialidase from influenza A are given, with the relative increase of the IC50 for inhibition of

influenza B sialidase shown in parentheses. (nd, not determined.)
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Figure 13 C6 phenethylpropyl carboxamide derivatives of Neu5Ac2en 2, 4-amino-4-deoxy-Neu5Ac2en 8 , Zanamivir 9 ,
4-deoxy-Neu5Ac2en 11, and 4-epi-Neu5Ac2en 14. Values in parentheses represent IC50’s obtained against influenza virus
A sialidase.
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with trifluoroacetamide or propionamide was well tolerated. However, larger acyl groups hastened a significant drop in

inhibition.113

Extensive structure–activity studies, crystallography, and molecular dynamics calculations were employed to

identify the origins of high-affinity interactions of tertiary amides and their observed selectivity for influenza

A virus sialidase.114,115 It was demonstrated that lipophilic amides induced a conformational reorganization of the

binding pocket of both influenza A and B NA. Reorientation of Glu276 resulted in its engagement in a salt bridge with

the guanidino side chain of Arg224 and established a small lipophilic pocket, as well as an extended lipophilic cleft

formed between Ile222 and Ala246 at the enzyme surface. The relative sizes of these two regions readily explained the

optimal substitution pattern identified by library screening, where amides with one large and one small (ethyl or

propyl) substituent were found to be the best inhibitors of NA activity and viral replication. The success of such C6

amides in this series against influenza A NAwas in part due to a match, between the spatial arrangement of these two

binding pockets and the preferred orientation of the amide rotamer, that featured a trans-relationship between the

larger substituent and the pyran ring (Figures 14 and 15).

The origins of the relative inefficiency of C6 amide inhibitors against influenza B virus sialidase were apparent

following comparison of the high-resolution X-ray crystal structures of the ligand-NA(B) complex and the apo-

enzyme.115 Although the position of Glu276 differs slightly in influenza B relative to A, formation of a salt bridge

with Arg224 was still observed. However, reorientation of the Glu276 residue in influenza B NA induced considerable

distortion of the protein backbone structure in contrast to the minimal reorganization seen with influenza A.

A comparison of diethyl amide 86, 3-pentyl ketone 87, 3-pentyl ether 88, and alcohol 89 was conducted in order to

examine the effects of the side chain conformation on both potency and selectivity in the carboxamide series of

inhibitors.116 The ketone, ether, and alcohol resembled the amide in that all showed selective inhibitory activity

towards influenza A NA. An sp2 -hybridized center was found to contribute to the potency of 86 and 87 . Presumably,

the ketone experiences less rotational restriction than the amide, but any enhancement in flexibility had little

apparent effect on efficacy in this case. The relatively poor inhibitory capacity of the ether 88 was explained in

terms of the energy penalty created by differences between the bound and solution conformation of the dihydropyran

ring (Figure 16).



Figure 14 Superimposition of inhibitors and key active site residues from crystal structures of carboxamide 82 (magenta
carbons, PDB – 1A4Q) and Neu5Ac2en 2 (green carbons, PDB – 1F8B) in complex with influenza virus A sialidase. Note the

alternative conformations of the side chain of Glu276.45
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Figure 15 A schematic representation of some key interactions of carboxamide 82 with conserved influenza virus A

sialidase active site residues. Note the interaction between Glu276 and Arg224.
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Until recently, C6 amides of Neu5Ac2en have been prepared in a relatively simple but costly manner by oxidative

degradation of the glycerol side chain followed by coupling of an activated carboxylic acid with an amine. A novel

strategy for synthesis of similar compounds has recently been reported that employed structure-guided mutagenesis of

Neu5Ac aldolase to enable enzymatic synthesis of the analogous Neu5Ac C6 amides.117,118
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Figure 16 A comparison of influenza virus sialidase inhibition by C6 diethylcarboxamide 86 with related C6-keto,-ether,

and -hydroxy derivatives 87–89.
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1.22.3.2.1.2 Heterocyclic side chains

Replacement of the glycerol side chain with a number of substituted triazole and oxadiazole groups was selected as a

potential means to realize affinity gains via enhanced hydrophobic contacts in the area encompassing subsites S4 and

S5.119 Oxadiazoles 90 proved to be moderately effective inhibitors of NA from influenza A, but demonstrated consider-

ably reduced effect against the enzyme from influenza B. N-Substituted triazoles 91 were superior inhibitors of NA, but

again exhibited selectivity for influenza A virus sialidase. On the basis of molecular modeling studies and this enzyme

inhibition data, the authors inferred that the heterocyclic side chains induced the same active site redistribution

generated by the C6 amide series of inhibitors. It is also suggested that the differential inhibition demonstrated by the

oxadiazole and triazole derivatives is analogous to the different activities of secondary and tertiary amides at C6.
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The glycerol side chain of 4-deoxy-4-guanidino-Neu5Ac2en was replaced by a number of heterocycles in which the

C7 oxygen atom formed part of a cyclic ether.120 Dihydroxylation of these tetrahydropyran-2-yl, tetrahydrofuran-2-yl,

and oxepan-2-yl rings at C30 and C40 provided conformationally restricted analogs of the glycerol side chain and

allowed for determination of the importance of the stereochemistry at ‘C8’ and ‘C9’. Not surprisingly, ethers 92 –94 in

which the positional and stereochemical arrangement of oxygen atomsmimicked that of the original side chain triol were

effective inhibitors ofNA activity and viral growth. The diol moiety was suggested through crystallography to engage in a

bidentate hydrogen bondwithGlu276, precluding rearrangement of the enzyme active site. Thus, although the activities

of these diols against influenza B were not reported, they are expected to inhibit NA from either strain of the virus with

comparable efficiency. Diol 95 displayed enzyme inhibitory capacity that was reduced by 20 times relative to its positional

isomer 93. Inversion of configuration at C7 96 further reduced potency of these compounds against influenza virus

NA. The bicyclic inhibitor 93 was twofold more effective against influenza A virus than Zanamivir in a plaque-

reduction assay and demonstrated to have good oral bioavailability in murine models of influenza infection.
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1.22.3.2.2 GlcNAc glycosides as mimetics of Neu5Ac2en
The potential homology of glycosides of 2-acetamido-2-deoxy- D-glucuronic acid 97 and Neu5Ac is readily apparent,

and D- glucosamine has in fact been employed as a starting material in the synthesis of Neu5Ac 1. 121 D 4,5 -2-Acetamido-

2-deoxy- b-D- glucuronides 98 exhibit structural similarities to Neu5Ac2en 2, a feature that has been exploited in the

design of a number of Neu5Ac2en mimetics.116,122–125 The use of the relatively inexpensive 2-acetamido-2-deoxy-

D-glucuronide scaffold in NA inhibitor design allows for complete replacement of the C7–C9 side chain of sialic acid-

based inhibitors with either functionalized or unfunctionalized side chains.
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98 Neu5Ac2en, 297

A number of simple hydrophobic groups have been appended to the unsaturated 2-acetamido-2-deoxy-D-glucur-

onate template and the glycosides 99–102 have been evaluated for their ability to inhibit influenza A NA from

multiple sources.123,125 For the most part, candidates were found to inhibit the enzyme at a comparable level to

Neu5Ac2en. Preliminary crystallographic findings suggest that binding of 99 is accompanied by a rearrangement of

active site residues similar to that observed for C6 amides, triazoles, oxadiazoles, and GS4071 (vide infra).126 Docking

studies suggest that the benzyl glycoside 102 does not interact significantly with the hydrophobic surface of the

protein and is instead oriented toward bulk solvent, accounting for its reduced potency (Figure 17).123

N-Acetyl-6-sulfo-D-glucosamine has also been advanced as a mimetic of Neu5Ac wherein the C1 carboxylate is

replaced by a sulfate ester at C6 of D-glucosamine.127,128Molecular modeling studies have suggested that this apparent

substrate mimetic approach may benefit from adoption by 6-sulfo-D-GlcNAc of a solution conformation that closely

resembles enzyme-bound Neu5Ac.128 A series of alkyl and aryl b-glycosides of 6-sulfo-D-GlcNAc were screened

against influenza virus NA and were shown to inhibit the enzyme at micromolar concentrations. The supremacy of

glycosides with hydrophobic aglycons in this series suggests that the inhibitor is bound in the expected orientation and

that the aglycon may interact with hydrophobic regions of subsites S4 and S5.
1.22.3.3 Multivalent NA Inhibitors Based on Neu5Ac2en and Zanamivir

Multivalent interactions, those involving coincident binding of multiple ligands on one framework or surface to

multiple receptors on another, may enhance binding affinity substantially and are thus of interest in the development

of new therapeutics.129,130 One obstacle to the exploitation of multivalent arrays of small molecule protein ligands in

drug design is that any linker(s) used to assemble multiple copies of a drug must not interfere with protein–ligand

interactions. The numerous demonstrations that modification at C7 of Neu5Ac2en-based inhibitors has minimal

impact on binding suggested a starting point for the design of multimeric NA inhibitors.

Multimeric conjugates of 4-deoxy-4-guanidino-Neu5Ac2en 8 were prepared via modification at C7. These divalent

to polyvalent assemblies varied with respect to the type and length of linker, symmetry, valency, and the presence or

absence of a carrier molecule. Polymeric Zanamivir conjugates constructed using either a poly-L-glutamic acid or a

modified polysaccharide backbone demonstrated decreased in vitro NA inhibition relative to the monomer.131–133

However, these same conjugates displayed significantly greater antiviral activity than the monomer against influenza

virus in cell culture assays and in animal influenza models. Multimeric conjugates of Zanamivir with defined valency

have also demonstrated enhanced antiviral activity (100-fold increase), although their ability to inhibit NA in an
O CO2HR

OH
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H
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(1 µM) (10−100 µM)(1 µM) (1 µM)

Figure 17 D4,5-2-Acetamido-2-deoxy-b-D-glucuronides 99–102 were evaluated for their ability to inhibit influenza A virus
sialidase. Numbers in parentheses are approximate Ki values.



904 Design and Synthesis of Sialidase Inhibitors for Influenza Virus Infections
enzyme assay was reduced by 10–20-fold relative to Zanamivir.133–135 Among these, dimers formed by the attachment

of hydrocarbon linkers of varying sizes to the C7 hydroxyl group have been particularly well studied.134,135 Zanamivir

displayed superior inhibition of NA(A) and NA(B), and performed better in plaque reduction assays than the linker-

modified conjugate 103 . While Zanamivir maintained greater activity than either of the dimeric conjugates 104 or 105

in isolated enzyme inhibition assays, the effect of the dimers on viral replication approached 104 or greatly exceeded

105 that of Zanamivir on a valency-corrected basis. Activity depended on the number of atoms bridging the two

monomers, and from this data the means by which such conjugates attained higher potency against influenza virus

could be inferred. Linkers comprised of 14–18 atoms are able to effect intervirion and intersubunit cross-linking,

resulting in viral aggregation and reduced infectivity. The introduction of more rigid linkers (106 ) resulted in a slight

relative decrease in efficacy.
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1.22.3.4 NA Inhibitors Based on a Cyclohexene Scaffold

1.22.3.4.1 Background
As mentioned previously, the contribution to binding of the dihydropyran ring oxygen in Neu5Ac2en via interaction

with active site residues is not considered to be significant.52 Replacement of the ring oxygen therefore presents

opportunities to introduce new inhibitor–protein contacts and simultaneously enhance the drug-like properties of the

molecule. On the basis of structural information generated from complexes of influenza virus NA with Neu5Ac2en

and related molecules, carbocyclic templates were selected as a framework for the development of new NA inhibitors.

The similarity of the ring conformation in Neu5Ac2en 2 to the proposed ring oxygen-stabilized sialosyl-cation

transition state 3 is thought to contribute heavily to the affinity of the enzyme for this molecule. However, a

comparison of Neu5Ac2en and the putative intermediate 3 reveals that in fact these two structures are essentially

positional isomers. Thus, the evaluation of both isomers 107 and 108 in the context of a carbocyclic scaffold was

merited. In an effort to introduce more hydrophobic character to the molecule with the hope of designing an inhibitor

with oral bioavailability, the glycerol side chain could be replaced with an alkyl substituent, joined to the scaffold via

an ether linkage for synthetic convenience.
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As a first step in this process, the simple alcohols 109 and 110 were prepared and tested against influenza virus

A NA. While 110 exhibited promise as a lead compound (IC50 ¼ 6.3 mM), its isomer 109 failed to demonstrate

inhibition of the enzyme at concentrations up to 200 mM, supporting the significance of the position of the unsatura-

tion. 136 Interestingly in seeming contrast to the results obtained for 109 and 110, carbocyclic analogs of both 4-amino-

4-deoxy-Neu5Ac2en and Zanamivir 111 and 112 bearing a double bond between C2 and C3 (Neu5Ac numbering)

and a truncated glycerol side chain demonstrated activity that approached or exceeded that of their truncated
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dihydropyran counterparts 47 and 50 .137 Although the amine-substituted carbocycle 111 (Ki �900 mM) was an inferior

inhibitor of sialidase activity relative to 112 (Ki � 8 mM), it was the more potent of the four compounds 111 , 112 , 47 ,

and 50 in plaque-reduction assays. The superiority of 110 over 109 was paralleled by findings regarding the activity of

a true carbocyclic mimic of Neu5Ac2en 107 and its positional isomer 108 against influenza A virus sialidase. 138 While

the Neu5Ac2en mimetic 107 exhibited a nearly 20-fold increase in IC50 (850mM) relative to Neu5Ac2en itself

(42 mM), the isomeric carbocycle 108 (20 mM) showed improved inhibition relative to Neu5Ac2en.
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1.22.3.4.2 Installation of a hydrophobic side chain on the cyclohexene scaffold
Systematic functionalization of the hydroxyl group of lead inhibitor 110 with various alkyl chains allowed for the

introduction of hydrophobic groups designed to interact with nonpolar regions of subsites S4 and S5. In every reported

case, alkyl ether derivatives were superior inhibitors to the alcohol.136,139 Analysis of a range of inhibitors led to the

conclusion that the length, branching, and stereochemistry of the substituent defined the compound’s activity. The

activity of alkyl ethers 113 –118 based on 110 was augmented with increasing length up to three carbon atoms. Longer

hydrocarbons (n-butyl through n-decyl) displayed lesser activity when assayed against influenza A virus NA than did

the n-propyl ether. The 20-fold improvement in inhibitory activity on going from the methyl ether 113 to the n-propyl

ether 115 suggested that hydrophobic interactions were important in the binding of these molecules.
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The impact of the introduction of a branch in the side chain was dependent on its position, as is evident from an

analysis of four-carbon alkyl ethers 119 and 120 . Addition of a methyl substituent at the b-carbon of the n-propyl ether
115 yielded no appreciable change in inhibition ( 119). However, introduction of the same substituent at the a-carbon
resulted in a 20-fold decrease in the IC50 ( 120a or 120b ). Addition of a single methyl group to 120 gave the iso-pentyl

ether 121, also known as GS4071, a remarkably potent inhibitor of NA from influenza A and B [IC50 NA(A)¼1nM].

Further elongation of both alkyl chains 122 resulted in a decrease in potency (IC50¼16nM), a drop that was not

observed when only one arm of the bifurcated side chain was elongated (123 , IC50¼1nM).
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The importance of the ether oxygen in 115 to its NA inhibitory properties was investigated via synthesis of the thia-,

carba-, and aza-isosteres 124–126 . 140–142 Although these new compounds produced similar levels of inhibition in

enzyme assays against influenza A and B NA, none exceeded that of the original ether. The activity of the propyl

thioether 124 against influenza B NA was drastically reduced relative to the other compounds, possibly reflecting

changes in bond length and bond angles arising as a consequence of the substitution of sulfur for oxygen and the

generally reduced tolerance of this enzyme to active site rearrangement. The aza analog 127 of GS4071 and a related

tertiary amine 128 were also synthesized and evaluated as inhibitors of influenza virus NA. Although both compounds

proved to be excellent inhibitors of enzyme activity, their potency was reduced by up to one order of magnitude

relative to 121 (Figure 18 ).

A novel approach to the discovery of inhibitors similar to those in the amine series described above employed

dynamic combinatorial libraries. 143,144 In this approach, the cyclohexene diamine scaffold 129 was equilibrated with a

large number of ketones in the presence of influenza virus NA before the entire mixture was reduced to yield the

corresponding amines 131 . The addition of the enzyme provided a template in which the two molecules could react or

the intermediate imine 130 could be stabilized through binding, and thus a selection force was exerted on the library.

Molecules that had proven effective as inhibitors in earlier work were amplified in this study (Scheme 3).141

The crystal structures of GS4071 121 and related molecules in complex with influenza virus sialidase have shed

light on the origins of their observed high-affinity interactions and provide explanations for the variable success of the

wide range of alkyl ethers examined.136,139 The cyclohexene ring is oriented within the NA active site as expected,

and key interactions involving the carboxylate, acetamide, and C4 substituent with the NA active site are similar to

those observed for Neu5Ac2en and derivatives. The five-carbon side chain was found to bind in a region normally

dominated by polar amino acids, but that in fact favors accommodation of nonpolar substituents by virtue of

reorganization of the active site. This rearrangement is characterized by adoption of an alternate conformation by

Glu276 that is stabilized by salt-bridge formation to Arg224, as reported for the carboxamide series of Neu5Ac2en

inhibitors. 115 The two ethyl groups of 121 are accommodated by subsites S4 and S5, the latter of which is rendered

considerably less polar by engagement of Glu276 with Arg224 (Figures 19 and 20).

An examination of the inhibitory effects of numerous similar ethers containing larger alkyl groups and an asymmet-

ric center has shed light on the active site rearrangement and subsite geometry. Subsite S4 of influenza virus NA type

A or B is able to accommodate smaller groups, such as an ethyl substituent. Larger substituents are bound in S5 by the

enzyme from influenza A, but not influenza B. This finding is born out in the discrimination between stereoisomeric
CO2HX

NH2

AcHN

H

115:  X = O     (130 nM)
124:  X = S     (212 nM)
125:  X = CH2 (220 nM)
126:  X = NH  (200 nM)

CO2HN

NH2

AcHN

H

127:  R = H   (11 nM)
128:  R = Me  (6 nM)

R

Figure 18 Thio, carba, and aza analogs of cyclohexene ethers were assayed for inhibition of influenza A virus sialidase.

IC50 values are reported in parentheses.
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Scheme 3 Dynamic combinatorial approach to the screening and synthesis of influenza virus sialidase inhibitors. Coupling
of amine 129 and a carbonyl library in the presence of sialidase, followed by reduction of the intermediate imines 130,
yielded inhibitors 131.



Figure 19 Superimposition of inhibitors and key active site residues from crystal structures of GS4071 121 (magenta
carbons, PDB – 2QWK) and Neu5Ac2en 2 (green carbons, PDB – 1F8B) in complex with influenza virus A sialidase. Note the

alternative conformations of the side chain of Glu276.45
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Figure 20 A schematic representation of some key interactions of GS4071 121 with conserved influenza virus A sialidase

active site residues.
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ethers by NA(A) and by the greatly diminished levels of inhibition of NA(B) observed when a large ether substituent is

present. Both of these situations are illustrated by an examination of the inhibitory effects of diastereomeric inhibitors

132 and 133. While these are both potent inhibitors of influenza A NA, the IC50 for the (R ) isomer 133 is 40 times

higher than for its (S) stereoisomer 132. Crystallographic evidence indicates that the bulky phenethyl group is
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accommodated by S5 but not S4. Due to the side chain asymmetry, 132 is better suited to this arrangement than is 133 .

Since Glu276 in NA(B) undergoes a much smaller conformational change upon binding of this series of inhibitors, S5 is

not able to accommodate larger hydrophobic groups. As a consequence, substituents with one or more bulky group are

selective inhibitors of influenza A virus NA. Even the less bulky 4-hex-1-ene ethers 134 display pronounced

differences in their ability to inhibit the two enzyme subtypes.

CO2HO

NH2

AcHN

H
CO2HO

NH2

AcHN

H(S) (R) CO2HO

NH2

AcHN

H

132 133 134

The combined effects of a carbocyclic scaffold and replacement of the glycerol side chain with an amide group

were also investigated. 145 Neither GS4071-like 135 , nor Zanamivir-like 136 were as effective against NA(A)

as Zanamivir 9, though these positional isomers lacked a substituent at C4 for interaction with the S2 binding

pocket. Notably, the position of the double bond had a large impact on the effect of the inhibitor on NA activity,

and both inhibitors exhibited selectivity for influenza A virus NA as previously observed in the C6 amide series

(Figure 21).
1.22.3.4.3 Modification of the C4 substituent
Conversion of the 4-amino-4-deoxy function into a 4-deoxy-4-guanidino group in the Neu5Ac2en series resulted in an

increase in inhibition by over 100-fold (8 vs 9). 25 Modification of the cyclohexene ether series by conversion of the

amine to a guanidino group also produced affinity gains ranging from approximately 2 to 100-fold.139,146 The effect of

modifications at C4 is illustrated by the propyl ether series in Figure 22. Replacement of the amine with amidine 137 ,

guanidino (138 ), or N -methyl guanidino 139 groups resulted in a considerable enhancement in inhibition of NA in

the latter two cases. However, increased inhibition of this magnitude was not observed when these modifications
CO2H

AcHN

H
N

O
CO2H

AcHN

H
N

O

135 136

(0.017 µM, 23 µM) (0.21 µM, 150 µM)

Figure 21 Inhibition of influenza virus A and B sialidases by cyclohexene-based amides 135 and 136. Numbers given in

parentheses are IC50 values for NA(A) and NA(B), respectively. The IC50 values obtained for 9 under the same conditions

were 0.005mM for NA(A) and 0.004mM for NA(B).
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115:  X = NH2(130 nM)
137:  X = NHC(NH)H (140 nM)
138:  X = NHC(NH)NH2 (1.8 nM)
139:  X = NHC(NMe)NH2 (4.6 nM)

CO2HO

X
AcHN

H

121:  X = NH2 (1.0 nM)
140:  X = NHC(NH)NH2 (0.5 nM)

Figure 22 A comparison of influenza virus A sialidase inhibition by derivatives of 115 and 121 modified at C4. IC50 values
are given in parentheses.
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were superimposed on more potent inhibitors such as GS4071 (cf. 140 with 121 ). The origins of this differential

improvement are unclear, but suggest that the nature of the alkyl ether component affects the hydrogen-bonding

network in S2.
1.22.3.4.4 Modification of the C5 substituent
Functional group modifications in the Neu5Ac2en series of NA inhibitors demonstrated the strict steric and electronic

limitations imposed on the C5 nitrogen substituent by the amino acid residues comprising subsite S3. Several acyl and

sulfonamide derivatives of carbocycle 115 were synthesized and assayed for their ability to inhibit NA activity and

viral replication in vitro .146 The trifluoroacetamide derivative 141 showed moderate improvement over the acetamide

in an enzymatic assay, but was a drastically less-effective inhibitor of plaque formation. The increased steric demand

of the propionamide 142 is a likely explanation for its reduction in activity by 10-fold relative to 115 . More surprising

was the approximately 200-fold decrease in activity following replacement of the acetamide group with a methane

sulfonamide 143 , given the relatively small change in enzyme inhibition seen in the 4-amino-4-deoxy and 4-deoxy-4-

guanidino-Neu5Ac2en series (42 and 43 ) (Figure 23 ).
1.22.3.4.5 Miscellaneous modifications to the cyclohexene scaffold
Cyclohexene-based inhibitors, in contrast to the dihydropyran scaffolds, allow for addition of substituents at each

position around the ring. Methyl and fluoro groups were appended to the carbon that replaces the ring oxygen of

Neu5Ac derivatives, as shown inFigure 24.139 Methylation resulted in a dramatic decrease (>2000-fold) in the ability

of this derivative 144 of 121 to interfere with catalysis. The less sterically demanding fluoro-substituted cyclohexene

145 retained its activity for the most part. A methyl group was appended to C3 in an effort to capitalize on potential

hydrophobic contacts in this region.139 Instead, inhibition by 146 was diminished by over three orders of magnitude

relative to 121. Cyclohexane-based substrate mimetics such as 147 have shown greatly reduced ability to inhibit NA

relative to the cyclohexene transition state analogs (Figure 24).147
1.22.3.4.6 Development of Oseltamivir, a cyclohexene-based therapeutic
Despite the intuitively apparent enhancement of lipophilicity accompanying replacement of the glycerol side chain in

the cyclohexene-ether series, both the guanidino derivative 140 and amine 121 displayed poor oral bioavailability,
CO2HO

NH2

X

H
115:  NHAc (130 nM)

141:  NHC(O)CF3 (100 nM)

142:  NHC(O)CH2CH3 (1500 nM)

143:  NHSO2CH3 (2500 nM)

X

Figure 23 A comparison of influenza virus A sialidase inhibition by derivatives of 115with various C5 nitrogen substituents.

IC50 values are given in parentheses.
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Figure 24 Inhibitory activity of GS4071 121 and related compounds against influenza A virus sialidase. IC50 values are

given in parentheses.
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likely as a consequence of their zwitterionic character. A prodrug approach in which the carboxylate was converted to

an ethyl ester was investigated for 140 and 121 , and proved successful only in the latter case.148,149 The ethyl ester of

121 was found to display considerably superior pharmacokinetic properties to the parent carboxylic acid. Oseltamivir

148 , the orally administered ethyl ester form of GS4071 121 , is now produced under the trade name TamifluTM by

Roche.150 TamifluTM and RelenzaTM are currently the only NA inhibitors approved for clinical use. The development

of new synthetic routes for the production of Oseltamivir remains the subject of intensive research in academic and

industrial settings since demand currently outstrips production capacity.87,151–154
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AcHN

Oseltamivir
148
1.22.3.5 Influenza Virus NA Inhibitors Based on an Aromatic Scaffold

One of the earliest strategies employed in the search for noncarbohydrate-based sialidase inhibitors involved replace-

ment of the dihydropyran core of Neu5Ac2en with an aromatic ring. These efforts were based in part on the

observation that crystal structures of Neu5Ac2en and related inhibitors in complex with influenza virus NA did not

suggest significant contacts between the cyclic scaffolds and the protein.155 In its bound conformation Zanamivir 9

adopts a half-chair orientation, with both the carboxylate and the normally equatorial substituents at C4, C5, and C6

essentially coplanar with the ring.52 Therefore, it appeared reasonable to replace the sugar ring with a modified

benzoic acid-bearing substituent oriented for optimal interaction with the protein in key binding pocket subsites.

Efforts to design benzoic acid-based NA inhibitors were pursued by a number of groups that advanced other purported

benefits such as enhanced stability, lipophilicity and bioavailability, reduced molecular complexity, and ease of

synthesis.156–163

Early investigations afforded the aromatic counterpart 149 of Zanamivir 9, which displayed no appreciable interac-

tion with sialidase. 164 Removal of the glycerol side chain gave the lead compound 150 (BANA113, BCX-140), a

modestly active inhibitor of influenza A virus sialidase (IC50 ¼ 2.5 mM) 156 –158 that reduced enzymatic activity at a level

comparable to Neu5Ac2en. X-ray structure determination of 150 bound to influenza virus sialidase revealed a bound

orientation distinct from that of Neu5Ac2en-based inhibitors. Whereas the guanidino group of Zanamivir is enclosed

by subsite S2, the same functional group in 150 was found to bind at S5, engaged in charge–charge interactions with

Glu276. 157–159 Efforts to occupy the S2 subsite by addition of a guanidino group at C5 of the benzoic acid template 151

resulted in even worse inhibitory activity (IC50 ¼ 70 mM),159 attributed to inefficient interaction of the newly intro-

duced guanidino group with Glu119 and Glu227. Addition of a hydrophobic residue at C5 [152 , R  ¼ OCH(C2H5)2] led

to activity (IC50 ¼ 3 mM) that did not exceed that of 150 .161,163
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Computational methods were used in the design of a second generation of benzoic acid-based NA

inhibitors, including di-, tri-, and tetrasubstituted derivatives.158,161–163 Although a large number of candidates

were synthesized, none of the resulting compounds demonstrated significantly increased activity against influenza

virus sialidase. Moreover, the interactions of individual substituents on the benzene ring with the active site were
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not found to be additive. The overall interaction of the molecules with the active site of the enzyme was

dependent upon the electronic and steric interaction of each unique substituent, which made the design of inhibitors

difficult.158

Replacement of the guanidino group of 150 with various 2-amino-imidazole residues gave structures of type 153 .160

The activity of the reported compounds (R ¼ aromatic) was only moderate, though comparable to 150 , suggesting that

neither the imidazole ring nor its substituents achieved additional binding contacts with NA. However, X-ray analysis

of 153 (R ¼ Ph) with influenza B virus sialidase revealed that in addition to the expected contacts made between the

2-amino-imidazole nitrogen atoms and those residues that bind the guanidino group in 150, the phenyl group

occupied a hydrophobic cleft formed by Ile220 and Ala244.160
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Replacement of the C4 acetamido moiety of 150 with, for example,-NHSO2CH3,-CONHCH3,-SO2NH2, or-

CH2SOCH3 did not enhance activity, although each of these groups were found to bind to the same pocket as the

acetamido group, albeit in a different manner.158 Another group of benzoic acid-based sialidase inhibitors in which

the acetamide of 150 was replaced with substituted 2-pyrrolidinones was disclosed. 162,163 Compound 154 (R ¼ H) was

10-15-fold less active than its acetamido counterpart 150 , consistent with the loss of a hydrogen-bonding interaction

from the acetamide NH to an ordered water molecule. However, molecular modeling studies revealed that incorpora-

tion of a hydroxymethyl substituent onto C50 of the pyrrolidinone could provide an adequate means of replacement

of the ordered water. Compound 154 (R ¼ hydroxymethyl) showed low micromolar activity against both NA(A) and

NA(B) (IC50¼5 and 8mM, respectively).165 X-ray crystallography was employed to confirm the modeling-based

assumptions that the methylene groups of the 2-pyrrolidinone moiety interacted with the hydrophobic portion of

the S3 pocket, that the hydroxymethyl group displaced a buried water molecule buried in S2, and that the guanidino

group remained bound in subsite S5. In light of these findings it was anticipated that exchange of the polar guanidino

substituent with a more lipophilic function might result in effective inhibitors, owing to the potential for nonpolar

contacts in S4 and S5. Replacement of the guanidino group in 154 (R ¼ hydroxymethyl) by a hydrophobic

3-pentylamino group gave 155 , a 100-fold more potent inhibitor of NA(A) (IC50 ¼ 0.048 mM), though an ineffective

inhibitor of NA(B) (IC50 ¼ 104 mM). Analysis of the X-ray structure of the NA(A)– 155 complex showed, as expected,

significant differences in the S5 binding pocket when compared to the structure of NA(A) bound to the guanidino

derivative 154 . Interaction with the 3-pentylamino group resulted in conformational reorganization of Glu276 to form

an intramolecular salt bridge with Arg224, as previously observed in the case of the C6 carboxamide series of

Neu5Ac2en analogs, GS4071, and other inhibitors. As a result of this arrangement a small hydrophobic pocket is

formed into which one branch of the pentyl chain binds, while the other half interacts with the existing, extended

lipophilic cleft of subsite S4 created by Ala246 and Ile222. It is believed that an entropy gain as a result of these

hydrophobic interactions is mainly responsible for the enhanced NA(A) inhibitory activity.163 For influenza B NA,

these rearrangements result in distortion of the protein backbone near Glu276 and in the second amino acid shell,

which is energetically unfavorable and consequently lowers activity.114

More recently, investigations of new tetrasubstituted benzene and pyridine derivatives have been reported.166 The

first inhibitor in this series was 156 (3-guanidino-4-N -acetyl-5-hydroxyethyl benzoic acid). Although it displayed poor

in vitro activity (IC50¼0.4mM), analysis of the 156–NA cocrystal structure revealed that the hydroxyethyl group (R1)

occupied subsite S5, the preferred site of the glycerol side chain of Neu5Ac2en. Replacement of the hydroxymethyl

substituent with an oxime afforded 157 , and resulted in a 10-fold increase in activity. The pyridine-based analog of

150 was also prepared, and inhibition of NA(A) by 158 was found to be in the low micromolar range, but did not

exceed the potency of the original carbocycle (IC50 ¼ 6 mM for 158, compared to IC 50 ¼ 2.5 mM for 150 ). Both 150 and

158 were found to bind to NA in a similar orientation. The tetrasubstituted pyridine derivative 159 (IC50¼4mM) also

showed no significant increase in activity compared to the benzene series. Overall, the interactions between the

pyridine nitrogen and the active site were not relevant to activity.166
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X CO2H

R3
R2

R1 156:  X = CH, R1 = CH2CH2OH, R2 = NHCOCH3, R3 = NHC(=NH)NH2
157:  X = CH, R1 = CH=NOH, R2 = NHSO2CH3, R3 = NHC(=NH)NH2
158:  X = N, R1 = NHC(=NH)NH2, R2 = NHCOCH3, R3 = H
159:  X = N, R1 = NHC(=NH)NH2, R2 = NHCOCH3, R3 = NH2

To date no inhibitor based on an aromatic scaffold has approached the potency of Zanamivir or Oseltamivir against

influenza virus sialidase. No compound of this family has proceeded to clinical trials.
1.22.3.6 Inhibitors Based on a Five-Membered Ring Scaffold

Whereas cyclohexene or benzene ring systems are intuitively apparent mimics of Neu5Ac2en and related inhibitors, it

is less obvious that five-membered ring systems can play the same role. However, it has been demonstrated that

compounds based on different five-membered cyclic scaffolds can engage each of the identified subsites (S1–S5) of

influenza virus NA, resulting in potent inhibitory activity.

1.22.3.6.1 Cyclopentane derivatives as influenza virus sialidase inhibitors
T he n i n e- ca rb on f u ra no se 160 , one of the first inhibitors of influenza virus NA described that contained a five-membered

ring, displayed activity that approached that of Neu5Ac2en.167 Comparison of the crystal structures of 160 and

Neu5Ac2en bound to N9 influenza virus sialidase revealed that the key functional groups (carboxylate, glycerol side

chain,N-acetyl group, andC4hydroxyl group) in both complexes shared similar orientationswithin the active site, despite

the fact that the space occupied by the furanose ring differed from that filled by the dihydropyran backbone.168 This

observation reinforced the notion that the inhibition of influenza virus sialidases is highly dependent on the relative

position of the pendant functional groups within the active site rather than the absolute position of the central ring.
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The encouraging NA inhibitory properties of nonulosonic acid 160 served as a starting point for the structure-based

design of a new class of sialidase inhibitors at BioCryst Pharmaceuticals. 168 Evaluation of racemic 161 in complex with

sialidase identified a single active isomer. As expected, the interactions of the guanidino group with the enzyme in S2

were found to parallel those observed for Zanamivir. This trisubstituted structure showed 10-fold greater inhibition of

influenza A sialidase than did Neu5Ac2en. Further development efforts led to 162, containing an n-butyl side chain

designed to generate additional contacts with the small hydrophobic surface in the active site formed by Ala246,

Ile222, and the side chain of Arg224 (S4). To determine the identity of the active form of 162 , a stereoisomeric mixture

was soaked into crystals of N9 sialidase. Surprisingly, the relative stereochemistry of the active forms of 161 and 162

differed, and the absolute configuration at C4 was found to be R in compound 162 and S in compound 161 . As a

consequence, the guanidino groups are arranged differently in the S2 binding subsite and the hydrophobic n-butyl side

chain of 162 adopts different positions in the active site of influenza virus sialidase A compared to B, as was reported

for other Neu5Ac-type inhibitors bearing hydrophobic groups in place of the glycerol side chain.115,136 Encouraged

by the successful inhibition of influenza virus NA by 162 [IC50 ¼ 50 and 900 nM against NA(A) and NA(B),

respectively], 168,169 compound 163 (BCX-1812) was synthesized. The n-butyl side chain of 162 was replaced by a

20-ethylbutyl group, intended to take advantage of both the hydrophobic pocket created by the rearrangement of

Glu276 and the hydrophobic surface of S4. Indeed, the crystal structure of the enzyme bound to active isomer 163

revealed both of the desired interactions. Once the isomer of highest binding affinity had been identified, the

stereoselective synthesis of this compound was undertaken.169 This new cyclopentane-based compound BCX-1812

163 was the first highly potent inhibitor of its class, inhibiting both influenza A and B virus sialidases at a nanomolar

level (IC50 ¼ 1.1 and 0.2 nM against NA(A) and NA(B), respectively). The functionalized cyclopentane 164 (BCX-

1827) displayed similar activity to 163, exhibiting potent anti-influenza virus effects both in vitro in MDCK cells and

in vivo in a mouse model.170–172
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BCX-1812, also known as Peramivir and RWJ-270201, successfully completed animal studies and Phase I and

Phase II clinical trials in which the compound was administrated orally showing neither major side effects nor

toxicity.65 However, in a Phase III trial, Peramivir did not show statistical efficacy, presumably because of a lack of

bioavailability. Recently, the efficacy of intramuscular injection of Peramivir in a mouse influenza model was

demonstrated (Figures 25 and 26).173

It is known that C6-carboxamide derivatives of Zanamivir are very effective against NA(A) but only modestly

active against NA(B) (see Section 1.22.3.2.1.1).112,113 An analogous modification was applied to cyclopentane-based

inhibitors.174 A series of multisubstituted cyclopentane amides such as 165 –168 were prepared, including 14 alkyl or

aralkyl monosubstituted amides, 13 alkyl or aralkyl disubstituted amides, and 12 examples of cycloaliphatic or

substituted cycloaliphatic amides. The complexity of this library was increased by the initial synthesis and screening

of stereoisomeric mixtures, arising from chiral centres at C1 in the ring and C10 on the side chain. Those diastereo-

meric mixtures that demonstrated significant inhibition of NAwere synthesized separately in a stereoselective manner

and reassayed in order to identify the most active component.
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Figure 25 Superimposition of inhibitors and key active site residues from crystal structures of BCX-1812 163 (magenta

carbons, PDB – 1L7F) and Neu5Ac2en 2 (green carbons, PDB – 1F8B) in complex with influenza virus A sialidase.45
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A sialidase active site residues.
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In vitro test data for the best candidates 165–168 showed low micromolar activity for the inhibition of NA(A) but

diminished activity towards NA(B), although it remained in the micromolar range. Specifically, secondary amide 165

was active at a level of 0.08mM against influenza virus sialidase A and 3 mM against sialidase B, disubstituted amide

166 yielded IC50 values of 0.015 and 3 mM against type A and B NA, 167 displayed IC50 values of 0.06 and 9.2 mM, and

168 inhibited NA(A) at a level of 0.04 mM and NA(B) at 7.8 mM, respectively.174 These results were comparable to the

results reported for the amides of Zanamivir type. The active stereoisomer of 166 was identified through X-ray

diffraction after soaking the racemic cyclopentane amide into crystals of the enzyme. The carboxylic acid and the

guanidino group were found to be oriented trans to each other, while the carboxylic acid and the substituted amide

group were cis. Thus, the absolute configuration at the carbon bearing the guanidino group (C4) is S in 166 , whereas it

is R in BCX-1827. As a result of these differences in stereochemistry, both the guanidino group and the acetamido

groups of 166 interact differently with the active site residues compared to their counterparts in BCX-1827. However,

the interactions of the guanidino group of 166 with active site amino acids are similar to those observed in the

dihydropyran series.112,113 Substrate analogs of 165 and 167 were also prepared, but showed significantly reduced

inhibition.174
1.22.3.6.2 Pyrrolidine derivatives as influenza virus sialidase inhibitors
Another remarkable approach to the design of influenza virus sialidase inhibitors, in this case based on a pyrrolidine

core, was reported from Abbott Laboratories.60,175–177 Directed screening of selected chemical libraries using a

sialidase biochemical assay, identified a variety of compounds with sialidase inhibitory activities less than 100mM.

The selected lead compound in this series, cis -N- t-butoxycarbonyl-3-amino-pyrrolidine-4-carboxylic acid 169, had an

activity of 58 mM against influenza virus A sialidase. The strategy for the optimization of this lead structure involved a

combination of traditional medicinal chemistry including X-ray crystallographic analysis, computational modelling

and chemical synthesis, and combinatorial chemistry (high-throughput parallel synthesis) allowing rapid and compre-

hensive exploration of a given scaffold. Docking studies of 169 with NA structures suggested addition of a substituent

on the ring nitrogen, with the intention of creating additional contacts in both subsites S3 and S5. Thus, large numbers

of trisubstituted pyrrolidine analogs such as amides (�250), carbamates (�25), sulfonamides (�25), and ureas (�250)
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were synthesized by automated solid phase parallel synthesis. From within this pool of compounds, urea analogs with

various alkyl groups demonstrated low micromolar level inhibition. In particular compound 170 was approximately 50-

fold (1.1 mM against NA(A)) more active than the lead 169 . Through analysis of the structures of 169 and 170 bound to

influenza virus A sialidase, it was observed that neither of the important subsites S3 (acetamide pocket of Zanamivir)

and S2 (guanidino pocket of Zanamivir) were occupied properly. Efforts to improve binding via variation of the

exocyclic amine were frustrated by reorientation of the inhibitor within the binding site. Furthermore, molecular

modeling of this class of trisubstituted pyrrolidines ceased to be predictive. As a consequence, a series of tetrasub-

stituted pyrrolidines was synthesized, and a method for high-throughput protein crystallographic X-ray analysis was

established in order to verify design strategies. The rapid availability of structural information had a profound impact

on this program, allowing for adjustment in response to unexpected binding modes of new inhibitors and for facile

identification of active isomers from among diastereomeric mixtures. Of the tetrasubstituted pyrrolidine series of type

171 –173 only the acetamide 171 [7.5 mM against NA(A)] and the trifluoroacetamide 172 [0.28 mM against NA(A)]

were active in the low micromolar range, though selectivity for inhibition of NA(A) over NA(B) was pronounced.

Evaluation of the NA-172 complex confirmed the expected interaction of the carboxylate with the triarginyl cluster in

S1, identified binding of the hydrophobic portion of the urea in S5 and the concomitant conformational reorganization

of Glu276 observed previously,115,148,168 and revealed that the exocyclic amine did not bind at S2 due to an

unexpected rotation of the pyrrolidine ring. Carbocyclic analog 173 exhibited similar binding but weaker activity

(24mM) against NA(A) and no activity against NA(B).
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O

O
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O

X
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The breakthrough in the development of high-affinity inhibitors for influenza virus sialidase in this series was the

surprising 180 �  reorientation (relative to 171 –173 ) of cyclopentane derivative 174 within the active site of the
sialidase [IC50 ¼ 0.7 mM against NA(A)]. Crystallographic analysis of 174 bound to NA showed an unpredicted

hydrophobic interaction of the methyl ester with subsite S2, normally the site of charge–charge interactions. Com-

pound 174 was considered as a three-site binder, since the exocyclic amine made no significant interaction with the

protein. Four-site binders were obtained through introduction of aliphatic alkyl groups on the side chain methylene

carbon of a pyrrolidine template, as illustrated by 175, affording significant enhancement in potency against both NA

(A) and NA(B) [IC50¼41nM against NA(A) and IC50¼56nM against NA(B)].60,178 X-ray crystallographic studies

indicated that 175 retained the binding mode of 174 , with the methyl ester interacting at S2, and in addition to the

binding of the carboxylic acid at S1 and the acetamido group at S3, the iso-butyl group occupied S5. This new binding

of the hydrophobic methyl ester arises mainly through strong van der Waals interaction with the side chain methylene

groups of Asp151 and Leu135 in subsite S2, as well as a potential p–p stacking with the C¼O of Glu119. Additionally,

the ester displaces two water molecules from S2, affording 175 an entropic advantage.179
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Extensive efforts were devoted to replacement of the metabolically labile methyl ester in 175 . Potentially suitable

functionalities were identified including 2-pyrazolyl or short alkene residues such as cis-propenyl.179 The latter alkene

was incorporated into an inhibitor that ultimately led to development of the clinical candidate 176 (ABT-675,

A-315675) after further optimization of the hydrophobic side chain.175,180,181 The crystal structures of ABT-675 bound



Figure 27 Superimposition of inhibitors and key active site residues from crystal structures of pyrrolidine derivative
175 (magenta carbons, PDB – 1XOE) and Neu5Ac2en 2 (green carbons, PDB – 1F8B) in complex with influenza virus A

sialidase.45
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to NA(A) and (B) confirmed the expected hydrophobic interactions of the cis-propenyl group with S2. The n-propyl

group of the side chain was observed to interact with S4, while the methyl and methoxy groups were associated with

S5. In contrast to results obtained with other inhibitors that occupy both S4 and S5, Glu276 was observed to maintain

its native conformation in the 176-NA(B) complex and underwent conformational reorganization during binding by

NA(A). This pyrrolidine-based inhibitor effectively inhibits both influenza virus A and B sialidase [IC50¼0.2nM

against NA(A) and IC50 ¼ 0.1 nM against NA(B)], and represents a 10 7-fold improvement in binding affinity relative to

the original pyrrolidine screening hit 169 . Due to its zwitterionic character ABT-675 has limited oral bioavailability. 175

Attempts to remedy this drawback via replacement of the pyrrolidine core with a furan or cyclopentane ring resulted in

a significant loss of activity.178 A second approach involving use of the ethyl ester prodrug ABT-667 (177 ) has proven

more successful, with this compound currently in clinical studies (Figure 27).
1.22.4 Outlook

Influenza virus sialidase is a challenging target in drug design that required over three decades of intense research

before yielding the two inhibitors that are now used clinically. A plethora of structural information will assist in the

development of new, more potent and longer-lasting inhibitors, and ongoing efforts will undoubtedly reveal additional

drugs. As the enormous efforts to date have shown, there are many facets to the challenge of NA inhibitor drug design.

It is particularly apparent that incorporation of hydrophobic character in an effort to reduce overall polarity and

complement nonpolar regions of the active site, brings with it dangers in terms of selective inhibition of sialidase from

influenza virus A over influenza virus B. Avoiding inhibitor-induced active site reorganization will likely feature

prominently in the design of new drugs owing to the increased vulnerability that such treatments may have towards

mutation-induced redundancy. Given the prominent role of computational chemistry in NA inhibitor design to date, it

is not surprising that some of the more recent efforts have been theoretical in nature.109,182–184
Glossary

Ic50 Inhibitor concentration at which 50% inhibition is observed.

Ki Inhibition constant.
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1.23.1 Introduction

1.23.1.1 Advantages of Oligosaccharide Production in Whole Cells

Most of the complex carbohydrate structures of biological interest were elucidated more than 30 years ago but

the difficulty in obtaining reasonable quantities of pure material from natural sources by purification has since

contributed to delays in the development of glycobiology and its numerous potential applications. The synthesis of
923
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complex oligosaccharides has thus become a challenge for the chemistry community. Following the pioneering

work of Lemieux on the synthesis of human blood group determinants in the 1970s,1 the chemical synthesis of the

major glycosyl structures was successfully achieved during the 1980s. However, these syntheses required multiple

protection/deprotection steps and the resulting compounds were generally obtained only in low quantities on the

milligram scale. In addition, each synthesis required several months of labor-intensive work and chemists were

reluctant to repeat them when stocks were exhausted. Therefore, many chemists turned to enzymatic methods and

investigated the use of different classes of enzymes, including glycosidase, glycosyl phosphorylase, transglycosidase,

and glycosyltransferase.2,3 In nature, the formation of glycosyl bonds is catalyzed in a very specific manner by the

glycosyltransferases of the Leloir pathway, which uses activated sugar nucleotides as substrate donors. The majority of

genes encoding individual glycosyltransferases were cloned and characterized during the 1990s, thus enabling their

production as recombinant proteins for enzymatic synthesis purposes. The major drawbacks of this approach were the

cost of the sugar nucleotides and the inhibition by nucleoside diphosphate generated in the reaction. These problems

were partially solved by recycling the sugar nucleotides using multiple enzymatic systems that mimicked the natural

sugar-nucleotide biosynthesis pathway. These strategies were successfully used to produce various complex oligo-

saccharides on the multigram scale.4 However, the cost of synthesis still remained high for several reasons. First, the

different enzymes had to be bought or produced and purified separately. For example, the galactosylation system with

its integrated cofactor regeneration required seven different enzymes when glucose or galactose was used as a

precursor.5 Secondly and most importantly, the formation of each glycosidic bond required the consumption of at

least two energy-rich bonds that were generally provided by the addition of relatively expensive energy-rich

phosphate compounds, such as phosphoenolpyruvate. Recently, new strategies have emerged to reduce these costs

by carrying out the glycosylation in whole bacterial cells, which can provide the biological energy to power oligosac-

charide synthesis and can be genetically engineered to produce the necessary enzymes.6 The high production yield of

these systems and the low cost of the substrate they use offer the possibility of producing complex oligosaccharides on

the multikilogram or even multiton scale at a reasonable price.
1.23.1.2 Basis of the Different Available Technologies

In bacteria, all glycosylation reactions, which are catalyzed by sugar nucleotide-dependent glycosyltransferases take

place in the cytoplasm, where all the enzymatic machinery for sugar nucleotide regeneration is also located. Synthesis

of a defined oligosaccharide structure is theoretically possible under three conditions: (1) bacteria must functionally

express the appropriate recombinant glycosyltransferase genes in the cytoplasm, (2) bacteria must be able to maintain

the pool level of the sugar nucleotide that is used as substrate by the glycosyltransferases, and (3) the glycosyltransfer-

ase acceptor must be present in the cytoplasm. This last condition is the most difficult to satisfy and to circumvent this

barrier, two conceptually different types of technology have been developed.

The first type is based on the use of chemically permeabilized cells into which the acceptor molecule can freely

enter by diffusion. This treatment kills the cells, and the different systems of oligosaccharide synthesis by permea-

bilized cells are all two-step processes. In the first step, bacteria are grown and harvested after induction of the genes

required for glycosylation. In the second step, the cells are permeabilized and incubated with the acceptor that is

glycosylated by the enzymes produced in the first step. Since permeabilization breaks the proton motive force across

the cytoplasmic membrane, permeabilized cells cannot produce ATP by oxidative phosphorylation. However, they

remain metabolically active to a certain degree and can produce energy-rich phosphate compounds by substrate level

phosphorylation in glycolysis and other catabolic pathways.

The second type of technology consists of using nonpermeabilized living bacterial cells. In this case, the acceptor

must be either endogenously biosynthesized or internalized by the bacterial transport system. The advantage of this

approach is that the cells are fully metabolically active and can efficiently produce ATP by oxidative phosphorylation.

In addition, the production of recombinant glycosyltransferases and oligosaccharide synthesis occur simultaneously in

a one-step process, which is associated with bacterial growth.
1.23.2 Technologies Using Nongrowing, Permeabilized Whole Cells

Permeabilization of cells removes the barrier for the free diffusion of substrate/product across the cell membrane, but

it also empties the cell of most small molecular weight cofactors. Larger molecules such as proteins stay inside the cells

and permeabilized cells have been extensively exploited as a very economical source of enzyme for simple bioconver-

sions such as hydrolysis, isomerization, and oxidation reactions that do not require a cofactor-regeneration system.
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On the other hand, glycosylation reactions require sugar nucleotide regeneration and are therefore critically affected

by the dilution of cofactors resulting from their diffusion into the extracellular reaction medium. This dilution can be

minimized by carrying out the reaction in very concentrated cell suspensions, but efficient glycosylation can only be

achieved by supplementing the reaction medium with nucleoside phosphates or by providing precursors for their

biosynthesis.
1.23.2.1 Orotic Acid as Nucleoside Phosphate Precursor

Orotic acid is an intermediate in the biosynthesis of pyrimidine nucleotides. Mutant strains of Corynebacterium

glutamicum accumulate orotic acid and therefore industrial processes have been developed for its low-cost produc-

tion. Orotic acid is normally converted into UMP in two enzymatic steps: the transfer of ribose-50-P from phosphor-

ibosylpyrophosphate (PRPP) to orotic acid and the subsequent decarboxylation of the resulting orotidine

50-monophosphate intermediate to yield UMP (Figure 1). Permeabilized cells of C. ammoniagenes have been reported

to efficiently convert orotic acid into a mixture of UMP, UDP, and UTP in the presence of glucose as the energy

source.7 Taking advantage of this unique property, researchers at the Kyowa Company have designed a process for the

synthesis of sugar nucleotides by combining C. ammoniagenes cells with the permeabilized cells of recombinant

Escherichia coli, used as a source of kinase, pyrophosphorylase, and other enzymes necessary for the activation of

simple sugars into sugar nucleotides.8 In this process, the different strains are first individually grown in separate

fermentors. After induction of the recombinant genes, the different cultures are harvested by centrifugation and

the cells are permeabilized by the addition of xylene and polyoxyethylene octadecylamine (Nymen S-215). The

different cells are then incubated together in the presence of orotic acid as UTP precursor, glucose or fructose as

energy source, and the appropriate sugar precursor for the synthesis of the sugar nucleotide. This system has been

successfully used for the high-yield production of UDP-Gal (44gl�1)8 and UDP-GlcNAc (7.4gl�1).9

Orotic acid can also be used as a precursor for the synthesis of CTP by coupling C. ammoniagenes cells with E. coli

cells expressing the pyrG gene for CTP synthase, which converts UTP into CTP in the presence of glutamine and

ATP. The formation of CMP-Neu5Ac is then possible by adding E. coli cells containing CMP-Neu5Ac synthase.10

Orotic acid is not an intermediate in the biosynthesis of purine nucleotides and cannot be used for the production

of GTP and GDP-Fuc. However, permeabilized cells of C. ammoniagenes have been shown to phosphorylate GMP into

GTP and a system for the production of GDP-Fuc from GMP through bacterial coupling has been described.11

All these systems for sugar nucleotide synthesis can be coupled with glycosylation by adding E. coli cells containing

the appropriate glycosyltransferase to the reaction medium (Figure 2) and the resulting high-yield synthesis of the

following structures has been reported: globotriose,8 N-acetyllactosamine,12 30-sialyllactose,10 the sialyl-Tn epitope

Neu5Aca-6GalNAc,13 and the Lewis x trisaccharide.11
1.23.2.2 Use of a Single Organism

Oligosaccharide production has also been carried out in permeabilized E. coli cells without using the C. ammoniagenes

system for UTP production. In this case, all the genes necessary for sugar nucleotide regeneration and oligosaccharide

synthesis are overexpressed in a single strain. This system has only been described for the galactosylation reaction and

first used for the synthesis of the a-gal epitope14 (Gala-3Galb-4Glc) and globotriose.15 The addition of catalytic

amounts of UDP-Glc seems to be an absolute requirement to make the system work and the addition of energy-rich

phosphate compounds such as ATP and phosphoenolpyruvate significantly improves the yield. These compounds are

presumably recycled during the catabolism of glucose, which is provided as an energy source. Alternatively, UDP-Glc

can be generated from sucrose and UDP by the reverse action of sucrose synthase.16 This latter strategy has previously

been used in different enzymatic galactosylation systems with purified enzymes and was recently adapted for

metabolically engineered Pichia pastoris.17
1.23.3 Technologies Using Growing Living Cells

1.23.3.1 Endogenously Biosynthesized Acceptors

In bacteria most complex carbohydrate structures such as lipopolysaccharides (LPSs) and exopolysaccharides are

assembled on lipid carriers and there are normally no free cytoplasmic oligosaccharide intermediates that could be

used as acceptors for heterologous glycosyltransferases. The only exception is disaccharide trehalose (Glca-aGlc),
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which is produced under osmotic or desiccation stress, and chitooligosaccharides that are produced in rhizobia as

precursors for the synthesis of Nod Factors. These signal molecules are secreted by rhizobia to specifically induce the

formation of plant nodules. The bacteria then invade the nodules, where they fix atmospheric nitrogen in a syntrophic

association with the plant. The genes involved in the biosynthesis of Nod Factors have been identified and the nodC

gene has been shown to encode a chitooligosaccharide synthase that uses UDP-GlcNAc as substrate donor.18 The

mechanism of synthesis is still not fully understood but it has been clearly established that the undecaprenyl

pyrophosphate-linked intermediate is not involved in the reaction. Some experimental data suggest that free GlcNAc

could be used as a primer.19 In E. coli, GlcNAc is generated during recycling of the cell wall muropeptide by the

b-N-acetylglucosaminidase encoded by nagZ.20 However, GlcNAc is re-used by the cell through phosphorylation to

GlcNAc6P by the cytoplasmic kinase encoded by nagK.21 Consequently, GlcNAc concentrations are always main-

tained at an extremely low level and the role of GlcNAc as a primer remains questionable. Chitobiose and chitotriose



Figure 2 Oligosaccharide synthesis in permeabilized E. coli cells. Acceptors and sugar nucleotides freely diffuse across

the membranes to be intracellularly used as substrates by recombinant glycosyltransferase. Efficient glycosylation was

obtained by coupling glycosylating cells with sugar nucleotide production systems that use orotic acid as an inexpensive

precursor.
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are not used as acceptors and chitooligosaccharide synthesis is believed to occur with no dissociation of the enzyme

substrate complex during elongation. Expression of nodC in living E. coli has been shown to result in the intracellular

synthesis of chitooligosaccharide22 and this property was exploited to develop a process for the large-scale production

of chitopentaose, by the high cell density culture (HCDC) of E. coli overexpressing nodC.23

Once produced in the cytoplasm, chitooligosaccharides can serve as acceptors for glycosyltransferases that recog-

nize a terminal nonreducing GlcNAc residue. This strategy was first used for the synthesis of the hexasaccharide

Galb-4[GlcNAcb-4]4GlcNAc by an E. coli strain that co-expressed the Azorhizobium caulinodans nodC gene and the

Neisseria meningitidis lgtB gene for b-1,4-galactosyltransferase.24 The terminal N-acetyllactosamine motif of this

hexasaccharide is a precursor for the synthesis of many complex carbohydrate structures and it has recently been

shown that the a-gal epitope, which is responsible for hyper-acute rejection in xenotransplantation, could be produced

with this system by expressing the additional gene for a-1,3-galactosyltransferase.25

A disadvantage of this strategy is the large size of the chitopentaose primer, which considerably increases the

molecular weight of the target structures. A possible strategy to reduce this size is to enzymatically hydrolyze

the chitopentaose in the living bacteria as soon as it is produced by NodC.26 The chitinase A1 encoded by the chiA

gene from Bacillus circulans has been shown to hydrolyze one molecule of chitopentaose into two molecules of

chitobiose and one molecule of GlcNAc.27 As the chitinase is normally secreted in the intracellular medium, the

chiA gene was expressed under a truncated form that did not encode the peptide signal sequence. The co-expression of

the lgtB gene for b-1,4-galactosyltransferase with nodC and the truncated form of chiA led to the formation of the

trisaccharide Galb-4GlcNAcb-4GlcNAc, which could be used as a type 2 acceptor for the synthesis of blood group-

related antigens. Surprisingly, no chitooligosaccharide formation was observed when chiA and nodC were co-expressed

in the absence of lgtB. This was explained by the fact that chitobiose and GlcNAc, which were generated by

chitopentaose hydrolysis, were catabolized by the living cells. It is known that E. coli is able to grow on chitobiose

and the genes responsible for its assimilation have been identified to the cryptic cel operon, which has subsequently

been renamed the chb operon.28 Chitobiose is transported and phosphorylated by the phosphoenolpyruvate:carbohy-

drate phosphotransferase system (PTS) encoded by the chbABC genes.29 The phosphoryl group is attached to the C-6

position of the nonreducing GlcNAc residue and the phosphorylated chitobiose was then hydrolyzed by the ChbF

phospho-chitobiase to enter the GlcNAc6P and GlcNAc metabolic pathway. Deletion of the chb operon prevents the

cells from degrading chitobiose, and a chbmutant co-expressing nodC and the chitinase gene chiA have been shown to

accumulate high concentrations of chitobiose (4g l�1) in the extracellular medium.26 Chitobiose is usually obtained by
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acid or enzymatic hydrolysis of chitin. However, yields are often low and irreproducible due to the poor solubility and

reactivity of chitin. Therefore, the production of chitobiose in E. coli represents an interesting alternative for the

preparation of this compound, which is an important building block for the synthesis of many complex carbohydrates.
1.23.3.2 Internalization of Exogenous Acceptors

The other way to provide cells with an acceptor for glycosyltransferase is to add this acceptor to the extracellular

medium and then find a way to internalize it into the bacterial cytoplasm. Monosaccharides substituted with small

hydrophobic groups can diffuse through the membrane and the synthesis of an allyl derivative of N-acetyllactosamine

by an E. coli strain expressing the lgtB gene for b-1,4-galactosyltransferase was achieved by growing this strain in the

presence of GlcNAcb-allyl.30 However, the yield was low and the acceptor had to be chemically synthesized. An

alternative is to internalize the acceptor by an active transporter (Figure 3). Most of the acceptors for glycosyltrans-

ferases are simple carbohydrate structures and some of these compounds are used as carbon and energy sources by

bacteria that have developed efficient systems to transport them.

There are three main systems for the active uptake of sugars in bacteria. In E. coli all the hexosamines, most

of the hexoses (glucose, fructose, mannose), and some disaccharides, such as sucrose and cellobiose, are transported

by PTSs.31 In these systems, carbohydrate translocation across the membrane is coupled with phosphorylation

of the sugar and the energy for this process is provided by the conversion of phosphoenolpyruvate into pyruvate.

Consequently, the sugar enters the cell in a phosphorylated form that cannot be used as an acceptor by

glycosyltransferases.

On the other hand, sugars that are internalized by ion-coupled transporters and by periplasmic-binding protein-

dependent ABC transporters are not phosphorylated during their uptake and can be used as intracellular acceptors for

glycosyltransferases if their subsequent catabolism steps are abolished. In ion-coupled transport systems, the passage

of sugar through the membrane is coupled to ion entry.32 The energy that drives sugar uptake comes from the electron

chemical gradient across the membrane and most of the sugar carriers that use this mechanism are proton symporters.

Examples of sugar proton symporters include the lactose permease LacY, the sucrose permease CscB, the raffinose

permease RafB, and the low-affinity carriers for galactose (GalP), arabinose (AraE), and xylose (XylE). The melibiose

symporter (MelB) has broader cation specificity and accepts Naþ or Liþ as coupling ions. Periplasmic-binding protein-

dependent ABC transporters are systems in which specific periplasmic-binding proteins act as high-affinity receptors

to trap the sugars that are then translocated into the cytoplasm in an active process coupled to ATP hydrolysis.33E. coli

has an ABC transport system for maltose but also for most of the sugars that are also internalized by symporters, such as

galactose, arabinose, and xylose.
Figure 3 Oligosaccharide synthesis from exogenous acceptors in living E. coli cells. Acceptors are transported across the

intact membrane by sugar carriers to be glycosylated by recombinant glycosyltransferase using the endogenous sugar

nucleotide pool of the living cells as substrate donor. ATP required for glycosylation is efficiently produced by oxidative

phosphorylation.
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The sugars that are not internalized by PTSs in E. coli and can therefore be used as potential acceptors for

recombinant glycosyltransferases, are listed in Table 1. Among these compounds, lactose is of particular interest

because a large number of complex sugars, such as human milk oligosaccharides, contain the lactose structure at their

reducing end. First attempts to glycosylate exogenous acceptors in living E. coli were thus carried out with lactose.

Once in the cytoplasm, lactose is normally hydrolyzed into galactose and glucose by the b-galactosidase encoded by

lacZ. The strategy is thus to use a strain that lacks b-galactosidase, but functionally expresses the lactose permease

LacY. This strain could be cultured on an alternative substrate, such as glucose or glycerol, which could serve as

both carbon and energy sources for bacterial growth, the active uptake of lactose, and the glycosylation reaction.

It has been reported that the rapid and excessive uptake of lactose can kill the cells by dissipating the proton motive

force and disrupting membrane function.34 However, this phenomenon of lactose killing was not observed when

lactose (5gl�1) was added to a HCDC of a lacZ null strain growing on glycerol.35 On the contrary, the cells continued to

grow normally as compared to a control culture without the addition of lactose. Extracellular lactose was rapidly

consumed by the lacZ mutant and a concomitant accumulation of lactose was observed inside the cells. High

intracellular lactose concentrations could be maintained for more than 24h without significantly disturbing the

cells, which remained fully metabolically active throughout the culture. This result demonstrates that lactose can

be made available intracellularly as an acceptor for glycosyltransferases over a long period. This strategy was

then applied to the synthesis of several lactose-derived oligosaccharides. Although the strain was a lacZ mutant, a

very slow degradation of lactose was still observed. This degradation could be due to the presence inE. coli of a second

b-galactosidase encoded by the ebg gene, which has a very low activity on lactose.36 As lactose is an inexpensive

substrate, which could be supplied in excess, no attempt was made to inactivate Ebg b-galactosidase in order to

entirely prevent lactose degradation.

Galactose is another interesting acceptor that enters the cells without being modified. Cytoplasmic galactose is

normally phosphorylated to Gal1P by the kinase encoded by the galK gene. Disruption of galK allows exogenous

galactose to be accumulated intracellularly in cells grown on glycerol or glucose and this strategy was recently used for

the synthesis of Lewis x tetrasaccharide (Galb-4(Fuca-3)GlcNAcb-3Gal).37

The ability of certain E. coli strains to grow on raffinose (Gala-6Glca-bFruf) is conferred by special plasmids

containing the rafB gene that encodes a specific raffinose carrier. Raffinose has also been shown to be a fortuitous

substrate for the E. coli lactose permease LacY,38 indicating that LacY has a broad specificity which could be used to

internalize various trisaccharides having an a- or b-linked galactose as terminal nonreducing residue. This broad

specificity has been exploited for the synthesis of the tetrasaccharide globotetraose (GalNAcb-3Gala-3Galb-4Glc)

from exogenously added globotriose in livingE. coli cells.39 On the other hand, all attempts to useN-acetyllactosamine

as an exogenous acceptor have been unsuccessful.40 An E. coli strain expressing the lacZ gene for b-galactosidase was

shown to grow slowly on N-acetyllactosamine in the presence of IPTG as inducer of the lac operon. However,
Table 1 Sugars that can be internalized in an unmodified form to be used as acceptor for glycosyltransferases in living

E. coli cells

Sugar Transport system Genes

Monosaccharides
Galactose Hþ symporter galP

ABC transporter mglABC
Arabinose Hþ symporter araE

ABC transporter araFGH
Xylose Hþ symporter xylE

ABC transporter

Sialic acid Cation symporter nanT

Disaccharides
Maltose ABC transporter malEFK
Lactose Hþ symporter lacY
Melibiose Hþ, Naþ, Liþ symporter melB
Sucrose Hþ symporter cscB

Trisaccharides
Raffinose Hþ symporter lacY rfaB
Globotriose Hþ symporter lacY
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no intracellular accumulation of free N-acetyllactosamine was detected in lacZ-deficient strains suggesting that

N-acetyllactosamine was transported by the PTS.

The broad specificity of the lactose permease can also be used to internalize lactose derivatives carrying latent

chemical functions to produce conjugatable oligosaccharides. This strategy has been successfully applied to the

synthesis of the oligosaccharide portions of GM2 and GM3 gangliosides with an allyl or a propargyl aglycon.41 The

alkyne function makes possible an azido addition under aqueous conditions and the alkene function can either be

converted into an aldehyde to be linked to proteins by reductive amination, or be transformed into a versatile amino

group by the addition of cysteamine.
1.23.4 Glycosyltransferase Genes

1.23.4.1 Eukaryotic Genes

Eukaryotic glycosyltransferase genes are difficult to express in E. coli and, although several hundreds of genes have

been identified from various organisms, only a few of them have been reported to be functionally expressed in E. coli.

Mammalian glycosyltransferases contain an N-terminal cytoplasmic tail, a transmembrane domain, and a stem region

connected to the luminal C-terminal catalytic domain. The stem region can be cleaved by proteases in the lumen to

release active soluble enzymes and a straightforward strategy to produce the active soluble domain in the cytoplasm of

E. coli is to express the truncated form of the gene encoding only the C-catalytic domain. This strategy has been

successfully used for the expression of the bovine gene for a-1,3-galactosyltransferase and applied to the enzymatic

synthesis of oligosaccharides, containing the a-gal epitope, by whole E. coli cells.25,42 The a-1,3-galactosyltransferase
belongs to glycosyltransferase family 6, which includes the blood group A and B glycosyltransferases that have also

been successfully expressed in E. coli.43 It has been reported that the active forms of these proteins do not contain any

disulfide bridges44,45 and this could be related to the fact that they correctly fold inE. coli. The bacterial cytoplasm is a

reducing environment that prevents the formation of disulfide bridges that are necessary for the correct folding of most

eukaryotic glycosyltransferases. For this reason, recombinant eukaryotic protein production is often directed to the

periplasm, which is an oxidizing environment where disulfide bond formation is actively catalyzed by the Dsb system.46

However, this strategy cannot be applied to the synthesis of oligosaccharides by living cells in which the glycosylation

reaction must take place in the cytoplasm. An alternative is to use mutant strains that lack both thioredoxin reductase

(trxB) and glutathione reductase (gor) and have a more oxidizing cytoplasm that allows the formation of disulfide

bonds.47 However, to our knowledge, no successful expression of a glycosyltransferase by this system has been

reported so far. Another problem frequently encountered during the production of eukaryotic glycosyltransferase is

the formation of inclusion bodies. Culture at temperatures as low as 13�C has been shown to improve the solubility of

recombinant human sialyltransferase,48 but the use of such temperatures dramatically reduces the metabolic activity

of living E. coli cells and consequently the productivity of oligosaccharide synthesis. A number of procedures have

been described to recover active proteins from purified inclusion bodies but, of course, none of these procedures can

be used in whole cells.
1.23.4.2 Bacterial Genes

In contrast to their eukaryotic counterparts, bacterial glycosyltransferase genes are generally well expressed in E. coli.

They are naturally designed to be intracellularly expressed and their active site faces the cytoplasm when they are

membrane bound. One notable exception is the periplasmic O-antigen glucosyltransferase GtrX of Shigella flexneri,

which uses a lipid-linked glucose as substrate donor to attach a glucose onto the O-antigen repeating unit.49 There is a

very wide diversity of carbohydrate structures expressed by bacteria as major components of their cell envelopes.

Structures found in pathogens have been particularly well studied and many of them have been shown to mimic

mammalian antigens to evade the host immune response. Terminal sialylated lacto-N-tetraose and globotriose are

found in the LOSs of Neissseria meningitis and N. gonorrheae and these structures are the major determinants of their

different immunotypes.50 Globotetraose has been detected in the LPS of the Haemophilus influenzae strain RM11851

and several ganglioside oligosaccharide mimics have been identified in LOS of various Campylobacter jejuni strains.52

Lewis antigen structures are found in the O-antigen of Helicobacter pylori and are believed to promote bacterial

adhesion and colonization.53 Mimics of mammalian carbohydrate structures are also found in the capsular polysacchar-

ides of gram-positive bacteria and sialylated lacto-N-neotetraose and lacto-N-tetraose have been identified as the

repeat units of capsular polysaccharides of different serotypes of Steptococcus agalactiae.54 The genetic loci responsible



Table 2 Glycosyltransferases genes used in processes of oligosaccharide synthesis by whole E. coli cells

Activity Acceptor Origin Gene Reference

b-1,4-galactosyltransferase GlcNAcb-R Neisseria gonorrhoeae lgtB 55

N. meningitidis 56

b-1,3-galactosyltransferase GalNAcb-R Campylobacter jejuni cgtB 57

a-1,4-galactosyltransferase Galb-R gonorrhoeae lgtC 55

N. meningitidis 58

a-1,3-galactosyltransferase Galb-R Bos taurus a3GalT 59

b-1,3-galactosyltransferase Galb-R N. gonorrhoeae lgtA 55

N. meningitidis 58

b-1,4-galNAc transferase Neu5Aca-3Galb-R C. jejuni cgtA 57

b-1,3-galNAc transferase Gala-R Haemophilus influenzae lgtD 60

N. gonorrhoeae 55

N. meningitidis
a-1,3-fucosyltransferase Galb-4GalNAcb-R Helicobacter pylori futA 61

Galb-3GalNAcb-R futB 62

a-1,2-fucosyltransferase Galb-R H. pylori futC 63

a-2,3-sialyltransferase Galb-R N. gonorrhoeae nst 64

N. meningitides
Bifunctional a-2,3- Galb-R C. jejuni cstII 52

a-2,8-sialyltransferase
a-2,6-sialyltransferase Galb-R Photobacterium damsela 65

GalNAcb-R
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for the synthesis of these structures have been characterized and most of the glycosyltransferase genes have been

identified. They represent an extremely valuable source of genes for enzymatic synthesis of oligosaccharides in whole

cells; the most interesting recombinant bacterial glycosyltransferases that have been used in practice are listed in

Table 2 with their acceptor specificity.
1.23.5 Metabolic Engineering of Sugar Nucleotide Biosynthesis

1.23.5.1 Metabolic Engineering of UDP-Gal Biosynthesis

InE. coli, UDP-Gal is used as sugar donor for the synthesis of LPS and of the extracellular polysaccharide colanic acid.

As shown in Figure 4, the production of UDP-Gal from central metabolism proceeds through the activation of Glc1P

into UDP-Glc by UDP-Glc pyrophosphorylase and the subsequent epimerization of UDP-Glc into UDP-Gal.

UDP-Gal is also an intermediate in the catabolism of galactose, which has to be converted into Glc1P to join the

glycolysis pathway. To carry out this conversion, cytoplasmic galactose is phosphorylated by the kinase GalK and the

resulting Gal1P is converted into UDP-Gal by the transferase GalT, with the concomitant formation of Glc1P from

UDP-Glc coming from the epimerization of UDP-Gal.

The same enzyme, UDP-Glc C4 epimerase, encoded by galE, is used in the forward reaction for UDP-Gal

biosynthesis from UDP-Glc and in the reverse reaction for galactose degradation. The galE gene is part of the

galactose operon which also includes the galT and galK genes. The galactose operon is fully induced by galactose and

repressed by glucose. However, bacteria have evolved a sophisticated regulation system with two different promotors.

A first promotor PG1 requires AMPc to operate and the second promoter PG2 works in cells devoid of AMPc, under

conditions of catabolic repression. This system ensures a minimal expression of the gal operon for biosynthetic

purposes under different physiological conditions.66

In addition to being a precursor for UDP-Gal biosynthesis, UDP-Glc has a number of other important metabolic

functions. The galU gene encoding UDP-Glc pyrophosphorylase is therefore independently regulated from the Gal

operon and located elsewhere in the E. coli chromosome.67 UDP-Glc is involved in the synthesis of LPS, trehalose,

and membrane-derived oligosaccharides (MDO). It is also the precursor of UDP-GlcA, which serves as the glycosyl

donor for the production of colanic acid. The galF gene, which is located in the colanic acid gene cluster, encodes a

protein having a strong amino-acid sequence identity to GalU. The GalF protein has no UDP-Glc pyrophosphorylase

activity but has been shown to interact with GalU to increase UDP-Glc formation.68 Since galF is co-regulated with



Figure 4 Metabolism of UDP-Gal in living E. coli cells. UDP-Gal is normally produced by isomerization of UDP-Glc to serve
as a precursor for the synthesis of cell envelope structures. It is also an intermediate in Gal catabolism. The Galactose

operon is regulated by a dual promotor system that enables UDP-Gal biosynthesis in different culture conditions.
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the gene for colanic acid biosynthesis, it is tempting to speculate that the stimulatory effect of GalE on UDP-Glc

synthesis allow cells to compensate for extra UDP-Glc demands when colanic acid production is induced.

Living E. coli are thus normally able to maintain a minimal biosynthetic flux of UDP-Gal for the synthesis of LPS

and colanic acid. E. coli mutants lacking galE have altered forms of LPS and cannot produce colanic acid. However

these mutants are perfectly viable, indicating that a shortage of UDP-Gal is not detrimental to the cells and that the

biosynthetic flux of UDP-Gal can be entirely diverted from its natural use towards the synthesis of unnatural

oligosaccharides, by overexpressing recombinant galactosyltransferase in living cells. Another question is to know

whether the galactosylation reaction can be limited by the UDP-Gal biosynthetic capacity of the cells. Several

galactose-containing oligosaccharides have been produced by living recombinant E. coli cells and the maximal

rate of galactosylation has been observed during the synthesis of globotriose from lactose in the HCDC of cells

expressing the lgtC gene for a-1,4-galactosyltransferase. Globotriose production rates were 1.2gh�1l�1 of culture

medium, corresponding to a rate of galactose transfer of 2.7mmolh�1l�1.39 In the synthesis of complex oligosac-

charides such as lacto-N-neotetraose or the oligosaccharide portion of GM2 ganglioside, lower galactosylation rates

were observed. In the case of lacto-N-neotetraose (Galb-4GlcNAcb-3Galb-4Glc), the rate of galactose transfer was

estimated to be around 0.5mmolh�1l�1 35 and the limiting step was clearly the synthesis of the trisaccharide inter-

mediate LNT2 (GlcNAcb-3Galb-4Glc). In the case of the GM2 sugar, the limitation came from a low expression of

the b-1,3-galactosyltransferase encoded by cgtB.69 These examples show that, in most cases, the natural capacity

of UDP-Gal production is high enough for an efficient galactosylation and that genetic engineering of UDP-Gal

biosynthesis is not necessary. In addition, while one particular galactosylation reaction proved to be limited by the

availability ofUDP-Gal, a simple way to increaseUDP-Gal production rates would be to feed the bacteria with galactose.

In contrast, systems using permeabilized whole cells require the overexpression of all the genes involved in UDP-

Gal biosynthesis. The most commonly used strategy is to produce UDP-Gal from galactose by overexpressing the

galK, galT, and galU genes. In the Kyowa technology, these three genes were overexpressed in one E. coli strain and

UDP-Glc was recycled from Glc1P, using UTP produced by C. ammoniagenes cells from orotic acid.8 In systems using

only one single E. coli strain, the additional gene pykF encoding pyruvate kinase was overexpressed to allow UTP and

ATP to be regenerated using phosphoenolpyruvate, which was presumably generated during glycolysis, but which

could also be added to the reaction medium to improve the efficiency of the synthesis.14 An alternative is to produce

UDP-Gal from UDP-Glc by expressing the galE gene and to regenerate UDP-Glc from sucrose by co-expressing the

Anabaena sp. gene susA for sucrose synthase, which catalyzes the following reversible reaction: sucrose þ UDP $
UDP-Glc þ fructose.16
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1.23.5.2 Metabolic Engineering of UDP-GlcNAc Biosynthesis

UDP-GlcNAc is a vital precursor for the formation of the bacterial cell envelope. In enteric bacteria, UDP-GlcNAc

resides at a complex branch point that initiates the formation of the enterobacterial common antigen (ECA),

peptidoglycan, O-antigen, and the lipid A moieties of LPS. Both peptidoglycan and lipid A are absolutely essential

for bacterial survival, but mutants lacking O-antigen and ECA can grow normally under laboratory conditions.

Peptidoglycan makes up to 2.5% of the cell dry weight and is continuously recycled during bacterial growth with a

turnover rate of about 50% per generation. Although murein peptides coming from peptidoglycan degradation are

efficiently recycled, this turnover puts an additional charge on the demand of UDP-GlcNAc, which is used directly

(and indirectly as an UDP-MurNAc precursor) for peptidoglycan formation. As shown in Figure 5, UDP-GlcNAc is

produced from GlcN6P which can have three different origins: GlcN6P is mainly produced from Fru6P by the

GlcN6P synthase encoded by the glmS gene; a significant part of the GlcN6P pool probably also originates from

GlcNAc, resulting from the hydrolysis of recycledmuropeptides by the b-N-acetylglucosaminidase encoded by nagZ.20

GlcNAc is then converted into GlcN6P by the action of the kinase NagK and the N-deacetylase NagA. GlcNAc6P

and GlcN6P can also be formed during the active transport of exogenous GlcNAc and GlcN by specific components of

the phosphoenolpyruvate-dependent phosphotransferase system. To produce UDP-GlcNAc, GlcN6P is converted

into GlcN1P by the phosphoglucosamine mutase encoded by the glmM gene.70 The GlmM enzyme must be

phosphorylated to be active and acts according to a ping-pong mechanism involving GlcN1,6P2 as an intermediate.71

The level of phosphorylated enzyme in cells could be one of the factors adjusting the flow of UDP-GlcNAc to the

specific requirements for peptidoglycan and LPS. The formation of UDP-GlcNAc from Glc1P is catalyzed by GlmU,

which is a bifunctional enzyme having both GlcN1P acetyltransferase and GlcNAc1P uridyltransferase activities.72

The acetyltransferase activity of the GlmU protein was reported to be strongly inhibited by UDP-MurNAc and to a

lesser extent by GlcNAc1P.72 This feedback inhibition allowed the cells to regulate the intracellular UDP-GlcNAc

pool which was shown to remain fairly constant, whatever the growth rate and bacterial substrate.73 The biosynthesis

of UDP-GlcNAc is also controlled at the transcriptional level and the expression of the glmU and glmS genes, which are

part of the same operon, are partially repressed when the bacteria are grown on GlcNAc or GlcN.74

The synthesis of GlcNAc-containing oligosaccharides in E. coli overexpressing heterologous genes for N-acetylglu-

cosamine transferases could be potentially harmful to growing cells by diverting a large part of the UDP-GlcNAc

pool from its normal use and causing a shortage of UDP-GlcNAc that could limit the vital formation of peptidoglycan

and lipidA. However, reports of large-scale production of chitooligosaccharide and LNT2 trisaccharide (GlcNAcb-
3Galb-4Glc) by recombinant E. coli strains demonstrates that living cells can cope with an extra UDP-GlcNAc

demand.23,35 The maximal rate of transferred GlcNAc was observed during the production of LNT2 from lactose

by the HCDC of a strain overexpressing the lgtA gene for b-1,3-GlcNAc transferase. This rate was estimated to be

around 1.25mmolh�1l�1.35 These results show that the genetic engineering of UDP-GlcNAc biosynthesis is not

necessary for high production levels of GlcNAc-containing oligosaccharides in living cells. It is however important to

note that GlcNAc-containing oligosaccharides were produced in fed-batch cultures under conditions of low bacterial
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Figure 5 Metabolism of UDP-GlcNAc in living E. coli cells. UDP-GlcNAc is a vital precursor for cell envelope biosynthesis.

Its pool level remains fairly constant whatever the growth conditions and is likely to be constantly replenished in case of

extra consumption by recombinant GlcNAc transferase.
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growth rate. E. coli is able to grow at a very high growth rate and has therefore the enzymatic machinery to generate a

strong biosynthetic flux of UDP-GlcNAc. In slow-growing cells, these enzymatic activities are in excess due to a lower

UDP-GlcNAc demand for the synthesis of cell envelope components and this excess capacity can be directed to the

production of GlcNAc-containing oligosaccharides.

Production of UDP-GlcNAc by permeabilized whole cells has also been reported.9 In this system, C. ammoniagenes

UTP-producing cells were combined with cells of several E. coli strains overexpressing the different genes required

for the synthesis of UDP-GlcNAc from glucosamine. Fructose served as the energy source and orotic acid was

added as a precursor for UTP production. The first E. coli strain expressed the glk gene for the E. coli glucokinase,

which is able to phosphorylate GlcN into Glc6P. Two different strains were used for the expression of the glmM and

glmU genes for the conversion of Glc6P into UDP-GlcNAc. Additional strains were also needed to express the genes

for phosphoglucomutase and phosphofructokinase, in order to provide Glc1,6P2, which was required to activate the

phosphoglucosamine mutase GlmM. GlcN1P acetyltransferase activity requires acetylCoA as substrate but the over-

expression of the genes for acetate kinase and phosphate transacetylase was not necessary.
1.23.5.3 Metabolic Engineering of UDP-GalNAc Biosynthesis

UDP-GalNAc is enzymatically produced by the epimerization of the hydroxyl group at C4 of UDP-GlcNAc. This

UDP-GlcNAc C4 epimerase ativity was first identified in mammalian cells and was shown to reside in the same

enzyme that catalyzes UDP-Glc epimerization into UDP-Gal.75 In contrast, the GalE enzyme from E. coli K12 is

active on UDP-Glc, but not on UDP-GlcNAc.76 In fact, most bacteria do not have the enzymatic machinery to

synthesize UDP-GalNAc for the simple reason that GalNAc is not a common constituent of the bacterial cell

envelope. GalNAc is, however, found in the cell surface structure of a few pathogenic bacteria and genes encoding

UDP-GlcNAc epimerase have been identified in Pseudomonas aeruginosa,77 E. coli O55:H7,78 and C. jejuni.79

The WbpP enzyme from P. aeruginosa has been shown to be a genuine UDP-GlcNAc epimerase with extremely

low UDP-Glc epimerase activity. On the other hand, the Campylobacter enzyme was reported to be bifunctional and to

catalyze both UDP-Glc and UDP-GlcNAc C4 epimerization.

Production of GalNAc-containing oligosaccharides in E. coli K12 requires complementation with genes encoding

UDP-GlcNAc C4 epimerase. The synthesis of the GM2 oligosaccharide (GalNAcb-4(Neu5Aca-3)Galb-4Glc) has

been achieved by overexpressing the wbpP gene from P. aeruginosa.69
1.23.5.4 Metabolic Engineering of CMP-Neu5Ac Biosynthesis

Only a few bacterial species are able to synthesize sialic acid for its subsequent incorporation in cell surface structures

such as the capsular polysialic acid of E. coli K1 and the LOSs of N. meningitidis. All other bacteria, including E. coli

K12, do not have the enzymatic machinery for the biosynthesis of CMP-Neu5Ac, which is the donor substrate used by

sialyltransferases. Many bacteria, however, can use sialic acid as a source of carbon and nitrogen. The catabolic system

for sialic acid has been identified in E. coli and has been shown to be induced by Neu5Ac. A specific permease

encoded by nanT transports Neu5Ac into the cytoplasm, where it is cleaved into ManNAc and pyruvate by the

aldolase encoded by nanA.80 Sialic acid enters cells in an unmodified form and the NanT permease has been suggested

to be a cation symporter.81 ManNAc is phosphorylated by the NanK kinase into ManNAc6P, which is subsequently

converted into GlcNAc6P by the NanE protein.82 GlcNAc6P is then deacetylated by NagA into GlcN6P to join the

glycolysis pathway or to be used as a precursor for UDP-GlcNAc biosynthesis. The nanT, nanA, nanK, and nanE genes

are part of the same operon, which is regulated by the DNA-binding protein NanR.83

For safety reasons, pathogenic E. coli strains that naturally synthesize CMP-Neu5Ac cannot be used for the

synthesis of sialylated oligosaccharides and laboratory strains of E. coli K12 have been genetically engineered to

produce CMP-Neu5Ac. A straightforward strategy consists of expressing the gene neuA for CMP-Neu5Ac synthase,

which has been identified in E.coli K184 and N. meningitides,85 in a mutant strain lacking the gene nanA for sialic acid

aldolase (Figure 6). Culture of this strain on glycerol as carbon and energy source in the presence of sialic acid,

resulted in the synthesis of CMP-Neu5Ac, which could serve as a substrate donor for recombinant sialyltransferase.

This strategy was first used for the production of 30-sialyllactose35 and then extended to the formation of different

ganglioside oligosaccharides.69,86

In permeabilized cells, the strategy for CMP-Neu5Ac biosynthesis is different and based on the association of UTP-

producing C. ammoniagenes cells, with cells of two different E. coli strains: one expressing the pyrG gene for

CTP synthase to convert UTP into CTP and the second expressing the CMP-Neu5Ac synthase gene for producing

CMP-Neu5Ac from CTP and Neu5Ac.
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Figure 6 The Neu5Ac catabolic pathway can be engineered in an anabolic pathway for CMP-Neu5Ac biosynthesis by
expressing the neuA gene for CMP-Neu5Ac synthase and by disrupting the nanA gene for Neu5Ac aldolase.
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1.23.5.5 Metabolic Engineering of GDP-Man and GDP-Fuc Biosynthesis

In E. coli and in some enteric bacteria, L-fucose is a major constituent of the extracellular polysaccharide colanic acid,

which is assembled from hexasaccharide repeat units synthesized on undecaprenyl pyrophosphate. Each unit contains

two fucose residues that are incorporated in a reaction that uses GDP-fucose as substrate donor. The four genes

involved in GDP-fucose biosynthesis from Man6P have been identified in the colanic acid gene cluster, which

comprises a total of 20 genes.87 Man6P is converted into GDP-Man by the phosphomannomutase and Man1P

guanosyltransferase encoded by the manB and manC genes. The next step is the dehydratation of GDP-Man into

GDP-4-keto-6-deoxy-D-mannose by the product of the gmd gene. The production of GDP-Fuc is then carried out by

the fucose synthetase encoded bywcaG in a reaction requiring NADPH to reduce the GDP-4-keto-6-L-deoxygalactose

intermediate, which is produced by the epimerase activity of WcaG.88 The GDP-Fuc biosynthetic flow is controlled

by the GMD enzyme, which is strongly inhibited by the end product GDP-Fuc.89

Colanic acid is synthesized in abundance in response to stress conditions such as desiccation but its production is

normally low for wild-type cells under normal growth conditions. It has however been observed that cells carrying

mutations in the ATP-dependent protease lon gene become mucoid due to capsule overproduction. The synthesis of

colanic acid was later shown to be under the control of two positive protein regulators encoded by the rcsA and rcsB

genes.90 RcsA cooperates with RcsB to stimulate the transcription of capsular polysaccharide genes, but RcsA protein

has been shown to be unstable and rapidly degraded by the Lon protease. Therefore, colanic acid is usually expressed

at low levels under laboratory conditions except in the lon mutant or in strains overexpressing the rcsA gene in a

multicopy plasmid.91

Since the genes for GDP-Fuc biosynthesis are part of the colanic acid gene cluster, they are subjected to the same

regulation mechanism and their basal expression is expected to be fairly low under standard laboratory conditions.

However, their expression can easily be increased by overexpressing the rcsA gene (Figure 7). This strategy was

successfully used to produce fucosylated oligosaccharide in living E.coli cells expressing heterologous fucosyltransfer-

ase genes.92 Overexpression of rcsA was indeed confirmed to be absolutely necessary to achieve a high fucosylation

yield but was also shown to result in a considerable accumulation of colanic acid in the culture medium when the cells

were cultured at a high cell density. As a consequence of this accumulation, the viscosity of the medium increased

dramatically causing a decrease in the rate of oxygen transfer, which reduced the cell yield of the culture considerably.

In addition, this polysaccharide production created an important metabolic and energetic burden for the cells and the

glycosyltransferase responsible for colanic acid biosynthesis competed with recombinant glycosyltransferase for the

available GDP-Fuc. To prevent the overproduction of colanic acid, a mutant strain lacking the wcaJ gene was used.

The wcaJ protein is the glucosyltransferase which adds Glc1P onto undecaprenyl-P and its inactivation completely

abolishes colanic acid synthesis. An alternative is to overexpress gmd, wcaG, manC, and manB in a multicopy plasmid

under the control of the Plac promoter.37 This system has been shown to give fucosylation yields similar to those
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obtained with the wcaJ mutant overexpressing rcsA. On one hand, this alternative system has the advantage of not

requiring the wcaJ mutation and can therefore be used in any E. coli strain. On the other hand, it requires the

expression of four genes instead of only one and this could be a problem for the synthesis of complex structures that

necessitates the expression of several heterologous genes.

A system with permeabilized cells has also been described for the synthesis of GDP-Fuc and fucosylated oligosaccha-

rides.8 C. ammoniagenes cells, which were used to regenerate GTP from added GMP, were coupled with cells of three

differentE. coli strains. Mannose was converted into GDP-Man by a first strain expressing the glk gene for glucokinase

and the manB and manC genes. This strain also expressed the pgm and pfkB genes to produce the GL-1,6-diP required

to activate ManB mutase. A second strain, expressing the gmd gene, was responsible for the conversion of GDP-Man

into GDP-4-keto-6-deoxy-D-mannose and the last strain expressed the wcaG fucose synthetase gene. To prevent

inhibition of the GMD enzyme by GDP-Fuc, the production of GDP-Fuc was carried out in two steps. In the first

step, cells containing fucose synthetase were omitted and the GDP-4-keto-6-deoxy-D-mannose intermediate was

produced. In the second step, this intermediate was reduced to GDP-Fuc by adding the wcaG expressing cells to the

reaction mixture. When the system was coupled with a strain expressing a fucosyltransferase gene, the two-step

procedure was unnecessary because GDP-Fuc was used constantly and did not accumulate.
1.23.5.6 Metabolic Engineering of Other Sugar Nucleotides

Other sugar nucleotides that are produced naturally by E. coli K12 for the synthesis of its cell envelope include UDP-

GlcA for colanic biosynthesis, TDP-rhamnose and UDP-galactofuranose for O-antigen formation, and TDP-Fuc4NAc

and UDP-ManNAcA for the production of the ECA. UDP-GlcA is a precursor for the synthesis of many carbohydrate

structures of great biological interest, such as the HNK-1 epitope(GlcA3Sb-3Galb-R) and heparin-like oligosaccha-

rides whose synthesis could be imagined in metabolically engineered bacteria. InE. coliK12, UDP-GlcA production is

catalyzed by the UDP-Glc dehydrogenase encoded by the ugd gene which is not located in the colanic acid gene

cluster. It is interesting to note that E. coli K5, which produces a capsular polysaccharide with a basal repeat structure

similar to that of heparin, has an additional UDP-Glc dehydrogenase encoded by the kfiD gene.93

The large diversity of carbohydrate structures found at the bacterial cell surface is reflected by the existence of a

large number of different sugar nucleotides. Many of the genes involved in their biosynthesis have been identified and

could be used in the future to metabolically engineer E. coli strains for the production of antigenic carbohydrate

structures that could be useful for therapeutic applications such as vaccine preparation.
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1.23.6 Production of Complex Oligosaccharides by Sequential Multiglycosylation

To be able to carry out sequential multiglycosylation reactions with different glycosyltransferases, using different

sugar nucleotide precursors in the same system, offers the possibility of increasing considerably the size, complexity,

and diversity of the oligosaccharide structures that can be made by bacteria. Systems using permeabilized cells are

based on the overexpression of the whole sugar-nucleotide biosynthesis pathway and require the expression of a

relatively large number of genes for the production of each sugar nucleotide. Consequently, it is technically difficult to

overexpress in the same system all the genes necessary for the biosynthesis of two or three different sugar nucleotides

and until now permeabilized cells have only been used for monoglycosylation reactions using one type of sugar

nucleotide as glycosyl donor. Multiglycosylation could possibly be carried out by the sequential use of several

independent monoglycosylation systems, for example, N-acetyllactosamine, produced by a first galactosylation

system,12 can be fucosylated by a second system, leading to the formation of the Lewis x trisaccharide.11 However,

the diffusion rate of oligosaccharides through the cell wall of permeabilized cells decreases rapidly as the size of the

oligosaccharide increases and the use of acceptors longer than trisaccharides have been shown to pose problems.14

In contrast, sugar nucleotide biosynthesis in living cells necessitates little or no genetic engineering and multi-

glycosylation can be carried out in a single living cell overexpressing a reasonable number of genes. Several

multiglycosylation systems have been described for the synthesis of a wide range of complex oligosaccharides

(Table 3) and these systems are reviewed below.
1.23.6.1 ABH and Lewis Antigen Oligosaccharides

Two systems have been developed for the production of oligosaccharides containing the N-acetyllactosamine motif,

which can be used as type 2 acceptors for the synthesis of ABH and Lewis antigens. As described in Section 1.23.3.1,

the first system is based on the synthesis of the hexasaccharide Galb-4[GlcNAcb-4]4GlcNAc by strains co-expressing

the lgtB and nodC genes. Additional expression of the chitinase gene chiA results in the formation of the trisaccharide

Galb-4GlcNAcb-4GlcNAc (Figure 8). This system has been applied to the synthesis of the Lewis x (Lex) tetra-

saccharide Galb-4(Fuca-3)GlcNAcb-4GlcNAc in a strain that was metabolically engineered to overexpress the gene

for GDP-Fuc biosynthesis and the a-1,3-fucosyltransferase futA gene from H. pylori.37 The same system was also

employed for the production of the sialylated tetrasaccharide (Neu5Aca-3Galb-4GlcNAcb-4GlcNAc) by expressing

the neuA and nst genes for CMP-Neu5Ac and a-2,3-sialyltransferase (unpublished result). Attempts are underway to

combine both fucosylation and sialylation in this system to produce the sialyl-Lewis x epitope.

An alternative system to provide living cells with type 2 precursors is the synthesis of lacto-N-neotetraose (LNnT,

Galb-4GlcNAcb-3Galb-4Glc) from exogenous lactose by strains overexpressing lgtA and lgtB genes, as illustrated in

Figure 9.35 In addition to LNnT, longer oligosaccharides were also produced and identified as LNnT derivatives

containing between one and three additional N-acetyllactosamine units. The formation of these polylactosamine

structures was due to the fact that LNnT can serve as an acceptor for the GlcNAc transferase LgtA to form an

intermediate pentasaccharide that is converted into lacto-N-neohexaose (LNnH) by the galactosyltransferase LgtB.

Additional cycles of N-acetyllactosamine incorporation led to the formation of lacto-N-neooctaose and lacto-N-

neodecaose. There was no accumulation of tri-, penta-, and hepta-saccharide intermediates, indicating that GlcNAc

transfer was the limiting reaction. The relative distribution of LNnT and of its longer derivatives depended on the

amount of lactose supplied as initial acceptor. LNnTwas the major product when the initial lactose concentration was

5gl�1, whereas LNnO was preponderantly formed when the initial lactose concentration was lowered to 1gl�1.

Strains co-expressing lgtAB with the futA gene for a-1,3-fucosyltransferase have been shown to produce fucosylated

derivatives of LNnT (Figure 9). There are two potential fucosylation sites for FutA in LNnT61 and low futA

expression led to the preferential fucosylation of the terminal reducing glucose, resulting in the recovery of lacto-N-

neofucopentaose V (LNnFP-V, Galb-4GlcNAcb-3Galb-4(Fuca-3)Glc) as the major oligosaccharide.92 Small amounts

of lacto-N-difucohexaose II (LNnDH-II, Galb-4(Fuca-3)GlcNAcb-3Galb-4(Fuca-3)Glc) were also detected and

LNnDH-II was later produced as the main compound by increasing futAt expression levels.95 H. pylori possesses a

second fucosyltransferase gene (futB), which could be involved in the fucosylation of the distal GlcNAc residue of the

polylactosamilyl chain of H. pylori LPS, whereas FutA would preferentially fucosylate internal GlcNAc residues.97

The production of significant amounts of LNnFP-II (Galb-4(Fuca-3)GlcNAcb-3Galb-4Glc) by the E. coli strain

expressing futB in place of futA confirmed this hypothesis.95 However, LNnFP-II was produced in a mixture with

LNnFP-Vand at low yield due to the toxicity of the futB gene, which inhibited the growth of theE. coli cells. Attempts

were made to replace the lactose acceptor by lactulose (Galb-4Fru), Galb-allyl, and Gal to prevent the fucosyla-

tion of the terminal reducing residue and obtain monofucosylated oligosaccharides containing the Lewis x (Lex)



Table 3 Complex oligosaccharides produced in living E. coli cells

Structure Name Genes
Estimated
productivity* Ref.

Chitooligosaccharides and derivatives
GlcNAcb-4[GlcNAcb-4]3GlcNAc Chitopentaose A. caulinodans

nodC
2.5 23

GlcNb-4[GlcNAcb-4]3GlcNAc Tetra-N-acetyl-
chitopentaose

A. caulinodans
nodC,nodB

2.0 23

Galb-4[GlcNAcb-4]4 GlcNAc Type 2 acceptor nodC, lgtB 1.0 24

Gala-3Galb-4[GlcNAcb-4]4GlcNAc a-gal epitope nodC, lgtB, 1.0 25

a3GalT
GlcNAcb-4[GlcNAcb-4]2 GlcNAc Chitotetraose S. meliloti nodC 0.85 94

GlcNb-4[GlcNAcb-4]2GlcNAc Tri-N-acetyl-
chitotetraose

S. meliloti nodC 0.70 94

GlcNOAcb-4[GlcNAcb-4]2GlcNAcS S. meliloti Nod S. meliloti nodC, 0.35 94

Factor precursor nodL, nodH
GlcNAcb -4GlcNAc Chitobiose A. caulinodans 4.0 26

nodC, chiA
Galb -4GlcNAcb -4GlcNAc Type 2 acceptor nodC, chiA, lgtB 2.2 26

Galb -4(Fuca-3)GlcNAcb -4GlcNAc Lex nodC, chiA, futA, 1.5 37

nanBC, gmd,
wcaG

Neu5Aca-3Galb-4GlcNAcb-4GlcNAc Sialylated type 2

structure

nodC, chiA, lgtB, 1.4 Unpubl.

resultnst, neuA

Lactose as exogenous acceptor
Galb -4GlcNAcb -3Galb -4Glc Lacto-N-neotetraose lgtA, lgtB 5 35

[Galb-4GlcNAcb-3]2 Galb -4Glc Lacto-N-neohexaose lgtA, lgtB ND 35

[Galb-4GlcNAcb-3]3 Galb -4Glc Lacto-N-neooctaose lgtA, lgtB ND 35

[Galb-4GlcNAcb-3]4 Galb -4Glc Lacto-N-neodecaose lgtA, lgtB ND 35

Galb-4GlcNAcb-3Galb-4(Fuca-3)Glc Lacto-N-
neofucopentaose V

lgtA, lgtB, futA 3 92

rcsA
Galb-4(Fuca-3)GlcNAcb-3Galb-4(Fuca-3)Glc Lacto-N-

neofucohexaose II

lgtA, lgtB, futA ND 95

rcsA
Galb-4(Fuca-3)GlcNAcb-3Galb-4Glc Lacto-N-

neofucopentaose II

lgtA, lgtB, futB ND 95

rcsA
Galb -4GlcNAcb -3Gal lgtA, lgtB ND 37

Galb -4(Fuca-3)GlcNAcb -3Gal Lex tetrasaccharide lgtA, lgtB, futA 6 37

nanBC, gmd,
wcaG

Fuca-2Galb-4GlcNAcb-3Galb-4Glc Lacto-N-
neofucopentaoseI

lgtA, lgtB, futA 96

rcsA
Fuca-2Galb-4Glc 20 fucosyllactose futA 14 96

rcsA
Neu5Ac a-2Galb-4Glc 30 sialyllactose nst, neuA 2.6 35

GM3 sugar

GalNAcb -4(Neu5Aca-3)Galb -4Glc GM2 sugar nst, neuA, wbpP 1.2 69

cgtA
Galb-3GalNAcb-4(Neu5Aca-3)Galb-4Glc GM1 sugar nst, neuA, wbpP 0.9 69

cgtA, cgtB
Neu5Aca-8Neu5Aca-3Galb-4Glc GD3 sugar cstII, neuA 0.8 86

[Neu5Aca-8]2Neu5Aca-3Galb-4Glc GT3 sugar cstII, neuA 0.9 86

Gala-4Galb-4Glc Globotriose lgtC 7 39

Galactose as exogenous acceptor
Galb -4GlcNAcb -3Gal Type 2 acceptor lgtA, lgtB ND 37

Galb -4(Fuca-3)GlcNAcb -3Gal Lex tetrasaccharide lgtA, lgtB, futA 6 37

nanBC,gmd, wcaG
Globotriose as exogenous acceptor

GalNAcb -3Gala-4Galb-4Glc Globotetraose lgtD, wbpP 0.9 39

*In gl�1 in high cell density culture.
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Figure 9 Production of lacto-N-tetraose and its polylactosamine derivatives in living E. coli cells using lactose as

exogenous acceptor. These structures can be used as endogenous type 2 acceptor for a-1,3-fucosyltransferase to form
Lewis x structures.
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motif. The use of lactulose led to the preferential formation of a lacto-N-neotetraose analog with a fucosylated

terminal fructose residue.92 Galb-allyl was efficiently converted into the trisaccharide Galb-4GlcNAcb-3Galb-allyl
by LgtA and LgtB, providing that the host strain was a lacA mutant (see Section 1.23.8.4). However, the target

molecule Galb-4(Fuca-3)GlcNAcb-3Galb-allyl was not efficiently produced due to the rapid leakage of the interme-

diate Galb-4GlcNAc b-3Galb-allyl into the extracellular medium (see Section 1.23.8.1). 37 The best results were
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obtained with Gal as exogenous acceptor and the Lex tetrasaccharide (Galb-4(Fuca-3)GlcNAcb-3Gal)was produced

with an excellent yield.

These different systems for the production of a-3-fucosyl-linked oligosaccharides can be adapted to the synthesis of

H-2 antigen oligosaccharides by expressing an a-1,2-fucosyltransferase gene instead of futA. Unfortunately neither

of the two mammalian genes fut1 and fut2 has been reported to be functionally expressed in E. coli. Two bacterial

a-1,2-fucosyltransferase genes have been cloned from H. pylori (futC)63 and from E. coli O86 (wbnK).98 However,

in vitro assays indicated that WbnK only fucosylated the Galb-3GalNAc structure99 and that FutC had the highest

activity on type 1 precursors but was almost inactive on type 2 structures unless they contained an a-3-linked fucose

(Lewis x antigen). The production of lacto-N-neofucopentaose1 (LNnFP-I, Fuca-2Galb-4GlcNAcb-3Galb-4Glc) was

nevertheless attempted in E. coli strains co-expressing lgtAB anf futC and an efficient conversion of lactose into both

LNnFP-I and 20-fucosyllactose was observed.96 This result showed that the activity of FutC on the type 2 precursor,

which was barely detectable in the in vitro experiments, was high enough in living cells to enable the synthesis of large

amounts of the H antigen oligosaccharide. This discrepancy in fucosyltransferase activity could be explained by the

previously reported high instability of FutC after cell lysis,63 but could also be due to the fact that the cytoplasm of

living E. coli represented a more appropriate environment for the activity of bacterial glycosyltransferase than

synthetic reaction media. The formation of large amounts of 20-fucosyllactose indicated that FutC efficiently used

lactose as an acceptor. On one hand, this resulted in a significant decrease in the expected yield of LNnFP-I, which

contains the H2-antigen motif and could be used as a precursor for the synthesis of other antigens of the ABH histo-

blood group system. It should however be possible to improve LNnFP-I yields by delaying FutC expression until the

LNnT is already synthesized, in order to minimize 20-fucosyllactose production as a side-product. On the other hand,

20-fucosyllactose is a valuable oligosaccharide that inhibits the Campylobacter colonization of human intestinal mucosa

and is present at high concentrations in human milk. By expressing only futC, 20-fucosyllactose was produced at high

yield (14gl�1) as the sole oligosaccharide and was recovered mainly in the extracellular medium.
1.23.6.2 Ganglioside Oligosaccharides

Gangliosides are a group of sialic acid-containing glycosphingolipids that are abundant notably in brain tissues.

30-sialyllactose (30-SL, Neu5Aca-3Galb-4Glc) is the oligosaccharide moiety of GM3 gangioside and a precursor for

the synthesis of most ganglioside sugars. Sialyllactose has been produced by culturing a metabolically engineered

strain (see Section 1.23.5.4) overexpressing the N. meningitidis gene for a-2,3-sialyltransferase in the presence of sialic
acid and lactose as precursors (Figure 10). At the end of the culture, the majority of 30-SL was recovered in the cells but

a significant part (40%) was also found in the extracellular medium. Additional expression of the C. jejuni cgtA gene for

b-1,4-GalNAc transferase resulted in the formation of the GM2 oligosaccharide (GalNAcb-4(Neu5Aca-3)Galb-4Glc),
Galb-4Glc

Galb-4Glc
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GalNAcb-4(Neu5Aca-3)Galb-4Glc

Galb-3GalNAcb-4(Neu5Aca-3)Galb-4Glc

CMP-Neu5Ac

CMP

UDP-GalNAc

UDP

UDP-Gal

UDP

nst or cstII

cgtA

cgtB

CMP-Neu5Ac

LacY

cstII

cstII

CMP-Neu5Ac

CMP

GD3 sugar

GT3 sugar

Outside

Inside

GM1 sugar

GM2 sugar

GM3 sugar

(Neu5Aca-8)2Neu5Aca-3Galb-4Glc

CMP

Figure 10 Production of the oligosaccharide portion of various gangliosides in living E. coli cells using lactose as

exogenous acceptor.



Production of Oligosaccharides in Microbes 941
as long as the cells were complemented with the P. aeruginosa wbpP gene to enable the formation of UDP-GalNAc.69

Interestingly, small amounts of a GM2 oligosaccharide analog containing a terminal galactose instead of GalNAc

(Galb-4(Neu5Aca-3)Galb-4Glc) was also produced, indicating that CgtA transferase was able to use UDP-Gal as

substrate donor. This system was extended to the production of the GM1 oligosaccharide (Galb-3GalNAcb-4
(Neu5Aca-3)Galb-4Glc) by expressing the supplementary cgtB gene encoding b-1,3-galactosyltransferase.
Synthesis of the disialyltated GD3 oligosaccharide (Neu5Aca-8Neu5Aca-3Galb-4Glc) was carried out using the

same system as for GM3 sugar production, except that the N. meningitidis sialyltransferase gene was replaced by the

Campylobacter cstII gene, which encodes a bifunctional enzyme having both a-2,3- and a-2,8-sialyltransferase
activities.52 After a transient formation of 30-SL, the GD3 sugar accumulated to a maximal concentration of

0.83gl�1.86 However, prolonged incubation resulted in a decrease in GD3 oligosaccharide concentrations due to the

formation of a larger oligosaccharide which was identified as the GT3 oligosaccharide (Neu5Aca-8Neu5Aca-
8Neu5Aca-3Galb-4Glc). The production of this compound was unexpected as no such trisialylated structure had

been detected in C. jejuni LPS and CstII has not been reported to use GD3 sugar as acceptor.
1.23.6.3 Globoside Oligosaccharides

Another interesting class of glycosphingolipids is the globo series. Globotriosylceramide constitutes the rare Pk blood

group antigen, which is the receptor for Shiga toxins and its glycan portion (globotriose, Gala-4Galb-4Glc) can be

efficiently produced from lactose by strains overexpressing the Neisseria lgtC gene for a-1,4-galactosyltransferase and

lacking the melA gene for a-galactosidase.39 After lactose exhaustion, LgtC galactosyltransferase was shown to

repetitively add Gal residues to the terminal nonreducing Gal, leading to the synthesis of a series of polygalactosylated

oligosaccharides. Formation of these side products could be easily prevented by stopping the culture before the

complete consumption of lactose. In contrast, polygalactosylation could not be avoided in attempts to produce

globotetraose (GalNAcb-3Gala-4Galb-4Glc) by co-expressing lgtC with the H. influenzae lgtD gene for b-1,3-GalNAc

transferase in the same strain. As LgtD was able to use polygalactosylated glycans as acceptors, a complex mixture of

oligosaccharides was obtained in addition to the globotetraose target structure. Since it was observed that globotriose

could be taken up by theE. coli transport system, this problem was solved by carrying out the globotetraose production

in two steps. Globotriose was first produced under conditions that limit polygalactosylation by culturing a strain

expressing only lgtC. Then, in a second step, after being partially purified from globotriose-producing cells, globotriose

was supplied as exogenous acceptor to a second culture of a strain expressing only lgtD. Globotetraose is the

oligosaccharide portion of globotetraosylceramide, which is known as globoside or P antigen. Globoside is an

intermediate in the synthesis of more complex structures of the globo series of glycosphingolipids such as the

Forsmann antigen, the stage-specific embryonic antigen 4 and globo-H. These glycolipids are involved in important

developmental and pathological processes and synthesis of their carbohydrate portion by living E. coli is currently

being investigated.
1.23.6.4 Nod Factor Oligosaccharides

Nod factors are lipochitooligosaccharides that are secreted by rhizobia to trigger the developmental process that leads

to the formation of nitrogen-fixing root nodules in leguminous plants.22 Host specificity is determined by the structure

of the fatty acid chain, the length of the chitooligosaccharide and by various substituents that can be attached to the

two terminal residues of the chitin backbone. As mentioned in Section 1.23.3.1, chitooligosaccharide synthesis is catalyzed

by the NodC protein and the HCDC of E. coli strain overexpressing the nodC gene has been exploited as an efficient

way to produce chitooligosaccharide.23 Use of the nodC gene from A. caulinodans resulted in the formation of

chitopentaose as the only oligosaccharide, whereas the expression of the gene from Sinorizobium meliloti led to the

synthesis of a mixture of chitopentaose (30%) and chitotetraose (70%). In rhizobia, the terminal nonreducing GlcNAc

residue was specifically N-deacetylated by the NodB protein to generate a free amine group to which the fatty acid

chain was attached by acyltranferase encoded by nodA. The co-expression of nodB and nodC in E. coli resulted in the

production of chitooligosaccharides, which were preponderantly N-deacetylated. These different chitooligosaccha-

rides could be further modified by expressing additional nod genes. NodL is an acetyltransferase that attaches an acetyl

group to the 6 position of the terminal nonreducing GlcNAc residue using acetyl-CoA as a substrate.100 Acetyl-CoA

is naturally present in the living cell and more than 60% of the chitooligosaccharides produced by an E. coli strain

co-expressing nodL and nodC are shown to be O-acetylated.94 In S. meliloti, the nodH and nodPQ are required for the

sulfation of Nod factors.101 NodPQ encode ATP sulfurylase and adenosine 50-phosphosulphate (APS) kinase, respec-

tively. These two enzymes catalyze the formation of 50-phosphoadenosine 50-phosphosulphate (PAPS), which is used



942 Production of Oligosaccharides in Microbes
as substrate donor for the sulfation of Nod Factors by the sulfotransferase encoded by nodH.102 In bacteria, PAPS is

also the sulfate donor for the biosynthesis of sulfur-containing amino acids and is generated from sulfate by the

housekeeping proteins CysC, CysD, and CysN. The cysCDN genes are part of the cysteine operon, which is repressed

by cysteine and other reduced sulfur compounds. This means that the expression of the nodPQ genes is not necessary

for the sulfation of chito-oligosaccharides in living E. coli cell expressing nodH if these cells are cultured in a mineral

medium with sulfate as the sole sulfur source. Sulfated chitooligosaccharides have been shown to be produced by cells

co-expressing nodH with nodC, where they represent around 50% of the total amount of chitooligosaccharides found in

the bacteria. By using strains expressing different combinations of the nod genes mentioned above a large diversity of

O-acetylated and/or sulfated chitooligosaccharide structures were synthesized.94 Among these structures, the deace-

tylated compounds could be regarded as advance intermediates for the preparation of synthetic natural Nod factors by

chemical acylation.103 In addition, chemical acylation offers the possibility of synthesizing Nod Factor analogs with an

unnatural lipid chain.104
1.23.7 Production and Purification of Oligosaccharides in Living E. coli

1.23.7.1 High Cell Density Culture

The yield of oligosaccharides that can be produced in E. coli cells represents generally between 1 and 10% of the dry

cell weight (DCW) of the culture. This means that oligosaccharides can be produced at the 10�100mgl�1 scale in

shaker Erlenmeyer flask cultures in which cell concentrations of around 1gl�1 (DCW) can normally be reached.

Shaker flasks are convenient for screening a large number of strains or to test valuable precursors that are only available

in the milligram scale. However if one wishes to produce oligosaccharides at the gram scale, the volumetric

productivity of the culture can be increased by up to a 100-fold by growing the bacteria in fermentors at high

cell densities. The main problem encountered in HCDC is the accumulation of growth-inhibiting acidic meta-

bolites such as acetic acid, which are formed in response to oxygen limitation or/and excess of carbon source. As the

oxygen delivery capacity of fermentors is limited, the easiest way to prevent an oxygen shortage is to limit bacterial

growth by controlled feeding of the carbon source. Different feeding strategies have been proposed,105,106 but many

of them require sophisticated feedback control of substrate concentration to determine the feeding rate. On the

other hand, reasonably high cell densities of more than 100gl�1 (DCW) can be reached with simple fed-batch

techniques using pre-determined feeding rates to maintain carbon-limited growth.107 These simple techniques

require minimal fermentation machinery: a lab-scale fermentor with temperature, pH and oxygen controls, and a

peristaltic feeding pump.

The fed-batch strategy, which has been routinely used for the production of oligosaccharides in HCDCs of E. coli,

comprises three phases. In the first phase, cells grow exponentially until the entire initial carbon source added to the

starting media has been consumed (glycerol is often used as carbon and energy source but can be replaced by any

substrate which is catabolized by E. coli). Growth is then carbon-limited by the continuous feeding of a glycerol

solution to prevent oxygen limitation. Glycerol is first supplied at a high feeding rate for 5h to quickly reach a high

biomass concentration (phase 2). In the last phase, the glycerol-feeding rate is decreased to slow growth and maintain a

minimal metabolic activity to sustain oligosaccharide production over a long period (up to 48h).
1.23.7.2 Product Recovery

It has often been observed that a proportion of the oligosaccharides produced by living cells is recovered in the

extracellular medium. The mechanism of oligosaccharide exit has not been identified but is believed to proceed by

passive diffusion across the bacterial membranes. The diffusion rate depends on the size, hydrophobicity, and

intracellular concentration of a given oligosaccharide. Neutral trisaccharides are almost entirely recovered in the

extracellular medium, whereas longer, ionized oligosaccharides accumulate at high intracellular concentrations. It is

often interesting to purify separately the intracellular and extracellular fractions which may have different relative

compositions of oligosaccharides. The cells are separated from the extracellular fraction by centrifugation, re-

suspended in water, and permeabilized by heat treatment at 100�C for 30min to disrupt the bacterial membranes.

After this treatment, the oligosaccharides can rapidly diffuse outside the cell and the intracellular oligosaccharide

fraction is recovered after a second centrifugation step that removes the emptied cells. Both intracellular and

extracellular fractions are purified by adsorption on charcoal-celite and a selective elution with aqueous ethanol.

The charcoal purified fraction is generally composed of a mixture of oligosaccharides which have to be further purified

by classical chromatographic procedures.
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1.23.8 Drawbacks and Undesirable Side Reactions

1.23.8.1 Leakage of Intermediates during Sequential Multiglycosylation

The synthesis of complex oligosaccharides involves several glycosylation steps and the transient accumulation of

intermediates can often be observed when the formation rate of an intermediate is higher than its conversion rate in

the next glycosylation step. As mentioned above, oligosaccharides can diffuse outside the bacteria and small inter-

mediates are likely to exit the cells rapidly. In some cases, this leakage can be extremely important and considerably

reduce the yield of target molecules. For example, the Lex tetrasaccharide could not be produced from Galb-allyl
because of the rapid leakage of the trisaccharide Galb-4GlcNAcb-3Galb-allyl intermediate.37 In this case, the

presence of the allyl group increased the hydrophobicity of the trisaccharide intermediate and explained its rapid

diffusion across bacterial membranes.
1.23.8.2 Repeated Glycosylation Cycles

The repeated addition of the same disaccharide motif occurs when two recombinant glycosyltransferases are produced

in the same strain and when each glycosyltransferase can use the product of the other glycosyltransferase as an

acceptor. This phenomenon was first observed in a strain that was shown to produce a mixture of polylactosaminyl

oligosaccharides by co-expressing the lgtA and lgtB genes (see Section 1.23.6.1). On one hand, this could be an

advantage if the polymeric structures are interesting products, as in the case of polylactosamine. On the other hand,

the formation of this longer structure reduces the yield of the target molecule and makes its purification more difficult.

Other repeated glycosylation cycles are likely to occur as new systems of complex oligosaccharide synthesis are

developed and could possibly result in the repeated incorporation of units longer than disaccharides. The formation of

repeating units can be limited by lowering the expression level of a particular glycosyltransferase gene, increasing the

concentration of the initial acceptor, and reducing the culture period. It should also be possible to search for more

specific glycosyltransferases.
1.23.8.3 Unspecific Glycosylations

Although the glycosyltransferases of the Leloir pathway are regarded as very specific enzymes, several unwanted

side reactions have been observed in different systems of oligosaccharide synthesis by living E. coli cells. As

mentioned in Section 1.23.6.3, the LgtC a-1,4-galactosyltransferase, which naturally uses b-4-linked galactose as
acceptor, is able to galactosylate oligosaccharides with a terminal a-3-linked galactose and this lack of specificity has

led to the formation of a series of unwanted polygalactosylated compounds. During the production of the GM2

oligosaccharide (see Section 1.23.6.2) a small amount of a GM2 analog was produced by a side galactosyltransferase

activity of the cgtA GalNAc transferase. The same behavior had previously been observed in the human blood group

A GalNAc transferase, which was reported to have a low activity with UDP-Gal as substrate donor.108

Overexpression of glycosyltransferases can also lead to unexpected side activities. In an attempt to optimize LNnT

production, strains that strongly overexpressed lgA and lgtB were tested and were shown to produce a series of

oligosaccharides with an uneven number of residues (unpublished results). Characterization of these compounds

indicated that they all contained a galactose linked to the ‘reducing’ terminal glucose residue by a 1–1 linkage. The

involvement of LgtB in this reaction was confirmed by the formation of the nonreducing trisaccharide (Galb-4Glc1-

1Gal) from lactose by a strain overexpressing lgtB. Similar trehalose-type oligosaccharides have been identified in the

mammary gland of lactating cows,109 indicating that other galactosyltransferases can attach galactose to the C1 of

reducing sugars.
1.23.8.4 Indigenous Enzymatic Modifications

Oligosaccharide synthesis in E. coli cells clearly requires the inactivation of indigenous enzymatic activity that could

degrade or modify the target structures. Mutant strains lacking b- and a-galactosidase have therefore been used for the

production of b- and a-galactosides. Athough E. coli has a b-N-acetylglucosaminidase (NagZ), which is involved in the

murein recyling process, significant degradation of GlcNAc-containing oligosaccharides such as LNT2 (GlcNAcb-
3Galb-4Glc) and chitooligosaccharide has never been observed when these compounds have accumulated intracellu-

larly. This is due to the strict specificity of NagZ which was shown to cleave GlcNAc from muropeptide but not

chintobiose.20 E. coli K12 is able to grow on sialic acid and fucose but is not known to express fucosidase and
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neuraminidase. Both fucosylated and sialylated oligosaccharide can thus be produced at high yield in E. coli without

requiring the inactivation of glycosidase genes.

The acetyltransferase LacA, which was first described as thiogalactoside transacetylase, catalyzes the addition of an

acetyl group to the 6 position of certain b-galactosides. This activity is believed to serve as a detoxification mechanism

for nonmetabolizable b-galactosides which can diffuse into the extracellular mediumwhen they become acetylated.110

Galactosides such as LNnT have never been found to be acetylated, even when such compounds accumulated at high

intracellular concentrations. On the other hand, it has been observed that Galb-allyl was entirely converted into

Gal6Acb-allyl in the first attempt to use it as an exogenous acceptor.37 Disruption of the lacA gene completely

abolished the acetylation of Galb-allyl, which could therefore be converted into Galb-4GlcNAcb-3Galb-allyl by the

concerted action of the LgtA and LgtB glycosyltransferases.
Glossary

glycosphingolipids Glycolipids made of a carbohydrate portion attached on a hydrophobic tail called ceramide. Depending on

the structure of the oligosaccharide portion different groups of glycosphingolipids (such as the gangliosides and the globosides)

can be distinguished.

high cell density culture (HCDC) Culture in which densities of 50gl�1 (dry cell weight) and above are reached by using

various strategies of substrate feeding.

humanmilk oligosaccharides Lactose-derived complex oligosaccharides that resemble the ABH and Lewis antigen structure.

They are abundantly present in human milk and are believed to act as anti-infective agents.

Lewis x antigen Also known as SSEA-1 (stage-specific embryonic antigen 1), Lewis x is highly expressed on the embryo cell

surface during early mammalian development. It is involved in cellular recognition during embryogenesis, neural development,

fertilization, and tumorigenesis.

metabolic engineering Modification of cellular metabolism and properties through the introduction, deletion, and modifica-

tion of metabolic pathways by using recombinant DNA and other molecular biological tools.

nod factor Lipooligosaccharides that are secreted by rhizobia to trigger nodulation in leguminous plants.

permeabilized cells Cells whose membrane has been chemically or physically disrupted to let small molecules freely diffuse

across the cell envelope. Large molecules stay in the cytoplasm and permeabilized cell can be regarded as an enzymes bag to carry

out economical bioconversion reactions.
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2 Strategies for the Structural Analysis of Carbohydrates
2.01.1 Introduction

Structural analysis of carbohydrates has always been a cornerstone of progress in glycoscience. Already at the end of

the nineteenth century, the structural elucidation of the monomeric chiral building blocks, the monosaccharides, got

much attention, with key contributions especially from Fischer and Van ‘t Hoff. Many present nomenclature

recommendations are in fact based on the classical open chain Fischer projection formulas for monosaccharides

(Chapter 1.01). Over the years, the structural knowledge about these monomers was growing, with, among others,

contributions from Haworth and co-workers (�1920; pyranose and furanose forms; Haworth representation of

monosaccharide structures) and Bijvoet and co-workers (�1950; absolute configuration).

For a long time the structural analysis of larger carbohydrate chains remained an underdeveloped area, mainly due

to the limitations in suitable and sensitive analytical approaches. Fortunately, during the 1960s three new develop-

ments came together: (1) the introduction of a new rapid and low-scale permethylation protocol;1 (2) developments in

the application of gas–liquid chromatography (GLC) for mono- and oligosaccharides;2,3 and (3) developments in the

application of electron impact mass spectrometry for derivatized mono- and oligosaccharides.4,5 At first instance, great

progress was seen in the structural analysis of bacterial polysaccharides,6 soon followed by contributions from the plant

polysaccharide7 and the glycoconjugate (especially glycoprotein8–10 and glycolipid11 glycans) fields.

The incorporation of one-dimensional (1-D) 1H and 13C nuclear magnetic resonance (NMR) spectroscopy in the

1970s gave rise to a new explosion of possibilities,12–18 and the results obtained in those years greatly influenced the

whole carbohydrate research field, including the areas of carbohydrate biosynthesis, organic synthesis, enzymatic

synthesis, molecular interactions, theoretical chemistry, and molecular biology. Especially in the field of glycoprotein

glycan analysis, the introduction of 1-D 1H NMR spectroscopy caused a real revolution,19 that has been of major

importance in further developing this field in terms of biochemistry and biology. The 2-D/3-D NMR techniques,

introduced in the 1980s, made the possibilities for structural analysis and interaction studies even larger.20

The introduction of soft-ionization techniques in mass spectrometry (MS) at the end of the twentieth century created

completely new possibilities for the analysis of high-molecular-mass glycans. Starting with fast-atom-bombardment mass

spectrometry,21,22 nowadays matrix-assisted laser-desorption-ionization time-of-flight and electrospray ionization are

firm technologies in glycoanalysis. Especially in the field of glycoconjugates, with a focus on glycoproteomics,

glycomics, and high-throughput analysis, these techniques have been broadly incorporated.23

In parallel with the improvements in NMR spectroscopy and mass spectrometry (MS), also the improvements in

high-pressure liquid chromatography (HPLC), capillary electrophoresis (CE), the development of suitable micro-

chemical degradation and derivatization protocols, the incorporation of exo- and endo-glycosidase digestions, and the

development of microarray technologies, greatly contributed to the whole array of structural analysis approaches for

glycan chains, as available nowadays.

This chapter gives an overview of the various strategies used in carbohydrate analysis. The selected references

reflect clearly the different time periods in which these methodologies were developed. Although instrumental

techniques are included in this chapter, they will be broadly reviewed in several other chapters in the Section Analysis

of Glycans of this book series. General structural background information about the different classes of carbohydrates

that get attention in this chapter is reviewed in the Section Introduction to Glycoscience of this book series.
2.01.2 Primary Structural Analysis of Carbohydrates

The primary structure of carbohydrate chains is defined by several parameters (Figure 1):

1. nature and number of the constituent monosaccharides;

2. sequence and ring size of the monosaccharides;

3. type and anomeric configuration of the glycosidic linkages;

4. nature of the noncarbohydrate substituents;

5. type of the carbohydrate–peptide linkages (glycoproteins); and

6. nature and position in the polypeptide backbone of the amino acids involved (glycoproteins).

It may be clear that in general several analytical strategies have to be followed to reach final conclusions about a

carbohydrate structure. Of course, the selected strategies depend greatly on the glycan under study. Table 1 presents

an overview of methodologies that are currently in use in polysaccharide and/or glycoconjugate glycan analysis. In the

following sections, these technologies will be worked out in more detail. As in the discussion of the various strategies

several monosaccharide structures will pass, to support the reader, in Figure 2 a survey of current structures is

compiled.
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2.01.2.1 Polysaccharides

Bacterial polysaccharides are mainly defined as capsular polysaccharides (CPSs), exopolysaccharides (EPSs), lipopo-

lysaccharides (LPSs), teichoic acids (TAs), and peptidoglycans.24–32 Over 100 different monosaccharide constituents

have been identified: pentoses, hexoses, deoxyhexoses, aminodeoxyhexoses, diaminodideoxyhexoses, diaminotri-

deoxyhexoses, hexuronic acids, aminodeoxyhexuronic acids, heptoses, octulosonic acids, nonulosonic acids, branched

monosaccharides, monosaccharides with noncarbohydrate substituents (e.g., O-methyl, O-(1-carboxyethyl), O-acetyl,

O-lactyl, O-(2-hydroxypropionyl), O-(2,4-dihydroxybutyryl), phosphate, sulfate, N-acetyl, N-glycolyl, N-(2-aminopro-

pionyl), pyruvate), etc. See for instance the BCSDB database.32a The majority of the CPSs is built up from repeating

oligosaccharide units; in general, the CPSs elucidated so far turned out to be heteropolysaccharides. EPSs occur both

as hetero- and homopolysaccharides; the heteropolysaccharides are built up from repeating oligosaccharide units,

whereas the majority of the homopolysaccharides is quite often heterogeneous/random in structure. In general, LPSs

consist of an O-antigenic polysaccharide, built up from oligosaccharide repeating units, a core oligosaccharide, and an

acylated disaccharide, called lipid A. Different types of TAs exist: common fragments are polyolphosphates, glyco-

sylpolyolphosphates, polyolphosphate-glycosylphosphates, and polyolphosphate-glycosylpolyolphosphates; free OH

functions can bear mono- or oligosaccharides, or ester-bound amino acids. Peptidoglycans are built up from ‘linear

repeating disaccharide’ polysaccharides, crossed-linked via oligopeptide fragments. The repeating disaccharide con-

sists of!)-b-D-GlcpNAc-(1!4)-b-D-MurpNAc-(b1! elements, wherein MurNAc is 2-acetamido-3-O-[(R)-1-carboxy-

ethyl]-2-deoxy-D-glucose. An upgraded overview of bacterial polysaccharide structures is included in Chapter 1.04.

Plant polysaccharides are much more heterogeneous, and homo- as well as heteropolysaccharides do occur.

Complete structures are difficult to define, and in general structural studies are focused on creating statistical models.

Thanks to the availability of highly specific enzymes, over the years these models have been highly upgraded. An

upgraded overview of plant polysaccharide structures is included in Chapter 1.05.

Several approaches are available for the structural analysis of polysaccharides (Table 1). Use is made of native as

well as specifically degraded polysaccharides. Important chemical degradation procedures comprise partial solvolysis,

acetolysis, uronic acid degradation, periodate oxidation, and de-N-acetylation – deamination. Important enzymatic

degradation procedures make use of endo-glycosidases/endo-glycanases and lyases. Although MS plays an important

role in identifying oligosaccharides at many stages of the analysis, NMR spectroscopy is of the utmost importance in

arriving at full structures of polysaccharides.
2.01.2.2 Glycoprotein Glycans

Glycoproteins are found in a wide variety of natural sources. They are defined as proteins that bear a carbohydrate in a

covalent way, a coupling that is called glycation. The general term glycation is used for both glycoside formation and



Table 1 Overview of methodologies that are currently in use in polysaccharide and/or glycoconjugate glycan analysis

Monosaccharide analysis
Gas–liquid chromatography – (electron impact mass spectrometry) (GLC-EI/MS)

High-performance liquid chromatography – fluorescence detection (HPLC-FD)

High-pH anion-exchange chromatography – pulsed amperometric detection (HPAEC-PAD)

Capillary electrophoresis (CE)

Linkage/methylation analysis
Gas–liquid chromatography – (electron impact mass spectrometry) (GLC-EI/MS)

Chemical degradation procedures
Partial solvolysis

Acetolysis

Uronic acid degradation

Periodate oxidation

De-N-acetylation – deamination

Enzymatic degradation procedures
Exo-glycosidases

Endo-glycosidases/endo-glycanases

Lyases

Release of glycans from glycoproteins
Proteolytic digestion: N- and O-linked (! glycopeptides)

Hydrazinolysis: N- and O-linked (! oligosaccharides)

Peptide-N 4-(N-acetyl-b-glucosaminyl)asparagine amidases: N-linked (! oligosaccharides)

Endo-b-N-acetylglucosaminidases: N-linked (! oligosaccharides)

Alkaline borohydride treatment: O-linked (! oligosaccharide-alditols)

Release of glycans from glycolipids
Endoglycoceramidase (! oligosaccharides)

Ozonolysis/alkaline fragmentation (! oligosaccharides)

Fractionation and purification
Gel-permeation chromatography (Bio-Gel, Superdex)

HPLC

Normal phase (Lichrosorb-NH2, TSKgel Amide-80, GlycoSep N)

Reversed-phase (Hypersil ODS C18, GlycoSep R)

Anion-exchange (Resource Q, Vydac 301VHP575, GlycoSep C, CarboPac)

Lectin affinity chromatography

Mass spectrometry (MS) using different ionization techniques
Electron impact (EI)

Chemical ionization (CI)

Fast atom bombardment (FAB)

Matrix-assisted laser-desorption-ionization time-of-flight (MALDI-TOF)

Electrospray ionization (ES)

1-D/2-D Nuclear magnetic resonance (NMR) spectroscopy using 1H, 13C, and/or 31P probes
Correlation spectroscopy (COSY)

Total correlation spectroscopy (TOCSY)

Heteronuclear multiple quantum coherence (HMQC)

Heteronuclear single quantum coherence (HSQC)

Heteronuclear multiple bond correlation (HMBC)

Rotating frame Overhauser enhancement spectroscopy (ROESY)

Nuclear Overhauser enhancement spectroscopy (NOESY)

Profiling protocols for glycoprotein glycans
HPLC profiling (anion-exchange; normal phase; reversed-phase)

HPAEC profiling

CE profiling

Fluophore-assisted carbohydrate electrophoresis (FACE) profiling

LC-MS profiling

Glycan detection and differentiation assays/lectin microarrays

4 Strategies for the Structural Analysis of Carbohydrates
amination (Schiff base reaction). Besides these types of couplings, other covalent linkages do occur between carbohy-

drate and amino acids, such as ester linkages. Table 2 gives an overview of reported linkages between monosacchar-

ides and amino acids;Figure 3 summarizes a series of glycoamino acids. Themajority of the methodologies developed

for the analysis of glycoprotein glycans is dealing with GlcNAc(b1-N)Asn and GalNAc(a1-O)Ser/Thr linkages, and
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these approaches will be discussed in more detail. However, many of the protocols are directly applicable to other

types of linkages.

In general, four groups of monosaccharides can occur as constituents of glycoprotein glycans: (1) neutral

monosaccharides – D-mannose (Man), D-galactose (Gal), D-glucose (Glc), L-fucose (Fuc), L-arabinose (Ara),

D-xylose (Xyl); (2) amino sugars – N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-galactosamine (GalNAc); (3) uronic



Table 2 Naturally occurring covalent linkages between monosaccharides and amino acidsa; all monosaccharides, except

Rha, Fuc, and Ara, have D-configuration

Type/linkage Type/linkage

N-Glycosylation C-Glycosylation
GlcNAc(b1-N)Asn Man(a1-C)Trp
GalNAc(b1-N)Asn ADP ribosylation
Glc(a/b1-N)Asn ADP-Rib(3-N)Arg

Rha(1-N)Asn ADP-Rib(3-N)Asn

Bac(b1-N)Asn ADP-Rib(3-N)His

Man(1-N)Trp ADP-Rib(3-O)Glu

O-Glycosylation ADP-Rib(3-S)Cys

GalNAc(a1-O)Ser/Thr Phosphoglycosylation
GlcNAc(b1-O)Ser/Thr GlcNAc(a1-P-O)Ser

Man(a1-O)Ser/Thr Man(a1-P-O)Ser

Xyl(b1-O)Ser/Thr Xyl(a1-P-O)Ser/Thr

Fuc(a1-O)Ser/Thr Fuc(b1-P-O)Ser

Gal(a1-O)Ser/Thr Amide bond (in polysaccharides)
Glc(b1-O)Ser/Thr GlcA/GalA(6-Na)Lys

Ara(b1-O)Ser GalA(6-Na)Ser

Gal(b1-O)Hyl GalA(6-Na)Thr

Araf(b1-O)Hyp GalA(6-Na)Ala

Glc(a/b1-O)Tyr GlcA(6-Na)Glu

DATDH(1-O)Ser MurNAc(3-Na)Ala

Gal(b1-O)Hyp Glycation (Schiff base)
S-Glycosylation Glc-Lys

Gal(1-S)Cys Rib-Lys

Glc(1-S)Cys

Glypiation (GPI anchors)
Xxx-CONH-(CH2)2-P-6)Man

aReferences concerning these linkages: General, Chapter 1.02 and reviews;33–36 Bac(b1-N)Asn; Bac¼bacillosamine, 2,4-

diacetamido-2,4,6-trideoxyglucose;37,38 Man(1-N)Trp/N-mannosyl tryptophan;39 Man(a1-C)Trp/C-mannosyl tryptophan;40

ADP-ribosylation;41–43 DATDH(1-O)Ser; DATDH¼2,4-diacetamido-2,4,6-trideoxyhexose;44 Amide bond;45–47 S-Glycosyla-

tion;48,49 Glycation.50 A further polysaccharide example, different from those in the Table: 2-(L-alanylamido)-2-deoxy-
D -glucose.51 Added in proof: FucNAc(b 1-O)Ser. 512

6 Strategies for the Structural Analysis of Carbohydrates
acids – D-glucuronic acid (GlcA), D-galacturonic acid (GalA), L-iduronic acid (IdoA); and (4) sialic acid(s) (analogs) –N-

acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), and 2-keto-3-deoxynonulosonic acid (Kdn).

In addition, noncarbohydrate substituents, such as O-methyl, O-acetyl, O-lactyl, pyruvate, sulfate, or phosphate

groups, can be present. Furthermore, particularly, in microorganisms and lower organisms, rare monosaccharide

derivatives have been found to occur. An overview of such derivatives is presented in Table 3. It should be noted

that Chapter 3.15 includes a comprehensive overview of rare monosaccharide derivatives in glycosphingolipids as

found in lower animals.

The glycosylation patterns of GlcNAc(b1-N)Asn-containing glycoproteins, so-called N-glycoproteins, are divided

in three major classes: (1) oligomannose or high-mannose type; (2) complex type, including N-acetyllactosamine

(LacNAc) type, N,N0-diacetyllactosamine (LacdiNAc) type, and xylose type; and (3) hybrid type. The LacNAc and

LacdiNAc type comprise up to five antennary systems. LacNAc as well as LacdiNAc can also occur in oligomeric form,

interconnected via (b1-3) linkages. A full description of these glycosylation patterns is discussed in Chapter 1.02 (see

also Chapter 1.01).

The glycosylation patterns of GalNAc(a1-O)Ser/Thr-containing glycoproteins, so-called O-glycoproteins, are

divided into eight core types: (1) core 1, Gal(b1-3)GalNAc; (2) core 2, Gal(b1-3)[GlcNAc(b1-6)]GalNAc; (3) core 3,

GlcNAc(b1-3)GalNAc; (4) core 4, GlcNAc(b1-3)[GlcNAc(b1-6)]GalNAc; (5) core 5, GalNAc(a1-3)GalNAc; (6) core 6,

GlcNAc(b1-6)GalNAc; (7) core 7, GalNAc(a1-6)GalNAc; (8) core 8, Gal(a1-3)GalNAc. A full description of these

glycosylation patterns is reviewed in Chapter 1.02.

For the structural analysis of glycoprotein N- and O-glycans, several approaches are available (Table 1). The

level of structural detail depends on the scientific questions researchers have. Glycoproteins are studied as such, but
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also in glycopeptide or released oligosaccharide form. Free oligosaccharides can be generated via chemical or enzymatic

release procedures. Enzymatic degradation proceduresmake use of exo- and endo-glycosidases. 1HNMR spectroscopy

and nowadays especially MS play major roles in the unraveling of the highly complex glycosylation patterns. In

addition, in many analytical projects, profiling methodologies are frequently used, especially in glycoproteomics

research.

To become familiar with many aspects of glycoprotein glycan research, the reader is referred to two excellent books

on a graduate level.95,96 For a series of basic reviews, covering the glycoprotein literature up to�1995, see Refs. 97–99.
2.01.3 Monosaccharide Analysis

Nowadays, the approaches to determine the monosaccharide composition of carbohydrate chains (oligosaccharides,

polysaccharides, glycoprotein glycans, glycolipid glycans, proteoglycans, etc.) are mainly based on GLC and liquid

chromatography (LC) procedures. To this end two solvolysis protocols are currently applied, namely, hydrolysis and

methanolysis. Figure 4 summarizes both protocols for a model galactan.
2.01.3.1 Monosaccharide Analysis after Hydrolysis

The hydrolysis procedure involves cleavage of the glycosidic linkages by mineral acid. As is visualized in Figure 4 for

galactan ! D-galactose, each released monosaccharide constituent of an oligo/polysaccharide will give rise to a

monosaccharide-specific anomeric mixture of a,b-pyranose and a,b-furanose ring forms. The reaction mechanism

behind the hydrolysis is quite complicated. In principle, both the glycosidic O atom and the ring O atom can

be protonated. Protonation of the glycosidic O atom leads to cleavage of the glycosidic linkage and formation of



Table 3 Rare monosaccharide constituents of glycoproteins

Monosaccharide Source Refs.

2-Acetamido-4-amino-2,4,6-trideoxyglucose Clostridium symbiosum 52

6-Deoxyaltrose Salmonid fish eggs 53

3-Deoxy-D-glycero-D-galacto-nonulosonic acida Salmonid fish eggs 54

Amphibian eggs 55

2,3-Diacetamido-2,3-dideoxymannuronic acid Bacillus stearothermophilus 52

2-O-Methyl-fucose Nematodes 56

4-O-Methyl-xylose Chlamydomonas eugametos 57

Galactofuranose Clostridium thermocellum 58

Bacteroides cellulosolvens 59

Trypanosoma 60,61

Yeasts 62

3-O-Methyl-galactose Snails 63–65

Chlamydomonas eugametos 57

4-O-Methyl-galactose Nematode 56

Snail 65

6-O-Methyl-galactose Alga 66

3-O-Methyl-galacturonic acid Halobacteria 67

3-O-Methyl-glucose Methanothermus fervidus 68

3-O-Methyl-L-glucose Chlamydomonas eugametos 57

3-O-Sulfo-galactose Thyroglobulin 69

Mucins 70

Tamm-Horsfall glycoprotein 71,72

6-O-Sulfo-galactose Recombinant tissue plasminogen activator 73

Mucin 74

N-Acetyl-4-O-sulfo-galactosamine Pituitary glycohormones 75

Tamm-Horsfall glycoprotein 71

N-Acetyl-3-O-methyl-glucosamine Clostridum thermocellum 58

N-Acetyl-6-O-sulfo-glucosamine Thyroglobulin 69

Zona pellucida glycoprotein 76

Mucin 74

3-O-Sulfo-glucuronic acid HNK-1 epitope 77,78

Gulose Alga 57,79

3-O-Methyl-mannose Snail 63,80

6-O-Methyl-mannose Chlamydomonas eugametos 57

4-O-Sulfo-mannose Ovalbumin 81

6-O-Sulfo-mannose Ovalbumin 81

Dictyostelium discoideum 82

Snail 83

Man6(PMe2) Dictyostelium discoideum 84

N-Acetylmannosamine Clostridum symbiosum 52

Sialic acid derivatives Different sources 85–87

3,6-Dideoxy-D-arabino-hexose (D-tyvelose) Trichinella spiralis 88,89

6-O-AEP-N-acetylglucosamineb Locusta migratoria 90

6-O-AEP-mannoseb Locusta migratoria 90

Bacillosaminec Campylobacter jejuni 37

Glutamyl-(N-glycan) Bovine lung glycoprotein 91

6-O-PC-N-acetylglucosamined Nematodes 92

PC-mannose Nematodes 93

6-O-(Etn-P)-N-acetylgalactosaminee Vespula germanica 94

aKdn.
bAEP¼2-aminoethylphosphonate.
c2,4-Diacetamido-2,4,6-trideoxyglucose.
dPC¼phosphorylcholine.
eEtn-P¼2-aminoethylphosphate.

Upgraded from Lis, H.; Sharon, N. Eur. J. Biochem. 1993, 218, 1–27.
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an anomeric carbocation, which can react with water to give the mixture of a,b-anomers of the original ring form

(Figure 5). However, pyranose/furanose ring conversions via protonation of the ring O atom in an early stage and/or

mutarotation of the released original ring form will finally yield the mixture of a,b-pyranose and a,b-furanose ring

forms.

In view of the different stabilities of the monosaccharides and the occurring glycosidic linkages, in principle, the

conditions for complete hydrolysis with minimal destruction of the constituents have to be determined experimen-

tally. The following examples are meant to illustrate these differences in stability against mineral acid. The hydrolysis

of the glycosidic bonds of 2-acetamido sugars [HexNAc(1-x)] and uronic acids [HexA(1-x)] can give rise to severe

problems, due to incomplete cleavage. In the case of the 2-acetamido sugars, this is due to a competition between the

hydrolysis of the N-acetyl linkage, yielding an inhibiting protonated amino group at C2, and the hydrolysis of

the glycosidic linkage. This also means that the glycosidic bonds of 2-amino sugars are difficult to hydrolyze. The

glycosidic bonds of pyranose forms [Hexp(1-x)] are more stable than those of furanose forms [Hexf(1-x)], and aldose

forms are more stable than ketose forms. For instance, for the quantification of the 2-keto sugars sialic acid and

fructose, very mild conditions have to be applied. Depending on their structure, acidic solutions of specific mono-

saccharides can give rise to anhydro or lactone formation. Typical examples comprise the formation of 1,6-anhydro-

b-D-idopyranose from b-D-idopyranose, the formation of 1,6-anhydro-a-D-talofuranose from a-D-talofuranose, the
formation of D-glucofuranurono-6,3-lactone from D-glucuronic acid, and the formation of D-galactopyranurono-

6,3-lactone from D-galacturonic acid.

Among the many proposed conditions for the hydrolysis of polysaccharides and glycoproteins,100–104 the use of

4M trifluoroacetic acid (4h, 100�C) has shown to give reasonable results. It should be noted that 2-acetamido sugar-

containing polysaccharides can be hydrolyzed in very good yields with anhydrous HF (2h, room temperature).102 For

the quantification of sialic acids, a hydrolysis with 2M propionic acid (4h, 80�C) is proposed.87
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Among the various high-performance liquid chromatography (HPLC) protocols, used for the analysis of under-

ivatized monosaccharide mixtures, high-pH anion-exchange chromatography (HPAEC) combined with pulsed-

amperometric detection (PAD) on CarboPac PA-1 columns is currently applied (see Section 2.01.7.1.1). HPLC

combined with fluorescent detection (FD) is used in the analysis of fluorescently labeled (at the anomeric center)

monosaccharide mixtures (see Section 2.01.7.2). Before analysis by GLC (flame-ionization detection), neutral and

amino sugars are most commonly converted into their corresponding alditol acetates.5,100,1 05 Other reported deriva-

tives are trimethylsilylated (TMS) alditols, trifluoroacetylated alditols, aldononitrile acetates, and oxime derivatives

(for a review, see Ref. 104 ). For verification/analysis of the GLC peaks, MS can be applied using combined GLC-EI/

MS or GLC-CI/MS instruments (EI/MS ¼ electron impact mass spectrometry; CI/MS ¼ chemical ionization mass

spectrometry). The analysis of sialic acids is discussed in Section 2.01.7.8.

For the alditol acetate analysis, the mixture of released monosaccharides is reduced with NaBH4 (2 h, room

temperature) and the formed alditols are acetylated with acetic anhydride in pyridine (1:1 mixture; 1 h, 100 �  C)
( Figure 4). Figure 6 shows the reaction mechanisms of the reduction and acetylation reaction. A typical GLC

example of a monosaccharide analysis using alditol acetates is presented in Figure 7.

Extensive reviews with respect to the EI/MS of alditol acetates are available in the literature.4,5 Some basic

information about the EI fragmentation patterns is presented in Figure 8.
2.01.3.2 Monosaccharide Analysis after Methanolysis

The methanolysis procedure involves cleavage of the glycosidic linkages by methanolic HCl. As is visualized in

Figure 4 for galactan !  D-galactose, each released monosaccharide constituent of an oligo/polysaccharide will give

rise to a monosaccharide-specific mixture of methyl a, b-pyranoside and a, b-furanoside ring forms. As already

discussed for the hydrolysis of glycosidic bonds (Section 2.01.3.1), also the reaction mechanism behind the methano-

lysis is quite complicated. Also here the first steps are the possible protonations of the glycosidic O atom and the ring

O atom. Protonation of the glycosidic O atom, followed by cleavage of the glycosidic linkage, and reaction with

methanol gives the mixture of 1-O-methylated a, b-anomers of the original ring form ( Figure 9a). However, during

the glycosidation process, also pyranose/furanose ring conversions and new glycosidations can occur via protonation

of the ring O atom or of the already formed anomeric methyl groups, respectively, thereby yielding finally the

monosaccharide-specific mixture of methyl a,b-pyranoside and a, b-furanoside ring forms.

When compared with the hydrolysis procedures (Section 2.01.3.1), the methanolysis procedure causes less

destruction of the monosaccharides, but it is very effective in cleaving glycosidic linkages. Therefore, it is applied
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Figure 7 Gas chromatogram of alditol acetates on an AT-1 column (30 m�0.25mm, Alltech). Oven temperature program:
140–240�C at 4�Cmin�1; 3min at 240�C. The peaks are numbered in their order of elution and are assigned as follows:

(1) Rib-ol; (2) Fuc-ol; (3) Xyl-ol; (4) Man-ol; (5) Glc-ol; (6) Gal-ol; (7) GlcNAc-ol; (8) ManNAc-ol; and (9) GalNAc-ol.
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to the simultaneous analysis of neutral monosaccharides, acetamido sugars, uronic acids, octulosonic acids, and sialic

acids.106 Over the years, the use of 1M methanolic HCl (24h, 85�C) has shown to give excellent results.104 Applying

this methodology, a few features should be taken into account: (1) carboxyl groups of acidic monosaccharides are

blocked by methyl ester formation; (2) N-acyl groups in amino sugars are cleaved nearly completely, and therefore a

re-N-acetylation step has to be incorporated in the procedure; (3) in glycoprotein N-glycan analysis, the linkage

between GlcNAc and Asn is split only to a very limited extent and mainly the free monosaccharide is liberated instead

of its methyl glycoside; (4) in oligosaccharide-alditol analysis (e.g., glycoprotein O-glycan analysis after alkaline

borohydride treatment), alditols such as GalNAc-ol (35%), Xyl-ol (23%), Gal-ol (14%), Fuc-ol (10%), Ara-ol (5%),

and Glc-ol (20%) give rise to anhydro derivatives;107 (5) in glycolipid glycan analysis, the ceramide residues are

degraded to sphingosine and fatty acid methyl esters; (6) 2-ketoses like Fru are completely degraded, several uronic

acids give rise to 3,6-lactone formation, Gul yields 30% of 1,6-anhydride,108 Neu5Ac gives 3% of 2,7-anhydride,

whereas anhydro-formation has also been observed for heptoses;109 (7) Kdo gives rise to six peaks (6:8:27:15:32:12),

probably belonging to two pyranose, two furanose, and two anhydro and/or lactone forms.

The mixture of methyl glycosides of the different types of monosaccharides can be quantified by GLC after

re-N-acetylation followed by trimethylsilylation104,106,107 or trifluoroacetylation.110

For the TMS (methyl ester) methyl glycoside analysis, the neutralized (solid silver carbonate) mixture of released

glycosides in methanol is N-acetylated with acetic anhydride (24h, room temperature, dark). The trimethylsilylation

is carried out with a 5:1:1 mixture of pyridine–hexamethyldisilazane–chlorotrimethylsilane (30min, room tempera-

ture) (Figure 9b). A typical example of a monosaccharide analysis using TMS (methyl ester) methyl glycosides is

presented in Figure 10. It should be noted that the characteristic GLC peak pattern of methyl glycosides for each

monosaccharide highly facilitates the identification of a monosaccharide. The availability of a peak pattern in a

constant ratio is an important control to check if a GLC peak reflects more than one compound. Such a controlling

mechanism is absent in the GLC analysis of alditol acetates. For quantification purposes, molar adjustment factors of

monosaccharides, except Neu5Ac, are determined by application of the methanolysis procedure on standard mixtures

of free monosaccharides and internal standard (Man-ol). For Neu5Ac, the molar adjustment factor is determined by

subjecting a known sialo-oligosaccharide to methanolysis. When necessary, this is also done for uronic acid-containing

material. For accurate quantification of uronic acids, the carboxyl function should be in the acid or alkyl-esterified

form before carrying out methanolysis.



Figure 10 Gas chromatogram of TMS (methyl ester) methyl glycosides on an AT-1 column (30m�0.25mm, Alltech). Oven

temperature program: 140–240�C at 4�Cmin�1; 3min at 240�C. The peaks are numbered in their order of elution

and are assigned as follows: (1) Ara (a-p); (2) Ara (b-p); (3) Xyl (a,b-f ); (4) Fuc (b-f ); (5) Ara (f ); (6) Fuc (a-p); (7) Fuc (b-p); (8)
Fuc (a-f ); (9) Xyl (a-p); (10) Xyl (b-p); (11) Man (a-p); (12) Gal (b-f ); (13) Man (b-p); (14) Gal (a-p); (15) Gal (a-f ); (16) Gal (b-p); (17)
Glc (a-p); (18) Glc (b-p); (19) Man-ol (internal standard); (20) GlcNAc (a-f ); (21) GalNAc (a,b-f ); (22) Man1/6Ac1-ol (due to

the re-N-acetylation step); (23) GlcNAc (b-p); (24) GalNAc (a,b-p); (25) GlcNAc (a-p); (26) GlcNAc (a,b-p; no methyl

glycoside); (27) 2,7-anhydroNeu5Ac; (28) Neu5Ac (a-p); (29) Neu5Ac (b-p); and (30) Neu5,9Ac2 (b-p) (due to the re-N-

acetylation step). Insert: (10) GlcA (lactone-f ); (20) GlcA (lactone-f ); (30) GalA (b-f ); (40) GalA (a-f ); (50) GalA (a-p); (60) GalA (b-p);
(70) GlcA (b-p); and (80) GlcA (a-p). f, furanoside; p, pyranoside.
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The EI mass spectra of TMSmethyl glycosides have been studied in great detail.5,106,111–113 Some basic information

about the EI fragmentation pattern is presented in Figure 11. In the high mass region, the spectra are usually

characterized by [M-CH3]
þ fragment ions. Just as for the alditol acetates, differences in stereochemistry within one

class of monosaccharides are not reflected in the mass spectra. In general, it is possible to discriminate between

pyranose and furanose ring forms in one class of monosaccharides. For TMS methyl aldohexosides, it has been

found that the ratio of the intensities of the peaks at m/z 204 and m/z 217 is useful.106 In pyranose ring forms, the ion

m/z 204 corresponds with the fragments TMSO2CH-3CHOTMS (major) and TMSO3CH-4CHOTMS (minor); m/z

217 corresponds mainly with TMSO2CH-3CH-4CHOTMS. In furanose ring forms m/z 204 can be explained as

TMSO2CH-3CHOTMS and m/z 217 as TMSO2CH-3CHOTMS-4CH. The studied pyranose rings give rise to a

ratio of I204/I217>1, whereas the furanose rings show a ratio �1. In addition, the presence of a relatively intense peak

at m/z 205 [TMSO6CH2-
5CHOTMS] is characteristic of a furanose ring. The concept of discrimination between

pyranose and furanose ring forms on the basis of the intensities of m/z 204 and m/z 217 is also applicable to TMS

methyl glycosides of uronic acid methyl esters and to most aldopentoses. Furthermore, the discrimination system is

usuable for methyl aldohexosides in which one of the trimethylsilyl groups is replaced by another substituent, for

example, HexNAc (m/z 173, m/z 186, m/z 205) or natural occurring O-methylated methyl aldohexosides. The

introduction of deuterated trimethylsilyl, N-acetyl and/or methyl groups in the monosaccharide can be very helpful

for the interpretation of mass spectra of unknown monosaccharide residues.

2.01.3.3 D/L Configuration Determination

Another aspect of the monosaccharide analysis is the determination of the absolute (D or L) configuration of the

constituting monosaccharides. In principle, the separation of enantiomers by GLC can be achieved (1) directly on a

chiral stationary phase, and (2) by conversion of the enantiomers into diastereomers using a chiral reagent, and

separation on a nonchiral stationary phase. For the determination of the D and L configuration of monosaccharides,

the latter approach is mainly used. To this end one extra chiral center is added to a monosaccharide via a glycosidation

reaction with a chiral alcohol, for example, (–)-2-butanol (Figure 12) or (þ)-2-octanol. In this way protocols have been

developed for the GLC analysis of TMS (–)-2-butyl glycosides114,115 and acetylated (þ)-2-octyl glycosides.116 Due to
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solubility problems of biopolymers, when directly subjected to butanolysis or octanolysis, the most convenient

approach is to convert part of the mixture of methyl glycosides, generated during methanolysis for monosaccharide

analysis, into a mixture of (–)-2-butyl or (þ)-2-octyl glycosides. A typical example of a D/L configuration analysis using

TMS (–)-2-butyl glycosides is presented in Figure 13. It may be clear that the method allows the analysis of mixtures

of monosaccharides, even in the presence of contaminants.
2.01.4 Linkage/Methylation Analysis

Methylation analysis including GLC-EI/MS has proved to be of great importance for the analysis of the substitution

pattern (positions of glycosidic linkages, terminal units, branching points) and the ring size of the monomeric units of a

glycan chain. A general scheme of the complete protocol, used for neutral and acetamido sugars, is presented in

Figure 14.

The first step of the linkage analysis involves the methylation of the free hydroxyl groups. In this step, the

acetamido group of acetamido sugars is also methylated, and the carboxyl functions of uronic acids and sialic acids

are esterified. Detailed information about the various developed methylation methods have been reported in the

literature. The reaction is usually carried out with methyl iodide (CH3I) in alkaline medium using sodium methyl-

sulfinylmethanide in dimethyl sulfoxide,1,117–119 potassium tert-butoxide/potassium methylsulfinylmethanide in di-

methyl sulfoxide,120 potassium methylsulfinylmethanide in dimethyl sulfoxide,121 lithium methylsulfinylmethanide

in dimethyl sulfoxide,122 butyllithium in dimethyl sulfoxide,123 or solid NaOH in dimethyl sulfoxide.124 Nowadays,
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the latter conditions are seen in most research papers. Although a complete methylation in a single operation is

essential for reliable results, it is sometimes impossible to overcome a certain degree of undermethylation, even after

several successive methylation steps. It should be noted that when uronic-acid-containing glycan chains are investi-

gated, repeated treatment with base leads to b-elimination reactions (see Section 2.01.5.5). Such alkaline degradations

can also be expected if reducing oligosaccharides are methylated in the presence of strong bases as mentioned above.

In the latter case, sometimes protocols are followed using milder bases.3

In the second step, the permethylated glycan is hydrolyzed, yielding a mixture of partially methylated monosac-

charides. To this end several hydrolysis conditions have been applied, for example, 90% formic acid/0.13M H2SO4
117

and 2-4M trifluoroacetic acid.119

The last chemical step comprises a reduction with NaBH4 or NaBD4, followed by acetylation of the generated

hydroxyl groups with acetic anhydride in pyridine. From a mass spectrometric point of view, it is advantageous to use

NaBD4, because it enables the differentiation between primary hydroxyl groups (Figure 14).

The volatile partially methylated alditol acetates of neutral and amino sugars are usually analyzed by GLC in

combination with EI/MS. Uronic acids, sialic acids, and Kdo cannot be analyzed in this way, because of the hydrolysis

of their methyl ester groups. However, specific approaches, including the conversion of alduronic acids into aldoses, or

the analysis of TMS or acetylated methanolysates are available.104 For the analysis of acetylated, methylated methyl

glycosides, see Ref. 125. For the analysis of (partially) methylated methyl ester b-methyl glycosides of sialic acids,

after treatment with reagents for acetylation or N-acetylation/trimethylsilylation, see Refs. 126 and 127.

EI/MS of partially methylated alditol acetates gives rise to very characteristic mass spectra, however, mostly without

molecular ion peaks. The peak patterns obtained from the various derivatives yield information on the positions of the

O-methyl and O-acetyl groups in the alditol chains (Figure 14). The O-methyl groups reflect the free hydroxyl groups

in the corresponding monosaccharides of the native material. The mass spectra of the stereoisomeric, partially
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methylated alditol acetates show only minor differences making an assignment of the sugar configuration (gluco ,

galacto , etc.) impossible. However, the nature of the parent monosaccharides can be derived from the retention times

of the alditol derivatives on GLC.

The highly characteristic EI mass spectra of partially methylated alditol acetates have been studied in great

detail. 5,104,1 17–119,128–138 The relevant possibilities for the fragmentation of these derivatives are presented in

Figure 15 . Primary fragmentations are depicted in Figures 15a–15g . Primary fragments are formed by a-cleavage,
resulting in fission between the C atoms in the alditol chain. In principle, either of the two fragments formed can carry

the positive charge. In the case of alditols derived from neutral monosaccharides, the charge is preferentially located

on an ether O atom instead of on an ester O atom. Taking this feature into account, the following rules can be

formulated: 5 (1) formation of ions of lower mass is preferred; (2) formation of ions from cleavage between two

methoxylated C atoms is predominant, with no marked preference for one of the two possible cations (Figure 15a );

(3) in the formation of ions from cleavage between a methoxylated and an acetoxylated C atom, there is a high

preference for the methoxyl-bearing cations (Figure 15b); and (4) ions formed by cleavage between two acetoxylated

C atoms are generally of low abundance ( Figure 15c).

For alditols derived from N, N-methyl,acetyl amino sugars, the same rules hold as mentioned above. However, the

most preferable a-cleavage in partially methylated alditol acetates derived from 2-acetamido sugars stems from the

scission between C2, bearing the N, N-methyl,acetyl amino group, and C3, bearing the methoxyl or acetoxyl function,

with predominant localization of the charge at the amino fragment (Figures 15d and 15e). a-Cleavages adjacent to
deoxygenated C atoms are only significant when the neighboring C atom bears a methoxyl group.

The primary fragments give rise to secondary fragments, generally by single or successive eliminations of

formaldehyde, methanol, ketene, acetic acid, methyl acetate, methoxymethyl acetate, or acetoxymethyl acetate

( Figures 15h–15k ).

For an overview of the fragment ions of several partially methylated alditol acetates of neutral and amino sugars, see

Table 4 . Mass fragmentography has been shown to be of high value for the analysis of complex mixtures. It should be

noted that the availability of reference spectra of authentic compounds recorded with the same GLC-EI/MS

combination is useful. Typical examples of EI mass spectra, related to the protocol shown in Figure 14 , are depicted

in Figure 16. For further EI mass spectra, see the CCRC database. 138a

To determine the substitution patterns and ring sizes of uronic acid residues, it is necessary to reduce these units to

the corresponding aldoses. The application of deuterated reducing agents leads to the incorporation of two D atoms at

the carboxyl-group-derived primary hydroxyl functions. In this way, alditols derived from uronic acids can be

distinguished by EI/MS from the corresponding native aldoses. For details of the reduction, see Section 2.01.5.1.

When the glycan chain contains native methoxyl groups, the use of trideuteromethyl iodide (CD3I) is important to

discriminate between originally present and chemically introduced methyl groups. In specific degradation procedures

in which methylation analysis plays a role, both trideuteromethyl iodide and ethyl iodide can be applied. The location

of a methoxyl function at C4 or C5 in aldoses defines the ring size of the monosaccharide residue. When acetoxyl

groups are present at C4 and C5, 4-linked aldopyranosyl cannot be distinguished from 5-linked aldofuranosyl. To solve

this problem, in the past specific degradation methods in combination with alkylation analysis have been reported;139

nowadays, the discrimination between both possibilities is mainly based on 1H NMR investigations.

Since the use of methylsulfinylmethanide causes only marginal desulfation in the methylation procedure, the

location of ester sulfate groups can be established by application of the methylation technique before and after

desulfation. The same holds for acetals. For phosphate substituents it has to be taken into account that they may

migrate under alkaline conditions via intramolecular cyclic esters. Because native O-acyl groups are cleaved during

base treatment, other procedures should be followed to determine their positions, for example, applying a methylvinyl

ether protocol;140 nowadays, in glycan analysis 1H NMR spectroscopy plays a major role in assigning native O-acyl

groups.

Finally, a series of notes in relation to the methylation analysis is presented:104 (1) an excess of methylsulfinyl-

methanide can be checked with triphenylmethane, whereby a red color is produced; (2) when de-N-acetylation of a

methylated 2-acetamido-2-deoxyhexose unit occurs as the first step in the hydrolysis of permethylated material, the

adjacent glycosidic linkage at C1 becomes resistant to acid hydrolysis; (3) hydrolysis of permethylated carbohydrate,

containing a 2-acetamido-2-deoxyhexitol unit, can give rise to some demethylation of the alditol residue;137 (4) the

quantitative aspects of methylation analysis procedures are poorly understood. Several factors influence the recovery

of partially methylated alditol acetates, for example, undermethylation, incomplete hydrolysis, degradation, and

demethylation during hydrolysis, incomplete reduction, incomplete acetylation, and contaminants. In general,

molar ratios of the different monosaccharide derivatives are calculated on the basis of flame ionization detection
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Table 4 Primary fragment ions (EI/MS) characteristic for the substitution pattern of partially methylated alditol acetates

(nonlabeled with D at C1)5,104,117–119,128–138

Position of OMe groups m/z values Position of OMe groups m/z values

Pentitol 6-Deoxyhexitol
2(4) 261, 117 2 275,117

3 189 3 203, 189

5 45 4 261, 131

2,3 (3,4) 189, 161, 117 2,3 203, 161, 117

2,4 233, 117 2,4 247, 233, 131, 117

2,5 233, 117, 45 3,4 189, 131

3,5 189, 161, 45 2,3,4 175, 161, 131, 117

2,3,4 161, 117 2,3,5 175, 161, 117, 59

2,3,5 161, 117, 45 Heptitol
Hexitol 3 333, 189

2 (5) 333, 117 2,6 117

3 (4) 261, 189 2,7 117, 45

6 45 3,6 189, 117

2,3 261, 161, 117 4,6 261, 233, 117

2,4 (3,5) 305, 233, 189, 117 6,7 89, 45

2,5 305, 117 2,3,6 305, 161, 117

2,6 305, 117, 45 2,3,7 305, 161, 117, 45

3,4 233, 189 2,4,6 233, 117

3,6 233, 189, 45 2,4,7 233, 117, 45

4,6 261, 161, 45 2,6,7 377, 349, 117, 89, 45

5,6 333, 89, 45 4,6,7 261, 205, 89, 45

2,3,4 233, 189, 161, 117 2,3,4,6 321, 277, 233, 161, 117

2,3,5 233, 161, 117 2,3,4,7 277, 233, 205, 161, 117, 45

2,3,6 277, 233, 161, 117, 45 2,3,6,7 277, 161, 117, 89, 45

2,4,6 277, 233, 161, 117, 45 2,4,6,7 349, 321, 233, 205, 117, 89, 45

2,5,6 117, 89, 45 3,4,6,7 205, 189, 89, 45

3,4,6 233, 205, 189, 161, 45 2,3,4,6,7 249, 205, 161, 117, 89, 45

3,5,6 305, 205, 189, 89, 45

1,3,4,6 205, 161, 45

2,3,4,6 205, 161, 117, 45

2,3,5,6 277, 205, 161, 117, 89, 45

1,2,3,4,5 177, 161, 133, 117, 89, 45

1,2,3,5,6 249, 205, 133, 89, 45

1,2,4,5,6 249, 205, 133, 89, 45

1,3,4,5,6 249, 205, 161, 133, 89, 45

2-Deoxy-2-(N-methyl)
acetamidohexitol

3 261, 202, 158

4 274, 189, 158

6 158, 45

3,4 246, 233, 202, 189, 158

3,6 233, 202, 158, 45

4,6 274, 161, 158, 45

1,3,5 318, 290, 233, 174, 130,

117, 45

1,4,5 318, 290, 246, 161, 130,

117, 45

3,4,6 246, 205, 202, 161, 158, 45

1,3,5,6 290, 205, 174, 130, 89, 45

1,3,4,5 290, 218, 174, 161, 130,

117, 45

1,4,5,6 290, 246, 133, 130, 89, 45
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(FID) responses, taking into account similar molar adjustment factors for the various partially methylated alditol

acetates. A better approach is the use of molar response factors based on the effective-carbon-response theory. 141 For

amino sugar derivatives quite often lower FID responses have been observed, as compared to the neutral sugar

derivatives.
2.01.5 Modification/Degradation Procedures for Polysaccharides

When analyzing polysaccharide chains, the study of modified polysaccharides or fragments of the native/modified

polysaccharides form important parts of the total strategies to construct the ultimate polysaccharide structures. Over

the years several chemical/enzymatic modification and degradation procedures have been developed. Figure 17 gives

an impression of a number of these methodologies, which will be discussed in more detail in this section. Modification/

degradation procedures are generally chosen on the basis of initial monosaccharide linkage analyses. Comprehensive

reviews are available from the older literature.142–14 4
2.01.5.1 Uronic Acid Reduction

In planning strategies for the analysis of uronic-acid-containing polysaccharides, it can be useful to reduce the carboxyl

function of the uronic acid constituents. As indicated already in Section 2.01.4, uronic acid derivatives are not detected

in the GLC-based methylation analysis, when using partially methylated alditol acetate protocols. This is due to the

low volatility of these derivatives, having a nonesterified carboxyl function at the end of the chemical derivatization

procedure. In order to circumvent these problems, over the years mainly two reduction protocols have become in use,

which will be illustrated below.

In the first approach (Figure 18a), the native uronic-acid-containing polysaccharide is converted into the

corresponding neutral polysaccharide via activation of the carboxyl function(s) with a carbodiimide, for example,

N1-cyclohexyl-N3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMC) or N1-ethyl-N3-(dimethylami-

nopropyl)carbodiimide (EDC) in water, and subsequent reduction with NaBH4 or NaBD4.
145,146 Frequently, several

consecutive treatments are needed to obtain complete reduction. The application of NaBD4 as reducing agent leads to

the incorporation of two D atoms at the carboxyl-group-derived primary hydroxyl function(s). In this way, in the
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methylation analysis, alditols derived from alduronic acids can be distinguished by EI/MS from alditols derived from

the corresponding native aldoses. The pseudonative polysaccharide can be analyzed in parallel with the native

polysaccharide.

In the second approach (Figure 18b), directly related with the methylation analysis protocols, the uronic-acid-

containing polysaccharide is permethylated, then the methyl ester groups are reduced with LiAlH4 or LiAlD4 in

diethyl ether or tetrahydrofuran,147 with NaBH4 or NaBD4 in 95% ethanol-oxolane (27:73, v/v),119 or with Li(Et3)BH

or Li(Et3)BD in tetrahydrofuran.148,149 Again the deuterium-labeled reducing agent is used to mark the monosaccha-

ride, derived from the corresponding uronic acid. In case small oligosaccharides have to be reduced, NaBH4 or NaBD4

in p-dioxane-ethanol is usable.

An application of both approaches can be found in the study on the structural analysis of the Klebsiella type 57

CPS.150 This polysaccharide will also be used in some of the following sections to illustrate different degradation

procedures.

[→3)-a-D-GalpA-(1→2)-a-D-Manp-(1→3)-b-D-Galp-(1→]n

a-D-Manp-(1→4)
2.01.5.2 Partial Acid Hydrolysis

In principle, partial acid hydrolysis of polysaccharide chains generates mixtures of oligosaccharides that can be

fractionated by size-exclusion chromatography and different forms of HPLC. The identification of the oligosacchar-

ides follows from monosaccharide analysis, linkage analysis, different forms of mass spectrometry (see Chapter 2.02),

and different forms of NMR spectroscopy (see Chapter 2.03). Nowadays, partial acid hydrolysis is mainly used in the

analysis of bacterial and plant polysaccharides. In the case of bacterial polysaccharides with repeating units, over-

lapping fragments can be created. Often the rate of hydrolysis of the various glycosidic linkages does not differ

significantly, so that complex mixtures are obtained. In several cases, however, attractive differences between the

stability/lability of glycosidic linkages do occur.

A typical example comprises the partial acid hydrolysis of the EPS of Lactococcus lactis subspecies cremoris H414,

having the structure

[→4)-b-D-Galp-(1→3)-b-D-Galp-(1→4)-a-D-Galp-(1→]n .

b-D-Galp-(1→3)-b-D-Galp-(1→3)
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The methodologies to establish the complete structure of this EPS included monosaccharide analysis with D/L

determination, methylation analysis, Smith degradation, partial acid hydrolysis, MS, and 1 H NMR spectroscopy. 151 In

the partial acid hydrolysis, a series of eight different linear and branched fragments were isolated, varying from tri- to

heptasaccharides (hydrolysis conditions: 0.5 M trifluoroacetic acid, 24 h, 60 � C), illustrating the absence of a strong
specificity.

Partial acid hydrolysis of polysaccharides, containing uronic acids, yields, due to the relative stability of HexA

(a/b1-x) linkages, oligosaccharide fragments with HexA as the nonreducing unit. The increased stability of the

aldobiuronic acids to acid hydrolysis is still not well understood. When applied to the CPS of Klebsiella type 57, of

which the structure

[→3)-a-D-GalpA-(1→2)-a-D-Manp-(1→3)-b-D-Galp-(1→]n

a-D-Manp-(1→4)

was elucidated by using monosaccharide analysis including D/L determination, linkage analysis, uronic acid degrada-

tion, partial acid hydrolysis, modified Smith degradation of carboxyl-reduced CPS, MS, and 1 H NMR spectroscopy,150

two oligosaccharides were isolated, namely, a-D-Gal pA-(1 !2)- D-Man p and a-D-Gal pA-(1 !2)- a-D-Man p-(1! 3)-D -

Galp (hydrolysis conditions: 0.25 M sulfuric acid, 8 h, 100 �  C). When applied to the CPS of Streptococcus pneumoniae

serotype 3, having the structure

[! 3)-b-D -GlcpA-(1 ! 4)-b-D -Glcp-(1 !]n

a series of fragments containing one to seven [! 3)-b-D -GlcpA-(1 ! 4)-b-D-Glc p-(1! ] repeating units could be isolated

(hydrolysis conditions: 0.6 M trifluoroacetic acid, 3 h, 100 �  C).152

Partial acid hydrolysis of polysaccharides, containing 2-amino sugars, yields, due to the relative stability of HexN

(a/b1-x) linkages, oligosaccharide fragments with HexN as the nonreducing unit. The stability of the glycosidic

linkage is due to the inductive effect of the positive-charged nitrogen function formed in acid solution. In most

polysaccharides the amino function is N-acylated; to take advantage of the stability of HexN(a/b1-x) linkages, the
polysaccharide should be de-N-acetylated (see Section 2.01.5.7).

Typical examples wherein use can be made of relatively labile glycosidic linkages in the partial acid hydrolysis

are polysaccharides containing 6-deoxyhexoses (e.g., Rha), 2-deoxyaldoses, 3,6-dideoxyhexoses (e.g., Abe), 2-keto

sugars (e.g., Fru, Sia, and Kdo), and aldofuranoses (e.g., Araf, Ribf, and Galf ). In this context, it is interesting

to note that the polysaccharide component of an LPS can be separated from the lipid component by selective

hydrolysis of the acid labile glycosidic linkages of Kdo residues (0.1M acetic acid, 90min, 100�C).153 For the release

of sialic acids from glycoconjugates, relatively mild acidic conditions can also be applied, for example, 2M propionic

acid (4h, 80�C).86,87 An example associated with Rha is the EPS of Lactobacillus sake 0–1, of which the structure

b-D-Glcp-(1→6)

[→4)-b-D-Glcp-(1→4)-a-D-Glcp-(1→3)-b-L-Rhap-(1→]n

sn-glycerol-(3→P→4)-a-L-Rhap-(1→3)

Ac0.85→2)

has been elucidated by using monosaccharide analysis including D/L determination, methylation analysis, partial acid

hydrolysis, de-O-acetylation, deglycerophosphorylation, and 1-D/2-D NMR (1H, 13C, and 31P) studies.154 In the

context of these studies, partial acid hydrolysis (0.3M trifluoroacetic acid, 2h, 100�C) yielded besides glycerol,

1-phosphoglycerol, Rha, and Glc, the tetrasaccharide b-D-Glcp-(1!4)[b-D-Glcp-(1!6)]-a-D-Glcp-(1!3)-L-Rhap.

Several cases of solvolysis of polysaccharides with 48%HF have been reported in the literature. A typical example is

the degradation of the CPS of Neisseria meningitidis serogroup H, having the structure

[!4)-a-D-Galp-(1!2)-Glycerol-(3!P!]n.

Incubation of the polysaccharide with 48% HF (48h, 4�C) yielded a-D-Galp-(1!2)-glycerol.155 Using 48% HF

(4 days, –16�C), the CPS of S. pneumoniae serotype 6B, having the structure

[!2)-a-D-Galp-(1!3)-a-D-Glcp-(1!3)-a-L-Rhap-(1!4)-D-Rib-ol-(5!P!]n

yielded an octasaccharide built up from two repeating units: a-D-Galp-(1!3)-a-D-Glcp-(1!3)-a-L-Rhap-(1!4)-D-

Rib-ol-(5!P!2)-a-D-Galp-(1!3)-a-D-Glcp-(1!3)-a-L-Rhap-(1!4)-D-Rib-ol.156 When carrying out the reaction for

48h at 4�C, besides the octasaccharide, the nonphosphorylated repeating unit, a-D-Galp-(1!3)-a-D-Glcp-(1!3)-a-L-
Rhap-(1!4)-D-Rib-ol, was obtained.
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2.01.5.3 Partial Alkaline Hydrolysis

Alkaline conditions are very useful in case of the presence of phosphate groups. Incubation of the CPS of S. pneumoniae

serotype 6B (for structure, see Section 2.01.5.2) with 10 mM NaOH (72 h, 85 �  C) yielded the phosphorylated repeating
unit: a-D -Galp2P -(1! 3)-a-D -Glcp-(1! 3)-a- L-Rha p-(1! 4)-D-Rib-ol. 156
2.01.5.4 Acetolysis

Acetolysis is generally carried out in a mixture of acetic anhydride, acetic acid, and sulfuric acid. 157 Under such

conditions (1-6)-linkages between pyranosidic ring forms are preferably cleaved. Typical examples have been reported

for dextrans and for yeast mannans, 142 as is shown for the acetolysis of a highly branched mannan

→6)-a-D-Manp-(1→6)-a-D-Manp-(1→

a-D-Manp a-D-Manp

2

1

2

1

a-D-Manp

2

1

yielding peracetylated Man( a1-2)Man and Man( a1-2)Man( a1-2)Man, and after de-O-acetylation the free oligosac-

charides. A mechanism has been proposed, whereby the cleavage of the glycosidic bond in the peracetylated

carbohydrate chain is initiated by the reaction of an acetyl cation with the ring O atom, leading to ring opening.
2.01.5.5 Uronic Acid Degradation

Over the years, in the structural analysis of carbohydrate chains use has been made of chemical degradations based

upon b-elimination reactions. 142,143,158 On treatment with base several kinds of groups in b-position to an electron-
withdrawing group, such as a carbonyl, a carboxylic ester, an amide, or a sulfone group, are eliminated. In these

reactions the presence of an H atom in a-position to these groups is essential. The alkaline degradation of reducing

sugars, which also includes epimerization reactions at C2, and the alkaline lability of Hex(1-3)Hex bonds at the

reducing end form classical examples of this type of reactions. In the context of this overview, only two degradations

based upon b-elimination will be worked out, as they are very important in carbohydrate analysis strategies: (1) the

uronic acid degradation of permethylated uronic-acid-containing polysaccharides, and (2) the alkaline borohydride

treatment of O-glycoproteins. The latter methodology will be discussed in Section 2.01.6.2.

During the permethylation of uronic-acid-containing polysaccharides, the carboxyl function of the uronic acids

is esterified, and an electron-withdrawing group is created. As is illustrated in Figure 19, treatment of such a

polymer with base (sodium methoxide in methanol; sodium or potassium methylsulfinylmethanide in dimethyl

sulfoxide) leads to the elimination of the substituent at C4. It should be noted that elimination does not occur

during the permethylation step, presumably because the strong base is rapidly decomposed when excess methyl

iodide is added. The needed anhydrous conditions are created by the addition of 2,2-dimethoxypropane and a

catalytic amount of p-toluenesulfonic acid. After the base treatment, a mild acid hydrolysis step is introduced to

cleave the glycosidic bond at C1, as well as to eliminate the substituents at C2 and C3.159 The necessity of the mild

acid treatment as a follow-up of the alkaline treatment to realize the additional cleavages has been discussed

several times.160,161

As shown in Figure 20, alkaline treatment of the permethylated CPS of Klebsiella type 57 (see the following

structure)150 yielded partially methylated a-D-Manp-(1!3)-D-Galp. In fact, the free OH group at C2 of the Manp

residue reflects the (1-2)-linkage between GalpA and Manp, whereas the reducing Gal unit reflects the connection

with GalpA.

[→3)-a-D-GalpA-(1→2)-a-D-Manp-(1→3)-b-D-Galp-(1→]n

a-D-Manp-(1→4)

A second example is the uronic acid degradation applied to the EPS of Lactobacillus acidophilus LMG9433, having

the structure



O

CH2OMe

MeO

MeO

O

CH2OMe

OMe

MeO
O

COOMe

O

O

CH2OMe

O

O

O

OMe

OMe

Base

MeO O

OMe

O

CH2OMe

MeO

MeO

O

CH2OMe

OMe

MeO
O

COOMe

O

CH2OMe

O

O

O

OMe

OMe

MeO O

OH

O

CH2OMe

OMe

MeO

OH

O

CH2OMe

O OMe

MeO

OH
Base/acid

Figure 20 Schematic presentation of the uronic-acid degradation of the permethylated CPS of Klebsiella type 57.

O

COOMe

COOMe

COOMe COOMe

H
OR3

OR3

OR3 OR3

R4O R4O

OR2

OR2

OR2

OR1OR1OR1

OR1

Base
O O

+   R4OH

OR2

Mild acid
R1OH   +   R2OH   +   R3OH   +   Degradation products

O

−

Figure 19 Simplified reaction mechanism of the uronic-acid degradation of permethylated uronic-acid-containing

glycans.

Strategies for the Structural Analysis of Carbohydrates 27
[→4)-b-D-GlcpA-(1→6)-a-D-Glcp-(1→4)-b-D-Galp-(1→4)-b-D-Glcp-(1→]n .

b-D-GlcpNAc-(1→3)

The methodologies to establish the complete structure of the EPS comprised monosaccharide analysis including

D/L determination, methylation analysis, uronic acid degradation, de-N-acetylation – deamination, partial acid hydrolysis,

and 1-D/2-D 1H and 13C NMR spectroscopy.162 In the context of these studies, following the uronic acid degradation

protocol, permethylation (CH3I) of the EPS, followed by base treatment and subsequent remethylation with

CD3I yielded permethylated b-D-GlcpNAc-(1!3)[a-D-Glcp6OCD3-(1!4)]-b-D-Galp-(1!4)-D-Glcp-(1!OCD3.
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2.01.5.6 Periodate Degradation/Smith Degradation

One of the most classical chemical degradation procedures in glycoscience is the periodate oxidation.142,143 In the

early days mainly the periodate consumption and the quantities of the small molecules generated by the oxidation,

such as formic acid and formaldehyde, were determined, and the data extrapolated to propose native carbohydrate

structures. Nowadays, having available the MS and NMRmethodologies, the products that remain after the periodate

oxidation are analyzed, and used in establishing native glycan structures.

Periodate cleaves selectively C–C linkages in 1,2-diols, a-hydroxy-aldehydes, a-hydroxy-ketones, diketones, and
a-hydroxy-amines. When used in polysaccharide analysis, it is very important that the oxidation of the glycol groupings

is complete, and that no overoxidation takes place. The latter can be excluded when the reactions are carried out at

4�C in the dark, using sodium metaperiodate at pH �4. The reaction mechanism comprises the formation of cyclic

intermediates, yielding finally dialdehydes. This means that in pyranose ring forms only complexes can be formed for

vicinal OH groups in axial–equatorial and equatorial–equatorial orientations, although in the latter case the formation

occurs more slowly. In rigid axial–axial orientations the complex formation cannot take place. Similar rules hold also for

furanose ring forms. Generally, the oxidation is directly followed by a reduction with NaBH4, also in order to inhibit

the formation of inter-residue hemiacetals.

Themost applied methodology is the Smith degradation, involving periodate oxidation followed by reduction of the

oxidized material with NaBH4, and subsequent mild acid hydrolysis.163 In this reaction sequence, before reduction

the excess of periodate is destroyed by ethylene glycol; in the mild acid hydrolysis step, generated acyclic acetal

groupings are much faster hydrolyzed than native glycosidic linkages. The final carbohydrate products contain small

fragments, such as C2–C4 polyols, glycolaldehyde, and glyceraldehyde, derived from the oxidized residues. These

aglycones provide structural information concerning the monosaccharide residues from which they are derived, for

example, a 2-substituted tetritol stems from a 4-substituted hexopyranose, a 2-substituted glycerol from a 4-substituted

pentopyranose, a 1-substituted glycerol from a 6-substituted hexopyranose or a 5-substituted pentofuranose, and a

2-substituted glyceraldehyde from a 2-substituted hexo- or pentopyranose. In the following a few examples of periodate

oxidation protocols will be presented, including information on the formation of byproducts, due to acetal migration.

Figure 21 depicts the Smith degradation of the carboxyl-reduced CPS of Klebsiella type 57. It includes periodate

oxidation and subsequent reduction with NaBH4, followed by mild acid hydrolysis, and reduction with NaBH4,

yielding a product that can be analyzed by linkage analysis, MS, and NMR spectroscopy. However, in order to exclude

possible acetal migration during the mild hydrolysis step, in the original paper,150 a modified Smith procedure was

applied (Figure 22). Here, the oxidized (0.2M metaperiodate/0.1M sodium acetate buffer, pH 3.9; 120h, 40�C) and
reduced (NaBH4) biopolymer was permethylated with CH3I, followed by mild acid hydrolysis, reduction with NaBD4

(in p-dioxane-ethanol), and remethylation with CD3I, yielding a product that has been identified by linkage analysis,

MS, and NMR spectroscopy. In both cases, the partial structure b-D-Galp-(1!3)-a-D-Galp-(1!2)-glycerol is gener-

ated, contributing to the elucidation of the final structure of the native polysaccharide.

[→3)-a-D-GalpA-(1→2)-a-D-Manp-(1→3)-b-D-Galp-(1→]n

a-D-Manp-(1→4)

Note that the methylated product in Figure 22 reflects original substitutions at O3 of Galp and O4 of GalpA-derived

Galp (presence of OCD3 groups); the deuterated glycerol unit reflects the original 2-substituted Manp.

A second example deals with the Smith degradation of the EPS of L. lactis subspecies cremoris H414 (for the

structure, see below).151 Periodate oxidation followed by reduction with NaBH4, mild acid hydrolysis, and finally

NaBD4 reduction will give b-D-Galp-(1!3)[b-D-Galp-(1!4)]-a-D-Galp-(1!2)-threitol, that could be identified by

monosaccharide analysis, methylation analysis, MS, and NMR spectroscopy. However, besides this product, during

the mild acid hydrolysis step three side-products were formed: two cyclic O-(2-hydroxyethylidene) derivatives of the

tetrasaccharide-alditol (acetal migration) and the trisaccharide-alditol b-D-Galp-(1!3)[b-D-Galp-(1!4)]-D-Gal-ol-1-d

(glycosidic linkage hydrolysis) (Figure 23).

[→4)-b-D-Galp-(1→3)-b-D-Galp-(1→4)-a-D-Galp-(1→]n

b-D-Galp-(1→3)-b-D-Galp-(1→3)

A third example focuses on the Smith degradation of the EPS of Streptococcus thermophilus S3, having the structure

b-D-Galf 2Ac0.4-(1→6)

            [→3)-b-D-Galp-(1→3)-a-D-Galp-(1→3)-a-L-Rhap-(1→2)-a-L-Rhap-(1→2)-a-D-Galp-(1→]n .

The methodologies to establish the structure comprised monosaccharide analysis including D/L determination,

linkage analysis, 1-D/2-D 1H and 13C NMR studies on the native and de-O-acetylated material, together
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Figure 21 Schematic presentation of the Smith degradation of the carboxyl-reduced CPS of Klebsiella type 57.
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with nanoES-CID tandem MS studies on oligosaccharides generated by a modified Smith degradation protocol.164

Figure 24 depicts the structure of the tetrasaccharide-alditol obtained after periodate oxidation of the EPS, and

subsequent reduction with NaBH4, methylation with CH 3 I, mild acid hydrolysis, reduction with NaBD 4 , and finally

perdeuteromethylation with CD3 I. Note that the native Galf residue is converted into an Araf residue, demonstrating

the resistance of the trans-oriented OH groups in the furanose ring form of Gal during the oxidation; only the side

chain had been oxidized. The deuterated methyl group at O3 of the b-Gal residue reflects the original hexosyl

substitution. It should be noted that in theory a pentasaccharide-alditol should be expected (included in the figure),

but as Rha(1-x) linkages are relatively labile to acid treatment, the residual glyceraldehyde is released during the mild

acid hydrolysis, yielding Rha as free reducing unit. Besides the main product several other products were detected,

that is, oligosaccharides missing Araf (corresponding with Galf ).

A fourth example shows the use of the Smith degradation in the analysis of complex glycoprotein N-glycans of the

aD-hemocyanin of Helix pomatia. 65 These N-glycans contain, among others, partially methylated antennas having

the structure

Gal3Me(b1-6)Gal3Me(b1-3)GalNAc(b1-4)GlcNAc(b1-2)Man(a1- .

Gal3Me(b1-6)

The total N-glycosylation pattern analysis included studies on released oligosaccharides (see Section 2.01.6.3) using

monosaccharide analysis, linkage analysis, Smith degradation, FAB-MS, and 1H NMR spectroscopy. Subjection of a

pronase digest of the glycoprotein to periodate oxidation, followed by reduction with NaBH4, mild acid hydrolysis, and

reduction with NaBH4, yielded two major oligosaccharides that turned out to be

Gal3Me(b1-6)Gal3Me(b1-3)GalNAc(b1-4)GlcNAc(b1-2)Gro

Gal3Me(b1-6)

and the product containing glyceraldehyde 30-hydroxypropylene diacetal instead of glycerol (Gro).
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2.01.5.7 De-N-acetylation – Deamination

One of the classical organic chemical reactions is the conversion of primary amines into primary diazonium salts by

using aqueous nitrous acid (diazotization). The subsequent release of N2 yields final products that are quite varied,

being dependent upon the nature of the organic substituent attached to the amino group. In carbohydrate chemistry,

the reaction of nitrous acid with 2-amino-2-deoxyhexoses has been broadly reviewed.142,143,165,166 Deamination of

2-amino-2-deoxyhexopyranosides with the amino group in equatorial position in the most stable chair conformation
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yields 2,5-anhydrohexose residues. In this way, 2-amino-2-deoxy-D-glucopyranosides and 2-amino-2-deoxy-D-galac-

topyranosides are converted into 2,5-anhydro-D-mannose and 2,5-anhydro-D-talose, respectively. The rearrangement

involves the attack of O5 upon the intermediate diazonium ion, release of N2 and cleavage of the C1-O5 bond,

yielding a resonance-stabilized C1 carbocation. By reaction with water, the latter intermediate is converted into an

aldehyde function, thereby releasing the aglycone (Figure 25a). Besides this major pathway, in the case of 2-amino-

2-deoxyglucopyranoside a minor pathway has been observed, involving an attack of C4 upon the intermediate

diazonium ion, yielding a 2-deoxy-2-C-formyl-D-ribo-(and D-arabino-)furanosyl unit (Figure 25b). An eventual

substituent at C3 will be released during this rearrangement. Note that both O5 and C4 occur in a trans- and

antiparallel orientation to the N2
þ function. The deamination of 2-amino-2-deoxyhexopyranosides with the amino

group in axial position in the most stable chair conformation is more complex. Starting from a 2-amino-2-deoxy-

D-mannopyranosyl unit in an oligosaccharide, besides complex rearrangement products, a D-glucopyranosyl unit has

been detected.

As 2-amino-2-deoxyaldoses mainly occur as N-acetylated derivatives in polysaccharides, to incorporate the deami-

nation reaction in structural analysis strategies, de-N-acetylation has to precede deamination. N-Sulfated amino sugar

residues can be deaminated without desulfation. Several de-N-acetylation protocols are available, for example,

treatment with anhydrous hydrazine-hydrazine sulfate, or NaOH in aqueous dimethyl sulfoxide with sodium thio-

phenolate as catalyst/oxygen scavenger.167 In view of the formed aldehydes after deamination, usually a reduction

with NaBH4 or NaBD4 is included.

In a first example, the use of the de-N-acetylation – deamination protocol will be illustrated for the debranching of a

branched EPS from Streptococcus macedonicus Sc136.168 The structure of the EPS was determined by monosaccharide

analysis including D/L determination, methylation analysis, mild acid hydrolysis, de-N-acetylation – deamination, and

1-D/2-D 1H and 13C NMR spectroscopy, showing the repeating unit to be

b-D-Galf-(1→6)-b-D-Glcp-(1→6)-b-D-GlcpNAc-(1→3)

[→4)-a-D-Glcp-(1→4)-b-D-Galp-(1→4)-b-D-Glcp-(1→]n .

In the context of these studies, de-N-acetylation, carried out with anhydrous hydrazine containing hydrazine

sulfate, and subsequent deamination, carried out with NaNO2 in aqueous acetic acid, yielded a debranched polysac-

charide with the structure

[!4)-a-D-Glcp-(1!4)-b-D-Galp-(1!4)-b-D-Glcp-(1!]n

and (after reduction) the modified side-chain trisaccharide

b-D-Galf-(1!6)-b-D-Glcp-(1!6)-2,5-anhydro-D-Man-ol.

The additional finding of b-D-Glcp-(1!6)-2,5-anhydro-D-Man-ol was due to the acid lability of the Galf-Glc linkage.

The second example shows the use of the de-N-acetylation – deamination protocol in generating a repeating unit

from the EPS of S. thermophilus 8S,169 having the structure

[!4)-a-D-Galp-(1!2)–b-D-Ribf-(1!4)-b-D-Galp-(1!4)-b-D-Glcp-(1!7’)-Sug-(1!4)-b-D-GalpNAc-(1!]n

in which Sug is 6-O-(30,90-dideoxy-D-threo-D-altro-nononic acid-20-yl)-a-D-Glcp.

The structural analysis involved monosaccharide analysis including D/L determination, methylation analysis, de-N-

acetylation – deamination, MS, 1-D/2-D 1H and 13C NMR spectroscopy, and molecular modeling. In the context of

this study, the de-N-acetylation – deamination (anhydrous hydrazine containing hydrazine sulfate) – borodeuteride

reduction protocol yielded the modified repeating unit

a-D-Galp-(1!2)-b-D-Ribf-(1!4)-b-D-Galp-(1!4)-b-D-Glcp-(1!7’)-Sug-(1!4)-2,5-anhydro-D-Tal-ol-1-d.

Figure 26 shows a schematic picture of the degradation reactions, whereas Figure 27 presents the positive-ion

mode nanoES-CID tandem mass spectrum of the pseudomolecular ion of the oligosaccharide-alditol.
2.01.5.8 R/S Configuration Determination of Pyruvic Acid Acetals

Pyruvic acid, linked as a cyclic acetal to a monosaccharide constituent, occurs frequently in polysaccharides, but it has

also been detected in glycoconjugate glycan chains. Typical examples are 4,6-pyruvated D-Glc, D-Man, and D-Gal,

3,4-pyruvated D-Gal and L-Rha, and 2,3-pyruvated D-Gal and D-GlcA. The pyruvic acid acetal carbon C2 is chiral,
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and both the R- and S-configuration have been found in pyruvated monosaccharides, for example, 4,6-O-[(R)-

1-carboxyethylidene]-a-D-galactopyranose and 4,6-O-[(S)-1-carboxyethylidene]-b-D-mannopyranose. As is evident

from Figure 28, in both examples the methyl group occupies the equatorial position.

The R/S-configuration of pyruvates can be determined by 1H and 13C NMR spectroscopy.170 In the case of 4,6-O-

pyruvated D-Glc residues, the R-configuration corresponds with a 1H CH3 signal at d 1.65–1.68, and the S-configura-

tion with a 1H CH3 signal at d 1.48–1.50. For 4,6-O-pyruvated D-Gal residues the values for the R- and S-configuration

are d 1.46–1.52 and d 1.66, respectively. Note that in fact the range d 1.46–1.52 corresponds with an equatorial

orientation of the methyl group, and the range d 1.65–1.68 with an axial orientation. The 13C values of the methyl

groups are even more pronounced: d�18 for axial methyl groups (R in D-Glc and S in D-Gal), and d 26–27 for

equatorial methyl groups (S in D-Glc and D-Man, and R in D-Gal). In the case of 3,4-O-pyruvated D-Gal residues the

situation is more complicated. In their reduced form (3,4-O-hydroxyisopropylidene group), significant differences

have been observed for the R- (dCH3 1.30; dCH3 21.8) and S- (dCH3 1.42–1.46; dCH3 23.5–24.3) configuration; for

naturally occurring 3,4-O-pyruvated D-Gal (methyl group in endo-orientation) only data corresponding with the S-form

are known: dCH3 1.41–1.60; dCH3 24.6–25.5. NMR data of synthetic model compounds have been reported;171,172

included references on several polysaccharide studies give insight into the natural stereochemical orientations.

A typical study of an extracellular polysaccharide, containing two pyruvated hexoses, is a further example of such

analyses.173
2.01.5.9 Enzymatic Degradation Procedures

When available, polysaccharides can be converted very efficiently into oligosaccharide mixtures by endo-glycanases

(hydrolases) or lyases. In subsequent steps, the generated mixtures are fractionated and investigated by monosaccha-

ride analysis, methylation analysis, MS, and NMR spectrosocopy.

Especially in the field of plant polysaccharides, a plethora of endo-glycanases are known: families of xylanases,

amylases, cellulases, pectinases, polygalacturonases, arabinanases, galactanases, pullulanases, etc. In many structural

studies of plant polysaccharides, these hydrolytic enzymes have shown to be of great value; the identified fragments,

derived from these incubations, are essential in the creation of structural models. But also lyases play firm roles in
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creating oligosaccharide mixtures. Typical examples are pectate lyase that cleaves R1-4)GalpA(b1-4)GalpA(b1-R2

linkages in pectins, thereby generating R1-4)GalpA and D4,5HexpA(a1-R2 fragments, and chondroitinase or heparinase

that cleave R1-x)HexpNAc(b1-4)GlcpA(b1-R2 linkages in chondroitin sulfate or heparin, respectively, thereby gen-

erating R1-x)HexpNAc and D4,5HexpA(a1-R2 fragments (D4,5HexpA¼4-deoxy-L-threo-hex-4-enopyranuronic acid).

Furthermore, bacteriophage-associated endoglycanases and lyases have been used in the structural analysis of

bacterial polysaccharides from different strains.174 The hydrolytic or lyatic (at HexA; see above) cleavage leads to a

depolymerization of the polysaccharides into repeating units. Unfortunately, so far the availability of this type of

enzymes is very limited, but that is mainly due to the lack of investigations.
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2.01.6 Generation of Glycopeptides and Glycoprotein Glycans

The generation of information about glycoprotein glycosylation can be carried out at different levels of increasing

detail. The choice of the level depends largely on the research request. Quite often researchers are only interested

in the question: Is my protein glycosylated? Here, procedures such as enzymatic release of N-glycans (see Section

2.01.6.3) in combination with SDS-PAGE or MALDI-TOF MS, N,O-glycan detection assays based on lectins

(see Section 2.01.7.7), or amino acid analysis before and after alkaline borohydride treatment for O-glycans (see

Section 2.01.6.2) are sufficient. Another level can be the interest in the type of N-glycosylation: oligomannose type

versus complex type. Here, the results of incubation with N-glycan releasing enzymes, oligomannose-type speci-

fic versus enzymes with a broad specificity, can be evaluated by SDS-PAGE, and specific lectin microarrays (see

Section 2.01.7.7) can also be applied. On a higher level, researchers can be interested in detailed structures, and

here fractionation procedures, profiling technologies, MS, and NMR spectroscopy come into the picture (see

Section 2.01.7). For quality control of therapeutic glycoprotein glycosylation or changes in glycosylation in health

and disease, HPLC, CE, or MS profiling technologies are perfect approaches, however, at a stage that in previous

research the basic patterns have been elucidated. Figure 29 presents a schematic setup of a fractionation/purification

strategy, that can be followed up by a great variety of analysis protocols, as discussed in Sections 2.01.5 and 2.01.7

(see also Table 1).
2.01.6.1 Proteolytic Digestion of Glycoproteins

In the structural analysis of glycoprotein N- and O-glycans, the proteolytic digestion yielding glycopeptides plays an

important role. Although quite often a first interest is focused on the knowledge of the total ensemble of glycan chains,

for site-specificity studies, that is, the glycosylation pattern per glycosylated Asn or Ser/Thr residue, glycopeptides are

a prerequisite.

In order to prepare glycopeptides, enzymatic as well as chemical procedures can be followed, with a preference

for enzymes. Proteolytic hydrolysis may be performed either on native or on denatured glycoproteins.175 For the

denaturation, convential protocols are applied from the protein field, such as reduction of S–S bridges followed by

carboxymethylation of the generated thiol functions. Table 5 presents an overview of proteolytic enzymes that are

used to digest (glyco)proteins. In the case of glycan-site-specificity studies, in general enzymes with a restricted amino
Glycosylation sites analysis Glycoprotein analysis Glycan analysis

Glycoprotein

Proteolytic digestion

Monosaccharide
analysis

Release of N-glycans

De-N-glycosylated protein

Amino acid analysis

GlycansGlycopeptides Peptides

Release of glycans

Glycans

Deglycosylated peptides

Amino acid sequence analysis

Fractionation
Purification
Structural analysis

Release of O-glycans

Figure 29 Strategies for the preparation of glycoprobes for structural analysis.



Table 5 Some proteolytic enzymes to generate glycopeptides from glycoproteins36

Enzyme Source pH optimum Specificity

Carboxypeptidase A Bovine pancreas 7.0–8.0 Successive cleavage from

C-terminus

Slow for Gly, Asp, Glu, Cys

Does not act at Arg, Lys, Pro, Hyp

Carboxypeptidase B Porcine/hog pancreas 7.0–9.0 Successive cleavage from

C-terminus of basic amino

acids (Lys, Arg)

Chymotrypsin (a) Porcine/bovine pancreas 7.5–8.5 C-terminal bonds of Tyr, Phe, Trp

Slow for Met, Leu, Ala, Asp, Glu

Endoproteinase Arg-C Mouse submaxillaris glands 8.0–8.5 Carboxylic side of Arg

Clostridium histolyticum
Endoproteinase Asp-N Pseudomonas fragi (mutant) 7.0–8.0 Amino side of Asp (Glu) and cysteic

acidClostridium histolyticum
Endoproteinase Glu-C

(V-8 protease)

Staphylococcus aureus V8 4.0 and 7.8 Carboxylic side of Glu (and Asp)

Endoproteinase Lys-C Lysobacter enzymogenes 8.5–8.8 Carboxylic side of Lys

Papain Carica papaya 6.0–7.0 Arg, Lys, Glu, His, Gly, Tyr

Total hydrolysis on prolonged

incubation

Does not act at acidic residues

Pepsin Pig gastric mucosa 2.0–4.0 Preferentially carboxylic side of

Phe, Met, Leu, Trp

Tyr-X and X-Val/Ala/Gly are

relatively resistant

Pronase Streptomyces griseus 7.5–8.0 Total hydrolysis

Subtilisin Bacillus subtilis 7.0–8.0 Total hydrolysis

Bacillus licheniformis Preferentially Asp, Glu, Ala,

Gly, Val

Thermolysin Bacillus thermoproteolyticus 7.0–9.0 Low cleavage specificity

Ile, Leu, Met, Phe, Trp, Val, Ala

Trypsin Bovine/hog pancreas 7.5–8.5 Carboxylic side of Arg, Lys

Reproduced with permission from Gerwig, G. J.; Vliegenthart, J. F. G. Proteomics in Functional Genomics. Jollès, P.;

Jornvall, H., Eds. Birkhauser Verlag: Basel, Switzerland, 2000; pp 159–186.
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acid specificity are chosen, so that larger peptides are created. Especially trypsin, chymotrypsin, and endoproteinase

Glu-C are frequently seen. But it should be noted that often incomplete and aspecific proteolytic cleavages do occur

that give rise to unexpected complex mixtures of (glyco)peptides. Furthermore, when O-glycans are linked to

neighboring Ser/Thr residues, enzymatic cleavage does not lead to glycopeptides containing individual glycosylation

sites. The nonselective enzyme pronase, which is a mixture of endo- and exo-peptidases, is most often used to obtain

glycoamino acids or glycopeptides with a very short polypeptide chain.

The generated mixtures of (glyco)peptides can be used in different ways for further studies. Quite often isolation

protocols are followed by using anion-exchange or (reversed-phase) HPLC (see Section 2.01.7.1), and analysis by

LC-MS methodologies is also used (see Section 2.01.7.6). Furthermore, affinity chromatography using lectins (see

Section 2.01.7.1.2) and CE (see Section 2.01.7.1) are applied. Classical examples using the glycopeptide approach

comprise the structural analysis of glycopeptides by monosaccharide analysis, methylation analysis, and 1 H NMR

spectroscopy of, for instance, a1-acid glycoprotein 
176 and soybean agglutinin. 177 Specific glycopeptides can be sub-

jected to chemical (see Section 2.01.6.2) and/or enzymatic (see Sections 2.01.6.3 and 2.01.6.4) procedures that release

the ensembles of carbohydrate chains, in order to elucidate the already-mentioned glycan-site specificity.
2.01.6.2 Chemical Release of Glycoprotein N- and O-Glycans

Hydrazinolysis or alkaline hydrolysis can be applied to releaseN-glycans fromAsn andO-glycans from Ser or Thr in the

peptide backbone. O-Linkages, wherein hydroxylysine or hydroxyproline are involved, are stable in alkaline solution.
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In the hydrazinolysis procedure applied to N-glycoproteins, the protein is completely destroyed. The peptide

linkages are cleaved, yielding initially amino acid hydrazides, and the N-glycans are released as depicted in Figure 30 .

The N - and O-acetyl groups present are lost, whereas a partial loss of sulfate, phosphate, and N -glycolyl groups

has been observed. The method was introduced in 1974.178 Subsequently, a modified and optimized procedure for

releasing Asn-linked N-glycans, including a workup protocol to obtain oligosaccharide-alditols, was developed. 179,180

The procedure comprised incubation of glycoprotein or glycopeptide material with anhydrous hydrazine for 8–12 h at

100 �  C, followed by re-N-acetylation in mild alkaline medium. For structural analysis, besides the conversion of the

released oligosaccharides into their corresponding oligosaccharide-alditols (reduction with NaBH4, NaBD4, or

NaBT4 ), the free oligosaccharides and their corresponding fluorescent derivatives are usual probes (see Section

2.01.7.2). Classical examples using the hydrazinolysis/re-N-acetylation/NaBH4 approach comprise the structure

elucidation of the N-glycans of, for instance, human chorionic gonadotropins,181 g-glutamylpeptidases,182 and immu-

noglobulins183 by monosaccharide analysis, methylation analysis, and size-exclusion chromatography combined with

sequential exoglycosidase digestions. Although being a successful methodology, over the years side reactions have

been reported, especially those occurring at the reducing end (e.g., modification or absence of the proximal GlcNAc

residue).184–188 Hydrazinolysis under oxygen-free argon seems to reduce this side-product formation.189 The presence

of mucin-type O-glycans in the glycoprotein sample may cause problems, since part of the O-linked chains is released

and partly degraded by the hydrazinolysis conditions as used for the release of N-glycans.190

When focusing on O-glycoproteins, a milder variant of the hydrazinolysis procedure as mentioned above for the

generation of N-glycans has been developed. The release of Ser/Thr-linked O-glycans has been realized by incuba-

tion with anhydrous hydrazine for 6h at 60�C, followed by re-N-acetylation in mild alkaline medium.191–193 Although

the exact reaction mechanism for the release of O-glycans is not known, an initial b-elimination reaction, followed

by the formation of hydrazone derivatives, is generally accepted; in principle, it is possible that traces of water catalyze

the release. It should be noted that peeling reactions occur to some extent. Typical examples using this approach

comprise the structural analysis of the O-glycans of, for instance, human glycophorin A and serum IgA1,192 and human

neutrophil gelatinase B194 by HPLC/exoglycosidase analysis of fluorescent 2-aminobenzamide-labeled derivatives.

The most frequently used methodology to generate O-glycans (cleavage of, e.g., GalNAc-Ser/Thr; Xyl-Ser; Man-

Ser linkages) is the alkaline hydrolysis in the presence of NaBH4 (alkaline borohydride treatment). As the alkaline

hydrolysis is in fact a b-elimination reaction, additional peeling reactions at C3 of the originally Ser/Thr-linked

monosaccharide can occur. Therefore, the reduction with NaBH4 is highly essential (Figure 31). In the case of

GalNAc-Ser/Thr linkages, it stabilizes the reducing end of the released oligosaccharides via conversion of GalNAc

into GalNAc-ol.195,196 Hereby, the initially formed 2-aminoacrylic acid in the case of Ser and 2-aminocrotonic acid in

the case of Thr are transformed into DL-Ala and DL-2-aminobutyric acid. Generally, the incubation is carried out with

0.1M NaOH/2M NaBH4 for 16h at 45�C,197 but many deviations in the exact reaction conditions are known in the

literature. Figure 32 shows the results of a peeling reaction, leading to the elimination of Gal in case of Gal(b1-3)
GalNAc(a1-O)Ser/Thr. Under the cleavage conditions used, O-acyl groups are lost, whereas the remaining protein is
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destructed to a high extent. The b-elimination reaction will not proceed satisfactorily if the linkage amino acid has a

free a-amino or a-carboxyl group.175 Classical examples using the alkaline borohydride approach comprise the

structural analysis of the O-glycans of, for instance, bronchial-mucus glycoproteins,198–200 proteoglycans,201 and

zona pellucida glycoproteins76 by monosaccharide analysis, methylation analysis, and 1HNMR spectroscopy. Although

the problems of degradation have been generally recognized, a few studies have been reported dealingwith nonreductive

alkaline hydrolysis. In one approach, the glycoprotein is attached to a solid support using hydrophobic interaction with
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alkali-resistant reversed-phase beads, and a flow of alkali was used to release the O-glycans; only a limited amount of

peeling was observed.202 In another approach, aqueous ammonium hydroxide (for b-elimination)-ammonium carbon-

ate (for converting released oligosaccharides into glycosylamines) was used to release O-glycans as stable glycosyla-

mines; conversion into oligosaccharides was realized through the addition of boric acid. The absence of significant

peeling was suggested.203,204 It should be noted that N-glycans may also be liberated fromN-glycoproteins by alkaline

borohydride treatment. Here, the alkaline hydrolysis results in the cleavage of the amide bonds in the side chain of

Asn and in the protein backbone. As a result, oligosaccharide-alditols as well as glycopeptides are obtained.205,206
2.01.6.3 Enzymatic Release of Glycoprotein N-Glycans

2.01.6.3.1 Peptide-N4-(N-acetyl-b-glucosaminyl)asparagine amidases
For the enzymatic release of intact glycoprotein N-glycans, two peptide-N4-(N-acetyl-b-glucosaminyl)asparagine

amidases (PNGases) are commercially available, namely, PNGase-F from Flavobacterium meningosepticum207–210 and

PNGase-A from almond emulsin.211,212 Nowadays, PNGase-F is available in recombinant form expressed in Escher-

ichia coli. Besides these two preparations, PNGases have been shown to occur widely in plant and animal cells.213,214

PNGases catalyze the hydrolysis of the b-aspartylglycosylamine linkage (GlcNAc-Asn), forming an intermediate

1-aminooligosaccharide, which is hydrolyzed nonenzymatically to ammonia and the free oligosaccharide (Figure 33).

The occurrence of the intermediate was indicated by 1HNMR analysis after N-acetylation.215 Therefore, the enzyme

is an amidase, and not an N-glycosidase. Note that in this cleavage Asn is converted into Asp, a change that will

influence the overall charge of the remaining protein.

PNGase-F is generally applicable for the release of all types of N-glycans, whether they are neutral, sialylated,

sulfated, or phosphorylated, except those bearing a Fuc(a1-3) residue at the Asn-bound GlcNAc. Of importance is that

(1) the glycosylation site is accessible to the enzyme, (2) both the carboxyl- and the amino-terminal group of the Asn

residue, bearing the glycan chain, are in peptide linkage, and (3) the length of the carbohydrate chain attached to a

glycoprotein is at least two residues. In the case of a glycopeptide, even a single GlcNAc residue linked to Asn can be

liberated, provided that both the a-amino and a-carboxyl function of the Asn residue are in peptide linkage.216

Also for PNGase-A holds that the enzyme releases all types of N-glycans, now including those with a Fuc(a1-3)
residue at the Asn-bound GlcNAc.217 However, for optimal release, it is advisable to use as substrate (carboxymethyl-

ated) glycoprotein proteolytic digests or purified glycopeptides instead of intact glycoproteins.

It is generally recognized that denaturation of a glycoprotein prior to PNGase-F incubation greatly enhances the

efficiency of the oligosaccharide release,216,218,219 and significantly decreases the amount of enzyme needed to obtain

quantitative deglycosylation. Buffer solutions contain typically ethylenediamine tetraacetic acid (EDTA), sodium

dodecylsulfate (SDS), 2-mercaptoethanol, and detergents such as Nonidet NP-40 or octyl b-D-glucopyranoside. For
O
RO

HO
NHAc

H
N

OH

C CH2 CH2 CH

O NH

O
RO

HO
NHAc

OH

O
RO

HO
NHAc

OH

OH

PNGase
NH2 HO C

O NH

C OC O

+H2O  

+

−NH3

---- Man(a1-6) Fuc(a1-6)
\ \
Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn
/

-----Man(a1-3)

CH

Figure 33 Schematic presentation of the enzymatic release of glycoprotein N-glycans, using peptide-N4-(N-acetyl-b-
glucosaminyl)asparagine amidases.
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each glycoprotein/glycopeptide the PNGase incubation conditions should be tested and, if necessary, optimized.

Therefore, it is advised to check the cleavage (optimal release) by SDS-PAGE, CE, and/or monosaccharide analysis.

Quite often, before incubation, glycoproteins are carboxymethylated. Although denaturation of glycoprotein material

is generally needed, several examples exist demonstrating that N-glycans can also be released under nondenaturing

conditions. 220 Typical examples of incubation conditions can be found in studies on the N-glycosylation patterns

of, for instance, recombinant human follitropin,221 human Tamm–Horsfall glycoprotein, 71,72 recombinant human

erythropoietin, 222 human chimeric plasminogen activator,223 vegetable foodstuffs, 224 and recombinant human C1

inhibitor.225

For the structural analysis, several approaches are followed, including HPLC profiling studies combined with

exoglycosidases after conversion into fluorescently labeled derivatives (see Section 2.01.4), 1H NMR spectroscopy

(see Section 2.01.7.5), and mass spectrometry (including MS profiling) (see Section 2.01.7.6).
2.01.6.3.2 Endo-b-N-acetylglucosaminidases
Besides the PNGases that cleave the GlcNAc-Asn linkages in N-glycoproteins, another series of enzymes is frequent-

ly used to release N-glycans: the endo-b-N-acetylglucosaminidases. These endo-glycosidases cleave the glycosidic

linkage between the two GlcNAc residues of the N,N0-diacetylchitobiose core moiety (Figure 34). This means that

after incubation with such enzymes, the remaining glycoprotein still bears one GlcNAc residue at each Asn-glycosyl-

ation site. Endo-b-N-acetylglucosaminidases have been isolated from animal organs, plants, as well as microorganisms,

and a limited set is used for structural analytical purposes. For a comprehensive review, see Ref. 226. As is evident

from Table 6, different endo-b-N-acetylglucosaminidases may have different specificities.180,227

The endo-b-N-acetylglucosaminidases CI (Endo-CI; from Clostridium perfringens) and D (Endo-D; from Diplococcus

pneumoniae) require the Man(a1-3)Man(b1-4)GlcNAc element as their specific glycon.228–231 Their activity is optimal

for the release of oligomannose-type N-glycans. For Endo-D, the terminal Man(a1-3) residue may bear a (b1-4)-linked
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Table 6 Specificities of some endo-b-N-acetylglucosaminidases

Endo-CI

Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn

R-6)R-6)

Man(a1-3)

Endo-D

Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn

R-6)R-6)

R-4)Man(a1-3)

Endo-H

R-4)Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn

R-6)

R-6)

Man(a1-6)

R-3)

R-2)Man(a1-3)

Endo-CII

R-4)Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn

Man(a1-6)

R-2)Man(a1-3)

R-2)Man(a1-3)

Endo-F1

Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn

R-2,3,6)Man(a1-6)

R-2)Man(a1-3)

R is the position where (a) mono/oligosaccharide residue(s) may be attached.
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GlcNAc, but the presence of a GlcNAc(b1-2) residue will inhibit its action. In principle, the Asn-bound GlcNAc

residue can be substituted by a Fuc(a1-6) unit.
The endo-b-N-acetylglucosaminidase H (Endo-H; from Streptomyces plicatus or Streptomyces griseus) can be used to

release all oligomannose-type and most of the hybrid-type N-glycans. It requires the Man(a1-3)Man(a1-6)Man(b1-4)
GlcNAc element as its specific glycon.232–235 The terminal Man(a1-3) residue may be substituted at O2. The hybrid-

type N-glycans may possess a bisecting GlcNAc(b1-4) substituent at the core b-Man unit. In principle, the Asn-bound

GlcNAc unit can be substituted by a Fuc(a1-6) residue.
The endo-b-N-acetylglucosaminidase CII (Endo-CII; from C. perfringens) requires the branched Man(a1-3)Man

(a1-6)[Man(a1-3)]Man(b1-4)GlcNAc element as its specific glycon.233,236 The two terminal Man(a1-3) units may be

substituted at O2, but substitution at O4 of the Man(a1-3) residue linked to b-Man inhibits the Endo-CII action. The

enzyme can be used to release oligomannose-type and hybrid-type structures, which may possess a bisecting GlcNAc

(b1-4) substituent at the core b-Man unit.

Furthermore, a set of endo-b-N-acetylglucosaminidases F (Endo-F; from F. meningosepticum) exists that can be

applied for the release of different types of N-glycan structures. Endo-F1 releases oligomannose- and hybrid-type

N-glycans, provided that no bisecting GlcNAc is present. (a1-6)-Fucosylation of the Asn-bound GlcNAc reduces the

rate of hydrolysis over 50-fold relative to oligomannose-type structures. Endo-F2 releases oligomannose- and [sialyl-

ated; (a1-6)-fucosylated] diantennary complex-type N-glycans, although oligomannose-type chains are poor sub-

strates. Endo-F3 releases [sialylated; (a1-6)-fucosylated] di- and tri- [extra (1-6) branch at the Man(a1-6) arm]

antennary complex-type N-glycans; the presence of (a1-6)-linked Fuc increases the rate of hydrolysis.210,237
2.01.6.4 Enzymatic Release of Glycoprotein O-Glycans

So far, only a fewendo-a-N-acetylgalactosaminidases have been described, and their use for structural analytic purposes

is very limited.226 The commercially available endo-a-N-acetylgalactosaminidases D (from D. pneumoniae)238 and

A (from Alcaligenes spp.),239 that hydrolyze the GalNAc-Ser/Thr O-glycosidic linkage have a highly restricted specific-

ity, only releasing Gal(b1-3)GalNAc units. No extensions of this disaccharide element appear to be tolerated.197,240

The A enzyme seems to have a preference for Ser-linked Gal(b1-3)GalNAc. Endo-a-N-acetylgalactosaminidase

S (from Streptomyces sp. OH-11242) was found to cleave not only the Gal(b1-3)GalNAc(a1-O)Ser/Thr linkage, but

also the Gal(b1-4)GlcNAc(b1-6)[Gal(b1-3)]GalNAc(a1-O)Ser/Thr linkage.241,242
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2.01.6.5 Enzymatic Release of Oligosaccharide Fragments by Endo-b-galactosidases

The presence of ensembles of repeating N-acetyllactosamine units (PNLs) in glycoprotein and glycolipid glycans

often complicates the purification, and therefore the structural analysis, of these glycans. PNLs may vary not only in

length, but also in charge when Neu5Ac or sulfate groups are present. Furthermore, the position of substituents in the

PNLs may be variable. Endo-b-galactosidases, isolated from various biological sources, are useful tools to generate

oligosaccharides that contain one or more N-acetyllactosamine units. The enzymes cleave b-galactosidic linkages in

Gal(b1-3/4)GlcNAc elements of PNLs when the Gal residue is not terminal, affording terminal (peripheral) frag-

ments, internal (backbone) fragments, and core fragments. Analysis of these structural elements provides information

about the intact glycan structures. Table 7 gives an overview of a series of endo-b-galactosidases, including their

substrate specificities.

Endo-b-galactosidase from Escherichia freundii (Endo-Gal EF) is capable of hydrolyzing a large variety of PNL-

containing oligosaccharides and glycolipids.243–245 The rate of cleavage for Gal(b1-4)GlcNAc linkages is higher than

for Gal(b1-3)GlcNAc linkages.246 Endo-Gal EF is inactive when the Gal residue is sulfated at O6, but sulfation is

allowed at O6 of GlcNAc on either side of the residue to be cleaved247 (compare structures 4 and 5 in Table 7). The

presence of Fuc in internal Gal(b1-4)[Fuc(a1-3)]GlcNAc elements inhibits the hydrolysis of the b-galactosidic
linkage248 (compare structures 6 and 7 in Table 7). It has been suggested that Endo-Gal EF has a higher affinity

for longer PNLs than for shorter ones, when both are present, although here steric hindrance could be the cause.249

Linear (b1-6)-linked N-acetyllactosamine sequences have been shown to be poor substrates for Endo-Gal EF.250

When present in a GlcNAc(b1-3)[GlcNAc(b1-6)]Gal(b1-4)GlcNAc element, Endo-Gal EF seems to be able to

hydrolyze the Gal(b1-4)GlcNAc linkage to some extent, whereby the enzyme concentration used is important244,248

(structure 3 in Table 7). It turned out that branching points present in the terminal regions of long PNLs were

susceptible, whereas branching points located close to the core portion were minimally hydrolyzed.251
Table 7 Substrate specificities of endo-b-galactosidases from various biological sources242a

Susceptible to endo-b-galactosidase from b,c

Structural element a EF BF FK DPDI DPDII CP PS

1. R-GlcNAc(b1-3)Gal(b1-3/4)GlcNAc(b1- þ þ þ � þ � �
2. R-GlcNAc(b1-6)Gal(b1-4)GlcNAc(b1- � þ/�d þ � n.d. � �
3. R-GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-

R�-GlcNAc(b1-3)

þ � þ � � � �

4. R-GlcNAc6S(b1-3)Gal(b1-4)GlcNAc6S(b1- þ þ þ � � � þ
5. R-GlcNAc6S(b1-3)Gal6S(b1-4)GlcNAc6S(b1- � � � � � � �
6. Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-

Fuc(a1-3)

þ þ þ � þ � �

7. Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-

Fuc(a1-3) Fuc(a1-3)

� � � � � � �

8. R-GlcNAc(b1-3)Gal(b1-4)Glc(b1-Cer þ þ þ � þ � �
9. Gal(a1-3)Gal(b1-4)GlcNAc(b1- 

Fuc(a1-2)

� � þ þ � � �

10. GalNAc(a1-3)Gal(b1-4)GlcNAc(b1-

Fuc(a1-2)

� � þ þ � � �

11. Gal(a1-3)Gal(b1-4)GlcNAc(b1- � � � � � þ �
aA larger part of the oligosaccharide structure may have to be considered to reveal more subtle differences in specificity (see

text).
bThe susceptibility might be concentration dependent (see text).
cThe abbreviations used are: EF, Escherichia freundii; BF, Bacteroides fragilis; FK, Flavobacterium keratolyticus; DPDI and

DPDII, Diplococcus pneumoniae; CP, Clostridium perfringens; PS, Pseudomonas species.
dOnly partial cleavage has been observed. n.d., not determined.
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The specificity of endo-b-galactosidase from Bacteroides fragilis (Endo-Gal BF) is quite similar to that of

E. freundii .248 ,252 However, Endo-Gal BF is definitely inactive on branched PNL sequences 253 (structure 3

in Table 7). In the case of complex-type N-glycans, a difference in specificity between Endo-Gal BF and Endo-

Gal-EF has been observed for the antennary systems. Whereas di- and tetraantennary N-glycans having PNLs

attached to the branches arising from the Man(a1-6)-arm are good substrates for Endo-Gal BF, triantennary N-glycans

having PNLs attached to the branches arising from the Man(a1-6)-arm hardly react.222,254 However, incubation of the

latter N-glycans with Endo-Gal EF resulted in a major release of the elongations;222 the developed analysis protocol

included digestion with endo-b-galactosidase, followed by treatment with N-acetyl-b-glucosaminidase and 1H NMR

analysis. Other examples illustrating the successful use of Endo-Gal BF in combination with 1H NMR spectrosocopy

are the structural analysis of the porcine zona pellucida glycoprotein O-glycans76 and the Tamm–Horsfall glycoprotein

N-glycans.255 Finally, it has been shown that at a high enzyme concentration, Endo-Gal BF is able to hydrolyze

to some extent linear -6)Gal(b1-4)GlcNAc(b1- sequences,256 but at a lower concentration complete resistance was

observed257 (structure 2 in Table 7).

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-6)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-4)

Man(b1-4).......

The endo-b-galactosidase from Flavobacterium keratolyticus (Endo-Gal FK) seems to have the broadest specificity of

the endo-b-galactosidases. Its specificity resembles that of Endo-Gal EF,258,259 but in addition, it can hydrolyze

b-galactosidic linkages in repeating -6)Gal(b1-4)GlcNAc(b1- sequences. It is also active on blood group A and

B elements containing Gal(b1-4)GlcNAc260 (structures 9 and 10 in Table 7).

Endo-b-galactosidase DI from D. pneumoniae (Endo-Gal DPDI) is specifically active on the blood group A and

B elements containing Gal(b1-4)GlcNAc261 (structures 9 and 10 in Table 7). In contrast to Endo-Gal DPDI, endo-b-
galactosidase DII from D. pneumoniae (Endo-Gal DPDII) does hydrolyze the Gal(b1-4)GlcNAc linkage in a PNL

sequence.262

Endo-b-galactosidase from C. perfringens (Endo-Gal CP) releases specifically Gal(a1-3)Gal from the terminal

sequence Gal(a1-3)Gal(b1-4)GlcNAc in glycoproteins and glycolipids.263,264

Endo-b-galactosidase purified from the extracts of Pseudomonas species (Endo-Gal PS) has been shown to degrade

different types of keratan sulfate. Apparently, it requires sulfated GlcNAc for its activity, since lacto-N-tetraose is not

hydrolyzed.265
2.01.7 Glycoprotein Glycan Analysis Tools

2.01.7.1 Separation Procedures

For the separation/purification of glycopeptides, free oligosaccharides, oligosaccharide-alditols, and fluorescently

labeled oligosaccharides, many protocols have appeared in the literature; they are cited in the present review at

different places. Quite often research groups have developed their own strategies, being very successful in their hands.

The approaches are, in general, based on size-exclusion chromatography, low-pressure liquid chromatography

(LPLC), HPLC, HPAEC, CE, and lectin affinity chromatography. Detection systems vary from refractive index,

intrinsic UV absorbance, pulsed amperometric detection, to radioactivity and fluorescence detection. A series

of interesting reports are focused on reversed-phase HPLC separations of glycoprotein proteolytic digests;266

general analysis methodologies for glycopeptides;267 HPLC of carbohydrates on graphitized carbon columns,268,269

including their use in desalting;270 HPLC of glycosaminoglycan-derived oligosaccharides;271 serial affinity chroma-

tography using immobilized lectin columns;272–276 HPLC of glycopeptides and glycoprotein glycans;277 O-glycan

fractionation;197 general glycoprotein glycan fractionation;278,279 separation technologies in glycomics;280 N-glycan

sample clean-up procedures;281,282 CE of glycopeptides and glycoprotein-derived oligosaccharides;283 electrophoretic

approaches to the analysis of proteoglycans.284

2.01.7.1.1 High-pH anion-exchange chromatography
Ion-exchange chromatography at alkaline pH on pellicular quaternary amine-bonded resins combined with highly

sensitive pulsed amperometric detection (HPAEC-PAD) of the eluted glycans forms a very important part of the
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arsenal of fractionation and identification methodologies.71,277,285–295 Due to the high pH, the separation is based on

negative charges stemming from not only, for instance, sialic acids, but also from oxyanion formation. Care should be

taken with alkaline-sensitive oligosaccharide (derivatives), as they degrade when they are subjected to this fraction-

ation methodology (e.g., de-O-acylation, peeling reactions). In principle, it is possible to use the system also for

fractionations at a more neutral pH. For most separations, HPAEC requires salt concentrations ranging from 50 to

400mM, making desalting procedures necessary prior to structural studies of isolated fractions. Besides conventional

off-line procedures, in-line desalting possibilities using micromembranes have been developed.295 In many structural

analysis strategies, HPAEC forms one of the important steps in generating pure compounds. For instance, a valuable

strategy for N,O-glycan analysis comprises (1) release of the N-glycans from the N,O-glycoprotein by PNGase-F,

(2) separation of the N-glycan pool and the O-glycoprotein by size-exclusion chromatography, (3) release of the

O-glycans from the O-glycoprotein by alkaline borohydride, (4) fractionation of both the N- and O-glycan pool on a

weak anion-exchanger (LPLC; Resource Q), (5) subfractionation of all LPLC fractions by normal phase HPLC

(Lichrosorb-NH2), (6) further subfractionation of HPLC fractions by HPAEC (CarboPac-PA1).222 In such a strategy at

each level of the fractionation track, investigations by monosaccharide analysis, 1H NMR spectroscopy, and MS, as

well as exoglycosidase studies can be incorporated. For a comprehensive review on the HPAEC fractionation

methodology, see Chapter 2.09.
2.01.7.1.2 Lectin affinity chromatography
Lectins are carbohydrate-recognizing proteins that are widely distributed in nature. They occur in plants as well as in

mammalian and microbial species. Comprehensive reviews have appeared on this topic,296 and updated reviews can

be found in several chapters of this book series. Due to their specificity for binding specific carbohydrate epitopes,

immobilized lectins on insoluble adsorbents have been used in fractionation and purification strategies not only for

glycoproteins, glycopeptides, and oligosaccharides,272–274,276 but also for evaluating changes in glycosylation patterns

in health and disease, for example, changes in (a1-6)-fucosylation, (a2-3/6)-sialylation, or (b1-4)-galactosylation, or
changes in antennary types. The methodology has especially been worked out for the study of N-glycans, because

these chains obey structural rules that are effective in their group fractionation, and is also used in O-glycan

investigations. Table 8 presents a selection of lectins that is used in (serial) lectin affinity chromatography.

The a-L-Fuc-recognizing Aleuria aurantia lectin (AAL),297 immobilized on Agarose, can be used for the separation

of core (a1-6)-fucosylated and core nonfucosylated N-glycans (fucosylation of the proximal GlcNAc residue of the

Man3GlcNAc2 core structure). The binding is not influenced by the remaining part of the structure, including a

bisected GlcNAc residue. Glycans containing Fuc(a1-2)Gal(b1-4)GlcNAc(b1-, Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-, and
Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1- fragments interact weakly with AAL. This means that care should be taken in

translating ‘binding’ into ‘occurring structures’.

The a-D-Man/a-D-Glc-recognizing lectin Concanavalin A (Con A) is an ideal lectin for separating a pool of

N-glycans into different subpools. For binding, at least two terminal [Man(a1-; Glc(a1-; GlcNAc(a1-] or 2-substituted
[-2)Man(a1-; -2)Glc(a1-] Man/Glc residues must be present in the N-glycan. Oligomannose- and hybrid-type N-gly-

cans bind strongly to Con A-Sepharose, whereas diantennary complex-type N-glycans show a somewhat weaker

binding. Tri- [2,4-substituted at the Man(a1-3)-arm or 2,6-substituted at the Man(a1-6)-arm], tetra-, and penta-

antennary complex-type N-glycans do not bind. The presence of a bisecting GlcNAc [GlcNAc(b1-4)Man(b1-4)]
residue weakens strongly the interaction with the immobilized lectin.298 Also the presence of a Lex element [extra Fuc

(a1-3) residue at GlcNAc] in the outer chains decreases considerably the affinity.299 A typical example comprises its

use in a study on the site-specific glycosylation of Tamm–Horsfall glycoprotein.300

The lectin phytohaemagglutinin E4 (E4-PHA), immobilized on Sepharose, can be used to separate complex-type

bisecting-GlcNAc N-glycans, having the minimal structural unit (20�C) shown in Table 8, from other N-glycans.301

Remarkably, the minimal structural unit, that causes retardation, changes when the fractionation is carried out at 4�C
(Table 8); the requirement for the lower arm GlcNAc(b1-2)Man(a1-3) fragment and a bisecting GlcNAc residue,

necessary at 20�C, is lost at this lower temperature.302

The lectin Datura stramonium agglutinin (DSA), immobilized on Sepharose, binds strongly to the upper arm

Gal(b1-4)GlcNAc(b1-2)[Gal(b1-4)GlcNAc(b1-6)]Man(a1-6) fragment of N-glycans as well as to poly-N-acetyllacto-

samine sequences (Table 8). A weaker binding is seen for the lower arm Gal(b1-4)GlcNAc(b1-2)[Gal(b1-4)GlcNAc

(b1-4)]Man(a1-3) fragment of N-glycans.303,304 The binding is not influenced by the remaining part of the structure,

including a bisected GlcNAc residue. The presence of a Gal(a1-3) or a Neu5Ac(a2-3) residue at the b-Gal unit does

not influence the affinity to the lectin, but the presence of a Fuc(a1-3) residue at the b-GlcNAc unit does. It may be

clear that this lectin is useful in separating diffent branching patterns of complex-type N-glycans.



Table 8 Structures of N-glycans which interact with immobilized plant lectin columns 276

Aleuria aurantia lectin (AAL)/mushrooms, specific for a-Fuc (recombinant in E. coli).
Strong binding (bound) of N-glycans having an (a1-6)-fucosylated core fragment; elution with 1mM L-fucose.

. . . . .GlcNAc(b1-4)[Fuc(a1-6)]GlcNAc

Weak binding (retarded) of fucosylated outer chain fragments; elution with 0.5mM L-fucose.

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-
Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-
Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-

Canavalia ensiformis lectin (Concanavalin A; Con A)/jack beans, specific for a-Man/a-Glc.

Strong binding of oligomannose- and hybrid-type N-glycans; elution with 200mM methyl a-D-mannopyranoside.

Man(a1-6)

[Man(a1-2)]0−4 Man(a1-6)

Man(a1-3) Man(b1-4)GlcNAc(b1-4)GlcNAc

Man(a1-3)

Man(a1-6)

Man(a1-6)

Man(a1-3)

R = H or monosaccharide

Man(b1-4)GlcNAc(b1-4)GlcNAc

R-Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Weak binding of diantennary complex-type N-glycans; elution with 5mM methyl a-D-glucopyranoside.

R�-4)GlcNAc(b1-2)Man(a1-6) ±Fuc(a1-6)

Man(b1-4)GlcNAc(b1-4)GlcNAc

R�-4)GlcNAc(b1-2)Man(a1-3)

R0 ¼H or monosaccharide; in the case of R0 ¼H, the N-glycans show a strong binding, and are eluted with 200mM methyl

a-D-mannopyranoside instead of 5mM methyl a-D-glucopyranoside (higher affinity because of terminal GlcNAc residues).

Phaseolus vulgaris phytohaemagglutinin E4 (E4-PHA)/red kidney beans.

Strong binding of specific complex-type N-glycans (retarded at 20�C and 4�C)

R-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-6) ±Fuc(a1-6)

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-4)GlcNAc

R-4)GlcNAc(b1-2)Man(a1-3)

R-4)

Weak binding of specific complex-type N-glycans (retarded at 4�C only).

R-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-6) ±Fuc(a1-6)

Man(b1-4)GlcNAc(b1-4)GlcNAc

R-3)

R = H or monosaccharide

Datura stramonium agglutinin (DSA)/jimson weed.

Strong binding (bound) of specific complex-type N-glycans and poly-N-acetyllactosamine sequences; elution with 1%

N-acetyl-D-glucosamine oligomers.

[Gal(b1-4)GlcNAc(b1-3)]1-nGal(b1-4)GlcNAc(b1-

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-2)Man(a1-6) ±Fuc(a1-6)

±GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-4)GlcNAc

  R-)Man(a1-3)
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Weak binding (retarded) of specific complex-type N-glycans.

R-)Man(a1-6)

R = H or monosaccharide

±Fuc(a1-6)

±GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-4)GlcNAc

Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Gal(b1-4)GlcNAc(b1-4)

Ricinus communis agglutinin I (RCA-I)/castor beans.

Strong binding of b-Gal-terminated N-glycans; elution with 10mM lactose

Gal(b1-4)GlcNAc(b1-

Weak binding (retarded) of b-Gal-terminated fragments

Gal(b1-3)GlcNAc(b1-
Gal(b1-3)GalNAc

Gal(b1-6)Gal(b1-

Allomyrina dichotoma lectin-II (Allo A-II) / beetles.

Strong binding of 6-substituted Gal(b1-4)GlcNAc elements; elution with 10mM lactose.

Sia(a2-6)Gal(b1-4)GlcNAc(b1-
Gal6S(b1-4)GlcNAc(b1-

Weak binding (retarded) of terminal Gal(b1-4)GlcNAc elements

Gal(b1-4)GlcNAc(b1-

Sambucus nigra agglutinin (SNA)/elderberry bark.

Strong binding of (a2-6)-sialyloligosaccharides; elution with 200mM lactose.

Sia(a2-6)Gal(b1-4)GlcNAc(b1-
Sia(a2-6)GalNAc(a1-O)Ser/Thr

Maackia amurensis agglutinin (MAA) / tree seeds.

Strong binding of oligovalent (a2-3)-sialyloligosaccharides; elution with 400mM lactose.

[Sia(a2-3)Gal(b1-4)GlcNAc(b1-]2-4-R

Weak binding (retarded) of monovalent (a2-3)-sialyloligosaccharides
Sia(a2-3)Gal(b1-4)GlcNAc(b1-

Griffonia simplicifolia-I (GS-I)/vine seeds.

Strong binding of oligovalent Gal(a1-3)-terminated glycans;

elution with 100mM D-galactose.

[Gal(a1-3)Gal(b1-4)GlcNAc(b1-]2-4-R

Weak binding (retarded) of monovalent Gal(a1-3)-terminated glycans.

Gal(a1-3)Gal(b1-4)GlcNAc(b1-

Wistaria floribunda agglutinin (WFA)/Wistaria seeds.

Strong binding of GalNAc(b1-4)-terminated glycans;

elution with 100mM N-acetyl-D-galactosamine.

GalNAc(b1-4)Gal(b1-4)GlcNAc(b1-
GalNAc(b1-4)GlcNAc(b1-

Ulex europaeus I (UEA-I)/furze seeds.

Strong binding of Fuc(a1-2)-terminated glycans; elution with 50mM L-fucose.

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-

Tomato lectin (TL)

Strong binding of poly-N-acetyllactosamine sequences;

elution with 0.2% N-acetyl-D-glucosamine oligomers.

[Gal(b1-4)GlcNAc(b1-3)]2-nGal(b1-4)GlcNAc(b1-

Table 8 (continued)
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The lectin Ricinus communis agglutinin I (RCA-I),305 immobilized on Agarose, basically recognizes terminal b-D-Gal

residues, more specifically glycans containing Gal(b1-4)GlcNAc(b1-R segments (Table 8). The affinity is enhanced

by the oligovalent presence of N-acetyllactosamine units.

The Allomyrina dichotoma lectin-II (Allo A-II) interacts with N-acetyllactosamine units in glycan chains, with

a strong preference for 6-substituted Gal residues, that is, (a2-6)-sialylated or 6-O-sulfated N-acetyllactosamine
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units (Table 8). 306,307 The interaction increases when N -acetyllactosamine is presented in an oligovalent way, that

is, going from a mono- to a tetra-antennary N-glycan. ( a1-3)-Fucosylation at GlcNAc or (a1-2)-fucosylation/( a1-3)-
galactosylation/( a2-3)-sialylation at Gal abolishes the interaction of the lectin with N-acetyllactosamine. The differ-

ence in affinity for (a2-3)- and ( a2-6)-sialylated N-glycans can be used in fractionation protocols.

The Neu5Ac( a2-6)-recognizing lectin Sambucus nigra agglutinin (SNA) 308 and the Neu5Ac(a2-3)-recognizing lectin
Maackia amurensis lectin (MAL) 309 are quite useful in isolating glycans with specific sialylation patterns (Table 8), but

are also applied in the separation of different charged glycans, for example, sialylated from GlcNAc-phosphorylated

N-glycans.310 Contrasting reports exist about the ability of SNA to bind to Neu5Ac(a2-6)GalNAc.308,311

Th e a-D-Gal-recognizing lectin Griffonia simplicifolia -I (GS-I) can be applied in isolating glycans with the Gal(a1-3)
Gal(b1-4)GlcNAc sequence, whereby oligovalent availability is important.312 Furthermore, the b-D-GalNAc-recognizing

lectin Wistaria floribunda agglutinin (WFA),313 the a- L-Fuc-recognizing lectin Ulex europaeus I (UEA-I) (blood-group

type-2 H antigen), 314 and the tomato lectin (TL) (high affinity for glycans which contain three or more linear

N -acetyllactosamine units; poly-N-acetyllactosamine type)315,316 are of interest in fractionation protocols (Table 8).

Over the years, in several structural studies serial lectin chromatography procedures have been used. 272,274,276

Typical examples describe the use of the technology in analyzing Schistosoma mansoni glycoproteins317 and blood

coagulation factor VIII318 N-glycans. To give an impression of a possible sequence of lectin columns, an N-glycan pool

can be fractionated as follows (see Table 8 for specificities): (1) fractionation of the glycan pool on RCA-I Agarose;

(2) fractionation of the RCA-I-bound fraction on E4-PHA Agarose; (3) fractionation of the E 4 -PHA-unbound fraction

on Con A Sepharose; (4) fractionation of both the Con A-bound and unbound fraction on AAL Sepharose; (5) fraction-

ation of both the AAL-bound and unbound fractions on DSA Sepharose, which results in bound, weakly bound, and

unbound DSA fractions.
2.01.7.2 Labeling Procedures

In general, glycopeptides are analyzed as such using monosaccharide analysis, methylation analysis, MS, 1H NMR

spectroscopy, and exo- and endo-glycosidase digestions, separately or in combination. However, simple labeling

procedures of the peptide backbone with fluorescent compounds such as dansyl chloride 319 have also been reported.

A typical example comprises the 1 H NMR analysis of dansyl glyco-asparagines from quail ovalbumin.320 Glycopep-

tides can also be labeled via N-acetylation with [ 3H] or [14 C]acetic anhydride. 321

For the analysis of free oligosaccharides or oligosaccharide-alditols, several protocols can be followed, and quite

often combinations of monosaccharide analysis, methylation analysis, MS, 1 H NMR spectroscopy, HPLC, and exo-

and endo-glycosidases are used. Their detection in fractionation procedures can be performed by monitoring the UV

absorbance at 195–215 nm when one or more C¼ O groups are present. Sometimes, traditional colorimetry is applied,

for example, the phenol/conc. H2 SO4 assay with detection at 490 nm. In addition, pulsed amperometric detection, as

used in HPAEC, is a highly useful technique (see Section 2.01.7.1.1).

The labeling of free oligosaccharides at the reducing end is mainly carried out with radioactive and fluorophoric

compounds. A radioactive label can be introduced by reduction with NaBT4 .
180 Note that such a label can also be

introduced in oligosaccharide-alditols in case the alkaline borohydride treatment for the release of O-glycans is

performed in the presence of NaBT4 .
190 Nowadays, the extremely sensitive (pmol–fmol range) and selective

fluorescent labeling of free glycans is widely used. Among the many compounds reported over the years, three stable

probes are very popular, namely 2-aminopyridine, 2-aminobenzamide, and 2-aminobenzoic acid (anthranilic acid).322,323

In fact, all incorporations are based on a reductive amination reaction (Figure 35 ). The fluorescent labeling plays a

major role in HPLC profiling studies in combination with exoglycosidases 324 (see Sections 2.01.7.3 and 2.01.7.4),

although for MS the benefits of the aromatic labeling have been noted. The earlier discussed chemical technologies

(such as monosaccharide analysis, methylation analysis, partial acid hydrolysis, acetolysis, and Smith degradation) can

be carried out without any problem, whereas the 1 H NMR spectroscopic structural-reporter-group concept developed

for glycopeptides and free oligosaccharides 17,36,325 is, with some adaptations for the reducing end, directly applicable.

The preparation of pyridylamino (2PA) derivatives is performed by reaction with 2-aminopyridine in the presence of

dimethylaminoborohydride or sodium cyanoborohydride, 326–329 and fluorescence is detected using excitation and

emission wavelengths of 310 (320) nm and 380 (400) nm, respectively. For the separation of 2PA-derivatized glycans,

three types of HPLC with different separation principles are in use, namely, anion-exchange, normal phase, and

reversed-phase HPLC. For quantification purposes, the peak area ratios of fluorescent 2PA derivatives can be

considered as molar ratios. Over the years, 2-D and 3-D mapping technologies for HPLC profiling of neutral and

sialylated N-glycans have been developed (see Section 2.01.7.4). The 2PA derivatives have also been used in CE

approaches.330
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The preparation of 2-aminobenzamide (2AB) derivatives is performed by reaction with 2-aminobenzamide in the

presence of sodium cyanoborohydride,191–19 3,331–333 and fluorescence is detected using excitation and emission wave-

lengths of 330 (373) nm and 420 (448) nm, respectively. Also in this case, weak anion-exchange, normal phase, and

reversed-phase HPLC are included in profiling protocols, whereas the fluorescent label is highly suited for quantitative

analyses. For routine analysis, computerized technologies and databases have been developed (see Section 2.01.7.4).

The preparation of 2-aminobenzoic acid (2AA) derivatives is performed by reaction with 2-aminobenzoic acid in the

presence of sodium cyanoborohydride,334,335 and fluorescence is detected using excitation and emission wavelengths

of 230nm and 425nm, respectively. The most suitable separations are obtained by normal phase and anion-exchange

HPLC.322,334 Besides HPLC, gel electrophoresis has been applied.335

In addition to the three most-popular compounds to generate fluorescent derivatives as described above, several

other fluorophores have been introduced in the glycoanalytical field. Two of these approaches will be further

commented. The highly charged 8-amino-1,3,6-naphtalene trisulfonic acid (ANTS) has been introduced as a tag for

oligosaccharides following reductive amination in the presence of sodium cyanoborohydride.336 These derivatives

have been used in gel electrophoresis337,338 as well as in CE338 and HPLC.339 The three sulfonic acid groups on the

fluorescent tag create glycan derivatives that, regardless of their intrinsic charge, have always a net negative charge.

Well-developed protocols are available in an approach called fluorophore-assisted carbohydrate electrophoresis

(FACE), a polyacrylamide slab gel electrophoresis methodology that can be used for performing routine oligosaccha-

ride profiling/exoglycosidase-based sequence analysis. For gel imaging of the glycan banding patterns, the gel is

placed on a long-wave UV lightbox with a peak excitation output at approximately 360nm, and the further handling is

completely computerized.340 In CE systems, the ANTS-derivative detection is carried out by UVabsorption at 226nm

or by laser-induced fluorescence detection using a helium-cadmium laser (excitation at 325nm/emission at 520nm).

In a similar way, the highly charged 8-amino-1,3,6-pyrene trisulfonic acid (APTS) is applied as an oligosaccharide tag

in CE338,341,342 and in gel electrophoresis343,344 approaches. In CE systems, the APTS-derivative detection is per-

formed by laser-induced fluorescence detection using an argon-ion laser (excitation at 488nm/emission at 520nm). In

the polyacrylamide gel electrophoresis protocol use is made of standard DNA-sequencing equipment (excitation at

434nm/emission at 520nm).
2.01.7.3 Exoglycosidases

Sequence analysis using exoglycosidases plays a very important role in the structural analysis of N- and O-glycans.345–347

These enzymes release monosaccharide units from the nonreducing end on. Initially, this technology formed a

cornerstone of the original hydrazinolyis procedure (hydrazinolysis/high-voltage paper electrophoresis/Bio-Gel P-4

chromatography/sequential exoglycosidase incubations).180 When using exoglycosidases, specific attention should be

paid to contaminant glycosidases, which can severely influence the data obtained.346

In nearly all cases, exoglycosidases have a strict glycon specificity toward monosaccharide units, including their

absolute (D/L) and anomeric (a/b) configurations: a-D-galactosidases, b-D-galactosidases, a-L-fucosidases, etc. Their

specificity toward glycosidic linkage and ‘aglycon’ types is more variable, but limited. An exception are theN-acetyl-b-
D-hexosaminidases, which cleave both b-D-GlcNAc and b-D-GalNAc linkages. Steric hindrance of neighboring

monosaccharide residues in the glycan can influence the activity, as well as the amounts of enzyme to be used.

Therefore, a negative result does not always mean the absence of the aimed terminal monosaccharide residue, and

unsuccessful digestions should be interpreted with care. Table 9 presents an overview of exoglycosidases that are

applied in structural studies.

The a-sialidases (a-neuraminidases) from Arthrobacter ureafaciens,348 C. perfringens,349 Vibrio cholerae,350 and Salmo-

nella typhimurium351 have similar broad substrate specificities, and in sequence analysis studies they are used to release

all sialic acids (Table 9). However, a linkage preference does exist. For A. ureafaciens, the preference of hydrolysis is

Neu5Ac(a2-6)Gal>Neu5Ac(a2-3)Gal>Neu5Ac(a2-8)Neu5Ac; for C. perfringens, it is Neu5Ac(a2-3)Gal>Neu5Ac

(a2-6)Gal¼Neu5Ac(a2-8)Neu5Ac; for V. cholerae, it is Neu5Ac(a2-3)Gal>Neu5Ac(a2-6)Gal>Neu5Ac(a2-8)Neu5Ac;

for S. typhimurium, it is Neu5Ac(a2-3)Gal>Neu5Ac(a2-6)Gal�Neu5Ac(a2-8/9)Neu5Ac. As the a-sialidase from

Newcastle disease virus352 does not cleave the (a2-6) linkage in N-glycans, it is frequently used to discriminate

between (a2-3) and (a2-6) linkages in complex- and hybrid-type N-glycans. The same holds for the a-sialidase from

D. pneumoniae.192 In the case of O-glycans the Newcastle disease virus a-sialidase releases Neu5Ac, (a2-6)-linked to

2AB-labeled core GalNAc (open ring form), but the diplococcal enzyme does not.192

For the cleavage of the (a1-3) linkage in Gal(a1-3)Gal(b1-, a-galactosidase from coffee beans is mainly applied353

(Table 9). This enzyme is also active on Gal(a1-3)[Fuc(a1-2)]Gal(b1-, the blood group B determinant, and more

generally on Gal(a1-4/6) linkages.346



Table 9 Exoglycosidases and their specificity, as used in sequence analysis studies345–347

Exoglycosidase Source pH Specificity

a-Sialidase (Neu5Ac

and Neu5Gc)

Arthrobacter ureafaciens 4.5–5.5 Neu5Ac(a2-3/6)Gal

Neu5Ac(a2-6)GlcNAc

Neu5Ac(a2-6)GalNAc

Neu5Ac(a2-8)Neu5Ac

Clostridium perfringens 5.0–5.5 Neu5Ac(a2-3/6)Gal

Neu5Ac(a2-6)GlcNAc

Neu5Ac(a2-6)GalNAc

Neu5Ac(a2-8)Neu5Ac

Vibrio cholerae 5.6 Neu5Ac(a2-3/6)Gal

Neu5Ac(a2-6)GlcNAc

Neu5Ac(a2-6)GalNAc

Neu5Ac(a2-8)Neu5Ac

Salmonella typhimurium Neu5Ac(a2-3/6)Gal

Neu5Ac(a2-8/9)Neu5Ac

Newcastle disease virus 5.5–6.5 Neu5Ac(a2-3)Gal

Neu5Ac(a2-8)Neu5Ac

Diplococcus pneumoniae recombinant in E. coli 7.5 Neu5Ac(a2-3)Gal

a-D-Galactosidase Coffee bean 6.5 Gal(a1-3)Gal

b-D-Galactosidase Jack bean 3.5–4.5 Gal(b1-3/4/6)GlcNAc

Aspergillus niger 4.0–4.5 Gal(b1-3/4/6)GlcNAc

Bovine testis 5.0 Gal(b1-3/4/6)GlcNAc

Streptococcus 6646K 5.5 Gal(b1-3/4)GlcNAc

Diplococcus pneumoniae 6.0–6.5 Gal(b1-4)GlcNAc

N-Acetyl-b-D-
hexosaminidase

Jack bean 5.0–6.0 GlcNAc(b1-2/4/6)Man

GlcNAc(b1-4)GlcNAc

GlcNAc(b1-3/6)Gal

3.5–4.0 GalNAc(b1-4)GlcNAc

Diplococcus pneumoniae 5.0–6.0 GlcNAc(b1-2)Mana

GlcNAc(b1-3/6)Gal

a-D-Glucosidase Porcine liver (I) 7.0 Glc(a1-2)Glc

Porcine liver (II) 7.0 Glc(a1-3)Glc

Glc(a1-3)Man

a-D-Mannosidase Jack bean 4.0–5.0 Man(a1-2/3/6)Man

Aspergillus saito (I) 5.0 Man(a1-2)Man

Aspergillus saito (II) 5.0 Man(a1-2/3/6)Mana

b-D-Mannosidase Helix pomatia 4.5 Man(b1-4)GlcNAc

Achatina fulica Man(b1-4)GlcNAc

a-L-Fucosidase Turbo cornutus 4.0 broad specificity for Fuc(a1-2/3/4/6)a

Charonia lampas 3.3–4.5 broad specificity for Fuc(a1-2/3/4/6)a

Bovine epididymis 6.5 broad specificity for Fuc(a1-2/3/4/6)
Bovine kidney 6.5 broad specificity for Fuc(a1-2/3/4/6)
Almond emulsin I 5.5 Fuc(a1-3/4)GlcNAc

Corynebacterium sp. 8.5 Fuc(a1-2)Gal

b-D-Xylosidase Charonia lampas Xyl(b1-2)Man

N-Acetyl-a-D-
galactosaminidase

Porcine liver GalNAc(a1-

aFor details of the substrate specificity, see text.
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Although the b-galactosidases from Jack bean,354 Aspergillus niger,355 and Streptococcus 6646K356 (Table 9) show a

higher preference for cleaving Gal(b1-4)GlcNAc when compared to Gal(b1-3)GlcNAc, the difference in selectivity is

not as such that it can routinely be used to discriminate between both linkages. Therefore, they are applied in the

sequence analysis studies of N-glycans to release both Gal(b1-4) and Gal(b1-3) residues. The b-galactosidase from

bovine testis has the preference Gal(b1-3)GlcNAc>Gal(b1-4)GlcNAc>Gal(b1-6)GlcNAc,357 but is also used to

release both Gal(b1-4) and Gal(b1-3) residues. In order to discriminate between both linkages, the b-galactosidase
from D. pneumoniae (¼S. pneumoniae) should be used:358 only Gal(b1-4)GlcNAc linkages are cleaved. However, both

the bovine testis and the diplococcal b-galactosidase do not cleave the Gal(b1-4)GlcNAc linkage in a Lex determinant
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(Fuc(a1-3) residue at the GlcNAc unit).192 The diplococcal enzyme is not applicable for the cleavage of the Gal(b1-3)
GalNAc linkage in O-glycans. The bovine testis b-galactosidase does not release or releases only very slowly

Gal, (b1-3)-linked to 2AB-labeled core GalNAc (open ring form).192

The most frequently used b-N-acetylhexosaminidase is that isolated from Jack bean359 (Table 9). It has a very

broad activity, releasing all types of GlcNAc(b1-x) units, including the bisecting GlcNAc residue, in N-glycans:

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-4)GlcNAc

...GlcNAc(b1-6)

...GlcNAc(b1-4)----------Man(a1-6)

...GlcNAc(b1-4)----------Man(a1-3)

...GlcNAc(b1-2)

...GlcNAc(b1-2)

Therefore, it is an ideal enzyme in sequence analysis studies. Combined with the b-N-acetylhexosaminidase from

D. pneumoniae,360,361 having a strict specificity for GlcNAc(b1-2)Man linkages under the right conditions (e.g., proper

amounts of enzyme), it is even a more powerful tool in sequence analysis studies of N-glycans. When the GlcNAc(b1-2)
Man element is present in tri- and tetraantennary complex-type N-glycans, a further fine-tuning of the diplococcal

enzyme has been observed: When present in the branching element GlcNAc(b1-2)[GlcNAc(b1-4)]Man(a1-, the (b1-2)
linkage is hydrolyzed; when present in the branching element GlcNAc(b1-2)[GlcNAc(b1-6)]Man(a1-, the (b1-2) linkage
is resistant to cleavage. Using the diplococcal enzyme, the presence of a bisecting GlcNAc residue [GlcNAc(b1-4)Man

(b1-] inhibits the hydrolysis of the GlcNAc(b1-2)Man linkage in the (a1-6)-arm, but not in the (a1-3)-arm.345 In the case

of O-glycans, the diplococcal enzyme has been shown to release GlcNAc, (b1-6)-linked to 2AB-labeled GalNAc (open

ring form);192 also GlcNAc(b1-3/6)Gal linkages are cleaved.

For the hydrolysis of Glc(a1-2)Glc linkages, as present in the gluco-oligomannose-type N-glycans, a-glucosidase I

from porcine liver has been reported,362 and for the hydrolysis of the Glc(a1-3)Glc and Glc(a1-3)Man linkages in these

glycans, a-glucosidase II from porcine liver is used.363

The a-mannosidase from Jack bean364 hydrolyzes all a-mannosidic linkages in N-glycans, and is widely used in

sequence analysis studies (Table 9). By varying the concentration of Jack bean a-mannosidase, an arm-specificity

can be induced; the release of Man from the Man(a1-6)[GlcNAc(b1-2)Man(a1-3)]Man(b1-4)GlcNAc fragment

needs a higher concentration of enzyme.346,365 The a-mannosidases I and II isolated from Aspergillus saito are of

further interest.366,367 a-Mannosidase I specifically hydrolyzes Man(a1-2)Man linkages, which makes it an interesting

enzyme in oligomannose-type N-glycan analysis. Although in principle a-mannosidase II can cleave all a-mannosidic

linkages in N-glycans, there is a high ordering in effectivity, for example, the Man(a1-6)Man linkage in the Man(a1-3)
[Man(a1-6)]Man element is cleaved only after the Man(a1-3) residue has been split off.

For the hydrolysis of the Man(b1-4)GlcNAc linkage, b-mannosidase from the snails Helix pomatia368 and Achatina

fulica369 is applied.

In glycoprotein glycans, a-Fuc residues occur in several microenvironments, as is shown in the following structural

elements, wherein the difucosylated structures also occur in separated monofucosylated forms:

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-

Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-
Fuc(a1-2)[Gal(NAc)(a1-3)]Gal(b1-3/4)GlcNAc(b1-
GlcNAc(b1-4)[Fuc(a1-3/6)]GlcNAc(b1-
The a-fucosidases from Turbo cornutus,370 Charonia lampas,371 bovine epididymis,347 and bovine kidney192 show a

broad specificity (Table 9) with respect to the release of Fuc(a1-2), Fuc(a1-3), Fuc(a1-4), and Fuc(a1-6) residues. For
the a-fucosidases from T. cornutus and C. lampas, differences in preference of hydrolysis have been found: Fuc(a1-4)
GlcNAc>Fuc(a1-2)Gal>Fuc(a1-3)GlcNAc versus Fuc(a1-2)Gal>Fuc(a1-4)GlcNAc>Fuc(a1-3)GlcNAc, respec-

tively. In the case of C. lampas, a resistance to release Fuc in the Lex element has been reported, so that higher

concentrations of enzyme are needed.346,372 Furthermore, C. lampas a-fucosidase releases very efficiently the Fuc(a1-6)
residue in N-glycan-derived oligosaccharide-alditols, fucosylated at GlcNAc-ol; in the case of the Fuc(a1-3) variant, a
concentration dependency has been observed.372 The a-fucosidase of Corynebacterium species345 specifically cleaves

the Fuc(a1-2)Gal linkage, and that of almond emulsin (a-fucosidase I) the Fuc(a1-3)GlcNAc and Fuc(a1-4)GlcNAc

linkages as present in outer chain immunodeterminants. Note that (a1-2)-fucosidase is inhibited by the presence of

such elements. Furthermore, it should be noted that in polyfucosylated outer chains with Fuc(a1-3)GlcNAc elements
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steric hindrance for almond emulsin a-fucosidase I has been observed for the inner elements. Almond emulsin

a-fucosidase does not release Fuc( a1-6) and Fuc( a1-3) residues in N-glycan-derived oligosaccharide-alditols, fucosy-

lated at GlcNAc-ol. 372 Finally, the a-fucosidase from bovine epididymis has a strong preference for Fuc( a1-6)GlcNAc

linkages. 347

The b-xylosidase from C. lampas cleaves specifically Xyl( b1-2) residues, 373 and the a-N -acetylgalactosaminidase

from porcine liver GalNAc( a1- linkages. 374
2.01.7.4 Profiling of Glycoprotein Glycans

Nowadays, three major chromatographic technologies to profile glycoprotein glycans are widely applied: (1) HPAEC

combined with pulsed amperometric detection (PAD); (2) combinations of different types of HPLC combined with

fluorescent detection (FD); and (3) CE combined with FD. The approaches based on gel electrophoresis (see Section

2.01.7.2) have only partly settled. Besides these approaches to get a qualitative/semiquantitative impression of the

ensembles of glycans (e.g., quality control of recombinant expression systems of glycoproteins), MALDI-TOF MS plays

an important role. Although having played a dominant and highly important role in the past in setting up structural

analysis strategies for N-glycans,180 convential size-exclusion chromatography on Bio-Gel P-4 is not frequently used

anymore. It should be noted that the applications of profiling glycoprotein glycans are mainly found in areas wherein

the knowledge of biosynthetic pathways is highly developed: higher mammalian glycoproteins, insect glycoproteins,

and plant glycoproteins. In fact, quite often use is made of these pathways in assigning glycan structures. Especially,

lower animals can have very unusual glycosylation patterns, which need detailed NMR and MS analysis.

In the HPAEC-PAD profiling system, free oligosaccharides are separated according to their charge, that is, their

numbers of sialic acid residues and their possibilities of oxyanion formation (see Section 2.01.7.1.1). The sensitivity

amounts 10–100 pmol. By making use of isolated glycoprotein N-glycans from different biological sources, a database

has been constructed containing over 100 N-glycans. 375–377 The method has been used to follow the production of

recombinant therapeutic glycoproteins in terms of lot-to-lot consistency. A disadvantage of the profiling system is that

it can only be used in a semiquantitative way because of the missing knowledge of response factors.

Fluorescent 2PA derivatives (see Section 2.01.7.2) are extensively used for the HPLC profiling of N-glycans,

and 2-D and 3-D mapping technologies are available. 378–387 The initially developed 2-D approach focused only on

neutral oligosaccharides. Typically, an N-glycoprotein digest is prepared by incubation with pepsin, and the mixture of

glycopeptides is de-N-glycosylated with PNGase-A. Charged components in the obtained N-glycan pool are con-

verted into neutral compounds (e.g., desialylation with a-sialidase), and the neutral N-glycan pool is derivatized with

2-aminopyridine. Then, the mixture of 2PA derivatives is fractionated by reversed-phase HPLC on a CLC-ODS

column, followed by size-exclusion HPLC fractionation of each ODS fraction on a TSKgel Amide-80 column. The

separation on the ODS column depends on the fine structure of each N-glycan, wherease the separation on the amide

column depends mostly on the molecular size of each N-glycan. The calibration of both columns is carried out with a

mixture of 2PA (a1-6)-linked glucose oligomers, prepared from a dextran hydrolyzate, making it possible to express the

elution times of the N-glycans in glucose units (GUs). Then, the GU values of the various peaks on both columns

are plotted on a 2-D glycan map (Y-axis, amide-silica column; X -axis, ODS-silica column) created with standard

2PA N-glycans. The database of standards contains over 220 neutral N-glycans, making structural assignments of

regular N-glycans possible in a reliable way. The computerized approach can be combined with sequential exogly-

cosidase digestions to reach an even higher reliability. Coupling with mass spectrometric analysis is also possible. The

profiling technology makes use of a parametrization concept that includes the contribution of constituent monosac-

charide units to elution volumes of oligosaccharides on both columns. 380,384 The sensitivity of the detection of 2PA

derivatives is in the picomole range. The 3-D mapping technique also includes charged N-glycans. To this end, the

first separation of the derivatized N-glycan pool is carried out on a TSK-gel diethylaminoethyl(DEAE)-5PW column,

yielding neutral, mono-, di-, tri, and tetra-charged pools, according to the sialic acid content of each fraction. Then,

each pool of glycans is subjected to HPLC on the ODS column, and each individual ODS fraction is subjected to

HPLC on the Amide-80 column; the GU values of the individual peaks on both columns are converted in a 2-D map,

as discussed above. By layering the various 2-D maps, a 3-D map is created, which makes structural assignments

possible. 384a Typical examples comprise the structural analysis of the human IgG, 388 recombinant human erythropoi-

etin, 389 and human serum glycoproteins385 N-glycans. A similar 2-D approach has also been developed for O-glycans.390

A full description of this technology is presented in Chapter 2.08.

In a comparable approach, fluorescent 2AB derivatives (see Section 2.01.7.2) have also been used to develop a

sensitive and reproducible HPLC profiling method. 191–193,331–333 Typically, an N- or O-glycoprotein is deglycosylated

chemically (see Section 2.01.6.2) or enzymatically (see Section 2.01.6.3.1), and the released N- or O-glycans are
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derivatized with 2-aminobenzamide. In order to minimize desialylation, the derivatization has to be carried out with

great care. Each glycan pool containing a mixture of neutral and/or acidic 2AB derivatives is fractionated by HPLC on

three different phase types: a weak anion-exchange GlycoSep C/Vydac 301VHP575 column, a normal phase GlycoSep

N/TSKgel Amide-80 column, and a reversed-phase GlycoSep R/Hypersil ODS C18 column. In most cases, only the

GlycoSep C and N columns are used. In the case of neutral/sialo glycans, fractionation on GlycoSep C gives rise to a

separation in neutral and mono-, di-, tri-, and tetra-charged components, according to the sialic acid content of each

fraction. In the case of the additional presence of sulfated or (capped) phosphorylated glycans, the charged patterns

can be more complex. For evaluation of the peak pattern, a PNGase-F digest of fetuin is used for calibration of the

column, indicating the various areas of elution (Figure 36). Fractionation on GlycoSep N, using acetonitrile-water

gradients buffered with volatile salts, yields highly resolved profiles of both N- and O-glycan pools (Figure 37).

Making use of an external standard dextran hydrolyzate ladder [2AB (a1-6)-linked glucose oligomers], the column is

calibrated by plotting the number of glucose residues against the retention times of the peaks, yielding a standard

curve using a fifth-order polynomial line fit. Using this curve, elution times of glycans are converted into GU values.

For structural assignments, the GU values of unknown glycans are compared with those of a large library of standard

N- and O-glycan structures (reference HPLC database/GlycoBase),333a yielding first-line proposals for the constitut-

ing glycans.192,332 For automatic assignments, a computer program has been designed that cross-correlates experi-

mental GU values with standard values in the database. Based on the GU values of many standard glycans,

incremental values for the addition of monosaccharides to oligosaccharides could be calculated. These incremental

data are of great help in additional sequential exoglycosidase studies of isolated fractions (Figure 37), yielding

confirmative or corrective evidence for first-line assignments. The structural features, which contribute to the GU

values, include arm specificity, linkage of the monosaccharide units, as well as monosaccharide composition. In fact, a

plot can be constructed of retention times expressed in GU values (Y-axis) versus masses of labeled glycans (X-axis),

showing a straight line. Analyses are carried out on the sub-picomolar level. The developed methodology has been

combined with MALDI-TOF MS for composition analysis, and with LC-ES-MS and LC-ES-MS/MS for sequence

analysis.391,392 It should be noted that GlycoSep R needs an arabinose ladder instead of a dextran ladder, because

labeled dextran oligomers are poorly retained on the reversed-phase HPLC system. The methodology is applied in

several ways, that is, structure elucidation of glycosylation patterns, monitoring glycosylation patterns of different

batches of recombinant therapeutic glycoproteins as quality control, and examining glycosylation changes in health

and disease. In case of complex normal phase HPLC patterns, a prefractionation can be carried out on GlycoSep C,

and relevant fractions/pools can be isolated for GlycoSep N experiments. Finally, the methodology is also applicable

for the sequencing of N-glycans directly from protein gels, that is, in-gel de-N-glycosylation with PNGase-F followed

by normal phase HPLC and combined with MALDI-TOF MS.393–395 Typical examples comprise the structural
N 1 2 3 4
2AB

Fetuin

rEPO-P

rEPO-T

Figure 36 Anion-exchange HPLC profile of the released, 2AB-labeled N-glycans of two different recombinant erythropoi-
etin batches rEPO-P and rEPO-T on GlycoSep C. Fetuin is included as a reference. N, neutral; 1, monosialylated;

2, disialylated; 3, trisialylated; 4, tetrasialylated.
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Figure 37 Normal phase HPLC profile of the released, 2AB-labeled N-glycans of normal IgG on GlycoSep N. A dextran

ladder is included to calculate GU values (a). The pool of N-glycans (b) was sequentially incubated with a series of

exoglycosidases as indicated in (c–h). Nomenclature for describing the diantennary oligosaccharides: G(0-2) indicates

the number of terminal Gal residues in the structure; F, (a1-6)-linked core Fuc; N, GlcNAc; B, bisecting GlcNAc; S, sialic acid;
M, Man; (1,6), (a1-6) arm; (1,3), (a1-3) arm. Rudd, P. M.; Dwek, R. A. Curr. Opin. Biotechnol. 1997, 8, 488–497.
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analysis and profiling of human erythrocyte CD59 N-glycans,396 the glycan analysis of serum glycoproteins of patients

with congenital disorders of glycosylation,397 and the glycan analysis of the prostate-specific antigen from prostate

cancer sera.398

Going through the literature, many protocols, including those from manufacturers, have been described for

exoglycosidase digestions, and different ensembles of exoglycosidases have been applied in sequence analysis studies.

To give an impression of enzyme ensembles used, three examples have been selected (for enzyme specificities, see
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Section 2.01.7.3). The first example comprises the following exoglycosidases: 345 a-sialidase from A. ureafaciens;

a-galactosidase from coffee bean; b-galactosidase from Jack bean; b-galactosidase from D. pneumoniae; b-galactosidase
from Streptococcus 6646K; b-N-acetylhexosaminidase from Jack bean; b-N-acetylhexosaminidase from D. pneumoniae;

a-mannosidase from Jack bean; a-mannosidase I from Aspergillus saitoi; a-mannosidase II from Aspergillus saitoi;

b-mannosidase from Helix pomatia; and a-fucosidase from Corynebacterium sp. The second example comprises:332

a-sialidase from A. ureafaciens; b-galactosidase from bovine testis; b-N-acetylhexosaminidase from Jack bean;

a-mannosidase from Jack bean; b-mannosidase from Helix pomatia; and a-fucosidase from C. lampas. The third

example comprises:192 a-sialidase from A. ureafaciens; a-sialidase from Newcastle disease virus; a-sialidase from D.

pneumoniae recombinant in E. coli; b-galactosidase from bovine testis; b-galactosidase from D. pneumoniae; b-N-
acetylhexosaminidase from Jack bean; b-N-acetylhexosaminidase from D. pneumoniae; a-fucosidase from bovine

kidney; and a-fucosidase from almond emulsin. Quite often, relatively high concentrations of enzyme are proposed

to allow the reactions to go to completion, which is important for the reliability of the sequencing methodology.346

However, one should keep in mind that several exoglycosidases have a concentration-dependent specificity, which

can generate high detailed information. So, a right play with exoglycosidases is very important.

In general, in sequence analysis studies substrates are incubated with a series of exoglycosidases, and after each

incubation the effect of the specific incubation is checked following well-documented shifts in retention times (GU

values). Also suitable mixtures of exoglycosidases are chosen. A quite different approach is the reagent-array analysis

method (RAAM), as has been reported for the profiling of N-glycans.365 Here, a purified oligosaccharide sample is

divided into aliquots, and each aliquot is incubated with a precisely defined mixture of exoglycosidases, whereby one

mixture contains all the exoglycosidases; one aliquot of the oligosaccharide sample is used as a blank, whereby no

exoglycosidases are added. After the digestions are complete, the individual samples plus the original oligosaccharide

substrate are pooled and subjected to a single chromatographic analysis. The obtained peak profile is compared with a

database of computer-generated simulations of digestions of oligosaccharides to obtain a fingerprint match. The major

drawback of this approach is the absolute requirement for noncontaminated exoglycosidases in the enzyme array.

Besides HPAEC and HPLC profiling techniques, CE profiling gets more and more attention.279,283,399–401 Although

only one glycan-mapping methodology has been developed for nonderivatized N-glycans, with UV detection at

190nm,402 most profiling techniques use fluorescently labeled glycans. Typical examples comprise the use of 2PA

derivatives,330,403–405 ANTS derivatives,338 and APTS derivatives.338,406 These methods are also combined with

sequential exoglycosidase studies. A full description of the CE technology is presented in Chapter 2.12.

Finally, lectin frontal affinity chromatography (FAC) of fluorescent 2PA-derivatized glycans has been proposed as a

profiling methodology.407–409
2.01.7.5 NMR Spectroscopy of Glycoprotein Glycans

Over the years, NMR spectroscopy has shown its high value in analyzing primary structures of glycoprotein N- and

O-glycans. The 1H NMR structural analysis studies of glycoprotein glycans played a major role in unraveling the

regular mammalian biosynthetic pathways. The information that can be deduced from NMR spectra is enormous:

monosaccharide details, anomeric configurations, linkage types, sequence data including branching, noncarbohydrate

substituents. Highly detailed information can be generated, which is extremely useful in the total elucidation of very

complex glycan chains, even on the glycoprotein level. Furthermore, the methodology is nondestructive, allowing

recovery of the intact sample after analysis. This means that 1HNMR spectroscopy is also highly suitable in evaluating

fractionation procedures. A disadvantage compared with HPLC/HPAEC, CE, and MS is that the relatively large

amounts of material still needed, commonly at the microgram level. Two comprehensive reviews, including many
1H NMR spectra, have appeared, one focused on the 1H NMR analysis of N-glycans17 and the other focused on

the 1H NMR analysis of O-glycans.18 A general review has been published, also including a survey of previous NMR

reviews.410 Each 1H NMR spectrum can be considered as a unique identity card (fingerprint) of the glycan under

investigation, and based on the interpretation of many 1H NMR spectra, so-called 1H NMR structural-reporter-group

concepts have been developed for both N-glycans (glycopeptides, oligosaccharides, oligosaccharide-alditols) and

O-glycans (oligosaccharide-alditols). These structural reporters comprise the positions (d values) and coupling con-

stants (J values) of signals that resonate outside the carbohydrate bulk signal, that is, H1 atoms (anomeric protons),

Man H2 atoms, GalNAc-ol H2, H3, H4, and H5 atoms, sialic acid H3 atoms, Fuc H5 and H6 atoms, Gal H3 and

H4 atoms, protons shifted out of the bulk region due to glycosylation shifts, protons shifted out of the bulk region

due to the presence of noncarbohydrate substituents such as acyl, sulfate, and phosphate groups, and protons

belonging to noncarbohydrate substituents such as O-methyl, N,O-acetyl and N-glycolyl groups. For automatic
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interpretations, an 1H NMR database computer program, called Sugabase, has been developed. 411,412,412a In

Sections 2.01.2.1, 2.01.6.1, 2.01.6.2, 2.01.6.3.1, and 2.01.6.5, several references are included which illustrate the

technology very well.64,69,71–73,76,90 ,176,177,186–188, 190,198–201,221–223 ,225,254,300 More recent studies focusing on Man-6- P-

and GlcNAc-6- P -containing N-glycans have also appeared. 310,413 A full description of the use of 1 H NMR spectro-

scopy in glycoprotein glycan analysis is presented in Chapter 2.04.
2.01.7.6 Mass Spectrometry of Glycoprotein Glycans

Since the introduction of soft-ionization techniques in mass spectrometry, the possibilities for its use in the primary

structural analysis of biomolecules have grown enormously. With respect to the glycoscience field, the technique has

become one of the cornerstones. Nowadays, the majority of the structural studies on glycoprotein glycans contains MS

data, mainly MALDI-TOF MS and ES-MS data. Because MS is dealing with masses, discrimination between

enantiomers, between diastereomers, and between anomers on the monosaccharide level is not easily possible,

whereas discrimination between linkage types and between positional isomers (branching) on the glycan level

needs advanced MS technologies. In this context it should be noted that many studies use the general knowledge

of biosynthetic pathways for the interpretation of MS data, especially in the case of mammalian glycoproteins, a

strategy that should be handled with care, certainly when focusing on glycoproteins of nonmammalian origin. Apart

from this comment, a typical warning for handling MS data in glycoproteomics applications has been stated recently.414

However, coupled with other technologies such as monosaccharide analysis, methylation analysis, HPLC profiling

and/or CE profiling, and using exoglycosidases, the MS applications seem to be without end. Several comprehensive

reviews on MS have appeared. 23,279, 401,415–429 Of specific interest are the strategies that have been developed for the

glycan analysis of glycoproteins separated using 1-D and 2-D gel electrophoresis with cutting out gel spots or

electroblotting onto membranes/release of N- and O-glycans/analysis of glycans by HPLC, and LC-ES-MS and

MALDI-TOF MS,393–395,430–434 as well as the software tools for interpreting glycan MS data. 435–440 A few typical

examples, illustrating the possibilities, are: MALDI-TOF MS and HPLC-ES-MS studies of recombinant erythropoi-

etin variants; 441,442 an HPLC-ES-MS study on murine immunoglobulin M;443 HPLC-ES-MS/MS studies on recom-

binant human thrombomodulin444 and hepatocyte growth factor; 445 a MALDI-TOF MS study, whereby the PNGase-F

digestion is carried out on recombinant tissue-type plasminogen activator immobilized on polyvinylidene difluoride

membranes; 446 a MALDI-TOF MS/HPAEC-PAD study of N-glycans released from glycoprotein bands from isoelec-

tric focusing gels; 447 a chemoselective glycoblotting/MALDI-TOF MS study on IgG; 448 development of a lectin-

affinity technology (‘glyco-catch’) combined with PNGase-F digestion in H2
18O and a 2-D-LC-ES-MS/MS advanced

proteome strategy; 409 MS analysis of N- and O-glycosylation of tissues and cells. 449 A full description of the use of

mass spectrometry in glycoprotein glycan analysis is presented in Chapter 2.02.
2.01.7.7 Glycan Detection and Differentiation Assays/Lectin Microarrays

In order to develop simple procedures for glycan detection and differentiation, several approaches have been worked

out. In one of these approaches450 aimed at glycan detection, a (glyco)protein mixture is separated by SDS-polyacryl-

amide gel electrophoresis, then transferred onto a nitrocellulose or polyvinylidene difluoride membrane. The blot is

incubated with periodate, whereby bonds between vicinal hydroxyl functions are cleaved (see Section 2.01.5.6).

Generated aldehyde functions are aminated with digoxigenin-succinyl-e-aminocaproic acid hydrazide (spacer-linked

digoxigenin; DIG). The detection of DIG-labeled bands is carried out in an enzyme immuno-assay using a DIG-

specific antibody conjugated with alkaline phosphatase and a substrate to trace alkaline phosphatase activity

(5-bromo-4-chloro-3-indolyl-phosphate/4-nitroblue tetrazolium chloride). Using the same steroid hapten, information

can be generated on the type of terminal glycan elements present (glycan differentiation).450 Now, the nitrocellulose

blot is incubated with different DIG-labeled lectins. Bound lectins can be detected with the DIG-specific antibody

conjugated with alkaline phosphatase/alkaline phosphatase substrate system. TheDIG-labeled lectins included in the

technology are D. stramonium agglutinin [DSA; Gal(b1-4)GlcNAc in N- and O-glycans; GlcNAc in O-glycans],

Galanthus nivalis agglutinin [GNA; Man(a1-2/3/6)Man in N- and O-glycans], M. amurensis agglutinin [MAA;

Neu5Ac(a2-3)Gal], S. nigra agglutinin [SNA; Neu5Ac(a2-6)Gal/GalNAc], peanut agglutinin [PNA; Gal(b1-3)GalNAc]

(see also Table 8).

A few reports describe the development of lectin microarrays for first-line glycan information in health and disease,

that is, quality control of therapeutic recombinant glycoproteins, glycosylation patterns of glycoproteins in cell-

biological studies, and changes in glycosylation in disease states. In one model study, six plant lectins (PNA, UEA,
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TPA/Tetragonolobus purpureas agglutinin, SNA, MAA, DSA; see also Table 8) were immobilized through a biotin–

neuravidin–biotin bridge on OptoDex-biotin platforms. The lectins were probed with fluorophore (Cy3 or Cy5)-

labeled glycoconjugates, including glycoproteins.451 In another approach nine plant lectins [Con A, GNA, GS-I, GS-II

(terminal GlcNAc), MAA, SBA/Glycine max (terminal GalNAc), SNA, UEA, WGA/Tritiicum vulgare (b-GlcNAc, sialic

acid, GalNAc); see also Table 8] were arrayed on aldehyde- or epoxide-derivatized glass slides. The arrays were

incubated with glycoproteins labeled at lysine residues with the fluorescent dye Cy3, and scanned for fluorescent

spots indicating carbohydrate–lectin interaction. The system was tested with N- and O-glycoproteins having well-

described glycosylation patterns;452 see also the development of a lectin microarray approach for the analysis of

bacterial polysaccharides/bacterial species.453 Recently, an optimized lectin array-based glycoanalysis methodology

has been reported that is kit based. The technology consists of arrays of 24 plant lectins with overlapping specifici-

ties. The slides were incubated with glycoproteins, fluorescently labeled with Cy3 or Fluos, or with nonlabeled

glycoproteins, subsequently followed by protein-specific nonlabeled primary rabbit IgG antibodies and secondary

Cy3-labeled goat antirabbit IgG antibodies. After incubation, the slides were scanned for glycoprotein binding via

fluorescence detection, resulting in a characteristic fingerprint. Since the signal intensities on the array do not

correspond to the relative abundance of the respective epitopes, an automatic algorithm was constructed for calculat-

ing these abundances from the array signals. The generated array-binding pattern provided information on the

proportion of the various features within a glycoform population (N-glycans, O-glycans, oligomannose type, complex

type, fucosylation, sialylation, etc.), and has been validated for several N- and O-glycoproteins.454 Finally, an

interesting technology has been described that makes use of an evanescent wave-excited fluorescence-assisted

scanning system, which allows sensitive, real-time observation of multiple carbohydrate–lectin interactions under

equilibrium conditions. Arrays of 39 immobilized lectins incubated with various Cy3-labeled glycoproteins and

glycopeptides, and tetramethylrhodamine-labeled oligosaccharides were evaluated, showing promising results.455
2.01.7.8 Analysis of Sialic Acids

Over the years, several methodologies have been developed for the structural analysis of naturally occurring sialic

acids, a family with more than 62 members (Figure 38).85–87,456 Currently, two primary instrumental approaches are in

use: (1) analysis of volatile sialic acid derivatives by GLC-EI/MS and (2) analysis of fluorescently labeled sialic acids

by HPLC eventually coupled with ES-MS. The volatile sialic acid derivatives include TMS methyl ester derivatives,

heptafluorobutylated methyl ester derivatives, and perTMS derivatives. The fluorescent sialic acid derivatives
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Figure 39 Conversion of Neu5Ac into the corresponding fluorescent DMB derivative.
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are prepared by reaction with 1,2-diamino-4,5-methylenedioxybenzene (excitation wavelength, 373nm; emission

wavelength, 448nm) (Figure 39) or with 1,2-diaminobenzene (excitation wavelength, 230nm; emission wavelength,

420nm). Detailed GLC, HPLC, EI/MS (Figure 40), and ES-MS data have been recently reviewed.87
2.01.8 Final Remarks

In this chapter, the major methodologies used nowadays in the structural analysis of polysaccharides and glycoprotein

glycans have been reviewed. Similar methodologies are also applied in the structural analysis of glycolipids, proteo-

glycans, and glycosylphosphatidyl inositol membrane anchors. Glycolipids are analyzed as such457 and as oligosacchar-

ides, released chemically by ozonolysis/alkaline fragmentation458 or enzymatically by endoglycoceramidase.459,460

Like for glycoprotein glycan profiling, also for glycolipid glycan profiling 2-D HPLC mapping methods, using
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fluorescently labeled oligosaccharides, released enzymatically from glycosphingolipids, have been published. 461

In proteoglycan studies, fragments for structural analysis are mainly generated via (de-N-acetylation) – deamination

or via lyase degradation (see Sections 2.01.5.7 and 2.01.5.9). Glycosylphosphatidyl inositol anchors are analyzed along

various routes, including enzyme digestions and special hydrolysis techniques in order to prepare suitable glycans for

further instrumental analysis.462,463
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221. Hård, K.; Mekking, A.; Damm, J. B. L.; Kamerling, J. P.; de Boer, W.; Wijnands, R. A.; Vliegenthart, J. F. G.Eur. J. Biochem. 1990, 193, 263–271.

222. Hokke, C. H.; Bergwerff, A. A.; van Dedem, G. W. K.; Kamerling, J. P.; Vliegenthart, J. F. G. Eur. J. Biochem. 1995, 228, 981–1008.

223. Bergwerff, A. A.; van Oostrum, J.; Asselbergs, F. A. M.; Bürgi, R.; Hokke, C. H.; Kamerling, J. P.; Vliegenthart, J. F. G. Eur. J. Biochem. 1993,

212, 639–656.

224. Wilson, I. B. H.; Zeleny, R.; Kolarich, D.; Staudacher, E.; Stroop, C. J. M.; Kamerling, J. P.; Altmann, F. Glycobiology 2001, 11, 261–274.

225. Koles, K.; van Berkel, P. H. C.; Pieper, F. R.; Nuijens, J. H.; Mannesse, M. L. M.; Vliegenthart, J. F. G.; Kamerling, J. P. Glycobiology 2004, 14,

51–64.

226. O’Neill, R. A. J. Chromatogr. A 1996, 720, 201–215.

227. Maley, F.; Trimble, R. B.; Tarentino, A. L.; Plummer, T. H., Jr. Anal. Biochem. 1989, 180, 195–204.

228. Ito, S.; Muramatsu, T.; Kobata, A. Arch. Biochem. Biophys. 1975, 171, 78–86.

229. Tai, T.; Yamashita, K.; Ogata-Arakawa, M.; Koide, N.; Muramatsu, T.; Iwashita, S.; Inoue, Y.; Kobata, A. J. Biol. Chem. 1975, 250, 8569–8575.

230. Tai, T.; Ito, S.; Yamashita, K.; Muramatsu, T.; Kobata, A. Biochem. Biophys. Res. Commun. 1975, 65, 968–974.

231. Mizuochi, T.; Amano, J.; Kobata, A. J. Biochem. 1984, 95, 1209–1213.

232. Tai, T.; Yamashita, K.; Kobata, A. Biochem. Biophys. Res. Commun. 1977, 78, 434–441.

233. Tai, T.; Yamashita, K.; Ito, S.; Kobata, A. J. Biol. Chem. 1977, 252, 6687–6694.



64 Strategies for the Structural Analysis of Carbohydrates
234. Foddy, L.; Feeney, J.; Hughes, R. C. Eur. J. Biochem. 1986, 233, 697–706.

235. Trimble, R. B.; Tarentino, A. L. J. Biol. Chem. 1991, 266, 1646–1651.

236. Ito, S.; Yamashita, K.; Kobata, A. Arch. Biochem. Biophys. 1975, 171, 78–82.

237. Plummer, T. H., Jr.; Tarentino, A. L. Glycobiology 1991, 1, 257–263.

238. Umemoto, J.; Bhavanandan, V. P.; Davidson, E. A. J. Biol. Chem. 1977, 252, 8609–8614.

239. Yamamoto, K.; Fan, J.-Q.; Kadowaki, S.; Kumagai, H.; Tochikura, T. Agric. Biol. Chem. 1987, 51, 3169–3172.

240. Iwase, H.; Hotta, K. Methods Mol. Biol. 1993, 14, 151–159.

241. Ishii-Karakasa, I.; Iwase, H.; Hotta, K.; Tanaka, Y.; Omura, S. Biochem. J. 1992, 288, 475–482.

242. Ishii-Karakasa, I.; Iwase, H.; Hotta, K. Eur. J. Biochem. 1997, 247, 709–715.

242a. Hokke, C. H. Thesis Utrecht University 1993.

243. Fukuda, M. N.; Matsumura, G. J. Biol. Chem. 1976, 251, 6218–6225.

244. Fukuda, M. N.; Watanabe, K.; Hakomori, S. J. Biol. Chem. 1978, 253, 6814–6819.

245. Li, Y.-T.; Nakagawa, H.; Kitamikado, M.; Li, S.-C. Methods Enzymol. 1982, 83, 610–619.

246. Scudder, P.; Hanfland, P.; Uemura, K.; Feizi, T. J. Biol. Chem. 1984, 259, 6586–6592.

247. Fukuda, M. N. J. Biol. Chem. 1981, 256, 3900–3905.

248. Spooncer, E.; Fukuda, M.; Klock, J. C.; Oates, J. E.; Dell, A. J. Biol. Chem. 1984, 259, 4792–4801.

249. Fukuda, M.; Dell, A.; Fukuda, M. N. J. Biol. Chem. 1984, 259, 4782–4791.
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432. Küster, B.; Krogh, T. N.; M�rtz, E.; Harvey, D. J. Proteomics 2001, 1, 350–361.

433. Wilson, N. L.; Schulz, B. L.; Karlsson, N. G.; Packer, N. H. J. Proteome Res. 2002, 1, 521–529.

434. Schulz, B. L.; Packer, N. H.; Karlsson, N. G. Anal. Chem. 2002, 74, 6088–6097.

435. Cooper, C. A.; Gasteiger, E.; Packer, N. H. Proteomics 2001, 1, 340–349.

436. Ethier, M.; Saba, J. A.; Ens, W.; Standing, K. G.; Perreault, H. Rapid Commun. Mass Spectrom. 2002, 16, 1743–1754.

437. Clerens, S.; Van den Ende, W.; Verhaert, P.; Geenen, L.; Arckens, L. Proteomics 2004, 4, 629–632.

438. Lohmann, K. K.; von der Lieth, C.-W. Nucleic Acids Res. 2004, 32, W261–W266.

439. Joshi, H. J.; Harrison, M. J.; Schulz, B. L.; Cooper, C. A.; Packer, N. H.; Karlsson, N. G. Proteomics 2004, 4, 1650–1664.
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457. Müthing, J. J. Chromatogr. A 1996, 720, 3–25.

458. Wiegandt, H.; Bücking, H. W. Eur. J. Biochem. 1970, 15, 287–292.

459. Ito, M.; Yamagata, T. J. Biol. Chem. 1986, 261, 14278–14282.

460. Li, S.-C.; DeGasperi, R.; Muldrey, J. E.; Li, Y.-T. Biochem. Biophys. Res. Commun. 1986, 141, 346–352.

461. Higashi, H.; Ito, M.; Fukaya, N.; Yamagata, S.; Yamagata, T. Anal. Biochem. 1990, 186, 355–362.

462. Ferguson, M. A. J.; Williams, A. F. Annu. Rev. Biochem. 1988, 57, 285–320.

463. Ferguson, M. A. J. In Glycobiology – A Practical Approach; Fukuda, M.; Kobata, A., Eds.; IRL Press at Oxford University Press: Oxford, UK,

1993; pp 349–383.



Biographical Sketch

Johannis P. Kamerling (1944) studied chemistry at

Utrecht University (1962–1969), and obtained his

Ph.D. degree in 1972 with Prof. J. F. Arens and Prof.

J. F. G. Vliegenthart. His glycoscience research is fo-

cused on (1) structural studies on polysaccharides and

glycoprotein glycans (since 1969); (2) organic/enzymatic

synthesis of (conjugated) carbohydrates (since 1984);

and (3) carbohydrate-mediated interaction studies

(since 1990). Since 1969, he is connected to the UU

Department of Bio-Organic Chemistry. In 1974 he was

a visiting scientist with Prof. B. Lindberg at the Univer-

sity of Stockholm (Sweden), and in 1981 with Prof.

A. Kobata at the University of Kobe (Japan). In the

period 2000–2003, he was Dean of Studies of the

Faculty of Chemistry. Since 2002, he is Chairman of

the Department of Bio-Organic Chemistry. In 1990, in

Yokohama (Japan), he was honored with the prestigious

Roy L. Whistler Award of the International Carbohy-

drate Organization. He is Doctor Honoris Causa of the

Lajos KossuthUniversity of Debrecen, Hungary (1999),

and Profesor Invitado of theUniversity ofHavana, Cuba

(2002). Since 2003, he is theDutch representative in the

European Carbohydrate Organization (ECO) and in

the International Carbohydrate Organization (ICO).

Since 2007, he is secretary of the ICO. He has been/is

editor and board member of several scientific journals,

and acted as secretary of the XIIth International

Carbohydrate Symposium (1984), the 9th European

Carbohydrate Symposium (1997), and the XVIth

International Symposium on Glycoconjugates (2001).

He is (co-)author of over 390 scientific papers/books/

reviews, and has supervised 45 doctoral theses at

Utrecht University.

In 1969, Gerrit J. Gerwig (1946) started as Chemical

Laboratory Technician at the Department of Bio-

Organic Chemistry, Utrecht University, headed by

Prof. J F. G. Vliegenthart. After his part-time study

to become a Biochemical Research Technician

(1969–1971) and his MO study in Physics and

Chemistry at Utrecht University (1972–1976), he

obtained his Ph.D. degree in 1991 with Prof. J. F. G.

Vliegenthart and Prof. J. P. Kamerling. His glycoscience

researchprogram includes the structural analysis of com-

plex carbohydrates and the development of analytical

methods, using NMR spectroscopy and mass spectrom-

etry. In the period 1987–1998, hewas a boardmember of

the Faculty of Chemistry of Utrecht University. Since

1978, he is a member of the Netherlands Society for

Glycobiology. He is (co-)author of over 75 scientific

papers.

68 Strategies for the Structural Analysis of Carbohydrates



2.02 Mass Spectrometry of Glycoprotein Glycans:
Glycomics and Glycoproteomics

A. Dell, S. Chalabi, P. G. Hitchen, J. Jang-Lee, V. Ledger, S. J. North, P.-C. Pang, S. Parry,

M. Sutton-Smith, B. Tissot, H. R. Morris, M. Panico, and S. M. Haslam, Imperial College London,

London, UK

� 2007 Elsevier Ltd. All rights reserved.
2.02.1 Introduction 69

2.02.1.1 Scope of the Chapter 69

2.02.1.2 Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS) 70

2.02.1.3 Electrospray Ionization Mass Spectrometry (ES-MS) 70

2.02.1.4 Tandem and Ion Trap Mass Spectrometry (CAD-MS/MS) 70

2.02.1.5 Fragmentation Pathways 71

2.02.2 Glycomics 71

2.02.2.1 Overview 71

2.02.2.2 Release of Glycans from Glycoproteins 72

2.02.2.3 Derivatization of Glycans 73

2.02.2.4 MALDI-TOF Profiling 74

2.02.2.5 Analyzing Charged Glycans 77

2.02.2.6 CAD-MS/MS Sequencing 77

2.02.2.6.1 ES-MS/MS using Q-TOF instrumentation 77

2.02.2.6.2 ES-MS/MS using ion trap instrumentation 78

2.02.2.6.3 Fragmentation using MALDI-TOF/TOF instrumentation 81

2.02.2.7 Chemical and Enzymatic Digestion 82

2.02.2.8 Linkage Analysis 84

2.02.2.9 Tagging Methodologies 85

2.02.3 Glycoproteomics 85

2.02.3.1 Overview 85

2.02.3.2 Analysis of Murine CD8 86

2.02.3.3 Analysis of Murine Zona Pellucida 88

2.02.3.4 Analysis of Prokaryotic Glycoproteins 89

2.02.4 Toward Automation 90

2.02.4.1 Automation of Data Interpretation 90

2.02.4.2 Automation of Sample Handling 91
2.02.1 Introduction

2.02.1.1 Scope of the Chapter

It is now well established that complex carbohydrates as constituent cell surface glycoconjugates are involved in the

mediation of cell–cell interactions, cell adhesion, and cell migration. In order to elucidate the roles that carbohydrates

play in such processes, their molecular structure requires assignment. In recent years, this has led to the development

of a new analytical field of glycomics, which aims to define the entire set of glycans present in a defined system

whether it be an individual cell type, tissue, or whole organism such as Caenorhabditis elegans. Knowing the glycome of

a tissue or cell type is a vital first step to exploring the roles glycans play in cell communication. But determining how

glycan-binding proteins engage with their specific ligands and the functional consequences of this recognition
69
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requires research efforts which are underpinned by more precise knowledge of the structures of individual glycopro-

teins and even the glycan structures present at individual glycosylation sites. This has led to the development

of glycoproteomics. The basic principles of the matrix-assisted laser desorption ionization mass spectrometry

(MALDI-MS), electrospray mass spectrometry (ES-MS), and tandem mass spectrometry (MS/MS) methodologies,

that are used to generate the data in both glycomic and glycoproteomic work, are covered in this section and illustrated

by specific structural studies in later sections. An additional important methodology used in such studies, gas

chromatography–mass spectrometry (GC–MS), is dealt with in greater detail elsewhere in this volume. Finally, it

should be pointed out that interpretation of the generated MS glycan data, especially for mammalian glycoproteins, is

heavily dependent on a prior knowledge of biosynthetic information.
2.02.1.2 Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS)

In the MALDI-MS experiment, the sample to be analyzed is co-crystallized on a metal plate with a large excess of a

low molecular weight, UV-absorbing matrix. The plate is then introduced into the high-vacuum MALDI source and

the crystal is irradiated with intense laser pulses, which excite the matrix molecules. This leads to the sputtering of

analyte and matrix ions from the surface of the crystal. Depending on the type of analyte, different matrices can be

chosen to optimize sensitivity. For example, 2,5-dihydroxybenzoic acid (DHB) is ideal for native and derivatized

glycans, whereas a-cyano-4-hydroxycinnamic acid (CHCA) and sinapinic acid are usually used for peptides/glycopep-

tides and protein analysis, respectively. Most commercially available MALDI mass spectrometers have a pulsed

nitrogen laser of wavelength 337 nm, although solid-state lasers (e.g., Nd-YAG), which permit smaller areas of

irradiation and faster acquisition, are being incorporated into some of the newer instruments. MALDI is a ‘soft’

ionization method and yields singly charged molecular ions regardless of the molecular weight, with minimal

fragmentation. Thus, it is an ideal technique for mass profiling of mixtures of glycans.
2.02.1.3 Electrospray Ionization Mass Spectrometry (ES-MS)

ES-MS is a method by which a stream of liquid containing the sample of interest is introduced into the atmospheric

pressure ion source of a mass spectrometer via a metal-coated capillary. By the appropriate application of voltages on

the capillary, counter-electrode, and focusing optics, an aerosol of highly charged microdroplets is generated in the

source, which traverses a series of skimmers, encountering a drying gas, the net effect of which is the creation of

gaseous ions, devoid of solvent, whose charge distribution is proportional to the number of ionizable groups in the

molecule. This ability to form multiple charged species permits the analysis of very large components by bringing

their observable mass/charge ratio (m/z) to within the mass limit of the MS analyzer. The ionization process in ES-MS

is very gentle resulting in little or no fragmentation, although this can be engineered to some extent by varying source

voltages, particularly the ‘cone.’ The original ES technique involved flow rates of about 1–10 mlmin–1. Nano-ES is a

variation of this procedure, whereby the flow rate is reduced to as little as 10–40 nlmin–1, resulting in far less sample

being consumed, allowing adequate time for the selection of many molecular ions for MS/MS analysis in a single

experiment. These flow rates are also compatible with online nano-LC-ES-MS analysis (see Section 2.02.3).
2.02.1.4 Tandem and Ion Trap Mass Spectrometry (CAD-MS/MS)

As noted earlier, MALDI and ES experiments yield very few fragment ions. While this can be an advantage for mass

fingerprinting (see Section 2.02.2.4), it is clearly a problem for more detailed structure analysis. Fortunately, this can be

solved by mass spectrometers which have at least two analyzers in tandem or which have ion trap analyzers. In tandem

instruments, the first mass analyzer is used to select a precursor ion of interest. This ion is passed into a pressurized

collision cell containing an inert gas such as argon or xenon. As the ion traverses the cell, it undergoes collisonally

activated decomposition (CAD) (also known as collisionally induced dissociation or CID). The resulting fragment ions

are then separated in the second mass analyzer to yield a spectrum of fragment ions. In ion trap instrumentation, the

trap acts as both the analyzer and the collision chamber. First, the precursor ion of interest is retained in the ion trap

while all other ions are expelled. Then the trap is pressurized with an inert gas. Fragment ions produced by collisional

activation are then sequentially expelled from the trap and the spectrum is recorded. An advantage of the ion trap is that

individual fragment ions can be retained in the ion trap and subjected to subfragmentation by further collisional

activation. This so-called MSn (multiple-stage mass spectrometry) technology may be helpful for the assignment

of structural features such as linkages and branching patterns. A great variety of tandem and ion trap instruments are

commercially available. Among the former, the Q-TOF (quadrupole orthogonal-acceleration time-of-flight) mass
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spectrometers, and the more recently introduced TOF/TOF instruments, are currently the most powerful instruments

for glycoproteomic and glycomic analysis, respectively.
2.02.1.5 Fragmentation Pathways

The majority of fragment ions are produced by cleavage on either side of glycosidic bonds to yield nonreducing and

reducing-end fragment ions, respectively. These ions provide sequence and branching information. Ring fragmentation

can also occur, provided the MS/MS experiments are carried out under conditions that permit high-energy collisional

activation. This type of fragmentation is helpful for assigning linkages. The most common pathways are illustrated in

Schemes 1–4 and systematic nomenclature for the resulting fragment ions is shown in Figure 1.1 In summary, the main

fragmentation pathways common to all classes of polysaccharides and glycoconjugates are as follows:

1. A favored cleavage in the positive ion mode occurs on the nonreducing side of the glycosidic bond to form

an oxonium ion (Scheme 1), which may carry sodium if the parent ion was sodiated prior to cleavage. This type

of fragmentation is often referred to as A-type cleavage. A-type cleavage is favored at HexNAc residues and is

usually accompanied by secondary fragmentation involving b-elimination of the substituent at position 3 on the

ring (Scheme 2).

2. Glycosidic cleavage occurs with a hydrogen transfer, with charge residing on either the reducing or nonreducing

ends depending on which bond to the glycosidic oxygen is cleaved. This fragmentation is often referred to as

b-cleavage and occurs in both positive and negative modes (Scheme 3). Tagging glycans with reducing-end

reagents (see Section 2.02.2.9) will enhance the formation of reducing-end ions.

3. In ring cleavage, the charge can remain on either the reducing or the nonreducing end, depending on the nature of

the sample and whether positive or negative ions are being detected (Scheme 4).
2.02.2 Glycomics

2.02.2.1 Overview

Figure 2 depicts strategies developed in our laboratory for profiling the N- and O-glycan repertoire of cells, tissues,

fluids, etc. (Chapters 3.02 and 3.03).2–4
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These protocols have been adopted by the Consortium for Functional Glycomics which is assembling a resource of

mouse and human glycomic data.4a Similar strategies are employed in other laboratories, although specifics may vary,

for example, in the choice of derivative and/or MS methodology. Briefly, MALDI-TOF of permethylated glycans

provides mass profiles at high sensitivity, while MS/MS experiments, complemented by linkage analysis and a variety

of chemical and enzymatic procedures, yield detailed sequence information. In all experiments, data interpretation is

facilitated by knowledge of biosynthetic pathways. The major steps are described in the following sections.
2.02.2.2 Release of Glycans from Glycoproteins

Liberation of N-glycans from glycoproteins can be achieved either chemically using hydrazine5 or enzymatically

with PNGase F or PNGase A. Although hydrazinolysis is an effective method to completely remove both N- and

O-glycans, hydrazine is a highly explosive reagent and can be difficult to obtain. Hence enzymatic release is
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preferred. PNGase F is the most effective enzymatic method for removing almost all of the N-linked glycans from

glycoproteins.6,7 The glycans are released as intact oligosaccharides, and the only change in the protein backbone

arises from the deamination of the substituted asparagine residue to aspartic acid. Although PNGase F is suitable for

most applications, it does not cleave N-glycans that have an a1!3-linked fucose attached to the reducing GlcNAc.8

Such modifications occur in glycoproteins obtained from plants and invertebrates, and release of N-glycans from these

organisms is achieved by the enzyme PNGase A from almonds. In general, glycoproteins must be denatured for

PNGase F and A to act efficiently, as sites of N-glycan attachment can be inaccessible when the glycoprotein is in its

native form. This problem is routinely overcome by reduction/alkylation of the glycoprotein followed by digestion

with trypsin.

O-Glycans are most commonly released chemically using alkaline b-elimination under reducing conditions to pre-

vent degradation of the glycans by the ‘peeling’ reaction. Although an enzyme, O-glycosidase, is available to release O-

glycans, it is not as versatile as PNGase F. O-Glycosidase has a restricted specificity and it only releases the simple core

type 1 sequence (Galb1!3GalNAc) from proteins. Therefore, this enzyme must be used in conjunction with

additional enzymes to remove more complex O-linked structures ,9,10 making it unsuitable as a structure analysis tool.
2.02.2.3 Derivatization of Glycans

Purified, intact glycans can be analyzed directly by MALDI-TOF or derivatized first and then analyzed. As

carbohydrates do not ionize as efficiently as other molecules such as peptides,11 direct analysis of underivatized

glycans by MS is not very sensitive. Derivatization of the glycans by permethylation or peracetylation significantly

improves the sensitivity of detection and is a frequently used strategy in glycan analyses.12,13 Permethylation
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Figure 2 Schematic representation of a glycomic strategy. Glycoproteins are extracted from tissues or cells by a

detergent extraction buffer. Disulfide bonds are reduced and protected to increase the efficiency of subsequent enzyme

digests. Trypsin is the usual protease of choice to generate glycopeptides/peptides, which can be utilized for glycopro-
teomic studies. N-Linked glycans are enzymatically cleaved from the peptide backbone by digestion with PNGase F and

subsequently purified on a Sep-Pak C18 reverse-phase cartridge. O-Glycans are chemically released from glycopeptides by

reductive elimination. Aliquots of the purified N- and O-Glycans are permethylated and initially screened byMALDI-TOFMS.

Data generated from this initial screening is used to direct subsequent additional experiments such as chemical and
enzymatic hydrolyses and MS/MS experiments.
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catalyzed by methylsulphenyl carbanion14 or sodium hydroxide15 gives the smallest increase in molecular weight of

the sample, and the greatest enhancement in sensitivity. In addition, permethylated glycans fragment very selectively

resulting in a limited number of structurally diagnostic fragment ions which are relatively easy to interpret (see

Section 2.02.2.6). 12 Thus, permethylation is the method of choice for most glycomic investigations.

Some organisms, such as the nematodes, C. elegans16 and Toxocara,17 contain a degree of natural methylation on their

glycans. In these cases, permethylation masks the native methyl groups and information will be lost by derivatization.

This problem can be overcome by using deuteromethyl iodide instead of methyl iodide. Under these conditions each

methyl group derived from the derivatization process can be discriminated from the naturally occurring methylation

based on mass difference (18 mass units for a CD3 group versus 15 mass units for a natural CH3 group (Table 1)).

Perdeuteromethylation can also be used to increase the level of confidence in assignments made from a standard

permethylation experiment. The MALDI-MS profiles of the ions generated by glycans derivatized with the two

different reagents should be the same except that the m/z values of the perdeuteromethylated glycans will be greater

by a predicted amount than that of the permethylated counterparts (Table 1).
2.02.2.4 MALDI-TOF Profiling

AMALDI-MS spectrum of permethylated glycans typically consists of a series of singly charged [MþNa]þ molecular

ions. Although MALDI-MS is a soft-ionization technique, fragment ions such as A-type ions12 are occasionally

observed, which are useful in determining the structure of the glycan antennae (see Scheme 1). Interpretation of

MALDI-MS spectra is carried out by assigning the compositions of molecular ions in terms of the number of their

monosaccharide constituents (Table 1). Together with the knowledge of the glycan biosynthetic pathways, putative

glycan structures can be assigned. Recently, an algorithm ‘Cartoonist’ has been developed, which provides an

automated interpretation of MALDI-MS spectra (see Section 2.02.4.1).



Table 1 The mass of a (deutero)permethylated glycan is calculated by adding the masses of the ends (shown in (a)) to the

increment mass of each sugar (shown in (b))

(a): Non-reducing (R) and reducing ends (OR)

Oligosaccharide structure Permethylated mass of ends Perdeuteromethylated mass of ends

R

ORO
H
OR H

H

H H

O O
OR

CH2OR
O

H
OR H

H

H H

O
OR

CH2OR

O

O
H
OR H

H

H

HO
OR

CH2OR

n

R þ OR ¼ 46 R þ OR ¼ 52

R¼H for underivatized oligosaccharides

R¼CH3 for permethylated oligosaccharides

R¼CD3 for deuteromethylated oligosaccharides

(b): Monosaccharide residues

Monosaccharide Symbol Permethylated mass Perdeuteromethylated mass

Deoxyhexose

Fucose (Fuc) 174 180

Hexose

Mannose (Man) 204 213

Galactose (Gal) 204 213

Glucose (Glc) 204 213

N-Acetylhexosamine

N-Acetylgalactosamine (GalNAc) 245 254

N-Acetylglucosamine (GlcNAc) 245 254

Sialic acid

N-Acetylneuraminic acid (NeuAc) 361 376

N-Glycolylneuraminic acid (NeuGc) 391 409

Sugar symbols used throughout this chapter are those employed by the Consortium for Functional Glycomics.
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Partial glycomic data from human neutrophil N-glycans, which exemplify a typical MALDI-MS profiling experi-

ment, are shown in Figure 3a (more complete data are publicly available on the Consortium for Functional Glycomics

website.4a Using the monoisotopic ion (i.e., the ion corresponding to the C12 isotope peak (see Figure 3b)), putative

structures can be assigned based on the usually unique glycan composition for a given molecular weight.

For example, compositions of the type HexnHexNAc2 are high-mannose structures (e.g., m/z 2396.1 in Figure 3a),

whereas those containing three HexNAc residues are likely to be hybrid structures or biosynthetic intermediates of

complex structures. Oligosaccharides with four or more HexNAc residues are likely to be complex glycans. Since

glycans aremade from common biosynthetic pathways, intermediates in the same pathway are expected to be observed

in the spectrum. In Figure 3a, there is a relatively intense ion at m/z 2605.0, which corresponds to a putative bi-

antennary sialylated structure with a single fucose. Addition of another fucose (þ174) or sialic acid (þ361) to this

glycan results in ions at m/z 2779.0 and 2965.9, respectively, both of which are observed in the spectrum at significant

intensity. This indicates that active fucosyltransferases and sialyltransferases were present in the sample under

investigation, a feature that is reflected by the high levels of fucose and sialic acid in the other putative structures

annotated in the spectrum. The sample also has a significant level of GlcNAc transferase activity since there are a large

number of ions corresponding to putative higher-order antenna structures. Since terminal GlcNAc residues are often

quickly capped by galactose, the mass increment of the resulting HexHexNAc addition is þ449. Hence, the intense

ion at m/z 3053.9 likely corresponds to the glycan at m/z 2605.0 carrying an extra HexHexNAc disaccharide. In the

spectrum shown (Figure 3), this has been drawn as a tri-antennary structure, but it could also correspond to a bi-

antennary structurewith an extended antenna.Further experimentsmust beundertaken to distinguish these structures.

Another important consideration in assigning structures to molecular ions is the species and sample under investi-

gation. For example, the Gal-a-Gal epitope is a common terminal structure in mice but this moiety is not observed in

humans. Furthermore, although NeuGc-containing glycoconjugates are found in most mammals, NeuGc is barely

detectable in normal human tissues.18,19 Indeed, even within mammals, NeuGc is not detected in the brain. Diseased

tissues or cell lines derived from diseased cells may contain NeuGc and other unusual structures, so it is vital that the

source of the sample is considered during the assignment of structures.

As described earlier, permethylation of glycans improves the sensitivity and interpretability of fragmentation.

However, this process can also produce a series of ions indicating species 30Da larger than the fully methylated
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Figure 3 MALDI-TOF mass spectrum of N-glycans released from human neutrophils. The N-glycans of human neutrophils
were released from tryptic glycopeptides by digestion with PNGase F, separated from peptides by Sep-Pak purification and

permethylated. The derivatized glycans were purified by Sep-Pak C18 and the 50% (v/v) aqueous acetonitrile fraction was

screened by MALDI-TOF (a). A region of the spectrum has been magnified to show greater detail (b). Putative structures

based on knowledge of N-glycan biosynthetic pathways and glycan composition are shown. For convenience, only one
branching pattern for tri-antennary structures is shown. Monosaccharide symbols are shown in Table 1.
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carbohydrate molecules. These species, which are typically between 0% and 10% of the intensity of the fully

methylated glycan ions, are thought to be caused by a side reaction between the permethylation reagents resulting

in incorporation of a methoxymethyl derivative instead of a methyl group.20 This is particularly important to be aware

of inMALDI profiling as the mass difference between a Fuc (174 mass units) and a Hex (204 mass units), and between

NeuAc (361 mass units) and NeuGc (391 mass units), is 30 mass units. If the þ30 mass unit artifact is at significant

levels in a sample, it should be associated with every peak as it is a nonspecific effect. MS/MS can be used to

unequivocally determine whether a particular glycan contains the modification.
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Throughout the preceding discussion it should be apparent that, although MALDI-MS spectra provide a semi-

quantitative glycan profile, assignment of structures based only on the compositional data derived from these spectra

is essentially an educated guess. To strengthen the reliability of the interpretation, further experiments must be

undertaken. MS/MS (Section 2.02.2.6) can be used to sequence specific glycans, whereas linkage analysis by GC–MS

(Section 2.02.2.8) can be used to define the linkages present and the terminal monosaccharides in the glycans.

Furthermore, MALDI-MS profiling after glycosidase/glycosyltransferase reactions can also be used to define struc-

tures and has the advantage that it can also distinguish between anomeric configurations (Section 2.02.2.7). Together,

these data can be used to build up an accurate picture of the structure of the glycans present in a sample.
2.02.2.5 Analyzing Charged Glycans

Permethylation underpins many glycomic investigations; however, it does have one drawback. Charged glycans, such

as those carrying sulfate or phosphorylcholine groups, are usually lost during the cleanup step following the derivati-

zation, meaning that only neutral and sialylated glycans are normally observed. To analyze charged glycans, several

different approaches may be taken. Firstly, glycopeptides may be analyzed directly by MALDI-MS or ES-MS and the

glycan component calculated (see Section 2.02.3). However, the sensitivity of analyzing glycopeptides is rarely

comparable to that for permethylated glycans, so a method involving derivatization is usually preferred. Sulfated

glycans can be recovered after permethylation under Hakomori conditions (see Section 2.02.2.3), provided suitable

cleanup is employed,21 but these procedures are experimentally more challenging than hydroxide-catalyzed per-

methylation. One approach for detecting the presence of phosphorylcholine (PC) involves splitting a sample of

N-glycans into two, and screening one portion for the presence of components lacking PC moieties using the standard

glycomic protocols. The second portion is treated with aqueous hydrofluoric acid (HF) using conditions that are

known to cleave phosphodiester linkages. The products are permethylated and analyzed by MALDI-MS. Molecular

ions that are observed only after HF treatment are indicative of components in the native sample that have HF-

sensitive functional groups, such as PC.22 PC-modified glycans can be directly detected if peracetylation or perdeu-

teroacetylation is used instead of permethylation, but glycans having multiple PC groups are problematical for MS

analysis due to their Zwitter-ionic nature. Thus, although many glycans carrying sulfate or other charged groups have

been successfully analyzed using mass spectrometric strategies, devising high-throughput glycomic protocols that are

compatible with this type of glycan remains a challenge for the future.
2.02.2.6 CAD-MS/MS Sequencing

Although biosynthetic information can be employed to attribute tentative sequences to compositions arising from

MALDI-TOF profiling, further experiments are required for rigorous structure assignment. CAD-MS/MS

(see Section 2.02.1.4) is a powerful strategy for accessing the fine structure of an oligosaccharide by breaking it into

smaller pieces and analyzing the fragments (see Section 2.02.1.5 for a summary of the most important glycan

fragmentation pathways). Derivatization plays a pivotal role in MS/MS of glycans. In addition to vastly improving

the sensitivity (see Section 2.02.2.3), derivatization facilitates interpretation of MS/MS data in several different ways.

Thus, it has the advantage of directing fragmentation along a few well-defined fragmentation pathways, leading to a

restricted number of daughter ions. Also, fragmentation of permethylated samples is reliable and predictable.12

Importantly, by taking into account the number of methyl groups on each fragment ion, unambiguous information

about the branching, the sequence, and sometimes about the nature of the linkage can be obtained from a permethy-

lated sample. In contrast, underivatized glycans frequently yield ambiguous data because of multiple cleavage events.

To maximize structural information from MS/MS experiments, it is helpful to have a range of instrumentation

enabling both low- and high-energy collisional activation. This is because glycosidic cleavages (Schemes 1–3) occur

with low collision energies which are readily achievable with many instruments, including the widely available

Q-TOF-type instrumentation (see Section 2.02.1.4), while ring cleavages ( Scheme 4) require the higher collision

energies associated with ion traps and TOF/TOF instruments (see Section 2.02.1.4).

The power of MS/MS technology for glycomic investigations is illustrated in the following sections. The examples

selected for discussion exemplify MS/MS instrumentation that is widely used for glycomic analysis.
2.02.2.6.1 ES-MS/MS using Q-TOF instrumentation
This technology is illustrated by data from a structural study of the ovarian tumor marker CA125. The full character-

ization of the oligosaccharides present on this mucin, which is rich in both N- and O-glycans, is described elsewhere.23
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ES-MS/MS sequencing of one of its N-glycans is discussed here. MALDI-TOF profiling of the total N-glycan

population revealed dozens of glycans among which was a component of m/z 2664 corresponding to a sugar composi-

tion of Fuc2Hex5HexNAc5. This component was selected for MS/MS analysis using a nanospray Q-TOF instrument.

The doubly charged parent ion atm/z 1343 was selected for collisional activation and theMS/MS spectrum is shown in

Figure 4.

The singly charged A-type ion at m/z 660 together with the doubly charged glycosidic cleavage ion at m/z 1024

(z¼ 2) demonstrate the presence of a fucosylated antenna. The ion at m/z 474 corresponds to the reducing-end

FucHexNAc and is formed by cleavage of the glycosidic bond between the two GlcNAc residues of the chitobiose

core. This ion is diagnostic of core fucosylation. The doubly charged ion at m/z 1213 (loss of a nonreducing HexNAc)

suggests that the structure is bisected. This interpretation is supported by the singly charged ion at m/z 1766 resulting

from double cleavage of the bisecting HexNAc and the fucosylated antenna. Assignments and key signals are given in

the insert to Figure 4.23
2.02.2.6.2 ES-MS/MS using ion trap instrumentation
Many of the first-generation ion trap instruments are not ideal for glycomics. For example, they are often less sensitive

and spectra are less well resolved than for the Q-TOF-type instruments. In addition, the mass range of the fragment

ions is dictated by the size of the precursor ion and small fragment ions are thus often impossible to detect.

Nevertheless, their MSn ability can be extremely useful for providing information concerning branching and also

for helping in resolving isobaric mixtures. The last point is illustrated in the following example.

In the determination of the structure of a permethylated oligosaccharide from chicken ovalbumin, theMSn ability of

the ion trap was employed to distinguish the two isobaric structures I and II corresponding to the same Hex5HexNAc5

composition (Scheme 5).

The MS/MS spectrum of the [Mþ2Na]2þ ion at m/z 1169.5 shows ions specific to each of the isobaric structures as

well as ions common to both of them.24 Because both parents are fragmented at the same time, no clear structural

assignments can be made from the MS/MS data. However, selecting one or more of the specific ions for further

fragmentation provides unambiguous information on each of the isobaric structures. Information deduced for com-

pound I is described here.

The MS2 spectrum of ion m/z 1169.5 contains the doubly sodiated m/z 937.7 ion which comes from the loss of a

terminal HexHexNAc moiety carrying no substituent which can only occur in compound I. Therefore, m/z 937.7 was

chosen for MS3 analysis. Fragmentation of this ion leads to a major doubly sodiated ion at m/z 808.0 corresponding to a
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loss of another terminal HexNAc, and a singly charged ion at m/z 1333.7 corresponding to the loss of two terminal

HexNAc residues. MS4 analysis of m/z 1333.7 affords several important ions: Y3d at m/z 912.9 and its complementary

B3d at m/z 445.2 which proved the presence of an antenna comprised of two consecutive Hex residues (Figure 5). The

ion atm/z 1144.5 (resulting from a loss of 189 mass units, that is, the loss of a Hex which lacks one methyl group) shows

that one of the remaining Hex is doubly substituted. To summarize the data obtained for compound I, theMSn spectra

suggest a structure presenting a short HexHex antenna, another short HexHexNAcHex antenna where the last

subterminal Hex carries a HexNAc as branching. Also, according to the molecular composition and the number of

terminal HexNAc residues lost upon fragmentation, this structure must be bisected.

In recent years, there has been considerable progress in ion trap technology, and a new generation of instruments

incorporating linear ion traps are showing great promise. Linear geometry provides a larger space in which the ions can

be accumulated. This gain of space decreases the charge-state effect inherent to the trap and thus allows significant

gain of sensitivity. The use of linear ion traps in the field of glycan structural analysis is at an early stage but several

studies using this technique have been published recently and clearly demonstrate its potential.25,26
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2.02.2.6.3 Fragmentation using MALDI-TOF/TOF instrumentation
Linear ion trap and Q-TOF analyzers are mostly associated with ES ionization. This type of ionization is, however, not

always the most convenient for glycomics, bearing in mind that mass fingerprinting is best achieved by MALDI-TOF

analysis (see Section 2.02.2.4). Until recently, sequencing using MALDI-TOF has relied on in-source decay (ISD) or

post-source decay (PSD) fragmentation. ISD ions are produced within the source whereas PSD ions are derived from

parent ions that are decomposing between the source and the analyzer. Neither process involves collisional activation,

and the quality and quantity of fragment ions is very variable. In recent years, MALDI sources have been coupled

to a variety of tandem and ion trap instruments. Currently the most promising of these instruments is the MALDI-

TOF/TOF. This instrument is able to perform both PSD-type and CAD-type fragmentations, and the latter can be

performed at both high and low energy. Its tandem TOF analyzers preserve the resolution and the sensitivity that can

be achieved on a ‘classical’ MALDI-TOF instrument.27

The potential of MALDI-TOF/TOF for glycomics investigations is illustrated by MS/MS analysis of the low-

abundance molecular ion cluster near m/z 3140 observed in MALDI-TOF screening of human neutrophils

(see Section 2.02.2.4). As shown in the inset to Figure 3b, this cluster has an isotopic distribution that suggests that

two sugar compositions are present. This was confirmed by selecting m/z 3143 for low-energy MALDI-TOF/TOF

analysis using instrumental conditions that allow a window of several ions to be collisionally activated. The resulting

data (Figure 6) not only firmly established the compositional identity of the components, but also allowed unambigu-

ous assignments of antennae sequences and extent of core fucosylation.

For example, the fact that the reducing-end residue cannot be lost without concomitant loss of fucose (giving m/z

2692) shows that all major components are core fucosylated. Therefore, the sialylated glycan of composition

NeuAc2HexNAc4Hex5Fuc2 has only one sialyl Lewis X antenna, as shown. This is corroborated by similarly abundant

ions for loss of sialylated LacNAc and sialyl Lewis X at m/z 2319 and 2145, respectively, and by the sodiated A-type

fragment ions at m/z 847 and 1021 (see Figure 6). The second component present in the molecular ion cluster has a
Figure 6 MALDI-TOF/TOF MS/MS spectrum of the molecular ion cluster centered at m/z 3143 in Figure 3. Two glycan

compositions are present in this cluster and three sequences were clearly identified upon low-energy fragmentation using
air as the collision gas. Additional minor variants of the nonsialylated components are fucosylated on one of the antennae,

instead of on the core. These components give the minor signals at m/z 660 and 2506.The low-mass fragment ions are

sodiated A-type ions and the high-mass fragment ions are the result of b-cleavage. For key to symbols, see Table 1.
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composition of Fuc1Hex7HexNAc6. Several structures could correspond to this composition: tetra-antennary with

short antennas, tri-antennary with an extended antenna, or bi-antennary with a longer extended antenna. The MS/MS

data show that only the bi- and tri-antennary arrangements exist. Thus, the three consecutive losses of 463u,

corresponding to release of three terminal HexHexNAc moieties (m/z 2680, 2217, and 1754), provide evidence for a

tri-antennary component. Moreover, the ion at m/z 1782, which corresponds to loss of a polyLacNAc antenna

(HexHexNAcHexHexNAcHexHexNAc), is indicative of a bi-antennary structure.

In summary, the structures shown in Figure 6 could be unambiguously determined by MALDI-TOF/TOF despite

these glycans being only a fraction of a percent of the total neutrophil N-glycome. However, it is important to bear in

mind that structural features such as linkage, stereochemistry, and antenna location require additional experimenta-

tion of the type described in the following sections, and it might not be possible (or, indeed, necessary) to rigorously

characterize all minor components in a complex mixture.
2.02.2.7 Chemical and Enzymatic Digestion

Chemical and enzymatic digestions are a vital adjunct to MALDI-TOF screening and MS/MS sequencing because

they can provide information on structural features such as stereochemistry and linkage. MS is an ideal method for

monitoring the progress and analyzing the products of these reactions. Its sensitivity allows identification of minor by-

products alongside the more major end products to provide extremely useful data for structural assignment. Progres-

sive reactions such as hydrolyses and methanolyses can be easily monitored via a time course by mixing an aliquot of

the reaction mixture with a matrix and then analyzing via MALDI-MS. It is often useful to include a permethylation

step prior to MS analysis in order to optimize sensitivity and assist MS/MS sequencing. Although enzymatic digests

must be carried out on native glycans, chemical hydrolyses can be performed on either native or derivatized samples

depending on the information sought.

Methanolysis is an excellent example of the use of MS to monitor a reaction over time. The reagents are compatible

with theMALDI matrix and, once the sample is captured in the crystals and the volatile reagents have evaporated, the

reaction is halted, creating a perfect ‘snapshot’ of that particular time point. This form of structural elucidation is

applicable to a wide range of glycans and glycoconjugates. Mild degradation conditions can be used to follow removal

of the more labile groups, such as fucose and sialic acids, whereas stronger conditions will facilitate a more complete

digestion.28 Data from permethylated samples can provide evidence for branching patterns and arrangements of

terminal structures. For example, if an NeuAc2HexNAc moiety is present, the two NeuAc sugars may be joined

separately to the HexNAc or in tandem to one another. The former will yield a terminal HexNAc sugar with two free

OH groups after methanolysis, while the latter will carry a single hydroxyl on the terminal HexNAc.

Enzymatic degradation studies can yield a great deal of significant structural information from relatively simple

experiments. Data from the glycomics profiling and MS/MS experiments (see Sections 1.27.2.4 and 1.27.2.6) are used

to guide the choice of enzymes, some of which are specific for linkage as well as sugar type and anomeric

stereochemistry. Comparison of glycan profiles before and after an enzymatic digest will show unambiguously

which glycans have been digested and to what extent. In some cases, it can be useful to subject the sample to more

than one enzyme prior to MS analysis.29 Some examples of enzymes frequently employed in mammalian glycomics

are given below.

Treatment of mixtures of glycans with sialidases provides useful information on the extent of sialylation of

individual glycans and uncovers subterminal residues for further digestion. For example, all tentative sialylated

glycans in the human neutrophil mixture shown in Figure 3 were predictably shifted after sialidase digestion. For

example, the peak at m/z 2966 disappeared and there was an increase in them/z 2244 ion, confirming that the former is

a disialylated bi-antennary glycan (Figure 7).

A variety of neuraminidases of different specificities are available for probing terminal sialylation. For example,

sialidase A from Arthrobacter ureafaciens has a broad specificity and is able to remove NeuGc as well as NeuAc in a2!3,

6, and 8 positions, whereas the neuraminidase from Newcastle disease virus is specific for a2!3-linked sialic acid and

therefore can be helpful in defining sialic acid linkages.30
Sialidase digestion

m/z 2966 m/z 2244

Figure 7 Digestion with sialidase removes terminal sialic acids giving a mass shift to that of its unsialylated counterpart.
For key to symbols, see Table 1.



Fucosidase III

m/z 2779 m/z 2605

a1→3/4

Figure 8 Fucosidase III removes fucose groups joined in an a1!3/4 configuration which are commonly found on the

antennas of glycans. Mammalian core fucose is linked in an a1!6 configuration. The glycanm/z 2779 bears the sialyl Lewis

X epitope, which can be further confirmed via the use of the appropriate sialidase enzyme. For key to symbols, see Table 1.

b-Galactosyl transferase

b-Galactosyl transferase

m/z 2489 m/z 2489

m/z 2489 m/z 2693

Figure 9 bGalT will add a galactose sugar to terminal but not bisecting GlcNAc and hence is able to distinguish the latter’s

presence unambiguously. For key to symbols, see Table 1.
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Fucosidase digestion is used to confirm the presence of fucose and to assist in defining sites of its attachment. There

are several fucosidase enzymes available commercially, which means that the choice of enzyme can be carefully

directed toward the sample in question. For example, to determine the presence of core fucose within a mammalian

sample, an a-fucosidase with specificity toward (or including) the a1!6 linkage should be used, whereas fucosidase

III, which is specific for a1!3/4-linked fucose, is helpful for probing antenna fucosylation (see Figure 8).31

Alternatively, fucose can be removed chemically via incubation with HF. This will readily remove a1!3-linked

fucose, whereas a1!2- and 6-linked fucose are released at a slower rate.

b-Galactosyltransferase (bGalT) has been shown to readily transfer b-galactose residues from UDP-Gal to nonre-

ducing truncated GlcNAc but not to bisecting GlcNAc residues.23 Therefore, the results of an incubation of a sample

containing putative bisected N-glycans with this enzyme and a source of UDP-Gal will confirm or reject their

presence unambiguously. Take the example of an N-glycan at m/z 2489 (see Figure 9), which can have either the

tri-antennary or bi-antennary, bisected structure shown. Following the bGalT incubation and subsequent permethyla-

tion, the tri-antennary structure would have a galactose added to the terminal GlcNAc hence increasing the m/z to

2693, but there would be no change to the bi-antennary, bisected structure. Hence, if a mass shift is seen, this is

indicative of the structure being tri-antennary, and no change indicates the bisected bi-antennary structure.

Digestion with endo-b-galactosidase is used to confirm the presence of polylactosamine-type structures

(Galb1!4GlcNAc)n.
32 This can be especially useful in cases where a glycan may be a tetra-antennary structure or a

bi-/tri-antennary structure with polylactosamine repeats. The enzyme cleaves on the reducing-end side of internal

galactose sugars as illustrated in Figure 10. The post-digested permethylated mixture can then be compared with the

original to confirm the existence of polylactosamine chains via the appearance of diagnostic ions in the low-mass

region and corresponding mass shifts in the higher-mass region.

There are however some important specificities to note: the enzyme will not cleave on the nonreducing side of a

GlcNAc sugar that carries fucose or on the reducing-end side of a branched galactose. Hence, the absence of diagnostic

ions after digestion, while indicative, cannot completely rule out the absence of polylactosamine chains that are

branched or internally fucosylated.



endo-b- 
Galactosidase

m/z 518

m/z 722

m/z 896

m/z 1083

±±

±

Figure 10 endo-b-Galactosidase can be used to confirm the presence of polylactosamine antennas. Care must be taken

with regard to its specificity as the enzyme is only able to cleave at the points indicated by the arrows. The m/z values of

diagnostic ions are given. For key to symbols, see Table 1.

84 Mass Spectrometry of Glycoprotein Glycans: Glycomics and Glycoproteomics
Exoglycosidases specific for hexose residues are useful for the determination of high-mannose-type structures

(a-mannosidase digestion) and to confirm the linkage of galactose residues (a/b-galactosidase digestions).33,34

Peaks corresponding to high-mannose structures can be confirmed via their abolition following digestion with

a-mannosidase, together with the appearance of a signal at m/z 763, which corresponds to the b-linked mannose

attached to the chitobiose core (Manb1!4GlcNAcb1!4GlcNAc). Digestion with b-galactosidase will confirm the

presence of glycans believed to carry unmodified lactosamine antennase. For example, the bi-antennary glycan at m/z

2244, which carries two terminal b-galactose linked sugars, will shift to m/z 1836 after digestion. It is, however,

important to bear in mind that galactose will not be released if the subterminal GlcNAc is substituted with fucose.

Subsequent to digestion with b-galactosidase, incubation of the sample with b-N-acetyl-hexosaminidase will define

the number of terminal GlcNAc residues, including those exposed by the b-galactosidase.35 However, this enzyme

removes bisecting GlcNAc relatively slowly, so this residue may still be present after digestion.

Although some commercially available exoglycosidases are linkage specific, the majority of linkages cannot be

defined using this approach. Hence the importance of linkage analysis experiments, which are described in the next

section.
2.02.2.8 Linkage Analysis

Linkage analysis by GC–MS, coupled with the techniques described earlier, facilitates the assignment of all aspects of

the primary structure of glycans. Most importantly, it allows the identification of monosaccharide constituents and

glycosidic bond positions.

For instance, linkage analyses of N-linked glycans will reveal the presence of 3,6-linked mannose and 4-linked

GlcNAc residues due to the conserved trimannosyl core. If N-glycans are core fucosylated, then 4,6-linked GlcNAc

is observed. Core 1 and core 2 O-glycans can be detected as 3-linked and 3,6-linked GalNAc-ol, respectively.

Other important structural features include bisected N-glycans, which can be identified by monitoring the presence

of 3,4,6-linked GlcNAc residues, thereby complementing bGalT experiments (Section 2.02.2.7). Nonreducing struc-

tures such as Lex (Galb1!4(Fuca1!3)GlcNAc) and Lea (Galb1!3(Fuca1!4)GlcNAc) are characterized by terminal

fucose, terminal galactose, and 3,4-linked GlcNAc. Sites of fucosylation can be probed by comparing the data before

and after fucosidase and/or hydrofluoric acid (HF) hydrolysis experiments. Alternatively, permethylated glycans can

be subjected to mild acidic methanolysis – an experiment where labile fucose residues are readily released. The free

hydroxyl groups resulting from methanolytic removal of fucose are subsequently deuteromethylated, resulting in the

labeling of the original fucosyl attachment sites. By comparing the linkage data before and after the methanolic

removal, it is possible to determine the linkage positions by observing characteristic mass shifts of relevant fragment

ions in the electron impact/ionization (EI) spectrum. For example, the fucose linkages on the antennae from the

ovarian tumor marker CA12523 and core fucosylation sites from the parasite Haemonchus contortus were obtained using

this method in conjunction with MS/MS experiments.36

Due to the conditions under which the sample is prepared for linkage analyses, sialic acids are destroyed and not

detected. Fortunately, this is not a problem in structure analysis, because sialylated glycans are unambiguously

identified by the MALDI-MS, MS/MS analyses, and enzymatic/chemical digestions described earlier. Moreover,

their attachment sites can usually be revealed by comparing linkage data before and after sialidase digestion. For

example, changes in 3- and/or 6-linked galactose levels upon sialidase digestion provide information on linkage to

galactose.
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2.02.2.9 Tagging Methodologies

The structural analysis of glycans can be facilitated by tagging with chromophores or fluorophores at their reducing

ends. Such derivatives are readily purified chromatographically, and this approach has been particularly useful for

sensitive detection, purification, and quantitation of glycans from complex mixtures.

Some issues to consider when choosing suitable tagging reagents are: (1) rapid and robust production of tagged

oligosaccharides requiring minimum specialized equipment, (2) nonselective labeling so that the correct molar

proportions are detected, (3) efficiency of purification, (4) stability, and (5) suitability for subsequent processes such

as mass spectrometric analyses. Among the methods developed, fluorescent labeling coupled with high performance

liquid chromatography (HPLC) has become the preferred choice for this type of analysis. Commonly used tags include

fluorescent compounds such as 2-aminopyridine (2-AP), 2-aminobenzamide (2-AB), and 2-anthranillic acid (2-AA)37,38

that are incorporated via reductive amination.Depending on the tags, different elutionmethods such as reverse-phase and

normal-phase HPLCmay be applied. For example, 2-AB- and 2-AP-tagged oligosaccharides are typically fractionated on

a normal-phase HPLC. Here, structures of individual glycans can be predicted from the HPLC elution time that is

expressed as glucose units with reference to a dextran ladder.39 Furthermore, direct quantitation of individual glycans

from the HPLC profiles is achievable. This type of method is well established and has been shown to be highly

reproducible in obtaining a high resolution separation of glycans and is also compatible with MS analysis.40 Similarly,

many electrophoretic techniques have also been developed to purify, quantify, and structurally analyze tagged glycans.

Examples include fluorophore-assisted carbohydrate electrophoresis (FACE), where fluorescently labeled glycans are

analyzed using polyacrylamide gel electrophoresis (PAGE) and capillary electrophoresis (CE).41–43

Moreover, there is considerable potential for immobilizing tagged glycans to faciltate structure–function studies. For

example, biotinylated diaminopyridine (BAP) allows exploitation of both HPLC and avidin–biotin technology.44,45

Another recently developed tag is 2,6-diaminopyridine (DAP).46 Using this tag, purification, quantification, and

structural characterization by HPLC and MS of individual glycans is possible, and, importantly, the availability of a

primary amine in the tagged glycan allows further conjugation with molecules such as biotin, protein carriers, or

covalent attachment to solid supports. Effectively, this approach could allow the exploration of glycan structures and

quantification as well as the identification of their respective carbohydrate-binding proteins (CBPs).
2.02.3 Glycoproteomics

2.02.3.1 Overview

The full structural analysis of glycoproteins is a complicated task due to inherent glycan complexity and glycoprotein

heterogeneity. Although such studies are difficult they are important to perform as they often have particular relevance

in many areas of advanced clinical and biomedical research. Indeed, it is becoming increasingly clear that many

‘biomarkers’ of health and disease are in fact glycoproteins. Such biomarkers now encompass many major diseases and

illnesses ranging from diabetes, rheumatoid arthritis, cardiovascular diseases to various cancers.47–50

Recent advances in analytical instrumentation and methodologies are allowing high-sensitivity glycoprotein analy-

sis to be performed on a routine basis although the precise methodologies vary according to the nature of the particular

glycoprotein in question. Indeed, strict quality-control measures are increasingly being implemented in many product

pipelines that generate therapeutic antibodies and bioactive glycoproteins, for example, erythropoietin.51 Structural

glycoproteomics possess a multifaceted problem requiring the definition of several important features of the glyco-

protein. These features include the following:

� protein sequence;

� disulfide bridging;

� sites of glycosylation;

� glycans attached to each glycosylation site (can be >50); and

� linkage, anomeric configuration, branching and sequence of each glycan.

Accordingly, to successfully perform detailed structural glycoproteomics, a number of experiments are required.

Initial experiments begin with the isolation of the glycoprotein that is typically either generated by recombinant

technology, or extracted from a biological matrix such as an organ, tissue, or cell. This usually involves a variety

of chromatography-based techniques. Solid-phase chromatography, lectin-based glycan capture, immunoprecipita-

tion, and electrophoresis are among the most routinely used techniques for this task. Once isolated, preliminary

information may be attained by electrophoresis to give a rough estimate of intact glycoprotein molecular weight, and
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lectin-binding studies may be performed to provide information on glycan structure. These studies are commonly

followed up by more detailed analysis using MS and/or NMR. In many circumstances sample quantities are limiting,

so MS is frequently the method of choice. At this stage of analysis, it is often desirable (e.g., medical diagnostics) to get

an accurate molecular mass of the intact glycoprotein in question, although this may not always be possible.

Advancements in MALDI-MS and nano-ES-MS technologies have allowed this to become feasible although this

analysis tends to be restricted to a specific selection of glycoproteins that have limited heterogeneity, moderate

molecular weights, and good ionization properties.

To establish key structural relationships, the glycoprotein is analyzed in further detail. Analysis of the predicted

peptide sequences informs the strategies required to perform this type of analysis. As a first step, potential N- and

O-glycosylation sites are identified. N-glycosylation site prediction involves the identification of N-glycan consen-

sus sequences, Asn-Xa-Ser/The (Xa 6¼Pro), and for O-glycosylation, site prediction NetOGlyc software is frequently

used.52 The sequence is then theoretically cut into peptides and glycopeptides to determine the most favorable

digestion strategy. Ideally, for mass spectrometric analysis, glycopeptides should be doubly/triply charged species

with mass-to-charge values <3000, and possess a basic amino acid at the C-terminal end. These characteristics are

important as current technology can only reliably sequence peptides/glycopeptides having ions within this mass-

to-charge range, and current MS/MS techniques can only predictably fragment peptides with flanking charges. Once

the optimum experimental strategy has been established, the glycoprotein is enzymatically digested to peptides and

glycopeptides. In many circumstances, tryptic digestion is most appropriate for generating peptides/glycopeptides for

mass spectrometric analysis. There are, however, instances where trypsin digestion is not suitable and alternative

strategies have to be employed, for example, cyanogen bromide degradation, endoproteinase Glu-C (V8 Protease),

endoproteinase Lys-C, etc.

Once the glycoprotein is degraded to peptides/glycopeptides, a number of mass spectrometric techniques and

methodologies may be used to directly analyze these mixtures, for nano-ES-MS and nano-ES-MS/MS simple infusion

experiments can provide a wealth of information on site occupancy and heterogeneity.53 Unfortunately, in many

situations, these experiments can only provide limited information due to the sheer complexity and diversity of the

peptides/glycopeptide mixtures. One should bear in mind that a single glycoprotein can generate many hundreds of

peptides/glycopeptides, so separation of these components is often crucial for comprehensive analysis.

HPLC coupled with MS is ideally suited for peptide/glycopeptide analysis. In contrast to direct infusion experi-

ments where ionization efficiencies are often compromised, ionization efficiencies are greatly enhanced due to the

benefits of time-course sample separation. Substoichiometric mixtures can now be analyzed with great success by

nano-LC/MS and nano-LC-MS/MS, owing to improvements in MS and reproducible nanofluidics. That said, these

sophisticated technologies alone cannot provide full details of an individual glycoprotein, rather they provide

important information on site occupancy and heterogeneity. To complete the picture, including defining linkages,

branching patterns, stereochemistry, etc., glycans must be released from the glycoprotein and subjected to the

glycomic analyses described in the earlier sections of this chapter.

Three examples of glycoproteomic analysis are discussed in the following sections to exemplify current capabilities.
2.02.3.2 Analysis of Murine CD8

CD8 is a glycoprotein containing two subunits, a and b, which is critical for the development and activation of Tcells.

During thymic development, sialylation of murine CD8 O-glycans influences major histocompatibility complex

(MHC) class I binding to T-cell precursors called thymocytes (see Chapter 3.03). Glycoproteomic strategies were

used to identify CD8 glycosylation and it was shown that variable sialylation of O-glycans in the stalk domain of the

b-subunit of CD8 creates a molecular developmental switch that affects ligand binding.53 Here we describe data from

two of the glycoproteomic experiments associated with this study. Figure 11 shows a partial spectrum obtained from a

nanospray-ES-MS experiment on an in-gel digest of a few micrograms of the CD8 b-chain, using a Q-TOF-type

instrument.

As shown in the annotations on the figure, both N- and O-linked glycopeptides are observed (see legend for an

explanation of the data). Prior to the analysis, the O-glycosylation status of CD8 was unknown, and these data clearly

demonstrate the power of this technology for providing compositional information on glycopeptides, even in complex

mixtures. Putative glycopeptide signals were first identified by searching for m/z differences corresponding to sugar

increments. Then each of these signals was selected for ES-MS/MS analysis for peptide and sugar assignments.

An example of such data is given in Figure 12, which shows MS/MS data from analysis of a quadruply charged ion at

m/z 823.88. The fragment ions show that the peptide has the sequence LTVVDLPTTAPTKK and carries a total of

three Hex, three HexNAc, and two NeuGc residues.
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residues 112–126 in the CD8b sequence, which is substituted with three core type 1 O-glycans (see Cartoons).
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The sialylation status of the O-glycans of CD8 at different stages of T-cell development was further investigated by

nano-LC-ES-MS and MS/MS analysis of the in-gel digestion products.53 Figure 13 shows typical data from these

analyses.

The four panels show selected ion chromatograms for m/z values corresponding to the variously sialylated glyco-

peptides indicated in the cartoons. Note that glycoforms carrying differing numbers of sialic acids are fully resolved.

Also, the disialylated glycopeptide is observed as two peaks representing different arrangements of the two sialic acids.
2.02.3.3 Analysis of Murine Zona Pellucida

Murine sperm initiates fertilization by binding to the specialized extracellular matrix of their homologous eggs, known

as the zona pellucida. This is composed of three glycoproteins, called ZP1, ZP2, and ZP3. Glycans on the latter, which

is both N- and O-glycosylated, are believed to be involved in sperm recognition, and their structures have been

extensively studied by MS and other techniques.54 Analysis of one of the N-linked glycopeptides from ZP3 is

described here to illustrate a nano-LC-MS experiment on a highly heterogeneous glycoprotein.

The upper panel of Figure 14 shows the total ion chromatogram (TIC) of a tryptic digest of a few micrograms of ZP3.

TheMS data was then searched for the presence of diagnostic sugar fragment ions, for example,m/z 366 forHexHexNAc,

arising from fragmentation in theES source. Because of the lability of glycosidic bonds, such fragment ions are a feature of

glycopeptide ES-MS data. The search revealed putative glycopeptides eluting near 58min. Summing the mass spectra

acquired between 57 and 59min gave the data shown in the lower panel ofFigure 14. Part of the spectrum is expanded in

the inset. Note that the major signals observed in the inset are triply charged and that different glycoforms are easily

recognized because of characteristic m/z differences, for example, NeuAc and NeuGc differ by m/z 10 when z is 3.

Because of the complexity of the data, the majority of ions in the spectrum are not annotated. Instead, the structures

that were derived from these data by consideration of molecular ion masses and charges are given in Figure 15.

All 58 compositions are attached to the Asn-273 in the ZP3 tryptic peptide 257PRPETLGFTVDFFHFANSSR276,

indicating a remarkable degree of heterogeneity of ZP3. Note that the low mass end of the MS data is dominated by

sugar fragment ions which provide information on the types of antennae present in the total glycopeptide mixture.

Each of these glycan epitopes has been rigorously characterized in glycomic investigations of the type described in

earlier sections of this chapter.55–57
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Figure 14 Nano-LC-ES-MS of a tryptic digest of murine ZP3. The upper panel shows the TIC for a 90-min experiment and

the lower panel shows the summation of all spectra acquired between 57 and 59 min. Diagnostic glycan fragment ions are

annotated in the low-mass region of the spectrum. A portion of the spectrum at high mass has been expanded to show
typical patterns for mixtures of multiply charged glycopeptides. For simplicity, the majority of the signals in the complete

spectrum are not labeled but all multiply charged signals can be attributed to glycoforms of the Asn-273 glycopeptide (see

text and Figure 15).
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2.02.3.4 Analysis of Prokaryotic Glycoproteins

Recent work demonstrated the capacity of Campylobacter jejuni to glycosylate multiple surface proteins with N-linked

glycans.58,59 Using a combination of MS and NMR, the structure was characterized as GalNAca1!4GalNAca1!4

[Glcb1!3]GalNAca1!4GalNAca1!4GalNAca1!3Bacb, where Bac is the unusual sugar bacillosamine.59 A gene

locus was identified and demonstrated to be essential for the glycosylation process. To establish individual gene

function, gel-based glycoproteomic analyses were performed on glycoproteins derived from a series of knockout

mutations to genes in the C. jejuni glyosylation locus.60 Analysis was facilitated by engineering the C. jejuni glycosyla-

tion locus with a reporter glycoprotein into Escherichia coli. The gel-based glycoproteomics procedures applied to the

study of the variant glycoforms are outlined in Figure 16.

After initial separation by 1-D PAGE, bands were excised, digested with trypsin, cleaned up, and analyzed by MS.

Signals not matching to predicted tryptic peptide masses, and thus potentially glycosylated, were selected for MS/MS

in order to gain information on the nature of the glycan modification. Figure 16b shows the fragmentation pattern

resulting from the selected signal at m/z 1057, together with a cartoon highlighting the glycan fragmentation scheme.

Analysis of glycoproteins derived from gene knockout backgrounds are shown in Figure 16c with cartoons depicting

variant glycan structures observed.



Figure 15 The glycopeptide molecular ions observed in the spectrum shown in Figure 14 correspond to the glycan

structures shown in this figure. The antenna sequences shown were deduced from glycomic analysis of mZP3.56
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2.02.4 Toward Automation

Though mass spectrometric methods are capable of producing high-throughput ‘fingerprint’ results, sample prepara-

tion and interpretation of the resulting spectra remain time-consuming bottlenecks in the process.
2.02.4.1 Automation of Data Interpretation

Automated identification of proteins from MS and MS/MS spectra is now almost routine. A description of the most

common software packages,61 and a performance comparison of several,62 are both available. Although current

algorithms work well, new ideas that promise improved performance continue to be made.63,64

The situation for glycans and glycoproteins is much more primitive. There is some literature65–71 on automated

identification, but there are no widely applicable programs comparable to what is available for proteins. This lack of

software is primarily due to the fact that glycan identification is much more complex than protein identification.

Whereas proteins are linear, glycans are branched; all amino acids (except for leucine and isoleucine) have distinct

masses whereas many of the common monosaccharide building blocks are isomers; and while there is only one type of

peptide bond, a glycosidic bond can link to multiple positions in a sugar ring and also comes in two varieties, a and b.
One of the few mass spectrum viewer programs capable of displaying and automatically labelling N-linked glycan

spectra is ‘Cartoonist’. Cartoonist is part of a suite of tools, which allow the browsing of mass spectrum data in the

format provided by the associated annotation program.

As part of the Cartoonist suite of programs,72 the PARCMass Spectrum Viewer (PMSV) allows interactive browsing

of any mass spectrum represented in a standard ASCII format. It is also capable of viewing labeled N-glycan mass

spectrum data in the format produced by the associated annotation program. This annotation format is still evolving

and will not be documented here, though it will shortly be made available via the Consortium for Functional

Glycomics.4a Currently the assignment and display of labelled spectra is limited to permethylated mammalian

N-glycan data, though with future revisions, O-glycan labels, alternative biosynthetic pathways, and other derivatiza-

tion procedures will be included.

The purpose of the Cartoonist suite is to match carbohydrate chemical structures with mass peaks observed in the

spectrum, then present the result in an interactive display. Each structure is indicated by a cartoon, which is a simple

diagram for the carbohydrate structure. There may be multiple cartoons for a given mass, with the display of such

structural isomers being determined by knowledge of the biosynthetic pathway associated with the sample, as well as a

system of ‘demerits’. Each known carbohydrate structure is linked directly to the Glycan Database – the carbohydrate

structure database developed by the Consortium for Functional Glycomics.
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The steady increase in the computing power available to scientists will also have a positive effect upon the work.

With faster and faster processing solutions becoming available, virtual real-time processing is becoming a reality and

the amount of data that can be sorted or integrated by such machines is stunning. This raises the question of

technology and its ability to perform tasks better than human operators. It is a common question among the MS

community as to when software, such as Cartoonist, will emerge with the capability to reliably remove the need for

such labor-intensive tasks as de novo sequencing. There are of course numerous websites and programs available now

that try to do just that, but there is yet to be one with the capacity to reliably solve problems such as novel sequencing.

They are able to identify known proteins with a reasonable degree of accuracy, but the current crop of analytical

software is particularly poor when any post-translational modification is present, particularly glycosylation.
2.02.4.2 Automation of Sample Handling

Scaling up conventional glycomics and glycoproteomics analyses to high-throughput analysis is important for the

advancement toward functional glycomics and systems biology. Automation of sample handling and improvement of

online analyses are crucial to cope with a vast increase in samples and to make analyses less labor intensive. Currently,

the majority of efforts to automate high-throughput sample handling have been directed toward proteomics analyses.
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However, preliminary developments such as enhancement of automatic in-gel digests, speeding-up and miniaturiza-

tion of trypsin digests, and automated online solid-phase extraction can be adapted and further developed to suit

glycomics and glycoproteomics analyses.73–77

Preliminary work on developing online reusable PNGase F microreactors, higher-sensitivity microscale b-elimination

of O-glycans and online permethylation platforms, in conjunction with LC-MALDI-TOF/TOFMS/MS, are underway,

but it is early days, and the reliability and effectiveness of such strategies has yet to be fully determined.78–80
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2.03.1 NMR Spectroscopy of Carbohydrates

2.03.1.1 General Aspects

Solution-state NMR spectroscopy of carbohydrates has witnessed an enormous development from the early 40MHz
1H spectra published in 1957 to the 920MHz spectra reported in 2005.1,2 These advances facilitate investigations in

even greater detail as the resolution and sensitivity increase at higher magnetic field strengths. NMR spectroscopy is

presently one of the most powerful analytical techniques. Not only can the primary and three-dimensional (3-D)

structure of molecules be elucidated, but dynamical processes in solution can be studied as well. Furthermore, the

technique is also applicable in the solid state and even in the gas phase. In the carbohydrate field, NMR spectroscopy

is of paramount importance, since in many structural determinations it is used as the predominant technique. It is

usually complemented by an additional technique, the choice of which is dependent on the setup in the laboratory

where the investigation is carried out.

A major advantage is that NMR spectroscopy is nondestructive and consequently once all (hopefully) experiments

have been carried out, the material is available for chemical analysis or additional studies. The sensitivity is not as high

as for other techniques, such as mass spectrometry (see Chapter 2.02), but sample preparations with a concentration

of <1mM can readily be investigated with present-day equipment. In carbohydrates, four different spin-1=2 nuclei

are commonly utilized in the studies, namely, 1H (natural abundance 99.985%), 31P (100%), 13C (1.108%), and
15N (0.37%), listed in decreasing resonance frequency. Other nuclei employed in carbohydrate-related studies include,

inter alia, 2H, 17O, 19F, and 29Si.3–8 In the case of low natural abundance, uniform or selective isotope enrichment is

possible as a means of increasing the sensitivity. Furthermore, the isotope enrichment facilitates spectral editing as a

way to better resolve resonances since an additional dimension can easily be used in the NMR analysis.
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2.03.1.2 Chemical Shifts

The chemical shift of a nucleus is reported on a relative scale and is given in ppm. Consequently, it is the same at

different magnetic field strengths (although the resonance frequency will be different). It may be noted that the

indirect spin–spin coupling constants are unaffected by the ‘spectrometer frequency’, but the appearance of the NMR

spectrum does change with the magnetic field. The spectral range of 1H resonance frequencies covers c. 10ppm.

However, for carbohydrates, most signals resonate in a very narrow region, �3.2–4.2ppm, and the substance class is

notorious for its limited spectral range (Figure 1) as exemplified for the disaccharide methyl b-maltoside (Figure 2).

Few resonances are found outside this ‘bulk’ region, viz., those stemming from anomeric protons, �4.4–5.6ppm,

N- and O-acetyl groups, �2.0 and 2.1ppm, respectively, and methyl groups of 6-deoxysugars, �1.1–1.3ppm (see

Chapter 2.04). Furthermore, signals from methylene groups of, for example, Kdo or Neu5Ac are found at �1.8–2.8

ppm. Figure 1 also illustrates the typical difference for glucopyranosides having the a- or the b-anomeric configura-

tion, for which the H1 resonance is observed at a chemical shift >5ppm in the former case but at <5ppm in the latter

case, although exceptions to this pattern have been found.9 As a chemical shift reference substance in D2O solution,

internal sodium 3-trimethylsilyl-(2,2,3,3–2H4)propanoate (TSP, dH 0.00) is used.

The spectral range of 13C resonances is significantly larger (Figure 3) and covers c. 200ppm. The carbon-13 nuclei

resonate in response to their chemical environment; at �15ppm, signals are found from methyl groups of 6-deoxy

sugars; at �21 and 23ppm, methyl groups of O- and N-acetyl groups are found, respectively; in the region 35–40ppm,

methylene groups are present; between �48 and 57ppm, nitrogen-bearing carbons of 2-acetamido-2-deoxysugars are

found; between�60 and 64ppm, hydroxymethyl groups resonate; the region�64–85ppm corresponds to ring carbons;

between �92 and 110ppm, anomeric carbons resonate; and carbonyl groups in different functional groups are usually

found between 170 and 180ppm, but may occur outside this region. Substituents are common modifications of sugar

residues, for example, pyruvic acid 4,6-acetals,10 lactyl groups,11,12 or amino acids,13,14 and their corresponding

chemical shifts are characteristic thereof. The 13C chemical shifts for the anomeric resonances of methyl b-maltoside

also differ, �103ppm for C10 (b-anomer) and �100ppm for C1 (a-anomer).15 As a reference substance, external 1,4-

dioxane in D2O (dC 67.40) is used.

The spectral range of 31P resonance frequencies is large and covers >300ppm. Carbohydrates substituted

by phosphorus-containing groups often fall into two groups, viz., phospho-monoesters resonating at �5ppm16 and

phospho-diesters at�0ppm,17 but other substituents such as O-methyl phosphoramidate groups have been reported.18
5.5 5.0 4.5 4.0 3.5
1H (ppm)

HDO OMe

Figure 1 1H NMR spectrum at 800MHz of methyl b-maltoside in D2O.

Figure 2 Schematic of methyl b-maltoside.
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Figure 3 Part of the 13C NMR spectrum of the O-antigen polysaccharide from E. coli O91 at natural abundance (a) and
13C-enriched (b). Reprinted with permission from Kjellberg, A.; Weintraub, A.; Widmalm, G. Biochemistry 1999, 38, 12205.
Copyright (1999) American Chemical Society.
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In order to obtain reproducible results, pD�8 and sodium should be used as the counter-ion. As a reference substance,

external phosphoric acid (2% H3PO4 in D2O, dP 0.00) is used in our laboratory.

The spectral range of 15N resonance frequencies covers >300ppm and the nucleus has been utilized in carbohy-

drate-related work.19 However, in biomolecules in general and carbohydrates in particular, the 15N resonances are

found in a more limited region, �110–130ppm.20,21 Detection of the 15N resonances are often carried out by way of
1H,15N-HSQC-based experiments in 90% H2O/10% D2O (vide infra), due to the low natural abundance of the
15N isotope. Chemical shift referencing is most conveniently performed from TSP based on the ratio of gN/gH,

22 a

procedure that can be used also for other nuclei.23
2.03.1.3 Assignments of Resonances in NMR Spectra

The NMR spectra of oligo- and polysaccharides may be assigned by recognizing that each sugar residue often can be

identified as a unique spin system, that is, a number of resonances can be tied together by their spin–spin coupling

network and the corresponding nuclei thus identified. The spin system of nonexchangeable protons in the sugar part

of a-D-Glcp-OMe contains seven nuclei (Figure 4).

The resonance from the anomeric proton resides outside the bulk region at �4.8ppm. It can subsequently be used

as a handle in 2-DNMR spectra to unravel the remaining part of the spin system. The 1H,1H-DQF-COSY spectrum24

of a-D-Glcp-OMe is shown in Figure 5, from which the complete spin system can be traced out to the H-6 protons.

Since the spectral region of the ‘ring protons’, �3.2–4.2ppm, often becomes crowded, a series of 1H,1H-TOCSY

experiments25 are usually performed with increasing mixing time of the spin-lock, for example, 10, 30, 60, and 100ms,



Figure 4 The spin-system of non-exchangeable protons (in red) for a-D-Glcp-OMe.
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Figure 5 Phase-sensitive 1H,1H-DQF-COSY NMR spectrum of a-D-Glcp-OMe in D2O.
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leading to magnetization transfer throughout the spin system. In cases where the 2JH,H and 3JH,H coupling constants

are sufficiently large, for example, in b-D-Glcp-OMe, the complete spin system can readily be unraveled starting from

H1. In sugars like b-D-QuipNAc, that is, 2-acetamido-2,6-dideoxy-b-D-Glcp, two entrance points, H1 and H6, can be

used to assign the complete spin-system. The different configurations of hexopyranoses lead to stereochemical

arrangements between protons that result also in small 3JH,H values, for example, between H1 and H2 in b-Manp

and between H4 and H5 in Galp, thereby limiting the magnetization transfer. Thus, the cross-peaks are absent in

these 2-D NMR spectra, leading to isolated subspin systems, which need to be joined. As a remedy to the above

limitations, the 2-D 1H,1H-NOESY experiment26 can be used since cross-peaks in the spectrum will be observed

between protons that are close in space, up to �4Å in oligosaccharides when the mixing time is kept relatively short

(<200ms). For polysaccharides, the mixing time should be kept even shorter, with present-day high-field instrumen-

tation, �50ms, in order to alleviate contributions from spin diffusion, which may lead to erroneous interpretations.

Intra-ring correlations between protons with distances of �2.5Å are thus observed within the sugar residues,

confirming as well as assigning additional proton resonances (Figure 6). Typically, the following nuclear Overhauser

effects (NOEs) are present and readily identified between nuclei: H1 and H2 in a-Glcp and a-Manp, H1 and H3/H5 in

b-Glcp, and H1 and H2/H3/H5 in b-Manp. A number of different NMR experiments based on the combination of

TOCSY and NOESY transfers have been developed and are useful tools in the assignment process.27–29

Heteronuclear correlations are essential for determination of complex carbohydrate structures. From an 1H,13C-

HSQC NMR spectrum,30 one-bond correlations are observed between nonexchangeable protons and the carbon

atoms in the sugar residues (Figure 7). In this way, most of the 1H and 13C resonances from 1-D spectra can be
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with annotated correlations from anomeric protons. Reproduced from Larsson, E. A.; Urbina, F.; Yang, Z.; Weintraub, A.;
Widmalm, G. Carbohydr. Res. 2004, 339, 1491, with permission from Elsevier.
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Figure 7 Part of the multiplicity edited 1H,13C-HSQC NMR spectrum of an E. coli core octasaccharide. Note the negative

intensity (red) of the resonances from methylene groups.
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resolved as well as correlated through their cross-peaks. Multiplicity editing (cf. the 1-D 13C-DEPTexperiment) may

also be performed which further assists the assignment process.31,32 In carbohydrate molecules, the change in sign in

the spectrum for methylene groups is particularly helpful (red cross-peaks in Figure 7).

Similarly, in the 1H,15N-HSQC spectrum, correlations within N-acyl groups of aminosugars in polysaccharides can

be identified (Figure 8). Phosphorus-containing groups in carbohydrates may be assigned from 1H,31P-HSQC or
1H,31P-COSY spectra (Figure 9),33,34 since 3JH,P is quite large, up to �23Hz.35

The 1H,13C-HMBC experiment36 is useful for obtaining 2JH,C- and 3JH,C-based correlations within the sugar

rings. The two-bond correlations range from �0 to 7Hz,37 for example, JC1,H2 in b-Glcp and JH1,C2 in b-Manp are

large and correlations can be observed in spectra. anti-Periplanar arrangements such as H1 to C3/C5 in a-Manp lead to

large couplings and consequently these correlations are characteristic thereof. A drawback of the 1H,13C-HMBC
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Figure 8 The 1H,15N-HSQC NMR spectrum of the O-antigen polysaccharide from E. coli O142 in 90% water/10% D2O.
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experiment is that both two- and three-bond correlations are observed. The recently developed H2BC experiment,38,39

in which only two-bond correlations are observed, may therefore be an important addition to the arsenal of NMR

experiments used to assign spectra from carbohydrates. A variant of the heteronuclear multiple-bond correlation

experiment, denoted 1H,13C-BS-CT-HMBC,40 is very useful when high resolution is needed to discern carbonyl

groups in sugars that carry amino acids as substituents (Figure 10).41 As for the 1H,1H-correlated spectra, combination

of different experiments are powerful tools, for example, 2-D 1H,13C-HSQC-1H,1H-TOCSY and 1H,13C-

HSQC-1H,1H-NOESY spectra20,42,43 (Figure 11) with a high information content.

Reducing the dimensionality of NMR experiments is an efficient approach to obtain additional information without

acquiring large data sets. However, spectral overlap may still be a problem and instead of employing the full additional

dimension of a 3-D NMR spectrum, it is possible to record a tilted projection where, for example, 13C and
1H evolutions are linked together (Figure 12). Thus, small contributions from 13C chemical shifts are utilized,

which result in ‘mixed’ proton-carbon frequencies in the F* dimension according to

f � ¼ fHcosaþ fCsina ½1�

where a is the angle of the tilted plane. The 1H,1H-NOESY-1H,13C-HSQC TILT NMR experiment has been used to

resolve overlapping resonances in an O-antigen polysaccharide (Figure 13).44

Isotope enrichment of carbohydrates has several advantages, for example, it increases the sensitivity,

facilitates spectral editing and biosynthetic studies,45–47 as well as enhances or reduces magnetization transfer

depending on the nuclei of choice. To this end, chemical syntheses of 2H-, 13C-, or 15N-labeled compounds have
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been reported.48–55 To produce isotopically enriched oligo- or polysaccharides, microbiological methods are suitable,

since uniformly labeled carbon-13 D-glucose, 13CO2, and/or
15NH4Cl can be added to the growth medium.56–60

The hexose carbon skeleton is often retained when D-glucose is used as a source. This facilitates many 13C-based

NMR techniques to be employed. Amide groups containing the 15N-labels lead to a significant increase of the signal-

to-noise ratio and allow rapid acquisition of the 1H,15N-correlated spectra (cf.Figure 8). The 1-D 13C NMR spectrum

of an O-antigen polysaccharide produced by [UL-13C]-D-Glc supplement is shown in Figure 3. It is evident that
13C,13C couplings are present, for example, anomeric carbon resonances are doublets and ring-carbon resonances are

doublets of doublets. Since the hexoses (excluding substituents and certain functional groups that have been attached)
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Figure 12 Representation of a 3D-1H,1H NOESY-1H,13C-HSQC NMR spectrum where the F2 axis displays the carbon-13

frequencies. Projection onto the tilted plane F*/F3 incorporates contributions from both proton and carbon-13 shifts,

allowing overlapping peaks to be resolved.
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Figure 13 2D-1H,1H NOESY-1H,13C-HSQC TILT NMR spectrum of the O-antigen polysaccharide from E. coli O147.
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depolymerization products in the sample are indicated by asterisks. The TILT spectrum was recorded with a ¼ þ30�.
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are fully 13C-labeled, 13C,13C-COSY, 13C,13C-relayed-COSY (Figure 14), or 13C,13C-TOCSYexperiments61,62 can be

performed on the material, leading to correlations throughout the sugar residues, and consequently resonance assign-

ments can be obtained.

This approach is made possible by the large one-bond coupling constants in sugar residues, 1JC,C � 40Hz,63 which

facilitates rapid magnetization transfer through the complete spin system. The TOCSY transfer mechanism is

particularly useful since it correlates carbon atoms via their mutual spin–spin coupling. In contrast to 3JH,H couplings

in sugar residues, the 1JC,C couplings are large and vary only to a limited extent, and therefore the efficiency of the

TOCSY transfer will not be limited by different configurations of the sugars. The HCCH-TOCSY experiment64 is
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Figure 14 13C,13C-relayed-COSY NMR spectrum of 13C-enriched O-antigen polysaccharide from E. coli O91.

Figure 15 Part of the F1F3-plane of an HCCH-TOCSY spectrum of the 13C-enriched O-antigen polysaccharide from E. coli

O159 (spin-lock time 15 ms).
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therefore highly suitable for 13C-labeled oligo- and polysaccharides.65,66 In pyranosides with the galacto-configuration,

TOCSY transfer beyond H4 is limited by the small coupling constant between H4 and H5, that is, JH4,H5 < 1Hz.

However, using the HCCH-TOCSYexperiment, correlations from H1 up to H5 are readily observed in GalA and Fuc

(6-deoxy-Gal) residues being constituents of an O-antigen polysaccharide (Figure 15).67

In characterization of oligosaccharides by NMR spectroscopy, a simple derivatization step, viz., peracetylation,

makes it possible to disperse the 1H chemical shifts since the nonexchangeable protons are shifted, up to �1.5ppm,
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toward a higher chemical shift.68 Notably, the protons at the glycosidic linkage are essentially unaffected by this

procedure. In a similar manner, one can, by recording an 1H NMR spectrum of an oligosaccharide in H2O and in

D2O solution, identify the proton at the glycosyloxylated carbon.69 Extension of these concepts by derivatization of

the oligosaccharides by 13C-labeled O-acetyl groups leads to additional splitting of the 1H resonances from the sugars

since 3JCO,H is up to�5Hz. 1H,13C-heteronuclear correlation experiments can thus be performed with high sensitivity

and, consequently, the linkage positions can be identified.70–72

Three-dimensional NMR spectroscopy of carbohydrates was first applied to 1H,1H homonuclear systems73,74 but
13C and/or 15N isotope enrichments now make it possible to perform experiments developed for protein NMR

assignments such as HNCO, HNCA, and HNCACB.75–77 By resolving the spin systems based on, for example, the
15N chemical shifts, the complete set of otherwise overlapping resonances can be assigned. Analysis of the different

spin systems is then performed by selection of 2-D ‘planes’ or ‘strips’ thereof (Figure 16). The recent developments

in cryogenically cooled NMR probes, in which the thermal noise is substantially decreased and consequently the

signal-to-noise ratio increased,78 will effectively lead to the use of full 3-D acquisitions to assign NMR spectra of

complex carbohydrates.
2.03.1.4 Sequence Determination

In determining the sequence of an oligo- or polysaccharide by NMR spectroscopy, one relies on obtaining correlations

between different sugar residues. The 2-D 1H,1H-NOESYexperiment26 has often been used, since strong cross-peaks

can be observed in the spectra between the anomeric proton and the proton at the glycosyloxylated carbon, due to the

usually short interatomic distance,<2.5Å. However, there is a caveat, since the NOESYexperiment reports on protons

that are close in space also other correlations may be observed (cf. Figure 6). In Figure 17, the typical H1 in residue

B to H2 in E and H1 in D to H3 in E are depicted. In addition, an NOE is present from H1 in B to H2 in D, but it is

due to the spatial proximity of the protons in the residues that vicinally disubstitute residue E.79 Note also that H2 in

D indeed is a proton at a glycosidic linkage, C!D, further stressing the fact that although a powerful technique, great

care must be taken in interpretation of the NMR spectra. The 1H,13C-HMBC technique36 is less prone to misinter-

pretation. Here the correlations are based on 3JC,H, which usually are on the order of �5Hz. Often, correlations are

observed both between the anomeric proton and the aglyconic carbon (Figures 18a and 19a) and between the

anomeric carbon and the aglyconic proton, thereby corroborating mutual glycosidic linkage correlations or at least

finding one of them if the other does not appear in the spectrum. A recent NMR experiment in particular proposed for

polysaccharides of high molecular mass is the 1H,13C-DDCCR experiment, which is based on cross-correlated dipole–

dipole relaxation80 and correlates 1H,13C-pairs in the molecule (Figures 18b and 19b). The 1H,13C-HSQC-1H,1H-

NOESYexperiment may also be used taking advantage of the 13C-dimension in resolving cross-peaks (cf. Figure 11).
2.03.2 Conformational Analysis in Solution

Many of the constituent monosaccharides of an oligo- or polysaccharide may be regarded as relatively rigid entities,

existing in a six-membered atom ring in which librational fluctuations exist. These are, for example, Glc, Man, and Gal

in their pyranoid ring form. However, in idopyranose,81,82 or when the furanose ring form is present, for example, in

Rib or Fru,83,84 more than a single conformation is needed to describe the conformational preferences in solution. In

the following, we discuss hexopyranosides that exist in a single preferred chair form such as 4C1 for D-Glcp and 1C4 for

L-Rhap.
2.03.2.1 Degrees of Freedom

In an oligosaccharide, the major degrees of freedom, that is, those that alter the conformation and the 3-D structure,

depend on three torsion angles, viz., f, c, and o, as illustrated for methyl b-maltoside (Figure 20). The usual

carbohydrate definition is: fH ¼ H1–C1–On–Cn, where n is the numbering at the glycosidic linkage position, and

cH ¼ C1–On–Cn–Hn, where the subscript indicates that the torsion angles are related to the protons at the glycosidic

linkage. The IUPAC definition uses heavy atoms, thus f ¼ O5–C1–On–Cn and c ¼ C1–On–Cn–Cn–1. The torsion

angles are 0� for the eclipsed conformation and, when viewed along the central bond, a clockwise rotation of the far

bond is defined as positive. It should be noted that several ways of denoting these torsions are present in the literature,

also with sub- and superscripts, depending on what is suitable in each study. Therefore, one should always check these

definitions prior to studying the results of an investigation.



Figure 16 3D-HNCO NMR spectrum of 15N,13C-enriched E. coli O142 O-antigen polysaccharide. The 1H,13C-planes are
taken at the 15N chemical shifts of (a) 121.5ppm, (b) 122.0ppm, (c) 123.8ppm, and (d) 124.8ppm.
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Figure 18 Part of the 1H,13C-HMBC spectrum (a) and the 1H,13C-DDCCR spectrum (b) showing correlations for two

residues of the O-antigen polysaccharide from E. coli strain 396/C1. Reproduced from Larsson, E. A.; Urbina, F.; Yang, Z.;
Weintraub, A.; Widmalm, G. Carbohydr. Res. 2004, 339, 1491, with permission from Elsevier.

Figure 17 Schematic representation of the branching region of the O-antigen polysaccharide from E. coli strain 396/C1

with selected NOE correlations indicated by arrows. Reproduced from Larsson, E. A.; Urbina, F.; Yang, Z.; Weintraub, A.;
Widmalm, G. Carbohydr. Res. 2004, 339, 1491, with permission from Elsevier.
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The conformation of the hydroxymethyl group is described by the torsion angle o ¼ O5–C5–C6–O6, and in, for

example, (1-6)-linked hexopyranosides, this leads to an additional degree of freedom at the glycosidic linkage. The

conformation of the hydroxymethyl group is also often referred to as one of the three approximately staggered

conformations denoted as gauche–trans (gt) with o � þ60� when the C6–O6 bond is gauche to the C5–O5 bond and

trans to the C5–C4 bond, as gauche–gauche (gg) with o � –60� when the C6–O6 bond is gauche to the C5–O5

bond and gauche to the C5–C4 bond, and as trans–gauche (tg) with o � 180� when the C6–O6 bond is trans to the

C5–O5 bond and gauche to the C5–C4 bond. Thus, in an oligosaccharide, two or three torsion angles at each glycosidic

linkage need to be considered in order to describe its conformation or the conformational preferences present.
2.03.2.2 Experimental NMR Observables

To determine molecular conformation in solution fromNMR data as many observables as possible should be acquired.

However, for carbohydrates, those that are readily accessible are few, thereby limiting severely the amount of

information available. The NOE has been used for decades as a primary source to obtain information on 3-D structure.

More recently, heteronuclear relaxation rates and spin–spin coupling constants have been added as tools to study

carbohydrate flexibility and conformation. Most recently, techniques based on residual dipolar couplings (RDCs) have

been employed in the carbohydrate field. In addition, hydroxyl protons may also be used to report on conformational

preferences.



Figure 19 Schematic representation of the correlations giving rise to cross-peaks in the 1H,13C-HMBC spectrum (a) and

the 1H,13C-DDCCR spectrum (b) for the structural element a-L-Fucp-(1!2)-b-D-Galp in the O-antigen polysaccharide from
E. coli strain 396/C1.

Figure 20 Major conformational degrees of freedom indicated for methyl b-maltoside.
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2.03.2.2.1 1H,1H cross-relaxation
Proton–proton relaxation of carbohydrates in solution is dominated by dipole–dipole cross-relaxation between spins

that are close in space. The strength of these interactions is dependent on the internuclear distances and the dynamics

of the molecule, both internal and overall rotation. If a suitable reference proton–proton pair distance of known

separation in the molecule is obtainable and the dynamics of the different proton pairs under considerations can be

judged to be similar, the isolated spin-pair approximation (ISPA)85,86 can be used by comparing the cross-relaxation

rate of the reference spin pair, sref, to that of protons i and j, sij. Subsequently, the unknown distance, rij, between the

protons can be obtained according to:

rij ¼ rref sref=sij
� �1=6 ½2�

The homonuclear dipolar relaxation for a molecule tumbling in solution can be described by:87–89

dM

dt
¼ �RM0 ½3�

where M is a column matrix of values for the instantaneous magnetizations of the spins in the system, M0 is the

column matrix of initial values for the magnetization of the spins in the system, andR is the relaxation matrix. For the

NOE measured in the laboratory frame,90 the diagonal elements (rii) of R are given by:

rNOE ¼ dHHð Þ2
4

J 0ð Þ þ 3J oð Þ þ 6J 2oð Þ½ � ½4�

where J oð Þ is the spectral density function taken at different combinations of the proton frequency. The dipolar

coupling constant, dHH ¼ m0=4pð Þg2Hh�r�3, is a measure of the strength of the dipolar interaction, where m0 is the
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permeability in vacuum, gH is the magnetogyric ratio for protons, h��1 is Planck’s constant divided by 2p, and r is

the distance between interacting protons. The off-diagonal elements (sij) describing the cross-relaxation rates are

given by:

sNOE ¼ dHHð Þ2
4

6J 2oð Þ � J 0ð Þ½ � ½5�

In analogy, for the rotating-frame Overhauser effect (ROE),91,92 the diagonal elements of R are given by:

rROE ¼ dHHð Þ2
8

5J 0ð Þ þ 9J oð Þ þ 6J 2oð Þ½ � ½6�

The off-diagonal elements describing the cross-relaxation rates are then given by:

sROE ¼ dHHð Þ2
4

3J oð Þ þ 2J 0ð Þ½ � ½7�

In the multiple-pulse or transverse ROE (T-ROE), the cross-relaxation rate, sT-ROE, can be calculated as the mean of

sNOE and sROE as described by:93–95

sT�ROE ¼ dHHð Þ2
8

6J 2oð Þ þ 3J oð Þ þ J 0ð Þ½ � ½8�

Equation [3] can be solved according to:

MðtmixÞ ¼ w � exp �ltmixð Þw�1M0 ½9�

where w is the column matrix of eigenvectors of the relaxation matrix R, w�1 is the inverse of w, l is the diagonal

matrix of eigenvalues, and tmix is the mixing time. After diagonalization of the relaxation matrix R , one obtains the

eigenvector and eigenvalue matrices of eqn [9]. Subsequently, the diagonal elements (rii) and the off-diagonal

elements (sij) of R can be calculated for any mixing time.

Studies based on 1H,1H-NOE spectroscopy have been used extensively to obtain information on oligosaccharide

conformation.89,96–102 When the spectral resolution permits, 1-D 1H,1H-T-ROESY NMR spectra103 with selective

excitation (Figure 21) offers efficient spectrometer use and excellent signal-to-noise ratio can be obtained leading to

high-quality build-up curves104 (Figure 22), from which effective proton–proton distances within the oligosaccharide

can be gained. These data may subsequently be used in the interpretation based on molecular simulations.
2.03.2.2.2 13C auto-relaxation
The relaxation of proton-bearing carbon-13 nuclei is dominated by the dipole–dipole interactions with neighboring

protons. For carbohydrate systems, the chemical shift anisotropy (CSA) mechanism is relatively small. The relaxation

parameters can be expressed in terms of spectral density functions taken at different combinations of the carbon (oC)

and proton (oH) Larmor frequencies. The rates for relaxation of longitudinal and transverse magnetization (R1 and R2,

respectively) and the 1H,13C cross-relaxation effect (NOE) are given by:105,106

R1 ¼ T�1
1 ¼ dCHð Þ2

4
J oH � oCð Þ þ 3J oCð Þ þ 6J oH þ oCð Þ½ � þ c2J oCð Þ ½10�

R2 ¼ T�1
2 ¼ dCHð Þ2

8
4J 0ð Þ þ J oH � oCð Þ þ 3J oCð Þ þ 6J oHð Þ þ 6J oH þ oCð Þ½ � þ c2

6
4J 0ð Þ þ 3J oCð Þ½ � þ Rex ½11�

NOE ¼ 1þ dCHð Þ2
4R1

gH
gC

6J oH þ oCð Þ � J oH � oCð Þ½ � ½12�

in which T1 and T2 are the relaxation times of longitudinal and transverse magnetization, respectively,

dCH ¼ m0=4pð ÞgCgHh�r�3
CH; c ¼ oCDs=

ffiffiffi
3

p
, m0 is the permittivity of free space, gC and gH are the magnetogyric ratios

for carbon and proton, respectively, h� is Planck’s constant divided by 2p, rCH ¼ 1.117Å is the carbon–proton bond

length,107 and Ds ¼ 30ppm is the CSA value appropriate for carbohydrate systems.108 For carbons with two protons

directly attached, the analysis is performed on a per-CH-pair basis, that is, R1 and R2 are divided by a factor of 2,
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Figure 21 The 1H NMR spectrum of a-D-Manp-(1!2)-b-D-Glcp-OMe (a) and 1-D 1H,1H-T-ROESY NMR spectrum

with selective excitation of the anomeric proton of the mannosyl residue and a mixing time of 400ms (b). Reproduced from

Lycknert, K.; Höög, C.; Widmalm, G. J. Chem. Soc., Perkin Trans. 2 2002, 416. Reproduced by permission of The Royal
Society of Chemistry.
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whereas the NOE remains the same. The Rex term in eqn [11] is often included to account for chemical or

conformational exchange.106

Interpretation of the relaxation data as amplitudes and timescales often employ the model-free formalism pioneered

by Lipari and Szabo,109 and extended by Clore and co-workers,110 in which the spectral density function, J oð Þ, is
modeled as:

J oð Þ ¼ 2

5

S2tm
1þ otmð Þ2 þ

S2
f � S2

� �
t

1þ otð Þ2
" #

½13�

where t�1 ¼ tm
�1 + te

�1, tm is the correlation time for the global motion, common to the whole molecule, te is the

correlation time for internal motions, S2 is the generalized order parameter, which reflects the spatial restriction of

local motion, and Sf
2 and Ss

2 are the order parameters for the internal motions on the fast and the slow timescales,

respectively, with S2 ¼ Sf
2Ss

2. The correlation times for fast and slow internal motions are described by tf and
ts, respectively. Fitting of the relaxation rates to model-free parameters can be performed with the program Model-

free,106 where different models can be assessed. Besides the fitting of a global correlation time, tm, the following

parameters are fitted: (1) S2, (2) S2 and te, (3) S
2 and Rex, (4) S

2, te, and Rex, and (5) Sf
2, Ss

2, and te. In models 1–4, Sf
2¼ 1

and S2 ¼ Ss
2. In models 2 and 4, te ¼ tf, whereas in model 5, te ¼ ts. Statistical procedures are commonly used to assess

whether a model adequately describes the data and if an improvement in the fit to a more complicated model is

significant.
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Figure 23 13C NMR relaxation data at 11.7 T of the C4 resonance in the terminal fucosyl residue of a glycolipid in an SDS

micelle. T1 (circles) and T2 (squares) relaxation times were extracted from an exponential fit (solid line) to the experimental

data. Reprinted with permission from Lycknert, K.; Rundlöf, T.; Widmalm, G. J. Phys. Chem. B 2002, 106, 5275. Copyright
(2002) American Chemical Society.
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Figure 22 1H,1H cross-relaxation build-up curves obtained from the 1-D 1H,1H-T-ROESY NMR spectra of a-D-Manp-

(1!2)-b-D-Glcp-OMe for the H1m-H2g pair (inverted triangles), the H1g-H3g pair (squares), the H1g-H1m pair (circles), and
of a-D-Manp-(1!2)-a-D-Glcp-OMe for the H1m-H2g pair (triangles). Reproduced from Lycknert, K.; Höög, C.; Widmalm,

G. J. Chem. Soc., Perkin Trans. 2 2002, 416. Reproduced by permission of The Royal Society of Chemistry.
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The 13C T1 and T2 relaxation data of a glycolipid in a micelle are shown in Figure 23, from which it is evident that

the relaxation rates differ significantly.111 These relaxation data, for the molecule, could be interpreted by three

different processes, viz., internal flexibility of the oligosaccharide head group, lateral diffusion of the glycolipid on the

micelle surface, and overall global tumbling of themicellar entity. Studies on both oligosaccharides112–116 and polysaccha-

rides 117–121 have been performed using 1-D as well as 2-D NMR experiments. The intrinsic flexibility of these

systems varies a good deal as interpreted from the generalized order parameter, with S2 � 0.7–0.9 commonly found for

different sugar residues. Some investigations have also addressed the presence of anisotropic rotation of oligosaccha-

rides and the effect on the 13C NMR relaxation data.122–126.
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2.03.2.2.3 Indirect spin–spin couplings
The conformational dependence on the glycosidic torsion angles fH and cH can be investigated via three-bond spin–

spin coupling constants since these show Karplus-type relationships.127,128 For oligosaccharides, these are either

heteronuclear, JCOCH, or homonuclear, JCOCC. Lemieux already showed in 1973 that heteronuclear three-bond

coupling constants would be an important NMR observable for use in conformational analysis of oligosaccharides.129

13C-isotope enrichment of the O-methyl group in a-D-glucopyranoside was used to facilitate detection of JCOCH. The

approach was extended to include site-specific 13C-isotope enrichment in oligosaccharides, where the long-range

coupling constants could still be determined from the peak-to-peak separation in well-resolved 1-D 1H and 13C NMR

spectra.130 The Karplus-type relationships, 3J versus y, have been refined,131,132 and the most recent one for

oligosaccharides is given by:133

3JCOCH ¼ 7:49cos2y� 0:96cosyþ 0:15 ½14�

Figure 24 shows a plot of this function, from which one observes that the range is �8Hz.

Several other ways to determine long-range carbon–proton coupling constants have been reported.134–137 A 1-D

NMR experiment using multiple selective excitations of 13C resonances has been described by Freeman and co-

workers138 and extended by Nishida et al.,139 in which the heteronuclear carbon–proton coupling over three bonds is

detected as an antiphase splitting of the resonance in the 1HNMR spectrum. Complex proton multiplicity and similar

magnitude of homo- and heteronuclear couplings render a direct estimate of JCOCH difficult. A remedy is to extract the

couplings via the J doubling procedure.138,140 When the trial coupling constant J� ¼ J, the correct peak pattern, with

a separation of J þ XJ�j j is present (where X is dependent on the number of stages of J doubling) and all contributions

in the ordinate axis cancel (Figure 25). An alternative 2-DNMR technique to measure the long-range couplings is the

J-HMBC experiment,141 in which a low-pass J filter is employed to remove the 1JC,H responses and where JCOCH is

determined from the in-phase peak separation (scaled by a factor on the order of�20) in the F1 dimension (Figure 26).

The experimental error for the JCOCH values using these two techniques has been estimated to �0.1 and �0.25Hz,

respectively. Similarly, Karplus-type relationships for JCOCC versus � have been proposed.142–144 The magnitude is

smaller for these carbon–carbon coupling constants as a function of torsional angle rotation.
2.03.2.2.4 Residual dipolar couplings
NMR RDCs of a solute molecule may be obtained in magnetic field-oriented media145,146 due to the anisotropic

distributionofmolecular orientations.TheRDCshavebeen found tobeparticularlyuseful indeterminationofbiomolecu-

lar structures,147,148 including carbohydrates,149–168 where they provide a valuable addition to experimentally

determined NMR observables for use in determination of carbohydrate conformation and dynamics.

The through-space magnetic dipolar coupling between spins i and j, with magnetogyric ratios gi and gj, is (in Hz)

given by:

Dij ¼ � m0
8p2

gigjh�
2

3cos2yij � 1
� �

r�3
ij ½15�

where yij is the angle between the spin–spin vector and the external magnetic field, and rij is the spin–spin distance.

The angular bracket denotes that the RDCs are averaged over both molecular tumbling and internal bond rotations.

Therefore, the RDCs are dependent on the orientational order and molecular conformation. A quantitative analysis

based on carbon–proton RDCs (for which the carbon–proton distance is taken to be constant) focuses on the angle

between the spin–spin vector and the magnetic field. In order to determine the orientation of the C–H vector in a

molecular frame, eqn [15] is written so as to contain three successive rotations:

DCH ¼ � m0
16p2

gCgHh�
r3CH

Szz 3cos2yzCH � 1
� �þ Sxx � Syy

� �
cos2yxCH � cos2yyCH
� �� �

3cos2� � 1
� � ½16�

where yaCHða ¼ x; y; zÞ are the angles between the spin–spin vector and the molecular coordinate frame, and the

order parameters, Saa, describe the second rotation, viz., the averaged transformation from the molecular axis system to

the phase director. Finally, the angle � defines the orientation of the director with respect to the magnetic field. One

simple model, frequently used for the interpretation of RDCs, assumes that the molecular coordinate system, defined

by the moment of inertia frame, coincides with the ordering tensor. Therefore, the orientations of the C–H vectors in

the molecular coordinate frame, that is, the angles yaCH can be determined from the trajectory generated in a molecular

dynamics (MD) computer simulation (vide infra) by calculating the moment of inertia tensor at every time step.



Figure 24 Karplus-type relationship for trans-glycosidic 1H,13C heteronuclear couplings.
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Figure 25 Application of the J-doubling procedure for determination of the experimental JH10,C4 value in a-cyclodextrin.
When the trial coupling constant J* ¼ J, the integral has its minimum (5.19 Hz) and the in-phase doublet pattern is retained.

Figure 26 F1 section from the J-HMBC spectrum of methyl b-maltoside for determination of the experimental JH10,C4
value. A scaling factor k ¼ 20 was used, which results in an apparent splitting of the doublet by kJ relative to the
13C chemical shift.
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A procedure for calculation of the order parameters, Saa (a¼ x, y, z), from the eigenvalues of the inertia tensor, Iaa , was

proposed for thermotropic liquid crystals169 and recently applied to oligosaccharides in weakly ordered phases.168,170

Several orienting media are possible to use such as DMPC:DHPC,171–175 DMPC:DHPC:CTAB,176 ditetradecyl-

PC:dihexyl-PC,177,178 CPCl/n-hexanol/brine,179–181 C8E5/n-octanol,182,183 C12E5/n-hexanol,184,185 and a V2O5 sus-

pension in D2O.186,187 The alignment of the carbohydrate molecules in these dilute liquid media is small, on the order

of 10�3, which makes it possible to still obtain high-resolution NMR spectra. The presence of an ordered phase is

usually established by means of the quadrupolar splitting of the D2O resonance in the sample (Figure 27).188

The RDCs are obtained as the difference between the J in the isotropic phase and J þ 2D in the ordered phase.

Thus, the RDCs may be positive or negative. The RDCs can be obtained as the peak separation in the F1 dimension

of an HSQC-based spectrum158 or by a J-modulated 1H,13C CT-HSQC experiment,189 which gives high precision in

the measuredDCH data. A series of J-modulated intensity-based 1H,13C cross-peaks for each resonance is then fitted to

a dephasing delay (Figure 28), from which J and Jþ 2D are determined. The homonuclearDHH can be extracted from

phase-sensitive COSY190 or JHH-TOCSY165,191 spectra and the sign from the later or from signed COSY192 experi-

ments (Figure 29), which employ either TOCSY or NOESY transfer as part of the experiment. Additional hetero-

nuclear correlations over two and three bonds can be obtained from long-range quantitative J spectra.166

Subsequent analysis of the RDCs requires access to five independent dipolar couplings for every rigid fragment,

such as a hexopyranosyl residue, to calculate a corresponding alignment (ordering) tensor.193 If the alignment tensors

are the same, within experimental error, the oligosaccharide or part of it is rigid. However, different alignment

tensors have been determined for different residues in oligosaccharides, thereby revealing intrinsic flexibility in

these systems.158,194 The analysis aims at extracting the probability distribution function for the torsion angles of each

glycosidic linkage in the oligosaccharide (vide infra).
Figure 27 Deuterium NMR spectrum at 35�C and 14.1 T in a ditetradecyl-PC:dihexyl-PC:CTAB (30:10:1) preparation

showing the quadrupolar splitting of the D2O resonance.

Figure 28 Intensity of the 1H,13C correlation for a proton–carbon-13 pair in a-L-Rhap-(1!2)-a-L-Rhap-OMe as a function
of the dephasing delay in the J-modulated 1H,13C-CT-HSQC experiment. The intensity profiles are shown as solid lines, and

were fitted to experimental data in the isotropic (J, circles) and the ordered phase (J þ 2D, squares).



Figure 29 Part of a signed-COSY NMR spectrum of a-cyclodextrin in V2O5/D2O. The mixing time used for the TOCSY
transfer was 40ms.

Figure 30 Region where resonances from the hydroxyl protons reside in the 1H NMR spectrum of a-D-Manp-(1!3)-b-D-
Glcp-OMe dissolved in DMSO-d6.
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2.03.2.2.5 Miscellaneous

2.03.2.2.5.1 Exchangeable protons
1H NMR spectra of carbohydrates are most often recorded in a D2O solution since the resonances from the saccharide

reside at or close to the H2O resonance. By dissolving the oligosaccharide in D2O, the hydroxyl protons rapidly

exchange with D2O to form HDO, which is observed as a residual peak in the 1H NMR spectrum. The chemical shift

of this resonance is highly temperature dependent with a temperature variation of�0.01ppm/�C, ranging from 4.82ppm

at 20�C to 4.34ppm at 70�C. Thus, changing the temperature a few degrees usually circumvents spectral overlap with

resonances from anomeric protons. However, any information from hydroxyl protons is lost by the chemical exchange in

D2O. The hydroxyl protons are easily detected when using DMSO-d6 as the solvent (Figure 30).
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Some spectral overlap with resonances from anomeric protons may still occur, but in DMSO-d6 the chemical shifts

of the nonexchangeable protons are usually shifted toward lower chemical shift,195 thereby decreasing the problem. In

studying oligosaccharides dissolved in DMSO-d6, we reference, relative to TSP (dH ¼ 0.00ppm), the residual NMR

resonance from DMSO-d5 according to196

dHðDMSO� d5Þ ¼ 2:5729� 0:000326T ½17�

where T is the temperature in Celsius in the interval 20–45�C.
The 3JH,OH between a hydroxyl proton in a hydroxyl group and a nonexchangeable proton on a common carbon

atom gives information on the torsional preference for the H–O–C–H sequence of atoms.197–199 From the Karplus-

type relationship by Fraser et al.,200

3JHOCH ¼ 10:4cos2y� 1:5cosyþ 0:2 ½18�

an estimate of the torsion angle can be obtained or the 3JH,OH value computed from molecular simulation (vide

infra). If there is no preference for a specific conformation, an averaged value of �5.4Hz is anticipated as a result of

free rotation. In DMSO-d6, the temperature dependence of the chemical shift, DdH=DT , for hydroxyl protons in sugar

residues is considered a source of information and a small value,<3 ppb/�C, is indicative of the presence of a hydrogen
bond for the hydroxyl proton.201 Additional information in DMSO-d6 solution may come from 1H/2H isotope effects,

where chemical shift displacements may take place, both as a donor and when present on a hydroxyl group that acts as

an acceptor group.202–205 Furthermore, the hydroxyl protons extend further in space and 3-D information can be

obtained by analysis of 1H,1H-NOESY, or 1H,1H-ROESY spectra.204–209 In other solvents such as CDCl3, the

chemical shift of a hydroxyl group may be significantly altered and found at �2.5ppm.210

The hydroxyl protons of oligosaccharides can be observed in water solution if the rate of chemical exchange

is slowed down sufficiently. For oligosaccharides, this is possible at subzero temperature, c. –17�C, in supercooled

water.211,212 However, this is done more commonly by addition of a small amount of acetone-d6 to have an 85:15

mixture of H2O:acetone-d6 which can be cooled to –10�C without freezing.197,213–216 For this mixture and other cryo-

solvents, for example, based on a mixture of water and DMSO-d6,
217 both chemical shifts and homonuclear coupling

constants can give information on the 3-D structure or on conformational preferences. Additionally, in highly

concentrated solutions of saccharides, the chemical exchange rate is lower and 3JHO,C between hydroxyl protons

and carbon-13 atoms at natural abundance have been determined by 2-D heteronuclear E-COSY-related NMR

experiments.218
2.03.2.2.5.2 Translational diffusion

The translational diffusion constant (Dt) of an oligosaccharide can be determined by NMR spectroscopy using the

Stejskal–Tanner spin-echo experiment219 or by more recent developments such as the the longitudinal eddy-delayed

experiment.220 Dt gives information on the size of the oligosaccharide (Figure 31), and from the Stokes–Einstein

expression the oligosaccharide can be approximated as a sphere of radius a according to221,222

Dt ¼ kBT

6p�a
½19�

where kB is the Boltzmann constant, T is the temperature (in K), and � is the viscosity of the medium. Subsequently,

the rotational correlation time (tr), as measured by NMR relaxation (vide supra), is obtained by the Debye–Stokes

equation:223,224

tr ¼ 8p�a3

6kBT
¼ �V

kBT
½20�

where V is the volume of a sphere. Thus, by measuring Dt , we can rapidly estimate tr of an oligosaccharide.225–227
2.03.2.3 Molecular Simulations

Computational chemistry approaches are essential in interpretation of experimental data and can subsequently be

used to predict molecular properties or preferences in systems hitherto not possible to study by experiments or not

even existing yet. Early computational studies of the preferred conformation of an oligosaccharide used molecular

mechanics approaches and the results were often visualized in the form of a Ramachandran map,228 in which the



Figure 32 Ramachandran map of a-L-Rhap-(1!2)-a-L-Rhap-OMe using the PARM22/SU01 force field, a dielectric

constant of 3, and a grid size of 15�. Contour lines are drawn at 0.5kcal mol�1 increments above the global energyminimum.

Figure 31 Translational diffusion constants of tri- to dodecasaccharides at 25�C in D2O as a function of their molecular

weight.
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potential energy of each combination on a f/c grid was evaluated229 using a suitable force field.230,231 The global

energy minimum (in vacuo) as well as low energy local minima can then be identified from the map.

Early studies by Lemieux and co-workers revealed that there should exist an exo-anomeric effect,232,233 and

consequently the f torsion angle should have a preferred conformation, nowadays referred to as the exo-anomeric

conformation, in which the On–Cn bond is gauche to both C1–H1 and C1–O5, where the central bond of f is C1–On.

Recognizing its importance, the fact that the sugar rings are relatively rigid and that the remaining contributions in

neutral oligosaccharides stem from nonbonded interactions, the HSEA (hard-sphere exo-anomeric) approach was

developed234 and subsequently extended to also include Monte Carlo (MC) simulations.235 The use of molecular

mechanics to generate Ramachandran maps has employed extensive energy minimization of all degrees of freedom in

the oligosaccharide generating relaxed or adiabatic maps (Figure 32).236,237

Furthermore, molecular modeling (see Chapter 2.11) has been used for larger oligosaccharides and systems such

as branching regions of oligosaccharides making up the repeating units of polysaccharides.238,239 The method

represents a rapid way of obtaining information on conformational preferences at the glycosidic linkage(s) of small
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oligosaccharides.240 However, the importance of solvent is neglected (although part of it may be parametrized into the

force field), which may result in significant differences for the global energy minimum in vacuo and that obtained

when solvent is present and explicitly accounted for.

The conformational flexibility of an oligosaccharide both in a single potential energy well and the transitions to

other wells may be investigated using MC or MD simulations. In the Metropolis MC simulation,241 the probability

distribution of different conformational states may be obtained after consecutive random moves of pertinent degrees

of freedom, which are evaluated based on potential energy differences (DU) and a random number (z) in the interval

[0,1]. If a newly generated conformation is lower in energy, it is always accepted. However, if it is higher in energy, it is

accepted only if

z<exp �DU=kTð Þ ½21�

The procedure leads to one or several distributions of conformations and subsequently conformational averaged

(NMR) parameters can be calculated.242 The MC technique has also been used in analysis of oligosaccharide

conformation upon binding to lectins.243

The MD simulation technique244–262 gives in addition to conformational averaging and transitions to different

conformational states explicit information on the timescales for these processes. It is commonly used in analysis of

flexibility and investigation of different dynamical processes. The MD computer simulation uses a molecular

mechanics force field263–268 and is based on Newton’s equations of motion. There are several ways to handle the

time dependence of the molecular system.269 Verlet’s algorithm270 for simulation of the propagation of the molecular

coordinates and the movement of the molecules illustrates well the essence of the MD simulation technique. It is

based on the addition of twoTaylor series for the position x at time t forward to tþ Dt and backward to t� Dt resulting in:

x t þ Dtð Þ ¼ 2x tð Þ � x t � Dtð Þ þ d2x tð Þ
dt2

Dt2 ½22�

The force needed to calculate the acceleration in eqn [22] is obtained from the employedmolecular mechanics force

field as:

F ¼ � dU

dx
½23�

In contrast to, for example, the leapfrog algorithm, Verlet’s algorithm does not involve the velocities, but they may

be estimated from

v tð Þ ¼ x t þ Dtð Þ � x t � Dtð Þ
2Dt

½24�

The numerical integration performed in the procedure should use a small time difference compared to the fastest

atomic movements in the molecule. Therefore, a time step of 1 or 2 fs is used in the simulation. Starting from a

potential-energy-minimized structure, the molecule is solvated in a droplet or a box of solvent, commonly water or a

mixture of two solvents. The simulation is set off by assigning velocities, corresponding to a given temperature (e.g.,

100K), to all atoms. Subsequent progression of the atomic positions under the influence of the force field and the

equations of motion lead to a new configurational state for the system. This procedure is repeated incrementally,

increasing the temperature of the system during a few picoseconds until the target temperature is reached, for

example, 300K. Following the heating period, the system is equilibrated for a certain time, e.g. 1ns. Thereafter, the

system is simulated for a longer time, known as the production period, which then is used for analysis. Present-day

carbohydrate-related simulations are usually performed for tens of nanoseconds, but the microsecond-time regime is

now within reach and such a simulation was indeed performed for a protein some time ago.271 One of the great

advantages of the MD technique is that explicit water can be readily included in the simulations, which in the end is

important for molecules such as carbohydrates. The results from an MD simulation may be represented as a scatter

plot in which the f/c relationship at a glycosidic linkage can be identified as well as the flexibility in the conforma-

tional region populated (Figure 33). The time course of a torsion angle can also be analyzed in which not only the

different conformational states are identified but the occurrence of transitions is evident (Figure 34).

Subsequently, transition rates can be calculated from these trajectories. Thus, it becomes possible to search the

available conformational space and to obtain information on our carbohydrate systems. In some cases, it is possible to

use Langevin dynamics (LD) simulations in comparison to the experimentally derived results (Figure 35). The

solvent is then modeled by frictional and dissipative forces but not explicitly present in the simulation.272–274



Figure 33 Scatterplot of the glycosidic torsion angels in a-D-Manp-(1!2)-a-D-Manp-OMe from a 3ns MD simulation at

315K with explicit water (TIP3P model) molecules as solvent.

Figure 34 The time dependence of one of thec torsion angles in the pentasaccharide LNF-1 from anMD simulation at 303K.
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The molecular simulations reveal conformational states populated. When fH � þ50� for b-D- or a-L-hexopyrano-
sides or fH � –50� for a-D- or b-L-hexopyranosides, the exo-anomeric conformation is present. The cH torsion angle

is closer to 0�, either slightly negative (denoted c�) or slightly positive (denoted cþ). In the syn-conformation (cf.

Figure 20), the hydrogen atoms H1 and Hn are on the same side of the plane perpendicular to the C1–H1 vector.

Other conformations that may be populated are anti-fH in which H1 is anti-periplanar to Cn and anti-cH in which C1 is

anti-periplanar to Hn. In these two anti-conformations, the torsion angles are �180�.198,199 In hexopyranosides with

the a-manno-configuration also a non-exo-anomeric conformation may be populated in which f (O5–C1–On–Cn) has

an anti-periplanar conformation (�180�).227 For a (1-6)-linkage, the additional conformational states of the o torsion
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Figure 35 The probability distribution function P(f,c) for a-L-Rhap-(1!2)-a-L-Rhap-OMe: (a) calculated from the trajecto-

ry generated in an LD simulation, and (b) derived from the analysis of experimental NOE, J, and RDC NMR data.
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angle must be considered, two of which are favored by the gauche effect,275 viz., the gt and gg conformations. However,

the conformation with C4–O4 parallel to C6–O6 is the least populated one, that is, the 1,3-dipolar interaction is a

destabilizing factor also known as the Hassel–Ottar effect,276 that is, the tg conformation in the gluco-configuration and

the gg conformation in the galacto-configuration. Thus, at each glycosidic linkage of an oligosaccharide, one must

anticipate that more than a single conformer may be significantly populated.

Carbohydrates in solution make many hydrogen bonds to surrounding solvent molecules. From the MD simulations,

the importance of solute–solvent interactions can be analyzed in detail and both internal hydrogen bonds between

different monosaccharide residues in an oligosaccharide and water molecules acting as bridges between residues have

been reported to be of importance for the 3-D structure of oligosaccharides.277–281 The solvent structure around atoms

in saccharides has been investigated by radial distribution functions (RDFs).247,282–285 A decrease of the accessible

solvent for a functional group such as a hydroxyl group, compared to a pertinent reference structure such as the

constituent monosaccharide or more commonly other functional groups of the same kind in the molecule, indicates a

change in the preferred interaction and in the solvent shell, as a result of, for example, an internal inter-residue

hydrogen bond. The results may be combined with analysis of the average number of hydrogen bond donors and

acceptors in the hydroxyl groups using a coordination number summation approach.282 The hydrogen bonding criteria

used for a donor-hydrogen���acceptor system are often a heavy atom distance D���A < 3.4Å or a distance H���A <2.5Å

together with an angle criteria D–H���A > 135�. This type of analysis readily gives information on the importance of

hydrogen bonding in the stabilization of certain conformational states populated during an MD simulation.286 The

persistence and lifetimes of hydrogen bonds in dynamic systems can be investigated by their residence times using

either first breakage or typical decay times for the process.287 Depending on the analysis used as well as the solvent,



Figure 36 Conformational equilibrium in a-D-Manp-(1!2)-a-D-Manp-(1!O)-L-Ser as indicated from MD simulations.

Reproduced from Lycknert, K.; Helander, A.; Oscarson, S.; Kenne, L.; Widmalm, G. Carbohydr. Res. 2004, 339, 1331, with

permission from Elsevier.
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the residence times are on the order of a few picoseconds up to a few tens of picoseconds. In certain cases, the RDFs

are insufficient, in particular where probable and nonprobable regions cancel each other. Spatial distribution functions

(SDFs)287–289 then give both radial and angular information of the solvation structure around a solute fixed in a local

coordinate frame. In this way, the preference and orientation of solvent molecules can be highlighted, also for

carbohydrates in binary solvent mixtures.290,291 Combined, these types of studies may give information on solubility

properties of oligosaccharides.282,292
2.03.3 Concluding Remarks

The combination of NMR experiments and molecular simulations is particularly powerful in elucidating different

aspects of conformational dynamics of oligosaccharides. In naturally occurring oligosaccharides, up to four common

nuclei of spin-1=2 – 1H, 13C, 15N, and 31P – can be utilized to obtain structural information from, for example, Karplus-

type relationships and dynamics fromNMR spin relaxation experiments. The recent use of RDCs promises additional

information to classical NOE-based data. Complementary NMR techniques for the study of translational diffusion or

different aspects of hydroxyl groups are also useful in gathering further information on these molecular systems.

MD simulations or similar techniques offer a way to interpret the experimental data obtained from NMR

spectroscopy. The new generations of carbohydrate force fields will result in better model descriptions, and the

continuous increase in computational power makes it possible to obtain converged data with a low standard deviation

in the property calculated from the simulations. As these carbohydrate systems definitely are flexible, a future

challenging task is to obtain a precise description of the conformational equilibria present (Figure 36),286 that is,

the probability distribution function at each glycosidic linkage.

The experimentally determined presence of anti-conformers in addition to major syn-conformations reveal an

intrinsic flexibility of oligosaccharide systems, the result of which when translated to the realm of carbohydrate–

protein interactions (see Chapter 3.35) is important to consider.293 In addition, an oligosaccharide can be bound in

different conformations, depending on which protein it interacts with, a process also referred to as differential

conformer selection.294 The intricate flexibility and the solution properties of oligosaccharides and glycoconjugates

resulting in different binding modes are intriguing questions to address using a plethora of both experimental and

computational approaches.
Glossary

HSQC Heteronuclear single-quantum correlation.

TSP Sodium 3-trimethylsilyl-(2,2,3,3-2H4)-propanoate.

DQF-COSY Double-quantum filtered correlation spectroscopy.

TOCSY Total correlation spectroscopy.

NOESY Nuclear Overhauser effect spectroscopy.

HMBC Heteronuclear multiple-bond correlation.

BS-CT-HMBC Band-selective constant-time heteronuclear multiple-bond correlation.

HCCH-TOCSY 1H–13C–13C–1H total correlation spectroscopy.

DMPC Dimyristoylphosphatidylcholine.

DHPC Dihexanoylphosphatidylcholine.

CTAB N-cetyl-N,N,N-trimethylammonium bromide.

PC Phosphatidylcholine.
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CPC1 Cetylpyridinium chloride.

JHH-TOCSY Homonuclear coupling constant – total correlation spectroscopy.

ROESY Rotating-frame Overhauser effect spectroscopy.
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227. Eklund, R.; Lycknert, K.; Söderman, P.; Widmalm, G. J. Phys. Chem. B 2005, 109, 19936–19945.

228. Ramachandran, G. N.; Sasisekharan, V.; Ramakrishnan, C. J. Mol. Biol. 1963, 7, 95–99.

229. Brant, D. A. Annu. Rev. Biophys. Bioeng. 1972, 1, 369–408.

230. Kildeby, K.; Melberg, S.; Rasmussen, K. Acta Chem. Scand. A 1977, 31, 1–13.

231. Melberg, S.; Rasmussen, K. Carbohydr. Res. 1979, 69, 27–38.

232. Lemieux, R. U.; Pavia, A. A.; Martin, J. C.; Watanabe, K. A. Can. J. Chem. 1969, 47, 4427–4439.

233. Lemieux, R. U.; Koto, S. Tetrahedron 1974, 30, 1933–1944.

234. Th�gersen, H.; Lemieux, R. U.; Bock, K.; Meyer, B. Can. J. Chem. 1982, 60, 44–57.

235. Peters, T.; Meyer, B.; Stuike-Prill, R.; Somorjai, R.; Brisson, J.-R. Carbohydr. Res. 1993, 238, 49–73.
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2.04.1 Introduction

In the past decades, the structure determination of carbohydrates and glycoconjugates has undergone quite a

revolution. This is due to (1) the advances in isolation, fractionation, and purification techniques, affording single

compounds or families of closely related components; (2) the spectacular developments in instrumentation like

nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry; (3) the miniaturization of methodologies,

making the handling of minute amounts feasible; and (4) the unraveling of biosynthetic routes, in particular for the

glycans of glycoproteins and glycolipids. Biochemical studies, which took advantage of the structures of glycans that

have been determined unequivocally, have led to a certain relaxation of the criteria to identify compounds unambig-

uously. It is assumed that the compounds should fit to a biosynthetic scheme, since they ought to represent partial

structures or end products. As a consequence, useful structural studies can be carried out today on rather complex

mixtures of glycans, derived from (mixtures of) glycoproteins.

The structural characteristics of glycans and carbohydrates, in general, comprise the details of the primary structure,

including substituents as well as description of the three-dimensional (3-D) structure. For glycoconjugates, the mutual

spatial effects of glycans and their carrier molecules have to be taken into account to define the conformations. The

methodology of choice to determine glycan structures depends on the type of problem to be solved. A general

discussion of these methods is beyond the scope of this chapter, but is presented in Chapter 2.01. NMR spectroscopy

occupies a special position among the analytical techniques by having the advantage of being nondestructive,

providing through a single approach the greater part of the details of the primary structures and affording considerable

insight into the conformational behavior. Disadvantages of NMR spectroscopy are the requirements as to purity and

the quantity of the samples.
133



134 1H NMR Structural-Reporter-Group Concepts in Carbohydrate Analysis
This chapter focuses mainly on the application of NMR spectroscopy to characterize the type, ring size, anomeric

configuration, substitution pattern, and sequence of monosaccharides in oligo- and polymers. The most generally

applied 1-D and/or 2-D NMRmethods for these purposes are 1H and 13C NMR spectroscopy. 13C NMR spectroscopy

has the disadvantage of being inherently less sensitive compared to 1H NMR spectroscopy, thereby requiring larger

amounts of material. Molecules containing other magnetic nuclei such as 31P or 15N can be investigated by

corresponding NMR techniques. This chapter updates the earlier comprehensive reviews on the 1H NMR analysis

of glycoprotein N-glycans1 and O-glycans.2 For related reviews on NMR spectroscopy, see Chapters 2.03 and 3.35.
2.04.2 1H NMR Spectroscopy of Glycans

2.04.2.1 Sample Preparation

The spectra of glycans and glycoconjugates are usually recorded in aqueous solution. The final purification step

should be the removal from the sample of all proton-containing noncarbohydrate species like buffers and chelators.

Furthermore, paramagnetic impurities should be removed, since they disturb most types of NMR measurements.

Dissolved molecular oxygen can be harmful for the analysis of nuclear Overhauser effects (NOEs) in small oligosac-

charides. This effect is due to the unpaired electrons, which can cause dipolar relaxation in the samples. In the
1H NMR spectra, the signals stem from exchangeable protons such as those present in, for example, hydroxyl and

amide groups as well as from C-bound ring and exocyclic protons. Signals of hydroxyl protons are particularly suitable

for conformational analysis. For these studies, the solvent should contain at least 90% H2O. Literature data on the
1H NMR analysis of glycans in H2O have been recently compiled.3 In the study of glycopeptides and glycoproteins, it

can be essential to record spectra in H2O, in order to observe the amide signals for the assignment of the peptide

sequence. To reduce the complexity of 1H NMR spectra of carbohydrates, generally, the labile H atoms of the

hydroxyl groups are exchanged for D in D2O.4
2.04.2.2 One-Dimensional 1H NMR Spectra

The 1-D spectra of carbohydrate(s) (derivatives) in D2O solution show two groups of signals – the composite bulk

signal and the signals resonating outside the bulk signal region. In the case of glycoprotein/glycolipid-derived glycans

and glycoconjugates, and of polysaccharide-derived fragments, the signals resonating outside the bulk signal are called

the structural-reporter-group signals. The bulk signal is located in a rather narrow spectral range between 3.2 and

3.9ppm, and comprises predominantly overlapping nonanomeric protons. Assignment of individual signals in this

region is virtually impossible by 1-D 1H NMR spectroscopy only. The structural-reporter-group signals are used as

identifiers for the structure. Over the years, the most common structural-reporter groups were obtained from studies

on glycoprotein-derived glycans. They are summarized in Table 1.

Following this concept, it is rarely necessary to assign the spectrum completely to characterize the primary structure,

provided that structures and spectral data of (closely) related compounds are known. The assignment of such signals

belonging to complex oligosaccharides can largely be carried out by comparison with data stored in a library of known

compounds. Computer database programs are available to facilitate the interpretation, for example, Sugabase,5,6 which

is currently available online.6a It is obvious that care should be taken that the spectra are recorded under the same

conditions, implying identical temperature, solvent, pH, and calibration. The spectrometer frequency does not affect

the chemical shift values, or the coupling constants, but importantly, at higher frequencies, a better spectral resolution

can be obtained.
Table 1 Structural-reporter-group 1H signals for glycoprotein-derived glycans

Anomeric protons

Man H2 atoms

Sialic acid H3 atoms

Gal H3 and H4 atoms

Fuc H5 and H6 atoms

GalNAc-ol H2, H3, H4, and H5 atoms

Protons shifted out of the bulk region due to glycosylation shifts or under influence of noncarbohydrate substituents such as

sulfate, phosphate, and acyl groups

Protons of alkyl and acyl substituents like methyl, acetyl, and glycolyl groups
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2.04.3 1H NMR Analysis of Glycoprotein-Derived N-Glycans

In N-glycoproteins, the glycans are linked to the side chain of asparagine residues that form part of the consensus

sequence Asn-Xxx-Ser/Thr. For studies of the primary structure of N-linked glycans by 1H NMR spectroscopy, intact

glycoproteins are not the most suitable compounds, because of molecular mass, (micro)heterogeneity, and the possible

occurrence of multiple glycosylation sites. However, 1H NMR can successfully be applied to analyze partial structures

like glycopeptides, oligosaccharides, or oligosaccharide-alditols, obtained via enzymatic and/or chemical degradation

protocols, followed by rigorous purification. Also, fluorescently labeled oligosaccharides have shown to be suitable

probes. For an overview of the generation of carbohydrate samples, see Chapter 2.01.

The type of N-glycans can be divided into three major classes, all having the same pentasaccharide core Man(a1-3)
[Man(a1-6)]Man(b1-4)GlcNAc(b1-4)GlcNAc(b1-N)Asn. Two of them are the oligomannose type (high-mannose

type), having varying numbers of Man residues; and the complex type, including the Gal(b1-4)GlcNAc (N-acetyllac-

tosamine) subtype, the GalNAc(b1-4)GlcNAc (N,N 0-diacetyllactosediamine) subtype, and the Gal(b1-3)GlcNAc sub-

type, varying from mono- up to penta-antennary systems. The antennary systems can be built up only from one

subtype, but can also occur as mixtures of subtypes. Moreover, bisecting GlcNAc(b1-4) or Xyl(b1-2) can be present at

the Man(b1-4) residue. Also examples are known with an extra GlcNAc(b1-2) residue at Man(b1-4)200 or an extra

GlcNAc(1-6) residue at GlcNAc(b1-4).197 The antennary systems can be substituted with a variety of peripheral units,

such as Fuc, Sia, Kdn, GalNAc, Gal, GlcA, sulfate, methyl, phosphate groups, and 2-aminophosphonate units. The

third major class is the hybrid type, being a mixture of oligomannose- and complex-type elements. For a comprehen-

sive overview, see Chapter 1.02.

Man(a1-6)

Man(b1-4)GlcNAc(b1-4)GlcNAc

Example of oligomannose type

Man(a1-2)Man(a1-6)

Man(a1-2)Man(a1-3)

Man(a1-2)Man(a1-2) Man(a1-3)

Man(a1-6)

Man(b1-4)GlcNAc(b1-4)GlcNAc

Example of hybrid type

Man(a1-6)

Man(a1-3)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Man(b1-4)GlcNAc(b1-4)GlcNAc

Example of complex type

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-4)
2.04.3.1 Oligomannose-Type N-Glycans

In the biosynthesis and degradation of N-glycans in the mammalian system, a large variety of structures occurs. The

(partial) oligomannose-type structures can be identified based on the patterns and relative intensities of the different

Man H1 and H2 signals, in conjunction with glycosylation shifts. For the oligomannose-type chains, varying from

Man5GlcNAc2 to Glc3Man9GlcNAc2, typical structural-reporter-group signals have been compiled in Table 2.

Substituents and their effects on the chemical shift values of other structural-reporter signals can be characterized

as well. In case of reducing oligomannose-type N-glycans, the N-acetyl methyl signals of GlcNAc-2 are generally

observed at �d 2.064. As typical examples, in Figure 1, the 500MHz 1H NMR spectra of Man5GlcNAc2 and

Man9GlcNAc2 are presented. Table 3 shows a general overview of primary structural studies of glycoprotein

N-glycans, including also the studies on oligomannose-type structures. Furthermore, in Table 4, a series of 1H NMR

studies is collected, typically focused on yeast polymannose structures.

Oligomannose-type (and hybrid-type) N-glycans can contain terminal GlcNAc(a1-P-6)Man(a1- units. Their

occurrence is reflected by the typical set of structural reporters for GlcNAc H1 (d 5.479–5.484) and NAc (d 2.074–

2.079).196,213 The polymannose structures in yeasts quite often contain terminal Man(a1-P-6)Man(a1- units, reflected



Table 2 1H NMR structural-reporter-group data of fragments of Glc3Man9GlcNAc2. Chemical shifts are given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C.The
data reflect selected examples of oligosaccharides ending at �GlcNAc-2(b1-4)GlcNAc-1; similar values are obtained for glycopeptides (�GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�),

oligosaccharides ending at �GlcNAc-2, and oligosaccharides ending at �GlcNAc-2(b1-4)GlcNAc-1-ol. Oligosaccharides ending at �GlcNAc-2-ol, �GlcNAc-2(b1-4)GlcNAc-1-
2PA (2PA¼2-aminopyridine), and �GlcNAc-2(b1-4)GlcNAc-1-2AB (2AB¼2-aminobenzamide) show some significant chemical shift differencesa,b

Man5 Man6 Man60 Man7 Man70 Man700 Man8 Man80 Man800 Man9 Glc1Man9 Glc2Man9 Glc3Man9

H1
GlcNAc-1a 5.189 5.187 5.187 5.187 5.188 5.188 5.187 5.187 5.187 5.188

Man-4 5.095 5.347 5.093 5.347 5.340 5.340 5.338 5.345 5.345 5.332 5.337 5.336 5.336

Man-40 4.870 4.872 4.872 4.869 4.870 4.870 4.868 4.869 4.869 4.869 4.867 4.867 4.867

Man-A 5.095 5.093 5.404 5.090 5.406 5.091 5.087 5.404 5.412 5.401 5.401 5.401 5.401

Man-B 4.906 4.908 4.906 5.145 4.907 4.908 5.145 5.143 4.91 5.140 5.140 5.140 5.140

Man-C 5.052 5.054 5.055 5.304 5.304 5.059 5.31 5.306 5.306 5.306 5.306

Man-D1 5.042 5.042 5.040 5.046 5.038 5.040 5.040

Man-D2 5.053 5.056 5.059 5.059 5.059 5.054 5.056 5.056

Man-D3 5.042 5.042 5.040 5.040 5.038 5.040 5.040

Glc-a 5.256 5.273 5.273

Glc-b 5.359 5.531

Glc-c 5.183

H2
Man-3 4.253 4.232 4.252 4.234 4.232 4.232 4.231 4.231 4.231 4.229 4.23 4.23 4.23

Man-4 4.077 4.115 4.067 4.110 4.11 4.110 4.104 4.123 4.11 4.098 4.094 4.095 4.095

Man-40 4.146 4.146 4.148 4.148 4.148 4.148 4.149 4.156 4.156 4.154 4.153 4.153 4.153

Man-A 4.066 4.066 4.093 4.068 4.093 4.068 4.067 4.09 4.09 4.109 4.112 4.113 4.113

Man-B 3.982 3.983 3.983 4.017 3.993 3.993 4.025 4.02 3.99 4.023 4.019 4.018 4.018

Man-C 4.066 4.068 4.068 4.110 4.104 4.07 4.11 4.109 4.112 4.113 4.113

Man-D1 4.068 4.067 4.07 4.07 4.235 4.23 4.23

Man-D2 4.067 4.068 4.07 4.07 4.07 4.071 4.072 4.072

Man-D3 4.068 4.067 4.07 4.07 4.071 4.072 4.072

aGlc1Man9, Glc(a1-3)Man9; Glc2Man9, Glc(a1-3)Glc(a1-3)Man9; Glc3Man9, Glc(a1-2)Glc(a1-3)Glc(a1-3)Man9.
bStructures of the oligomannose type:

Man(b1-4)GlcNAc(b1-4)GlcNAc Man5

Man(a1-6)

Man(a1-6)
Man(a1-3)

Man(a1-3)

Man(b1-4)GlcNAc(b1-4)GlcNAc Man6

Man(a1-6)

Man(a1-6)
Man(a1-3)

Man(a1-2)Man(a1-3)
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Man(b1-4)GlcNAc(b1-4)GlcNAc Man6�

Man(a1-6)

Man(a1-6)

Man(a1-3)

Man(a1-2)Man(a1-3) Man(b1-4)GlcNAc(b1-4)GlcNAc Man7

Man(a1-2)Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-3)

Man(a1-3)

Man(b1-4)GlcNAc(b1-4)GlcNAc Man7�

Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-3)

Man(a1-2)Man(a1-3) Man(b1-4)GlcNAc(b1-4)GlcNAc Man7��

Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-2)Man(a1-3)

Man(a1-3)

Man(b1-4)GlcNAc(b1-4)GlcNAc Man8

Man(a1-2)Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-2)Man(a1-3)

Man(a1-3) Man(b1-4)GlcNAc(b1-4)GlcNAc Man8�

Man(a1-2)Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-3)

Man(a1-2)Man(a1-3)

Man(b1-4)GlcNAc(b1-4)GlcNAc Man8��

Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-2)Man(a1-3)

Man(a1-2)Man(a1-3) Man(b1-4)GlcNAc(b1-4)GlcNAc Man9

Man(a1-2 )Man(a1-6)

Man(a1-6)

Man(a1-2)Man(a1-2)Man(a1-3)

Man(a1-2)Man(a1-3)

D3 B

D2 A

D1 C 4

3 2 1
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by Man H1 and H2 signals at d 5.411–5.450 and d 3.98–4.00, respectively.236 Phosphate substituents afford downfield

shifts for H6 of the 6-substituted Man residue. In fact, for their unambiguous localization, specific NMR approaches

should be followed, such as 31P-NMR and 1H{31P} relayed spin-echo difference spectroscopy (RESED).219 A further

discussion of these methods is beyond the scope of this chapter.
2.04.3.2 Complex-Type N-Glycans

To illustrate the type of 1H NMR spectra obtained from complex-type N-linked glycans in D2O solution, the spectra

recorded at 500MHz and at 300K of a di-, tri-, and tetraantennary asialo N-acetyllactosamine-subtype N-glycan are

depicted inFigure 2. Characteristic patterns for the type of branching are formed in the spectra by theMan H1 and in

particular the Man H2 signals. They reflect not only the number of antennas, but also the attachment positions. The

ranges of the 1H NMR chemical shift data for the Man H2 atoms in mono-, di-, tri-, tetra-, and pentaantennary

systems, including the occurrence of bisected GlcNAc or Xyl, taking into account a large variety of extensions, are

summarized in Table 5. A further fine-tuning of ranges within specific antennary systems has been worked out in

Table 6.

Comparison of the three 1H NMR spectra (Figure 2) shows also the possibilities of differentiating between the

various antennas within one antennary system. In this context, the CH3 signals from the GlcNAc N-acetyl groups are

excellent reporters of the type and position of substituents on the individual GlcNAc residues. For example, for

reducing complex-type N-glycans holds that an (a1-6)-fucosylated N,N0-diacetylchitobiose core element is recognized

from the anomeric signals of aGlcNAc-1 at d 5.18, GlcNAc-2 at d 4.66–4.67, and Fuc at d 4.89–4.91, together with the

N-acetyl methyl signals of GlcNAc-1 at �d 2.039 and GlcNAc-2 at d 2.09–2.10, as well as from the Fuc CH3 signals at
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d 1.21 (aGlcNAc-1) and d 1.22 (bGlcNAc-1), and the Fuc H5 multiplets at d 4.10 (aGlcNAc-1) and d 4.13 (bGlcNAc-

1). On the other hand, the reducing nonfucosylated N,N0-diacetylchitobiose unit is recognized from the anomeric

signals of aGlcNAc-1 at d 5.19 and GlcNAc-2 at d 4.60–4.61, together with the N-acetyl methyl signals of GlcNAc-1

at �d 2.039 and GlcNAc-2 at �d 2.081.

Extension of the antennas with sialic acid gives rise to additional sets of reporter signals, comprising the H3 atoms

and the N-acyl groups, which are typical for the type and position of the sialic acid residues. As an illustration of these

phenomena, in Figure 3, three (a2-3)/(a2-6) sialylation patterns of diannentary systems are presented. Based on the

different 1H NMR studies, compiled in Table 3, a survey is given of the H3a and H3e chemical shifts of Neu5Ac,

Neu5Gc, Neu4,5Ac2, and Neu5,9Ac2 in different microenvironments in Table 7. Furthermore, sialic acids induce

chemical shift alterations in the adjacent Gal(NAc)(b1-3/4)GlcNAc units. For general 1H NMR data on O-substituted

sialic acids, for example, by acetyl, lactyl, sulfate, and methyl groups, see Ref. 237.

Extensions with Fuc residues are occurring at the innermost GlcNAc residues, linked (a1-6) and/or (a1-3). Fuc
residues can also be attached to the peripheral parts of the antennas in various linkages, thereby reflecting different

epitopes like Lewis a, x, and y (see Section 2.04.4.1.4 for further details). In all cases, fucosylation is leading to sets of

H1, H5, and CH3 reporter signals that define type and position of the linkage, thereby showing the influence of the

microenvironment around Fuc residues. Based on the different 1H NMR studies, compiled in Table 3, a summary of

these resonances is presented in Table 8.
4

Anomeric protons

CD1

D1

(b)

D2

D3

D2
D3BC

4

4

B

A + C
D1–3

H2 atoms

3

3

1a

5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0

1b

A

Man(b1-4)GlcNAc(b1-4)GlcNAc
3 2

B

A

1Man(a1-6)

 Man(a1-2)Man(a1-6)

 Man(a1-2)Man(a1-3)

Man(a1-2) Man(a1-2)Man(a1-3)

4�

4�

4�

d (ppm)

∅
2

Figure 1b Structural-reporter-group regions of the 500MHz 1H NMR spectrum of Man9GlcNAc2, recorded in D2O.



Table 3 1H NMR studies on glycoprotein oligomannose-, complex-, and hybrid-type N-glycans

Title Reference

Structural studies on 2-acetamido-1-N-(4-L-aspartyl)-2-deoxy-b-D-glucopyranosylamine and 2-acetamido-6-O-(a-L-
fucopyranosyl)-1-N-(4-L-aspartyl)-2-deoxy-b-D-glucopyranosylamine by 1H NMR spectroscopy

7

Structure of seven oligosaccharides excreted in the urine of a patient with Sandhoff’s disease (GM2 gangliosidosis-

variant O)

8

The structure of the asialo-carbohydrate units of human serotransferrin as proven by 1H NMR spectroscopy 9

Determination by 1H NMR spectroscopy of the type of branching in complex Asn-linked glycan chains of

glycoproteins

10

Structure determination of the single glycan of rabbit serotransferrin by methylation analysis and 1H NMR

spectroscopy

11

1H NMR spectroscopy of sialyl-oligosaccharides from patients with sialidosis (mucolipidosis I and II) 12

Structure of the three major fucosyl-glycoasparagines accumulating in the urine of a patient with fucosidosis 13

Determination of the primary structures of 16 asialo-carbohydrate units derived from human plasma a1-acid
glycoprotein by 1H NMR spectroscopy and permethylation analysis

14

The primary structure of the asialo-carbohydrate units of the first glycosylation site of human plasma a1-acid
glycoprotein

15

Investigation by 1HNMR spectroscopy and methylation analysis of the single glycan chain of chicken ovotransferrin 16

Specificity in the enzymatic transfer of sialic acid to the oligosaccharide branches of di- and triantennary

glycopeptides of a1-acid glycoprotein

17

The application of 1H NMR spectroscopy for the structure elucidation of N-acetyllactosamine-type asparagine-

bound carbohydrate chains of glycoproteins

18

Structure elucidation of oligomannose-type asparagine-bound carbohydrate chains of glycoproteins by 1H NMR

spectroscopy

19

An 1H NMR study of urinary oligosaccharides from patients with mannosidosis 20

Linkage and sequence analysis of mannose-rich glycoprotein core oligosaccharides by 1H NMR spectroscopy 21

Primary structure of the Asn-563-linked carbohydrate chain of an immunoglobulin M from a patient with

Waldenström’s macroglobulinemia

22

Structure determination by 1H NMR spectroscopy and methylation analysis of a diantennary glycan of the

N-acetyllactosamine type isolated from rat-liver plasma membrane

23

Structures of 15 oligosaccharides isolated from newborn meconium 24

Characterization of the microheterogeneity in glycoproteins by 1HNMR spectroscopy of glycopeptide preparations.

Application to a monofucosylated tetraantennary glycopeptide fraction from human plasma a1-acid glycoprotein

25

Primary structure of the carbohydrate chain of soybean agglutinin 26

Structure determination of two oligomannose-type glycopeptides obtained from bovine lactotransferrin, by
1H NMR spectroscopy

27

Determination of the structure of four glycopeptides from hen ovalbumin using 1H NMR spectroscopy 28

Determination of glycopeptide primary structure by 1H NMR spectroscopy 29

Application of 1H NMR spectroscopy in the structural determination of membrane-derived sindbis virus

glycopeptides

30

Primary structure of the glycans from human lactotransferrin 31

Primary structure of the N-glycosidically linked sialoglycans of secretory immunoglobulins A from human milk 32

The structures of six urinary oligosaccharides, that are characteristic for a patient with Morquio syndrome type B 33

The structures and microheterogeneity of the carbohydrate chains of human plasma ceruloplasmin 34

A novel type of carbohydrate structure present in hen ovomucoid 35

Carbohydrate structures of human fibrinogen 36

Product identification and substrate specificity studies of the GDP-L-fucose:2-acetamido-2-deoxy-b-D-glucoside
(Fuc-Asn-linked GlcNAc) 6-a-L-fucosyltransferase in a Golgi-rich fraction from porcine liver

37

Preparation and characterization of fragment glycoasparagines from ovalbumin glycopeptides 38

Primary structure of three mannosyl-glycoasparagines and nine sialyl-oligosaccharides isolated from the urine of two

patients with Gaucher’s disease (infantile form)

39

Structure determination of the carbohydrate chains of rat a-fetoprotein 40

Structure determination of the major Asn-linked sugar chain of human factor VIII–von Willebrand factor 41

Primary structure of a novel N-glycosidic carbohydrate unit, derived from hen ovomucoid 42

Structural studies of the glycans isolated from rat plasma hemopexin 43

High-resolution, 1H NMR spectroscopy as a tool in the structural analysis of carbohydrates related to glycoproteins 1

A novel glycoasparagine isolated from an ovalbumin glycopeptide fraction 44

Oligosaccharides on cathepsin D from porcine spleen 45

Primary structure of N-glycosidically linked asialoglycans of secretory immunoglobulins A from human milk 46

Primary structure of the major glycans of the N-acetyllactosamine type derived from the human immunoglobulins

M from two patients with Waldenström’s macroglobulinemia

47
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The structure of the carbohydrate units of human plasma galactoglycoprotein determined by 1HNMR spectroscopy 48

The identification of terminal (a1-3)-linked galactose in N-acetyllactosamine type of glycopeptides by means of
1H NMR spectroscopy

49

The structure of a trisialyl diantennary N-type glycopeptide obtained from rat plasma hemopexin 50

Major oligosaccharides in the glycoprotein of friend murine leukemia virus: structure elucidation by 1H NMR

spectroscopy and methylation analysis

51

Structural elucidation by 1H NMR spectroscopy of the oligosaccharide units of two glycoproteins isolated from

alveoli of patients with alveolar proteinosis

52

1H NMR spectroscopy of carbohydrates from the G glycoprotein of vesicular stomatitis virus grown in parental and

Lec4 Chinese hamster ovary cells

53

Determination of the structure of the carbohydrate chains of prostaglandin endoperoxide synthase from sheep 54

Primary structure of two major glycans of bovine fibrinogen 55

Branch specificity of bovine colostrum CMP-sialic acid: N-acetyllactosaminide a-2,6-sialyltransferase. Interaction
with diantennary oligosaccharides and glycopeptides of N-glycosylproteins

56

Primary structure of the low molecular mass carbohydrate chains of Helix pomatia a-hemocyanin. Xylose as a

constituent of N-linked oligosaccharides in an animal glycoprotein

57

Primary structure of two sialylated triantennary glycans from human serotransferrin 58
1H NMR spectroscopic characterization of dansyl glyco-asparagines derived from hen egg white glycoproteins 59

Structural analysis of the carbohydrate chains of legume storage proteins by 1H NMR spectroscopy 60

Structural analysis of glycans of human C1 inhibitor by 1H NMR spectroscopy 61

Structural analysis of the carbohydrate chains of b-N-acetylhexosaminidases from bovine brain 62

Structural analysis of dansyl glyco-asparagines from quail ovalbumin 63

The major oligosaccharides in the large subunit of the hemagglutinin from fowl plague virus, strain Dutch 64

Structures of oligomannose- and hybrid-type N-glycans of a ricin-resistant mutant of baby hamster kidney cells 65

Major carbohydrate structures at five glycosylation sites on murine IgM determined by 1H NMR spectroscopy 66

Characterization of a specific a-mannosidase involved in oligosaccharide processing in Saccharomyces cerevisiae 67

An 1H NMR study on the N-glycan of bromelain. 1H NMR structural-reporter groups of Fuc (a1-3)-linked to

Asn-bound N-acetylglucosamine

68

The carbohydrate structures of b-galactosidase from human liver 69

Structural studies of the carbohydrate chains of human g-interferon 70

Primary structure of a tetraantennary glycan of the N-acetyllactosamine type isolated from human factor VIII/von

Willebrand factor

71

Primary structure of the neutral carbohydrate chains of hemocyanin from Panulirus interruptus 72

Primary structure of a low molecular mass N-linked oligosaccharide from hemocyanin of Lymnaea stagnalis. 3-O-
Methyl-D-mannose as a constituent of the xylose-containing core structure in an animal glycoprotein

73

Structures of oligomannose-type chains of a-mannosidase from porcine kidney 74

Primary structure of the oligosaccharide moiety of hemocyanin from the scorpion Androctonus australis 75

Characterization of a lysosomal endo-N-acetyl-b-D-glucosaminidase specific for glycans with a terminal chitobiose

residue

76

Structures of the carbohydrate moiety attached to one site in the first domain of turkey ovomucoid 77

Ricin-resistant mutants of baby hamster kidney cells deficient in a-mannosidase-II-catalyzed processing of

Asn-linked oligosaccharides

78

Binding of N-linked bovine fetuin glycopeptides to isolated rabbit hepatocytes: Gal/GalNAc hepatic lectin

discrimination between Gal(b1-4)GlcNAc and Gal(b1-3)GlcNAc in a triantennary structure

79

1H NMR analysis of the carbohydrate structures of glycoproteins as their pyridylamino derivatives 80

Xylose-containing common structural unit in N-linked oligosaccharides of laccase from sycamore cells, as analyzed

by pyridylamino derivatives

81

Characterization of N-linked gluco-oligomannose type of carbohydrate chains of glycoproteins from the ovary of the

starfish Asterias rubens (L.)
82

Primary structure determination of seven novel N-linked carbohydrate chains derived from hemocyanin of Lymnaea
stagnalis. 3-O-Methyl-D-galactose and N-acetyl-D-galactosamine as constituents of xylose-containing N-linked

oligosaccharides in an animal glycoprotein

83

Primary structure of the glycans of porcine pancreatic lipase 84

Determination of the structure of the carbohydrate chains of acid a-glucosidase from human placenta 85

Structural analysis of the carbohydrate moieties of a-L-fucosidase from human liver 86

A general strategy for the isolation of carbohydrate chains from N,O-glycoproteins and its application to human

chorionic gonadotropin

87

(continued)
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1H NMR spectroscopic identification of the glucose-containing lipid-linked precursor oligosaccharide of N-linked

carbohydrate chains

88

Structures of oligosaccharides on b-galactosidase from Aspergillus oryzae 89

Primary structure of the acidic carbohydrate chain of hemocyanin from Panulirus interruptus, showing a Man6S(a1-6)
unit

90

Branch specificity of bovine colostrum CMP-sialic acid: Gal(b1-4)GlcNAc-R a-2,6-sialyltransferase. Sialylation of

di-, tri-, and tetraantennary oligosaccharides and glycopeptides of the N-acetyllactosamine type

91

Separation of sialyloligosaccharides by medium-pressure anion-exchange chromatography on Mono Q 92

Comparative structural study of the N-linked oligosaccharides of human normal and pathological immunoglobulin

G using pyridylamino derivatives

93

Primary structure of the glycans from mouse serum and milk transferrins 94

Catabolism of N-glycosylprotein glycans: evidence for a degradation pathway of sialylglyco-asparagines resulting

from the combined action of the lysosomal aspartylglucosaminidase and endo-N-acetyl-b-D-glucosaminidase

95

The oligomannose-type oligosaccharides of Dictyostelium discoideum glycoproteins contain a novel intersecting

N-acetylglucosamine residue

96

Structural study of the asparagine-linked oligosaccharides of lipophorin in locusts 97

Characterization of three different carbohydrate chains from melanoma tissue plasminogen activator 98

The N- and O-linked carbohydrate chains of human, bovine, and porcine plasminogen. Species specificity in

relation to sialylation and fucosylation patterns

99

Storage of sialic acid-containing carbohydrates in the placenta of a human galactosialidosis fetus. Isolation and

structural characterization of 16 sialyloligosaccharides

100

Identification of a tetrasialylated monofucosylated tetraantennary N-linked carbohydrate chain in human platelet

glycocalicin

101

Structural characterization of sialic acid-containing storage material from mucolipidosis I (sialidosis) fibroblasts 102

Primary structure of the xylose-containing N-linked carbohydrate moiety from ascorbic acid oxidase of Cucurbita
pepo medullosa

103

The b-subunit of human chorionic gonadotropin contains N-glycosidic trisialo tri- and tri0-antennary carbohydrate

chains

104

Sulfated N-linked carbohydrate chains in porcine thyroglobulin 105

N-acetylglucosaminyltransferase substrates prepared from glycoproteins by hydrazinolysis of the GlcNAc-Asn

linkage

106

Structural analyses of Asn-linked oligosaccharides of porcine pancreatic kallikrein, analyzed as pyridylamino

derivatives

107

The Lec11 Chinese hamster ovary mutant synthesizes N-linked carbohydrates containing sialylated, fucosylated

lactosamine units

108

Separation of neutral reducing oligosaccharides derived from glycoproteins by HPLC on a hydroxylated polymeric

support

109

Structures of carbohydrate chains of a p-nitrophenyl acetate-hydrolyzing esterase from the microsomes of rat liver,

analyzed as pyridylamino derivatives

110

Microheterogeneity and structures of neutral glycans present in quail ovomucoid 111

The Asn-linked oligosaccharides on bovine fetuin 112

Comparative structural study of N-linked oligosaccharides of urinary and recombinant erythropoietins, using

pyridylamino derivatives

113

Analysis of N-acetyl-4-O-acetylneuraminic-acid-containing N-linked carbohydrate chains of equine fibrinogen 114

N-Linked oligosaccharide changes with oncogenic transformation require sialylation of multiantennas 115

Structural characterization of 21 sialyloligosaccharides from galactosialidosis urine. An intactN,N0-diacetylchitobiose
unit at the reducing end of a diantennary structure

116

Novel polyfucosylated N-linked glycopeptides with blood group A, H, X, and Y determinants from human small

intestinal epithelial cells

117

Structural analysis of the N-acetyl-/N-glycolylneuraminic-acid-containing N-linked carbohydrate chains of bovine

fibrinogen

118

Structures of glycoprotein-derived free sialooligosaccharides from the unfertilized eggs of Tribolodon hakonensis,
a dace

119

Structural studies of fertilization-associated carbohydrate-rich glycoproteins (hyosophorin) isolated from the

fertilized and unfertilized eggs of flounder, Paralichthys olivaceus
120

Separation of the complex Asn-linked oligosaccharides of fetuin, and elucidation of triantennary structures having

sialic acids linked only to galactose

121

Structures of the Asn-linked oligosaccharides of fetuin having sialic acid linked to N-acetylglucosamine 122
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Primary structure of horse serotransferrin glycans containing N-acetylneuraminic acid and N-acetyl-4-O-
acetylneuraminic acid

123

Carbohydrate structures of human tissue plasminogen activator expressed in Chinese hamster ovary cells 124

Primary structure of an N-linked carbohydrate chain derived from glucoamylase of Rhizopus niveus 125

Structures of the N-glycans of g-interferon produced by human myelomonocyte cell line HBL-38, analyzed as

pyridylamino derivatives

126

Structure determination of the major N- and O-linked carbohydrate chains of the b-subunit from equine chorionic

gonadotropin

127

Structure determination of the intact sialylated N-linked carbohydrate chains of recombinant human follitropin

expressed in Chinese hamster ovary cells

128

Sialylated carbohydrate chains of recombinant human glycoproteins expressed in Chinese hamster ovary cells

contain traces of N-glycolylneuraminic acid

129

Characterization of the Asn-linked oligosaccharides from Trypanosoma brucei type-I variant surface glycoproteins 130

In vitro hydrolysis of oligomannosyl oligosaccharides by the lysosomal a-D-mannosidases 131

Pregnancy-associated changes in oligomannose oligosaccharides of human and bovine uromodulin 132

Oligosaccharides at individual glycosylation sites in glycoprotein 71 of Friend murine leukemia virus 133

Large-scale preparation and characterization of N-linked glycopeptides from bovine fetuin 134

Site-specific N-glycosylation of ovine lutropin 135

The carbohydrate structures of a mouse monoclonal IgG antibody OKT3 136

Determination of the branch location of extra N-acetyllactosamine units in sialo N-linked tetraantennary

oligosaccharides

137

Location and structure of the Asn-linked oligosaccharide units and their potential role in the assembly of the

7 S collagen IV tetramer of bovine glomerular basement membrane

138

Structure determination by 1H NMR spectroscopy of (sulfated) sialylated N-linked carbohydrate chains released

from porcine thyroglobulin

139

GDP-Fucose: b-N-acetylglucosamine (Fuc to Fuc(a1-6)GlcNAc-Asn-peptide) a-1,3-fucosyltransferase activity in

honeybee (Apis mellifica) venom glands. The difucosylation of asparagine-bound N-acetylglucosamine

140

Different oligosaccharides accumulate in the brain and urine of a cat with a-mannosidosis: structure determination of

five brain-derived and 17 urinary oligosaccharides

141

Xylose-containing carbohydrate chains derived from N-glycoproteins 142
1H NMR analysis of the site-specific N-glycosylation of human chorionic gonadotropin 143

Carbohydrate microheterogeneity of rat serotransferrin yielding a new type of trisialylated diantennary glycan 144

NMR investigations of the N-linked oligosaccharides at individual glycosylation sites of human lutropin 145

Structure determination of the glycans of human serum a1-antichymotrypsin 146

Structural analysis of the glycoprotein allergen Art v II from the pollen of mugwort (Artemisia vulgaris L.) 147

Characterization of urinary fucosyl glycoasparagines in fucosidosis 148

Structures of Asn-linked oligosaccharides from hen egg-yolk antibody IgY, analyzed as p-aminobenzoic acid ethyl

ester derivatives

149

Carbohydrate structures of recombinant soluble human CD4 expressed in Chinese hamster ovary cells 150

Characterization of a novel type of chain-terminator Gal(b1-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-6) in an

oligosaccharide related to glycoprotein N-glycans, isolated from the urine of a patient with GM1 gangliosidosis

151

Substrate specificity of rat liver cytosolic a-D-mannosidase 152

A novel glycosylation phenotype expressed by Lec23, a Chinese hamster ovary mutant deficient in a-glucosidase I 153

A 1H NMR database computer program for the analysis of the primary structure of complex carbohydrates 6

Characterization of Gal(a1-3)Gal(b1- and Neu5Ac(a2-6)GalNAc(b1-4)GlcNAc(b1-substituted N-linked glycans in

bovine lactotransferrin

154

1H NMR structural determination of the N-linked carbohydrate chains on glycopeptides obtained from the bean

lectin phytohemagglutinin

155

The O-linked and bisecting-GlcNAc-containing N-linked carbohydrate chains of the b-subunit of human chorionic

gonadotropin produced by the choriocarcinoma cell line BeWo

156

Human Tamm–Horsfall glycoprotein of one male presents sulfated and N-acetylgalactosamine-containing N-linked

carbohydrate chains

157

(al-6)(al-3)-Difucosylation of the Asn-bound N-acetylglucosamine in honeybee venom phospholipase A2 158

Structure elucidation of sulfated oligosaccharides from recombinant human tissue plasminogen activator expressed

in mouse epithelial cells

159

Human urokinase contains GalNAc(b1-4)[Fuc(a1-3)]GlcNAc(b1-2) as a novel terminal element in N-linked

carbohydrate chains

160
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The Asn-linked oligosaccharides at individual glycosylation sites in human thyrotrophin 161

Structures of carbohydrate chains of subunits of an a-amylase inhibitor from Phaseolus vulgariswhite kidney beans as
analyzed by pyridylamino derivatives

162

Carbohydrate structure of a thrombin-like serine protease from Agkistrodon rhodostoma 163

Structure of the N-acetylgalactosamine-containing N-glycan of batroxobin, a thrombin-like snake venom enzyme,

analyzed as pyridylamino derivative

164

Structural analysis of pyridylaminated Asn-linked oligosaccharides of the nicotinic acetylcholine receptor from

Torpedo californica
165

Comparative study of Asn-linked glycans of plasma T-kininogen in normal rats and during acute inflammation 166

Separation of neutral glycoasparagines according to their content of cis-diol groups 167

N-Linked oligomannose-type oligosaccharides containing an a-D-galactofuranosyl linkage found in a-D-galactosidase
from Aspergillus niger

168

Structural analysis of the carbohydrate chains isolated from mistletoe (Viscum album) lectin I 169

Primary structure of N-linked carbohydrate chains of a human chimeric plasminogen activator K2tu-PA expressed in

Chinese hamster ovary cells

170

Primary structures of the N-linked carbohydrate chains from honeybee venom phospholipase A2 171

Structure analysis of the Asn-linked oligosaccharides of apolipophorin III from the insect Locusta migratoria shows

carbohydrate-linked 2-aminoethylphosphonate as a constituent of a glycoprotein

172

Investigation of the structural heterogeneity in the carbohydrate portion of a mouse monoclonal immunoglobulin

A antibody

173

Structural elucidation of a variety of pyridylaminated GalNAc-containing N-linked oligosaccharides from human

urinary kallidinogenase

174

Structures of sialylated oligosaccharides of human erythropoietin expressed in recombinant BHK-21 cells 175

Structures of Asn-linked oligosaccharides of immunoglobulins (IgY) isolated from egg yolk of Japanese quail,

analyzed as p-aminobenzoic acid ethyl ester derivatives

176

Structures of N-linked oligosaccharides on porcine plasma vitronectin, analyzed as pyridylamino derivatives 177

Analysis of the N-glycans from human kidney, liver, and spleen nonsecretory ribonucleases 178

The isoforms of human neutrophil elastase and cathepsin G differ in their carbohydrate side-chain structures 179

Analysis of carbohydrate chains of hen egg yolk riboflavin-binding protein, using pyridylamino derivatives 180

Characterization of Asn-linked oligosaccharides from recombinant human protein C expressed in human

kidney 293 cells

181

Structural characterization of ribonuclease B oligosaccharides by 1H NMR spectroscopy 182

Carbohydrate structure of recombinant human interleukin-6 produced in Chinese hamster ovary cells 183

Structure determination of the intact major sialylated oligosaccharide chains of recombinant human erythropoietin

expressed in Chinese hamster ovary cells

184

Analysis of a Man5GlcNAc structure obtained by incubation of Man9GlcNAc with a-D-mannosidase from rat liver 185

Asn-linked carbohydrate of Penicillium notatum phospholipase B, analyzed as pyridylamino derivative 186

Structural determination of Kdn-containing N-glycans consisting of di- and triantennary complex type units in a

glycoprotein isolated from rainbow trout vitelline envelopes

187

Primary structure of the major glycan from human seminal transferrin 188

Analysis of high-mannose-type N-glycans containing a-D-galactofuranosyl linkages in Aspergillus niger
a-D-glucosidase

189

Structural analysis of the sialylated N- and O-linked carbohydrate chains of recombinant human erythropoietin

expressed in Chinese hamster ovary cells. Sialylation patterns and branch location of dimeric N-acetyllactosamine

units

190

The major N-linked carbohydrate chains from human urokinase have 4-O-sulfated, (a2-6)-sialylated, or
(a1-3)-fucosylated GalNAc(b1-4)GlcNAc elements

191

Variation in N-linked carbohydrate chains in different batches of two chimeric monoclonal IgG1 antibodies

produced by different murine SP2/0 transfectoma cell subclones

192

Characterization of N-linked carbohydrate chains of the crayfish, Astacus leptodactylus, hemocyanin 193

Structural analysis of human meconium glycoasparagines 194

Structure of glycopeptides isolated from bovine milk component PP3 195

Structural characterization of a mannose-6-phosphate-containing N-glycan from human erythropoietin secreted by

recombinant BHK-21 cells

196

Lec18, a dominant Chinese hamster ovary glycosylation mutant, synthesizes N-glycans with the core structure Man

(a1-3)[Man(a1-6)]Man(b1-4)[GlcNAc(a/b1-6)]GlcNAc(b1-4)GlcNAc

197

Structure of the HNK-1 carbohydrate epitope on bovine peripheral myelin glycoprotein P0 198

Analysis of glycoprotein-derived free oligosaccharides from the unfertilized eggs of Scyliorhinus caniculus, showing
the Gal(a1-4)Gal(b1-3)GlcNAc and the Neu5Ac(a2-6)Gal(b1-3)GlcNAc sequences

199
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Lec14, a dominant Chinese hamster ovary glycosylation mutant, synthesizes N-glycans with the core structure

GlcNAc(b1-2)[Man(a1-3)][Man(a1-6)]Man(b1-4)GlcNAc(b1-4)GlcNAc

200

Primary structure of 21 monoantennary and diantennary N-linked carbohydrate chains from aD-hemocyanin of

Helix pomatia
201

NMR evidence for an Asn-linked oligosaccharide on cellobiohydrolase I from Trichoderma reesei RUTC 30 202

Sulfated di-, tri-, and tetraantennary N-glycans in human Tamm–Horsfall glycoprotein 203

Expression of N-linked sialyl Lex determinants and O-glycans in the carbohydrate moiety of human amniotic fluid

transferrin during pregnancy

204

Fucosylated hybrid-type N-glycans on the secreted human epidermal growth factor receptor from

swainsonine-treated A431 cells

205

Characterization of the carbohydrate chains of the secreted form of the human epidermal growth factor receptor 206

Structural analysis of trisialylated diantennary N-glycans from mouse serum transferrin, having a terminal sequence

of Neu5Gc(a2-3)Gal(b1-3)[Neu5Gc(a2-6)]GlcNAc(b1-2)Man

207

Epitope diversity of N-glycans from bovine peripheral myelin glycoprotein P0 revealed by mass spectrometry and

nanoprobe magic angle spinning 1H NMR spectroscopy

208

Structural characterization of the N-glycans of gp273, the ligand for sperm–egg interaction in the mollusc bivalve

Unio elongatulus
209

Analysis of Asn-linked glycans from vegetable foodstuffs: widespread occurrence of Lewis a, core (a1-3)-linked
fucose, and xylose substitutions

210

Structural analysis of sulfated N-linked oligosaccharides in erythropoietin 211

N- and O-glycans of recombinant human C1 inhibitor expressed in the milk of transgenic rabbits 212

N-glycans of recombinant human acid a-glucosidase expressed in the milk of transgenic rabbits 213

Table 3 (continued)

Title Reference

Table 4 1H NMR studies on glycoprotein yeast-type N- and O-glycans

Title Reference

Linkage and sequence analysis of mannose-rich glycoprotein core oligosaccharides by 1H NMR spectroscopy 21

Glycoprotein synthesis in yeast 214

Isolation of glucose-containing high-mannose glycoprotein core oligosaccharides 215

Carbohydrate structure of Saccharomyces cerevisiae mnn9 mannoprotein 216

Structure of yeast external invertase Man8–14GlcNAc processing intermediates by 1H NMR spectroscopy 217

O-Mannosylation of recombinant human insulin-like growth factor I (IGF-I) produced in Saccharomyces cerevisiae 218

Structural studies on phosphorylated oligosaccharides derived from yeast mannan by 1H{31P} relayed spin-echo

difference spectroscopy (RESED)

219

Glycoprotein biosynthesis in Saccharomyces cerevisiae 220

A new Saccharomyces cerevisiae mnn mutant N-linked oligosaccharide structure 221

Protein glycosylation defects in the Saccharomyces cerevisiae mnn7 mutant class 222

Structure of the phosphorylated N-linked oligosaccharides from the mnn9 and mnn10 mutants of Saccharomyces
cerevisiae

223

Localization of (a1-3)-linked mannoses in the N-linked oligosaccharides of Saccharomyces cerevisiae mnn mutants 224

Structure of oligosaccharides on Saccharomyces SUC2 invertase secreted by the methylotrophic yeast Pichia pastoris 225
1H NMR analysis of the structural heterogeneity in the Man8–13GlcNAc oligosaccharides from log-phase

Saccharomyces yeast
226

A high-mannose-type N-linked oligosaccharide from Aspergillus carboxypeptidase 227

Oligosaccharide structures of the major exoglucanase secreted by Saccharomyces cerevisiae 228

Structural characterization of the N-glycans of a recombinant hepatitis B surface antigen derived from yeast 229

Structure of Man6–10GlcNAc2 processing intermediates as synthesized by the alg3 Saccharomyces cerevisiae mutant 230

N-Glycans from a Schizosaccharomyces pombe mutant 231

Identification of Man(a1-3)Man(a1-2)Man and Man-linked phosphate on O-mannosylated recombinant leech-

derived tryptase inhibitor produced by Saccharomyces cerevisiae
232

Analysis of Schizosaccharomyces pombe N-linked GalMan9GlcNAc isomers 233

Schizosaccharomyces pombe produces novel Gal0–2Man1–3 O-linked oligosaccharides 234

Characterization of N- and O-linked glycosylation of recombinant human bile salt-stimulated lipase secreted by

Pichia pastoris
235

Characterization of the N-linked oligosaccharides from human chorionic gonadotropin expressed in the

methylotrophic yeast Pichia pastoris
236
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Figure 2a Structural-reporter-group regions of the 500MHz 1H NMR spectrum of an asialo diantennary glycopeptide, recorded in D2O.
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Figure 2b and c Structural-reporter-group regions of the 500MHz 1H NMR spectra of (b) an asialo triantennary glycopep-

tide, and (c) an asialo tetraantennary glycopeptide, recorded in D2O.
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Table 5 Ranges of 1H NMR chemical shift data for the Man H2 atoms in mono-, di-, tri-, tetra-, and pentaantennary

complex-type N-glycansa–c. Chemical shifts are given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C

H2 of Man residue

Antennas 3 4 40

Monoantennary (2-substituted at Man(a1-6)) 4.25–4.26 4.07 4.10–4.12

Monoantennary (2-substituted at Man(a1-3)) 4.23–4.26 4.16–4.20 3.97–3.98

Diantennary (2-substituted at Man(a1-3) and Man(a1-6)) 4.24–4.26 4.16–4.21 4.07–4.13

Diantennary (2,4-disubstituted at Man(a1-3)) 4.21–4.22 4.21–4.22 3.96

Triantennary (2,4-disubstituted at Man(a1-3);
2-substituted at Man(a1-6))

4.20–4.23 4.20–4.23 4.10–4.12

Triantennary (2-substituted at Man(a1-3);
2,6-disubstituted at Man(a1-6))

4.24–4.27 4.17–4.21 4.07–4.11

Triantennary (2,4-disubstituted at Man(a1-3);
6-substituted at Man(a1-6))

4.21 4.21 3.96

Tetraantennary (2,4-disubstituted at Man(a1-3);
2,6-disubstituted at Man(a1-6))

4.20–4.24 4.21–4.24 4.08–4.11

Diantennary with bisected GlcNAc (2-substituted at

Man(a1-3) and Man(a1-6))
4.17–4.19 4.24–4.27 4.14–4.16

Diantennary with bisected GlcNAc (2,4-disubstituted at

Man(a1-3))
4.16 4.29 3.99

Triantennary with bisected GlcNAc (2,4-disubstituted at

Man(a1-3); 2-substituted at Man(a1-6))
4.14–4.15 4.28–4.29 4.14–4.15

Tetraantennary with bisected GlcNAc (2,4-disubstituted

at Man(a1-3); 2,6-disubstituted at Man(a1-6))
4.15 4.28 4.12

Pentaantennary with bisected GlcNAc (2,4-disubstituted

at Man(a1-3); 2,4,6-trisubstituted at Man(a1-6))
4.14–4.16 4.27–4.28 4.15–4.16

Monoantennary with Xyl (2-substituted at Man(a1-6)) 4.26–4.27 4.04 4.09–4.10

Monoantennary with Xyl (2-substituted at Man(a1-3)) 4.25–4.26 4.14–4.15 3.97–3.98

Diantennary with Xyl (2-substituted at Man(a1-3) and
Man(a1-6))

4.25–4.26 4.14–4.15 4.09–4.11

aThe coding system Man-3, Man-4, and Man-40 is explained in the trimannosyl element structure as follows:
49

3
…….Man(b1-4)……

4 

…….Man(a1-6)

…….Man(a1-3)

bExample of a pentaantennary N-glycan; mono- to tetraantennary chains can be deduced from this structure following the

descriptions in the table. The inclusion of bisected GlcNAc means the occurrence of the element GlcNAc(b1-4)Man(b1-4),
and the inclusion of Xyl means the occurrence of the Xyl(b1-2)Man(b1-4) element.

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-6)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-4)

Man(b1-4)GlcNAc(b1-4)GlcNAc 

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-4)

cFull structures are presented in Table 6.

148 1H NMR Structural-Reporter-Group Concepts in Carbohydrate Analysis
To give an impression of some other aspects of the structural-reporter-group concept, a few basic examples have

been selected as an illustration. More detailed examples are discussed in Section 2.04.4.1.4 and can be found through

Table 3. The occurrence of the antennary subtypes Gal(b1-4)GlcNAc, Gal(b1-3)GlcNAc, and GalNAc(b1-4)GlcNAc

is reflected by typical sets of structural reporters. For instance, comparing the 1HNMR data of a diantennary N-glycan

with terminal Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) elements206 with those of a diantennary N-glycan with terminal



Table 6 1H NMR chemical shift data for the Man H2 atoms in mono-, di-, tri-, tetra-, and pentaantennary complex-type N-glycans. Chemical shifts are given relative to internal

acetone at d 2.225 in D2O at pD�7 and 27�Ca–d

Branching element Terminal units

H2 of Man residue

3 4 40

Monoantennary

Man(b1-4)GlcNAc(b1-
GlcNAc(b1-2)Man(a1-6) 

Man(a1-3)

Siaa6Galb4GlcNAcb2Mana6 4.253/254 4.067/073 4.104/119

Galb4GlcNAcb2Mana6
GlcNAcb2Mana6
GlcA3Sb3Galb4GlcNAcb2Mana6

Sia ¼ Neu5Ac

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1-ol

Man(b1-4)GlcNAc(b1-
Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Siaa3/6Galb4GlcNAcb2Mana3 4.245/260 4.181/199 3.965/977

Galb4GlcNAcb2Mana3
GlcNAcb2Mana3
Gal3Meb3GalNAcb4GlcNAcb2Mana3
GalNAcb4(Fuca3)GlcNAcb2Mana3 4.234/246 4.163/167 3.983

GalNAc4Sb4GlcNAcb2Mana3 4.250 4.177 3.975

Siaa6GalNAcb4GlcNAcb2Mana3 4.256 4.188 3.975

Sia ¼ Neu5Ac

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�; �GlcNAc-2(b1-4)GlcNAc-1-ol

Diantennary

Man(b1-4)GlcNAc(b1-
 GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Siaa3/6Galb4GlcNAcb2Mana3/6 4.244/264 4.186/213 4.104/127

Galb4GlcNAcb2Mana3/6
GlcNAcb2Mana3/6
Gala3Galb4GlcNAcb2Mana3/6
Gal3Sb4GlcNAcb2Mana3/6
Galb4(Fuca3)GlcNAcb2Mana3
Siaa3Galb4(Fuca3)GlcNAcb2Mana3
Galb3GlcNAcb2Mana3/6
Siaa3Galb3GlcNAcb2Mana3/6
Siaa3Galb3(Siaa6)GlcNAcb2Mana3
Siaa6Galb3GlcNAcb2Mana3
Gala4Galb3GlcNAcb2Mana3/6
Siaa6Galb4GlcNAc6Sb2Mana3/6
GalNAca3(Fuca2)Galb4GlcNAcb2Mana3
GlcNAcb2(AEP6)Mana6
(AEP6)GlcNAcb2Mana3
Kdna3Galb4GlcNAcb2Mana3/6
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GalNAcb4GlcNAcb2Mana3/6 4.238/253 4.163/192 4.075/105

GalNAcb4(Fuca3)GlcNAcb2Mana3/6
GalNAc4Sb4GlcNAcb2Mana3/6
Siaa3/6GalNAcb4GlcNAcb2Mana3/6
Siaa3/6Galb4GlcNAcb2Mana6 4.243/250 4.165/180 4.110/120

Galb4GlcNAcb2Mana6
Siaa3(GalNAcb4)Galb4GlcNAcb2Mana6
with

GalNAc4Sb4GlcNAcb2Mana3
GalNAcb4(Fuca3)GlcNAcb2Mana3
Siaa3Galb4GlcNAcb2Mana6 4.252/255 4.187/195 4.113/121

Galb4GlcNAcb2Mana6
with

Siaa6GalNAcb4GlcNAcb2Mana3
Galb4(Fuca3)GlcNAcb2Mana6 4.246/257 4.187/195 4.081/101

Siaa3Galb4(Fuca3)GlcNAcb2Mana6
GalNAca3(Fuca2)Galb4GlcNAcb2Mana6
with

Galb4(Fuca3)GlcNAcb2Mana3
Siaa3Galb4GlcNAcb2Mana3
Galb4(Fuca3)GlcNAcb2Mana6 4.252/258 4.191/196 4.095/112

Siaa3Galb4(Fuca3)GlcNAcb2Mana6
with

Siaa6Galb4GlcNAcb2Mana3
GalNAca3(Fuca2)Galb4GlcNAcb2Mana6 4.252 4.188 4.091

with

Galb4GlcNAcb2Mana3
Galb4GlcNAcb2Mana6 4.247 4.157 4.106

with

GalNAca3(Fuca2)Galb4(Fuca3)GlcNAcb2Mana3
Sia ¼ Neu5Ac, Neu5Gc, Neu4,5Ac2, and/or Neu5,9Ac2; AEP ¼ 2-aminoethylphosphonate

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�; �GlcNAc-2(b1-4)GlcNAc-1-ol

Man(b1-4)GlcNAc(b1-
Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAc(b1-4)

Siaa3Galb4GlcNAcb2/4Mana3 4.213/220 4.213/220 3.96

Galb4GlcNAcb2/4Mana3

Sia ¼ Neu5Ac

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1, �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�

Table 6 (continued)

Branching element Terminal units

H2 of Man residue

3 4 40
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Triantennary

Man(b1-4)GlcNAc(b1-
GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAc(b1-4)

Siaa3/6Galb4GlcNAcb2/4Mana3/6 4.209/227 4.209/227 4.100/121

Galb4GlcNAcb2/4Mana3/6
Galb4(Fuca3)GlcNAcb4Mana3
Siaa3Galb4(Fuca3)GlcNAcb4Mana3
Gal3Sb4GlcNAcb2/4Mana3/6
Siaa3(GalNAcb4)Galb4GlcNAcb2/4Mana3/6
Siaa3Gal6Sb4GlcNAcb2Mana6
Gala3Galb4GlcNAcb2/4Mana3/6
Galb3GlcNAcb4Mana3
Siaa3Galb3GlcNAcb4Mana3
Siaa3Galb3(Siaa6)GlcNAcb4Mana3
Galb3(Siaa6)GlcNAcb4Mana3
Siaa6Galb3GlcNAcb2Mana3
Gala4Galb3GlcNAcb2/4Mana3/6
GalNAc4Sb4GlcNAcb2Mana6 4.203 4.203 4.097

with

GalNAc4Sb4GlcNAcb2Mana3
and

Siaa3Galb4GlcNAcb4Mana3
Sia ¼ Neu5Ac, Neu5Gc, and/or Neu5,9Ac2
Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�; �GlcNAc-2(b1-4)GlcNAc-1-ol

Man(b1-4)GlcNAc(b1-
GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAc(b1-6) Siaa3/6Galb4GlcNAcb2/6Mana3/6 4.249/259 4.194/210 4.089/110

Galb4GlcNAcb2/6Mana3/6
Siaa3Galb3GlcNAcb2/6Mana3/6 4.264/268 4.206/212 4.094/105

with

Siaa3Galb4GlcNAcb2Mana6
GlcNAcb2Mana6
Siaa3Galb4GlcNAcb3Galb4GlcNAcb2/6Mana6 4.247/252 4.199 4.080/091

with

Siaa3Galb4GlcNAcb2/6Mana3/6
GalNAc4Sb4GlcNAcb2/6Mana3/6 4.241 4.184 4.075

Galb4GlcNAcb2/6Mana6 4.252 4.170 4.093

with

Fuca2Galb4GlcNAcb2Mana3
GalNAca3(Fuca2)Galb4GlcNAcb2Mana3

Sia ¼ Neu5Ac, Neu5Gc, and/or Neu5,9Ac2
Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�; �GlcNAc-2(b1-4)GlcNAc-1-ol

(continued)
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GlcNAc(b1-4)

Man(b1-4)GlcNAc(b1-
Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAc(b1-6) Siaa3Galb4GlcNAcb2/4/6Mana3/6 4.21 4.21 3.96

Sia ¼ Neu5Ac

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1

Tetraantennary

GlcNAc(b1-4)

Man(b1-4)GlcNAc(b1-
GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAc(b1-6) Siaa3/6Galb4GlcNAcb2/4/6Mana3/6 4.200/235 4.206/235 4.080/110

Galb4GlcNAcb2/4/6Mana3/6
GlcNAcb2/4/6Mana3/6
Gala3Galb4GlcNAcb2/4/6Mana3/6
Galb4(Fuca3)GlcNAcb2/4/6Mana3/6
Gal3Sb4GlcNAcb2/4Mana3
Siaa3(GalNAcb4)Galb4GlcNAcb2/4/6Mana3/6
Siaa3(GalNAcb4)Galb4GlcNAcb3Galb4GlcNAcb2/6Mana6
Siaa3Galb4(Fuca3)GlcNAcb4Mana3
Siaa3Galb4GlcNAcb3Galb4GlcNAcb2/6Mana6
Siaa3Galb4GlcNAcb3Galb4(Fuca3)GlcNAcb4/6Mana3/6
Siaa3Galb3GlcNAcb2/4/6Mana3/6

Sia ¼ Neu5Ac, Neu5Gc, and/or Neu5,9Ac2
Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�; �GlcNAc-2(b1-4)GlcNAc-1-ol

Diantennary (þbisecting GlcNAc)

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-
GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Siaa3/6Galb4GlcNAcb2Mana3/6 4.172/188 4.245/267 4.139/159

Galb4GlcNAcb2Mana3/6
GlcNAcb2Mana3/6
Gala3Galb4GlcNAcb2Mana6
GlcA3Sb3Galb4GlcNAcb2Mana6
Kdna3Galb4GlcNAcb2Mana3/6

Sia ¼ Neu5Ac

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2; �GlcNAc-2(b1-4)GlcNAc-1-ol

Table 6 (continued)
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H2 of Man residue

3 4 40
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GlcNAc(b1-4)

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-
Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAcb2/4Mana3 4.158 4.287 3.991

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1

Triantennary (þbisecting GlcNAc)
Siaa3Galb4GlcNAcb2/4Mana3/6 4.140/147 4.281/289 4.141/150

GlcNAc(b1-4)

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-

GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Galb4GlcNAcb2/4Mana3/6
GlcNAcb2/4Mana3/6
Kdna3Galb4GlcNAcb2/4Mana3/6

Sia ¼ Neu5Ac

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�; �GlcNAc-2(b1-4)GlcNAc-1-ol

Tetraantennary (þbisecting GlcNAc)

GlcNAc(b1-4)

GlcNAc(b1-6)

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-

GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Galb4GlcNAcb2/4/6Mana3/6 4.15 4.28 4.12

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1(b1-N)Asn�
Pentaantennary (þbisecting GlcNAc)

GlcNAc(b1-4)

GlcNAc(b1-4)

GlcNAc(b1-6)

GlcNAc(b1-4)Man(b1-4)GlcNAc(b1-

GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

GlcNAcb2/4/6Mana3/6 4.145/155 4.276/281 4.155/161

Galb4GlcNAcb4Mana3

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2(b1-4)GlcNAc-1-ol

Monoantennary (þXyl )

Xyl(b1-2)Man(b1-4)GlcNAc(b1-

GlcNAc(b1-2)Man(a1-6) 

Man3Me(a1-3)

Gal3Meb3GalNAcb4GlcNAcb2Mana6 4.272/273 4.297/298 4.091/097

Fuca2Galb3GalNAcb4GlcNAcb2Mana6

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1-ol

(continued)
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Xyl(b1-2)Man(b1-4)GlcNAc(b1-

GlcNAc(b1-2)Man(a1-6) 

Man(a1-3)

Gal3Meb3GalNAcb4GlcNAcb2Mana6 4.261/269 4.036/037 4.093/098

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2(b1-4)GlcNAc-1-ol

Xyl(b1-2)Man(b1-4)GlcNAc(b1-

Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Gal3Meb3GalNAcb4GlcNAcb2Mana3 4.250/258 4.141/150 3.973/983

Fuca2Galb3GalNAcb4GlcNAcb2Mana3

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2(b1-4)GlcNAc-1-ol

Diantennary (þXyl )

Xyl(b1-2)Man(b1-4)GlcNAc(b1-

GlcNAc(b1-2)Man(a1-6) 

GlcNAc(b1-2)Man(a1-3)

Gal3Meb3GalNAcb4GlcNAcb2Mana3/6 4.251/260 4.140/154 4.089/107

Fuca2Galb3GalNAcb4GlcNAcb2Mana3/6
GlcNAcb2Mana3/6
Galb3(Fuca4)GlcNAcb2Mana3/6

Reducing site: �GlcNAc-2(b1-4)GlcNAc-1; �GlcNAc-2(b1-4)GlcNAc-1-ol

aOligosaccharides ending at�GlcNAc-2(b1-4)GlcNAc-1-2PA (2PA¼ 2-aminopyridine) and�GlcNAc-2(b1-4)GlcNAc-1-2AB (2AB¼ 2-aminobenzamide) show somewhat deviating

chemical shift values, leading to a separate classification system.
b1H NMR spectra with Siaa3(Galb4)Galb4GlcNAcb2Mana3/6 in a diantennary system have been published, but lists of chemical shifts are not available.119

c1H NMR spectra with Fuca3GalNAcb3Gala3Galb4GlcNAcb2/4/6Mana3/6 in a pentaantennary system have been published, but lists of chemical shifts are not available.120
dThe coding system Man-3, Man-4, and Man-40 is explained in the trimannosyl element structure as follows:
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Table 6 (continued)
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GalNAc(b1-4)GlcNAc(b1-2)Man(a1-3/6) elements191 shows sets of Gal H1, d 4.468/4.471; GlcNAc H1, d 4.582/4.582;
GlcNAc NAc, d 2.047/2.047 and GalNAc H1, d 4.514/4.520; GalNAc NAc, d 2.066/2.073; GlcNAc H1, d 4.553/4.559;

GlcNAcNAc, d 2.044/2.039, respectively. And, comparing the 1HNMR data of a diantennary N-glycan with a terminal

Gal(b1-4)GlcNAc(b1-2)Man(a1-3) element with that of a diantennary N-glycan with a terminal Gal(b1-3)GlcNAc

(b1-2)Man(a1-3) element shows sets of Gal H1, d 4.467; GlcNAc H1, d 4.582; GlcNAc NAc, d 2.050 and Gal H1,

d 4.445; GlcNAc H1, d 4.600; GlcNAc NAc, d 2.045, respectively.50

The presence of polylactosamine units, Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-, comes to expression in

several ways. As an illustration, a tetraantennary N-glycan with two extensions at the Man(a1-6) residue shows the
←

23
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Figure 3a Structural-reporter-group regions of the 500MHz 1H NMR spectrum of an (a2-6) disialylated diantennary

oligosaccharide, recorded in D2O.
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following 1H NMR data for Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-2/6): Galext H1, d 4.556/4.556;
GlcNAcext H1, d 4.700/4.700; GlcNAcext NAc, d 2.037/2.037; Galint H1, d 4.454/4.468; GlcNAcint H1, d 4.60/4.546;

GlcNAcint NAc, d 2.037/2.037. For a ‘normal’ tetraantennary N-glycan the values for Neu5Ac(a2-3)Gal(b1-4)GlcNAc

(b1-2/6) are Gal H1, d 4.545/4.559; GlcNAc H1, d 4.593/4.545; GlcNAc NAc, d 2.038/2.038.190

Sulfation can occur in Gal(b1-4)GlcNAc and GalNAc(b1-4)GlcNAc elements, that is, 3-sulfated Gal, 6-sulfated

GlcNAc, and 4-sulfated GalNAc. In general, sulfate substituents induce a downfield shift of approximately 0.5ppm

for protons at the attachment position. However, the positions of the H1 signals of the native monosaccharides are also

influenced, for example, Gal3S(b1-4)GlcNAc (Gal H1, d 4.589) versus Gal(b1-4)GlcNAc (Gal H1, d 4.472),139 Neu5Ac

(a2-6)Gal(b1-4)GlcNAc6S (Gal H1, d 4.486; GlcNAc H1, d 4.645) versus Neu5Ac(a2-6)Gal(b1-4)GlcNAc (Gal H1, d
4.446; GlcNAc H1, d 4.606),139 and GalNAc4S(b1-4)GlcNAc (GalNAc H1, d 4.585) versus GalNAc(b1-4)GlcNAc

(GalNAc H1, d 4.514)191 in the same microenvironment.

In several lower organisms, xylose is attached to the branching Man(b1-4) residue, providing a series of characteris-
tic signals. The chemical shift ranges of the Man-3, Man-4, and Man-40 H2 signals in mono- and diantennary systems

have been included in Tables 5 and 6 . The presence of Xyl is reflected by the typical signals of Xyl H1 (d 4.44–4.46),
H2 (d 3.37–3.38), H3 (d 3.43–3.46), and H5ax (d 3.25–3.26).142
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Figure 3b Structural-reporter-group regions of the 500MHz 1H NMR spectrum of an (a2-3) disialylated diantennary

oligosaccharide, recorded in D2O.
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2.04.3.3 Hybrid-Type N-Glycans

Hybrid type N-linked carbohydrate chains have partially the characteristics of the complex type and partially those of

the oligomannose type. These two elements come unequivocally to expression in the 1H NMR spectra. The typical

structural-reporter-group data can be found in part of the 1H NMR studies collected inTable 3. To illustrate the Man

H1 data, the following examples have been selected, all having an Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-3)
arm:212 (1) Man(a1-3)Man(a1-6) arm: Man-AH1, d 5.108; Man-40 H1, d 4.897; Man-4H1, d 5.136; (2) Man(a1-3)[Man

(a1-6)]Man(a1-6) arm: Man-B H1, d 4.910; Man-A H1, d 5.091; Man-40 H1, d 4.875; Man-4 H1, d 5.132; and (3)

Man(a1-2)Man(a1-3)Man(a1-6) arm: Man-D2 H1, d 5.056; Man-A H1, d 5.410; Man-40 H1, d 4.898; Man-4 H1,

d 5.132. Here, like in the oligomannose-type structures, the N-acetyl methyl signals of GlcNAc-2 are generally

observed at �d 2.064.
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Figure 3c Structural-reporter-group regions of the 500MHz 1H NMR spectrum of an (a2-3)/(a2-6) disialylated diantennary
oligosaccharide, recorded in D2O.



Table 7 Structural-reporter-group data of Neu5Ac/Neu5Gc/Neu4,5Ac2/Neu5,9Ac2 for Neu5Ac/Neu5Gc/Neu4,5Ac2/

Neu5,9Ac2-containing structural elements in N-linked carbohydrate chains. Chemical shifts are given relative to internal

acetone at d 2.225 in D2O at pD�7 and 27 �C

Structural element H3a H3e

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) 1.71–1.72 2.67

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-4)Man(a1-3) 1.70–1.71 2.67

Neu5Ac(a2-6)Gal(b1-3)GlcNAc(b1-2)Man(a1-3) 1.72 2.67

Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-4)Man(a1-3) 1.76–1.77 2.73

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-2/4/6)Man(a1-3/6) 1.80 2.75–2.76

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-4)Man(a1-3) 1.79 2.76

Neu5Ac(a2-3)Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-2)Man(a1-3/6) 1.78–1.79 2.76

Neu5Ac(a2-3)Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-2)Man(a1-3/6) 1.71–1.72 2.73–2.74

Neu5Ac(a2-3)Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-4)Man(a1-3) 1.78–1.79 2.76

Neu5Ac(a2-3)Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-4)Man(a1-3) 1.76–1.77 2.72–2.73

Neu5Gc(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) 1.73–1.74 2.69–2.70

Neu5Gc(a2-3)Gal(b1-4)GlcNAc(b1-2/4/6)Man(a1-3/6) 1.81–1.82 2.77–2.78

Neu5Gc(a2-3)Gal(b1-3)[Neu5Gc(a2-6)]GlcNAc(b1-2)Man(a1-3/6) 1.80 2.78

Neu5Gc(a2-3)Gal(b1-3)[Neu5Gc(a2-6)]GlcNAc(b1-2)Man(a1-3/6) 1.73 2.73

Neu4,5Ac2(a2-6)Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) 1.85 2.67–2.68

Neu4,5Ac2(a2-3)Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) 1.93 2.77

Neu5,9Ac2(a2-3)Gal(b1-4)GlcNAc(b1-2/4/6)Man(a1-3/6) 1.80 2.75–2.76

Neu5Ac(a2-6)GalNAc(b1-4)GlcNAc(b1-2)Man(a1-3) 1.72 2.66

Neu5Ac(a2-3)GalNAc(b1-4)GlcNAc(b1-2)Man(a1-3/6) 1.59 2.70

Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2/4)Man(a1-3/6) 1.80 2.76

Neu5Ac(a2-3)Gal6S(b1-4)GlcNAc(b1-2)Man(a1-6) 1.81 2.75

Neu5Ac(a2-3)[GalNAc(b1-4)]Gal(b1-4)GlcNAc(b1-2/4/6)Man(a1-3/6) 1.92–1.93 2.66–2.67

Neu5Ac(a2-3)[Gal(b1-4)]Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) 1.82 2.73

Table 8 Structural-reporter-group data of Fuc for Fuc-containing structural elements in N-linked carbohydrate chains.
Chemical shifts are given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C

Structural element H1 H5 CH3

!GlcNAc(b1-4)[Fuc(a1-6)]GlcNAc(b1-N)Asn 4.87–4.88 4.12–4.13 1.20–1.21

!GlcNAc(b1-4)[Fuc(a1-6)]GlcNAc 4.89–4.91 4.08–4.13 1.21–1.22

!GlcNAc(b1-4)[Fuc(a1-6)]GlcNAc-ol 4.89–4.90 4.07–4.08 1.22–1.23

!GlcNAc(b1-4)[Fuc(a1-3)]GlcNAc(b1-N)Asn 5.13–5.14 4.71–4.72 1.27–1.29

!GlcNAc(b1-4)[Fuc(a1-3)]GlcNAc 5.08 4.72 1.27

!GlcNAc(b1-4)[Fuc(a1-3)]GlcNAc-ol 5.01–5.02 4.23 1.20

!GlcNAc(b1-4)[Fuc(a1-6)][Fuc(a1-3)]GlcNAc(b1-N)Asn 4.90 4.15 1.19–1.20

!GlcNAc(b1-4)[Fuc(a1-6)][Fuc(a1-3)]GlcNAc(b1-N)Asn 5.13 4.72 1.28

!GlcNAc(b1-4)[Fuc(a1-6)][Fuc(a1-3)]GlcNAc 4.93 4.10 1.21–1.22

!GlcNAc(b1-4)[Fuc(a1-6)][Fuc(a1-3)]GlcNAc 5.12 4.71 1.28

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2)Man(a1-3/6) 5.12–5.13 4.83–4.84 1.17–1.18

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-4/6)Man(a1-3/6) 5.11–5.12 4.83–4.84 1.17–1.18

Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2/4)Man(a1-3/6) 5.10–5.13 4.81–4.82 1.16–1.17

Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-2)Man(a1-3/6) 5.00–5.10 4.86–4.87 1.17–1.18

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-2/6)Man(a1-x) 5.30–5.31 4.22–4.23 1.22–1.24

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-4)Man(a1-3) 5.30 4.21 1.23

Fuc(a1-2)Galb1-4[Fuc(a1-3)]GlcNAc(b1-x)Man(a1-3/6) 5.11 n.d. 1.23

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-x)Man(a1-3/6) 5.27 n.d. 1.27

Gal(b1-4)[Fuc(a1-6)]GlcNAc(b1-2)Man(a1-3/6) 5.00 n.d. 1.17

GalNAc(b1-4)[Fuc(a1-3)]GlcNAc(b1-2)Man(a1-3/6) 5.13 4.86 1.26–1.27

GalNAc(a1-3)[Fuc(a1-2)]Gal(b1-4)GlcNAc(b1-2)Man(a1-3/6) 5.34–5.35 4.31–4.32 1.25–1.26

GalNAc(a1-3)[Fuc(a1-2)]Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2)Man(a1-3) 5.29–5.30 4.32 1.28

GalNAc(a1-3)[Fuc(a1-2)]Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2)Man(a1-3) 5.13 4.86 1.27

Fuc(a1-3)GalNAc(b1-3)Gal(a1-3)Gal(b1-4)GlcNAc(b1-2/4/6)Man(a1-3/6) 4.99 n.a.a n.a.

an.a.¼not available.
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Table 9 1H NMR studies on glycoprotein O-glycans

Title Reference

An 1H NMR study of three oligosaccharides isolated from cow k-casein 238

Structural characterization of a novel acidic oligosaccharide unit derived from cow colostrum k-casein 239

Structure determination of oligosaccharides isolated from Aþ, Hþand A�H� hog submaxillary-gland mucin

glycoproteins, by 1H NMR spectroscopy, permethylation analysis, and mass spectrometry

240

The applicability of high-resolution 1HNMR spectroscopy for the structure determination of carbohydrates derived

from glycoproteins

241

Primary structure determination of 14 neutral oligosaccharides derived from bronchial-mucus glycoproteins of

patients suffering from cystic fibrosis, employing 1H NMR spectroscopy

242

Characterization of the primary structure and the microheterogeneity of the carbohydrate chains of porcine blood

group H substance by 1H NMR spectroscopy

243

Structures of short-core carbohydrate units isolated from trout egg polysialoglycoproteins 244

Terminal (a1-4)-linked N-acetylglucosamine is a characteristic constituent of duodenal gland mucous glycoproteins

in rat and pig

245

Primary structure of the oligosaccharide determinant of blood group Cad specificity 246

A neutral oligosaccharide chain found in polysialoglycoproteins isolated from Pacific salmon eggs 247

The structure of the carbohydrate units of human plasma galactoglycoprotein determined by 1HNMR spectroscopy 48

The structure of sialyl-glycopeptides of the O-glycosidic type, isolated from sialidosis (mucolipidosis I) urine 248

Structural studies on the O-linked carbohydrate chains of human platelet glycocalicin 249

Characterization, by a combined HPLC/1H NMR approach, of the heterogeneity displayed by the neutral

carbohydrate chains of human bronchial mucins

250

Primary structure determination of five sialylated oligosaccharides derived from bronchial-mucus glycoproteins of

patients suffering from cystic fibrosis

251

The action of pig gastric mucosal UDP-GlcNAc:Gal(b1-3)(R1)GalNAc-R2 (GlcNAc to Gal) b-1,3-N-
acetylglucosaminyltransferase on high molecular mass substrates

252

1H NMR spectroscopy of oligosaccharide alditols from ovarian cyst mucins 253

Characterization of two oligosaccharide products synthesized using bovine asialo submaxillary-gland mucin as

acceptor and galactosyltransferases of baby hamster kidney cells

254

A computerized approach to the analysis of oligosaccharide structures by 1H NMR spectroscopy 255

Structures of the third major type of carbohydrate units in polysialoglycoproteins from rainbow trout eggs 256

Oligosaccharide units containing one sialidase-resistant N-glycolylneuraminic acid from fish egg

polysialoglycoproteins

257

Structures of fucose-containing sialooligosaccharide chains isolated from the eggs of Oncorhynchus keta (Walbaum) 258

Structural characterization of the smaller-size oligosaccharides from desialylated human k-casein, showing a new

type of core for a mucin-type carbohydrate chain

259

The structure of a fucose-containing O-glycosidic carbohydrate chain of human platelet glycocalicin 260

Structure determination of oligosaccharides isolated from Cad erythrocyte membranes by permethylation analysis

and 1H NMR spectroscopy

261

Structural analysis of glycans of human C1 inhibitor by 1H NMR spectroscopy 61

Mucin synthesis studies using UDP-GlcNAc:GalNAc-R b-1,3-N-acetylglucosaminyltransferase and UDP-GlcNAc:

GlcNAc(b1-3)GalNAc-R (GlcNAc to GalNAc) b-1,6-N-acetylglucosaminyltransferase frompigand rat colonmucosa

262

Studies on oligosaccharide-alditols isolated from an I-active ovarian cyst mucin glycoprotein 263

Structural analysis of the O-glycosidically linked core-region oligosaccharides of human meconium glycoproteins

which express oncofetal antigens

264

Conformations of blood group H-active oligosaccharides of ovarian cyst mucins 265

Structure of sialyloligosaccharides isolated from bonnet monkey (Macaca radiata) cervical mucus glycoproteins

exhibiting multiple blood group activities

266

Typing of core and backbone domains of mucin-type oligosaccharides from human ovarian-cyst glycoproteins by
1H NMR spectroscopy

267

The structure of the O-glycosidic oligosaccharide chains of the major Zajdela hepatoma ascites cell membrane

glycoprotein

268

Porcine submaxillary mucin contains (a2-3)- and (a2-6)-linked N-acetyl- and N-glycolylneuraminic acid 269

Characterization of the oligosaccharide-alditols from ovarian cyst mucin glycoproteins of blood group A 270
1H NMR analysis of two core-region oligosaccharides of human meconium glycoproteins 271

A general strategy for the isolation of carbohydrate chains from N,O-glycoproteins and its application to human

chorionic gonadotropin

87

Structure of sialyloligosaccharides isolated from bronchial mucus glycoproteins of patients (blood group O) suffering

from cystic fibrosis

272

(continued)
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Structure of the monosialyl oligosaccharides derived from salivary gland mucin glycoproteins of the Chinese swiftlet

(genus Collocalia), showing the occurrence of the extended core structure Gal(b1-3)[GlcNAc(b1-6)]GalNAc(a1-3)
GalNAc(-ol), and the chain termination [Gal(a1-4)]0–1[Gal(b1-4)]2GlcNAc(b1-

273

Identification of 6-deoxyaltrose in polysialoglycoprotein of Salvelinus leucomaenis pluvius eggs 274

Structure of a deaminated neuraminic acid-containing oligosaccharide chain present in rainbow trout egg

polysialoglycoprotein

275

Analysis of sulfated tetra- and pentasaccharides from hen ovomucin 276

Primary structure of neutral oligosaccharides derived from respiratory-mucus glycoproteins of a patient suffering

from bronchiectasis, determined by combination of 1H NMR spectroscopy and quantitative sugar analysis.

Structure of 16 oligosaccharides having the Gal(b1-3)GalNAc-ol core (type 1) or the Gal(b1-3)[GlcNAc(b1-6)]
GalNAc-ol core (type 2)

277

Primary structure of neutral oligosaccharides derived from respiratory-mucus glycoproteins of a patient suffering

from bronchiectasis, determined by combination of 1H NMR spectroscopy and quantitative sugar analysis.

Structure of 19 oligosaccharides having the GlcNAc(b1-3)GalNAc-ol core (type 3) or the GlcNAc(b1-3)[GlcNAc

(b1-6)]GalNAc-ol core (type 4)

278

The N- and O-linked carbohydrate chains of human, bovine, and porcine plasminogen. Species specificity in

relation to sialylation and fucosylation patterns

99

Structural variability of the neutral carbohydrate moiety of cow colostrum k-casein as a function of time after

parturition. Identification of a tetrasaccharide with blood group I specificity

279

Structural analysis of O-glycosidic type of sialyloligosaccharide-alditols derived from urinary glycopeptides of a

sialidosis patient

280

Structural characterization of low molecular mass monosialyloligosaccharides derived from respiratory-mucus

glycoproteins of a patient suffering from bronchiectasis

281

Identification of an oligosaccharide backbone structure with a galactose residue monosubstituted at C6 in human

fetal gastrointestinal mucins

282

Structures of the O-glycans of recombinant human granulocyte colony-stimulating factor produced by Chinese

hamster ovary cells

283

O-Linked carbohydrate chains in the cellulase complex (cellulosome) of Clostridium thermocellum. 3-O-Methyl-N-
acetylglucosamine as a constituent of a glycoprotein

284

Primary structure of the major O-glycosidically linked carbohydrate unit of human Von Willebrand factor 285

Primary structure of 23 neutral and monosialylated oligosaccharides O-glycosidically linked to the human secretory

immunoglobulin A hinge region determined by a combination of permethylation analysis and 1H NMR

spectroscopy

286

Structures of O-glycans from human meconium glycoproteins 287

Determination of the structure of an acidic oligosaccharide with blood group activity isolated from bovine

submaxillary gland mucin

288

Structures of neutral O-linked polylactosaminoglycans on human skim milk mucins 289

Characterization of penta- and hexasaccharide chains of human fetal gastrointestinal mucins 290
1H NMR analysis of two sulfated oligosaccharide-alditols of hen ovomucin 291

Structure determination of the major N- and O-linked carbohydrate chains of the b-subunit from equine chorionic

gonadotropin

127

Structure determination of five sialylated trisaccharides with core types 1, 3, or 5 isolated from bovine submaxillary

mucin

292

Structural characterization of sialylated tetrasaccharides and pentasaccharides with blood group H and Lexactivity

isolated from bovine submaxillary mucin

293

Two linkage-region fragments isolated from skeletal keratan sulfate contain a sulfated N-acetylglucosamine residue 294

Structures of acidic O-linked polylactosaminoglycans on human skim milk mucins 295

Computer-assisted interpretation of 1H NMR spectra in the analysis of O-glycans 296

Deaminated neuraminic acid-rich glycoprotein of rainbow trout egg vitelline envelope 297

Characterization of major urinary O-glycopeptides from a lysosomal storage disorder, Kanzaki disease 298

Primary structure of O-linked carbohydrate chains in the cellulosome of different Clostridium thermocellum strains 299

Structural characterization of neutral oligosaccharide-alditols from respiratory-mucus glycoproteins of a patient

suffering from bronchiectasis. Structure of 11 oligosaccharides having the GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)
GalNAc-ol structural element in common

300

Structural characterization of neutral oligosaccharide-alditols from respiratory-mucus glycoproteins of a patient

suffering from bronchiectasis. Structure of 12 hepta- to nonasaccharides, six of which possess the GlcNAc(b1-3)
[Gal(b1-4)GlcNAc(b1-6)]Gal(b1-3)GalNAc-ol common structural element

301

Structural characterization of neutral oligosaccharides with blood group A and H activity isolated from bovine

submaxillary mucin

302

Table 9 (continued)
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Structures of neutral oligosaccharides isolated from the respiratory mucins of a nonsecretor (O, Leaþb�) patient
suffering from chronic bronchitis

303

Characterization of allergenic active oligosaccharide-alditols isolated from a sea squirt H-antigen 304

Characterization of minor tetra- to heptasaccharides O-linked to human meconium glycoproteins 305

Structure of two sulfated oligosaccharides from respiratory mucins of a patient suffering from cystic fibrosis 306

The O-linked and bisecting-GlcNAc-containing N-linked carbohydrate chains of the b-subunit of human chorionic

gonadotropin produced by the choriocarcinoma cell line BeWo

156

Novel oligosaccharide constituents of the cellulase complex of Bacteroides cellulosolvens 307

High-resolution 1H NMR spectroscopy of oligosaccharide-alditols released from mucin-type O-glycoproteins 2

Characterization of Lex, Ley, and A Ley antigen determinants in Kdn-containing O-glycans from Pleurodeles waltlii
jelly coat eggs

308

NMR spectroscopy of Kdn-containing oligosaccharide-alditols bearing Lex, Ley, and A Leydeterminants isolated

from the jelly coat of Pleurodeles waltl eggs
309

The broad diversity of neutral and sialylated oligosaccharides derived from human salivary mucins 310

Characterization of additional hexasaccharides among the acidic O-glycans of bovine submaxillary mucin 311

NMR analysis of 13 sialylated oligosaccharide-alditols derived from hen ovomucin and swallow nest mucin 312

Sulfated oligosaccharide structures of mucins secreted by the human colonic cancer cell line CL.16E* 313

Neutral oligosaccharides of bovine submaxillary mucin, showing the GalNAc(a1-6)GalNAc core 314

Primary structure of neutral and acidic Kdn-containing oligosaccharide-alditols derived from the jelly coat of the

Mexican axolotl

315

Structural characterization of sialylated oligosaccharide-alditols from respiratory-mucus glycoproteins of a patient

suffering from bronchiectasis

316

Structure of three acidic O-linked carbohydrate chains of porcine zona pellucida glycoproteins 317

Structure determination of the disialylated poly-(N-acetyllactosamine)-containing O-linked carbohydrate chains of

equine chorionic gonadotropin

318

Structure of the O-linked carbohydrate chains of porcine zona pellucida glycoproteins 319

The immunologically reactive O-linked polysaccharide chains derived from circulating cathodic antigen isolated

from the human blood fluke Schistosoma mansoni have Lewis x as repeating unit

320

The immunologically reactive part of immunopurified circulating anodic antigen from Schistosoma mansoni is a
threonine-linked polysaccharide consisting of !6)-[b-D-GlcpA-(1!3)]-b-D-GalpNAc-(1! repeating units

321

Structure of the major neutral oligosaccharide-alditols released from the egg jelly coats of Axolotl maculatum 322

Structures of monosialyloligosaccharides isolated from the respiratory mucins of a nonsecretor (O, Leaþb�) patient
suffering from chronic bronchitis, showing a Gal(a1-3)GalNAc core structure

323

Structural analysis of the sialylated N- and O-linked carbohydrate chains of recombinant human erythropoietin

expressed in Chinese hamster ovary cells. Sialylation patterns and branch location of dimeric N-acetyllactosamine

units

190

Primary structure of 12 neutral oligosaccharide-alditols released from the jelly coats of the anuran Xenopus laevis 324

Primary structure of 11 acidic oligosaccharide-alditols derived from the jelly coat of Ambystoma tigrinum, containing
Fuc(a1-4)[Fuc(a1-5)]Kdn and Fuc(a1-2)Gal(a1-3)GalNAc-ol elements

325

Structure of three Kdn-containing oligosaccharides released from oviducal secretions of Ambystoma tigrinum 326

Structure of six Kdn-containing oligosaccharide-alditols released from oviduct secretions of Ambystoma maculatum,
demonstrating the occurrence of a terminal Fuc(a1-2)[Fuc(a1-3)]Fuc(a1-4)Kdn sequence

327

Structure of four acidic (Kdn and Neu5Ac) oligosaccharide-alditols with different fucosylations from the jelly coat

surrounding the eggs of Xenopus laevis
328

Structural analysis of the oligosaccharide-alditols released from the jelly coat of Rana utricularia eggs 329

Primary structure of seven sulfated oligosaccharide-alditols released from oviducal mucins of Rana temporaria,
demonstrating the presence of a GlcA3S(b1-3)Gal element

330

Structural analysis of oligosaccharide-alditols released from oviducal mucins of Bufo bufo, demonstrating the

occurrence of the Gal(a1-3)GalNAc(a1-3)[Fuc(a1-2)]Gal sequence

331

Structural analysis of hexa to dodecaoligosaccharide-alditols released from oviducal mucins of Bufo bufo 332

Structural determination of the O-linked sialyloligosaccharides liberated from fetuin with endo-a-N-
acetylgalactosaminidase-S, using pyridylamino derivatives

333

Expression of N-linked sialyl Lex determinants and O-glycans in the carbohydrate moiety of human amniotic fluid

transferrin during pregnancy

204

Structural analysis of five oligosaccharide-alditols released from oviducal mucins of Rana dalmatina 334

Structural analysis of oligosaccharide-alditols released from oviducal mucins of Rana utricularia, demonstrating the

presence of a GlcA(b1-3)Gal element

335

(continued)
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Structural analysis of oligosaccharide-alditols released from the jelly coats of the anuran Bufo arenarum 336

Structural analysis of 20 oligosaccharide-alditols released from the jelly coat ofRana palustris eggs, demonstrating the

presence of the [Gal(b1-3)GalNAc(a1-4)]n sequence
337

Structural analysis of 13 neutral oligosaccharide-alditols released from oviducal mucins of Rana temporaria 338

Acquisition of species-specific O-glycans from oviducal mucins in Rana arvalis 339

O-Glycan variability of egg jelly mucins from Xenopus laevis 340

Characterization of 25 O-glycans from oviducal mucins of Rana ridibunda 341

Identification of glucose-substituted mucin-type O-glycans and short chondroitin-like oligosaccharides from the

nematode Caenorhabditis elegans
342

Structure of O-glycans from glycoproteins of Trypanosoma cruziCL-Brener strain, showing evidence for the presence
of O-linked sialyloligosaccharides

343

Characterization of O-glycans from Bufo viridis 344

Structural analysis of neutral oligosaccharide-alditols released from the egg jelly coats of Rana clamitans 345

Structural analysis of the oligosaccharide-alditols released from the jelly coat of Rana dalmatina eggs 346

Comparative study of O-glycans from the oviducal mucins of Bombina bombina and Bombina variegata 347

Identification of the Lea determinant in the oviducal mucins of Xenopus tropicalis 348

N- and O-glycans of recombinant human C1 inhibitor expressed in the milk of transgenic rabbits 212

Major O-glycans from the nest of Vespula germanica contain phosphoethanolamine 349

Structure elucidation of Neu5Ac, Neu5Gc, and Kdn-containing O-glycans released from Triturus alpestris oviductal
mucins, demonstrating the occurrence of polyLacdiNAc sequences

350
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2.04.4 1H NMR Analysis of Glycoprotein-Derived O-Glycans

The O-type glycans are attached via the hydroxyl group of hydroxyamino acids like Ser, Thr, Hyp, Hyl, and Tyr. For

similar reasons as for N-glycoproteins, O-glycoproteins are not suited for direct analysis of the primary structure of the

constituting glycans. Partial structures derived from chemical or enzymatic degradation of the glycoprotein can be

used for this purpose (see Chapter 2.01).
2.04.4.1 Mucin-Type O-Glycans

These types of glycans are attached to the protein backbone through the hydroxyl groups in the side chain of Ser or

Thr. Such chains are often attached to the protein in a cluster-like arrangement. In general, it is not simple to generate

by enzymatic cleavage glycopeptides that represent a single glycosylation site. However, the glycans can be excel-

lently released from the glycoprotein by alkaline borohydride treatment, yielding oligosaccharide-alditols. Obviously,

the information on the carbohydrate–protein linkage is lost and thereby it is hard to distinguish (micro)heterogeneity

at a single site from heterogeneity stemming from the different glycosylation sites. After rigorous fractionation, these

partial structures are very well suited for 1H NMR analysis. Three structural domains can usually be recognized in

mucin-type chains: (1) the core structure, (2) the backbone structure, and (3) the peripheral structure.Table 9 shows a

general overview of primary structural studies of glycoprotein mucin-type O-glycans.
2.04.4.1.1 Core structures
Since all mucin-type O-glycans are linked to the protein through GalNAc, the alditols end on GalNAc-ol, usually

substituted at C3 and/or C6. So far, six different monosubstitutions have been found, that is, at C3: bGal (core 1),

bGlcNAc (core 3), aGalNAc (core 5), or aGal (core 8); at C6: bGlcNAc (core 6) or aGalNAc (core 7). Furthermore, two

disubstitutions are known: bGal at C3 and bGlcNAc at C6 (core 2) or bGlcNAc at C3 and C6 (core 4). GalNAc-ol itself

can be assigned as core 0. Several of the C3-monosubstituted GalNAc-ol cores bear terminal aSia or aKdn at C6. All

core types have been characterized by 1H NMR spectroscopy. In particular, the GalNAc-ol H2 and H5 signals and, in

specific cases also, the H3 signals are diagnostic for the core types, regardless the various extensions. An overview of

the corresponding 1H NMR structural reporters, including also the extensions with Sia, is summarized in Table 10.

Typical 1H NMR spectra of a few core structures are shown in Figure 4.



Table 10 Structural-reporter-group data of GalNAc-ol, specific for the type of core structures 0–8a. Chemical shifts are

given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C

Structural element H2 H5

GalNAc-ol 4.25 3.93

!Gal(b1-3)GalNAc-ol 4.38-4.40 4.13-4.20

GalNAc(a1-3)[!]Gal(b1-3)GalNAc-ol 4.30 4.13

!Gal(b1-3)[!GlcNAc(b1-6)]GalNAc-ol 4.38-4.41 4.22-4.29

GalNAc(a1-3)[!]Galb1!3[!GlcNAc(b1-6)]GalNAc-ol 4.27-4.31 4.21-4.23

Gal(a1-3)[!]Gal(b1-3)[!GlcNAc(b1-6)]GalNAc-ol 4.32 4.22

Gal(a1-3)[Neu5Ac(a2-6)]GalNAc-ol 4.37 4.12

!Gal(b1-3)[!Neu5Ac/5Gc(a2!6)]GalNAc-ol 4.36-4.39 4.18-4.25

GalNAc(a1-3)[!]Gal(b1-3)[Neu5Ac/5Gc(a2-6)]GalNAc-ol 4.29 4.19

!GlcNAc(b1-3)GalNAc-ol 4.27-4.29 4.11-4.14

!GlcNAc(b1-3)[!GlcNAc(b1!6)]GalNAc-ol 4.26-4.30 4.20-4.24

!GlcNAc(b1-3)[Neu5Ac(a2!6)]GalNAc-ol 4.24-4.27 4.15-4.21

!GalNAc(a1-3)GalNAc-ol 4.37-4.40 3.75

!GalNAc(a1-3)[Neu5Ac/5Gc(a2-6)]GalNAc-ol 4.39-4.40 n.d.

!GlcNAc(b1-6)GalNAc-ol 4.24-4.25 4.02-4.03

GalNAc(a1-6)GalNAc-ol 4.25-4.26 3.99

Neu5Ac/5Gc(a2-6)GalNAc-ol 4.24-4.25 4.02-4.03

aCore 0, GalNAc; core 1, Gal(b1-3)GalNAc; core 2, Gal(b1-3)[GlcNAc(b1-6)]GalNAc; core 3, GlcNAc(b1-3)GalNAc; core 4,

GlcNAc(b1-3)[GlcNAc(b1!6)]GalNAc; core 5, GalNAc(a1-3)GalNAc; core 6, GlcNAc(b1-6)GalNAc; core 7, GalNAc(a1-6)
GalNAc; core 8, Gal(a1-3)GalNAc.2,351

! means H or extension.
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In the spectra of larger and more complex structures, the GalNAc-ol resonances are not always easily discernible,

due to overlap with other signals. The complete structures are in those cases deduced from separately recognizable

peripheral building units.
2.04.4.1.2 Backbone structures
The backbone structures of many mucin-type oligosaccharide alditols are built up from alternating bGal and bGlcNAc

residues. In principle, both backbone types, Gal(b1-3)GlcNAc (type 1) and Gal(b1-4)GlcNAc (type 2), do occur. For

bGal the H1 signal is found in the range d 4.40–4.50, and for bGlcNAc in the range d 4.50–4.80. It will be evident that
in complex systems with different peripheral elements, some overlap can occur between both regions. Full data can be

obtained through Table 9 and in a previous review.2
2.04.4.1.3 Peripheral structures: Fucose and sialic acid
The attachment of Fuc to backbone Gal(b1-3)GlcNAc (type 1) and Gal(b1-4)GlcNAc (type 2) units gives rise to

typical signals for Fuc H1, H5, and CH3, as compiled in Table 11. These sets of structural-reporter-group signals

reflect the linkage position and the molecular microenvironment.

The extensions with Neu5Ac/Neu5Gc come to expression in the reporters H3a and H3e, as summarized in

Table 12. Obviously, information on the type of sialic acid can be derived from the signals of CH3 of the N-acetyl

group at d� 2.03 ppm, and of CH2OH of the N-glycolyl group at d� 4.12 ppm.

It should be noted that in a number of structures Gal(b1-3/4)GlcNAc(b1 elements are connected through (b1-3)
linkages, yielding GlcNAc(b1-3)Gal(b1 segments, which can be characterized by the Gal H4 signal at d 4.11–4.15

ppm, outside the bulk signal. When the Gal residue serves as a branching point bearing Gal(b1-3/4)GlcNAc(b1 at both
C3 and C6, in general the Gal H4 signal is found at d 4.10–4.11.2
2.04.4.1.4 Peripheral structures: Blood group determinants
In the peripheral parts of mucin-type O-glycans, often blood group determinants are present. The structural-reporter-

group signals of the blood group determinants A and B are given inTable 13, those of Lex and Ley inTable 14, those

of sialyl Lex and Cad (Sda) in Table 15, and those of Lea, Leb, pseudo B, and P1 in Table 16. For some terminating

sequences that are not classified as human blood group determinants, see Table 17.



(a)

Gal(b1-3)GalNAc-ol (core 1)

Gal3
H1 Gal3

H4
Gal3
H2

~ol
H4 ~ol

NAc

Acetate

d (ppm) 4.4 4.2 4.0 3.8 3.6 2.1 1.9

�1/4

~ol
H2

~ol
H5

~ol
H3

Figure 4a 500MHz 1H NMR spectrum of Gal(b1-3)GalNAc-ol, recorded in D2O.
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2.04.4.2 Glycosaminoglycans

The glycosaminoglycans consist of a huge number of compounds O-linked to Ser, differing in primary structure and

molecular mass. Heparin, heparan sulfate, chondroitin sulfate, dermatan sulfate, and keratan sulfate are just a few

representatives of these compounds. They are not only challenging with respect to structure, but even more

importantly, they exhibit a large variability as to biological function. These functions can sometimes be ascribed to

stretches in the polymeric chains, which may be traced at the level of oligosaccharide fragments.

The linkage region comprises the unit Gal(b1-3)Gal(b1-4)Xyl(b1-O)Ser. Typical structural reporters are Gal4 H1 at

d 4.62, Gal4 H4 at d 4.20, Gal3 H1 at d 4.62, and Gal3 H4 at d 3.93.Table 18 surveys 1HNMR studies carried out on the

linkage region.

The large molecular mass of most of these glycans make NMR of the intact polymers not very informative

for deduction of the primary structure, the more so, since there are no easily recognizable repeating units. By

consequence, mostly partial structures obtained through enzymatic and/or chemical cleavages are investigated. In

view of the large structural diversity it is not feasible to give an enumeration of all NMR data available in the literature,

and it is outside the scope of this chapter.
2.04.4.3 Other O-Linked Glycans

The category of O-linked glycans contains several other subgroups. The structural-reporter-group concept is in

principle also applicable to other O-linked structures. However, there are in most cases not sufficient data available

to compose ranges, wherein the characteristic signals should be located.
2.04.5 1H NMR Analysis of Polysaccharides

The determination of the primary structure of polysaccharides is rather difficult. The main causes of the difficulties

arise from the following:

1. Polysaccharides consist of mixtures of compounds differing in molecular mass.

2. The overall structure may be built up from irregular elements that are unevenly distributed over the chain.

3. Noncarbohydrate substituents can occur in nonstoichiometric quantities.
(b)
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Figure 4b 500MHz 1H NMR spectrum of GlcNAc(b1-3)GalNAc-ol, recorded in D2O.
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GlcNAc(b1-6)GalNAc-ol (core 6)

Figure 4c 500MHz 1H NMR spectrum of GlcNAc(b1-6)GalNAc-ol, recorded in D2O.
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Figure 4d 500MHz 1H NMR spectrum of Neu5Ac(a2-3)Gal(b1-3)[Neu5Ac(a2-6)]GalNAc-ol, recorded in D2O.
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Table 11 Structural-reporter-group data of Fuc for Fuc-containing structural elements in mucin-type O-linked

carbohydrate chains. Chemical shifts are given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C

Structural element H1 H5 CH3

Fuc(a1-2)Gal(b1-3)GalNAc-ol 5.26 4.28 1.24

Fuc(a1-2)Gal(b1-3)[!GlcNAc(b1-6)]GalNAc-ol 5.21–5.23 4.27–4.28 1.23–1.25

Fuc(a1-2)Gal(b1-3)[Neu5Ac(a2-6)]GalNAc-ol 5.27 4.27 1.24

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-3)GalNAc-ol 5.37–5.39 4.32–4.34 1.23–1.24

Fuc(a1-2)[Gal(a1-3)]Gal(b1-3)GalNAc-ol 5.35 4.32 1.23

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3/6) 5.30–5.31 4.22–4.23 1.23–1.24

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-4)GlcNAc(b1-3/6) 5.35 4.32 1.25

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3/6) 5.19–5.21 4.27–4.29 1.23–1.24

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-3)GlcNAc(b1-3/6) 5.25–5.26 4.32–4.34 1.24–1.25

Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) 5.15–5.16 4.30–4.36 1.27–1.28

Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) 5.02–5.04 4.86–4.88 1.25–1.26

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) 5.13–5.14 4.81–4.85 1.17–1.18

GlcNAc(b1-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) 5.13 4.87 1.15

Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) 5.12–5.13 4.80–4.83 1.17

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) 5.11–5.13 4.86–4.88 1.23–1.24

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) 5.27–5.28 4.24–4.26 1.26–1.28

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-6) 5.09–5.12 4.81–4.84 1.15–1.18

Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-6) 5.10–5.11 4.82–4.83 1.17

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-6) 5.09–5.11 4.87–4.88 1.23–1.24

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-6) 5.27–5.28 4.24–4.26 1.27–1.28

GalNAc(b1-4)[Fuc(a1-3)]GlcNAc(b1-3/6) 5.12–5.14 4.84–4.87 1.27

GalNAc(a1-2)Fuc(a1-3)[GalNAc(b1-4)]GlcNAc(b1-3/6) 5.33–5.34 4.84 1.26–1.27

Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) 5.02–5.03 4.86–4.88 1.18

Fuc(a1-3)GalNAc(b1-3)Gal(b1-x) 4.99–5.00 n.d. 1.20–1.21

!Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3)[Fuc(a1-2)]Gal(b1-4) 4.99 4.27 1.23

!Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3)[Fuc(a1-2)]Gal(b1-4) 5.07–5.08 4.26 1.22

!Gal(b1-3)GlcNAc(b1-3)[Fuc(a1-2)]Gal(b1-3) 5.08 4.27 1.19

Table 12 Structural-reporter-group data of Neu5Ac/Neu5Gc for Neu5Ac/Neu5Gc-containing structural elements in
mucin-type O-linked carbohydrate chains. Chemical shifts are given relative to internal acetone at d 2.225 in D2O at

pD�7 and 27�C

Structural element H3a H3e

Neu5Ac(a2-6)[!3]GalNAc-ol 1.69–1.71 2.72–2.74

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3/6) 1.72 2.67

Neu5Ac(a2-3)Gal(b1-3)[!6]GalNAc-ol 1.80 2.77–2.78

Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-3/6) 1.80 2.75–2.77

Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3/6) 1.79–1.80 2.76–2.77

Neu5Ac(a2-3)[GalNAc(b1-4)]Gal(b1-3) 1.93–1.94 2.68

Neu5Ac(a2-3)[GalNAc(b1-4)]Gal(b1-4) 1.92–1.93 2.66

Neu5Ac(a2-3)Gal(b1-3)GalNAc(b1-x) 1.78 2.76

Neu5Gc(a2-6)[!3]GalNAc-ol 1.71–1.72 2.74–2.75

Neu5Gc(a2-3)Gal(b1-4)GlcNAc(b1-3) 1.82 2.77–2.78

Neu5Gc(a2-3)Gal(b1-3)[!6]GalNAc-ol 1.82 2.79

Neu5Gc(a2-3)[GalNAc(b1-4)]GalNAc(b1-3) 1.85–1.86 2.55–2.56

Neu5Gc(a2-8)[Neu5Gc(a2-8)]0–4Neu5Gc(a2-6)[!3]GalNAc-ol 1.66–1.67 2.65–2.66

Neu5Gc(a2-8)[Neu5Gc(a2-8)]0–4Neu5Gc(a2-6)[!3]GalNAc-ol 1.74–1.76 2.78

Neu5Gc(a2-8)[Neu5Gc(a2-8)]0–4Neu5Gc(a2-6)[!3]GalNAc-ol 1.70–1.71 2.70–2.71
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2.04.5.1 Polysaccharides with Repeating Units

For homo- and heteropolysaccharides built up from repeating units, the 1H NMR spectra show features typical for the

constituting monosaccharides and their substitution patterns. However, at the polymeric level, this information cannot

simply be extracted via a structural-reporter-group concept, because of the low resolution due to the high molecular



Table 13 Structural-reporter-group data for blood group A and B determinantsa. Chemical shifts are given relative to

internal acetone at d 2.225 in D2O at pD�7 and 27�C

Blood group A determinant
Backbone type 1

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-3)GlcNAc(b1-2/3/6) a-Fuc H1 5.25–5.26

H5 4.32–4.34

CH3 1.24–1.25

a-GalNAc H1 5.18–5.19

H5 4.26–4.30

Backbone type 1 with internal Lea determinant

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) a-Fuc2 H1 5.21

H5 4.39–4.40

CH3 1.29

a-GalNAc H1 5.22

H5 4.31

a-Fuc4 H1 5.03–5.04

H5 4.85

CH3 1.29

Backbone type 2

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-4)GlcNAc(b1-3/6) a-Fuc H1 5.34–5.35

H5 4.31–4.32

CH3 1.25–1.26

a-GalNAc H1 5.17–5.18

H5 4.21–4.24

Backbone type 2 with internal Lex determinant

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2) a-Fuc2 H1 5.29–5.30

H5 4.32

CH3 1.28

a-GalNAc H1 5.20

a-Fuc3 H1 5.13

H5 4.86

CH3 1.27

Backbone type 3

Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-3)GalNAc-ol a-Fuc H1 5.37–5.39

H5 4.32–4.34

CH3 1.23–1.24

a-GalNAc H1 5.18–5.19

H5 4.16

Blood group B determinant
Backbone type 1 with internal Lea determinant

Fuc(a1-2)[Gal(a1-3)]Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) a-Fuc2 H1 5.23

H5 4.39

CH3 1.27

a-Gal H1 5.17

H5 4.26

a-Fuc4 H1 5.04

H5 4.83

CH3 1.29

Backbone type 3

Fuc(a1-2)[Gal(a1-3)]Gal(b1-3)GalNAc-ol a-Fuc H1 5.35

H5 4.32

CH3 1.23

a-Gal H1 5.26

H5 4.12

aThe first superscript after the abbreviated name of a monosaccharide residue indicates to which position of the adjacent

monosaccharide it is glycosidically linked (e.g., Fuc2 in the case of Fuc(a1-2)Gal(b1-x), etc.).
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mass of these macromolecules and the overlap of signals. Complete elucidation of 1H and 13C NMR spectra of

polysaccharides, supported by NMR and MS studies on fragments obtained from chemical and/or enzymatic tech-

nologies, eventually combined with polysaccharide computer programs such as CASPER364a are necessary to arrive at

reliable polymeric structures (see Chapter2.01). However, in case of chemical or enzymatic degradation protocols that



Table 14 Structural-reporter-group data for immuno group Lex and Ley determinantsa. Chemical shifts are given relative to

internal acetone at d 2.225 in D2O at pD�7 and 27�C

Immuno group Lexdeterminant
Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) a-Fuc H1 5.13–5.14

H5 4.81–4.85

CH3 1.17–1.18

!GlcNAc(b1-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc

(b1-3) (internal)
a-Fuc H1 5.13

H5 4.87

CH3 1.15

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3)[Fuc(a1-
2)]Gal(b1-4) (with internal H determinant)

a-Fuc3 H1 5.14

H5 4.83

CH3 1.17

a-Fuc2 H1 5.07

H5 4.26

CH3 1.22

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-6) a-Fuc H1 5.09–5.12

H5 4.81–4.84

CH3 1.15–1.18

Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2/4/6)Man

(a1-3/6)
a-Fuc H1 5.11–5.13

H5 4.82–4.84

CH3 1.17–1.18

Immuno group Ley determinant
Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) a-Fuc2 H1 5.27–5.28

H5 4.24–4.26

CH3 1.26–1.28

a-Fuc3 H1 5.11–5.13

H5 4.86–4.88

CH3 1.23–1.24

b-Gal H1 4.48–4.51

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3)
[Fuc(a1-2)]Gal(b1-4) (with internal

H determinant)

a-Fuc3 H1 5.12

H5 4.88

CH3 1.23

a-Fuc2,4,3 H1 5.27

H5 4.25

CH3 1.26

a-Fuc2 H1 5.08

H5 4.26

CH3 1.22

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-6) a-Fuc2 H1 5.27–5.28

H5 4.24–4.26

CH3 1.27–1.28

a-Fuc3 H1 5.09–5.11

H5 4.87–4.88

CH3 1.23–1.24

b-Gal H1 4.50

Fuc(a1-2)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-x)
Man(a1-3/6)

a-Fuc2 H1 5.27

CH3 1.27

a-Fuc3 H1 5.11

CH3 1.23

b-Gal H1 4.50

aThe first superscript after the abbreviated name of a monosaccharide residue indicates to which position of the adjacent

monosaccharide it is glycosidically linked (e.g., Fuc3 in the case of Fuc(a1-3)GlcNAc(b1-x), etc.). A second and third

superscript is used to discriminate between identically linked residues, by indicating the type of the next linkages in the

sequence (e.g., Fuc2,4,3 in the case of Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3), etc.).
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lead to oligosaccharides affording one or more (partial) repeating units, the characterized 1H NMR spectra of these

oligosaccharides may yield structural-reporter-group signals. Such signals, representing the anomeric protons, the

substitution positions, as well as the immediate environment of the structural reporters are suitable guides for the

spectral interpretation.



Table 15 Structural-reporter-group data for sialyl-Lex and Cad (Sda) determinants. Chemical shifts are given relative to

internal acetone at d 2.225 in D2O at pD�7 and 27�C

Immuno group sialyl-Lex determinant
Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3) a-Fuc H1 5.12–5.13

H5 4.80–4.83

CH3 1.17

a-Neu5Ac H3a 1.79–1.80

H3e 2.76–2.77

NAc 2.03

Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-2/4/6) a-Fuc H1 5.10–5.11

H5 4.81–4.83

CH3 1.16–1.17

a-Neu5Ac H3a 1.79–1.80

H3e 2.76–2.77

NAc 2.03

Blood group Cad (Sd a) determinant
Neu5Ac(a2-3)[GalNAc(b1-4)]Gal(b1-3) a-Neu5Ac H3a 1.93–1.94

H3e 2.68

NAc 2.03

b-GalNAc H1 4.71–4.73

H4 3.91–3.93

NAc 2.02–2.03

Neu5Ac(a2-3)[GalNAc(b1-4)]Gal(b1-4) a-Neu5Ac H3a 1.92–1.93

H3e 2.66–2.67

NAc 2.03

b-GalNAc H1 4.71–4.76

H4 3.91–3.92

NAc 2.01–2.02
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2.04.5.2 Polysaccharides without Repeating Units

Polysaccharides without repeating units are widely distributed in nature, particularly in the plant kingdom. The

complete structure of such compounds is difficult to determine, since the intact structures can be built up in various

ways, ranging from random distribution of the monomers to organized domains or blocks. A useful approach to gain

insight into the main structural features could be to prepare first partial structures obtained through degradation.

Structure determination of individual fragments may yield information that might allow deduction of (part) of the

organization of the polymeric structure. 1H NMR spectroscopy can contribute to the unraveling of the structures of

such fragments. Comparison of the spectra of fragments of related structures can give rise to defining chemical shift

ranges for structural-reporter groups. An excellent example of how this approach can be applied is found in the analysis

of a series of homologous oligosaccharides obtained by using endo-1,4-b-D-xylanase degradation of specific wheat

arabinoxylan fractions. These oligosaccharides are compiled in Table 19.365–369 The set of reference 1H NMR data is

formed by the structural-reporter-group signals of xylose and xylooligosaccharides, as summarized in Table 20.

The chemical shifts of the structural-reporter groups of the arabinoxylan oligosaccharides are summarized in

Tables 21 and 22.

Inspection of the data gives insight into the specific shifts, caused by the arabinosylation of the xylan backbone.

Nonterminal extension of the xylooligosaccharide backbone with aAraf units can occur via a (1-3) linkage, thereby

yielding a branching point (compounds 1 –3 and 21). Compared with the corresponding xylooligosaccharides, the

characteristic spectral feature is the downfield shift of the H1 signal of the substituted Xyl residue, in conjunction with

the upfield shift of the H1 signal of the non-reducing-end Xyl unit (compounds 1, 2, and 21 ). Positioning the aAraf
residue in the middle of a pentasaccharide (compound 3) leaves the signals of the reducing-end xylobiose unaltered,

but differences are occurring in the nonreducing xylobiose unit. Extension with two aAraf residues in (1-3) linkage

(e.g., compound 7 ) may give rise to two contiguous, monosubstituted Xyl residues, resulting in an upfield shift for the

H1 signal of Xyl located at the nonreducing site of the oligosaccharide (compare compound 7 with xylopentaose and

compounds 2 and 3). Furthermore, small shift effects on neighboring residues are noticeable. When a nonsubstituted

Xyl residue separates the two substituted Xyl residues, the substituted residues hardly influence each other.



Table 16 Structural-reporter-group data for blood group Lea, Leb, pseudo B, and P1 determinantsa. Chemical shifts are

given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C

Blood group Lea determinant
Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) Fuc4 H1 5.02–5.03

H5 4.86–4.88

CH3 1.18

Blood group Leb determinant
Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3) Fuc4 H1 5.02–5.04

H5 4.86–4.88

CH3 1.25–1.26

Fuc2 H1 5.15–5.16

H5 4.30–4.36

CH3 1.27–1.28

Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3)
[Fuc(a1-2)]Gal(b1-4) (with internal

H determinant)

Fuc4 H1 5.04

H5 4.86

CH3 1.26

Fuc2,3 H1 5.16

H5 4.30

CH3 1.27

Fuc2,4 H1 4.99

H5 4.27

CH3 1.23

Blood group pseudo B determinant
Gal(a1-3)Gal(b1-4)GlcNAc(b1-x) Gal4 H1 4.54

H4 4.18

Gal3 H1 5.15

H5 4.20

Blood group P1 determinant
Gal(a1-4)Gal(b1-4) Gal4(b) H1 4.71

H4 4.03

Gal4(a) H1 4.95

H4 4.03

H5 4.37

aThe first superscript after the abbreviated name of a monosaccharide residue indicates to which position of the adjacent

monosaccharide it is glycosidically linked (e.g., Fuc4 in the case of Fuc(a1-4)GlcNAc(b1-x), etc.). A second and third
superscript is used to discriminate between identically linked residues, by indicating the type of the next linkages in the

sequence (e.g., Fuc2,3 in the case of Fuc(a1-2)Gal(b1-3)GlcNAc(b1-x), etc.).

Table 17 Structural-reporter-group data for terminating sequences not classified as human blood group determinantsa.

Chemical shifts are given relative to internal acetone at d 2.225 in D2O at pD�7 and 27 �C

Structural element
GlcNAc(a1-4)Gal(b1-3/4) GlcNAc H1 4.86–4.87

H4 3.54–3.55

H5 4.17–4.19

GalNAc(b1-4)GalNAc(b1-3) GalNAc4 H1 4.65

GalNAc3 H1 4.65

Gal(b1-4)Gal(b1-4)GlcNAc(b1-6) Gal4,6 H1 4.50

H4 4.19

Gal4,4,6 H1 4.59–4.60

H4 3.90

Gal(b1-3)Gal(b1-4)Xyl Gal4 H1 4.62

H4 4.20

Gal3 H1 4.62

H4 3.93

aThe first superscript after the abbreviated name of a monosaccharide residue indicates to which position of the adjacent

monosaccharide it is glycosidically linked (e.g., GalNAc4 in the case of GalNAc(b1-4)GalNAc(b1-x), etc.). A second and third
superscript is used to discriminate between identically linked residues, by indicating the type of the next linkages in the

sequence (e.g., Gal4,6 in the case of Gal(b1-4)Gal(b1-4)GlcNAc(b1-6), etc.).
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Table 18 1H NMR studies on linkage regions of proteoglycans

Title Reference

An 1H NMR study of several fragments of the carbohydrate–protein linkage region commonly occurring in

proteoglycans

352

Structural studies on sulfated glycopeptides from the carbohydrate–protein linkage region of chondroitin 4-sulfate

proteoglycans of swarm rat chondrosarcoma, demonstrating the Gal4S(b1-3)Gal(b1-4)Xyl(b1-O)Ser structure

353

Structural studies on sulfated oligosaccharides derived from the carbohydrate–protein linkage region of chondroitin

sulfate proteoglycans of whale cartilage

354

A novel sulfated structure in the carbohydrate–protein linkage region isolated from porcine intestinal heparin 355

Structural studies on sulfated oligosaccharides derived from the carbohydrate–protein linkage region of chondroitin

6-sulfate proteoglycans of shark cartilage. Six compounds containing zero or one sulfate and/or phosphate residue

356

Structural studies on sulfated oligosaccharides derived from the carbohydrate–protein linkage region of chondroitin

6-sulfate proteoglycans of shark cartilage. Seven compounds containing two or three sulfate residues

357

Structural studies on the oligosaccharides isolated from bovine kidney heparan sulfate 358

Structure determination of the octa- and decasaccharide sequences isolated from the carbohydrate–protein linkage

region of porcine intestinal heparin

359

Structural studies on the hexasaccharide alditols isolated from the carbohydrate–protein linkage region of dermatan

sulfate proteoglycans of bovine aorta

360

The uniform galactose 4-sulfate structure in the carbohydrate–protein linkage region of human urinary trypsin

inhibitor

361

Polydispersity in sulfation profile of oligosaccharide-alditols isolated from the protein linkage region and the

repeating disaccharide region of chondroitin 4-sulfate of bovine nasal septal cartilage

362

The immature glycosaminoglycan tetrasaccharide sequence GlcA(b1-3)Gal(b1-3)Gal(b1-4)Xyl on recombinant

soluble human a-thrombomodulin

363

Structural studies of octasaccharide serines derived from the protein linkage region of porcine intestinal heparin 364
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The attachment of an aAraf residue in (1-2) linkage to Xyl substituted with aAraf in (1-3) linkage induces a large

downfield shift of H1 of the substituted Xyl residue (compare compounds 5 and 6 with xylopentaose). The presence

of a disubstituted Xyl residue puts some strain on the xylan backbone, resulting in shift effects on neighboring

residues. The subsequent introduction of a (1-3)-linked aAraf residue in an adjacent position toward the nonreducing

end results in a further downfield shift of H1 of the Xyl residue substituted with (1-3)-linked aAraf (compare

compounds 6 and 9). The introduction of a (1-3)-linked aAraf residue at an Xyl unit adjacent to a fully substituted Xyl
residue in the chain (compare compound 5 with compound 12) affords a downfield shift for H1 of the 3-substituted

Xyl residue and an upfield shift for H1 of the fully substituted Xyl unit. For contiguous fully substituted Xyl residues

(e.g., compounds 13 –15 ), the tightly packed aAraf residues have a significant influence on the H1 signals of all residues

involved. Separation of these double-substituted Xyl residues by an unsubstituted Xyl residue (compound 17) reduces

the mutual influence. Separation by more residues (compounds 18 and 19 ) results in an independent behavior of the

double-substituted residues. In compounds 20 , 22 , 23, and 25 –27, aAraf occurs as the nonreducing residue in the chain.
This has significant effects on the H1 of the aAraf residue(s) at the nonreducing terminus.

The identification of these oligosaccharides allows the deduction of a rough picture of the possible distribution of

the aAraf residues over the xylan polymer. Furthermore, this approach enables as a spin-off the definition of the

substrate specificity of endo-xylanases.
2.04.6 Final Remarks

This chapter presents a summary of 1H NMR data of (fragments of) glycoprotein-derived glycans and polysaccharides

without repeating units. For the glycans, their structures can largely be deduced from these data, as is evident from the

tables and the collected 1H NMR studies included. For the polysaccharides without repeating units, the situation is

more complicated. Detailed structural studies on fragments are necessary in order to arrive at insight on the polymeric

level. One-dimensional and 2-D 1H and 13C NMR spectra are essential tools in the studies of fragments. The analysis

of partial structures gives access to deducing sets of 1H signals that can be applied as structural-reporter groups for the

class of polysaccharides involved. It has to be realized that in the structure analysis of polysaccharides each class of

polysaccharides poses its own problem and requires an almost individual approach.



Table 19 Oligosaccharides obtained from wheat arabinoxylans after degradation with endo-b-1,4-D-xylanase

1
4 3II 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

2
5 4II 3 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X4

3
5 4 3II 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

4
4 3II 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

5
5 4III 3 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X4

Araf(a1-2)
A2X4

6
5 4 3III 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

7
5 4II 3II 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-3)
A3X4

8
6 5 4II 3II 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-3)
A3X4
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9

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

5 4II 3III 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X4

10

Araf(a1-3)
A3X4

Araf(a1-2)
A2X4

6 5II 4III 3 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X5

11

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

6 5 4II 3III 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X4

12

Araf(a1-2)
A2X4

Araf(a1-3)
A3X4

5 4III 3II 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

13

Araf(a1-2)
A2X4

Araf(a1-3)
A3X4

5 4III 3III 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

14

Araf(a1-2)
A2X5

Araf(a1-3)
A3X5

6 5III 4III 3 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X4

Araf(a1-2)
A2X4

(continued)

Table 19 (continued)
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Table 19 (continued)

15

Araf(a1-2)
A2X4

Araf(a1-3)
A3X4

6 5 4III 3III 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

16

Araf(a1-3)
A3X5

6 5II 4 3II 2 1
Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

17
6 5III 4 3III 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

Araf(a1-3)
A3X5

Araf(a1-2)
A2X5

18
7 6III 5 4 3III 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

Araf(a1-3)
A3X6

Araf(a1-2)
A2X6

19
8 7III 6 5 4III 3III 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

Araf(a1-3)
A3X7

Araf(a1-2)
A2X7

Araf(a1-2)
A2X4

Araf(a1-3)
A3X4

20
2II 1

Xylp(b1-4)Xylp

Araf(a1-3)
A3X2

21
2II 13

Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X2
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Table 19 (continued)

22

Araf(a1-2)
A2X3

3III 2 1
Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

23
3II 2II 1

Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X2

Araf(a1-3)
A3X3

24
3II 2II 14

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X2

Araf(a1-3)
A3X3

25
2II3III 1

Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X2

Araf(a1-2)
A2X3

Araf(a1-3)
A3X3

26
4II 3III 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

Araf(a1-3)
A3X4

27
4III 3III 2 1

Xylp(b1-4)Xylp(b1-4)Xylp(b1-4)Xylp

Araf(a1-3)
A3X3

Araf(a1-2)
A2X3

Araf(a1-2)
A2X4

Araf(a1-3)
A3X4
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Table 20 1H NMR structural-reporter-group data of xylose and xylooligosaccharides derived from (1!4)-b-D-xylan by mild

acid hydrolysis. Chemical shifts are given in ppm relative to the signal for sodium 4,4-dimethyl-4-silapentane-1-sulfonate

(using internal acetone at d 2.225) in D2O at 27�C

Compound a Residue b H1

Xylose a-Xylp 5.187

b-Xylp 4.569

a-Xylp-1 5.184

b-Xylp-1 4.584

Xylobiose

b-Xylp-2a 4.453

b-Xylp-2b 4.457

a-Xylp-1 5.184

b-Xylp-1 4.584

Xylotriose

b-Xylp-2a 4.476

b-Xylp-2b 4.479

b-Xylp-3 4.460

a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2a 4.476

Xylotetraose

b-Xylp-2b 4.479

b-Xylp-3 4.482

b-Xylp-4 4.460

a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2a 4.476

b-Xylp-2b 4.478

Xylopentaose

b-Xylp-3
4.482b-Xylp-4

b-Xylp-5 4.459

aCompounds are represented by short-hand symbolic notations: , Xylp; , Xylp(b1-4)Xylp; etc.
bThe Xylp residue in reducing position is denoted 1, etc.; 2a/b means reducing Xylp-1 residue has a/b configuration

(anomerization effect).

Table 21 1H NMR structural-reporter-group data of arabinoxylan oligosaccharides derived from enzymically degraded

wheat arabinoxylan. Chemical shifts are given in ppm relative to the signal for sodium 4,4-dimethyl-4-silapentane-1-

sulfonate (using internal acetone at d 2.225) in D2O at 27�C

Compound a Residue b H1

1 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.475

b-Xylp-2b 4.478

b-Xylp-3II 4.514

b-Xylp-4 4.442

a-Araf-A3X3 5.397

2 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2 4.478

b-Xylp-3 4.482

b-Xylp-4II 4.514

b-Xylp-5 4.442

a-Araf-A3X4 5.396

3 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2 4.478

b-Xylp-3II 4.514

b-Xylp-4 4.461

b-Xylp-5 4.448

a-Araf-A3X3 5.391
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4 a-Xylp-1 5.184

b-Xylp-1 4.585

b-Xylp-2a 4.466

b-Xylp-2b 4.468

b-Xylp-3III 4.640

b-Xylp-4 4.436

a-Araf-A2X3 5.224

a-Araf-A3X3 5.274

5 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.478

b-Xylp-3 4.472

b-Xylp-4III 4.639

b-Xylp-5 4.437

a-Araf-A2X4 5.225

a-Araf-A3X4 5.273

6 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.468

b-Xylp-3III 4.639

b-Xylp-4 4.455

b-Xylp-5 4.451

a-Araf-A2X3 5.225

a-Araf-A3X3 5.273

7 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.474

b-Xylp-2b 4.477

b-Xylp-3II 4.514

b-Xylp-4II 4.488

b-Xylp-5 4.431

a-Araf-A3X3 5.388

a-Araf-A3X4 5.398

8 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.474

b-Xylp-2b 4.477

b-Xylp-3II 4.514

b-Xylp-4II 4.489

b-Xylp-5 4.449

b-Xylp-6 4.446

a-Araf-A3X3 5.391

a-Araf-A3X4 5.387

9 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2a 4.465

b-Xylp-2b 4.467

b-Xylp-3III 4.637

b-Xylp-4II 4.480

b-Xylp-5 4.435

a-Araf-A2X3 5.225

a-Araf-A3X3 5.271

a-Araf-A3X4 5.402

10 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.479

b-Xylp-3 4.472

(continued)

Table 21 (continued)

Compound a Residue b H1
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b-Xylp-4III 4.637

b-Xylp-5II 4.480

b-Xylp-6 4.435

11 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.467

b-Xylp-3III 4.637

b-Xylp-4II 4.481

b-Xylp-5 4.453

b-Xylp-6 4.448

a-Araf-A2X3 5.225

a-Araf-A3X3 5.270

a-Araf-A3X4 5.396

12 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.474

b-Xylp-2b 4.477

b-Xylp-3II 4.501

b-Xylp-4III 4.595

b-Xylp-5 4.425

a-Araf-A3X3 5.419

a-Araf-A2X4 5.231

a-Araf-A3X4 5.274

13 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.464

b-Xylp-2b 4.467

b-Xylp-3III 4.629

b-Xylp-4III 4.579

b-Xylp-5 4.429

a-Araf-A2X3 5.222

a-Araf-A3X3 5.294

a-Araf-A2X4 5.243

a-Araf-A3X4 5.282

14 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.478

b-Xylp-3 4.471

b-Xylp-4III 4.628

b-Xylp-5III 4.578

b-Xylp-6 4.429

a-Araf-A2X4 5.221

a-Araf-A3X4 5.294

a-Araf-A2X5 5.242

a-Araf-A3X5 5.281

15 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.467

b-Xylp-3III 4.628

b-Xylp-4III 4.578

b-Xylp-5 4.445

b-Xylp-6 4.450

a-Araf-A2X3 5.221

a-Araf-A3X3 5.294

a-Araf-A2X4 5.242

a-Araf-A3X4 5.281

Table 21 (continued)

Compound a Residue b H1
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16 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.474

b-Xylp-2b 4.477

b-Xylp-3II 4.514

b-Xylp-4 4.459

b-Xylp-5II 4.501

b-Xylp-6 4.440

a-Araf-A3X3 5.391

17

a-Araf-A3X5 5.391

a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2a 4.465

b-Xylp-2b 4.468

b-Xylp-3III 4.639

b-Xylp-4 4.443

b-Xylp-5III 4.628

b-Xylp-6 4.436

a-Araf-A2X3 5.224

a-Araf-A3X3 5.271

18

a-Araf-A2X5 5.221

a-Araf-A3X5 5.271

a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2a 4.465

b-Xylp-2b 4.468

b-Xylp-3III¼ 6III 4.639

b-Xylp-4 4.454

b-Xylp-5 4.463

b-Xylp-7 4.436

a-Araf-A2[X3,X6] 5.226

a-Araf-A3[X3,X6] 5.273

19 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2 4.467

b-Xylp-3III 4.627

b-Xylp-4III 4.578

b-Xylp-5 4.445

b-Xylp-6 4.462

b-Xylp-7III 4.638

b-Xylp-8 4.436

a-Araf-A2X3 5.221

a-Araf-A3X3 5.293

a-Araf-A2X4 5.243

a-Araf-A3X4 5.280

a-Araf-A2X7 5.225

a-Araf-A3X7 5.273

aCompounds are represented by short-hand symbolic notations: , Xylp; , a-Araf; , Xylp(b1-4)Xylp; , Araf(a1-2)Xylp;
, Araf(a1-3)Xylp.

bThe Xylp residue in reducing position is denoted 1, etc.; 2a/b means reducing Xylp-1 residue has a/b configuration

(anomerization effect). Araf-A2X3 means arabinofuranose linked to O2 of Xylp-3, etc.; Xylp-3I means Xylp-3 branched at

O2; Xylp-3II means Xylp-3 branched at O3; Xylp-3III means Xylp-3 branched at O2,3.

Table 21 (continued)

Compound a Residue b H1
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Table 22 1H NMR structural-reporter-group data of arabinoxylan oligosaccharides derived from enzymically degraded

wheat arabinoxylan. Chemical shifts are given in ppm relative to the signal for sodium 4,4-dimethyl-4-silapentane-1-

sulfonate (using internal acetone at d 2.225) in D2O at 27�C

Compounda Residue b H1

20 a-Xylp-1 5.185

b-Xylp-1 4.584

b-Xylp-2IIa 4.487

b-Xylp-2IIb 4.490

a-Araf-A3X2
a 5.335

a-Araf-A3X2
b 5.332

21 a-Xylp-1 5.185

b-Xylp-1 4.583

b-Xylp-2IIa 4.507

b-Xylp-2IIb 4.509

b-Xylp-3 4.442

a-Araf-A3X2
a 5.400

a-Araf-A3X2
b 5.395

22 a-Xylp-1 5.183

b-Xylp-1 4.584

b-Xylp-2a 4.465

b-Xylp-2b 4.467

b-Xylp-3III 4.596

a-Araf-A2X3 5.238

a-Araf-A3X3 5.246

23 a-Xylp-1 5.186

b-Xylp-1 4.584

b-Xylp-2IIa 4.507

b-Xylp-2IIb 4.510

b-Xylp-3II 4.475

a-Araf-A3X2
a 5.396

a-Araf-A3X2
b 5.391

a-Araf-A3X3 5.328

24 a-Xylp-1 5.186

b-Xylp-1 4.584

b-Xylp-2IIa 4.507

b-Xylp-2IIb 4.510

b-Xylp-3II 4.489

b-Xylp-4 4.432

a-Araf-A3X2
a 5.391

a-Araf-A3X2
b 5.386

a-Araf-A3X3 5.398

25 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2IIa 4.494

b-Xylp-2IIb 4.496

b-Xylp-3III 4.563

a-Araf-A3X2
a 5.427

a-Araf-A3X2
b 5.422

a-Araf-A2X3 5.244

a-Araf-A3X3 5.244

26 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.467

b-Xylp-2b 4.467

b-Xylp-3III 4.639

b-Xylp-4II 4.467

a-Araf-A2X3 5.225

a-Araf-A3X3 5.271

a-Araf-A3X4 5.331
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27 a-Xylp-1 5.184

b-Xylp-1 4.584

b-Xylp-2a 4.464

b-Xylp-2b 4.466

b-Xylp-3III 4.626

b-Xylp-4III 4.548

a-Araf-A2X3 5.221

a-Araf-A3X3 5.293

a-Araf-A2X4 5.254

a-Araf-A3X4 5.246

aCompounds are represented by short-hand symbolic notations: , Xylp; , a-Araf; , Xylp(b1-4)Xylp; , Araf(a1-2)Xylp;
, Araf(a1-3)Xylp.

bThe Xylp residue in reducing position is denoted 1, etc.; 2a/b means reducing Xylp-1 residue has a/b configuration

(anomerization effect). Araf-A2X3 means arabinofuranose linked to O2 of Xylp-3, etc.; Xylp-3I means Xylp-3 branched at

O2; Xylp-3II means Xylp-3 branched at O3; Xylp-3III means Xylp-3 branched at O2,3.

Table 22 (continued)

Compound a Residue b H1
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201. Lommerse, J. P. M.; Thomas-Oates, J. E.; Gielens, C.; Préaux, G.; Kamerling, J. P.; Vliegenthart, J. F. G. Eur. J. Biochem. 1997, 249, 195–222.

202. De Bruyn, A.; Maras, M.; Schraml, J.; Herdewijn, P.; Contreras, R. FEBS Lett. 1997, 405, 111–113.

203. Van Rooijen, J. J. M.; Kamerling, J. P.; Vliegenthart, J. F. G. Eur. J. Biochem. 1998, 256, 471–487.

204. Van Rooijen, J. J. M.; Jeschke, U.; Kamerling, J. P.; Vliegenthart, J. F. G. Glycobiology 1998, 8, 1053–1064.

205. Stroop, C. J. M.; Weber, W.; Nimtz, M.; Gutiérrez Gallego, R.; Kamerling, J. P.; Vliegenthart, J. F. G. Arch. Biochem. Biophys. 2000, 374, 42–51.

206. Stroop, C. J. M.; Weber, W.; Gerwig, G. J.; Nimtz, M.; Kamerling, J. P.; Vliegenthart, J. F. G. Glycobiology 2000, 10, 901–917.

207. Coddeville, B.; Regoeczi, E.; Strecker, G.; Plancke, Y.; Spik, G. Biochim. Biophys. Acta 2000, 1475, 321–328.
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2.05.1 Introduction

Diffraction by single crystals is by far the most powerful experimental method for the characterization of the atomic

arrangements in molecules. X-ray and neutron are used since their wavelengths are of the same order of magnitude as

the interatomic distances, typically around an angstrom unit. The electron and nuclei are the scattering elements of

the incident X-ray and neutron-incident radiation, respectively. The single crystals are usually grown by slow

evaporation of saturation under controlled environments. They have three-dimensional periodicity among the

molecules. Ideally their dimensions should be in the order of 0.2–0.5mm and over 1.0mm, in the respective case of

studies from X-ray and neutron diffraction. Crystals having smaller dimensions (in the order of 20–30mm) can be

studied using synchrotron X-ray diffraction intensities. Irradiation of the crystal by a monochromatic beam leads to

constructive interferences, known as diffraction, of the scattered waves in specific directions. The diffraction patterns

are recorded on electronic devices; they consist of a series of Bragg reflections. Their positions and intensities,

respectively, contain the details on the unit cell dimensions, space group symmetry, and atomic positions. Unit cells

are the building block of the crystals. In order to determine the crystal structure, both the amplitude and phase of the

diffracted wave in every Bragg reflection are required. While the measured intensities are proportional to the square of

the amplitude, the phase of the reflection relative to that of the incident beam is unknown as it cannot be recorded

experimentally. There are several ways to calculate the phases of some important reflections, among them direct
193
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methods, which are now used routinely to solve crystal structures. Using Fourier transform, the amplitude and phase

information is used to synthesize electron density maps that reveal the atomic content of the unit cell. Least-square

refinement methods are then used to minimize the discrepancy between the measured and calculated structure

amplitudes. From knowledge of the final atomic coordinates, the molecular shape is revealed, and structural features

such as bond lengths, bond angles, torsion angles, hydrogen bonds, and intermolecular distances are directly

computed.
2.05.2 Molecular and Crystal Structures of Carbohydrates

2.05.2.1 General Analysis

The Cambridge Structural Data Base (CSDB) contains over 250000 entries in the form of structural data related to

geometry, configuration, conformation, and packing of molecular crystals and organometallic structures.1 As a conse-

quence of the automation of experimental measurements along with the development of crystal structure analysis for

noncentrosymmetric space groups, there has been a significant increase in the number of reported crystal structures of

carbohydrates between 1980 and 1995. The number of entries dealing with carbohydrate crystal structures in the

CSDB is over 4000. About 1000 entries among these do not list any atomic coordinates and cannot be considered as

structurally informative, in terms of conformations and configurations.

Despite the fact that it is possible to determine the absolute configuration of an optically active molecule from the

effects of anomalous scattering, such a level of structural characterization is not performed routinely. Determination of

absolute configuration generally involves scattering from relatively heavy atoms. It can nevertheless be determined

from molecules containing a significant fraction of oxygen atoms providing that significant efforts are required to

obtain accurate diffracted intensities. Among the over 4000 structural investigations only 150 dealt with the determi-

nation of the absolute configuration. Caution should be taken with the few crystal structures that have been published

with the wrong enantiomer. Most of the recently reported crystal structures use the a priori knowledge of the

configuration of the constituting monosaccharide units.

Crystalline data can be readily found for many members within the classification of carbohydrates that encompasses:

(1) the aldoses and ketoses, which are the monomers; (2) the alditols, or sugar alcohols, which differ from the aldoses in

having members of the series being in mesoconfigurations; (3) the cyclitols, which belong to a family of nine, the

configurations of which differ by the axial or equatorial disposition of the hydroxyl groups around the chair-shaped

cyclohexane ring; (4) the anhydro sugars, which are formed by the elimination of water between hydroxyl groups of the

pyranoses and furanoses thereby forming fused bicyclic or tricyclic ring structures; (5) the carbohydrate acids, which

are related to the alditols and aldoses; and (6) the oligosaccharides. The disaccharides result from the condensation of a

reducing hydroxyl group (C-1 OH in aldose, C-2 OH in ketose) with another hydroxyl group.

The family of cyclodextrins or cyclo-oligoamyloses and cyclo-amyloses is characterized by excellent crystals.

Therefore, many crystal structure analyses have been reported. Typical examples of these compounds are cyclic

(1-4)-linked a-D-glucopyranosides with 6, 7, and 8 monosaccharide residues. Being shaped like truncated cones, with

the inside voids occupied by solvent or guest molecules, these cyclic oligosaccharides are amenable to crystallization,

and exhibit only three types of packing modes. More than 300 crystal structures of the cyclodextrins and their

complexes have been reported, including some neutron diffraction analyses. This field has been reviewed several

times, 44 and it will not be covered in this chapter.

There are 55 crystal structures of unsubstituted disaccharides, as shown in Table 1 . Crystal structures of the fully (or

almost fully acetylated disaccharides) have been reported. There are 24 trisaccharide crystal structures and only four

tetrasaccharides. One linear oligomaltose has been crystallized and analyzed as a polyiodide complex, that of

p-nitrophenyl a-maltohexopyranoside. The maltohexaose molecules form a double helical antiparallel stranded

structure, which enclosed the polyiodide chain in a way similar to that found in cyclodextrin inclusion compounds. 12

Both the conformation and the relative orientation of the single-stranded chains are completely different from those

found in the crystalline arrangement of a small fragment of amylose, the structure of which has been determined from

the combined used of fiber X-ray diffraction and electron single crystal diffraction.13 The largest underivatized

oligosaccharide structure ever solved as a molecular crystal is that of tricolorin A. It consists of the tetrasaccharide

L-rhamnopyranosyl-(1!3)-a-L-rhamnopyranosyl-(1!2)-b-D-glucopyranosyl-(1!2)-b-D-fucopyranoside linked to jala-

pinolic acid forming a 19-membered ring macrocyclic ester.39

Crystal structures have been determined for most of the pentoses and hexoses, in one or more of the isomeric forms

or as 1-O-methyl derivatives (methyl glycosides). A significant amount of crystal structures of carbohydrates have been



Table 1 Crystal structures of oligosaccharides along with their reference code according to the Cambridge Structural

Data Base

Oligosaccharides Reference code

b-D-Galp-(1!4)[a-L-Fucp-(1!3)]-D-GlcpNAc-OMe ABUCEF

b-D-GlcpNAc-(1!4)-a-D-GlcpNAc ACHITM10

b-D-Galp-(1!4)-a-D-GlcpNAc ACLACT

a-D-Allp-(1$1)-a-D-Allp ALTRCA

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc BCHITT10

b-D-Galp-(1!4)-b-D-Glcp BLACTO

b-D-Galp-(1!4)-b-D-Fruf BOBKUY10

a-D-Glcp-(1$2)-b-D-Fruf-(6 2)-b-D-Fruf CELGIJ

b-D-Glcp-(1!4)-b-D-Glcp CELLOB02

b-D-GlcpA-(1!3)-a-D-GalpNAc CHONDM

a-D-Galp-(1!4)-a-D-Galp CITSIH10

b-D-Manp-(1!4)-b-D-Manp-(1!4)-a-D-Manp COFMEP10

a-D-Glcp-(1$1)-a-D-Glcp DEKYEX

b-D-Galp-(1!4)-a-D-Manp DICMEH

b-D-Manp-(1!4)-a-D-Manp DIHTUJ

a-D-Glcp-(1$2)-b-D-Fruf DINYOO10

a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-OMe DUDXOP

a-D-Manp-(1!2)-a-D-Manp-OMe FABYOW10

L-Rhap-(1!3)-a-L-Rhap-(1!2)-b-D-Glcp-(1!2)-b-D-Fucp-jalapinolic acid FATNIY

a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-OPh4NO2 FOXSUG20

a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-a-D-Glcp-OPh4NO2 FOXSUG20-b

b-D-Glcp-(1!6)-b-D-Glcp GENTBS

a-D-GlcpA4Me-(1!2)-b-D-Xylp-(1!4)-a-D-Xylp GURXPX10

a-D-Glcp-(1!4)-a-D-Glcp-(1$2)-b-D-Fruf HAHXUJ

a-D-Xylp-(1$2)-b-D-Fruf HAHYUK

a-D-Glcp-(1!4)-a-D-Glcp-(1$2)-b-D-Fruf HEGXOG

b-D-Glcp-(1!2)-a-L-Rhap-OMe IFIDAC

IFOVOO/IFOVO001

b-D-Glcp4Me-(1!4)-b-D-Glcp-OMe IFOVO002

a-D-Glcp-(1!6)-b-D-Fruf IMATUL

a-D-Glcp-(1!4)-a-D-Glcp-OPhI IPMALT

b-D-Fruf1,6dichloro1,6dideoxy-(2$1)-a-D-Galp4chloro4deoxy KANJOY

a-D-Glcp-(1$2)-b-D-Fruf-(1 2)-b-D-Fruf KESTOS

a-D-Glcp-(1!6)-a-D-Glcp-(1!4)-b-D-Glcp KOYZAZ

b-D-Galp-(1!4)-a-D-Glcp LACCCB

b-D-Galp-(1!4)-a-D-Glcp LACTOS03

b-D-Glcp-(1!3)-b-D-Glcp LAMBIO

a-D-3dArap-(1$1)-a-D-3dArap LETTEJ

a-D-Glcp-(1!5)-b-D-Frup LEUCRO01

b-L-Fucp-(1!4)-a-D-Glcp LIYRUG

a-D-Galp-(1!3)[a-L-Fucp-(1!2)]-D-Galp-OMe LOKDIY

a-D-Glcp-(1!4)-b-D-Glcp MALTOS11

a-D-Glcp-(1!4)-a-D-Glcp MALTOT

b-D-Glcp-(1!4)-b-D-Glcp-OMe MCELOB

a-D-Glcp-(1$2)-b-D-Fruf -(3 1)-a-D-Glcp MELEZT01

a-D-Glcp-(1$2)-b-D-Fruf -(3 1)-a-D-Glcp MELEZT02

a-D-Galp-(1!6)-a,b-D-Glcp MELIBM10

a-D-Glcp-(1!4)-a-D-Glcp-(1!4)-Glc-ol MENRAY

a-D-Glcp-(1!4)-b-D-Glcp-OMe MMALTS

a-D-Glcp-(1!3)-a-D-Glcp-OMe MOGLPR

b-D-Glcp-(1!4)-a-D-Glcp, 2Naþ, 2I� MOVGIN

a-D-Manp-(1!3)-b-D-Manp-(1!4)-a-D-GlcpNAc MPYAGL

a-D-Glcp-(1$2)-b-D-Fruf NEHCAE

b-D-Galp-(1!4)-b-D-Glcp-N-Acetamido OCATAN

OLGOSE

b-D-Galp-(1!4)-b-D-Fruf PAJNUJ

a-D-Glcp-(1$2)-b-D-Fruf -(1 2)-b-D-Fruf -(1 2)-b-D-Fruf PEKHES01

a-D-Glcp-(1!4)-a-D-Glcp-OPh PHMALT

(continued)
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a-D-Galp-(1!6)-b-D-Fruf -(2$1)-a-D-Glcp PLANTE10

b-D-Glcp-(1!2)[b-D-Glcp-(1!4)]-a-D–Glcp-OMe QUCXER

b-D-Glcp-(1!6)-b-D-Glcp-O(aCyano)Bn RALQUR

a-D-Galp-(1!6)-a-D-Glcp-(1$2)-b-D-Fruf RAFINO01

b-D-Galp-(1!4)-b-D-GlcpN-urea REMVUA

a-D-Manp-(1!2)-b-D-Glcp-OMe RESMOR

b-D-Glcp-(1!2)-a-D-Glcp SOPROS

a-D-Galp-(1!6)-a-D-Galp-(1!6)-a-D-Glcp-(1$2)-b-D-Fruf STACHY01

a-D-Glcp-(1$2)-b-D-Fruf SUCROS04

b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-b-D-Glcp-OMe TAQYAL

b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-b-D-Glcp-OMe TAQYALb

a-D-Glcp-(1$1)-b-D-Glcp TIQDUS

a-L-Fucp-(1!2)-b-D-Galp-OMe TIYYOP/TIYYOP01

a-D-Glcp-(1$1)-a-D-Glcp TRECAB

a-D-Glcp-(1$1)-a-D-Glcp TREHAL10

a-D-Glcp-(1!3)-b-D-Frup TURANS

a-D-GalpAnhydro-(1!3)-b-D-Galp VIZFUF

b-D-Glcp-(1$1)-b-D-Glcp WACHOX

b-D-Glcp-(1!3)-b-D-Glcp-OMe WAGBOV

b-D-Glcp-(1!4)-b-D-Glcp-OCH2NO2 WEHTEI

b-D-Glcp-(1!3)[b-D-Glcp-(1!6)]-b-D-Glcp-(1!3)-b-D-Glcp (peracetylated) WIMNOV

b-L-Fucp-(1!3)-a-D-Glcp-OMe WUXKUV

a-L-Fucp-(1!2)-b-D-Galp-(1!2)-a-D-Xylf-OMe XALUQ

a-Kdo-(2!8)-a-Kdo YEPNUC

a-D-Galp4,6dichloro4,6dideoxy-(1$1)-a-D-Galp4,6dichloro4,6dideoxy YODSOZ

a-D-Allp-(1$1)-a-D-Allp YOXFOG

a-D-Galp-(1$1)-a-D-Galp YOXFUM

b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-!-D-Glcp ZILTUJ

b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-b-D-Glcp-(1!4)-!-D-Glcp ZILTUJb

! indicates a nonassigned configuration at the reducing end.

Table 2 Standard molecular dimensions for pyranosides

Molecular dimensions a-D-4C1 b-D-4C1 a-L-1C4 b-L-1C4

Number 379 184 35 12

C1–C2 (Å) 1.52(2) 1.517(19) 1.519(16) 1.515(12)

C2–C3 (Å) 1.520(17) 1.522(15) 1.516(17) 1.518(9)

C3–C4 (Å) 1.520(18) 1.521(16) 1.514(19) 1.529(9)

C4–C5 (Å) 1.526(17) 1.526(16) 1.523(16) 1.521(14)

C1–O1 (Å) 1.412(17) 1.394(17) 1.408(15) 1.389(11)

C1–O5 (Å) 1.413(17) 1.422(15) 1.413(13) 1.428(9)

C5–O5 (Å) 1.440(16) 1.433(14) 1.440(13) 1.437(7)

C5–O5–C1 (
�) 113.9(14) 111.9(13) 113.8(16) 111.2(11)

O5–C1–O1 (
�) 111.3(11) 107.4(12) 112.0(13) 107.7(6)

C1–O1–Cn
0 (�) 116(3) 115(2) 115(3) 115(2)

C5–O5–C1–O1 (
�) 60(4) 177(3) �62(4) 177(2)

O5–C1–O1–Cn
0 (�) 108(7) 185 frag �80(11) �104(8) 6 frag 79(8)

72(10) 194 frag �73(12) 29 frag

Distances are given in angstroms and angles in degrees.

Table 1 (continued)
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determined from neutron diffraction experiments. From these highly accurate structural determination, standard

molecular dimensions of the constituting units have been established (Table 2).18 They provide a template for

calibrating molecular mechanics force fields and parameters34 from which the geometry and conformations of virtually

all occurring monosaccharide moieties can be calculated.43a

There is an obvious reluctance of carbohydrates to crystallize in a form suitable for X-ray or neutron diffraction

studies. This is particularly true for aldose- and ketose-containing carbohydrates as a configurational mixture of four
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isomers – a- and b-pyranoses, a- and b-furanoses – is likely to occur. Configurational heterogeneity in solution tends

to inhibit crystallization. For this reason 1-O-methyl derivatives, which cannot anomerize, are likely to crystallize

more readily. In some instances, the a- and b-anomers can co-crystallize, and more than 10 examples of such

co-crystallization can be found. The a and b ratio may be dependent on the temperature and solvent of crystallization,

and may not be reproducible between independent investigators. One extreme example is provided by the crystal

structure of the disaccharide lactulose, as the crystals contain a mixture of isomers in which the fructose moiety is

b-D-fructofuranose, a-D-fructofuranose, and b-D-fructopyranose in the ratio 0.745:0.100:0.155.19

The reluctance of carbohydrates to crystallize in a form suitable for X-ray diffraction studies is more pronounced for

compounds having molecular weights ranging from 1000 to 5000. This is true but for the exception of cyclic

compounds such as cyclodextrins and cyclo-amyloses. One of the reasons may be the lack of sufficient amount of

material available for crystal growth. The other reason is that the techniques of growing organic crystals of medium-

sized biomolecules have not paralleled the revolution of growing protein and viruses crystals.

Since the beginning of the 1990s, an increasing number of crystal structures have been reported for glycoproteins

and protein–carbohydrate complexes. The resolution of the first-reported structures was rarely sufficient to provide

reliable conformational information. Significant and rapid progresses arising from the use of synchrotron radiations are

providing access to highly resolved structures.
2.05.2.2 Crystalline Conformations of Oligosaccharides

2.05.2.2.1 The disaccharides
Important in their own right, disaccharides take great importance as the shortest components of the family of oligo-

and polysaccharides and complex carbohydrates. As such a particular attention is given to their conformational

properties because their molecular shapes are considered to be important determinants of their properties and those

of their larger parents. The disaccharides result from the condensation of a reducing hydroxyl group (C-1 OH in

aldose, C-2 OH in ketose) with another hydroxyl group. This linkage may be 1! n, where n is 1–6, except 5. If two

reducing groups are involved, the disaccharide is nonreducing as in sucrose and trehaloses.

For disaccharide moieties, the main conformational determinants are the ring shapes, the orientations of the

hydroxyl groups, and the relative orientations of the monosaccharide units at the glycosidic linkage.1 Ring shapes

can be defined in terms of reference conformations (chair, C; twist, T; boat, B; envelope, E; skew, S) or by the so-called

puckering parameters.10 The exocyclic primary alcohol groups can adopt a number of low-energy conformations. They

are in staggered arrangements that correspond to local minima. In the case of pyranoses, primary hydroxyl groups most

frequently occupy two positions, avoiding interactions between O-4 and O-6. However, each of the secondary

hydroxyl groups can rotate almost freely. The relative orientation of two consecutive monosaccharide units in a

disaccharide is customarily described by the torsion angles � and � around the glycosidic bonds. � represents the

torsion angle about the C (anomeric)–O bond, whereas�The sign of the torsion angles is given in accordance with the

IUPAC-IUBMB Joint Commission of Biochemical Nomenclature (1996).15

The consideration of the axial/equatorial nature at the glycosidic linkage provides a useful framework for the

classification of the disaccharide moieties, independently of the remaining and of the surrounding of the oligosac-

charidic molecule (Figure 1). As for six-membered ring-containing disaccharides, axial–axial, axial–equatorial, and

equatorial–equatorial are found. The families involving axial-furanose and equatorial-furanose linkage to a hexopyr-

anose are also indicated, along with the furanose–furanose cases. It is worth noting that there is no representative of

the equatorial–axial class, even though such type of glycosidic linkage can be found in several carbohydrate-containing

molecules and macromolecules.

Using such a classification, all the unsubstituted components of the linear oligosaccharide structures were reported

and analyzed.35 For each class, the nature of the glycosidic linkage, the magnitude of the angles ((Ω), �, �, t) at the
glycosidic linkage, and the occurrence (if any) of inter-residual hydrogen bonds were reported. In order to have a

comprehensive vision of the spatial occurrence of all the crystalline conformations as a function of their belonging to a

given class, a schematic representation of their crystallographic conformations at the glycosidic linkage has been set

with a superimposition onto the low-energy contours that have been computed for a prototypical motif using
1 For a 1!x glycosidic linkage : f¼O5n�C1n�Ox(nþ1)�Cx(nþ1); �¼C1n�Ox(nþ1)�Cx(nþ1)�C(xþ1)nþ1; for a 1!6 linkage �¼
O1n�C6(nþ1)�C5(nþ1)�O5(nþ1); t¼O5n�C1n�Ox(nþ1)
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Figure 1 Schematic representation of the different types of glycosidic linkages observed in crystal structures of

disaccharides and oligosaccharides.
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molecular mechanics calculations. All the crystalline conformations lie within the 5kcalmol–1 energy contour of the

corresponding potential energy surface. It is noteworthy to observe a limited dispersion about the glycosidic � angles

compared to that observed about �, as an expression of the influence of the exo-anomeric effect on the establishment

of preferred conformation in crystalline oligosaccharides.

The exo-anomeric effect arises due to the particular bonding sequence C-5–O-5–C-1–O-g–C-x0 in glycopyranosides

and disaccharides and influences the conformation about the glycosidic torsion angle �. In the case of an axial type

of linkage (typically as in 4C1 a-D-configuration), only one staggered conformation is preferred with � being in the

vicinity of 60�. As for the equatorial type of linkage (typically as in 4C1 b-D-configuration), two staggered conformations

are preferred (�¼60� and �60�) of which that corresponding to �¼–60� is favored due to further stabilization

occurring from nonbonded interactions. The values of � generally vary between 40� and 120� for 1! x axial linkages,

and between –100� and –65� for 1! x equatorial linkages. Obviously, the magnitude of the exo-anomeric effect is not

strong enough to drive the � angle to one single conformation. It can be counterbalanced by the occurrence of inter-

residue hydrogen bond or other favorable interatomic interactions. Not unexpectedly, the dispersion of the observed

conformations about the torsion angle � is much wider.

A somewhat similar set of observations can be made in the case of disaccharide segments belonging to the

axial-furanose family, which encompasses most of the sucrosyl-containing molecules. In such cases, a double
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exo-anomeric effect, occurring from the C-5–O-5–C-1–O-g–C-x0–O-50 sequence, could be even more influential in the

establishment of glycosidic conformations. Whereas the dispersion in � angles spans from 60� to 100�, the � torsion

angles span more than 200�. Most of these observations have been rationalized throughout molecular modeling

investigations.14

2.05.2.2.2 The analogs (S, C, N, etc.)
The replacement of the interglycosidic oxygen atom in a disaccharide by S, C, N–H,. . ., generates a class of interesting

analogs, namely thio-disaccharides, C-disaccharides, diglycosylamines, which all constitute potential nonhydrolyzable

epitopes and substrate analogs. The crystal structures of those analogs were reported and analyzed.35 For the analogs,

accurate geometric and structural data are available providing some useful information about the influence of the

chemical change upon the conformation at the glycosidic linkage, the influence (or lack) of the exo-anomeric effect and

packing features. 42

2.05.2.3 Hydrogen Bonding in Crystalline Oligosaccharides

The carbohydrates offer rich examples to analyze the hydrogen bonding in crystals, from which rules can be extracted

to be further used in molecular modeling situations. Most of the basic rules have been established throughout the

analysis of high-accuracy X-ray analysis and most evidently from those crystalline structures that have been derived

from neutron diffraction investigations.

Neutron diffraction determines nuclear coordinates, whereas X-ray diffraction refers to maxima of the electron density

distribution. A systematic investigation of the differences in bond lengths from X-ray and neutron diffraction analyses

of the same crystal structure gave significant differences for dX–dN, for C–H and O–H bonds, respectively, –0.096(7)

and –0.155 (10)Å. This is the reason why the X-ray X–H bond lengths have to be normalized to standard, neutron

diffraction, values for the interpretation of hydrogen bonding in molecular crystals.

Essentially, the rules governing the establishment of hydrogen bonds obey two basic concepts:7

1. Maximize the hydrogen-bond interactions throughout the participation of all hyroxyl groups and as many rings and,

to a lesser extent, glycosidic oxygen atoms as possible. These features imply both two- and three-centered bonds.

2. Maximize cooperativity by forming as many finite and infinite chains of hydrogen bonds as possible.

Several patterns have been identified by Jeffrey and Saenger,17 and the crystal structures can be roughly divided equally

between them. Class A encompasses those structures where the cooperative effect is maximized by the formation of

infinite chains or spirals of hydrogen-bonded hydroxyl groups. In class B, a more limited cooperative effect is obtained

throughout the occurrence of finite chains with the acetal oxygen atoms acting as chain terminators. In class C, the

maximum cooperative effect is achieved with all the hydroxyl groups, except one, which forms a separate two- or three-

centeredhydrogenbond to a ring orglycosidic oxygen. In classD, the infinite chains are retainedand the ring and glycosidic

oxygen atoms are included in the hydrogen-bonding scheme throughout the occurrence of three-center bonds (Figure 2).

In almost all cases, hydroxyl groups act as both hydrogen-bond donors and acceptors. Compared with the other

hydroxyl groups, the anomeric hydroxyl groups tend to be stronger donors and weaker acceptors. Stereochemical and

packing reasons prevent the ring oxygen and glycosidic oxygen to act as acceptors. Because there are more acceptors

than donors in carbohydrates, it is not surprising to find a significant occurrence of three-centered hydrogen bonds.
A ~ 160� ± 20�X––H

a a + q + q� ~ 360� 
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Figure 2 Hydrogen bonding patterns in crystalline carbohydrates.
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Hydration is a fairly common feature of crystalline oligosaccharides, which may result from their molecular shapes

that does not provide efficient packing. Therefore, voids from the water molecules are left in the crystalline structures.

It should be clearly stated that the analysis of crystalline oligosaccharides can only provide a limited insight into the

preferred hydration effect. Whereas water molecules may influence the occurrence of a given conformation, these

water molecules may be expelled upon formation of the crystalline arrangement. In the hydrate structures, the water

molecules always donate two hydrogen bonds; they may accept one or two.
2.05.2.4 Packing Features

Asfortheircrystallinestructure,morethan95%ofthecarbohydratescrystallizeinnoncentrosymmetricstructures.Figure 3

displays the histogram of the occurrence of space groups in carbohydrate crystal structures, from which it is obvious

that only four space groups, that is, P212121, P21, P1, and C2, account for more than 80% of the observed space groups.

Despite the wealth of potential structural information, there is a lack of comprehensive investigation of the

molecular principles underlying the formation of the oligosaccharide crystals. Only few reports have tried to analyze

the anisotropy of intermolecular interactions in these crystals. A typical way of exploring the packing arrangement is to

evaluate the intermolecular energy between one molecule, that is, the reference molecule, and all its neighbors. This

energy is evaluated by taking into account the intermolecular hydrogen bonds as well as the nonbonded interactions.

The number of ‘close’ contacts corresponding to interaction distances less than 1.5 times the sum of the van der Waals

interacting atoms may be evaluated. The estimation of electrostatic component is more straightforward as it may

depend on the way the atomic charges are evaluated along with the cut-off distance used in the calculations. Since

most of the oligosaccharide structures solved up to now concern neutral carbohydrates, such a point has not been given

much attention.

The packing arrangements found in crystal structures of oligosaccharides are consistent with a high packing density,

as each molecule is usually surrounded by 12 neighbors. Among these neighbors, which occur in pairs, certain

anisotropy exists, which in many cases can be correlated to the dimensions of the unit cell, and/or the morphology

of the crystals. From the differences in the magnitude of the intermolecular energies, supramolecular elements such as

molecular chains and/or molecular layers can be identified that constitute the basis of the molecular layers. From the

limited number of packing of oligosaccharide structures that have been investigated so far, the low-energy molecular

layers correspond to the few, which underline the formation of the space groups cited above.
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The analysis of the crystal packing of sucrose provides an example of this type of analysis.30 In the molecular

arrangement found in the crystal structure of sucrose, the packing is highly dense, since each molecule is surrounded

by 12 neighbors; this is of course in agreement with the high density of 1.59 of the crystals. All these 12 neighbors occur

in pairs, but only some give rise to strong intermolecular associations. From these, preferred molecular layers can be

identified. The strongest association arises from a combination of the twofold screw symmetry and a translational

symmetry. The twofold screw axis is parallel to the b-axis, and it generates a ‘molecular chain’ where the molecules are

very tightly interacting (Figure 4a).

The interactions involve intermolecular hydrogen bonds and many van der Waals contacts which express the

complementarity of the molecular shapes in contact. On the basis of energy, this chain may be viewed as a ‘nuclei’

for further arrangements in the crystal growth. Associating such chains through a simple translation in the (1 0 1)

direction makes molecular layers having a high density of atoms. The lateral cohesion between these layers is

achieved by a simple translation. For this reason, there is no cancelling of the intrinsic polarity arising from a

given molecule first and the molecular chain second. Therefore, an overall polarity is maintained at the three-

dimensional level of each sucrose crystal. Projections of the crystalline structure onto several directions provide a

relationship between the crystal packing and the observed crystalline morphology of sucrose crystals, as shown in

Figures 4b and 4c.
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Figure 4 The relationship between molecular packing and crystal morphology: the sucrose case.30 (a) Molecular chain

of sucrose molecules derived from a relative orientation around the 2-fold helical axis of symmetry. (b) Projection of the
crystal structure of sucrose onto the (a,b) plane; the crystalline faces (1,0,0), (1,1,0), (�1,1,0), (�1,0,0), (�1,�1,0) and
(1,�1,0) are indicated. (c) Crystalline morphology of sucrose crystal, along the indication of the crystalline faces.
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2.05.2.5 Selected Examples

2.05.2.5.1 The molecular and crystalline structure of a resin glycoside: Tricolorin A
The collective name of tricolorins designates resin glycosides that are the phytotoxins extracted from a Mexican

variety of the morning glory ‘heavenly blue’ (Ipomea tricolor Cav.). Tricolorin A is the first member of the series

to be fully characterized; it consists of the tetrasaccharide: L-rhamnopyranosyl-(1!3)-a-L-rhamnopyranosyl-(1!2)-

b-D-glucopyranosyl-(1!2)-b-D-fucopyranoside linked to jalapinolic acid forming a 19-membered ring macrocyclic

ester (Figure 5).39

The difficulty involved in obtaining a usable pure sample of an individual resin glycoside, in addition to the

one related to oligosaccharide crystallization, represented the enormous challenge undertaken in this structural

investigation. Protein crystallization techniques were used to avoid any waste of the isolated tricolorin A (20mg).

Because this molecule is insoluble in water, this latter was selected as a precipitating agent (Figure 6).

The size of the crystal unit cell indicated the presence of four independent tricolorin A molecules per asymmetric

unit totalling 284 nonhydrogen atoms and therefore of similar size to a small protein of about 30 amino acids. The

size of the asymmetric unit together with that of the crystal (0.5�0.01�0.01mm3) dictated the use of intense

synchrotron radiation to collect the diffraction data. Direct methods6 were used to solve the structure while refinement

indicated the presence of 18 water molecules in the asymmetric unit in addition to the four independent sample

molecules. All atoms were clearly visible in the electron density maps, with the exception of two carbon atoms in the

lipid part of one molecule. A detailed view of one of the tricolorin A molecules, is shown in Figure 7a.

Figure 7b shows the superposition of the four tricolorin A-independent molecules all of which share the same

global shape, albeit with slightly different conformations with the aglycon moiety stacked under the b-D-glucopyr-
anosyl-(1! 2)-b-D -fucopyranoside moiety. The glycosidic linkages are superimposed on the corresponding energy

maps (Figure 7c,d,e ). Though the energy maps of the three disaccharides differ, they all display low-energy regions

centered on a � axis gauche conformation as dictated by the exo-anomeric effect. A higher level of conformational

freedom is predicted along the� axis with the lowest-energy region corresponding to a plateau ranging from�ffi60� to
�¼180�. While the more external L-rhamnopyranosyl-(1!3)-a-L-rhamnopyranoside moiety shows rather different

conformations for each of the four molecules in the asymmetric unit, the internal trisaccharide subunit (a-L-rhamno-

pyranosyl-(1!2)-b-D-glucopyranosyl-(1!2)-b-D-fucopyranoside) displays limited conformational freedom. The four

molecules have slightly different sets of torsion angles, yet yielding very similar pseudo-elongated shapes for the

macrocyclic aglycon portion running from the lactone end to the anomeric oxygen of fucose. In contrast, the terminal

pentyl chain is highly flexible.

The most notable feature of tricolorin A in the solid state is the anisotropic repartition of the hydrophobic and

hydrophilic sections in crystal packing (Figure 8). One face of the molecule exhibits an almost flat hydrophobic wall

formed by the aglycon, the fucose unit methyl group, and the three inner rhamnose lipophilic residues (the methyl

group and the two esterified methylbutyric acids). The other side presents two small hydrophilic areas: one composed
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Figure 5 Schematic representation of the tricolorin A molecule.39
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Figure 6 Crystallization method for tricolorin. The first microcrystals were obtained by vapor diffusion using a modified

version of the hanging drop method. An ethanolic solution (3ml) of tricolorin A (20mgml–1) was mixed with 1ml of pure PEG
200 (Sigma) and deposited on a glass cover slide. After this drop was covered by a mineral oil (Sigma) layer, the slide was

sealed above a reservoir containing a solution of 10% PEG 200 in water. Crystals suitable for X-ray analysis were grown by

the same method but mixing 2ml of sample solution (10mgml–1 in EtOH), 2ml of PEG-200 and 2ml of mineral oil, followed by

seeding the drop with themicrocrystals previously obtained. The reservoir solution used was composed of 75%water, 10%
PEG 200, and 15% EtOH.39
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by the hydroxyl groups of fucose and glucose and the other by those of the external rhamnose with the 18 water

molecules involved in a dense network creating a layer between the hydrophilic faces of the sample (Figure 8). Due to

this high content of crystal water, similar to the accepted view for protein crystals, the tricolorin A molecular con-

formation in the solid state is not dominated by intermolecular forces and hence might be indicative of its conforma-

tion in solution and supermolecular aggregates.

It has been hypothesized that the cytotoxic properties of the resin glycosides could be due to their ability to perturb

cell membranes by nonselective pore formation through their somewhat peculiar organization in aqueous solutions

where they form micelles or aggregates comparable to those displayed by tricolorin A in the crystalline state.

Therefore, it is of interest to compare the architecture of the water channel formed by the four tricolorin

A molecules, piling up as two pairs along the c-axis, with that of the spatial arrangement of a lipid bilayer. The

hydrophobic surface exposed externally and elongated along the axis of the water channel is ideally oriented for a

parallel interaction with the lipids when inserted into a biological membrane. The total extension of the channel

created by tricolorin A molecules is about 30Å which can be compared to the width of a biological membrane such as

that of the hydrocarbon core elongation in fluid phospholipid bilayers. A schematic representation of such an insertion

model is depicted in Figure 8.

This first crystallographic analysis of a natural convolvulaceous resin glycoside not only opens avenues for further

structural investigations but possibly also leads toward important applications in drug design.
2.05.2.5.2 The molecular and crystalline structure of a carbohydrate determinant
of Lewis system antigens: Lewisx

Lewis carbohydrate determinants are formed from the sequential addition of fucose units onto oligosaccharide

precursor chains on glycolipids and glycoproteins. Among these antigens, the Lewisx (Lex) and Lewisy (Ley) are

expressed in only a few cell types; they have been found to be expressed at high densities by many carcinomas, and

they may represent promising targets for the development of immunotherapeutic strategies. Despite their well-

recognized and important biological role, the first crystal structure of a histo-blood group carbohydrate-dependent

antigen, that is, Lewisx b-D-Galp-(1!4)[a-L-Fucp-(1!3)]-b-D-GlcpNAc-OMe, was reported in 1996.33

Starting from chemically synthesized Lex trisaccharide methyl glycoside, single crystal could be grown from a

slow evaporating solution of Lex, water/ethanol mixture. Over a period of 2 years, more than 20 crystals having
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Figure 9 Conformation of Lex in the crystalline state.33
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Figure 8 The quaternary structure of tricolorin A and its relationship to its insertion in a biological membrane.39
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dimensions suitable for X-ray investigations were obtained and investigated. One single crystal having dimensions of

0.5�0.25�0.05mm was a sufficient quality to diffract and yield enough reflections to solve and refine the structure to

a reliability index of 0.05. Lex crystallizes in the monoclinic space group P21, with unit cell parameters a¼12.147(6);
b¼27.552(9); c¼8.8662(6); and A and b¼91.71�(5). In such a unit cell, the asymmetric unit contains two independent

Lex molecules, and an unusually high number of water molecules. All hydrogen atoms of the O–H groups and the

water molecules could be located in this crystal structure, allowing a straightforward assignment of hydrogen bonding

scheme.

The two crystallographically independent Lex molecules differ in their overall conformations (Figure 9), and these

differences are essentially located at the glycosidic torsion angles at the b-D-Galp-(1!4)-b-D-GlcpNAc linkage for

which angle � differs by 10�. Neither of the two disaccharides exhibits any intramolecular hydrogen bonds. A strong

interaction exists between the fucose and galactose residue, but only nonpolar van der Waals contacts are involved,

each ring presenting its most hydrophobic face to the other one. Conformational studies using nuclear magnetic

resonance (NMR) and/or molecular modeling generally agree on a single conformation for Lex in solution,

corresponding closely to the one found in the crystal structure.

The nine water molecules present in the asymmetric unit are arranged in a cluster-like fashion. They establish

hydrogen bonds to other water molecules within the cluster and to the surrounding carbohydrate molecule. They are



Figure 10 Packing features of Lex.33

206 Oligosaccharide and Polysaccharide Conformations by Diffraction Methods
arranged to fill up an empty space in the crystal packing. Six and seven water molecules, respectively, are involved in

the hydration of the two trisaccharides (Figure 10).

The crystal structure displays an extremely dense network of hydrogen bonds. Thirty-six hydrogen bonds are

observed in the asymmetric unit, 30 of them implying water molecules. Each trisaccharide is involved in 21 hydrogen

bonds, the ratio per glycosidic residue varying from 5 to 8. Such a high number of hydrogen bonds can be correlated to

(1) the high hydration level and (2) the peculiar folding of the oligosaccharides, burying the hydrophobic faces of the

residue and presenting the hydrophilic faces to the external part.

The analysis of the packing indicates a well-defined hierarchy of intermolecular contacts, some of them suggesting how

Lex–Lex interactions may occur in biological conditions providing the molecular basis for cell–cell recognition event.
2.05.3 Crystalline Conformations of Oligosaccharides Complexed with Proteins

Since the beginning of the 1990s, an increasing number of crystal structures have been reported for glycoproteins and

protein–carbohydrate complexes. The resolution of the first reported structures was rarely sufficient to provide

reliable conformational information. Significant and rapid progresses arising from the use of synchrotron radiation

are providing access to highly resolved structures. For example, the protein–carbohydrate literature provides structural

data for several cellobiose-protein crystal structures, lactose-protein crystal structures, maltose-protein crystal struc-

tures, sucrose-protein crystal structures, a,a-trehalose-protein crystal structures, etc. Forces in protein–carbohydrate

complexes should be more varied than in the fairly homogenous small-molecule oligosaccharides crystals. The protein

geometry reduces the influence of preferred packing modes; this is particularly true for hydrolytic enzymes that

induce significant distortions both of the ring geometry and the conformations at the glycosidic linkages. Other bias

may occur, resulting from the low resolution of the structure, or from the fact that the crystallographic refinements are

often guided with force fields. For these reasons, we have restricted the presentation to two classes of proteins: the

lectins and those interacting with glycosaminoglycans. In these two cases, there is no distortion to the carbohydrates

occurring from hydrolysis; besides the crystallographic resolution is generally very high.

2.05.3.1 Oligosaccharide–Lectin Complexes

Among proteins that interact noncovalently with carbohydrates, lectins bind mono- and oligosaccharides reversibly

and specifically, while displaying no catalytic or immunologic activity. More than 500 crystal structures of lectins

have been solved, most of them as complexes with carbohydrate ligands. From a database of three-dimensional

structures of lectins,43aTable 3 has been set to illustrate the extraordinary wealth of information that is available about

oligosaccharides.



Table 3 Crystal structures of oligosaccharides-lectin complexes along with their reference code according to the Protein

Data Base2,3

Oligosaccharides PDB Codes

a-D-Galp-(1!3)-b-D-Galp-OMe 1HQL

a-D-Galp-(1!6)-b-D-Glcp 1UGY

a-D-GalpNAc-(1!3)-!-D-GalpNAc 1LU1

a-D-Glcp-(1$2)-D-Fruf 1LES

a-D-Galp-(1!4)-b-D-Glcp 1PWB

a-D-Manp-(1!2)-a-D-Manp-OMe 1BXH, 1Q80

a-D-Manp-(1!2)-a-D-Manp 1IIY, 1C3N, 1I3H

a-D-Manp-(1!3)-a-D-Manp-OMe 1NIV, 1QDO, 1Q8P

a-D-Manp-(1!3)-a-D-Manp 1KWY, 1KX0, 1KZA, 1KWZ, 1NPL; 1C3M

a-D-Manp-(1!4)-a-D-Manp-OMe 1Q8Q

a-D-Manp-(1!6)-a-D-Manp-OMe 1QDC

a-D-Manp-(1!6)-!-D-Manp ND13

a-NeuAcp-(2!3)-!-D-Galp 1UXB, 1PTO, 1RVT

a-NeuAcp-(2!3)-!-D-Galp 1PTO

b-D-Galp-(1!3)-a-D-GalpNAc-OBn 1JLX

b-D-Galp-(1!3)-a-D-GalpNAc-OMe 1UGX

b-D-Galp-(1!3)-a-D-GalpNAc-Ser 1Y2V, 1Y2W, 1Y2X

b-D-Galp-(1!3)-a-D-GalpNAc-Ser 1Y2W

b-D-Galp-(1!3)-!-D-GalpNAc 1JOT, 1M26, 1ULG, 1Y2U, 2TEP

b-D-Galp-(1!4)-!-D-Glcp 1HLC, 4GAL, 1IS3, 1IS4, 1JZN, 1GZW, 1W6O,

1WLD, 1WLW, 1HLC, 4GAL, 1IS3, 1IS4, 1JZN,

1GZW, 1W6O, 1WLD, 1WLW, 1CR7, 1FYU, 1PUU

b-D-Galp-(1!4)-!-D-GlcpNAc 1SLT, 1A3K, 1W6P, 1KJL, 1SLT, 1A3K, 5GAL, 1W6P,

1KJL, 1W3G, 1W3F, 1AX2, 1CIW, 1SBD, 1SBE,

1SBF, 2SBA

1KJR

b-D-Galp-(1!4)-!-D-Glcp (C linkage) 1BZW

b-D-Galp-(1!4)-!-D-Galp (S linkage) 1A78, 1MUQ, 1A78

1WW5

b-D-GalpNAc-(1!3)-a-D-Galp-OMe 1UH1

b-D-Glcp-(1$2)-Fruf 1N3P

b-D-Glcp-(1!3)-Fruf 1N3Q

b-D-Glcp-(1!3)-!-D-Glcp 2BN0

b-D-GlcpNAc-(1!4)-!-D-GlcpNAc 1NWS, ND3, ND9, 1QOS, 1K7U

b-D-GlcpNAc-(1!6)-!-D-Galp 1K7T

b-D-Xylp-(1!3)-a-D-Manp-OMe 2BMZ

!-D-Xylp-(1!3)-!-D-GlcpNAc-2-Asn 1KX1

1N47

b-D-Galp3S-(1!4)[a-L-Fucp-(1!3)]-!-D-GlcpNAc 3KMB, 1FWV, 3KMB, 1FWU, 1FWV

b-D-Galp4S-(1!4)[a-L-Fucp-(1!3)]-!-D-GlcpNAc 4KMB

a-D-Fucp-(1!2)-b-D-Galp-(1!2)-!-D-Xylp 2BS6

a-D-Fucp-(1!2)-b-D-Galp-(1!4)-!-D-Glcp 2BS5, 1QOT, 1GZ9

a-D-Fucp-(1!2)-b-D-Galp-(1!4)-!-D-GlcpNAc 1ULD

a-D-Fucp-(1!3)-b-D-Galp-(1!4)-!-D-Glcp 1BOS, 2BOS, 1ULE

a-D-GalpNAc-(1!3)[a-L-Fucp-(1!2)]-!-D-Galp 1LU2

a-D-Manp-(1!2)-a-D-Manp-(1!3)-!-D-Manp 1M5M

a-D-Manp6P-(1!3)-a-D-Manp-(1!3)-!-D-Manp 1C39

a-D-Manp-(1!3)[a-D-Manp-(1!6)]-!-D-Manp 1CVN, 1ONA, 1DGL, 1RIN

a-D-Manp-(1!3)[b-D-Manp-(1!4)]-!-D-GlcpNAc 1LOG

a-D-Manp-(1!6)[a-D-Manp-(1!3)]-!-D-Manp 1KZB, 1KZB, ND14, 1VBO, 1Q8V

a-NeuAcp-(2!3)-b-D-Galp-(1!4)-!-D-Glcp 1QFO, 1SID, 1SE3, 1F31! 1WGC, 2WGC, 1DBN,

1WW4

b-D-Galp-(1!4)[a-L-Fucp-(1!3)]-!-D-GlcpNAc 1SL6

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-!-D-GlcpNAc 1EHH, 1ENM, 1ULM

b-D-GlcpNAc-(1!6)-b-D-Galp-(1!4)-!-D-Glcp 1K7V

GT1b Ganglioside analog 1FV2, 1FV3

(continued)
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a-L-Fucp-(1!2)-b-D-Galp-(1!3)[a-L-Fucp-(1!4)]-!-D-GlcpNAc 1LED

a-L-Fucp-(1!2)-b-D-Galp-(1!4)[a-L-Fucp-(1!4)]-!-D-GlcpNAc 1GSL

a-D-GalpNAc-(1!3)[a-L-Fucp-(1!2)]-b-D-Galp-(1!4)-!-D-Glcp 1ULF

a-D-GalpNAc-(1!3)-b-D-GalpNAc-(1!3)-a-D-Galp-(1!4)-b-D-
Glcp

Model3

a-D-Manp-(1!2)-a-D-Manp-(1!2)-a-D-Manp-(1!3)-!–D-Manp 1M5M

a-D-Manp-(1!6)[a-D-Manp-(1!3)]-a-D-Manp-(1!6)-!-D-Manp 1SL4

a-NeuAcp-(2!3)-a-L-Fucp-(1!2)-b-D-Galp-(1!4)-!-D-GlcpNAc 1G1R, 1GIT

a-NeuAcp-(2!3)-b-D-Galp-(1!3)[a-NeuAcp-(2!6)]-a-D-
GalpNAc-Pept

2CWG, 1VPS, 1SIE

a-NeuAcp-(2!3)-b-D-Galp-(1!4)[a-L-Fucp-(1!3)]-!-D-

GlcpNAc

2KMB

b-D-GalpNAc-(1!3)-a-D-Galp-(1!4)-b-D-Galp-(1!4)-!-D-Glcp 1J8R

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-

b-D-GlcpNAc

1HJV, 1EN2

a-D-Manp-(1!2)-a-D-Manp-(1!3)[a-D-Manp-(1!3)-a-D-Manp-
(1!6)]-!-D-Manp

2MSB

a-D-Manp-(1!6)[a-D-Manp-(1!3)]-a-D-Manp-(1!6)[a-D-
Manp-(1!3)]-!-D-Manp

1JPC, 1VBP

a-NeuAcp-(2!3)-b-D-Galp-(1!3)-b-D-GlcpNAc-(1!3)-b-D-
Galp-(1!4)-!-D-Glcp

1RV0, 1RVX, 1MQM

a-NeuAcp-(2!6)-b-D-Galp-(1!4)-b-D-GlcpNAc-(1!3)-b-D-
Galp-(1!4)-!-D-Glcp

1MQN, 1RVZ

b-D-Galp-(1!3)-b-D-GalpNAc-(1!4)[a-NeuAcp-(2!3)]-b-D-
Galp-(1!4)-!-D-Glcp

1CHB, 2CHB, 3CHB, 1CT1

b-D-Galp-(1!4)[a-L-Fucp-(1!3)]-b-D-GlcpNAc-(1!3)-b-D-
Galp-(1!4)-!-D-Glcp

1SL5

b-D-Galp-(1!4)-b-D-GalpNAc-(1!2)[b-D-Galp-(1!4)-b-D-
GalpNAc-(1!3)]-!-D-Galp

1G9F

b-D-GlcpNAc-(1!2)-a-D-Manp-(1!3)[b-D-GlcpNAc-(1!2)-

a-D-Manp-(1!6)]-!-D-Manp
1K9I, 1K9J, 1TEI

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc

1NWU

a-D-Manp-(1!3)[a-D-Manp-(1!6)]-b-D-Manp-(1!4)-b-D-
GlcpNAc-(1!4)-b-D-GlcpNAc

1ZHS

b-D-Galp-(1!4)-b-D-GlcpNAc-(1!2)-a-D-Manp-(1!3)[b-D-
Galp-(1!4)-b-D-GlcpNAc-(1!2)-a-D-Manp-(1!6)]-b-D-
Manp-(1!4)-b-D-GlcpNAc

1SLA, 1SLB, 1SLC, 1LOF

b-D-Galp-(1!4)-b-D-GlcpNAc-(1!2)-a-D-Manp-(1!3)[b-D-
GlcpNAc-(1!2)-a-D-Manp-(1!6)]-b-D-Manp-(1!4)-b-D-
GlcpNAc-(1!4)[a-L-Fucp-(1!6)]-b-D-GlcpNAc

1LGB, 1LGC

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-

b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-(1!4)-b-D-GlcpNAc-

(1!4)-b-D-GlcpNAc-(1!4)-b-D-GlcpNAc

1HJW, 1NWT

a-D-Manp-(1→2)-a-D-Manp

6

1→

6

1→

1

3

→

b-D-Manp-(1→4)-b-D-GlcpNAc-(1→4)-b-D-GlcpNAc

a-D-Manp-(1→2)-a-D-Manp-(1→3)-a-D-Manp

a-D-Manp-(1→2)-a-D-Manp-(1→2)-a-D-Manp

1M5M

Table 3 (continued)

Oligosaccharides PDB Codes
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a-D-Manp

a-D-Manp

a-D-Manp-(1→3)-a-D-Manp

a-D-Manp-(1→2)-a-D-Manp

1

6

→

1

6

→

3

1

→

1M5J

! indicates a non-assigned configuration at the reducing end.
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Figure 11 Iso-energy contours of three disaccharides as calculated with the MM3 program, along with the glycosidic

conformations observed in crystalline complexes with lectins.

Table 3 (continued)

Oligosaccharides PDB Codes
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One can find information about simple disaccharides (maltose, sucrose, etc.) and investigate how their ‘bioactive’

conformation may be similar/different from the one displayed in molecular crystals. Presumably more informative are

those complexes involving biologically important oligosaccharides for which no structural information was available.

For example, these are: (1) the sialic acid-containing oligosaccharides (such as sialyllactose, sialoglycopeptide);

(2) important antigens (Tantigen, histo blood group antigens such as Lewis B, Lewis Y, their sialylated and sulfated

derivatives); (3) moieties of glycolipids such as GM1 and GM3; (4) oligosaccharides belonging to N-linked glycans,

biantennary glycopeptide, an N2 fragment of lactotransferine; (5) Salmonella octa- and nonasaccharide; etc.

Whereas the study of the conformations about the glycosidic torsion angles indicated a somehow limited flexibility

in molecular crystal (vide infra), a different picture emerges for the flexibility of oligosaccharides interacting with

lectins.

Figure 11 depicts the distributions of glycosidic torsion angles within three disaccharide segments: Man(a1-3)
Man, GlcNAc(b1-2)Man, andNeuAc(a2-3)Gal. In the case of theMan(a1-3)Man segment, the observed conformations

are essentially located around a� value of 80�, with an excursion around in the vicinity of 140�. Maybemore interesting

is the observation that a remote low-energy area (located at �¼90� and �¼310�) can be occupied, as observed in

the crystalline complex between Latyrus ochrus and a biantennary glycan.5 The study of the dispersion of conforma-

tions observed for the disaccharide segment GlcNAc(b1-2)Man provides another illustration of the occurrence of

conformations in remote energy wells of the potential energy surfaces. The location of this well is 120� away from what

would correspond to the stable conformation driven by the exo-anomeric effect in the case of an equatorial type of

linkage. Such examples are observed in the crystalline complexes involving the isolectin II of L. ochrus, complexed
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with high molecular oligosaccharides such as a biantenary octasaccharide,5 a glycopeptide,4 or an N2 fragment of

lactotransferin.4 The NeuAc(a2-3)Gal offers an extreme case of conformational flexibility as it can be tenfold more

flexible than the other disaccharides shown inFigure 11. Here again, the conformation corresponding to the establish-

ment of the exo-anomeric effect �¼60� is adopted in several cases, but such a stabilizing influence can be easily

overridden as exemplified by the occurrence of several low-energy conformations having � in the vicinity of –60�,
GM1 pentasaccharide interacting in the combining site of cholera toxin.23

The complexing nature of lectin with regard to oligosaccharides offers a powerful and elegant way to solve the phase

problem in protein crystallography. The use of selenium-labeled sugars for the phasing of carbohydrate-binding

proteins was proposed and used for the first time for the structure solution of the F17-G fibrial adhesion.7 Depending

on the availability of the saccharide substrate, this is the method of choice for phasing lectin structures as generally the

seleno-sugar binds very well and relatively low concentration of sugar (or a short soak) is all that is required to provide

sufficient signal for MAD or SADmethods to work admirably. This elegant approach was used to elucidate the crystal

structure of Ralstonia solanacearum lectin,20 Parkia platycephala lectin,11 and Psathyrella velutina lectin.9
2.05.3.2 Selected Example: Crystalline Structure of a Bacterial Lectin of Pseudomonas
aeruginosa Complexed to Human Milk Oligosaccharides

One of the mechanisms contributing to breast-feeding protection of the newborn against enteric diseases is related to

the ability of human milk oligosaccharides to prevent attachment of pathogenic bacteria to the duodenual epithelium.

A variety of fucosylated oligosaccharides that are specific to human milk form part of the innate immune system.

A recent study concentrated on the crystallization of a fucose-binding lectin of the human pathogen Pseudomonas

aeruginosa (abbreviated to as PA-IIL) complexed to milk oligosaccharides.

Using X-ray synchrotron radiation, the crystal structures of PA-IIL in interaction with Gal(b1-3)[Fuc(a1-4)]GlcNAc

(Lewisa) and Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)[Fuc(a1-3)]Glc (containing the Lewisx glucose analog 3-fucosyllactose)

have been solved to a resolution of 1.75 and 1.05Å, respectively.37 The high-resolution X-ray structures of these two

complexes provide the first atomic resolution structures of a trisaccharide and a pentasaccharide human milk

oligosaccharide at atomic resolution and their interaction with bacterial receptors.

The fact that two of the oligosaccharides can be completely visualized is due to the rigidity of their linear part

resulting from fortuitous crystal packing that generates extensive contacts between two adjacent sugars centered

around a pseudo twofold axis of symmetry (Figure 12).

It is this interaction that allows the very high resolution structure of milk pentasaccharide to be described here for

the first time. The protein-binding site together with the calcium ions and fucose moiety are identical to that observed

previously in crystalline complexes between PA-IIL and fucose. Additional interactions to the protein surface are

established by the glucose and galactose residues of the Lex analog moiety. The glucose establishes a direct hydrogen

bond between its hydroxyl group in position 2 and the side chain of Asp96. In addition, five interactions are mediated

by a water molecule, involving O1 of fucose; O1 and O6 of glucose; and O1, O2 and O6 of galactose. Hydrophobic
Figure 12 Three-dimensional structure of a lectin of Pseudomonas aeruginosa interacting with the human milk

oligosaccharide.37



Figure 13 Atomic details of the human milk oligosaccharide in its interaction with lectin of Pseudomonas aeruginosa.

Water molecules are shown along with the hydrogen-bonding pattern.37
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interactions are observed for the methyl group of fucose, but also for the C6 of galactose that interacts with the

carbon of a glycerol molecule located at the protein surface. The other part of the pentasaccharide, that is, the Gal

(b1-4)GlcNAc linked to position 3 of galactose, does not interact with the protein surface, but instead is involved in

extensive interactions with the neighboring carbohydrate in the crystal lattice (Figure 13).

The conformations of the pentasaccharide correspond to a low-energy minimum of each glycosidic linkage, as

previously established by conformational analysis studies. The 3-fucosyllactose moiety (Lex g.a.) is the most rigid part

and it adopts a conformation with glycosidic linkage orientations close to the ones observed in the crystal structure of

hydrated Lex. The different types of interaction between the oligosaccharides and the protein involve not only

hydrogen bonding, but also calcium- and water-bridged contacts, allowing a rationalization of the thermodynamic data.

2.05.3.3 Glycosaminoglycan–Protein Complexes

Glycosaminoglycans (GAGs) are linear polysaccharides present on all animal cell surfaces and in the extracellular

matrix, where they are usually found to be attached covalently to core proteins to form the proteoglycan family. Each

tissue produces specific repertoires of GAGs, some of which are known to bind and regulate chemokine activity. GAGs

can be classified into four groups: the hyaluronic acid type, the chondroitin/dermatan sulfate type, the heparan/heparin

type, and the keratan type (see Table 4). They are acidic polysaccharides made of disaccharide repeating units

(ranging from 40 to 100) which consist of uronic acids and hexosamines. Except for the hyaluronic acid, epimerization

at the C-5 position of uronic acids, and N- and O-sulfation provide numerous sources of microheterogeneities. GAGs

assume extended structures in aqueous solutions because of their strong hydrophilic nature based on their extensive

sulfation, which is further exaggerated when they are covalently linked to core proteins. They hold a large number of

water molecules in their molecular domain and occupy enormous hydrodynamic space in solution. A complementary

remarkable property of the GAGs, which is particularly significant in heparan sulfate and heparin, is their capability to

specifically interact with a number of important growth factors and functional proteins. Such interactions are often

crucial to the biological functions of these proteins.

Recent crystallographic elucidations have provided structural information about the binding of some low-

molecular-weight oligosaccharides from GAGs in interactions with proteins. These are chemokines, complement

proteins, extracellular matrix proteins, enzymes, growth factors, and virus. From a database of three-dimensional

structures,43a Table 4 has been set; it summarizes the type of glycoaminoglycan fragments that have been co-

crystallized. Most of them are heparin oligosaccharides.

It has to emphasized that such a fragment as long as hexadecassacharide could be co-crystallized as complexed with

antithrombin and thrombin in a crystal solved at 2.5Å resolution. This is by far the largest oligosaccharide structure

ever solved by X-ray diffraction method (Figure 14).
2.05.4 Crystalline Conformations of Polysaccharides

Polysaccharides form the most abundant and diverse family of biopolymers. With several hundreds of known

examples, they offer a great diversity of chemical structures ranging from simple linear homopolymers to branched



Table 4 Crystal structures of Glycosaminoglycan-protein complexes along with their reference code according to the

Protein Data Base

Hyaluronic acid [!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!]n

Chondroitin/Dermatan [!4)-b-D-GlcpA-(1!3)-b-D-GalpNAc-(1!]n

Sulfate type [!4)-a-L-IdopA-(1!3)-b-D-GalpNAc-(1!]n

Sulfation at position 2 of IdopA and 4 and 6 of GalpNAc

Keratan sulfate [!3)-b-D-Galp-(1!4)-b-D-GlcpNAc-(1!]n

Sulfation at position 6 of Galp and 6 of GlcpNAc

Heparan sulfate/heparin [!4)-b-D-GlcpA-(1!4)-a-D-GlcpNR-(1!]n

[!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!]n

with R = -COCH3 or SO3
�

Sulfation at position 2 of IdoA and 3 and 6 of GlcpNR

1C82 HA 2 : b-D-GlcpA-(1!3)-b-D-GlcpNAc (2 fragments)

1I8Q HA 2 : b-D-GlcpA-(1!3)-b-D-GlcpNAc

1LOH HA 6 : b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc

1LXK HA 4 : b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc

1LXM HA6: b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc

1N7Q HA 6 : b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc

1N7R HA 6 : b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GlcpNAc

1RWF Chondr 4 : b-D-GlcpA-(1!3)-b-D-GalpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GalpNAc

1RWG Chondr 4 : b-D-GlcpA-(1!3)-b-D-GalpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GalpNAc

1RWH Chondr 4 : b-D-GlcpA-(1!3)-b-D-GalpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GalpNAc

1DBO Chondr 2 : b-D-GlcpA-(1!3)-b-D-GalpNAc þ fragment

1OFM Chondr 4 : b-D-GlcpA-(1!3)-b-D-GalpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GalpNAc (þfragment)

1OJM Chondr 4 : b-D-GlcpA-(1!3)-b-D-GalpNAc-(1!4)-b-D-GlcpA-(1!3)-b-D-GalpNAc (þfragment oligo)

1OJN Chondr 2: b-D-GlcpA-(1!3)-b-D-GalpNAc

1OJO Chondr 2 : b-D-GlcpA-(1!3)-b-D-GalpNAc

1OJP Chondr 2 : b-D-GlcpA-(1!3)-b-D-GalpNAc

1OFL Derma 2: 4 b-D-GlcpA-(1!3)-b-D-GalpNAc4S þ fragment

1XMN He 5 : a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR (2 fragments)

1TB6 Hep 16 SR123781A (16 mer)

1AXM Hep5: a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

2AXM Hep5: a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

1BFB Hep 6 : a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

1BFC Hep 6 : a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

1FQ9 Hep 6 : a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

1E0O Hep 10 :

[a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)]5
1GMN Hep 4 : a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA

a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-

a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-

a-L-IdopA
1GMO a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-

a-D-GlcpNR-(1!4)-a-L-IdopA
a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

1XT3 Hep 6 : a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR

1QQP Hep 5 : a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA-(1!4)-a-D-GlcpNR-(1!4)-a-L-IdopA
1ZAA Hep 5 : Synthetic Heparin Pentasaccharide

2BRS Hep 2 : a-L-IdopA-(1!4)-a-D-GlcpNR

212 Oligosaccharide and Polysaccharide Conformations by Diffraction Methods
heteropolymers, having repeating units that consist of up to octasaccharides. Simple polysaccharides, with a repeating

structure composed of monosaccharides, are used to store energy, as in starch, glycogen, locust bean gum, and guar

gum. Carbohydrate functions are not limited to the storage or production of energy. Cellulose, a simple polymer of

glucose, is an essential constituent of plant cell walls. It generates hard and solid elements in the form of tough fibers.

The plasticity of the cell wall is further regulated via hydrated cross-linked three-dimensional networks where



Figure 14 Three-dimensional structure of a heparin hexadecasaccharide in the crystalline tertiary complex antithrombin–

thrombin–heparin.22

Oligosaccharide and Polysaccharide Conformations by Diffraction Methods 213
polysaccharides such as pectins play a key function. In marine species, carbohydrate polymers such as agar, alginates,

and carrageenans play a similar role. Other polysaccharides create viscous extracellular layers around bacteria. In the

animal kingdom, the family of GAGs (hyaluronate, chondroitin sulfate, dermatan sulfate, heparan sulfate, etc.) plays a

key role in governing the solution properties of some physiological fluids as well as participating in the structural

buildup of the intercellular matrix.

In order to understand the molecular basis of the native arrangements of polysaccharides as well as relating their

properties and functions to their structures, their different levels of structural organization must be determined. As

with other macromolecules, the elucidation of the primary structure (the covalent sequence of monomeric units along

with the respective glycosidic linkages) is a prerequisite. Polysaccharides may also be branched, which is a unique

feature among naturally occurring macromolecules. Depending on their primary structures, polysaccharide chains

adopt characteristic shapes such as ribbons, extended helices, hollow helices, etc., which characterize their secondary

structures. Biosynthesis may also result in the formation of multiple helices. Some of these features may persist locally

in the diluted state and may be directly responsible for the solution properties of some polysaccharides. Evidently, the

characterization of the overall shape of the random coil in terms of end-to-end distances, persistence lengths, and

radius of gyration is required. Energetically favored interactions between chains of well-defined secondary structures

result in ordered organizations known as tertiary structures. These may also result from biogenesis where polymerization

and crystallization are often concomitant. A higher level of organization involving further associations between thesewell-

structured entities will result in quaternary structures.

Unlike globular proteins, the length in polysaccharide chains is not fixed, but can vary, often widely, from one

molecule to another, and an average molecular weight or molecular weight distribution must be considered.

In polysaccharides, one end of the chain has the reducing character of monosaccharides and the other end is

nonreducing. The determination of the relative orientation of such polar chains in crystalline or semicrystalline

structures has been a central theme in the field of polysaccharide crystallography.
2.05.4.1 X-Ray Fiber Diffraction of Polysaccharides

The most important method for the structure determination of crystalline polysaccharides is X-ray fiber diffraction.

Diffraction from well-ordered three-dimensional single crystals provides the most detailed information; it should be

recognized that fibers do have certain advantages over single crystals. It has been observed that linear polysaccharides

prefer to exist as long helices rather than more convoluted structures. A fibrillar sample may be a more relevant

environment for biological macromolecules, as it can accommodate, without loss of order, changes in polymer structure

and conformational flexibility that would destroy order in a single crystal.21 Besides, the native organization of several

polysaccharides occur in a fibrillar form and it is therefore quite relevant to investigate the structural results of

concomitant biosynthesis and crystallization. As for other types of polysaccharides, one can usually, after dissolution,

produce samples, in which helical macromolecules are aligned with their long axes, parallel or antiparallel (by

convention, this is the c-direction). Further lateral organization may occur, but rarely to the degree of a three-

dimensionally-ordered single crystal.
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2.05.4.2 X-Ray Fiber Diffraction and the Use of Synchrotron and Neutron Radiation

X-ray diffraction patterns obtained from fibrillar samples do not provide sufficient experimental information to resolve

the crystallographic structure unambiguously. Indeed, a fiber is composed of an assembly of crystallites having a

common axis but random orientation. To this source of disorder there needs to be added one arising from the

disorientation of the chains in the interior of the crystallite domains along with their small dimensions. These various

sources of disorder are the origin of the low number of reflections found in fiber diagrams. Many helical polysaccha-

rides yield no more than 50 independent X-ray reflections that can be used to determine the molecular geometry of

the crystallographic asymmetric unit (see Figure 15). On these diffraction patterns, the reflections are distributed in

horizontal rows the spacing of which corresponds to the fiber repeat when the polymer axis is parallel to the fiber axis.

Thus, this periodicity is a geometric parameter that can be determined unambiguously from a fiber diagram and this

usually corresponds to the c-dimension of the unit cell. Systematic absences of (00l) reflections also provide informa-

tion about the helical symmetry of the polymer chain. The possibility of unambiguous determination of the other unit

cell parameters as well as systematic absences in all the reciprocal space, and therefore the assignment of the space

group, depends on the ability to index the observed reflections which, in turn, depends on the quality of the samples.

Also, the orientations of the individual chains (parallel or antiparallel) sometimes cannot be determined unambigu-

ously. Not only single-helical structures are seen in the crystalline state, some polysaccharides form, in gels and more

ordered states, double or even triple helices. These multiple helices make the interpretation of the diffraction patterns

even more difficult; the same pattern might be explained by both single- and double-helical models.

In contrast to other macromolecules, the diffraction data that can be obtained from polysaccharides are not sufficient

to permit crystal structure determination based on the data alone. A modeling technique must be used which allows

the calculation of diffraction intensities from various models for comparison with the observed intensities. 41,43 The
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Figure 15 Fibrillar samples and the corresponding fiber diffraction patterns. An assembly of randomly oriented micro-
crystallites diffracts to produce a series of concentric rings. An assembly of partially oriented blocks of microcrystallites

diffracts to produce large arcs. An aggregate of microcrystallites whose long axes are parallel, but randomly oriented,

diffract to produce a series of layer lines. A polycrystalline and preferentially oriented specimen diffracts to give Bragg

reflections on layer lines. The meridonial reflection on the layer line indicates the helix symmetry. Reproduced from
Chandrasekaran, R. Molecular architecture of polysaccharide helices in oriented fibers. Adv. Carbohydr. Chem. Biochem.

1997, 52, 312–439.8
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first, computer-assisted and reasonably detailed structure analysis of a polysaccharide was completed more than

20 years ago. Now the number of apparently successful structure solutions of polysaccharides exceeds 100, counting

all polymorphs, variants, derivatives, and complexes.8,28 The joint use of molecular modeling and diffraction techni-

ques has been invaluable in the quantitative elucidation of crystal and molecular structures.36
2.05.4.3 Electron Diffraction of Polysaccharides

As with many other stereoregular polymers, simple linear polysaccharides, once dissolved and recrystallized, can yield

single crystals (see Figure 8). In other instances, crystalline arrangement of polysaccharides occurs as concomitant to

biosynthesis, as in cellulose, starch, chitin, etc. In many cases, polysaccharides crystallize with the incorporation of

water or other solvent molecules.29 In most cases, a well-defined morphology is obtained, the most common being

plate-like. These thin lamellar surfaces have lateral dimensions of several micrometers for only a few tenths of an

angström in thickness. Crystalline domains of such dimensions are well suited for examination by transmission

electron microscopy in both imaging and diffraction modes.32 A problem frequently encountered when studying

crystalline biopolymers with the electron microscope relates to the vacuum dehydration of the specimen when

inserted in the instrument column. This is particularly critical when water or solvent is part of the crystalline structure.

In such instances, total or partial decrystallization takes place, in a matter of minutes, accompanied by drastic distortion

of the sample. Several methods have been developed whereby the sample is either viewed inside a hydration

chamber or quenched in a cryogenic bath prior to insertion into the electron microscope. In these instances, the

observations are performed at a temperature close to that of boiling liquid nitrogen, where the water of crystallization is

stable in high vacuum. With such a technique, frozen wet electron diffractograms are readily recorded (Figure 16).31
2.05.4.4 Selected Example: The Crystalline Structure of Native Celluloses

Cellulose, the most abundant renewable material on earth, is biosynthesized by polymerization of glucosyl residues at

the cell membrane by an ordered synthase complex, followed by assembly of the extended parallel chains into

nanometer-thick crystalline domains. Despite almost one century of X-ray fiber diffraction studies, many of the

structural details of cellulose remain unclear, and conflicting crystalline models have been reported. The structural

elucidation is complicated due to the observation that the microfibrils consist of a mixture of two crystal forms, Ia
and Ib. These crystalline phases can occur in variable proportions according to the source of the cellulose. The

celluloses produced by primitive organisms (bacteria, algae, etc.) are enriched in the Ia phase, whereas the cellulose

of higher plants (woody tissues, cotton, ramie, etc.) consists mainly of the Ib phase. Study of the cellulose of

the outer membrane of marine animals showed that this is uniquely composed of the Ib phase. Hence, this cellulose
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Figure 16 Single crystal diffraction electron-diagram of A starch. Double helices parallel to main axis of the crystals.
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may be considered to be the standard for the Ib phase. Cellulose from Glaucocystis has been shown to consist of

essentially cellulose Ia. The discovery of the crystalline dimorphism of cellulose was the starting point for a number

of research projects, the aim of which was to evaluate the properties of each allomorph and procedures for their

interconversion.

The elucidation of the structure of cellulose I, in light of this dimorphism, awaited the development of new

structural tools, such as those provided by synchrotron and neutron techniques. To achieve this, methods have

been developed for deuteriation of the intracrystalline regions of native cellulose without affecting the overall

structural integrity.24 The neutron diffraction diagrams obtained in these studies are presented in Figure 17 for

cellulose I. These fiber diffraction diagrams are recorded at a resolution of 0.9Å, and several hundred independent

diffraction spots can be measured offering the promise of the establishment of unambiguous three-dimensional

structures. The deuterated fibers give high-resolution neutron diffraction patterns with intensities that are substan-

tially different from the intensities observed on neutron diffraction patterns obtained from hydrogenated fibers

(Figure 17).

The crystal structure and hydrogen-bonding system in cellulose Ib was elucidated by the combined use of

synchrotron X-ray and neutron fiber diffraction.26 Oriented fibrous samples were prepared by aligning cellulose

microcrystals from tunicin, reconstituted into oriented films. These samples diffracted both synchrotron X-rays and

neutron to better than 1Å resolution, yielding more than 300 unique reflections and an unambiguous assignment of

the monoclinic unit cell dimensions (a¼7.784Å, b¼8.201Å, c¼10.380Å, g¼96.5�) in the space group P21. The X-ray

data were used to determine the C- and O-atom positions. The positions of hydrogen atoms involved in hydrogen

bonding were determined from Fourier-difference analysis using neutron diffraction data collected from hydrogen-

ated and deuterated samples (Figure 18).

The crystal and molecular structures of the cellulose Ia allomorph have been established using synchrotron and

neutron diffraction data recorded from oriented samples, fibrous samples prepared by aligning cellulose microcrystlas

from the cell wall of fresh water alga Glaucocystis nostochinearum.25 The X-ray data recorded at 1Å resolution were used

to determine the C- and O-atom positions. The position of hydrogen atoms involved in hydrogen bonding was

determined from a Fourier difference analysis using neutron diffraction data collected from hydrogenated and

deuterated samples. The resulting structure is a one-chain triclinic unit cell of dimensions: a¼6.717Å, b¼5.962Å,
c¼10.400Å, a¼118.08�, b¼114.80�, g¼80.37�, space group P1. The crystalline structure consists of a parallel chain

arrangement of the ‘parallel-up’ type packed in very efficient way, the density being 1.61. Contiguous residues along

the chain axis adopt a conformation remarkably close to a twofold screw, which is not required by the space group

symmetry; all the hydroxymethyl groups being in a trans-gauche conformation. The occurrence of the intrachain

hydrogen bond O3. . .O5 is found all over the structure with an alternation of two slightly different geometries. The

hydrogen bonds associated with O2 and O6 are distributed between a number of partially occupied, but still well-

defined positions. As with cellulose Ib, these partially occupied positions can be described by two mutually exclusive

hydrogen-bonding networks, and there is no hint of intersheet O–H. . .O hydrogen bonds (Figure 19).
OH-cellulose 1b OD-cellulose 1b

Figure 17 Fiber diffraction pattern of deuterated cellulose Ib extracted from Halocynthi roretzi as recorded from neutron

and X-ray diffraction.26
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Figure 19 Three-dimensional representation of the crystalline arrangement of the cellulose chains, in allormorphs Ia and
Ib, along with a putative model of the mechanism involved in the allomorphic transition. Reproduced from Nishiyama, Y.;

Langan, P.; Chanzy, H. Crystal structure and hydrogen-bonding system in cellulose Ib from synchrotron X-ray and neutron

fiber diffraction. J. Am. Chem. Soc. 2002, 124, 9074–9082; Nishiyama, Y.; Sugiyama, J.; Chanzy, H.; Langan, P. Crystal

structure and hydrogen bonding system in cellulose Ialpha from synchrotron X-ray and neutron fiber diffraction. J. Am.
Chem. Soc. 2003, 125, 14300–14306; and depicted at Ref. 43a.

Figure 18 Details of some geometrical features found in the crystal structure of cellulose Ib by combining observed
structure factor amplitude from deuterated-Ib and hydrogenous cellulose-Ib, respectively. The skeletal model represents

the cellulose chains. The difference density is shown at two contour levels in blue and pink. The position of the D atom

associated with the secondary hydroxyl group at O3 is clearly indicated. The D atoms associated with primary O6 and

secondary O2 hydroxyl groups are also located, albeit with less definition.26
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These combined synchrotron X-ray and neutron studies have provided definite crystallographic structures for

native cellulose polymorphs. They have also provided some explanations to the relationship between the macromo-

lecular arrangement and the observed crystalline morphologies, along with the proposal of the mechanism that allows

for the occurrence of two different polymorphs within the same microfibrils. These structural resolutions have also

uncovered some unexpected features and raised some questions that would require the use of complementary

methods to be elucidated. On a more general ground, it must be emphasized that the combination of different

methods such as imaging, diffraction, and spectroscopic techniques (scanning and transmission electron microscopy,

electron, neutron and X-ray diffraction, as well as 13C solid-state NMR spectroscopy) is providing a general and

consistent understanding between the structure of crystalline polysaccharides, and their morphologies.38 This is of

particular interest when applied to the characterization of native arrangements which result from the concomitance of

biosynthesis and crystallization.
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2.05.5 Conclusions

The content of this chapter provides essential information to initiate the general reader into the world of oligosaccha-

ride and polysaccharide three-dimensional structures as derived from diffraction methods. Oligosaccharide structure,

numeric data, and detailed reference lists have been presented, which may be useful to those directly involved in

structural glycoscience. Some key conformational features of oligosaccharides have been dissected using the disac-

charide moiety as a basic reference entity. This allowed us to provide a useful classification, both of the disaccharides

and their analogs. Some of the general rules which dictate the formation of hydrogen bonding and packing patterns in

crystalline oligosaccharides have been presented. They provide an efficient template to decipher those very complex

structures. It must certainly be emphasized that despite the wealth of potential structural information available, there

is a lack of comprehensive investigation of the molecular principles underlying the formation of oligosaccharide

crystals. The issues related to the understanding of crystalline polymorphism along with the relationship between

crystal packing and crystalline morphology should certainly represent a future line of research.

There has been a significant stagnation of the number of oligosaccharide structure analyses reported over the last

decade. Usually, the minute amount of available pure oligosaccharides along with their natural reluctance to crystallize

in a form suitable for X-ray diffraction studies may explain such stagnation. Advances in the synthesis or biosynthesis

of carbohydrates, along with their large-scale productions, as well as development in X-ray diffraction sources will be

sufficient to overcome the paucity of structural and crystalline data on oligosaccharides. Interest is focusing on the

more complex carbohydrate molecules, as diffraction methods extend to the field of protein–carbohydrate complex.

Such a field benefits from the development of methods for crystallizing these protein-based complexes as well as from

the rapid progresses arising from the use of synchrotron radiation which are providing access to highly resolved

structures. The conjunction of these new developments is yielding exciting new results as the number of complex

oligosaccharide fragments as part of macromolecular complexes is now overgrowing those derived from conventional

molecular crystallography. As for the class of polysaccharides, conventional X-ray fiber diffraction and electron

diffraction methods are also benefiting from methodological developments. The area of solid-state deuteration and

its application to neutron scattering yields a unique type of structural information. The extreme brightness of

synchrotron X-ray beams and the concomitant advances in microfocus technology opens up completely new field of

applications in the area of structures and dynamics of biological reactions. Without any doubt, glycosciences would

benefit from such developments as glycobiological materials would be closely scrutinized at several levels of structural

organization to reveal the secrets behind their remarkable functions and properties.
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2.06.1 Introduction

Structural glycobiology started in the 1970s when several groups competed to determine the crystal structure of

concanavalin A. Since this early work, a wide range of structural data have become available for lectins, carbohydrate-

processing enzymes and glycosyltransferases. Of these three classes, the lectins have beyond doubt proved to be the

most diverse group of proteins. This should not come as a surprise as the definition for a lectin is very broad: a protein

of nonimmune origin that binds carbohydrates without enzymatically altering them. Thus, lectins are as broad a class

of proteins as are, for example, DNA-binding proteins. Lectins have been found in all kingdoms of life and carry out a

variety of tasks that involve sugar recognition. These include a role in pathogenesis for viral and bacterial lectins,

biofilm formation in the case of Pseudomonas. They act as defense proteins and storage proteins in plants, protect

against predation and may assist in the symbiosis with nitrogen-fixating Rhizobium species. In animals, several lectin

families act as chaperones and are implied in sorting and transporting of glycoproteins. Other animal lectins play a role

in the immune system or in development.

From this list it becomes clear that one can at most produce a momentary and anecdotal overview of lectin classes and

folds. We attempt an in-depth description of a number of well-documented classes for which a significant number of

structures, complexes, and binding data have accumulated. Aspects of conservation and divergence of recognition will be

addressed. Insights in modes of recognition of single carbohydrate monomers versus more extended structures and of

recognition of flexible carbohydrates versus more rigid oligomers will be contrasted and discussed.
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2.06.2 The Legume Lectin Family

For a very long time, most of our knowledge on protein–carbohydrate recognition was based on work on plant lectins,

and the legume lectin family in particular. The legume lectins are a family of carbohydrate-binding proteins found

mainly in the seeds of legume plants. Their biological activities include a combination of plant defense and a role as

storage proteins. These proteins have the enormous advantage that very large amounts of them can be purified with

minimal effort. Given the usual low affinities of lectins for their ligands (micromolar range in most cases), the

availability of gram quantities opens up the possibility for thermodynamic analysis, which is often not possible even

with current state-of-the-art recombinant expression technologies. It should therefore not come as a surprise that

many principles of protein–carbohydrate recognition were discovered first for legume lectin family members.

Among all known lectin families, the legume lectins show the largest variety of mono- and oligosaccharide

specificity. As is a general feature among other lectin families as well, legume lectins contain a core primary (or

monosaccharide) binding site that may extend toward one or more subsites. Thus, these lectins can be classified based

on the specificity of this primary binding site. Most often (but not always), the monosaccharides that can bind to the

primary binding site correspond to the minimal ligand that can inhibit hemagglutination.

For all different monosaccharide specificities (mannose, N-acetylglucosamine, galactose, N-acetylgalactosamine and

fucose), crystal structures of sugar complexes are available.1–16 The observed binding modes for these monosaccha-

rides are summarized in Figure 1. The monosaccharide binding site consists of four loops (termed A–D) that contain

four highly conserved residues: an aspartate (in loop A), a glycine (in loop B), an asparagine (in loop C), and an aromatic

residue (in loop C). These four residues form a set of core interactions with the bound monosaccharide.17–18

Surrounding these conserved residues is a perimeter of high variability.19 Most of this variability resides in loop D

and to a lesser extent in loop C. A very good correlation was found between monosaccharide specificity and the length

and conformation of loop D.18 The four loops A–D adopt a limited number of conformations, and in this sense the

binding site is reminiscent of the CDR loops of antibodies.

The carbohydrate-binding site of legume lectins is adjacent to a double metal-binding site. Although the sugar

ligands do not directly coordinate to the metal ions, the latter are crucial for the correct conformation of the loops that

constitute the carbohydrate-binding site. For two lectins, con A and PAL, the influence of the metal ions on protein

structure and activity has been studied in detail. In the case of con A, loss of the metal ions leads to large

conformational changes involving all four loops of the carbohydrate-binding site and include the cis-to-trans isomeri-

zation of a nonproline peptide bond, resulting in a completely inactive conformation.20 In the case of PAL and GSI-B4,

on the other hand, conformational changes are restricted to the metal-binding loop.21,22 A large part of the primary

binding site remains intact and is still capable of binding sugars, albeit with lower affinity. The subsites that build

heavily on the conformation of the metal-binding loop are destroyed.

Most legume lectins show specificity for particular oligosaccharides and have subsites adjacent to the monosaccharide-

binding site. These subsites again constitute residues coming from the four loops A–D as well as from a fifth loop E.

As a result, the specificities of the primary binding site and the subsites are entangled. This is nicely illustrated with

the example of the seed lectin fromDolichos biflorus.6 This lectin strongly prefersN-acetylgalactosamine over galactose

in its primary binding site and has its highest affinity for the Forsmann disaccharide GalNAc(a1-3)GalNAc. The

preference for GalNAc over Gal stems from the substitution of the generally conserved aromatic residue in the primary

binding site by a smaller aliphatic leucine (Leu127). The favorable interactions that are lost due to this substitution result

in only a weak binding of Gal. In the case of GalNAc, the presence of the N-acetyl group compensates this loss by

additional interactions with two close-by aromatic side chains and an additional hydrogen bond. In the case of the

Forsmann disaccharide, the nonreducing GalNAc binds in the primary binding site while the reducing GalNAc makes

its most prominent interactions with its N-acetyl group. These interactions, however, require a rather short side chain

such as Leu at position 127. A larger aromatic side chain as is found in most legume lectins would lead to severe steric

clashes.

As already mentioned, the affinity of legume lectins for their carbohydrate ligands is in general quite low.

Monosaccharides typically bind with millimolar affinities while for some oligosaccharides this can improve to

the micromolar range.4,23–29 Compared to most other biologically relevant recognition events (e.g., protein:DNA,

antibody:antigen), these affinities are very low indeed. Biologically relevant interactions are nevertheless made due to

the multivalence of the lectin and the carbohydrates it is designed to recognize.

It is a distinct possibility that these low affinities are by design. Carbohydrates are molecules that may be difficult

to distinguish from each other due to the paucity of functional groups. They are indeed dominated by a single

functional group, the hydroxyl group. Together with their inherent flexibility, a situation is created that makes it

difficult to correctly distinguish between sometimes unrelated carbohydrates. A nice example here comes from
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Figure 1 Monosaccharide recognition by legume lectins. Stereo views of the monosaccharide binding sites of five legume
lectins of different specificity shown with the conserved residues in ball-and-stick, the bound carbohydrate in green and the

variable loop D shown in cartoon representation. Hydrogen bonds are indicated by dotted lines. a, Lathyrus ochrus lectin in

complex with mannose (PDB entry 1LOB). b, Erythrina corallodendron lectin in complex with galactose (PDB 1AXZ). c, An

alternative binding mode of galactose as observed in the complex betweenMaackia amurensis leuko-agglutinin complexed
with sialyllactose (PDB 1DBN). d, Ulex europeaus lectin I in complex with fucose (PDB 1JXN). e, Ulex europeaus lectin II in

complex with N-acetylglucosamine (PDB 1QOO).
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lectin II from Ulex europeaus (Figure 2).9 This lectin has its highest affinity for two unrelated carbohydrates: N,

N 0-diacetylchitobiose (GlcNAc(b1-4)GlcNAc) and fucosyllactose (Fuc(a1-2)Gal(b1-4)Glc). In both cases an equiva-

lent set of hydrogen bonds is generated using a set of hydroxyl groups from both sugars that mimic each other.

When enhancing affinity does not help, selecting on multivalency might. Indeed, it is easy to distinguish between

multivalent ligands on the basis of epitope spacing and orientation. The lectin can do this by changing the relative

positions and orientations of its binding site. Again the legume lectin family forms a very fine example, as it has

provided a wealth of quaternary associations unmatched by any other protein family.1–17,30,31 The use of multivalency,

however, may come at a cost: the avidity for the ligand may become so high that binding becomes irreversible. A low

affinity for monovalent ligands may thus be a prerequisite to prevent too tight an interaction.
2.06.3 Lectins Involved in Glycoprotein Sorting and Trafficking

Secretory and membrane proteins are synthesized as glycoproteins that undergo a rigorous quality control process to

ensure proper folding and oligomerization.32,33 Calnexin and calreticulin serve as molecular chaperones in the

endoplasmatic reticulum of eukaryotic cells. Yos9p binds aberrant glycoproteins in the endoplasmatic reticulum and

targets them for destruction via the ER-associated protein degradation pathway (ERAD). They are ubiquitinilated by



Figure 3 Calnexin. a, Overall structure of calnexin showing the globular domain with a legume lectin-like b-sandwich

fold and the extended P-domain thought to embrace the glycoprotein substrate (PDB 1JHN). b, Closeup view of the
carbohydrate-binding binding site with a glucose molecule (green) modeled into it according to the description in refer-

ence 35. Selected residues are labeled.
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a glycoprotein-specific ubiquitin ligase complex, which serves as a tag for proteolytic degradation. Correctly folded

and assembled glycoproteins become cargo for Ergic53 and Vip36. Ergic53 cycles between the endoplasmatic

reticulum and the Golgi complex while Vip36 cycles between the Golgi and the plasma membrane.
2.06.3.1 Calnexin and Calreticulin

Calnexin and calreticulin are two chaperones that promote the folding and oligomeric assembly of the majority of

newly synthesized glycoproteins in the endoplasmatic reticulum of eukaryotic cells.34 Calnexin is an integral

membrane protein while calreticulin is a soluble homolog. The luminal part of calnexin consists of a b-sandwich
lectin domain from which a very long curved hairpin structure (called the P-domain) extends (Figure 3a).35 The

P-domain consists of a proline-rich tandem sequence and is thought to wrap around the protein substrate. This is

mimicked in the crystal structure of calnexin where the P-domain of one molecule wraps around the lectin domain of a

symmetry-related neighbor. Despite its extended structure, the P-domain remains largely folded in absence of a

bound glycoprotein substrate as was demonstrated by NMR spectroscopy.36 The globular lectin domain requires Ca2þ

and Mg2þ-ATP for its activity, Ca2þ-binding resulting in a conformational change or structuring of the protein. The

Ca2þ-binding site is, however, located far away from the carbohydrate-binding site, on the opposite side of the lectin

domain. Glucose binds to a site on the concave b-sheet of the lectin domain consisting of a series of side chain groups

belonging to beta strands b7 and b9 (Figure 3b). The natural ligand of calnexin is Glc1Man9 and it is suggested that

mannose-binding subsites are located along beta strands b7 and b9 that extent from the glucose in the primary binding

site. A crystal structure of a larger oligosaccharide complex to confirm this proposition still remains lacking.

The lectin domain of calnexin has a legume lectin fold. Nevertheless, an evolutionary relationship between

calnexin and legume lectins is unlikely. There is no detectable sequence similarity and the architectures of the

carbohydrate-binding sites are entirely different. It seems that the legume lectin fold has been re-invented on several

occasions in the context of carbohydrate recognition as it is also observed in the galectins and pentraxins. Also,

a number of bacterial carbohydrate-processing enzymes such as glucanases and sialidases adopt the same fold, and

each time the binding site architecture is different. The calcium-binding site of calnexin is also unrelated to the

calcium-binding site of the legume lectins.
2.06.3.2 Ergic53 and Vip36

The crystal structure of Ergic53 reveals this lectin to be evolutionarily related to the legume lectin family.37,38 Besides

having a very similar fold, the topology of the carbohydrate-binding site is conserved (Figure 4). As the lectins from

legume plants, the primary binding site contains the conserved cis-Asp (Asp129), the conserved aromatic residue



Figure 4 ERGIC53. a, Overall structure of the carbohydrate-binding domain of ERGIC53 from rat (PDB 1RIZ). The two

calcium ions are shown as blue spheres. b, Closeup view of the carbohydrate and calcium binding sites of ERGIC 53.

c, Comparable view of the carbohydrate-binding site of Pterocarpus angolensis lectin (PAL; PDB 1UKG) with a bound
mannose molecule (green). Both binding sites are very similar, the only notable difference being a histidine side chain in

ERGIC53 replacing the role of the backbone NH group of Gly226 in PAL. Calcium ions are shown as blue spheres, water

molecules as small red spheres. Hydrogen bonds are represented as dotted lines.
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(Phe162), and the conserved asparagine (Asn164). The conserved glycine that contributes a hydrogen bond to the

bound carbohydrate with its backbone NH group is, however, absent. It is structurally replaced by a histidine side

chain (His186). Most striking is the conformation of the specificity loop D, which has an identical conformation as in

theMan/Glc-specific legume lectins, confirming the relationship between the structure of this loop and the specificity

of the primary binding site in the legume lectin family.

Ergic53, like the legume lectins, is a metalloprotein. It lacks the transition metal ion binding site found in the classic

legume lectins but retains the calcium binding site. Removal of the calcium ion leads to structural changes that closely

resemble those observed in the lectin from P. angolensis: a conformational change in the metal binding loop but

retention of the cis-Asp conformation as well as the conformation of the specificity loop.22,38 Strikingly, the residue that

is proposed to determine the cis versus trans conformation in the metal-free state is a histidine as it is in the P. angolensis

lectin, confirming the role of this residue as the determinant of an intramolecular cis/trans switch.22,38
2.06.3.3 Mannose-6-Phosphate Receptors and Yos9p

The cation-dependent (CD-MPR) and cation-independent (CI-MPR) mannose-6-phosphate receptors (also called

P-type lectins) are integral type I membrane proteins that ensure the targeting of acid hydrolases to the lysosomes.39

For CD-MPR, a 46kDA protein with a single extracytoplasmic carbohydrate-binding domain, this is its only known

function. CI-MPR, on the other hand, is a much larger, 300kDA, membrane protein that is implicated in a large

number of functions. Transport of acid hydrolases, however, is the best characterized. CI-MPR contains a repeat of 15

domains homologous to the carbohydrate-binding domain of CD-MPR. Only two of those, domains 3 and 9, bind

carbohydrates. The remaining domains are implicated in a variety of other functions. Crystal structures are available

for the carbohydrate recognition domain of CD-MPR and for domain 3 of CI-MPR.40–43 They show a common beta

sandwich fold and a conserved binding site for mannose-6-phospate (Figure 5). For CD-MPR, the conformation of

the protein is influenced by pH, favoring a conformation most suitable for ligand binding at high pH.44 At low pH in

the late endosomal compartment bound acid hydrolases are released. This conformational change together with a

rather deep binding pocket for phosphomannosyl residues is unique for P-type lectins and explains their unusually

high (1nM) affinity for their native ligands.

Related to CD-MPR and CI-MPR is Yos9p, a soluble glycoprotein involved in ERAD. Yos9p acts as a quality control

device that recognizes misfolded glycoproteins and targets them to the ERAD pathway.45–47 Like calnexin and

calreticulin, Yos9p contains both a carbohydrate-binding site as well as a binding site that senses non-native protein

regions. The carbohydrate-binding site recognizes trimmed oligomannose structures and is located on a lectin domain

that is homologous to CD-MPR and CI-MPR. In absence of a crystal structure, neither the structural basis of its

carbohydrate specificity nor its mode of recognition of non-native protein surfaces are well understood.



Figure 5 Mannose-6-phosphate receptor. a, Cartoon diagram of the overall fold of the cation-dependent mannose-6-

phosphate receptor (PDB 1C39). The Mn2þ ion is shown as a blue sphere. A bound trimannose-phosphate molecule is
depicted in green. b, Binding site for mannose-6-phosphate in the cation-dependent mannose-6-phosphate receptor. The

carbohydrate is shown in green and hydrogen bonds are drawn as thin lines. c, Equivalent view of the carbohydrate-binding

site of the cation-independent mannose-6-phosphate receptor (PDB 1SYO).

Figure 6 Fbs1 is related to xylanase 10A. Cartoon diagram showing the fold of the carbohydrate-binding domain Fbs1

(left; PDB 1UMI) and the family 4 carbohydrate-binding module Rhodothermus marinus (right; PDB 1K45). Both domains

share �20% sequence identity. The chitobiose molecule bound to Fbs1 is shown in green.
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2.06.3.4 F-Box Sugar Recognition by Ubiquitin Ligase SCFFbs1

After retrograde transfer of improperly folded glycoproteins through the ER, they are marked for degradation by

ubiquitinilation. This ubiquitinilation is mediated by SCFFbs1, an E3 ubiquitin ligase complex that acts solely on

N-linked glycoproteins.48–49 This is a multiprotein complex that contains an F-box protein (Fbs1) that recognizes

high-mannose-type oligosaccharides.

The carbohydrate-binding domain of Fbs1 consists of a 10-stranded antiparallel b-sandwich, unrelated to

the substrate binding domains of other F-box proteins such as CDC4 and Skp2 but resembling certain xylanases

(Figure 6).50 Binding of the N,N 0-diacetylchitobiose stem of high-mannose-type oligosaccharides is mediated by

residues from 2 loop regions and involves extensive hydrophobic contacts with three aromatic residues (Trp280,

Tyr279, and Phe177) and only two direct hydrogen bonds. Further subsites for mannose residues involve a third loop

as evidenced from NMR studies.
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2.06.4 C-Type Lectin Domains

2.06.4.1 Occurrence of C-Type Lectin Domains

C-type lectins (CTLs) were originally defined as proteins containing a characteristic carbohydrate recognition domain

(CRD) allowing the binding of sugars in a calcium-dependent way. Since then, on the basis of sequence and structural

comparisons, we now refer to C-type lectin-like domains (CTLDs). Indeed, whereas the first members described

strictly were lectins, many of the CTLDs are not carbohydrate-binding proteins51,52 and some CTLDs do not require

calcium for carbohydrate-binding activity. More than a thousand members have been identified as belonging to the

superfamily of CTLDs. It constitutes the seventh most abundant protein family in Caenorhabditis elegans.53

C-type lectins are extracellular proteins in Metazoa. They function as important recognition domains for oligosac-

charides at cell surfaces, in the extracellular matrix and on circulating proteins. They are implicated in many and

diverse biological contexts such as cell–cell recognition, serum glycoprotein turnover, and in the immune system.54,55

For example, the selectins function as cell-adhesion molecules for white blood cells while DC-SIGN and L-SIGN

participate in antigen presentation. A number of C-type lectins of the collectin type, for example, mannose-binding

protein (MBP), are central in the innate immune response whereas the macrophage mannose receptor operates in

pathogen internalization.

Also a significant number of non-Metazoan CTLDs have been recognized, in particular in parasitic bacteria and

viruses. They act as toxins and outer membrane adhesion proteins (e.g., pertussis toxin56 or intimin from enteropatho-

genic E. coli).57 Their evolutionary relationship to the animal C-type lectins remains unclear and it has been suggested

that they either are hijacked host proteins or result from mimicry of host proteins.

In C-type lectins the CTLDs are often organized in an extended structure of different types of protein modules

(Figure 7). For example, the mannose receptor found on endothelial cells and liver Kupffer cells presents eight

potential CTLDs with an additional ricin-like lectin domain at the N-terminus.58 Selectins, on the other hand, contain

a single CTLD adjacent to an epidermal growth factor (EGF)-like domain followed by a series of short consensus

repeat called Sushi-modules.55 In the collectins, several identical polypeptides (three in MBP) oligomerize through an

extended tail that forms a collagen-like coiled-coil.59 This latter organization is critical for the association with MBP-

associated serine proteases (MASPs) required for further complement activation.60 The oligomeric geometry of the

carbohydrate-binding sites is also crucial for specificity and affinity of these lectins.
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2.06.4.2 The C-Type Lectin Domain Fold

Structurally, the CTLDs are probably the best-understood animal lectin domains as well as the most diverse. CTLDs

typically are between 110 and 140 amino acids long and contain two antiparallel b-sheets and two a-helices61

(Figure 8). The structure can be divided into two parts consisting of a ‘lower’ part consisting of a vertical three-

stranded b-sheet (strands b1, b5, and b10) and the two helices and an ‘upper’ part consisting of a long loop region

(LLR) and a second b-sheet (strands b2, b3, and b4). The LLR forms the carbohydrate-binding site and contains the

crucial calcium ion involved in carbohydrate binding.

A comparative analysis of structural properties of 37 C-type lectin-like structures indicates that the LLR is a

structurally independent part of canonical CTLDs. It makes the LLR a very flexible unit for adaptive evolution.

Comparison with the hypervariable regions in immunoglobulin-like domains suggests that the CTLD fold can rival

the variability found in antibodies and T-cell receptors.62,63
2.06.4.3 Monosaccharide-Binding Site

Up to four calcium-binding sites have been recognized in CTLDs of which three in the upper lobe that contains the

carbohydrate-binding site.51,52,61 Of those, only a single calcium ion (calcium binding site 2 in the original structure of

the CTLD of rat MBP MBP-A) is relevant for carbohydrate binding. It forms the core of the monosaccharide- (or

primary)-binding site (Figure 9a). Together with residues in the hydrophobic core and four cysteines, the calcium-

binding ligands are the most conserved residues of the CTLDs. In MBP-A from rat four amino acid side chains

coordinate the calcium ion. Concomitantly, these side chains form cooperative hydrogen bonds to the 3- and 4-OH

groups of the boundmannose. The unshared electrons on each hydroxyl function as additional coordination ligands for

the calcium.

Besides the direct interactions between carbohydrate and calcium ion, a number of additional interactions are

observed that account for the monosaccharide specificity of CTLDs.61 The monosaccharide-binding site of MBP-A

contains two motifs that account for these interactions: an ‘EPN’ motif contributed by the LLR and a ‘WND’ motif

contributed byb strandb4. InMBP-A,Glu185 andAsn187 of theEPNmotif hydrogen bond tomannose and are separated

by a highly conserved cis-proline. The WND motif, on the other hand, consists of residues 204–206 and contributes a

highly conserved tryptophane to the hydrophobic core. A fifth acidic side chain (Glu193) completes the intricate network

of interactions between carboxylate/amide bearing side chains, the calcium ion and the recognized monosaccharide.
Figure 8 The C-type lectin domain fold and binding site. In both panels, the carbohydrate (black sticks) and the
coordinating calcium ion (gray sphere) are shown. Secondary structure elements are indicated according to the standard

nomenclature. The long loop region (LLR) around the calcium ion is readily apparent. a, High-mannose-type oligosaccha-

ride bound to rat MBP-A (PDB 2MSB). The position of a GlcNAc residue which shows disordered electron density is

indicated between parentheses. b, Man3GlcNAc2 pentasaccharide bound to DC-SIGN (PDB 1K9I). Unlike MBP-A, which
binds a terminal (a1-6)-linked Man residue, DC-SIGN recognizes internal Man(a1-3)Man linkages.
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Figure 9 Detailed binding modes for a number of monosaccharides in the C-type binding site. In each case, the

coordinating calcium is shown as a gray sphere and hydrogen bonds are indicated by dashed lines. Oxygen atoms are

shown in red, nitrogen atoms in blue. a, The terminal a-D-Man residue of a high-mannose-type oligosaccharide, bound to

MBP-A (PDB 2MSB). b, b-D-Gal1Me bound to the galactose-binding QPDWG mutant of MBP-A (PDB 1AFA). c, D-Gal
bound to TC14 (PDB 1TLG). d, a-D-Man1Me) bound to MBP-C (PDB 1RDM), showing the inverted orientation compared to

MBP-A. e, a-L-Fuc1Me bound to MBP-C (PDB 1RDI). f, D-GlcNAc bound to MBP-C (PDB 1KZD). The van der Waals contact

between the terminal carbon atom of the N-acetyl group and Pro213 is indicated with a finely dashed line.
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Equivalent calcium:hydroxyl interactions are observed in CTLD complexes with other monosaccharides as well.

Key interactions are highly specific for the relative positioning of 3-OH and 4-OH groups. Thus in many instances

D-mannose, D-glucose, and N-acetyl-D-glucosamine are good ligands for the same CTLD but discriminate against the

equatorial, axial combination of, respectively, 3-OH and 4-OH in D-galactose and N-acetyl-D-galactosamine.

The CTLD of the asialoglycoprotein receptor (ASGPR), the very first recognized animal lectin,64 is galactose-

specific and shows a switch of the ‘EPN’ motif toward ‘QPD’. This observation prompted a series of protein

engineering studies that demonstrated that the preference of MBP-A for mannose could be converted to galactose
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by this ‘ENP’ to ‘QPD’ switch (Figure 9b). With the additional point mutation of a histidine (His189) to a

tryptophan (Trp) which stacks onto the galactose B-face and the additional insertion of a five residue glycine-

rich loop, galactose binding by the engineered MBP-A becomes nearly identical with that of the CTLD of

ASGPR.65–67 The predicted structural identity between the redesigned MBP and that of the model ASGPR

was later on confirmed when the crystal structure of the CTLD of ASGPR (H1 subunit of hepatic ASGPR) was

determined and the 33 amino acid stretches forming the galactose binding sites were shown to deviate by an r.m.s.d.

of only 0.6Å.68

Surprisingly, in the galactose-binding C-type lectin TC14 from the tunicate Polyandrocarpa misakiensis the galactose

is rotated 180� as compared to the orientation of galactose in the engineered MBP-A mutant (Figure 9c).69 Clearly, in

the P. misakiensis case, the packing of a tryptophan onto the galactose hydrophobic B-face is the origin of this

orientation. It achieves galactose binding in a calcium-dependent 3-OH, 4-OH coordination system. As compared

to MBP-A modified toward galactose binding, it has the unusual ‘EPS’ rather than ‘ENP’ or ‘QPD’ motif. Further-

more, it has ‘WND’ changed into ‘LDD’. This arrangement leads to an inverted set of H-bond donors and acceptors as

compared to the ‘galactose-MBP-A’ with respect to the monosaccharide HO3-C3-C4-4OH system and shows a

concomitant 180� rotation of the carbohydrate ring.69

The issue of the orientation of the monosaccharides with respect to the protein combining site is quite remarkable

and illustrates our limitations when predicting binding modes and trying to relate structural with thermodynamic

binding data. Indeed, a similar story can be told for MBP-A from serum and MBP-C from liver. Both bind a number of

monosaccharides with vicinal, equatorial hydroxyl groups and share the calcium-mediated monosaccharide binding

pattern. Nevertheless in MBP-C the pyranose ring of mannose is rotated 180� relative to the orientation observed in

the MBP-A complex (Figure 9d).70 As a pseudo-dyad axis relates the vicinal, equatorial groups and the carbons

connected with them, the local H-bonding and coordination scheme is perfectly conserved. Similarly, crystal struc-

tures of MBP-C with GlcNAc(a1-OMe), Fuc(a1-OMe), Fuc(b1-OMe) show a binding mode similar to mannose

(Figure 9e–9f). The C4 conformation of L-fucose matches the chair conformation of D-mannose and D-GlcNAc with

the 2- and 3-OH of the L-sugar adopting the required (þ)-syn-clinal conformation.

Initially MBP-Awas crystallized in the presence of Man6GlcNAc2-Asn and showed a mannose bound in what is now

termed conformation I. TheMBP-C-bound monosaccharides in the reverse orientation correspond to conformation II.

A trimeric MBP-A that crystallized without bound sugar made a large number of soaking experiments with different

monosaccharides possible. From these experiments, it was found that the binding orientation in a series of complexes

became quite variable and even unpredictable: Man(a1-OMe) binds unexpectedly in orientation II while GlcNAc(a1-
OMe) is observed in binding orientations. A systematic study of the binding of monosaccharides to both MBP-A and

MBP-C allows us to conclude that MBP-C systematically binds in orientation II, whereas that toward MBP-A is highly

variable.71 The latter must depend on minor differences and the authors conclude that overall ‘‘the physical basis for

the selectivity is not apparent from the structures.’’71 Although MBP-A and MBP-C show similar specificities for

monosaccharide ligands, it had been documented that they differ in oligosaccharide affinities. MBP-C prefers

trimannosyl core structures while MBP-A binds best to terminal sugars of oligosaccharide chains.72

Structurally, these differences may be attributed to the less restrictive nature of the MBP-C site which can allow

more facile accommodation of nonterminal portions of ligands. In view of the essentially identical monosaccharide

binding energetics, the question may be asked what advantage the opposed binding orientations in the primary

binding site may confer. Possibly, small differences in binding energy may give rise to significant differences when the

interactions become multivalent, thus increasing specificity. Alternatively, the specificity for one binding orientation

may affect the interaction of an oligomeric lectin with the branches of an oligosaccharide chain.

Also in the case of fucose binding, alternative binding modes are observed. In the case of the MBPs, coordination to

the calcium ion occurs through the equatorial 2-OH and 3-OH groups. Thus, fucose and mannose orient in the same

way. On the other hand, in DC-SIGN and the selectins,70,73,74 the 3-OH and 4-OH complete the coordination sphere

of the calcium ion.

In a single case, calcium-independent carbohydrate recognition by a CTLD has been demonstrated. Eosinophil-

granule major basic protein (EMBP) adopts a CTLD fold but lacks the calcium ion as well as the residues normally

coordinating it. EMBP nevertheless binds heparin and heparan sulfate in a specific way using a number of direct

protein:carbohydrate interactions in a region analogous to the calcium-dependent carbohydrate binding site of other

CTLDs.75 This result is in agreement with the previous suggestion that the CTLD fold has been invented indepen-

dently several times during evolution.51 The use of calcium as a mediator for carbohydrate binding in most, but not all,

CTLDs may have a functional role as well. pH-induced loss of calcium from CTLDs in proteins involved in

endocytosis (such as the macrophage mannose receptor and asialoglycoprotein receptor) may lead to ligand release

and recycling.
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2.06.4.4 Extended Oligosaccharide Interactions in DC-SIGN and DC-SIGNR

Like many other lectins, CTLDs can show an increased affinity and specificity for certain oligosaccharides due to the

presence of subsites. The issue of extended and or secondary oligosaccharide-binding sites has been scrutinized in

depth in the case of the CRD for DC-SIGN and DC-SIGNR. These proteins are involved as receptors in the early

recognition of pathogens by dendritic cells and mediate adhesion of T-cells scanning the dentritic cell surface for

peptide antigens. In biochemical binding studies, it was demonstrated that the CTLDs of DC-SIGN and DC-SIGNR

show respectively 130- and 17-fold increases in affinity for the Man9GlcNAc2 oligosaccharide as compared to the

monosaccharide mannose.76 DC-SIGN and DC-SIGNR are capable of recognizing internal mannose residues,

favoring binding of endogenous glycans on T-cells or on HIV and on Ebola virus envelopes.

The existence of an extended binding site in DC-SIGN and DC-SIGNR is indeed confirmed by the crystal

structures of their complexes with the pentasaccharide GlcNAc(b1-2)Man(a1-3)[GlcNAc(b1-2)Man(a1-6)]Man

(Figure 8a).77 DC-SIGN and DC-SIGNR have an unusually long a-helix a2, the C-terminus of which packs against

the loop connecting b-strands b3 and b4. This leads to an extended surface for contact with the oligosaccharide. The

mode of binding to both lectins is nearly identical. Mannose is bound in the primary binding site but in contrast to

earlier discussed structures the binding occurs with the internal (a1-3) linked mannose. One observes the expected

coordination of the equatorial 3-OH and 4-OH groups to the calcium ion as well as hydrogen bonding to amino acids

that also are calcium ligands. In addition, a direct and a water-mediated contact for C6 and 6-OH, respectively, are

observed. Further interactions are observed extending out of the primary binding site on both sides of this mannose.

The two mannoses on the (a1-6) branch form hydrogen bonds with side and main chain atoms while the side chain of

Phe325 fits neatly in a crevice between them, making tight van der Waals contacts.

Most interestingly, the structures of DC-SIGN and DC-SIGNR provide an explanation for earlier observed subtle

binding phenomena. Indeed, both proteins had been shown to bind N-linked high-mannose-type structures, whereas

neither binds complex-type N-linked oligosaccharides. Although both types of glycans contain the Man(a1-3)[Man

(a1-6)]Man(b1-4)GlcNAc(b1- core structure, high-mannose-type structures contain an additional Man(a1-3)[Man(a1-
6)] branching at theMan(a1-6) arm. The crystal structure with the pentasaccharide shows that a bisecting GlcNAc unit

[GlcNAc(b1-4)Man(b1-] would clash with the Phe325. Binding of an (a1-6) linked mannose linked to an ‘outer’

trimannose core is not hampered by such steric clashes. The latter was confirmed in the crystal structure of the

complex of DC-SIGN with the tetrasaccharide Man(a1-3)[Man(a1-6)]Man(a1-6)Man.
2.06.4.5 Oligosaccharide Specificity of the Selectins

Selectins P and E are necessary for tethering and rolling of leukocytes over blood vessel walls, they exhibit fast binding

kinetics and produce a dynamic contact zone moving along the vascular endothelium, and the CTLDs of these

proteins specifically bind sialyl Lewis-X (SLex) glycans with a primary binding site harboring fucose.

The structural features of the complex of both human P and E selectins with SLex have been determined by X-ray

crystallography.78 Both lectins bind SLex in essentially the same manner. Minor differences account for their slightly

different affinities.

The interactions between protein and carbohydrate are almost entirely electrostatic in nature and the total buried

surface areas are small (549Å2 in the E-selectin complex, 501Å2 in the P-selectin complex). In both complexes SLex

ligates to the selectin-bound calcium by the 3-OH and 4-OH groups of the fucose residue. In both the P- and E-

complex, the SLeX galactose hydrogen bonds to the side chains of Tyr94 and Glu92. The carboxylate of the sialic acid

residue forms hydrogen bonds with Tyr48.

Further interactions with the sialic acid residue are selectin specific. In particular for the E-selectin, this interaction

set is extensive. This together with minor differences in fucose binding, accounts for the 10-fold higher affinity of

E-selectin for SLex as compared to P-selectin. However, although P-selectin binds SLex only with millimolar affinity

(KD¼7.8mM), very high affinities are obtained for specific glycoprotein counterreceptors (800nM for SLex-modified

PSGL-1). In the structure of P-selectin in complex with the PSGL-1 N-terminal peptide, which in addition to a SLex-

modified glycan on Thr16 contains three sulphated tyrosines, excludes 1640Å2 from solvent.78 Most of the peptide,

which is unstructured in its isolated state, becomes structured when bound to the lectin. The anionic sulphated

peptide part interacts with a highly positively charged region while the SLeX moiety binds to a more hydrophobic and

slightly negatively charged surface area. The sulphated tyrosines, in particular Tyr7, make an extended network of

electrostatic and hydrophobic interactions.

The binding of the sulphated peptide ligand further generates significant conformational changes in the CTLD as a

whole. The peripheral loop from Asn83 to Asp89 translocates to a position much closer to the ligand. This leads to
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hydrogen bonding by Arg85 to the backbone and to the attached sulphate group of Tyr10, and to simultaneous ligation

of Asn83 and Glu88 to the calcium ion and the fucose hydroxyl groups. The combined arrangement of carbohydrate,

calcium, and protein ligands becomes nearly identical to that observed for MBP. The loop rearrangement of Asn83–

Asp89 induces further conformational changes in another nearby loop as well as at the interface of the CTLDwith the

downstream EGF domain. These rearrangements have been hypothized to influence leukocyte contacts and flow.
2.06.4.6 Increased Affinity and Specificity of MBP though Multivalency

Oligomeric C-type lectins present a number of CTLDs in a specific geometric arrangement, which leads to high

affinity and may create other layers of specificity. The first and probably best-documented case is that of the collectins,

which are involved in processes of immune surveillance (Figure 10). As the name suggests, they contain both a lectin

or CRD domain as well as a collagen-like domain. More specifically starting from the N-terminus upward there are

four structural entities: a cysteine rich N-terminal domain; a collagenous domain followed by a ‘neck’ domain and

ending in the CRD at the C-terminus. The ‘neck’ domain consists of a trimeric a-helical coiled-coil arrangement

leading to a cluster of three CRDs. Moreover, in most collectins four to six such clusters lead to an extended ‘bouquet’

structure that can interact with high avidity with an extended array of carbohydrate ligands present on the surfaces of

pathogens.

Best studied within this family are the already mentioned MBPs, which recognize terminal mannose residues

of complex saccharides. No extended binding site is observed as for DC-SIGN and the selectins (Figure 8b). The

crystal structures of trimeric rat and human MBP show a rather rigid, fixed geometry of the CTLDs relative to each

other and to the collagen-like domain. This rigidity is achieved through specific interactions of the CTLDs with

hydrophobic residues at the upper part of the coiled coil79,80 and contrasts with the flexible hinge regions observed in

immunoglobulins. This results in a significant and fixed spacing of about 53Å between the individual carbohydrate

binding sites leading to a high avidity and selectivity for repetitive dense arrays on pathogenic cell surfaces. In

contrast, the more closely spaced terminal mannose residues of endogenous high-mannose-type chains do not fit this

geometry and are not recognized. Thus, discrimination between self and nonself in the response to pathogens is

obtained.

Variations on this organizational theme have been documented in the case of human lung surfactant protein-D

(hSP-D).81 Here, the a-helical coiled-coil presents four heptad repeats. Three contain canonical valine and leucine

residues at the a and d position of the (a b c d e f g)n heptad repeat sequences. The last repeat, before the CRD

however, has phenylalanine and tyrosine, respectively. One out of the three tyrosines of the triple coiled-coil projects

into the center of the coil, so destroying the symmetry and tilting the adjacent CRD away from the center. The

ensuing cavity between the CRDs presents a large positively charged surface, possibly facilitating the interaction with

negatively charged structures; e.g. with lipopolysaccharides.

Reasoning along similar lines it has been suggested that simple inversion of binding orientation documented for

MBP ligands and discussed above, may either allow or impede an oligomeric lectin to bind different branches of
Figure 10 Basic collectin architecture. Top (a) and side (b) views of a collectin trimer (represented by human lung surfactant
protein D; PDB 1PWB), showing the threefold symmetry and the collagen-like helices responsible for the trimerization. The

calcium ions and glucose residues in the binding sites are shown as gray spheres and light blue sticks, respectively.
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oligosaccharide chains.71,82 The selective direction of CTLD carbohydrate-binding site against endogenous mamma-

lian glycans may either be effective in an immune response against viruses bearing these ligands, or in contrast may be

exploited by viruses to initiate infection as documented for DC-SIGN in the case of HIV and Ebola virus.83,84

In the context of oligomerization, it is remarkable that the tunicate TC14 lectin is dimeric, that is, significantly

different from other members of the family. Dimerization occurs through extension of the b-sheet of the two

monomers through antiparallel pairing of two N-terminal b-strands. (Similar to what is observed for leguminous

lectins.) The ability of TC14 to dimerize with CRD combining sites pointing in absolutely opposite directions may

allow binding both to the extracellular matrix and to the surface of migrating cells.
2.06.5 Galectins

The galectin family of b-galactoside binding proteins is widely distributed in vertebrates and invertebrates, but not in

plants or yeasts. They occur in many tissues and cells and are found in the nucleus, in the cytoplasm as well as in

extracellular locations. They cross-link glycans act in many functional contexts: in developmental and growth

processes or as adhesion molecules contributing to cell–cell and cell–extracellular matrix interactions.85–88 Galectins

also exhibit a number of modulatory functions in the immune system. Different members can have apoptotic or

antiapoptotic activities in the context of T-cells. With respect to the nuclear localization of galectins, it has been

documented that they may function in the context of pre-mRNA splicing.89

As the name implies galectins bind b-galactosides, most prominently N-acetyllactosamine (LacNAc) moieties in

oligosaccharides. These LacNAc moieties are common in polylactosamine chains on cell surfaces and in the extracel-

lular matrix. Carbohydrate recognition by galectins occurs in a cation-independent manner and mediates interactions

by cross-linking.

2.06.5.1 Monomer and Oligomer Structure

Galectins are soluble proteins (hence their former name as S-type lectins) that exist either as monomers, dimers, or

rarely tetramers. Vertebrate galectins can be divided into three classes. ‘Prototype’ galectins (galectins-1,-2,-5,-7,-10,

-11,-13) consist of a single galectin carbohydrate recognition domain (CDR) and are known to homodimerize. The

intersubunit interaction is nevertheless rather weak, with a measured dissociation constant in the micromolar range for

hamster galectin-1.90 Galectin-3 is a chimera-type galectin that dimerizes through an N-terminal nonlectin domain.

Finally, the third class of vertebrate galectins (galectins-4,-6,-8,-9,-12,-14) consists of tandem repeats of two galectin

CRDs in a single galectin polypeptide chain. Nonvertebrate galectins occur as soluble dimers or tetramers, resembling

the prototype galectins from vertebrates.91

The first crystal structures of members of the galectin family were those of bovine galectin-1 in complex with

LacNAc and of human galectin-2 in complex with lactose.92,93 Since then structures for several more galectins, free

and in complex, have been determined: human galectin-7,94 galectin-10 (Charcot–Leyden crystal protein),95 chicken

galectin-16 (CG-16),96 congerin I (Con I),97 congerin II98 from congereel, toad ovary galectin,99 Coprinopsis cinerea

lectin (CGL2) [100] and Agrocybe cylindracea lectin (ACG).101

All galectin lectin domains show highly similar structures consisting of a five-stranded (F1–F5) and a six-stranded

(S1–S6) antiparallel b-sheet arranged in a b-sandwich fold (Figure 11a). This is very similar as found for the legume

lectins, pentraxins, calnexin, and ERGIC-53.17,35,37,92–93 However, there are no significant sequence identities and

the architectures of the carbohydrate binding sites are unrelated, suggesting convergent evolution. In many ‘proto-

type’ galectins investigated to date, a dimer is formed by sheet extension: the five-stranded and six-stranded sheets

associate and form extended 10- and 12-stranded sheets, respectively. Very similar associations are again observed in

many leguminous lectins.102 The carbohydrate-binding sites, as indicated in Figure 11a, are located at the far

extreme ends of the dimer and as such are perfectly located for their cross-linking function.

An interesting and peculiar variation on this oligomerization theme was detected in congerin I. Here, the S1 strands

are swapped between S-sheets of neighboring monomers. The swapping results in a parallel pairing between S2

strands and the swapped S1 strands (contrary to the perfect all antiparallel scheme for the fully extended 12-stranded

sheets). This is different from classic swapping examples where exchanged portions are accommodated in a very

similar way to the corresponding part of the cognate molecule. As such it has been dubbed that an inverse swap leads

to a significantly increased contact surface area of 1280Å2. Combined with the more extensive interactions with the

carbohydrate ligand (see above), this leads to an enhanced cross-linking activity.

For prototype galectins a second type of multimerization has been described for human galectin-7 and for the fungal

Agrocybe cylindracea lectin (Figure 11b). Here the two F-sheets of the dimeric galectin associate closely and form a



Figure 11 The galectin fold and its different quaternary associations. a, Overall structure of a classical galectin dimer,

represented by human galectin-1 (PDB 1GZW). The b-strands of one monomer are labeled according to the standard
nomenclature. The binding sites are occupied by lactose disaccharides (green sticks). b, Quaternary structure overview of

A. cylindracea lectin (PDB 1WW4). Each binding site is occupied by the trisaccharide Sia(a2-3)lactose. c, Quaternary

structure overview of CGL-2, with lactose dimers indicating the binding sites (PDB 1ULC).
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contact interface of �2890Å2. In this association the two F-sheets become interrelated by a twofold rotation around a

twofold axis close and nearly parallel to the plane of both sheets.

Finally, CGL2 from the fungus Coprinopsis cinerea shows a unique tetrameric organization100 resembling the legume

lectin GS I-B421 (Figure 11c). Besides extensive contacts between a number of strands on neighboring monomers,
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a most remarkable knot of hydrophobic intertwined C-terminal arms is observed in the center of the structure. These

interactions allow formation of a very strong association, as the tetramer is stable over a wide range of concentrations.

Indeed, trace amounts of tri-, di-, and monomeric species were detected below 6mM. It also leads to very high

affinities: an equilibrium dissociation constant for sialofetuin of 4�10�8 M, far below the dissociation constant for free

glycans (�10�4–10�5M).103 In this tetramer, the four carbohydrate-binding sites are approximately 55 and 70Å

(diagonally) apart and are oriented in alternating (up–down–up–down) directions. It has been argued that the

asialofetuin binding merely involves two ligands and that lattice formation involving all four binding sites with

extended glycoligands would result in next to irreversible binding.
2.06.5.2 Carbohydrate-Binding Site

The crystal structures of bovine and human galectin-1 co-crystallized with respectively LacNAc and lactose provide

the essential elements for understanding the galactose specificity as well as the higher affinity for LacNAc as

compared to galactose.92,93 The carbohydrate-binding site constitutes a cleft open on both sides and all essential

interacting residues are located on the S4–S6 strands (Figure 12a) of one b-sheet. Together with the S3 strand these

strands define a single exon-encoded carbohydrate-binding cassette.91,104 They form an essentially continuous

interaction surface for the two monosaccharides constituting LacNAc.

The high specificity for galactose is definitely correlated with the number of H-bonding interactions with the axial

4-OH group (with His44, Asn46, Arg48) and the characteristic hydrophobic stacking interaction of Trp68 with
Figure 12 The galectin carbohydrate binding site. a, Binding site detail for the galectin-1:lactose complex in Figure 11a.
Hydrogen bonds are indicated with dashed lines. b, Binding of the blood group A tetrasaccharide (GlcNAc(a-1-3)[Fuc(a1-2)]
Gal(b1-4)Glc) to CGL-2 (PDB entry 1ULF), representing an extended mode of binding.
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the B-face of galactose. Further, the 6-OH group of galactose is involved in an intricate H-bonding protein interaction

network.

The binding site is clearly extended beyond galactose and as seen in Figure 12 the 3-OH group of GlcNAc makes

direct hydrogen bonds to the protein, with Glu71, with Arg 73, and again with Arg48, which plays a pivotal role in the

interactions. Also the 2-acetamido moiety of GlcNAc shows a hydrogen bond to Asp54, mediated by a water molecule

and the methyl group makes a van der Waals contact with the guanidino head group of Arg73. This accounts for the

fivefold higher affinity of galectin-3 for LacNAc as compared to lactose. The open carbohydrate cleft of galectin-3 as a

whole is consistent with binding to repeating polylactosamine structures.105 In this context it is significant to note that

the O-1 position of the GlcNAc moiety is pointing away from the lectin, so allowing N-acetyllactosamine groups at

nonreducing ends to bind.

Overall, with respect to binding specificity, all galectins share the specificity for b-galactosides but different

members of the family show significant differences in specificity for more complex glycoconjugates. This has

been investigated thoroughly for galectin-3.106 Although the overall structure and carbohydrate-binding site of the

galectin-3 CDR is very similar to galectins-1 and -2, a number of specific features can provide an explanation for the

100-fold higher affinity for the ligand Fuc(a1-2)[GalNAc(a1-3)]Gal(b1-4)Glc. At the nonreducing end of the bound

LacNAc (the galactose), the binding cleft is extended by residues on strands S1 to S3. The GlcNAc-binding, reducing

end, is open to the surrounding solvent. The a-linked GalNAc residue of the extended ligand can interact with

residues in the S1–S3 cleft. An arginine (Arg144) is well positioned to interact with other sugar residues on galactose-

O3. An equivalent serine in galectin-1 is presumably unable to interact. Moreover, a change from leucine (Leu31) in

galectin-1 to alanine (Ala146) in galectin-3 creates the space for O-3 substituents.

Also, more recently, the specificity and increased affinity of the galectin from the fungus Agrocybe cylindracea for

Neu5Ac(a2-3)Gal(b1-4)Glc has been described and explained in structural terms.101 This galectin, with the peculiarity

of consisting of two six-stranded b-sheets (rather than one five- and one six-stranded b-sheet), shows 100-fold

increased affinity for Neu5Ac(a2-3)Gal(b1-4)Glc compared to lactose. The extended oligosaccharide binding site

provides the explanation. Whereas the side chains for the binding of lactose are essentially conserved (seven out of

eight conserved residues as compared to human galectin-1; Asn64 is replaced by the equivalent Ala64), three residues

provide significant interactions with the sialic acid residue. Trp83 forms a classic stacking interaction with galactose

and further provides a hydrogen bond. Arg77 and Ser44, not included in the classic galectin carbohydrate-binding

site, interact with the sialic acid. In addition, Asn46 is engaged in hydrogen bonding to both O3 and O4 of galactose.

As such, Ser44, Pro45, and Asn46, which are all part of a five-residue loop insert, play a significant role in the binding

as a whole.

The X-ray structures of a galectin from fungus of C. cinerea (CGL2), free and in complex with five different

oligosaccharides100 provide one of the most detailed crystallographic studies on galectin specificity. The most

extensive binding interactions are documented for a complex with the blood group A tetrasaccharide (Figure 12b).

In his complex the b-galactoside moiety shows the classic interactions, essentially shared among all galectins. The 2-

OH and 3-OH of galactose, free in the lactose complex, are extended by an a-Fuc and an a-GalNAc residue,

respectively. Both sugar residues contribute to the interactions with the lectin. Especially, the GalNAc extension

shows an extended interaction network of both direct and water-mediated hydrogen bonds.

An interesting case concerning the evolution of both binding sites and galectin oligomerization is presented by the

conger eel galectins, congerin I and II.97,98 Both are prototype galectins and are expressed in cells of skin and upper

digestive tract, and are part of the eel’s innate immune system. Both galectins have retained the key interacting

residues in the lactose-binding site but also show elements of quite drastic evolution following gene duplication.

Congerin I shows many additional hydrogen bonds (both direct and water-mediated) in agreement with its signifi-

cantly increased binding strength for lactose. Congerin II shows a region close to the sugar binding site that has been

significantly modified and which in the crystal structure is occupied by an MES buffer, suggestive of an extended

binding site.107
2.06.5.3 Cross-Linking: Effect of Quaternary Structure on Ligand Binding

As for most other lectin classes in this review, specificity and affinity (or rather avidity) for oligosaccharides on

receptors on cellular and matrix surfaces are strongly dependent on the oligomerization of the CRDs and on their

specific relative orientation. The precise spacing of glyco-epitopes and the constraints on receptors are important

discriminatory factors for interactions with lectins.108 In this respect, the dissociation constant of the dimer becomes

relevant, which for some galectins are in the micromolar range. Thus, the monomer to dimer ratio will be highly
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concentration dependent109 and will determine whether the galectin will function by bridging oligosaccharides, or in

contrast as a monomer will interfere with and block interactions.

The crystal structure of galectin-1 in complex with complex biantennary oligosaccharides forms a nice example of

such a cross-link.110 Three crystal forms were produced, exemplifying the potential of formation of extended cross-

linked arrays of lectins with oligosaccharides that have been documented for galectins as well as other multivalent

lectins (for a review, see Ref. 111). In all three crystal forms F , C glycosidic bond torsion angles agree with low-energy

regions obtained from semiempirical energy calculations. These structures illustrate the inherent flexibility and

consequent ease of formation of low-energy lectin–oligosaccharide lattices.110 While the increase in binding strength

is easy to understand when a multimeric lectin binds to a multivalent carbohydrate ligand, avidity effects have been

observed also for monovalent lectins interacting with highly multivalent ligands. This has been nicely illustrated using

truncated monomeric versions of galectin-3 and galectin-5 binding to asialofetuin. Enhanced affinities and a gradient

of decreasing binding constants are observed for dimeric as well as monomeric galectins.112 This can be explained by a

re-binding effect. When a relatively low galectin concentration is used, a bound galectin molecule that dissociates will

find in its immediate neighborhood an apparent high concentration of free ligands, leading to almost immediate re-

binding. When the asialofetuin substrate becomes saturated with galectins, a freshly dissociated galectin will not

immediately encounter a free potential carbohydrate ligand, resulting in a much lower apparent affinity. These results

likely reflect a fundamental property in lectin:carbohydrate recognition events and have further implications for the

‘spare receptor’ phenomenon113 encountered in pharmacology literature.
2.06.6 Bacterial and Viral Lectins

Establishing a foothold by attachment to specific host cells is an essential first step in the infection process of

pathogenic bacteria.114 The analysis of the properties of the adhesive organelles is complicated by their multifunc-

tional nature: a given bacterial strain may express several adhesion systems sequentially or simultaneously, different

proteins in a single organelle may contribute distinct binding activities, and even individual protein domains may

harbor more than one binding site. Nonetheless, it is clear that in many cases the interaction between a bacterial lectin,

generally referred to as an ‘adhesin’, and a glycoprotein or glycolipid receptor on the host cell contributes a significant

measure of specificity to the overall interaction, determining host range and tissue tropism. Detailed structural

information on these bacterial lectins is supporting the rational design and development of highly specific inhibitors

which could form the basis of anti-adhesion therapies to replace or complement traditional chemotherapeutic

approaches to bacterial infection.115
2.06.6.1 Classical Fimbrial Systems

The most extensively studied class of adhesive organelles is undoubtedly formed by the ‘fimbriae’ or ‘pili’ assembled by

the chaperone/usher pathway. A combination of genetic analysis, electron microscopy, antibody labeling, and crystallog-

raphy on two prototype systems has revealed the general principles of these adhesion organelles.116–118 The various

structural subunits all share an incomplete immunoglobulin-like fold, in which the C-terminal b strand is missing and

an additional b strand, called the N-terminal extension, precedes the normal starting point of the fold. Complementa-

tion of the missing strand in each subunit by the N-terminal extension of the next subunit provides a mechanism for

controlled linear polymerization. Each adhesin is composed of two independently folding domains, connected by a

short linker peptide. The C-terminal ‘pilin domain’ closely resembles the structural subunits, and links the adhesin to

the main body of the pilus. The carbohydrate-binding site is located in the N-terminal ‘lectin domain’, which is not

subject to the structural requirements of the donor complementation mechanism and correspondingly exhibits a wider

variety of structures (Figure 13a–13c). Nonetheless, all lectin domain structures that have so far been determined have

the immunoglobulin-like fold at their core, albeit with extensive modifications to support the binding site.

PapG is the adhesin of P-type pili, which are expressed by E. coli strains capable of binding to kidney tissue and

causing a severe infection known as pyelonephritis. The binding site is a relatively shallow lateral groove on the lectin

domain (Figure 13a) and can accommodate a substituted Gal(a1-4)Gal disaccharide, which is found as part of

globosylceramide glycolipids in the membrane.119 Three naturally occurring variants of PapG, classes I, II and III,

were found to bind preferentially to globotriose, globotetraose, and globopentaose receptors, respectively. This

specificity variation could be correlated with the differences in the species tropism of E. coli strains expressing the

corresponding PapG classes.



Figure 13 Bacterial lectins involved in host cell recognition and attachment. The domains in panels a, b, and c are

consistently oriented to indicate the common immunoglobulin-like core. In each case, the binding site is indicated by a

bound ligand a black stick representation. a, PapG lectin domain with bound globotetraose ligand, indicating the shallow

lateral binding groove (PDB 1J8R). b, F17-G lectin domain with bound GlcNAc(b1-3)Gal disaccharide (unpublished data),
indicating the shallow binding site in a location distinct from that in PapG. c, FimH lectin domain with a butyl mannoside

ligand (PDB 1TR7), occupying the deep polar binding pocket. The butyl chain interacts with a collar of hydrophobic residues

(blue sticks) surrounding the polar pocket which accommodates themannose ring. d, Overall structure of themonomeric Pa
adhesin of P. aeruginosa type IV pili (PDB 1OQW). The long a-helix in the background is involved in the polymerization

process of the Pa pilus. The binding site loop (blue) is supported by a disulfide bridge (orange). e, Side view of the Neisseria

meningitidis OpcA outer membrane adhesin (PDB 1K24), with superimposed surface representation. The residues forming

the binding site crevice are shown in blue, while the transmembrane region is indicated in yellow.
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F17 fimbriae are found on enterotoxigenicE. coli strains affecting ruminants. The crystal structures of the artificially

truncated lectin domain of the F17-G adhesin120 and of the naturally occurring soluble GafD lectin domain121

revealed a shallow binding pocket with a central site for N-acetylglucosamine (Figure 13b). Five variants of F17G

have been identified and associated with different pathogenic profiles, leading to an opportunity for a detailed analysis

which may provide insights into the structural basis of fine specificity in bacterial lectins.122 For F17-G, the

crystallographic phase problem was solved using a synthetic analog of D-GlcNAc in which the anomeric oxygen
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atom was replaced by the anomalous scatterer selenium.123 Similar phasing strategies using selenium- and bromine-

substituted carbohydrates were also succesfully applied for RS-IL (see below),124 the Parkia platycephala seed lectin125

and the Psathyrella velutina lectin.126

The structure of the adhesin FimH, found on both uropathogenic and enteropathogenic E. coli strains, was first

observed as part of the FimC:FimH chaperone:adhesin complex.127 D-Man binds in a remarkably deep cavity at the

very tip of the lectin domain, with a hydrophobic collar surrounding a polar interior (Figure 13c). Uropathogenic

strains are characterized by a strong preference for the Man monosaccharide as opposed to the Man(a1-3)Man(a1-6)
Man trisaccharide.128 The serendipitous discovery of a strongly binding butyl mannoside molecule in recent crystal

structures of the FimH lectin domain provides a lead for the development of potent inhibitors of these recurring

urinary tract infections,129 with the possibility of enhancing the affinity from the micromolar range for D-Man to

beyond the nanomolar range observed for alkyl mannosides.
2.06.6.2 Type IV Pili

A second type of adhesive organelles is constructed by means of the type IV secretion pathway,130 and is represented

by the ‘Pa pili’ of Pseudomonas aeruginosa.131 The Pa pilus is a homopolymeric structure built up of thousands of copies

of the 15kDa Pa pilin, arranged in a helical array forming a hollow tube. Although there is no separate adhesive

subunit and the binding activity must be due to this major subunit, there is a morphological dichotomy which renders

the subunits at the base inaccessible and restricts the effective binding activity to the freely accessible subunits at the

tip of the pilus. The crystal structure of a soluble truncated form of the Pa pilin has been solved (Figure 13d).132

Although no structures of ligand complexes are presently available, a detailed analysis points to a single loop,

supported by a disulfide bridge, as the main contributor to a binding site which recognizes GalNAc(b1-4)Gal in the

sugar moiety of certain glycosphingolipids.133
2.06.6.3 Outer Membrane Adhesins

After the pilus-supported adhesins establish first contact between host and pathogen, other virulence factors mediate

the subsequent steps in the infection process. In many cases, protein–protein interactions affecting the cytoskele-

ton of the host cell are involved, leading to morphological changes and invasion of the tissue by the bacteria. In the

case of the Gram-negative pathogen Neisseria meningitidis, however, at least one additional lectin activity is involved.

The integral outer membrane protein OpcA has a 10-stranded b-barrel structure (Figure 13e)134 and is capable of

binding heparin and proteoglycans, which are major components of the extracellular matrix of epithelial and

endothelial cells. In contrast to many structurally related membrane proteins, the b barrel does not form a pore in

the membrane, but rather serves as a platform for five loops on the extracellular face of the protein, which combine to

form a deep crevice lined with positively charged residues. Although a number of identified ligands give partial

inhibition of meningococcal adherence,135 the precise binding mode of relevant oligosaccharides still awaits experi-

mental determination.
2.06.6.4 Soluble Lectins of Pseudomonas and Ralstonia Species

Many prokaryotes also produce soluble lectins which are secreted into their environment and include a number of potent

toxins, which are responsible for the acute symptoms of severe infectious diseases. Ralstonia solanacearum, an economi-

cally important plant pathogen, and P. aeruginosa, an opportunistic pathogen causing severe complicating infections in

cystic fibrosis patients, burn victims and cancer patients, both express two distinct soluble lectins.136–138 Two of these,

RS-IIL from Ralstonia139 and PA-IIL (also known as LecB) from Pseudomonas140–142 are very similar in structure and

sequence. Nonetheless, small differences in the binding sites result in an almost completely reversed binding profile:

PA-IIL strongly prefers L-Fuc, with D-Fru and D-Man as much weaker alternative ligands, whereas RS-IIL binds D-

Fru and D-Man far more strongly than L-Fuc. In both cases, the strongest ligand binds with an unusually high affinity

for a lectin–monosaccharide interaction, with a dissociation constant Kd in the order of 10�6M. Although both lectins

have been implicated in host recognition and biofilm formation, the biological functions of RS-IIL and PA-IIL are still

being investigated. PA-IIL binds to human milk sugars,143 which are known to protect newborns against a wide range

of pathogens.

Both PA-IIL and RS-IIL have monomers of approximately 12kDa which associate into tetramers (Figure 14a). The

overall topology is based on a b-sandwich with a four- and a five-stranded sheet. The most striking feature of the



Figure 14 Soluble prokaryotic lectins. a, Overall structure of the P. aeruginosa PA-IIL (LecB) tetramer (PDB 1OXC), which

is also representative for R. solanacearum RS-IIL. Each binding site contains two calcium ions (gray spheres) and is

occupied by a fucose monomer (green sticks). b, Detailed view of the PA-IIL sugar binding site with bound fucose, showing
the characteristic coordination of the two calcium ions. Hydrogen and coordination bonds are shown as dashed and

stippled lines, respectively. The Ser22-Ser23-Gly24 loop of PA-IIL, which is replaced by Ala22-Ala23-Asn24 in RS-IIL, is

responsible for the inverted specificity profile of the two lectins. c, Overall structure of the P. aeruginosa PA-IL (LecA)

tetramer (PDB 1OKO). Each binding site contains a single calcium ion (gray sphere) and is occupied by D-Gal (green sticks).
d, Overall structure of the R. solanacearum fucose-binding lectin RS-IL (PDB 2BT9). The three monomers (A, B, and C) are

shown in cartoon representation, with the N- and C-terminal domains labeled as 1 and 2, respectively. Fucose monomers

(green sticks) occupy the binding sites. e, Detailed view of the RS-IL binding site, showing the calcium-independent binding
mode of an L-Fuc monomer.
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binding site is the presence of two calcium ions (Figure 14b). Although direct interactions with the sugar contribute a

strong enthalpy term to the binding event, the geometric requirements of the interaction are relatively tolerant,

consistent with the promiscuous binding properties of the lectins. The essential role of the calcium ions is confirmed

by the complete loss of binding when the protein is treated with EDTA. In the crystal structure of the resulting

calcium-free protein,141 the binding loop is partially disordered, supporting a significant structuring role for the ions.

A detailed analysis of the binding site, including quantum chemical calculations, points to charge delocalisation as a

mechanism for the extremely strong enthalpic contribution to binding.144

Besides PA-IIL, P. aeruginosa produces a second soluble lectin named PA-IL or LecA with a fairly narrow

specificity for D-Gal.145 The 12.7kDa PA-IL monomer adopts an elongated structure based on two curved

b-sheets supporting two long loop regions, and associates to form tetramers with a side-by-side and tail-to-tail

association of the monomers (Figure 14c).146,147 Galactose is bound in four binding sites at the corners of the
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tetramer. Each site also incorporates a structural calcium ion, which has only limited and localized effects on the

conformation of the protein, but does contribute to the binding of galactose by means of two coordination bonds

involving the 3-OH and 4-OH groups. This basic pattern is strongly reminiscent of what is observed in Gal-binding C-

type lectin domains (Figure 9b and 9c), although there are significant differences in the other side chains surrounding

the monosaccharide.

R. solanacearum also expresses a second soluble lectin, RSL or RS-IL,148 which bears no structural resemblance to

any of the aforementioned soluble lectins (Figure 14d).124 Rather, this Fuc-specific lectin is related in structure and

sequence to AAL, the lectin from the fungus Aleuria aurantia.149 Both proteins adopt a similar six-bladed b-propeller
structure, although they do so by notably different means. The AAL sequence contains six repeats of a sequence that

folds into a four-stranded substructure, referred to as a ‘b blade’. The six consecutive blades end up in a circular

arrangement, bringing the C- and N-terminal domains in close proximity and generating a pseudo-sixfold symmetry.

By contrast, the 90-residue sequence of RS-IL contains only two blade repeats, and three RS-IL monomers associate

to form a six-bladed trimer, with three equivalent pairs of highly similar Fuc-binding sites (Figure 14d and 14e).

Also, whereas two AAL monomers associate back-to-back to form a dimer, the corresponding RS-IL trimer does

not exhibit further association. In all cases, the binding sites are formed in the crevices between adjacent b-blades
(Figure 14e). For RS-IL, binding studies using surface plasmon resonance (SPR) and isothermal titration calorimetry

(ITC) confirm binding constants staring at a Kd¼ 2mM for L-Fuc, and a preference for Fuc(a1-2)Gal and Fuc(a1-6)Gal

linkages.124
2.06.6.5 Viral Agglutinins

Like bacterial pathogens, viruses need to recognize specific cell types before they can invade them and take over their

metabolism in order to produce new virus particles. Structural studies in this field have focused mainly on sialic acid

binding domains. The most extensively studied example in this group is undoubtedly the Influenza virus hemagglu-

tinin (HA), responsible for intestinal infections in birds (avian strains) and severe respiratory infections in mammals

(porcine and human strains). The HA monomer has an elongated shape with a number of functionally distinct

subdomains (Figure 15a), including a globular receptor-binding domain with a core specificity for terminal sialic

acid residues.150–153 Subtle variations in the detailed specificity of the binding site determine the host range of the

influenza virus, and combine with other properties of the virus to affect the overall virulence of the strain. Comparative

studies of HA structures from strains affecting avian and mammalian hosts (Table 1) provide clues to the structural

basis for host discrimination.154 More recently, the structures of historically important HA variants, including the 1934

epidemic strain and the 1918 ‘Spanish flu’ variant, reconstructed from preserved material of this extinct virus, reveal

how exceptionally virulent avian strains can cross the species barrier and become human pathogens capable of causing

global pandemics.155,156 A central aspect in these studies concerns the switch in HA specificity from (a2-3)-linked
sialic acid residues, which predominate on the epithelial glycans of the instestinal tract of many bird species, toward

(a2-6)-linked sialic acid residues, which characterize human tracheal epithelium. Moreover, the human respiratory

tract contains soluble mucins bearing (a2-3)-linked sialic acid, which are capable of acting as decoys and create a

selective pressure against binding of (a2-3) linkages in human strains. The specificity switch can occur by the

accumulation of mutations and gene rearrangements, either through an intermediate host such as the pig, which

presents both linkages on its tracheal epithelium, or through rare infection events of avian viruses in human hosts.

The HA binding site is formed by a base consisting of four conserved residues (Tyr98, Trp153, His183, and Tyr195

in the standard numbering scheme based on the H3 serotype), surrounded by a number of more variable regions

(Figure 15b). Distinct conformations of these loops in the different serotypes affect the overall shape and width of the

binding site. Terminal sialic acid residues interact mainly with the conserved residues, while additional carbohydrate

residues interact with the variable loops. Subtle changes in the variable loops and small shifts of functional groups

affect the fine specificity, which is also influenced by the intrinsic conformational preferences of the oligosaccharides:

the Sia(a2-3)Gal linkage can occur in both cis and trans conformations, while the Sia(a2-6)Gal linkage has a strong

preference for the cis conformation (Figure 15c).

Different HA serotypes appear to have different ways of making the (a2-3) to (a2-6) specificity switch, in each case

by means of a very limited number of amino acid substitutions (Figure 15c). In the H2 and H3 serotypes, two

mutations, Gln226Leu and Gly228Ser, are required to make the switch. By contrast, in the H1 serotype the avian-type

Gln226 and Gly228 are retained,156 while a subtle Glu190Asp mutation gives rise to a site that binds both avian- and

human-type receptors, and the additional Gly225Asp change suffices to complete the specificity switch.161 Most

recently, systematic binding studies using synthetic glycan arrays have also begun to provide an intricate picture of the

detailed specificity of natural HA variants and constructed mutants.162 These latter experiments confirm that



Table 1 Overview of PDB entries for influenza HA structures

HA variant apo form LSTa complex LSTc complex Other structures

Human H1 (1918) 1RUZ – – –

Uncleaved human H1 (1918) 1RD8 – – –

Human H1 (1934) 1RU7 1RVX 1RVZ –

Swine H1 (1930) 1RUY 1RV0 1RVT –

Human H3 – – – 2HMG-5HMG, 1HGD-1HGJ

Avian H3 1MQL 1MQM 1MQN –

Avian H5 1JSM 1JSN 1JSO 2FK0 (H5N1 variant)

Avian H7 1TI8 – – –

Swine H9 1JSD 1JSH 1JSI –

For a number of serotypes, both the ligand-free (apo) form and complexes with analogues of the receptor in the avian

intestinal tract (LSTa: Sia(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc) and the receptor in the human respiratory tract (LSTc:
Sia(a2-6)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc) are available. Other HA-related entries include complexes with neutralising

antibodies and fragments from different processing staged providing insights into the membrane fusion mechanism.

Figure 15 Carbohydrate recognition by influenza hemagglutinin. a, Overall structure of influenza HA (PDB 1RUZ).

A complete trimer is shown in cartoon representation, with the monomers in different shades. Each monomer comprises
a receptor binding subdomain (R) at the top, a central vestigial esterase domain (E), and an elongated stem domain (S).

b, Detailed view of the sialic acid binding sites for a number of distinct HA serotypes (H1, H3, H5, H7, and H9). A sialic acid

monomer is shown in green to indicate the conserved aspects of binding, which are mainly determined by the residues

forming the base of the site, shown as yellow sticks. Four loops forming the sides of the binding site are more variable in
sequence and conformation, conferring a degree of plasticity to the site and modulating its detailed specificity.

c, Comparison of the binding mode of an avian-type (LSTa with the cis (a2-3) linkage in green) and a human-type (LSTc

with the trans (a2-6) linkage in yellow) receptor to H1-type HA. Residues implicated in the (a2-3) to (a2-6) specificity switch
are shown as gray sticks.
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the Lys222 side chain is essential for receptor binding and reemphasize the crucial role of multivalence and avidity

effects in protein-carbohydrate interactions. The combination of crystallographic studies with this high-throughput

analytical approach promises to provide insights that may prove critical in the global response to future pandemic

influenza strains.163



Figure 16 Overall structure of the sialic acid binding domain of rotavirus VP4 protein (PDB entry 1KQR). The binding site

is occupied by sialic acid (green) and is located between the two largest b-sheets. The classical galactose-binding site is

blocked by the b-ribbon motif (shown in light blue).
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A second interesting viral adhesin for which structural data are available is the VP4 outer capsid spike protein of

rhesus rotavirus, which ensures both attachment to the target cells and membrane penetration. The N-terminal sialic

acid binding domain (VP8*) of this protein was analysed using X-ray crystallography and NMR spectroscopy,164

revealing a familiar S-type galectin fold (Figure 11a) with a surprising twist (Figure 16). Remarkably, the well-known

galactose binding site is blocked by an additional b ribbon structure inserted into a loop which is an essential

component of the site in galectins. An entirely novel sialic acid binding site was identified in an open-ended, shallow

groove between the two b-sheets. This structure further supports the notion that many viral agglutinins, including

influenza HA, arose by the insertion of a lectin domain into a membrane integration protein, followed by functional

specialization of the binding activity.
Glossary

CDR The complementarity-determining regions in antibodies form the antigen recognition site.

con A Concanavalin-A, the seed lectin from Canavalia ensiformis, is the most extensively studied legume lectin.

CRD Carbohydrate recognition domain.

CTLD C-type lectin domain.

ERAD Endoplasmic reticulum associated protein degradation.

fimbriae Hair-like appendages on the surface of bacterial cells. They are involved in a number of functions, including the

attachment of pathogenic bacteria to the cells of their hosts. The term fimbriae is sometimes reserved for the longer and more

flexible variants.

GSI-B4 Griffonia simplicifolia isolectin I, fraction B4.

MBP Mannose-binding protein.

PAL Pterocarpus angolensis seed lectin.

PDB The Protein Data Bank is the global repository for experimentally determined structures of biological macromolecules.

Entries in the database are identified by a code consisting of four digits and letters.

pili See fimbriae. The term pili is sometimes reserved for the shorter and more rigid variants of these adhesive organelles.
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3. Bourne, Y.; Mazurier, J.; Legrand, D.; Rougé, P.; Montreuil, J.; Spik, G.; Cambillau, C. Structure 1994, 2, 209–219.

4. Buts, L.; Garcia-Pino, A.; Imberty, A.; Amiot, N.; Boons, G. J.; Beeckmans, S.; Versées, W.; Wyns, L.; Loris, R. FEBS J. 2006, 273, 2407–2420.

5. Delbaere, L. T.; Vandonselaar, M.; Prasad, L.; Quail, J. W.; Wilson, K. S.; Dauter, Z. J. Mol. Biol. 1993, 230, 950–965.

6. Hamelryck, T. W.; Loris, R.; Bouckaert, J.; Dao-Thi, M. H.; Strecker, G.; Imberty, A.; Fernandez, E.; Wyns, L.; Etzler, M. E. J. Mol. Biol. 1999,

286, 1161–1177.

7. Hamelryck, T. W.; Moore, J. G.; Chrispeels, M. J.; Loris, R.; Wyns, L. J. Mol. Biol. 2000, 299, 875–883.
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6608–6614.

22. Garcia-Pino, A.; Buts, L.; Wyns, L.; Loris, R. J. Mol. Biol. 2006, 361, 153–167.

23. Chervenak, M. C.; Toone, E. J. Biochemistry 1995, 34, 5685–5695.

24. Dam, T. K.; Cavada, B. S.; Grangeiro, T. B.; Santos, C. F.; de Sousa, F. A.; Oscarson, S.; Brewer, C. F. J. Biol. Chem. 1998, 273, 12082–12088.

25. Dam, T. K.; Brewer, C. F. Chem. Rev. 2002, 102, 387–429.

26. Kulkarni, K. A.; Sinha, S.; Katiyar, S.; Surolia, A.; Vijayan, M.; Suguna, K. FEBS Lett. 2005, 579, 6775–6780.

27. Mandal, D. K.; Bhattacharyya, L.; Koenig, S. H.; Brown, R. D., III; Oscarson, S.; Brewer, C. F. Biochemistry 1994, 33, 1157–1162.

28. Schwarz, F. P.; Puri, K. D.; Bhat, R. G.; Surolia, A. J. Biol. Chem. 1993, 268, 7668–7677.

29. Surolia, A.; Sharon, N.; Schwarz, F. P. J. Biol. Chem. 1996, 271, 17697–17703.

30. Banerjee, R.; Mande, S. C.; Ganesh, V.; Das, K.; Dhanaraj, V.; Mahanta, S. K.; Suguna, K.; Surolia, A.; Vijayan, M. Proc. Natl. Acad. Sci. USA

1994, 91, 227–231.

31. Brinda, K. V.; Mitra, N.; Surolia, A.; Vishveshwara, S. Protein Sci. 2004, 13, 1735–1749.

32. Meusser, B.; Hirsch, C.; Jarosch, E.; Sommer, T. Nat. Cell Biol. 2005, 7, 766–772.

33. Nishikawa, S.; Brodsky, J. L.; Nakatsukasa, K. J. Biochem. (Tokyo) 2005, 137, 551–555.

34. Bergeron, J. J.; Brenner, M. B.; Thomas, D. Y.; Williams, D. B. Trends Biochem. Sci. 1994, 19, 124–128.

35. Schrag, J. D.; Bergeron, J. J.; Li, Y.; Borisova, S.; Hahn, M.; Thomas, D. Y.; Cygler, M. Mol. Cell 2001, 8, 633–644.

36. Ellgaard, L.; Riek, R.; Herrmann, T.; Guntert, P.; Braun, D.; Helenius, A.; Wüthrich, K. Proc. Natl. Acad. Sci. USA 2001, 98, 3133–3138.
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104. Houzelstein, D.; Gonçalves, I. R.; Fadden, A. J.; Sidhu, S.; Cooper, D. N.; Drickamer, K.; Leffler, H.; Poirier, F. Mol. Biol. Evol. 2004, 21,

1177–1187.

105. Leffler, H.; Barondes, S. H. J. Biol. Chem. 1986, 261, 10119–10126.

106. Seetharaman, J.; Kanigsberg, A.; Slaaby, R.; Leffler, H.; Barondes, S. H.; Rini, J. M. J. Biol. Chem. 1998, 273, 13047–13052.

107. Shirai, T.; Mitsuyama, C.; Niwa, Y.; Matsui, Y.; Hotta, H.; Yamane, T.; Kamiya, H.; Ishii, C.; Ogawa, T.; Muramoto, K. Structure (Camb.) 1999, 7,

1223–1233.

108. Brewer, C. F.; Miceli, M. C.; Baum, L. G. Curr. Opin. Struct. Biol. 2002, 12, 616–623.
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2.07.1 Introduction

Glycosyltransferases synthesize the carbohydrate moieties of the glycoproteins and glycolipids, which play a very

important role in several cellular functions.1 It is estimated that nearly 1.5–2% of the human genome is dedicated to

glycosyltransferases. They exist as a large superfamily of enzymes. Mutations in glycosyltransferases are known to

cause diseases in humans.2–4 Gene knockout studies have shown that many of these transferases are essential for the

survival of the organism.5–7 Therefore, the structure and function of these transferases are important to understanding

their role.

Many glycosyltransferases reside in the Golgi apparatus of a cell. Most are type II membrane proteins, consisting of

four domains: a short N-terminal cytoplasmic domain, a transmembrane domain, followed by a stem region and a

C-terminal catalytic domain that faces the lumen. Although the functions of the cytoplasmic domain and the stem

region are not well understood, the characteristic transmembrane is responsible for the retention of these enzymes in

the Golgi apparatus; and the C-terminal catalytic domain carries out the catalytic activity.8 Often they are also

glycosylated at the stem and/or at the catalytic domains.
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Glycosyltransferases transfer sugar moiety from their activated donor substrate to an acceptor substrate such as

proteins, or lipids or DNA, or to the sugar moiety of glycoproteins or glycolipids. Besides residing in the Golgi

apparatus, they are also found in the endoplasmic reticulum (ER). The Golgi-resident enzymes use nucleotide-based

activated sugars, such as nucleotide-diphosphate-a-sugar (NDP-a-sugar), as the donor substrates, whereas the ER

glycosyltransferases, in addition to using NDP-sugars, also use glycolipid-based donor substrates, such as dolichol-

phosphate-a-mannose.9

Glycosyltransferases are named based on the sugar transferred and the stereochemistry of the linkage formed. The

anomeric C-atom of the donor sugar is linked either in an a- or b-configuration to one of the positions of: (1) the

acceptor sugar; (2) the side-chain hydroxyl group of Ser/Thr residue of a protein; or (3) to an hydroxyl group in

the polar end of a lipid. For example, the b-1,4-galactosyltransferase family transfers Gal from UDP-a-Gal in a

b-configuration to the C4 hydroxyl group of the GlcNAc sugar moiety (which is present at the nonreducing end of a

glycoprotein). This results in the formation of the disaccharide, Galb1-4GlcNAc.

Glycosyltransferase is a superfamily of enzymes; each family, such as the galactosyltransferase family, consists

of subfamily members that create the same linkage with the same sugar donor but transfer to different sugar

acceptors. Of the galactosyltransferase family, b-1,4-galactosyltransferase, b-1,3-galactosyltransferase, and a-1,3-
galactosyltransferase subfamilies inherently form variable sugar linkages as represented by their respective

names; however, each of these three subfamilies transfer the same sugar moiety Gal from the donor substrate

UDP-a-Gal (UDP-Gal). Although b-1,4-galactosyltransferase and b-1,3-galactosyltransferase transfer Gal to the

same sugar acceptor GlcNAc, a-1,3-galactosyltransferase transfers Gal to Galb1-4GlcNAc. While there is no

protein sequence similarity among the families or the subfamilies of the glycosyltransferases, there is high

protein sequence homology among members of each subfamily; for example, b-1,4-galactosyltransferase
(b1,4Gal-T) has seven members, has high sequence homology (30–68%) among the members, but no homology

with the b-1,3-galactosyltransferase subfamily that has five members (which have also high sequence homology

among each other).

Glycosyltransferases, which are metal-ion dependent (such as Mn2þ or Mg2þ) for their catalytic activity, have a

common metal-binding motif, DxD or DxH, in their protein sequence.10 Furthermore, these enzymes are classified

based on the stereochemistry of the donor sugar and the linkage they create; for example, when the stereochemistry of

the donor sugar configuration is changed from a to b or vice versa, then the enzyme is called ‘the inverting enzyme’,

whereas if the configuration is unchanged, then it is called ‘the retaining enzyme’.

Only in recent years have the crystal structures of the catalytic domain of many glycosyltransferases begun to

emerge. Of the 17 structures known to date, seven are from bacteria, one from yeast, and the remaining nine from

humans.11 Lack of many crystal structures of human glycosyltransferases is mainly due to the fact that these native

membrane-bound glycoproteins are found only in small quantities in biological systems. Recombinant protein

expression is the only way to make large quantities of homogenous protein, which are needed for the single crystal

structure studies. When expressed in Eschericia coli, they often form a denatured, inactive form of the protein, known

as inclusion bodies. Of the nine human glycosyltransferases whose structures were solved, one was expressed in the

baculovirus expression system, while two are in the yeast and the remaining six in E. coli. Five of the six glycosyl-

transferases are expressed in E. coli as soluble active proteins. The remaining one has been refolded in vitro from

inclusion bodies, generating an active protein. Thus, it seems that availability of the recombinant protein in large

quantities is the limiting factor for determining the crystal structures of these enzymes.

The overall fold of these proteins falls into either of two classes, called GTA and GTB fold,12 and there seems

to be no pattern between the type of the enzyme and its fold. Although most of these enzymes are classified into

single-domain proteins, they seem to consist of two subdomains, in which one corresponds to the nucleotide-

diphosphate-sugar-binding domain. Strikingly, many proteins that bind to UDP-sugar show high structural

similarity in this domain, particularly around the metal-binding motif, even though there is no evolutionary

relationship among them. However, more structural data are needed to understand the relationship among

these transferases.

Due to its availability in large quantities in milk, extensive kinetics and biochemical studies on the bovine and

human b-1,4-galactosyltransferase have been carried out in the past 30 years. Therefore, the recent crystal structure

studies on b-1,4-galactosyltransferase, together with the previous studies, the structure, and the function of the

enzyme, can well be understood. Thus, in order to understand their structure and function, the structural features

of b-1,4-galactosyltransferase have been used as a model for comparing the structures of other glycosyltransferases in

this chapter. The structural features, such as the evidence for the conformational change upon the donor substrate

binding, and the characteristic of such conformational changes in terms of acceptor and metal ion bindings, have been

discussed.
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2.07.2 Crystal Structure b-1,4-Galactosyltransferase-I (b4Gal-T1)

b4Gal-T1 enzyme (EC 2.4.1.90/38), in the presence of Mn2þ, catalyzes the transfer of the galactosyl residue from

UDP-a-galactose (UDP-Gal) toN-acetylglucosamine (GlcNAc) in either its free form or linked to an oligosaccharide.13

a-Lactalbumin (a-LA), a mammary gland-specific protein that is expressed in large quantities during lactation of

mammals, interacts with b4Gal-T1, forming a 1:1 complex called lactose synthase (LS) (EC 2.4.1.22) complex. a-LA
has sequence and structural homology to lysozyme, yet does not have any lysozyme activity.14–17 In the LS complex,

a-LA modifies the acceptor specificity of b4Gal-T1 such that it transfers Gal from UDP-a-Gal to glucose to synthesize

lactose, Galb1-4Glc, the ‘milk sugar’. In the absence of a-LA, b4Gal-T1 has low affinity for Glc, with the Km of�2 M.

In the presence of a-LA, however, Km for Glc is reduced by 1000-fold so that its physiological concentrations are

adequate for the LS activity.

The catalytic domain of the bovine b4Gal-T1 (residues 129–402) has been crystallized in an apo-form, without any

substrates,18 and as a holo-form with bound Mn2þ-(UDP-Gal) (Figures 1a and b).19,20 Comparison of the crystal

structures of the apo- and holo-forms of b4Gal-T1 suggests that the enzyme undergoes conformational changes upon

binding Mn2þ and UDP-Gal, from an open to a closed conformation involving two flexible loops. It appears from the

crystal structure studies that first a small loop, residues 313–316 (GWGG), undergoes conformational change by

moving the Trp314 side chain from the outside to the inside of the catalytic pocket. This is followed by a change in the

conformation of the long loop, residues 346–365, from an open to a closed conformation, which also creates a-helical
structure for the region between the residues 359 and 365. In the holo-structure when UDP-Gal is placed inside the

catalytic pocket, the Trp314 side chain not only forms a hydrogen bond with the b-phosphate oxygen atom but also

interacts with the Gal moiety of UDP-Gal and the acceptor substrate through the hydrophobic interactions. Similarly,

in the closed conformation, the long flexible loop not only creates the acceptor- and a-LA-binding site but also buries
the bound UDP-Gal molecule.20,21 Thus, both loops act as lids of the catalytic pocket and expose only the sugar

acceptor site to the solvent environment, facilitating acceptor binding to it.

Although the Trp314 side chain in the open conformation causes steric hindrance to the long flexible loop in

changing the conformation from open to closed, mutation of Trp314 to Ala314 does not seem to help the long loop to

change its conformation readily from the open to closed one.22,23 On the other hand, such mutation helps to stabilize

the long flexible loop in the open conformation.22 Molecular dynamic studies suggest that during the conformational

change, the side chain of Trp314 assists the long flexible loop to change its conformation through a transient

interaction with the side chain of the residue Arg359.23 Thus, it seems that these two loops change their conformation

in a coordinated way from an open to a closed one.

It has been shown that the binding of Mn2þ to b4Gal-T1 is essential for the binding of UDP-Gal.24,25 CD

spectroscopic studies have shown that the sugar moiety of the UDP-Gal is important for inducing conformational

changes, since UDP alone cannot induce it effectively.26 The enzyme kinetics analysis shows that when UDP-Gal is

used as the donor substrate, the dissociation constant of the UDP-Gal-Mn2þ-b4Gal-T1 complex, the Kia, approaches

zero, whereas with UDP-Glc as the donor substrate, the dissociation constant, Kia, of the UDP-Glc-Mn2þ-b4Gal-T1

complex is very significant and clearly measurable.25,27 Since in the closed conformation the UDP-sugar is buried by

the flexible loops, the only way the UDP-sugar can dissociate from the enzyme-Mn2þ-(UDP-sugar) complex is by

changing the closed conformation of the loops back to an open conformation. Thus, these enzyme kinetics studies,

together with the crystallographic studies, suggest that only UDP-Gal can induce a stable closed conformation, and

other UDP-sugar substrates, such as UDP-Glc, do not. Cross-linking studies between a-LA and b4Gal-T1 show that

even the monosaccharide acceptor, GlcNAc, can induce the conformational change; however, it does so at a 100-fold

higher concentration than is required when UDP-Gal is present, and an a-LA, by interacting only with the closed

conformation of b4Gal-T1, stabilizes this complex.20,28 This property is utilized for the purification of b4Gal-T1 using

a-LA-agarose column, where b4Gal-T1 binds to the a-LA-agarose column in the presence of GlcNAc, and is eluted

from the column in the absence of GlcNAc. Crystallographic studies show that a-LA binds to b4Gal-T1 at the

C-terminal a-helical region of the long flexible loop and forms a stable complex, and it only binds to b4Gal-T1 when it

is in the closed conformation.21
2.07.2.1 Metal Ion Binding and Its Specificity

The residue Asp254 of the metal-binding motif, D252xD254, of b4Gal-T1 forms a coordination bond with the Mn2þ

(Figure 1c) while the second residue, Asp252, forms a hydrogen bond with the donor sugar moiety. Furthermore,

Asp252 interacts with the Asp254 residue through the metal ion-bound water molecule. There are two other residues,

Met344 and His347, that coordinate with the Mn2þ.29 This metal ion-binding site is in the N-terminal-binding region



(a)

(b)
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Figure 1 a, Stereo view of the superposition of three open conformation crystal structures: bovine b4Gal-T1, bovine

W314A-Gal-T1, and human M344H-Gal-T1. The arrows indicate the ends of the region that could not be traced in each of

these structures. b, Stereo view of the structure of b4Gal-T1 in closed conformation with Mn2þ, UDP-Gal, and the
trisaccharide acceptor, GlcNAcb1-2Mana1-6Man. The structures are shown together, each taken from separately bound

structures. The arrows point to the ends of the long flexible loop. c, Stereo view of the structure of the Mn2þ-binding region

of b4Gal-T1 in closed conformation. The UDP-Gal and the acceptor, GlcNAcb1-2Mana1-6Man structures, are shown

together, each taken from separately bound structures.
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of the long flexible loop, where the residues Met344 and H347 flank the hinge residue Ile345. Site-directed

mutagenesis studies show that although the mutation of the Asp254 to Ala254 prevented the Mn2þ binding to the

protein, mutation to Asn254, while reducing the catalytic activity by 10 000-fold, did not inhibit the Mn2þ binding.29

On the other hand, the mutation of His347 not only reduced the catalytic activity but also weakened the Mn2þ

binding. In the apo-structures, which are in open conformation, the residue His347 is placed away from the metal-

binding site. It coordinates with the metal ion only in the closed conformation, which is essential for the stabilization of

the long flexible loop. Thus, the mutation of His347 is expected to abolish the catalytic activity of the enzyme. Met is

generally considered to be a hydrophobic residue and not involved in metal ion coordination. However, so far only two

crystal structures, cytochrome C and azurin, have Met residues that coordinate with metal ion.30,31 When Met344 is



X-Ray Crystal Structures of Glycosyltransferases 255
mutated to Ala344 in b4Gal-T1, a water molecule is found to coordinate with theMn2þ and the mutant Ala344-b4Gal-

T1 exhibits nearly 55% of the catalytic activity, suggesting that Met344 is only weakly contributing toward the binding

ofMn2þ. However, when theMet344 is mutated to other residues, such as Ser, Gln, and Glu, the enzyme progressively

loses its activity in the presence ofMn2þ. Surprisingly, however, whenMet344 is mutated to His344, the mutant shows

high catalytic activity withMg2þ instead of Mn2þ. Other alkali-earth metal ions such as Ca2þ can also bind the enzyme

and activate the mutant.32 It has been shown that only transition metal ions bind to and activate the wild-type enzyme,

while alkali-earth metal ions neither bind nor activate the wild-type b4Gal-T1.24 Considering the fact that the

M344H-Gal-T1 mutant can bind both the transition- and alkali-earth metal ions, the specificity of the wild-type

enzyme toward the transition metal ion must be due to the residue Met at position 344.
2.07.2.2 Dual Role for the Metal Ion

When a metal ion cofactor is necessary for the catalysis of an enzyme, it is expected to play an important role in the

transition-state stabilization. Many glycosyltransferases use NDP-sugar as the donor substrate, and a metal ion,

preferably Mn2þ, for the catalysis. Mn2þ binds to the phosphate groups of NDP-sugar and, during catalysis, when

the donor sugar separates from the NDP-sugar, the Mn2þ neutralizes the negative charge on the NDP molecule. In

addition to this role of Mn2þ, it also influences the dynamics of the conformational change in b4Gal-T1, which also

contributes to the turnaround number, kcat, of the enzyme.32 The enzyme catalytic cycle involves, first, binding of

Mn2þ, followed by UDP-Gal binding and change in the conformation of the flexible loops, from open to closed

conformation, where the UDP-Gal molecule is buried inside the catalytic pocket, simultaneously facilitating the

acceptor binding. After catalysis, the enzyme reverts back to open conformation, releasing the UDP molecule, and

starting a new cycle.33,34 The more frequently the enzyme goes through this conformational cycle in a second, the

higher the kcat value. Thus, the conformational dynamics influence the kcat value. When the Met residue is present at

position 344, as in the wild-type enzyme, the enzyme has a high kcat value in the presence of Mn2þ with a KdI value for

Mn2þ of 16mM, while the Mg2þ ion does not even bind to the enzyme. However, when a His residue is present at

position 344, as in the mutant M344H-Gal-T1, even though the KdI value of Mn2þ decreases by about 10-fold, that is,

the affinity for Mn2þ is increased by about 10-fold, the kcat of mutant is decreased by 40-fold. On the other hand, the

KdI value for the Mg2þ is lower than Mn2þ by 100-fold but the mutant shows a high kcat value. Although both Mn2þ

and Mg2þ are divalent metal ions, they may participate differently in the stabilization of the transition-state complex

that is reflected in the kcat values.
32

In addition to the conformational dynamics and the transition-state stabilization, the product-release phase also

influences the turnaround number, kcat, in b4Gal-T1. In the product release state, the conformation of the flexible

loops may not readily reverse back to open conformation in the M344H-Gal-T1 mutant to release the UDP from the

enzyme-Mn2þ-UDP complex and, thus, facilitate the formation of the enzyme-Mn2þ-UDP-acceptor dead-end

complex. The formation of such a complex is reflected in the noncompetitive inhibition of the acceptor substrate at

high acceptor concentrations, which affects the kcat of the reactions.32 In the M344H-Gal-T1, such inhibition is

observed when Mn2þ is used in the reaction;32 stronger the acceptor binding lower the inhibition concentration

required. However, whenMg2þ is used in the same catalytic reaction, no such inhibition is observed. Thus, the type of

metal ion binding at the hinge region of the long flexible loop influences the conformational dynamics of the long

flexible loop during the conformational cycle, thereby affecting the kcat of the enzyme. Mn2þ, in combination with a

Met residue at position 344, or Mg2þ in combination with His residue at position 344, determines the high kcat of the

enzyme. The inability of the M344H-Gal-T1 mutant to return to the open conformation in the presence of UDP and

Mn2þ has enabled us to crystallize the mutant in complex with various oligosaccharides.
2.07.2.3 The Snapshots of Crystal Structures along the Enzyme Kinetics Pathway

Among the several enzyme kinetics pathways proposed for b4Gal-T1,35,36 the sequential ordered mechanism fits very

well to the crystal structural data. Mn2þ binds first to the enzyme, followed by the UDP-Gal. Upon the UDP-Gal

binding, the enzyme-Mn2þ-(UDP-Gal) forms a stable complex to which the acceptor binds. After the enzyme

catalysis, the product disaccharide is released, followed by UDP and Mn2þ. The enzyme then starts a new cycle.

Previously, the crystal structures of the apo-enzyme and its complex with Mn2þ-(UDP-Gal) in the closed conforma-

tions were available.18,19 However, to investigate the metal binding to the enzyme followed by the UDP-Gal binding

in the open conformation, we used the M344H-Gal-T1 enzyme, which exhibits 10-fold higher affinity for the Mn2þ
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Figure 2 (continued)
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than for the wild type. In order to capture the catalytic intermediate state, we used the LS reaction, which in the

presence of a-LA, UDP-GalNAc, instead of UDP-Gal, was used a donor substrate and Glc as the acceptor substrate.

The kcat value of the LS reaction, where UDP-Gal is used as the donor substrate, is nearly 4 molecules s–1; each

catalytic cycle takes 0.25 s. However, when UDP-GalNAc is used as the donor substrate, the kcat value is more than

1000-fold less than that of UDP-Gal, suggesting that a single enzyme cycle takes at least 4min to complete. Such a

slow reaction is the most suitable for successfully obtaining a pentenary complex, b4Gal-T1-Mn2þ-(UDP-GalNAc)-

Glc-a-LA, in the crystals.

In the apo-M344H-Gal-T1 crystal structure and in the wild-type crystal structure, the metal-binding site is simply

hydrated (Figure 2a). A water molecule, W5, is found to bridge the Asp residues of the DxD motif and is found

conserved in all the crystal structures. The residues H347 to N352 were found disordered and could not be traced.

When M344H-Gal-T1 was crystallized with 10mMMnCl2, a single Mn2þ ion was found near the Mn2þ-binding site,
coordinating with the Asp254 and His344 residues; the remaining four coordinations are with four water molecules,

W1, W2, W3, and W4 (Figure 2b). The residues His347, Ser348, and Arg349 are found ordered, and the side chain of

His347 is facing away from the metal ion, not coordinating with it. In the M344H-Gal-T-Mn2þ-UDP-Gal-complex in

the open conformation, the Gal moiety is disordered and cannot be located and the b-phosphate group is only partially

observed (Figure 2c). Due to the open conformation, the Trp314 side chain is facing away from the catalytic pocket,

which creates a void near the b-phosphate-binding site. In fact, mutation of Trp314 to Ala314 shows that the mutant

A314-Gal-T1 binds weakly to the UDP-agarose column, suggesting the importance of the Trp314 side chain for the

binding of the UDPmoiety in the closed conformation. In the crystal structure of M344H-Gal-T-Mn2þ-UDP-Gal, the

His347 side chain has moved toward the Mn2þ and coordinates with it by replacing the W1 water molecule. Similarly,

the W2 water molecule is replaced by the a-phosphate oxygen atom of the UDP moiety; while the conserved water

molecule W5 is still present, it is 3.4 Å away from the Mn2þ. In the closed conformation of M344H-Gal-T1-Mn2þ-
UDP-Gal complex, the Trp314 side chain is placed inside the catalytic pocket, forming a hydrogen bond with the

b-phosphate oxygen atom (Figure 2d). This results in placing the b-phosphate closer to the Mn2þ ion. Upon replacing

the W3 water molecule, the b-phosphate oxygen coordinates with the Mn2þ. The coordinating water molecule, W4,

found in the open conformation; is missing; instead, the W5 coordinates with the Mn2þ, fulfilling the six coordinations
for the Mn2þ. This suggests that during the conformational change, due to the positioning of the long flexible loop on

top of the bound UDP-Gal, the Mn2þ coordination undergoes significant change. For its sixth coordination, Mn2þ

picks up water molecule W5 in exchange for the water molecule W4. Since Mn2þ cannot support more than six

coordinations, theW4 water molecule was not observed in all theMn2þ-bound closed conformational structures. Since

the Ca2þ ion can support seven coordinations, the Ca2þ ion-bound structure in the closed conformation captured both

the W4 and W5 water molecules simultaneously bound to the Ca2þ ion (data not shown).25 Also, this exchange of

coordination ligands in Mn2þ is not due to the binding of the b-phosphate to the metal ion, since in the crystal

structure of the M344H-Gal-T1-Mn2þ-GlcNAc-a-LA complex in the absence of the donor or UDP substrate, the

M344H-Gal-T1 is found in the closed conformation andMn2þ coordinates with the W5 water molecule. In this crystal

structure, in place of phosphate oxygen atoms, water molecules W2 and W3 were bound to the Mn2þ ion, along with

W5 (not W4) (unpublished results).

Therefore, it is clear from these structures that during conformational changes, even Mn2þ coordination undergoes

significant changes to coordinate with the W5 water molecule. Since the next step in the enzyme kinetics pathway is

the acceptor binding andW5 is away from the acceptor-binding site, it is possible that theW5 water molecule may play
Figure 2 a, The humanMet344His-Gal-T1 apo-structure, where the metal binding site is seen hydrated. A water molecule,

W5, is found interacting with the Asp252 residues of the DxD motif. b, Mn2þ bound to human Met344His-Gal-T1 structure.
The Mn2þ is coordinated with the residues Asp254 and His344, and the remaining four coordinations are with the water

molecules, W1,W2,W3, andW4. Themetal-binding residue His347 is found ordered but does not coordinate with theMn2þ.
c, The human Met344His-Gal-T1 structure in open conformation with the bound Mn2þ-UDP-Gal. Due to the open confor-

mation, the Trp314 side chain is found outside the catalytic pocket, which creates a void near the b-phosphate group.
Because of this void, the Gal moiety is flexible and cannot be observed. The His347 residue coordinates with the Mn2þ by

replacing the W1 water molecule, and a-phosphate of UDP replaces the W2 water molecule. d, The humanMet344His-Gal-

T1 structure in closed conformation. The Trp314 side chain is placed inside the catalytic pocket displacing the b-phosphate
toward theMn2þ. By replacing theW3water molecule, b-phosphate forms a coordination bondwith theMn2þ. The long loop

is placed on the UDP-Gal. The sixth coordinating water molecule, W4, is not found; instead, W5 forms the sixth coordination

with the Mn2þ. e, A pentenary complex of Mn2þ-UDP-GalNAc-Glc-Gal-T1-a-LA. The GalNAcmoiety is cleaved off the UDP-

GalNAc molecule and is displaced toward the Glc molecule. The b-phosphate has rotated away from the GalNAc moiety to
form a hydrogen bond with the W5 water molecule, preventing the cleaved GalNAc from re-forming UDP-GalNAc. Due to

the steric hindrance between the residue Tyr289 and the N-acetyl group of GalNAc, GalNAc has not formed the product.
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an important role during the catalysis. In the crystal structure of the pentenary complex, b4Gal-T1-Mn2þ-(UDP-

GalNAc)-Glc-a-LA, the GalNAc moiety is cleaved from the UDP-GalNAc and observed to be 3.6 Å away from the

b-phosphate oxygen atom of the UDP moiety and toward the acceptor Glc molecule (Figure 2e). The increase in the

distance between the b-phosphate oxygen atom and the C1 atom of the cleaved GalNAc moiety is not solely due to

the change in the puckering of GalNAc from 4C1 to
4H3. Comparison of the b-phosphate orientation of the cleaved

UDP and the uncleaved UDP-GalNAc from the crystal structure of the b4Gal-T1-Mn2þ-(UDP-GalNAc)-a-LA37

conforms that the b-phosphate oxygen atoms have rotated about their phosphor-diester bonds by an average of 26�,
away from the C1 atoms of the GalNAc moiety and toward the W5 water molecule, forming a hydrogen bond with it

(distance of 2.7 Å). This rotation not only increases the distance between the phosphate oxygen atom to the C1 atom of

the GalNAc moiety, but these two atoms are also no longer aligned to reform the broken glycosidic bond (Figure 2e).

In the uncleaved UDP-GalNAc bound crystal structure, the W5 water molecule is found 3.5 Å away from the

glycosidic oxygen atom. This clearly suggests that the role of the W5 water molecule is to rotate the b-phosphate
oxygen atom upon the cleavage of the sugar moiety, thereby preventing the reformation of the UDP-sugar and

ensuring that the catalytic reaction proceeds only in the forward direction.37

In the pentenary crystal structure, b4Gal-T1-Mn2þ-(UDP-GalNAc)-Glc-a-LA, the GalNAc sugar donor is not

transferred, and no disaccharide is detected. GalNAc is found 2.6 Å away from the O4 atom of the Glc (Figure 2e).

The steric hindrance caused by the Tyr289 residue, which interacts with the N-acetyl group of the GalNAc moiety,

prevents the donor sugar from being transferred. In a separate study, when Tyr289 is mutated to a less bulky side chain

amino acid, Leu289, this mutant, as expected, demonstrates similar catalytic activity with both donor substrates, UDP-

GalNAc and UDP-Gal.37 Furthermore, in the crystal structure of the pentenary complex employing UDP-GalNAc as

the donor substrate (b4Gal-T1-Mn2þ-(UDP-GalNAc)-Glc-a-LA), the C1 atom of the GalNAc moiety has only two

covalent bonds with the nonhydrogen atoms O5 and C2 and exists in nearly 4H3 conformation. This suggests that it

may exist as an oxocarbenium ion or in an N-acetylgalactal form, concurring with the SN2 mechanism for the enzyme

catalysis.38–40
2.07.2.4 a-LA Binding and Modulation of the Acceptor Specificity

Among the placenta-based mammals, a-LA and b4Gal-T1 from any mammal can form an efficient LS complex that

can synthesize lactose. In fact, recent studies have shown that a-LA from mammals can form a LS complex with

b4Gal-T1 from even nonmammalian vertebrates such as chicken.41 However, such a combination seems not possible

among marsupial LS complexes, where a-LA and b4Gal-T1 from the same species can only make an efficient LS

complex.42 Although bovine a-LA forms an efficient LS complex with the bovine b4Gal-T1 and both recombinant

proteins are available, they do not crystallize easily. However, recombinant mouse a-LA crystallizes efficiently with

the recombinant bovine b4Gal-T1 as the LS complex (Figure 3a). Biochemical studies have shown that LS complex

is formed only in the presence of its substrates. Similarly, the two proteins form LS complex and crystallize only in the

presence of various substrates of b4Gal-T1 such as GlcNAc, Glc, Mn2þ-(UDP-Gal), and also with the less preferred

donor substrates Mn2þ-(UDP-Glc)27 and Mn2þ-(UDP-GalNAc).37 The mouse a-LA structure in the LS complex is

very similar to the published structure of free a-LA from other species.43 a-LA has a flexible region, residues 105–111,

which adopts a loop or helix conformation, depending upon the pH of the crystallization medium.44 This flexible

region is also known to be important for its binding to b4Gal-T1.45 When the flexible region of mouse a-LA adopts a

helix conformation and b4Gal-T1 adopts a closed conformation; they are bound together in LS complex. As detailed

above, it is only in the closed conformation of b4Gal-T1 that the a-LA binding site is available to form an LS complex.

a-LA interacts with the b4Gal-T1 in the vicinity of its oligosaccharide acceptor-binding site, directly interacts with the

monosaccharide acceptor molecule, and does not make any direct interactions with the donor substrate (Figure 3a).

a-LA binds to the long flexible loop at its C-terminal a-helix region, which is created in the closed conformation,

thereby stabilizing the closed conformation of b4Gal-T1. When the disaccharide chitobiose or glycoprotein ovalbumin

is used as the acceptor, a-LA acts as a competitive inhibitor.46 This suggests that a-LA competes for the oligosaccha-

ride acceptor-binding site in the b4Gal-T1.46 The extended sugar moiety GlcNAc of chitobiose makes hydrophobic

interactions with the Tyr286 residue,47 and in the crystal structure of the trisaccharide from the N-glycan complex with

b4Gal-T1, the core mannose residue interacts with the side chain of Tyr286. In the crystal structure of the

LS complex, the side chain of the residue Phe31 in a-LA makes hydrophobic interactions with the side chain of

the residue Tyr286 in b4Gal-T1, explaining the competitive binding of a-LA to the oligosaccharide-binding site

of b4Gal-T1.

In the closed conformation of b4Gal-T1, the C-terminal region of the long flexible loop forms an a-helix, where the
side chain of the residues Arg359, Phe360, and Ile363 forms a hydrophobic pocket that facilitates the binding of the
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Figure 3 a, The LS complex (a 1:1 complex between a-LA and b4Gal-T1), with the bound Mn2þ, UDP, and Glc. The a-LA
interacts with the b4Gal-T1 only in the acceptor-binding site and makes hydrogen bonds and hydrophobic interactions with

the acceptor substrate. b, Binding of GlcNAc to b4Gal-T1. The side chain of the residues Arg359, Phe360, and Ile363 of the
C-terminal end of the long flexible loop form a hydrophobic pocket, which facilitates the binding of the N-acetyl moiety of

GlcNAc. The C1 and O1 atoms of the acceptor do not make contacts with the protein. c, Binding of GlcNAc to the LS

complex. In addition to the interaction of GlcNAc with b4Gal-T1, a-LA forms a hydrogen bond with the O1 hydroxyl group of

the GlcNAc. This additional interaction decreases the Km for GlcNAc by nearly 10-fold. d, Binding of Glc to the LS complex.
a-LA holds the Glc molecule in the acceptor-binding site of b4Gal-T1, through a hydrogen bond between the residue His32

and the O1 hydroxyl group of Glc. The side-chain conformation of Arg359 changes in such a way that it maximizes its

interactions with the Glc molecule, thereby closing the hydrophobic pocket utilized for the binding of N-acetyl group of
GlcNAc.
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N-acetyl moiety of the acceptor GlcNAc. When GlcNAc binds to b4Gal-T1, the N-acetyl moiety interacts with this

hydrophobic pocket. Besides this interaction, GlcNAc also makes a number of hydrogen bonds with the protein

molecule with its exocyclic atoms, such as N2, O3, and O4, and the carbonyl oxygen atom (O7), while the C6 and O6

atoms make only van der Waals interactions with the protein molecule (Figure 3b). The C1 and O1 atoms of GlcNAc

do not make any significant contact with b4Gal-T1.20,21 However, in the crystal structure of the LS complex in the

presence of GlcNAc, although interactions of GlcNAc with b4Gal-T1 have not altered, it makes additional interac-

tions with a-LA. Through its highly conserved residues Phe31 and His32, a-LA makes hydrophobic and hydrogen-

bonding interactions with the GlcNAc molecule (Figure 3c). The side chain of the residue Phe31of a-LA not only

makes hydrophobic interactions with the residue Try286 of b4Gal-T1 but also with the O5 atom of GlcNAc, and the

side chain of the His32 residue in a-LA forms a hydrogen bond with the O1 hydroxyl group of GlcNAc. These

additional interactions observed in the presence of a-LA are responsible for the lowering of the Km value (nearly 10-

fold) for the GlcNAc in the presence of a-LA in the b4Gal-T1 catalytic activity. Thus, a-LA binding restructures the

acceptor binding site of b4Gal-T1 in such a way that the affinity for the acceptor substrate is increased. In the absence

of a-LA, Glc is a very poor acceptor for b4Gal-T1; therefore, we can only model the binding to b4Gal-T1, based on the

GlcNAc binding. In the model, the N-acetyl group binding pocket in b4Gal-T1is not occupied by the Glc molecule;

therefore, its binding to b4Gal-T1 is expected to be much weaker than GlcNAc. However, in the crystal structure of

the LS complex with Glc, the His32 residue of a-LA is observed to form a hydrogen bond with the O1 hydroxyl group
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of Glc molecule, and in the acceptor-binding site of b4Gal-T1, Arg359 of b4Gal-T1 has changed its side chain

conformation in such a way that the hydrophobic pocket that binds the N-acetyl moiety of GlcNAc is absent

(Figure 3d). Thus, a-LA modulates the acceptor specificity of b4Gal-T1 by binding to its extended sugar acceptor-

binding site, and holding the monosaccharide Glc molecule in the acceptor-binding site of b4Gal-T1 by a hydrogen

bond between the His32 residue and the O1 hydroxyl group of Glc. This enables b4Gal-T1 to restructure its acceptor-

binding site by changing the Arg359 side chain conformation to maximize its interactions with Glc molecule, thereby

reducing its Km by nearly 1000-fold.20,21

Although the UDP-sugar donors other than UDP-Gal bind to b4Gal-T1, they do not, however, produce a stable

b4Gal-T1-substrate complex. They dissociate easily. Due to this reason, it was impossible to crystallize these

substrates in complex with b4Gal-T1. In contrast, a-LA not only binds to b4Gal-T1 in the closed conformation but

also stabilizes the closed conformation with the bound donor substrate. This unique feature, which is not available

with other glycosyltransferases, enabled us to crystallize b4Gal-T1 with various less preferred substrates in the

presence of a-LA.27,37 Such studies have led to a better understanding of the nature of interactions between these

less-preferred sugar donor substrates, such as UDP-GalNAc, UDP-Glc, and UDP-Man with b4Gal-T1, at the

molecular level. Based on these structures, design of mutant enzymes with enhanced preferences for these substrates

was possible.37,48
2.07.3 Crystal Structure of the b-1,2-N-Acetylglucosaminyltransferase-1
(b2GlcNAc-T1)

b2GlcNAc-T1 transfers GlcNAc from UDP-a-GlcNAc to the acceptor Mana1-3Manb-R arm (3-arm) of the Man5-

GlcNAc2 acceptor, creating the b-linked GlcNAcb1-2Mana1-3Manb-R product.49,50 This enzyme is at the gateway

from oligomannose structures to hybrid and complex N-glycan structures of glycoproteins.50 High-resolution crystal

structure of the catalytic domain of the rabbit b2GlcNAc-T1 (residues 106–447) has been determined as an

apo-enzyme without any substrates and as a holo-enzyme with Mn2þ and UDP-GlcNAc (Figures 4a and 4b).51

In the apo-crystal structure, a small region, residues 318–330, present on the surface of the protein could not be traced

in the crystal structure (Figure 4a).51 However, in the holo-crystal structure, where Mn2þ and UDP-GlcNAc were

co-crystallized with the protein molecule, this region could be clearly traced (Figure 4b).51 The conformation of this

loop is such that it buries the bound Mn2þ and UDP-GlcNAc, suggesting that this flexible loop acts like a lid to the

Mn2þ- and the donor substrate-binding pocket, and only upon their binding is its conformation stabilized in such

a way that it buries them. Thus, the binding of Mn2þ and the UDP-GlcNAc induces a conformational change in this

flexible loop, from a disordered open conformation to an ordered, closed conformation. In the closed conformation, the

region comprising residues 324–330 forms an a-helix, and the residues Phe326 and Leu331 make hydrophobic

interactions with the N-acetyl group of the donor sugar moiety, GlcNAc.51 This is somewhat similar to b4Gal-T1,

where the newly formed a-helix forms a hydrophobic pocket for the binding of the N-acetyl moiety of the acceptor

substrate, GlcNAc.

The protein has an ExD as the metal-binding motif, in which the residue Asp213 forms a single coordination with

the Mn2þ, whereas the residue Glu211 does not form a direct coordination bond with the metal ion (Figure 4c).

On the contrary, as in the b4Gal-T1, Glu211 interacts with the metal ion through a water molecule. TheMn2þ exhibits

an octahedral coordination with three bound water molecules. Although the metal ion is bound to the protein through

only one residue, it interacts with the backbone of the flexible loop through its water molecule, which indirectly

stabilizes the flexible loop in the closed conformation (Figure 4c). The fact that only one Asp residue, Asp213, is

interacting with the metal ion explains the requirement of a high concentration ofMn2þ for the maximum activation of

the enzyme. Furthermore, the enzyme also may not have a specific requirement for a transition metal ion for its

activation. In fact, it has been shown that nearly 20mM concentration of MnCl2 is required to observe a maximum

activity of the enzyme; in addition, alkali-earth metal ions such as Mg2þ, Ca2þ, and Ba2þ activate the enzyme.52

However, they exhibit very little activity. This requirement for high concentration of Mn2þ for the maximum activity

of b2GlcNAc-T1 is in contrast to b4Gal-T1, where three protein residues coordinate with the metal ion and only 5mM

MnCl2 is enough for maximum activation of the enzyme.

Although the acceptor sugar, mannose, binding is not known, in the closed conformation its binding site can be

clearly observed with Asp291 as the catalytic base.51 However, since the protein exhibits a high acceptor preference

toward the (1-3)-arm of the N-glycan,52 an extended sugar-binding site which facilitates the binding of at least one

more sugar with an a1-3 linkage might be present on the surface of the protein. This crystal structure has been used as

a model system to examine the catalytic mechanism of the inverting enzymes through quantum energy calculations.53
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Figure 4 a, Stereo view of the apo-b2GlcNAc-T1 crystal structure. Arrows indicate the missing region of the flexible loop.
b, Stereo view of the holo-b2GlcNAc-T1 crystal structure in the presence of Mn2þ-UDP-GlcNAc. The flexible loop is ordered

and found to bury the UDP-GlcNAc substrate. c, Stereo view of the binding of Mn2þ and UDP-GlcNAc to b2GlcNAc-T1. Only

the residue Asp213 of themetal-binding motif, ExD, binds toMn2þ directly, while the residue Glu211 forms a hydrogen bond

with the GlcNAc moiety of UDP-GlcNAc. The flexible loop is in the closed conformation. The metal binding site is in the
vicinity of the N-terminal region of the flexible loop.
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2.07.4 Crystal Structure of b-1,3-Glucuronyltransferase-I (b3GlcAT-I or GlcA-I)

Glycosaminoglycans, such as heparan sulfates, chondroitin sulfates, and dermatan sulfate, are attached to core proteins

that are present on the cell surface and extracellular matrix.54 These molecules play an important role in a variety of

biological processes such as cell growth and differentiation, blood coagulation, and viral and bacterial infection.55 All

glycosaminoglycans utilize the common linker region GlcAb1-3Galb1-3Galb1-4Xyl- that is attached to the core

protein at specific serine residues. GlcA-I, in the presence of manganese, catalyzes the transfer of the GlcA from

the donor substrate UDP-GlcA to the linker region Galb1-3Galb1-4Xyl-Ser.56 Crystal structure of the catalytic domain

of human b3GlcAT-I1 (residues 76–335) has been determined as an apo-enzyme, without any substrates, and as a holo-

enzyme in complex with Mn2þ, UDP-, and Galb1-3Galb1-4Xyl, and a Mn2þ-UDP-GlcA complex (Figure 5a).57,58

The residues 145–149, and residues 141–151, which correspond to the protein sequence K141AQRLREGEPG.151

could not be traced in the apo- and holo-crystal structures, respectively (Figure 5a). These residues are found in

the vicinity of the donor substrate-binding site. Although more residues are ordered in the apo-crystal structure in

this region, these coordinates were not available for comparison with the holo-structure to elucidate their possible

role in the donor substrate binding. The determination of the crystal structure of the enzyme with the intact

donor substrate-bound complex was performed by repeated soaking of the crystals in the presence of UDP-GlcA

for several hours and then flash-cooling the crystals to –170�C to prevent any hydrolysis of the donor substrate.

The successful crystallization of the complex indicates that the donor substrate-binding site is not seriously buried,

thus accessible from the bulk solvent environment. Thus, it is unlikely that in the present case GlcA-I undergoes any

major conformational changes upon binding of Mn2þ*UDP-GlcA. However, in the holo-crystal structures, the side

chain of Arg residues 156 and 310 extends toward the phosphate moiety and shields it from the bulky solvent region

(Figure 5b).
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Figure 5 a, The stereo view of b-1,3-glucuronyltransferase-I (GlcA-I) with UDP-GlcA, the acceptor sugar. The substrate
bindings are taken from their individually bound structures. Arrows indicate the missing region of the flexible loop.

b, Although only one of the Asp residues, Asp196, of the D194xD196 motif coordinates with the metal ion, it forms two

coordination bonds with it. Asp194 forms a hydrogen bond with the sugar moiety of the UDP-GlcA. The proposed catalytic

residue, Glu281, forms a hydrogen bond with the O3 hydroxyl group of the Gal moiety of the acceptor molecule.
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The residue Asp196 of the metal binding motif, D194xD196, forms two coordination bonds with the Mn2þ. The Asp

residue 194 interacts with the donor sugar, which also interacts with Mn2þ and Asp196 through a Mn2þ-bound water

molecule (Figure 5b). AlthoughMn2þ is bound to only one protein residue, it forms two coordination bonds with both

the carboxylate oxygen atoms of Asp196. The remaining four coordinations are with the two phosphate oxygen atoms

and two with water molecules. Although there is only one Asp residue that coordinates with the metal ion, it

nevertheless forms two coordination bonds with it; therefore, the metal ion is expected to bind much more strongly

compared to metal ion binding in b2GlcNAc-T1 or as strongly as in b4Gal-T1. In fact, just 2 mMMnCl2 concentration

is enough to give maximum activity of the enzyme. Similar to b2GlcNAc-T1, the enzyme is activated by Mg2þ;
however, the activity is only less than 10% of that observed with Mn2þ.56

Although the donor sugar moiety forms number of hydrogen bonds with the protein atoms, there is no particular

interaction observed for the carboxylate group of the GlcA moiety. It forms a nonspecific hydrogen bond with

the backbone oxygen atom of the residue Arg330. The acceptor-binding site is found in the C-terminal region

of the protein, where the binding of the disaccharide, Galb1-3Gal, to the protein has been clearly observed.57 Although

the acceptor Gal moiety forms a number of hydrogen bonds with the protein molecule, the second Gal is solely

stabilized by the hydrophobic side-chain interactions from the residue Trp243 and the C-terminal end of the

neighboring protein molecule, together forming a stable homodimer.
2.07.5 Crystal Structure of b-1,3-Glucuronyltransferase-P (b3GlcAT-P or GlcA-P)

Human GlcA-P transfers glucuronic acid (GlcA) from UDP-GlcA to the Gal moiety of an acceptor Galb1-4GlcNAc

(LacNAc), forming a b1-3 linkage between GlcA and Gal.59 The crystal structure of the catalytic domain of GlcA-P

(residues 83–334) has been determined in an apo-form, without any substrates, and a holo-form, with the
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Mn2þ*UDP*LacNAc complex (Figure 6a).60 The overall structure is quite similar to that of GlcA-I. In the crystal

structures of the apo- and holo-forms of GlcA-P, the residues 151–165 were disordered and could not be traced.

Structural comparison of the apo- and holo-forms shows that the side chains of the residues Arg165 and Arg313

undergo significant conformational changes upon UDP binding (Figures 6a and 6b). They bury the UDP moiety

in a manner similar to that observed in the crystal structure of GlcA-I.58 This indicates that the conformational changes

of the side chains of the basic residues, as observed in these crystal structures, are important for the function of the

enzyme. For example, the mutation of Arg313 residue to Ala results in a significant loss of the catalytic activity

of the enzyme. Although the side chain of Arg313 forms hydrogen bonds with the phosphate oxygen atoms of the

UDP-sugar, it may also be protecting the donor substrate from the bulk solvent environment as well as essential for the

catalytic activity of the enzyme. Although the protein sequences of the catalytic domains of GlcA-I and GlcA-P show

66% similarity, they show high three-dimensional structural similarities.

The involvement of the DxD motif in the binding and coordination of the Mn2þ in GlcA-P is quite similar to that

observed in the crystal structure of GlcA-I (Figure 6b). Furthermore, the protein sequence and the binding structure

of UDP moiety in both GlcA-P and GlcA-I are quite analogous. Although the GlcA-P could not be successfully

crystallized in the presence of UDP-GlcA, the UDP-GlcA binding site is also expected to be akin to that seen in GlcA-I,

since the structure of the latter in the presence of UDP-GlcA is known.

Although both the enzymes, GlcA-I and GlcA-P, transfer the same donor sugar, GlcA, in a b-configuration, to the

same b-linked sugar acceptor moiety Gal, they exhibit high specificity toward different disaccharide acceptors. GlcA-I

prefers Galb1-3Gal as the disaccharide acceptor, which is involved in the proteoglycan synthesis. While GlcA-P shows

a high preference toward the Galb1-4GlcNAc disaccharide (LacNAc), which is involved in the synthesis of the core
(a)

(b)

Figure 6 a, Stereo view of b-1,3-glucuronyltransferase-P (GlcA-P) in the presence of UDP and the acceptor sugar. Arrows
indicate the missing region of the flexible loop. b, Stereo view of the substrate binding in GlcA-P. The metal ion coordination

is similar to that of GlcA-I (Figure 5b). Although only one Asp residue (Asp197) of the D195xD197 motif coordinates with the

metal ion, it forms two coordination bonds with it. Similar to the b 2GlcNAc-T1 and GlcA-T structures, the other Asp residue

(Asp195) possibly forms a hydrogen bond with the sugar moiety of the UDP-sugar. The proposed catalytic residue, Glu284,
forms a hydrogen bond with the O3 hydroxyl group of the Gal moiety of the acceptor molecule.
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structures. Although as a monomer these enzymes have the complete catalytic pocket, where the binding sites for

Mn2þ, UDP-GlcA, and the acceptor sugar Gal are present, their specificity toward the disaccharide acceptor can be

successfully explained only in the dimeric form. In the dimer form, the C-terminal end of the molecule interacts with

the acceptor-binding site of the other molecule, particularly at the extended sugar-binding site. This particular

interaction has been attributed to the high specificity of these enzymes toward different disaccharide acceptors.60

Although most of the glycosyltransferases form dimers in the crystal structures, the dimer interface in GlcA-I and

GlcA-P is 4200 Å2. These values are quite high compared to 1350 Å2 for b4Gal-T,19 indicating that dimerization may

be an active form of these proteins.
2.07.6 Crystal Structure of a-1,3-Galactosyltransferase (a3Gal-T)

a3Gal-T catalyzes the transfer of Gal from UDP-a-Gal (UDP-Gal) into an a1-3 linkage with nonreducing terminal

b-galactosyl moieties in glycoconjugates, preferentially to an LacNAc (Galb1-4GlcNAc) moiety. This enzyme is

expressed in many mammalian species, including most primates and NewWorld monkeys, but is absent from humans,

apes, and Old World monkeys61 because of the mutational inactivation of the gene.62 Humans produce large amounts

of antibody to this structure, called the a-gal epitope, amounting to nearly 1% of the circulating IgG, which causes

major problems in xenotransplantation of organs.63

The X-ray crystal structure of the catalytic domain of bovine a3Gal-T, residues 80–368, was first determined with

bound Mn2þ-UMP and as an Mn2þ-Hg-UDP-Gal complex.64 The overall protein fold belongs to the GT-A family

(Figure 7a). In the UMP complex all the residues were located, while in the UDP-Gal complex the last 10 C-terminal

residues could not be located.64 Subsequently, the same protein structure was solved at high resolution with bound

Mn2þ and UDP, and with different acceptors.65–68 In these structures, all the C-terminal residues could be located.

However, the conformation for this region, residues 358–368, was quite different from that of the complex with UMP64

(Figures 7a and 7b), indicating that this region undergoes conformational changes upon Mn2þ*UDP-Gal binding. In

the UMP-bound structure, the C-terminal region blocks the acceptor-binding site, while in the UDP-bound high-

resolution structure, the acceptor-binding site is exposed and found occupied by the acceptors. It has been shown by

kinetics and calorimetric studies that the binding of Mn2þ ion was essential for the binding of UDP-Gal or UDP to the

enzyme.66 Furthermore, UDP or UDP-Gal binding was essential for the binding of the acceptor. This suggests that

the conformation observed with the UMP structure is not a true apo-structure. Since it blocks the acceptor-binding

site, it may most closely represent the open conformation for the apo-protein. Because in the high-resolution, UDP-

bound complex structure, the acceptor molecule could be located, this structure then represents the closed conforma-

tional state of the enzyme. However, in the closed conformation, the UDP or UDP-Gal is buried by the side chains of

Arg and Tyr residues. Since mutation of Arg365 to Lys greatly reduces the catalytic activity of the enzyme, these

residues are important for catalysis.65 In the Hg-UDP-Gal structure, the Glu317 residue was found covalently attached

to a Gal moiety. Based on this feature, it was proposed that the Glu317 residue may facilitate the formation of an

intermediate state of the enzyme-protein complex where the Gal moiety of the UDP-Gal is first transferred to a

protein molecule, then to the acceptor sugar molecule (Figure 7c). However, comparison of this Glu317-Gal bound

structure with the acceptor lactose molecule (Galb1-2Glc)-bound structure shows that the Gal moiety of the

Glu317Gal complex partially occupies the binding site of the Gal moiety of the acceptor sugar. This partial occupancy

would prevent the acceptor binding and thus may be considered as a structural artifact. Furthermore, in this UDP-Gal

bound structure, the Mn2þ ion coordination with the two phosphate oxygen atoms is also weak, and this may be due to

the presence of mercury atom present at the fifth position of the uracil base, causing steric hindrance to the UDP-Gal

binding.

The Asp225 of the metal binding D225xD227 motif forms one coordination bond with theMn2þ. The second Asp227

residue forms two coordination bonds with the Mn2þ. Within the vicinity of the glycosidic bond of the UDP-Gal, one

water molecule is coordinated to the metal ion. Thus, the DXDmotif forms a number of strong coordinations with the

metal ion (Figure 7b). Although the C-terminal flexible loop does not directly interact with the metal ion, upon

conformational changes, the N-terminal hinge region residue, K359, interacts through an H-bond with the side-chain

carboxyl oxygen atom of the metal-binding residue, Asp227. Thus, the metal binding followed by the UDP-Gal

binding is expected to stabilize the flexible loop in a closed conformation. It has been shown that besides the transition

metal ions, other ions, for example, Mg2þ, can also activate the protein with nearly 44% of the activity observed with

Mn2þ.69,70 Based on the crystal structures of the protein with various acceptors, such as LacNAc and lactose, it has

been clearly established that the acceptor specificity is not only for the Gal moiety but also for the second sugar moiety

of the disaccharide unit.
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Figure 7 a, Stereo view of the structure of bovine a-1,3-galactosyltransferase (a3Gal-T1) in the presence of Mn2þ, UDP,
and its acceptor substrate, LacNAc (Galb1-4GlcNAc). b, Stereo view of the metal ion-binding region in a3Gal-T1. Both Asp

residues of the metal-binding motif, D225xD227, bind to the metal ion. While the first Asp residue, Asp225, forms a single

coordination bond, the second Asp residue, Asp227, forms two coordination bonds with the metal ion. The binding of the
acceptor with its catalytic base, residue Glu317, is also shown. The flexible C-terminal loop (shown in red) lies on top of

the UDP substrate. c, Superposition of the structure of the bound Mn2þ, 5Hg-UDP-Gal (purple) against the structure

with bound UDP (green) and acceptor LacNAc (Galb1-4GlcNAc) (green). Although the binding of 5Hg-UDP-Gal and UDP
alone to a3Gal-T1 is quite similar, the former is bound weakly to Mn2þ. Since the Mn2þ binding is the same in both the

structures, it is possible because the bulky Hg atom attached to the UDP-Gal, the substrate may not have bound tightly to

the Mn2þ. Also in the Mn2þ-5Hg-UDP-Gal-bound structure, a Gal moiety was found to covalently attach to the residue

Glu317, and this intermediate has been implicated in the enzyme’s catalysis. The superposition clearly shows that this Gal
moiety interferes with the acceptor binding; therefore, it must be the artifact of the crystal, and the enzyme’s catalysis may

not follow this pathway.
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2.07.7 Crystal Structures of the Blood Group A transferase,
a-1,3-N-Acetylgalactosaminyltransferase A (a3GalNAc-TA), and
Blood Group B Transferase, a-1,3-Galactosyltransferase B (a3Gal-TB)

The human blood group ABO antigens are oligosaccharides which are present at the cell surface as part of glycopro-

teins and glycolipids.71 The A and B blood group antigens have modifications of H-antigen carbohydrate (Fuca1-2Gal)

that terminate in GalNAca1-3(Fuca1-2)Gal and Gala1-3(Fuca1-2)Gal, respectively.72,73 Thus, the A and B blood

group antigens differ from each other only by the terminal saccharide residue.

The sugar-sequence variations of the three blood group types suggest the type of glycosyltransferases involved

in their synthesis. For example, the blood group A antigen is synthesized by an N-acetylgalactosaminyltransferase

that uses a UDP-a-N-acetylgalactosamine (UDP-GalNAc) as sugar donor substrate, while the B antigen is synthe-

sized by a galactosyltransferase that uses a UDP-a-galactose (UDP-Gal) as a sugar donor substrate. Both blood group

A and B enzymes use H-antigen as an acceptor.72,73 They are both 354-amino-acid-long proteins which differ only

in six amino acids, out of which four are critical amino acid residues. At positions 176, 235, 266, and 268, in blood

group A there are residues Arg, Gly, Leu, and Gly, respectively; alternatively, in blood group B at the corresponding

positions there are residues Gly, Ser, Met, and Ala, respectively.73 Unlike A and B blood groups, the origin of the

O blood group was shown to be the result of deletions or mutations in the gene that yields truncated or inactive A and

B enzymes.74

These blood group enzymes belong to the same family as the bovine a-1,3-galactosyltransferase (a3Gal-T1), the

catalytic domain of which exhibits very high sequence similarity (45%) with the A and B blood group enzymes.64 They

differ only in their acceptor substrates; a3Gal-T1 acceptor is a nonfucosylated LacNAc (Galb1-4GlcNAc), whereas the

acceptor substrate for the blood group enzymes A/B is a fucosylated LacNAc (Fuca1-2Galb1-4GlcNAc).

The crystal structures of the catalytic domain (residues 63–354) of a3GalNAc-TA and of a3Gal-TB have been

solved at very high resolution in the presence of the substrates.75,76 In most of the crystal structures, adjacent to the

active site, a disordered loop has been observed, consisting of residues 179-194. It has been reported that the residues

182–194 were observed in the crystal structure of a triple mutant, Cys80Ser/Cys196Ser/Cys209Ser.75 The structure

shows that the Ser185 and Arg188 are in a position to form contacts with the modeled donor Gal O3 and C4 atoms,

indicating that this region might undergo conformational changes upon the donor substrate binding. Moreover, one

finds that the C-terminal residues 346–354 (K346NMQAVFNP354) are also missing in all these crystal structures.

Superposition of the three-dimensional crystal structures of a3GalNAc-TA and a3Gal-T1 shows only a 0.8 Å rms

deviation of the Ca atoms of these structures, indicating that these two structures are quite similar (Figure 8a).

Furthermore, the corresponding missing residues in the a3GalNAc-TA structure, residues 179–194, are found to adopt

an a-helix conformation in the a3Gal-T1. The missing C-terminal residues, 346–354, in a3GalNAc-TA also play an

important role in the conformational change in the enzyme. The C-terminal residues among a3GalNAc-TA and

a3Gal-T1 are also highly conserved. Thus, based on this comparison, the C-terminal residues may play a similar role in

a3GalNAc-TA/a3Gal-TB as they do in a3Gal-T1 in the binding of both the donor and the acceptor substrates. It is

interesting to note that all 10 C-terminal residues are conserved in a3GalNAc-TA/a3Gal-TB as in a3Gal-T1. The

Arg365 residue, found to be important for catalytic activity of the a3Gal-T1, is also present in a3GalNAc-TA/a3Gal-TB.

In line with the protein structural similarity, the Mn2þ and the donor UDP-Gal binding sites in a3GalNAc-TA and

a3Gal-TB are also found to be similar to that in a3Gal-T1 (Figure 8b). The Mn2þ coordination is also very similar in

these enzymes; both the Asp residues in the DXD motif are involved in the Mn2þ binding. However, the binding of

the type I (Fuca1-2Galb1-3GlcNAc) and type II (Fuca1-2Galb1-4GlcNAc) H antigens to a3GalNAc-TA and a3Gal-

TB show slight differences in their binding of the GlcNAc moiety (Figures 8c, 8d, 9a, and 9b). As mentioned above,

a3GalNAc-TA and a3Gal-T1 differ in their acceptor specificity, and comparisons of their crystal structures at the

acceptor-binding site clearly illustrate these differences. The Trp356 residue in a3Gal-T1, together with the position

of the flexible C-terminal region, blocks the binding of Fuc moiety attached to the acceptor Gal sugar (Figure 10a).

The Trp residue is naturally substituted as Ala343 in a3GalNAc-TA/a3Gal-TB, which together reposition the flexible

C-terminal region (not traced in all the a3GalNAc-TA/a3Gal-TB structures) and accommodate the Fuc moiety

attached to the Gal acceptor (Figure 10b). There are only small differences found in the extended sugar acceptor

site among the a3Gal-T1 and a3GalNAc-TA/a3Gal-TB structures.

Among the 365 amino acids, the a3GalNAc-TA and a3Gal-TB proteins differ only in four amino acid residues,

which are responsible for their differences in the donor sugar specificities.77 Although the intact UDP-Gal-bound

structure could not be obtained, the Gal moiety can be modeled into the UDP-bound structure. Based on this, it was

clear that the Met266 and Ala268 residues in a3Gal-TB are found in the vicinity of the O2 hydroxyl group of the Gal

sugar moiety, and they have been naturally substituted in a3Gal-TA to Leu and Gly, respectively, indicating that
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Figure 8 a, Stereo view of the superposition of the structure of the blood group A a-1,3-GalNAc-transferase (a3GalNAc-

TA) (blue), with a-1,3-Gal-transferase (a3Gal-T1) (red). The missing flexible loop in the vicinity of the UDP-sugar-binding site,

shown by the arrows, forms an a-helix in a3Gal-T1 (Figure 7). The C-terminal in a3GalNAc-TA is also found missing. The
UDP and the acceptor substrate of a3GalNAc-TA are shown in van der Waal’s sphere. The rms deviation on Ca atoms of

the both the structures are only 0.8 Å. b, Stereo view of the bound Mn2þ, UDP, and the fucosylated Gal to the a3Gal-TB.

Here both the Asp residues of the DXD motif form coordinations with the Mn2þ. The metal ion interactions and the UDP

binding are quite similar to a3Gal-T1 (Figure 7b). c and d, Binding of the natural acceptor substrate, type I H-antigen
(Fuca1-2Galb1-3GlcNAc), to a3Gal-TA (c) and to a3Gal-TB (d). The complete trisaccharide binding in these structures is the

same.
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these amino acids might determine the donor sugar specificity of the enzyme. Indeed, it has been shown that

mutations of these residues largely influence the donor specificity of the enzyme.77 Furthermore, based on the

naturally occurring mutation of Pro to Ser at position 234 in a3Gal-TB, the donor specificity of the enzyme has been

shown to change as well.78
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Figure 9 a and b, Binding of the natural acceptor substrate type II H-antigen (Fuca1-2Galb1-4GlcNAc), to a3GalNAc-TA

(a) and to a3Gal-TB (b). Although the binding of both moieties, Fuc and Gal, is similar, the binding of GlcNAc moiety shows

differences. This is in contrast to the type I H-antigen (Fuca1-2Galb1-3GlcNAc) binding, where there was no difference in
binding to a3GalNAc-TA and a3Gal-TB (Figure 8c, d).

(a) (b)

Figure 10 a, Superposition of the bound substrates found in the substrate-bound complexes of a3Gal-T1 and a3GalNAc-

TA, shown in the binding pockets of a3Gal-T1 (a) and a3GalNAc-TA (b). In the a3Gal-T1 structure, a Trp356 residue is

present in the vicinity of the acceptor-binding site that causes steric hindrance to the Fuc moiety of the Gal; therefore,
a3Gal-T1 does not accept fucosylated acceptor substrates. On the other hand, in a3GalNAc-TA and a3Gal-TB structures,

an Ala343 is present at the corresponding site, which allows the binding of Fuc residue. Thus, the H-antigen is the best

acceptor for a3GalNAc-TA and a3Gal-TB proteins. The proteinmolecules are shown in cartoon diagram, with the residues in

the vicinity of the acceptor-binding site shown in a surface diagram.
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2.07.8 Crystal Structure of a-1,4-N-Acetylhexosaminyltransferase (EXTL2)

a-1,4-N-acetylhexosaminyltransferase (EXTL2) catalyzes the transfer of N-acetylglucosamine and N-acetylgalactosa-

mine from their respective UDP-sugars to the nonreducing end of the disaccharide GlcAb1-3Gal (glucuronic

acid-(b1,3)-galactose). EXT1 and EXT2 are bifunctional enzymes with b-1,4-glucuronyltransferase and a-1,4-
N-acetylglucosaminyltransferase activities involved in the synthesis of heparan polymer. The EXT family also

includes the EXT-like enzymes, EXTL1, EXTL2, and EXTL3.79 EXTL2 shows a high amino acid sequence

similarity to the C-terminal region of EXT1 and EXT2. Because of the a-1,4-N-acetylglucosaminyltransferase

activity, EXTL2 is suggested to act as an enzyme that can transfer GlcNAc to the common linker tetrasaccharide

of a core protein.79

The crystal structure of the catalytic domain, residues 38–330, of the EXTL2 has been determined as an

apo-form in the absence of any substrates and also as a holo-form in the presence of either Mn2þ-(UDP-GalNAc),
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Mn2þ-(UDP-GlcNAc), or Mn2þ-UDP-(GlcAb1-3Gal) (Figures 11a and b).80 Residues 274–287 in the apo-crystal

structure and residues 275–285 in the Mn2þ-(UDP-sugar)-bound structure were not observed. However, in the

Mn2þ-UDP-acceptor-bound structure, all these residues were observed, suggesting that this region undergoes

conformational changes upon substrate binding. Unlike in other glycosyltransferases, the acceptor substrate binding

in the EXTL2 is also essential for stabilizing the flexible loop in the closed conformation, where the side chain of the

residue Trp284 greatly participates in the binding of the acceptor (Figure 11c). Furthermore, as in other glycosyl-

transferases, the UDP-sugar donor is buried in the closed conformation and the metal-binding site is also found near

the N-terminal hinge region of the loop.

The Asp153 residue of the metal-binding D151xD153 motif forms a single coordination bond with the Mn2þ, while
the Asp151 residue interacts with the sugar moiety of the UDP-sugar donor substrate, with the metal ion, and with the

Asp153 residue through a metal ion-bound water molecule (Figure 11c). This is quite similar to that found in all

the inverting glycosyltransferases. There are three water molecules bound to the Mn2þ. For the maximum enzyme

activity of the EXTL2, a high concentration of MnCl2 (15mM) is required, and this may be due to its weak binding

with the protein molecule through only one coordination bond.

The acceptor specificity toward the GlcA seems to be determined by the residues Arg181 and Tyr193. Furthermore,

the less-conserved residues His298 and Phe290, found in the vicinity of the carboxylate group of GlcA, are also

involved in direct interactions with the acceptor. Together, these residues form a pocket for the binding to the

carboxylate group of the GlcA acceptor. Although the second sugar moiety, Gal, of the acceptor has only few

interactions with the protein molecule, its hydrophobic surface stacks with the Trp284 residue, while its O4 hydroxyl

group forms a hydrogen bond with the Arg181 residue. Thus, both the sugar moieties of the acceptor sugar are

recognized by the protein molecule.

The EXTL2 enzyme transfers both GalNAc and GlcNAc sugars from their respective UDP-sugars with nearly the

same efficiency. However, in UDP-GlcNAc- and UDP-GalNAc-bound crystal structures, the two donor sugars bind to

the protein molecule differently, with their ring atoms rotated from one another (Figure 11d). Due these differences in

the orientation of the donor sugar moiety, it makes somewhat difficult to identify the active ground-state conformation

of the donor sugar substrate. However, as in the a3Gal-T1 and in the blood group a3GalNAc-TA and a3Gal-TB crystal

structures, the hydroxyl group of the acceptor substrate that forms the glycosidic bond also forms a hydrogen bond

with the b-phosphate oxygen atom, suggesting that these enzymes share a common catalytic mechanism.
2.07.9 Crystal Structures of Polypeptidyl-a-N-Acetylgalactosaminyltransferases
(ppGalNAc-T’s)

ppGalNAc-T’s are involved in the synthesis of mucin-type O-glycoproteins.81 They transfer GalNAc from UDP-a-
GalNAc in an a-configuration to the hydroxyl oxygen atom of the Ser or Thr side chain of core proteins. Like other

Golgi glycosyltransferases, they are also type II membrane proteins with the same topology. However, they differ from

other glycosyltransferases in that they contain a lectin domain of nearly 130 amino acids, linked by a short linker

sequence at the C-terminal end of the catalytic domain.82 Although most of the family members transfer GalNAc to a

peptide sequence, the lectin domain is required for the transfer of GalNAc to a glycopeptide that already carries a

GalNAc residue.

The crystal structure of the Mn2þ-bound mouse ppGalNAc-T1, residues 42–559, which contains both the catalytic

and the lectin domains, was the first reported structure of this class of enzymes.83 Recently, the X-ray crystal structures

of the mouse ppGalNAc-T2, residues 75–571, in complex with Mn2þ-UDP and Mn2þ-UDP-acceptor substrate (13 aa

polypeptide), was reported84 (Figures 12 and 13). In the crystal structure of ppGalNAc-T1, the polypeptide forms

two contiguous domains: residues 78–426 form the catalytic domain, and residues 427–553 form a lectin domain that is

homologous to the B-chain of ricin. In the catalytic domain, althoughMn2þ could be located, the residues 347–358 that

form a loop region could not be traced.83 The most interesting feature about the function of the protein emerged after

the structure of ppGalNAc-T2 was reported.84 The catalytic domain of the mouse ppGalNAc-T1 is structurally very

similar to the catalytic domain of the mouse ppGalNAc-T2, with an average rms deviation of 0.94–1.13 Å of their

corresponding Ca atoms. Interestingly, the ppGalNAc-T2 structure shows two regions that have significant conforma-

tional differences between the acceptor-bound and-unbound structures84 (Figures 12b and 13b). In the absence of

the acceptor substrate, the side-chain orientation of residue Trp331 is facing toward the outside of the catalytic pocket,

while in the presence of the acceptor substrate it is located inside the catalytic pocket, forming a hydrogen bond

with the b-phosphate oxygen atom of the bound UDP. This Trp331 is part of a small flexible loop W331GGEQ335,

where the residue Gln335 plays an important role in the catalytic activity of the enzyme. Among these structures, the
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Figure 11 a and b, Stereo view of the apo-structure of a-1,4-N-acetylhexosaminyltransferase (EXTL2) (a) and the holo-

structure in the presence of Mn2þ, UDP, and the acceptor substrate GlcAb1-3Gal (b). Arrows indicate the flexible region

missing in (a) and present in the closed conformation (b). c, Stereo view of the bound Mn2þ, UDP, and the acceptor
substrate and the binding region of a-1,4-N-acetylhexosaminyltransferase (EXTL2). The metal ion-binding site is present in
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Figure 12 a, Stereo view of the ppGalNAc-T2 found in the open conformation. Arrows indicate the flexible region.

Although the protein was crystallized in the presence of Mn2þ and UDP-GalNAc, only Mn2þ and UDP could be located,

and the flexible loop of the protein was in an open conformation. b, The binding of the Mn2þ and UDP in the open
conformation of the ppGalNAc-T2. The W331 residue is found outside the catalytic pocket. Arrows indicate the flexible

region. Only five coordinations for the Mn2þ are reported. The sixth coordinating water molecule found in the closed

conformation has not been reported. The orientation of the uracil moiety is also different from that that found in the

closed conformation.
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conformation of the side chain of residues Arg362 to Ser373, although clearly observed in both the crystal structures, is

different. It is this region in the ppGalNAc-T1 that could not be traced in the structure without any substrate,

indicating that this long flexible loop undergoes conformational change upon substrate binding (Figures 12b and

13b). The conformation observed for the long loop in the Mn2þ-UDP-bound structure is more open, and the one

observed in the Mn2þ-UDP-acceptor complex is closed. Thus, there are two flexible loops, a small (WGGEQ) and a

long one, which undergo conformational changes in ppGalNAc-T’s, just as in b4Gal-T1.84,85

The residues Asp224 and His226 of the metal-binding motif, D224xH226, each form a single coordination bond with

Mn2þ. A third protein residue, His359, and a water molecule also form a coordination bond with the Mn2þ. Although
the metal-binding site, just as in b4Gal-T1, is located at the N-terminal hinge region of the long flexible loop, residues

362–373, the residue His359 in the vicinity forms a direct coordination bond with the metal ion (Figures 12b and

13b). In the open conformation, the acceptor-binding site is buried under the conformation of the long loop. Only in

the closed conformation is the binding site available for the acceptor. Thus, the conformational change from open to

closed buries the UDP-sugar under the long flexible loop and simultaneously creates the acceptor binding site

(Figures 13b and 13c). In the closed conformation of ppGalNAc-T2, the acceptor-binding site accommodates a

13-residue-long peptide where the acceptor hydroxyl group is found hydrogen-bonded to the b-phosphate oxygen

atom of the UDP residue, a configuration that is similar in a3Gal-T’s and EXTL2 structures. More interestingly, the

hydroxyl group is far away from the proposed catalytic base, the residue Gln335.

Although most of the ppGalNAc-T’s can accept oligopeptide containing Ser/Thr as their acceptor substrate without

the participation of their lectin domain, for glycopeptide to be the acceptor substrate, the participation of the lectin

domain is required. The function of the lectin’s domain is to hold the glycopeptide by binding to its sugar moiety

GalNAc, and place the adjacent accepting Ser/Thr residue of the glycopeptide into the acceptor-binding pocket,

into which the next GalNAc moiety is transferred. The distance from the bound sugar moiety in the lectin domain

to the acceptor-binding site on the catalytic domain dictates this positional specificity for the acceptance of the next
the N-terminal hinge region of the flexible loop. The residue Trp284 in the loop significantly contributes to the acceptor

binding and is not seen in the absence of the acceptor (d). The flexible loop also buries the UDP-sugar donor substrates.
d, Stereo view of the superposition of the bound UDP-GlcNAc (blue) into the bound Mn2þ-UDP-GalNAc structure (green).

Arrows indicate the missing flexible region. Although the binding of the UDP moieties is the same, the orientation of the

sugar moieties is different. It seems that the GlcNAc moiety is rotated in such a way that the O6 and O4 hydroxyl groups of

GlcNAc moiety occupy the same position as the O4 and O3 hydroxyl groups of GalNAc moiety, respectively.
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Figure 13 a, Stereo view of ppGalNAc-T2 structure in the presence of the acceptor, UDP, and Mn2þ, where the flexible
loop is in closed conformation. b, Stereo view of the binding of Mn2þ, UDP, and the acceptor. The arrows indicate the

flexible region. The side chain of Trp331 is found facing the catalytic pocket and forms a hydrogen bond with the

b-phosphate oxygen atom of UDP. The metal-binding DxH motif is involved in the Mn2þ binding. The acceptor hydroxyl

group of the side chain of Thr residue forms a hydrogen bond with the b-phosphate oxygen atom. c, Stereo view of the
binding of the acceptor. The proteinmolecule is shown in the surface diagramwith partial transparency by a cartoon picture.

The flexible loop region is shown by blue arrows. The black arrow shows bound peptide. Upon conformational change, the

flexible loop region creates the acceptor-binding site at the left surface of the binding site.
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Ser/Thr residue of the polypeptide. The orientation of the sugar-binding site of the lectin domain with respect to

the acceptor-binding site of the catalytic domain determines this positional specificity, which in turn depends on the

linker region between the catalytic and the lectin domains, that varies among the family members.

2.07.9.1 Evolutionary Relationship between the pp-a-GalNAc-T’s and b4Gal-T1

The presence of two flexible loops on the ppGalNAc-T initiates a closer look at the structural similarity found in both

the enzymes, ppGalNAc-T’s and b4Gal-T1. In the b4Gal-T1, there is a small flexible loop, G313WGGED318, which

undergoes a conformational change upon the binding of Mn2þ and UDP-Gal moving the side chain of the residue

Trp314 from the outside to the inside of the catalytic pocket. Similarly, in ppGalNAc-T, the small loop,

I330WGGEQ335, undergoes a conformational change when Mn2þ and UDP-GalNAc bind to the enzyme causing the

side chain of Trp331 to move from the outside to the inside of the catalytic pocket to form a hydrogen bond with the

b-phosphate oxygen atom. As in b4Gal-T1, the long flexible loop of ppGalNAc-T also undergoes a conformational

change, from open to closed, in which it buries the UDP-sugar-binding site and creates the acceptor-binding site.

In the ppGalNAc-T’s, the metal-binding site is also at the N-terminal hinge region of the long flexible loop, as in

b4Gal-T1.Thus, these two flexible loops seem to play a similar role in both the structures.

Although b4Gal-T1 and ppGalNAc-T enzymes show some similarity at the protein structure level, the overall

primary sequence comparison does not show any significant similarity among these proteins. However, based on the

superposition of their crystal structures, the catalytic domain of the ppGalNAc-Tshows high sequence homology with

the b4Gal-T1 residues 176–365. In this superposition, the average rms deviation for their corresponding Ca atoms is

only 2.7 Å, and based on this superposition the protein sequence for these 200 residues shows a 16% similarity

(unpublished results). Moreover, in the superposition, the metal-binding residues, the position of the two flexible

loops, and even the catalytic residues all superpose between these proteins. This finding suggests that these protein

structures and sequences may be related. The b4Gal-T1 is an inverting enzyme that transfers Gal to the acceptor sugar

GlcNAc, whereas the ppGalNAc-T is a retaining enzyme that transfers GalNAc to the amino acid acceptor Ser or Thr.

To accommodate these differences, the acceptor-binding site seems to be different in these two proteins. Further-

more, it has been shown that in b4Gal-T1, Tyr298 determines the donor sugar specificity for Gal residue, and when it

is mutated to less bulky residues such as Leu, the mutant also transfers GalNAc residue to the same acceptor.37 In the

superpositioning of these two proteins, the donor sugar bindings match well. A less bulky residue, Ala, is present in

ppGalNAc-Tat the position where Tyr289 is present in b4Gal-T1. In the ppGalNAc-T, the residue Ala is required to

transfer GalNAc, and in b4Gal-T1, the Tyr residue restricts the GalNAc transfer and has to be mutated to a less bulky

residue, such as Leu or Ala, in order to transfer GalNAc. Thus, the catalytic domain of ppGalNAc-T is highly similar to

b4Gal-T1 in protein structure and function and even at the gene structure level (unpublished results). This finding

suggests that these two proteins may have evolved from a primordial gene and that ppGalNAc-T may have picked the

lectin domain along its evolutionary path (unpublished results).
2.07.10 Crystal Structures of Ssp A Glycosyltransferase and Lgtc
a-1,4-Galactosyltransferase

The crystal structure of the Ssp A glycosyltransferase has been determined in the presence of Mg2þ-TDP or

Mg-UDP86,87 (Figure 14; TDP¼ thymidine diphosphate). Although the crystal structure served as a model for the
Figure 14 The crystal structure of Ssp A glycosyltransferase in the presence of Mg2þ and thymidine diphosphate (TDP).
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Figure 15 a, Stereo view of a-1,4-galactosyltransferase (Lgtc) structure bound with substrates. b, The Mn2þ binding site is

at the N-terminal hinge region of the flexible loop, which undergoes conformational changes upon UDP-Gal binding in such
a way that it buries UDP-Gal. The residue His244, which is in the vicinity of this region, coordinates with Mn2þ. Also, the
residues Cys246, Gly247, and Pro248 in the loop (shown as sticks) partly create the acceptor binding site.
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fold of this class of glycosyltransferase, the structure and function of Ssp A enzyme in terms of its substrate binding is

not well known. Even though the enzyme has been crystallized in the presence of Mg2þ, information on its

coordination is limited.

Among the bacterial transferases, the a4Gal-T from Lgtc is the most thoroughly studied enzyme to date88

(Figure 15a). It transfers Gal from UDP-a-Gal to the Gal moiety of the acceptor LacNAc, Galb1-4GlcNAc, forming

an a1-4 linkage. The crystal structure of its complex as a ternary complex in the presence of Mn2þ, UDP-2-fluoro-

galactose, and 4dGalb1-4Glc (4deoxy-lactose) has been reported88 (Figure 15a). In the crystal structure, a flexible

loop is found to bury the bound Mn2þ and UDP-Gal substrate, indicating that the flexible loop undergoes conforma-

tional changes whenMn2þ and UDP-Gal bind to the enzyme. Also, the metal-binding site is present at the N-terminal

end of the flexible loop, with the residue His244 from this region directly coordinating Mn2þ88 (Figure15b). In the

closed conformation, this flexible loop contributes to the acceptor-binding site. The residues Asp103 and Asp105 from

the metal-binding motif, DxD, coordinate with Mn2þ; the first Asp residue forms one coordination bond, and the

second Asp residue forms two coordination bonds. In addition to the Asp residues of the DxD motif, the residue

His244 from the N-terminal side of the flexible loop also forms a coordination bond with Mn2þ. This is the only

glycosyltransferase where no water molecule is found to coordinate with the Mn2þ.
2.07.11 Crystal Structure of a-1,2-Mannosyltransferase from Yeast (Mnt1P)

In the presence of Mn2þ, Mnt1P transfers mannose from GDP-a-Man in the a1-2 linkage to mannose acceptor. The

crystal structure of the enzyme in complex with Mn2þ-GDP-a-Man has been determined89 (Figure 16). Interestingly,
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Figure 16 a, Stereo view of a-1,2-mannosyltransferase (Kre2p/Mnt1P) bound with Mn2þ and GDP. b, Mn2þ is coordinated

to Glu249 of the E247xD249 motif. Interestingly, the other acidic residue, Asp249, neither binds to themetal ion nor is involved
in the sugar binding.
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there is no flexible loop found in the vicinity of the GDP-binding site, although the side chain of Arg130 stacks on the

top of the guanine base, hiding it from the solvent environment. However, the remaining phosphates and the donor

sugars are partially buried under the side chain of the residue Tyr214, suggesting that this region may undergo

conformational changes upon the Mn2þ-GDP-sugar binding. Since the apo-crystal structure is not available, the

conformational change of this region is difficult to confirm based on the holo-structure alone. Although Mnt1P has the

metal-binding motif E247xD249, only the residue Glu247 forms a coordination bond with the metal ion. The Asp249

seems to be far away from either the metal ion or the sugar moiety of the GDP-Man (Figure 16b). As in the

mammalian a3Gal-T, the 2-hydroxyl group of the acceptor forms a hydrogen bond with the b-phosphate oxygen

atom, suggesting that the catalytic mechanism may be common among these transferases.
2.07.12 Crystal Structure of a-2,6/2,8-Sialyltransferase from Cst II

The crystal structure of the bacterial sialyltransferase has been determined in the presence of its donor substrate

analog inhibitor and cytidine monophosphate (CMP).90 This enzyme is an inverting type since it transfers sialic acid

moiety fromCMP-b-sialic acid to the Gal moiety of the acceptor substrate lactose in a a2-6 or a2-8 configuration, and it

does not require any metal ion for its catalysis. Although the apo-crystal structure is not available, its complex with the

donor substrate indicates that a large flexible loop undergoes conformational change when it binds to CMP-b-sialic
acid, and it buries the donor substrate in this closed conformation90 (Figure 17). Although the active enzyme was used

during crystallization, the acceptor-binding site could not be identified from the donor substrate-bound structure,90

and the crystal structure in complex with only the acceptor substrate has not yet been reported.
2.07.13 Donor Sugar Specificity of the Mammalian Glycosyltransferases

It has been shown that the b4Gal-T1 shows polymorphic donor specificity which allows it to transfer other sugars such

as Glc, Ara, and GalNAc from their respective UDP derivatives to the same acceptor substrate, albeit at a very low rate.

To understand the specificity toward the less-preferred donor substrates, the crystal structure of b4Gal-T1 was
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Figure 17 Stereo view of the structure of a-2,3(8)-sialyltransferase from CstII in the presence of CMP–sialic acid. The

donor substrate is buried under a loop, suggesting that the enzyme undergoes conformational changes upon binding with

the donor substrate.
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analyzed in the presence of a-LA individually with UDP-GalNAc and UDP-Glc27,37 (Figure 18). a-LA stabilizes the

donor-bound complexes by interacting with the closed conformation of b4Gal-T1. In the crystal structure of the UDP-

GalNAc complex, the N-acetyl group of the donor sugar forms a hydrogen bond with the Tyr289 residue, causing a

steric hindrance on the N-acetyl group37 (Figure 18b). When, instead of UDP-GalNAc, UDP-Gal is bound to b4Gal-

T1, there is a void space between the hydroxyl group of Tyr289 and the O2 hydroxyl group of Gal (Figure 18a).

We concluded that the steric hindrance might be responsible for the reduced catalytic activity of b4Gal-T1 when

UDP-GalNAc is used as the donor substrate.37 When the bulky Tyr289 side chain was replaced by amino acids with

less bulky side chains, such Leu, Ile, or Asn, the mutants showed high GalNAc-transferase activity along with high

Gal-T activity, suggesting that the Tyr289 residue in b4Gal-T1 determines the donor specificity toward Gal moiety.

Examination of the sequences of all the family members of the human b4Gal-Ts and their orthologs in all the

vertebrates shows that they all have conserved this residue as Tyr or Phe. However, only in the invertebrates, the

b4Gal-T1 homologs have Leu or Ile in place of Tyr289, and these enzymes transfer GalNAc from UDP-GalNAc with

little or no galactosyltransferase activity.91

Interestingly, in the human blood group galactosyltransferases, a3GalNAc-TA and a3Gal-TB, which synthesize the

blood group A and B antigens, respectively, are quite similar; they differ in only six amino acids. Of these six amino

acids, only two residues have been shown to be related to the donor specificity of the a3GalNAc-TA and a3Gal-TB

transferases. The a3GalNAc-TA transfers GalNAc from UDP-GalNAc, while a3Gal-TB transfers Gal from UDP-Gal

to the same carbohydrate acceptor, H-antigen. As in b4Gal-T1, one or two residues in the catalytic pocket of blood

group glycosyltransferases A and B, determine the donor sugar specificity of the enzyme.77 Recently, it has been

shown that in a naturally occurring single mutation of Pro234 to Ser234 in the blood group a3Gal-TB, the donor

specificity of the enzyme changes to UDP-GalNAc, making the mutant an a3GalNAc-TA enzyme.78

Similarly, in the GlcA-I, the H344 residue interacts with the O2 hydroxyl group of the GlcA donor sugar moiety of

the donor substrate UDP-GlcA.92 When His344 is mutated to Arg344, the mutant His344Arg has been shown to

exhibit very broad donor specificity, in which it transfers GlcNAc and Man sugars from their respective UDP

derivatives.92 In addition, the crystal structure of the b4Gal-T1, based on the binding of UDP-Glc and its comparison

with UDP-Gal binding, mutation of the residue Arg228, found in the vicinity of the binding site of the O4 hydroxyl

group of the Glc moiety of UDP-Glc, has been shown to enhance the Glc-T activity of the enzyme48 (Figure 18c).

Thus, it seems that the donor sugar specificity of these enzymes can be altered simply by the appropriate single amino

acid mutation in the catalytic pocket.
2.07.14 Catalytic Mechanism of the Glycosyltransferases

The catalytic mechanism of the inverting enzymes, such as b4Gal-T1 and b2GlcNAc-T1, is well understood.34,40,93 In

fact, in the crystal structure of a pentenary complex of b4Gal-T1 with Mn2þ, UDP-GalNAc, Glc, and a-LA, a likely
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Figure 18 Stereo view of b4Gal-T1 donor binding region bound with different donor substrates. a, When the preferred

donor substrate UDP-Gal is bound to b4Gal-T1, there is enough space between the O2 hydroxyl group and the Tyr289 side-

chain hydroxyl group. b, However, when UDP-GalNAc is bound to b4Gal-T1, the N-acetyl group not only forms a hydrogen
bond with the Tyr289 side-chain hydroxyl group, but it also causes steric hindrance. When Tyr289 residue is replaced with a

less bulky residue, such as Leu or Ile, the mutant enzyme transfers GalNAc from UDP-GalNAc more efficiently. c, When

UDP-Glc is bound to b4Gal-T1, it causes a steric hindrance with the Glu317 because of the equatorial orientation of the O4
hydroxyl group. Since Glu317 cannot be mutated without losing activity, Arg228 is mutated to Lys228. The Arg228Lys

mutant shows enhanced activity in transferring Glc from UDP-Glc. Thus, a single mutation in the active site can alter the

sugar donor specificity of the b4Gal-T1.
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catalytic intermediate has been captured, which supports the SN2 mechanism for the catalysis.34 In the inverting

enzymes, the receiving hydroxyl group of the acceptor is often found hydrogen-bonded with a-catalytic base-such as

an Asp or Glu residue. Moreover, the catalytic pocket is found to be surrounded by negatively charged Asp and Glu

residues. Such a negatively charged environment is essential for lowering the pK value of the receiving hydroxyl group
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so that it can be deprotonated. Often, when these Asp and Glu residues, other than the catalytic base, are mutated to

Asn and Gln, the catalytic activity is suddenly lost, suggesting the inability to deprotonate the hydroxyl group. For

example, in the catalytic pocket of b4Gal-T1, residues Asp252, Glu317, Asp319, and Asp320 are found, and mutation

of any of these residues seriously affects the kcat of the enzyme.29 Since the enzyme exhibits catalytic activity at a pH

greater than 7.5, all these acidic residues are expected to carry a negative charge. Similarly, it was found that the ring

O5 oxygen atom of the donor sugar plays an important role during the catalysis:34 it not only initiates the sugar

cleavage from the NDP-sugar, but it also stabilizes the oxocarbenium ion. The metal ion-bound water molecule has

also been shown to play an important role during catalysis in b4Gal-T1.34 This water molecule is found in all these

crystal structures.34

At least two catalytic mechanisms are thought to be at work in retaining enzymes such as a3Gal-T’s, EXTL2,

ppGalNAc-T, Lgtc, and a2ManT. The molecular arrangement of the residues inside the catalytic pocket shows

common features in the enzymes a3Gal-T’s, EXTL2, ppGalNAc-T, and a2ManT. In these structures, the receiving

hydroxyl group of the acceptor sugar (amino acids in ppGalNAc-T’s) forms a hydrogen bond with the b-phosphate
oxygen atom, while the nearby hydroxyl group of the acceptor is hydrogen-bonded to the catalytic base, which is

usually either Glu or Gln residue. Based on this arrangement, in the a3Gal-T, a direct transfer of the donor sugar to the

acceptor, without forming an enzyme–sugar intermediate, has been proposed.67 Originally, based on the enzyme–

sugar complex observed in the same crystal structure of the a3Gal-T, a two-step mechanism was proposed, in which

the enzyme–sugar complex is formed as an intermediate.64 During the enzyme catalysis by Lgtc, such a complex has

been captured and characterized by mass spectrometry,94 suggesting that both mechanisms may be applicable for the

retaining enzymes, and choice of mechanism may depend on the individual protein.
2.07.15 Conclusion

It appears that most of the glycosyltransferases undergo conformational changes upon the donor substrate binding.

The conformational change buries the donor substrate and protects it from the solvent environment. Whenever a

flexible loop, which contains 10–20 residues, is involved in this conformational change, the metal-binding site is

located at the N-terminal hinge region of this loop and interacts directly or indirectly with the flexible loop. Such

interactions seem to influence the dynamics of the conformational change of the loop, which contributes to the

turnover number, as has been shown in b4Gal-T1.32 Also in many glycosyltransferases this conformational change

creates at least a partial acceptor-binding site.20,51,66,80,84 In b4Gal-T1,27,95 although UDP-sugars other than UDP-Gal

can bind to the enzyme and the enzyme exhibits catalytic activity toward these donors, albeit at a very low efficiency,

only UDP-Gal can induce a stable conformational change with high catalytic activity.27 The influence of the sugar

moiety of the donor substrate on the dynamics of the conformational change is another way of enforcing the donor

sugar specificity of the enzyme. Only the right sugar moiety of the donor substrate induces a stable conformational

change, which creates a stable acceptor-binding site, thereby enabling the catalytic reaction to proceed forward.

Furthermore, in most crystal structures of the glycosyltransferases, a metal ion-bound water molecule is found in the

vicinity of the glycosidic bond of the donor substrate. Such a water molecule in b4Gal-T1 has been shown to play an

important role in ensuring the catalytic reaction to proceed forward during catalysis.34 Such a water molecule is found

in most glycosyltransferases,34 and it might play a similar role. However, more structural evidence is needed to confirm

these observations.
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2.08.1 Introduction: HPLC Mapping Method

Structural elucidation of carbohydrate chains is of fundamental importance in studies of glycoconjugates. Typical

methods for structural determination employ a variety of techniques such as methylation, periodate oxidation and

enzymatic digestion, as well as nuclear magnetic resonance (NMR) and mass spectroscopy. Recent development

in chromatographic techniques allows a new approach to the determination of the carbohydrate structure with or

without derivatization of the oligosaccharides. The separation and identification of oligosaccharide derivatives on

extremely small scales were carried out by high-performance liquid chromatography (HPLC) procedures. Typical

examples of fine separation are obtained in the IgG oligosaccharides. There are very similar structures of even

the same molecular weight which can be completely separated by reverse-phase column chromatography. There are

many different methods for analysis of oligosaccharides, especially those associated with glycoproteins or glycolipids.

Correlation of elution volume and structure has been quite well established for the amino acid analyzer. In our

approach, liquid chromatography is carried out in two different column–solvent combinations, allowing the two

coordinates to be related to the structure of a given oligosaccharide (two-dimensional (2-D) mapping) We will briefly

explain the method we developed: the 2/3-D HPLC mapping method using pyridylaminated oligosaccharides (PA-

oligosaccharides), developed for the structural determination of asparagine-linked oligosaccharides (N-glycans) in

glycoproteins.
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Figure 1 Schemes of preparation of (a) PA-oligosaccharides and (b) structural analysis by HPLC mapping method.
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The N-glycans are first released from the protein portion by digestion with glycoamidase A, and the reducing ends

of the oligosaccharides are fluorescent labeled with 2-aminopyridine (Figure 1a). These PA-glycans are then

separated by HPLC using three different columns sequentially. Based on the elution times on the three kinds of

HPLC columns, the structures of the separated PA-glycans are estimated by comparing their elution times with the

times of the known reference N-glycans plotted on the HPLCmap (Figure 1b). Then, the sample PA-glycan and one

or more of the candidate reference PA-glycans are co-injected into two HPLC columns to confirm its identity (total

coincidence of elution position). In addition, the sample PA-glycan is digested with several glycosidases, then the

changes in the elution positions are again compared with those of the reference N-glycans.

In order to familiarize the reader with the actual application of these methods to N-glycan analysis, the authors

describe several examples from our published results. During the process, it will be demonstrated that the oligosac-

charides of different structure, even very closely related ones, can be separated by this 3-D map approach.

At least 1mg of the sample glycoprotein is required by the technique as starting material, although only picomole or

femtomole levels of the PA-oligosaccharides are necessary for one run of HPLC analysis.

The method is useful not only as an analytical procedure for N-glycan structures, but also as a means for isolation of

samples for NMR spectroscopy or MS spectrometry.
2.08.2 Principles of Two-/Three-Dimensional HPLC Mapping Method

2.08.2.1 Releasing of N-Glycans

2.08.2.1.1 Glycoamidase A
Hydrazinolysis has been the most commonly used method to release N-linked oligosaccharides from glycoproteins.

Hydrazinolysis, however, removes N-acyl groups from the oligosaccharides, and is accompanied by many undesirable

side reactions. Therefore we usually release oligosaccharide moiety from the peptide portions by using glycoamidase

A (EC 3.5.1.52), which N. Takahashi discovered from almond emulsin in 19771. The enzyme purification methods or

the detailed specificities were published elsewhere.2,3 The mode of action of the enzyme is shown in Figure 2.

Reaction [1] is catalyzed by the enzyme, and reaction [2] proceeds nonenzymatically. The resulting products of the

reactions are a carbohydrate chain with chitobiose at the reducing end, a carbohydrate-free peptide containing Asp at
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Figure 2 Reaction mechanism of glycoamidase A.
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the former glycosylation site, and ammonia. This enzyme was named glycoamidase because its cleavage site is acid–

amide linkage at the asparagine residue, indicating that the enzyme is not a glycosidase. All N-linked oligosaccharides

so far analyzed and reported here were released from the glycopeptides by the glycoamidase A digestion. Glycoami-

dase A can successfully release N-linked oligosaccharides from neutral, sialylated, sulfated, or phosphorylated glyco-

peptides, and most importantly, even when the GlcNAc directly attached to Asn is a1-3-fucosylated, on which the

glycoamidase from Chryseobacterium meningosepticum (Flavobacterium meningosepticum) fails to act, as explained below.
2.08.2.1.2 Other glycoamidases
Similar plant origin glycoamidase belong to (EC 3.5.1.52) was reported to exist in jack bean meal by Sugiyama et al.4

The optimum pH of the enzyme is 6.5. The enzyme can release N-glycans from small glycopeptides with three or

more amino acid residues, but not from GlcNAc-Asn. Both high-mannose- and hybrid-type oligosaccharides of

ovalbumin and both sialylated and nonsialylated biantennary sugar chains of fibrinogen can be released. Further

analysis, to be published later, found glycoamidase activity with similar substrate specificities and confirmed its broad

distribution in seeds or beans.

Several years after the discovery of glycoamidase A from almond, another similar enzyme discovered in the culture

fluid of Chryseobacterium meningosepticum was also reported.5,6 This enzyme, however, cannot cleave common oligo-

saccharides in plant glycoproteins including an a1-3-linked fucose residue in the chitobiose core. Now this enzyme is

available in three different commercial names,N-glycanase,N-glycosidase F, and peptide:N-glycosidaseF (PNGaseF).
2.08.2.2 Pyridylamination of Oligosaccharides

In order to induce fluorescence of the reducing oligosaccharide mixture, it is derivatized with 2-aminopyridine

(Figure 3).7 S. Hase’s improved PA-derivatization methods work well for sialylated oligosaccharides, as well as for

neutral oligosaccharides. Because of its fluorescent nature, the sensitivity of detection of PA-oligosaccharides is in the

subpicomol range. All experimental procedures from this section and the corresponding chromatographic conditions

have been described in detail elsewhere.8,9
2.08.2.3 Code Numbers for the PA-Glycans

The code number for a sialyl PA-glycan (Figure 4) consists of a set of several elements with the following meanings.

For example, in ‘2A1-200.4’ (Figure 4), 2A1 denotes disialyl-containing. The last numeral 1 is an arbitrarily assigned

code number, and the number to the right of the hyphen (200.4) represents the neutral N-glycan code number, that is,

the far left digit 2 means the number of antennae. The next digit ‘0’ indicates the absence (or ‘1’ the presence) of a
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fucosea1-6 residue bound to the reducing terminal N-acetylglucosamine residue. The third digit ‘0’ indicates the

absence (or ‘1’ the presence) of bisecting GlcNAc residue. So, in the case of the absence of any other acidic group, the

code numbers of standard oligosaccharides contain four or three elements, for example, 310.8 (triantennary complex

type), or M5.1 (high-mannose type with five mannose residues).11

The code numbers and structures of PA-oligosaccharides are recorded in the GALAXY website.10
2.08.2.4 Glucose Units

The elution time expressed in real time or actual volume varies depending on the individual column, its age, or the

batches of buffers used. To alleviate day-to-day and column-to-column variations of elution positions, we adopt the

concept of ‘Glucose units (GU)’ which is the representation of elution time, for example, 8.5, 10.3 (in min), as related

to the elution position of homologous series of isomalto-oligosaccharides. In plotting the HPLC data on the 2-D or 3-D

map, the GU are used. In practice, we calibrate every day both the octadecylsilica (ODS) and amide-silica columns

with isomalto-oligosaccharide mixtures (dp¼1–21). The GU (five, six, seven, etc.) indicate the degree of glucose

polymerization. Next, a sample PA-oligosaccharide is applied to the same columns, and its elution position is

proportionated by these reference oligosaccharides (Figure 5).
2.08.2.5 The Two-/Three-Dimensional HPLC Mapping Method

2.08.2.5.1 Two-dimensional mapping technique for neutral PA-glycans
In 1988, we proposed a 2-D sugar mapping method for the simple, reproducible, and sensitive analysis of the N-glycan

structures.10 The structures of unknown oligosaccharides can be characterized from its elution positions on the

map. The database for the sugar map was prepared with 113 authentic standard neutral oligosaccharides, 58 of
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which have been confirmed by 1H NMR spectroscopy. The 2-D mapping method involves four steps: (1) separation

of oligosaccharide PA-derivatives by HPLC with an ODS-silica column, (2) analysis of the size of each separated

oligosaccharide on an amide-silica column, (3) plotting of the elution position of a sample on the 2-D sugar map

obtained for the reference oligosaccharides, and (4) structural estimation of the oligosaccharides by a combination of

sequential exoglycosidase digestions.

Sometimes, a direct comparison of the coordinate values of the sample and the reference compound PA-oligosac-

charides cannot give exact coincidence. In Figure 6, the elution positions of the sample obtained experimentally are

9.5 GU value on the ODS column [GU(ODS)] and 6.0 GU value on the amide column [GU(amide)], which represent

(9.5, 6.5; wherever coordinates are cited in this chapter, they are always listed in the order of GU(ODS, amide)), for

which there exist two candidate oligosaccharides, (9.6, 6.1) and (9.4, 5.9), with close values of coordinates. In such

cases, coinjection with reference PA-oligosaccharide is the most reliable solution. However, glycosidase digestion

methods, when applicable, are also very useful. Actually the elution positions of the two candidate oligosaccharides in

Figure 6 are very close, but after b-N-acetylhexosaminidase digestion, the elution positions of the resultant two

oligosaccharides separate clearly. Then, after sequential digestion of b-galactosidase and again b-N-acetylhexosami-

nidase, the elution position of each reference oligosaccharide finally changes to the common trimannosyl core

structure, by different pathways. In reality, each PA-glycan isolated on the ODS and amide-silica columns was digested

by exoglycosidases (b-galactosidase and b-N-acetylhexosaminidase from jack bean) under the conditions described

previously.12

We reported the 2-D mapping technique in 198812, and we were able to identify by 1995 many neutral N-glycan

structures found in the various natural resources: urinary and recombinant erythropoietin 1988,14 porcine pancreatic

Kallikrein 1988,15 human IgG subclass protein 1987,16 fibrinogen asahi 1989,17 taste-modifying protein miraculin

1990,18 human IgG3 subclass 1990,19 rice a-amylase 1990,20 fiblinogen caracas II 1991,21 murine lymphocyte and

lymphoma cells 1991,22 sycamore cells 1992,23 nicotinic acetylcholine receptor 1992,24 fibrinogen Lima 1992,25 human

urinary kallidinogenase 1993,26 etc. The technique was later upgraded it to 3-D mapping in 1995.13

2.08.2.5.2 Extension to 3-D mapping technique for sialyl PA-glycans
The usefulness of the 2-D mapping technique depends on the numbers of reference compounds accurately analyzed

and placed on the map. When the numbers of neutral oligosaccharides on the map reached more than 220, we thought
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that it would be more useful to extend the technique to sialyl oligosaccharides, because the PA derivatization of sialyl

oligosaccharides can be done efficiently. Thus, our 3-D map was born in 1995.9

In the first step, the PA-oligosaccharide mixture is separated on an anion-exchange column (TSKgel DEAE-5PW;

7.5�75mm, Tosoh) according to its sialic acid content, that is, neutral, monosialyl, disialyl, trisialyl, and tetrasialyl, etc.

(Figure 7a). In the second step, each group mentioned above is injected separately onto a reverse-phase column

(ShimPack HRC-ODS; 6�150mm, Shimadzu) The elution times are then recorded in GU, which become the

x-coordinates. Separation on the ODS column depends on the fine structure of each oligosaccharide. Isomeric

oligosaccharides, which cannot be differentiated by mass spectrometry easily, can be readily separated into several

different structures on the ODS column. In the third step, each peak separated from the ODS column is applied to an

amide-adsorption column (TSKgel Amide-80; 4.6�250mm Tosoh), and the elution times are recorded on the y-axis.

Separation on the amide column depends mostly on the molecular size of each oligosaccharide. We found that the PA-

derivatized sialyl oligosaccharides are also well separable on the same two HPLC columns (ODS and amide-silica)

under completely the same elution conditions as used for the 2-D map for the neutral oligosaccharides.10 For each one

of the groups separated by the DEAE column, a separate 2-D map is plotted. Repeating the whole process for each

group of different sialylation levels, several layers of a 2-D map are obtained (Figure 7b). The elution positions from

the ODS and amide columns provide a unique set of coordinate values for each PA-oligosaccharide. Plotting many sets

of such HPLC data results in a 3-D map. The 3-D map (Figure 7d) can be graphically expressed either by a 2-D plot

(Figure 7c), with different acidic groups for the different colors, for example, trisialyl oligosaccharide group is

expressed by blue circle, in both (Figures 7c and 7d).

It is important to point out that for each layer, the HPLC elution conditions used to obtain the x- and y-coordinates

are all identical, so the coordinates can be transposed from layer to layer. However, if all the neutral and sialyl

oligosaccharides are plotted on a single 2-D map, it becomes too complex and confusing. The use of the 3-D map is to

avoid such confusion and complexity. There are no overlapping circles in each layer.

Once the 2/3-D maps are established, it is possible to characterize an unknown oligosaccharide by comparing with

known reference compounds. This approach may be termed a library method. The underlying principle for the 2/3-D

mapping method is simple. That is, different HPLC data mean different structures. If the unknown sample coincides

with a known structure on the map, the sample may be identical to the known compound.

Since we reported the 3-D mapping technique in 1995,9 until 2005 we were able to determine the 3-D map

coordinates of many neutral and sialyl N-glycan structures from natural resources: humam coagulation factor X 1995,27



Figure 7 Transposition of the coordinates of the PA-glycans from a 2-D to a 3-D map. a, The PA-glycans are separated to

neutral and sialyl glycans according to their sialic acid content on the first DEAE column. b, The coordinates were then

plotted separately according to the sialic acid content. c, The coordinates can be transposed from layer to layer, so the
coordinates of neutral and sialyl oligosaccharides are plotted all together on a 2-D map. d, The coordinates of the PA-

glycans were plotted by the 3-D mapping technique. The lowest layer is that of the neutral oligosaccharides. Mono- and

disialyl oligosaccharides are lined up on the z-axis according to their sialic acid content. These HPLC data of neutral and
sialyl oligosaccharides derived from total glycoproteins in human serum.
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human integrin a5b1 1996,28 Bermuda grass antigen BG60 1996,29 mutant IgG 1996,30 outer membrane protein of

Chlamydia trachomatis 1996,31 placental IgG 1996,32 IgGs from healthy control of various age 1997,33 horseradish

peroxidase 1998,34 human IgG3 1998,35 IgG from rheumatoid arthritis 1998 (review article by Routier et al.),36 mouse

soluble Fcg receptor II 1998,37 IgG from rheumatoid arthritis 1998 (an article by Mukofujiwara et al.),38 fibrinogen

niigata 1999,39 neuropsin in Trichoplusia ni cells 1999,40 osteopontin from human bone 2000,41 human transferrin in

T. ni cells 2000,42 truncated IgG1 2000,43 IgG cryoglobulin 2000,44 pigeon egg white 2001,45 specificity of mushroom

lectin 2002,46 recombinant human soluble Fcg receptor III 2002,47 IgG in patients 2002,48 glycoprotein produced by

baculovirus-infected insect cells 2003,49 squid rhodopsin 2003,50 and rabies virus 2005,51 etc.
2.08.3 Application of HPLC Mapping Method

2.08.3.1 A New Concept, Unit Contribution

2.08.3.1.1 Introduction of a unit contribution
We introduced a new concept, parameterization of unit contribution (UC).52–54 In this case, unit means each

monosaccharide component at a specific position in a whole oligosaccharide. N-Glycan structures can be arranged in
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a tree-like diagram, which spreads its branches on a trunk of a trimannosyl core structure. The basic assumption used

in the parametrization is that the glucose unit of a given PA-oligosaccharide on an ODS or amide column can be

represented by the total of the contributions of all its monosaccharide units. This approach is developed into a useful

way to utilize UC values.

First, one can predict the coordinates of a PA-oligosaccharide for a given structure, even when it has not yet been

reported. Second, the 2-D map helps predict the structure of oligosaccharides by eliminating possibilities which

possess very different coordinates, and thus aids in further characterization for the exact structure.

Figure 8 explains the principle of multiple regression. Colored squares represent the same monosaccharide

component. For example, to calculate the UCs of the white circle monosaccharide in the oligosaccharides A, B, and

C, one has to take the difference with GU of the oligosaccharide on its right D, E, and F, respectively. The basic

assumption used in our calculation was described previously.55 The GU of a given PA-oligosaccharide on an ODS (or

an amide-silica) columnmay be represented by the sum of the UCs of all component monosaccharides, as shown in the

following equation:

EluðiÞ ¼ UC1�x1ðiÞ þUC2�x2ðiÞ þ � � � � þUCn � xnðiÞ

where Elu(i) is the observed elution time (expressed in GU) of compound number i, UC1–UCn is elution time (GU)

attributable to each component of the molecule, and x1(i) through xn(i) are independent variables for components 1

through n, which will be either 1 or 0, depending on the presence or absence of the component in the molecule.

Calculation to obtain UC parameters was carried out by a linear multiple regression analysis with a commercial PC

software (Statistica for Windows, StatSoft Inc., Tulsa, OK).

At present, a very good correlation was found between the observed and predicted elution time of 417 PA-glycans on

an ODS column and on an amide-silica column based on the UC values of component monosaccharides.54 These

results clearly indicate that the application of the multiple regression calculation is a useful method for determining

UC values (Figure 9).
2.08.3.1.2 Application of the UC value diagrams
Figure 10 shows the UC values calculated by multiple regression for high-mannose-type PA-oligosaccharides. These

monosaccharides are all mannose residues, but due to the difference in their position and the linkage, they can be

differentiated from each other. Using these values, we can calculate a completed 2-D map representation of all the

possible high-mannose-type oligosaccharide structures derived from Glc1Man9GlcNAc2. In other words, now we can

estimate any structure as long as it is a high-mannose-type.

As an example of the usefulness of the UC value technique we tried the analysis of digestion pathway of

high-mannose-type N-glycans with a-mannosidase from jack bean. We used the oligosaccharide Man9GlcNAc2 as
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respectively.13
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Figure 10 The UC values calculated by multiple regression for high-mannose-type PA-glycans. The upper and lower

numbers in each box are the unit contribution values on the ODS and amide-silica columns, respectively.
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the starting substrate of the a-mannosidase. When this is digested with the enzyme, all possible intermediate

oligosaccharides are readily calculated to be represented in the calculated 2-D map. For example, which mannose is

the first target of the a-mannosidase is not clear from the beginning. There are three possible structures for

Man8GlcNAc2, that is, M8.2, M8.1, and M8.4 (Figure 11) The GU(ODS)s of M8.1 (4.8) and M8.2 (6.4) were

known data in the HPLC map. On the other hand, the GU(ODS) of M8.4 (5.7) was estimated by UC values. Actually,

after the mannosidase digestion, the observed GU(ODS) of Man8GlcNAc2 was 6.5. Therefore, M8.1 with the GU of

4.8, andM8.4 with GU 5.7 can be eliminated. As a result, M8.2 with GU 6.4 is the most likely intermediate of the first-

step degradation. Elucidation of other intermediates was carried out likewise. Thus, the pathway from Man9GlcNAc2

to Man1GlcNAc2 by jack bean a-mannosidase digestion was determined by the application of the calculated 2-D map

(Figure 12).
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Figure 12 The pathway from Man9GlcNAc2 to Man1GlcNAc2 by jack bean a-mannosidase digestion was determined by

the use of the calculated 2-D map. Owing to two different pathways, there existed two possible structures for each of the

Man7 and the Man6 oligosaccharides.

The Two-/Three-Dimensional HPLC Mapping Method for the Identification of N-Glycan Structures 293
2.08.3.2 Identification of Molecular Species and Linkages of Sialyl Oligosaccharides

In order to expand the database of sialyl oligosaccharides, we chose to prepare more sialyl oligosaccharides using an

a2-3-specific trans-sialidase from Trypanosoma cruzi, since it is difficult to obtain them from natural sources. From the

pyridylamino derivatives of neutral and a2-6-monosialylated biantennary oligosaccharides from human fibrinogen,

five different sialyl biantennary oligosaccharides were obtained. A further 35 sialyl N-glycans were obtained from two

different asialo-triantennary oligosaccharides from fetuin. The trans-sialidase transferred sialic acids effectively and

indiscriminately to different galactosyl residues in the different positions on the substrates. Since the starting materials

are neutral oligosaccharides of established structure, and the only sialyla2-3 residues are added to the nonreducing

Gal terminal residues, the structures of these oligosaccharides could be identified unambiguously by using the 3-D

mapping technique.13

The 3-D mapping technique is very useful for differentiating closely related a2-3- and a2-6-sialylated oligosacchar-

ides. The results of the analyses of sialyl oligosaccharides have brought several surprises. For example, separation step

by amide column on HPLC is often called as size fractionation. It means that PA-oligosaccharides are also fractionated

on amide column by the size of samples. However, in the case of sialyla2-3-containing oligosaccharides, the sialyla2-3
residue contributes significantly to reduce the apparent size of the PA-oligosaccharide on an amide column, about 0.5

glucose unit on the y-axis. On the other hand, the sialyla2-6 residue does not seem to contribute much to the apparent

size (<þ0.1 glucose unit on the y-axis per sialyla2-6 linkage).

An example in Figure 13 shows HPLC data of the a2-3- and/or a2-6-sialylated biantennary PA-oligosaccharides.

Another advantage of the 3-D HPLC mapping technique for PA-oligosaccharides is its ability to differentiate

between acidic groups such as Neu5Ac andNeu5Gc, although this differentiation is not so special a technique in other

methods. Figure 14 shows the HPLC data of biantennary complex-type glycans possessing Neu5Ac or Neu5Gc
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residues. The replacement ofN-glycolylneuraminic acid withN-acetylneuraminic acid resulted in a larger elution time

on the ODS column and an apparent reduced size on the amide column.

In this way, HPLC mapping method facilitates determination of isomeric N-glycans and molecular species

sialic acids.
2.08.3.3 N-Glycosylation Profiles in Cell and Tissue Levels

Recently, the comprehensive structural determination and profiling of oligosaccharides in cell and tissue levels have

been required, for which the HPLC mapping method proved to be a powerful tool.

Figure 7d shows the HPLC map of neutral and sialyl oligosaccharides derived from total glycoproteins in human

serum. Fourteen neutral, eight mono-silayl, four di-silalyl, and five trisialyl oligosaccharides were isolated and

identified by the HPLC mapping method.56 In this method, N-glycans were released directly from 200ml of human

serum used as the starting material. Based on this experience, it would be easy to detect the change of the

glycosylation profiles in human serum associated with various pathological stages.
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In another example, Figure 15 shows the glycosylation profiles derived from membrane protein fraction of

Chlamydia trachomatis which is one of the most common causes of blindness and sexually transmitted diseases in

humans. C. trachomatis expressed predominantly high-mannose-type oligosaccharides possessing 5, 6, 7, 8, and 9

mannose residues.31 These data indicated that the high-mannose-type oligosaccharides linked to membrane glyco-

proteins of C. trachomatis mediate attachment and infectivity of the organism to host cells.

Thus, the multidimensional HPLC method is applicable to oligosaccharide profiling not only at molecular levels

but also in cell, tissue, and organism levels.
2.08.3.4 Development of HPLC Map for Sulfated Oligosaccharides

It has been recently revealed that sulfated oligosaccharides on glycoproteins play important roles in biological

functions, such as lymphocyte homing,57 degradation of putative hormones,58 and adhesion of neural cells.59 It is

necessary that the structures of these sulfated oligosaccharides are identified as a first step in understanding the

mechanisms of their biological functions. To identify the structures of sulfated oligosaccharides, we have developed

HPLC map for the sulfated oligosaccharides. The HPLC mapping method facilitates structural analyses of N-glycans

at cellular level. Therefore, we successfully collected sulfated oligosaccharides from LS12 cells derived from a human

endothelial cell line by cotransfection with both N-acetylglucosamine-6-O-sulfotransferase-1 (GlcNAc6ST-1) and

a-1,3-fucosyltransferase cDNAs.60



G
U

(a
m

id
e)

s

s

s

s

s

s

s

s

s

s
s

ss

s

s

s
s

s

s

s

s

s
s

s
10

5

5 10 15

S  SulfateFucGlcNAc

GU(ODS)

GalMan

Figure 16 HPLC data of the desialylated sulfooligosaccharides derived from LS12 cells.

296 The Two-/Three-Dimensional HPLC Mapping Method for the Identification of N-Glycan Structures
The N-glycans were released from glycoprotein fractions of LS12 cells by glycoamidase A digestion and then

labeled with 2-aminopyridine. The PA-oligosaccharide fractions were subjected to sialidase treatment so that we could

focus on sulfated asialooligosaccharides as a first step of the collection of the HPLC data of sulfated glycans. The

desialylated oligosaccharides were applied into DEAE column to fractionate anionic oligosaccharides. Then these

anionic fractions were applied sequentially onto amide and ODS columns to isolate 21 anionic glycans, and their

HPLC data were collected. MALDI-TOF-MS data indicated that all anionic oligosaccharides were sulfated. We

characterized these oligosaccharides by various glycosidase treatments, desulfation reaction, and MALDI-TOF-MS

analysis. Taking into account the substrate specificity of GlcNAc6ST-1, it was strongly suggested that sulfate groups at

C-6 position of GlcNAc residues on the terminal N-acetyllactosamine sequence. In short, we elucidated the structures

of 21 different sulfated oligosaccharides, which are bi-, tri-, and tetraantennary complex-type glycans sulfated at the

C-6 position of N-acetylglucosamine residues (Figure 16). Furthermore, we identified 19 sulfated oligosaccharides

resulting from various glycosidase treatments of the original sulfated oligosaccharides.

HPLC data of 40 kinds of sulfated oligosaccharides are now available to identify more promptly and effectively the

structures of N-glycans including sulfated glycans.61
2.08.3.5 A Web Application, GALAXY

We also developed a Web application, GALAXY11 to utilize the accumulated 2/3-D map information more

effectively.13 This application facilitates search of candidate structures corresponding the experimental data

and enables us to predict coordinates of putative PA-glycans and to trace the effects of glycosidase treatments in a

graphical manner.
2.08.3.6 A New Idea of HPLC Map Related to Microheterogeneity of N-Glycans

The utilization of the 2/3-D map information often leads to discovery of new oligosaccharides, which after thorough

characterization will be added to the existing 2/3-D map data bank. Thus, the process continually enriches the 2/3-D

data bank, and the richer the 2/3-D data bank, the more are the chances of finding unexpected oligosaccharide

structures.
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2.08.3.6.1 Application of parallelogram method to validate N-glycan structures on the 2-D map
N-Glycan structures released from the same position’s Asn residue on the same glycoprotein source are known to be

microheterogeneous, sometimes differing only in a few monosaccharides. When a set of exoglycosidase digestion is

performed, the GU values of the starting oligosaccharides and their derivatives tend to be at the nods of a parallelo-

gram in the 2-D map (Figure 17),37 because each monosaccharide is known to have its own specific unit contribution

on both 2-Dmap axes.54 Correctly identified structures from the same glycoprotein source validate each other by their

closeness to the nods of a parallelogram mesh. Therefore, this parallelogram method for mutual checking leads to the

accurate identification of the sample structure.
2.08.3.6.2 Visual presentation of the N-glycan microheterogeneity
New visualization of known data can give us surprising new insights. We have so far analyzed many N-glycan

structures, in each purified glycoprotein. At any Asn residue, we found not only one but several N-glycan structures,

distributed on some characteristic area on the 2-D map (Figure 18). For example, N-glycans from laccase (red

circles) are closely arranged on the left side of the 2-D map, while N-glycans from human IgG (green circles) are

closely arranged from the left side to the right side of the 2-D map. We call these HPLC data on the 2-D map

microheterogeneity configurations, because they indicate the extent of each N-glycan’s microheterogeneity. Several

glycosyltransferases, which participate in N-glycan biosynthesis, might have gathered in each inner cell near the

elongating sugar chain at that time. Therefore, each microheterogeneity configuration occupies only a limited,

relatively small area, on the 2-D map. Our 2-D map can easily show each protein’s specific area of microheterogeneity.

These N-glycan microheterogeneity configurations resemble constellations in the galaxy.
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Figure 17 The parallelogram method to identify N-glycan structures on the HPLC map. The N-glycans were derived from
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2.08.4 Summary

This chapter summarizes as follows:

1. Using three different HPLC columns, a mixture of neutral and sialyl oligosaccharides is completely separable.

2. The structural assignment of both neutral and sialyl N-linked oligosaccharides is very easy.

3. The database presented on the 3-D map is highly reproducible.

4. The sensitivity of PA-oligosaccharides detection is at pico- or femto-mol level.

5. This technique can easily lead to discovery of new structures, when the coordinates do not agree with those of any

known compounds.
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Glossary

Chlamydia trachomatis One of the most common causes of blindness and sexually transmitted diseases in humans.

erythropoietin A protein that regulates the level of mammalian hematopoiesis, and is applied as a potential therapeutic reagent

for anemia. The urinary erythropoietin (U-EPO) is purified from the urine of patients with aplastic anemia. U-EPO is a

sialoglycoprotein with a molecular weight of 34000–39000 and possess three glycosylation sites (Asn-24,-38, and -83).

fibrinogen niigata ab A novel BbAsn-160 (TAA) to Ser (TGA) substitution identified in fibrinogen Niigata derived from a

64-year-old woman. The mutation creates an Asn-X-Ser-type glycosylation sequence, and a partially sialylated biantennary

oligosaccharide is linked to the BbAsn-158 residue.

integrin a5b1 The major fibronectin receptor recognizing the Arg-Gly-Asp sequence, and mediating fibronectin-dependent

cell adhesion.

kallikrein(¼kallidinogenase) A serine protease that liberates lysyl-bradykinin, a vasoactive decapeptide, from kininogens.

The complete amino acid sequence of kallikrein is reported and three N-glycosylation sites, Asn-78,-84, and –141, are identified.

mushroom lectin A lectin from the fruiting body of the Psathyrella velutina mushroom (PVL) was found to bind specifically to

N-acetylneuraminic acid, as well as to GlcNAc.

squid rhodopsin Rhodopsin, the visual pigment in the photoreceptor cells, a typical seven transmembrane receptor. The

N-terminal segment of rhodopsin is N-glycosylated.
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2.09.1 Introduction

Prof. R. Dwek coined the term ‘glycobiology’ in the mid-1980s to reflect and to acknowledge growing scientific

interest in the biological roles of carbohydrates. The complex nature of carbohydrates, especially oligo- and poly-

saccharides, makes them ideal carriers of biological information, and unfortunately renders them as challenging

analytical targets. The monosaccharide building blocks of carbohydrates have typically been defined as polyhydroxy-

aldehydes or polyhydroxyketones. The multiple chemical functionalities of monosaccharides lead directly to the

potential complexities of oligosaccharide structure, as they permit multiple linkage points and branching of carbohy-

drate chains. This, plus the fact that most carbohydrates lack an analytically useful chromophore, makes the

separation, analysis, and characterization of carbohydrates notoriously difficult.
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The complexity and heterogeneity of carbohydrate structure, however, has been extensively exploited in Nature.

The rise of biotechnology in the 1980s, and especially the growing interest in replacement therapies involving

mammalian (human) plasma glycoproteins such as the blood clotting factors, was paralleled by a sharp increase of

attention paid to the somewhat analytically intractable carbohydrate part of such molecules. Early methodologies

applied to carbohydrate (particularly mono- and oligosaccharide) analysis included gas chromatography and regiospe-

cific chemical degradation (e.g., Smith degradation). Analysis of very hydrophilic and nonvolatile carbohydrates

required chemical derivatization, and the traditional methods were tedious and difficult, particularly for nonspecialists.

In the mid-1980s, a somewhat fortuitous combination of two disparate analytical technologies afforded a then-

revolutionary new tool for the carbohydrate analysts toolkit. High-performance anion-exchange chromatography at

alkaline pH, coupled with electrochemical detection by pulsed amperometry of nonchromophoric carbohydrates, has

proved to be a versatile technique for carbohydrate analysis and characterization of carbohydrates and related

compounds. A brief history of the development of the technique has been presented.1

The combination of anion-exchange chromatography at alkaline pH and pulsed electrochemical detection

for carbohydrates is often referred to as high-pH anion-exchange chromatography with pulsed amperometric

detection (HPAEC/PAD)2 or HPAEC/PED (PED, pulsed electrochemical detection). The earliest reported relevant

applications of HPAEC/PAD were for monosaccharide compositional analysis3 and separation of glycoprotein oligo-

saccharides.4–6 HPAEC/PAD rapidly became an enabling analytical technology for the science of ‘glycobiology’ and

remains a useful method for both routine and investigative applications.

Due to the long history of the technique, a number of reviews of HPAEC/PAD for carbohydrate analysis have

been published. One of the first, by Spellman,2 recognized and highlighted the potential applications of the method

in the burgeoning field of biotechnology. A number of other reviews are valuable in collecting applications and

discussing both advantages and limitations of the technique.7–15 These reviews contain multiple, invaluable examples

and insights into the value of HPAEC/PAD for carbohydrate analysis in many disparate applications.

This chapter overviews the technology of anion-exchange chromatography and electrochemical detection of

carbohydrates, focusing on recent developments and applications likely to be of interest and/or value to the field

of carbohydrate analysis. Due to the important link between glycobiology, HPAEC/PAD, and the now ‘classical’

biotechnology field, particular emphasis will be given to on the utility of HPAEC/PAD in biotechnology.
2.09.2 Technology Overview

2.09.2.1 High-pH Anion-Exchange Chromatography (HPAEC) of Carbohydrates

Though many carbohydrates are neutral, some contain charged groups (e.g., carboxylate, phosphate, sulfate). Exam-

ples include glycosaminoglycans, polyuronic acids, sialylated oligosacchairdes, and polysialic acids. Anionic carbohy-

drates may be readily separated according to charge differences by chromatography on weak or strongly basic anion

exchange media (see, e.g., Refs.: 16 and 17). As an example, Figure 1 shows anion-exchange chromatography at

pH 7.6 of sialylated, N-linked oligosaccharides released from the fetal bovine plasma glycoprotein, fetuin. Sialylated

oligosaccharides were eluted with a sodium chloride gradient. The eluted oligosaccharides were detected by offline

analysis using a phenol/sulfuric acid method.18 Three classes of charged complex-type N-linked oligosaccharides

containing 2, 3, and 4mol of sialic acid per mol were readily separated and isolated by anion-exchange chromatography.

Isolation of the tetrasialylated oligosaccharide from bovine fetuin by anion-exchange chromatography proved useful in

characterization of an isomeric form of triantennary complex-type oligosaccharide containing a Gal(b1-3)GlcNAc

linkage.19,20 No resolution of numerous isomeric species within each charge group (level of sialylation) is provided by

anion-exchange chromatography near neutral pH.

Unfortunately, the subtle structural differences between many monosaccharides and the heterogeneity and com-

plexity (branch and linkage isomerism) often make the separation of carbohydrates for analytical or preparative

purposes extremely challenging. HPAEC presented a single, versatile technique applicable to many different

carbohydrate applications, by exploiting a fairly universal property of sugars: even the ‘neutral’ monosaccharides are

typically very weak acids, and will behave as weak anions in basic solution.21 The most acidic proton of a typical

‘neutral’ monosaccharide such as glucose is the proton of the anomeric hydroxyl group, with the typical hierarchy

of acidity from the 1-OH�2-OH/6-OH>3-OH>4-OH. Reduction of the hydroxyl residue of the anomeric

carbon of a monosaccharide, or its modification to a glycoside, typically has a marked effect on the net acidity of

the monosaccharide. As an example, Table 1 lists the pKa’s of several reducing monosaccharides, alditols, and a

methyl glycoside. Note the significant increase of pKa from the reducing hexose, glucose, to its alditol (sorbitol) or

methyl a-glucoside. In theory, then, anion-exchange separation of even ‘neutral’ monosaccharides is possible if the pH



Table 1 Dissociation constants of some common carbohydrates (in water, 25 �  C)

Sugar pKa

Fructose 12.03

Mannose 12.08

Xylose 12.15

Glucose 12.28

Galactose 12.39

Dulcitol 13.43

Sorbitol 13.60

Methyl a-glucoside 13.71

Source: Technical Note 20, Dionex Corp., Sunnyvale, CA.
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Figure 1 Separation of sialylated, complex-type N-linked oligosaccharides from bovine fetuin by anion-exchange chro-

matography at pH 7.6. Fetuin N-linked oligosaccharides were released by hydrazinolysis and separated on a 1.5�50cm

column of DEAE-Sephacel in 10mM Tris–HCl pH 7.6, using a gradient of sodium chloride as shown. The eluted oligo-

saccharides were detected using an offline phenol-sulfuric acid assay. TRI, complex-type N-linked triantennary
oligosaccharide.
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of the medium is high enough. Strongly basic anion-exchange resins (i.e., quaternary ammonium-functionalized

resins) will bind reducing monosaccharides in water, as the resin itself is basic enough to ionize the sugar.22

The primary technical drawback to performing carbohydrate separations at high pH was the potential lability of

both the analyte (see below) and the ion-exchange chromatographic medium at high pH. The characteristic muta-

rotation of reducing sugars dissolved in water is a manifestation of the equilibra between ring and open chain forms. In

alkaline solution, base-catalyzed epimerization (Lobry de Bruyn/Alberda van Ekenstein transformation) 23 and/or

subsequent base-catalyzed degradation of reducing carbohydrates can seriously diminish the stability of these

compounds and thus might preclude chromatography or analysis of carbohydrates using alkaline elution conditions

(i.e., at a pH approaching the pKa of a neutral sugar). However, anion-exchange separation of borate complexes of

neutral monosaccharides on polymeric, strongly basic anion-exchange resins at moderately alkaline pH (ca. 9–10)

proved a useful liquid chromatographic (LC) technique for quantitative monosaccharide analysis. 24

The development of extremely efficient polymeric, pellicular anion-exchange media permitted the chromatogra-

phy of even reducing sugars at alkaline pH with enough rapidity to resolve and even isolate many carbohydrates with

minimal base-catalyzed epimerization or further degradation. A number of commercially available columns have been

designed for rapid, efficient separation of mono- and oligosacharides at alkaline pH (see Section 2.09.2.1.5).

Considerable structural heterogeneity (e.g., sialic acid linkage position, galactose linkage heterogeneity) underlies the

observed peaks in the chromatogram in Figure 1 . Anion-exchange chromatography at higher pH (HPAEC) provides

additional selectivity for the separation of sugars. Figure 2 compares separation of fetuin N-linked oligosaccharides
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Figure 2 Anion-exchange separation of N-linked oligosaccharides isolated from bovine fetuin at low and high pH.
Aliquots of the N-linked oligosaccharide pool released from fetuin by PNGase F were separated on a CarboPac

PA1 column either using a gradient of sodium acetate at pH 6 (top panel) or using a gradient of sodium acetate in

0.1M NaOH (bottom panel). Detection in both cases was by triple-pulse, PAD. Column effluent in the top panel was mixed

with 0.1M NaOH via a postcolumn pump and mixing coil to raise the pH and permit PAD analysis. Di-, tri-, and tetra-refer to
the degree of sialylation of the oligosaccharides.
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(enzymatically released, in this case) by anion-exchange chromatography on a pellicular strong anion-exchange

column (CarboPac® PA1, see Section 2.09.2.1.5) at pH 6 vs. pH 13. Note the resolution of additional species (mostly

sialic acid linkage positional isomers) 25 when the separation is performed at pH 13 (0.1 M NaOH).
2.09.2.1.1 Eluent considerations for HPAEC
HPAEC separations of mono- and oligosaccharides are generally performed using eluents containing from mM to

0.1 M concentrations of NaOH or other hydroxide. Weakly retained species (e.g., small alditols and reducing mono-

saccharides) are often separated using NaOH concentrations on the order of 10–20 mM. Isocratic elution is often

adequate for resolution of many species. As in other ion-exchange techniques, strongly retained species may be more

practically eluted by the addition of ‘pusher’ anions with higher affinity for the anion-exchange resin than hydroxide.

In practice, HPAEC methods will employ ‘pusher’ anions which do not interfere with electrochemical detection of the

carbohydrate analyte (see the next section). Acetate anion has proved to be a very effective and versatile ‘pusher’ for

HPAEC, especially of oligosaccharides. Other electrochemically inactive anions, for example, nitrate, 13 may be useful

for elution of very strongly retained species.
2.09.2.1.2 Gradient considerations
Anion gradients are often used in HPAEC to increase peak sharpness (i.e., to increase efficiency) and/or to decrease run

times. Many typical methods will use gradients of sodium acetate against a constant sodium hydroxide concentration. The

principle of HPAEC, however, affords a unique parameter to affect and vary retention and elution of carbohydrates.

Hydroxide anion is both a ‘charger’ (ionizing the weakly acidic analytes) and a ‘pusher’ (competing with bound analytes,

thus tending to elute them). Thus, the selectivity of an HPAEC column for different sugars may be altered by changing

the sodium hydroxide concentration.26,27 Gradients of sodium hydroxide can also be useful to effect separation of some

species, especially smaller sugars. The strongly basic nature of the quaternary-ammonium resins used in commercial

HPAEC columns even permits HPAEC to be performed, in some cases, with pure water as an eluent.
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2.09.2.1.3 The problem of carbonate
Dilute aqueous solutions of NaOH readily absorb atmospheric CO2 , which dissolves as Na 2 CO3 , although carbonate is

not soluble in highly alkaline solutions. Because carbonate is a strong eluent for HPAEC column resins in the

hydroxide form, it is important to minimize or eliminate the presence of carbonate in eluents to be used for

HPAEC. This is practically ensured by: using degassed water (and/or degassing all eluents prior to use), blanketing

eluents with an inert gas (typically helium) to restrict exposure to the atmosphere, and also by the preparation

of alkaline reagents from commercial 50% (ca. 19.3 M) solutions of NaOH. The latter reagent is concentrated

enough that any carbonate present will be insoluble and precipitate in the bottom of the container. Analysts should

always avoid using 50% NaOH solution from the bottom of an open container, and discard the bottom portion of the

reagent to minimize the risk of excessive carbonate in eluents. Fortunately, commercial 50% NaOH reagent is

inexpensive and of good quality. More recent developments in generation of carbonate-free eluents are described

in Section 2.09.3.1.4.
2.09.2.1.4 Alkaline lability of carbohydrates in HPAEC
It is inaccurate to state that all sugars are stable under HPAEC conditions and thus amenable to analysis by the

technique. The alkaline-catalyzed degradation of reducing sugars can be a complication in HPAEC separations, and

thus merits some discussion. It is well known that purified N-linked glycoprotein oligosaccharides with a reducing

terminal N-acetylglucosamine (GlcNAc) residue exhibit a characteristic ‘satellite peak’ pattern when analyzed by

HPAEC (Figure 3). The later-eluting satellite peak arises from the base-catalyzed epimerization of the reducing

terminal GlcNAc residue to N-acetylmannosamine (ManNAc). An elevation in the detector baseline between the

main peak and the satellite suggests on-column interconversion or an equilibrium process. Analysis of complex

oligosaccharide fingerprints (see Sections 2.09.3.2 and 2.09.4) by HPAEC/PAD can be complicated by the presence

of these minor, but ubiquitous artifacts of high-pH chromatography of reducing sugars. Figure 4 shows the kinetics

observed for the epimerization of a reducing, GlcNAc-terminated oligosaccharide in 0.1M NaOH (see also Ref.: 9).
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Figure 3 HPAEC of a pure oligosaccharide with reducing terminal GlcNAc. A purified, GlcNAc-terminated reducing

oligosaccharide was incubated in 0.1M NaOH and analyzed by HPAEC/PAD. Peak 1 is the intact oligosaccharide, while

peak 2 is its epimer with ManNAc at the reducing terminus. Panel A shows the result at the beginning of the experiment,
while panel B shows a later time point.
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Figure 4 Kinetics of alkaline-catalyzed epimerization of a pure oligosaccharide with reducing terminal GlcNAc. The

relative PAD peak areas of ManNAc-terminated epimer peak two (see Figure 3) were measured as the percentage of total

peak area and plotted for each time point analyzed by HPAEC/PAD.

0 1 2 3 4 5 6 7 8
0

5

10

16

1

2

Time (min)

nC

Figure 5 Peeling of Gal(b1-3)GalNAc during HPAEC/PAD. Gal(b 1-3)GalNAc (1.8 nmol, peak 2) separated on a CarboPac

PA10 column set at 1.0mlmin–1 and 30�C with 100mM NaOH and a gradient of 1–7mM sodium acetate. Peak 1 is
galactose.
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The epimerization proceeds to a new equilibrium distribution of ca. 75:25 of main species (GlcNAc terminated) to

epimer in about 3 h at room temperature.

Certain oligosaccharide species are particularly labile to alkaline conditions. O-linked oligosaccharides frequently

contain 3-O-substituted N-acetylgalactosamine (GalNAc) as the reducing terminus. These species are particularly

susceptible to alkaline degradation by b-elimination. This elimination is the start of the ‘peeling’ degradation common

for O-linked glycoprotein oligosaccharides.28 For example, Gal( b1-3)GalNAc is very alkaline labile and cannot

be observed as a single, homogenous species (peak) under typical HPAEC conditions (ca. 10–100 mM NaOH), even

if the elution time is only a few minutes. Figure 5 shows the characteristic HPAEC profile observed for the reducing

core 1 O-linked-type disaccharide, Gal( b1-3)GalNAc. The disaccharide degrades (eliminates) on the column at pH

ca. 13 even during the fairly short elution time. Retention time identifies the early eluting peak observed in the

chromatogram as galactose (Figure 5).

Fortunately, the base lability of reducing sugars can be easily circumvented for HPAEC separations. Reduction of

sugars to their alditols (e.g., with NaBH4 )
29 or modification of the reducing terminus (e.g., by reductive amination) 30

can ‘lock’ the oligosaccharides into an alkaline-stable form (see Figure 6 ). The addition of an extra sample preparation

step may or may not be worthwhile for a given analytical application. Reduction of O-linked oligosaccharides to

alditols is generally necessary for their analysis (see Section 2.09.3.2.2). Reductive b-elimination is a commonly used

method for the release of O-linked oligosaccharides from glycoproteins (see Section 2.09.3.2.2).

The presence of certain alkaline-labile groups (e.g., O-acetylation, as found in some sialic acids) can also complicate

analysis by HPAEC. This is discussed further in Section 2.09.3.1.2.
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Figure 6 HPAEC/PAD analysis of bovine fetuin N-linked oligosaccharides. The top panel shows the separation in

0.1M NaOH of the reducing N-linked oligosaccharides obtained from bovine fetuin (a fetal serum glycoprotein) released

using the glycoamidase PNGase F. The bottom panel shows separation of the same oligosaccharide pool after reduction
with NaBH4.
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2.09.2.1.5 Columns for HPAEC
The original, commercial column for HPAEC carbohydrate analysis was based on a polymeric, pellicular anion-

exchange medium. This column, labeled CarboPac PA1 by its manufacturer, consists of 10 mm styrene–divinylbenzene

carrier beads with electrostatically attached 0.1 mm latex beads functionalized with strongly basic quaternary ammon-

ium anion-exchange groups. The CarboPac PA1 column remains available and is particularly useful for the separation

and analysis of monosaccharides, smaller oligosaccharides, and some alditols.

Another column, the CarboPac PA100, was originally designed to provide some compatibility with organic solvents.

The ion-exchange capacity of the PA100 is slightly less than the PA1 (decreasing the concentration of counterion

needed to elute a given species) and the resin beads are smaller (8.5 mm), making the PA100 column somewhat more

efficient than the PA1. These properties were attractive for oligosaccharide separations, and the CarboPAc PA100 has

become a de facto standard for oligosaccharide profile analysis (‘fingerprints’ of complex mixtures of often closely

related oligosaccharide species released from a glycoprotein). Oligosaccharide profile analysis is frequently employed

in comparability assessment of glycoprotein therapeutics in biotechnology (Section 2.09.4).

Given the importance of monosaccharide analysis in multiple fields, a special-purpose pellicular anion-exchange

column, CarboPac PA10, was developed for monosaccharide analysis. The CarboPac PA10 also features expanded

compatibility with organic solvents. Another column, CarboPac MA1, based on a macroporous resin with considerably

higher anion-exchange capacity, was developed to provide better retention properties for weakly bound species such

as neutral monosaccharide alditols (e.g., mannitol).

Higher-resolution carbohydrate separations are now possible with two new anion-exchange columns for HPAEC/

PAD. The CarboPac PA20 increases the resolution of monosaccharides commonly found in mammalian glycoproteins

and shortens analysis compared to the earlier generation of HPAEC columns.31 This increases sample throughput and

also could reduce eluent consumption. A smaller particle size (6.5 mm), reduced column length, and other physico-

chemical changes to the beads enabled the improvements. The other new column, CarboPac PA200, increased the

resolution of oligosaccharide separations relative to earlier media through reduced particle size (5.5 mm). The PA 200

column also further reduced the concentration of acetate needed to elute a given oligosaccharide. This could

be beneficial in that the amount of salt to be removed when purifying oligosaccharides for other analytical techniques

(e.g., matrix-assisted laser desorption/time of flight mass spectrometry, MALDI-TOF MS) is reduced relative to other

HPAEC media used for oligosaccharide separations. The improved separation of IgG N-linked oligosaccharides

obtained from the PA200 column relative to earlier HPAEC columns is shown in Section 2.09.2.
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2.09.2.2 Pulsed Amperometric Detection/Pulsed Electrochemical Detection

2.09.2.2.1 Pulsed electrochemical detection of carbohydrates
Carbohydrates present a particular analytical challenge becausemost lack a useful chromophore or fluorophore for online

detection. N-Acylated sugars may be detected by absorbance in the low UV, but the specificity and sensitivity are poor.

Historically, detection of chromatographically separated carbohydrates was accomplished off-line, using, e.g., thin-layer

chromatography (TLC; see, e.g., Ref.: 32), or colorimetric carbohydrate methods18 (seeFigure 1), etc. Refractive-index

(RI) detection of carbohydrates in column effluents is possible, but the technique is relatively insensitive and very

nonspecific. RI is also essentially incompatible with solvent gradient elution conditions, although it can be used with

someHPAEC separations. In principle, evaporative light scattering detectors could be used for carbohydrate detection

in chromatography, but separations would be limited to eluants containing only volatile components.

Most carbohydrates, however, are electrochemically active, so electrochemical detection of carbohydrates is

theoretically possible. Aldoses, for example, may be oxidized to aldonic acids by a mildly oxidizing potential in

alkaline or acid solution.8 The resultant current flow can be detected against a noble metal electrode (DC ampero-

metry). The products of electrochemical oxidation rapidly foul the surface of a gold working electrode, so that DC

amperometry is not useful for online analysis of carbohydrates.8

In the 1980s Dennis Johnson and colleagues developed cyclic, pulsed amperometric techniques that permitted

robust and reasonably specific detection of carbohydrates in acidic or alkaline solutions.33 In pulsed amperometry, the

working electrode is raised to an oxidizing potential (voltage) to oxidize its surface, thus stripping it clean of any

adsorbed oxidation products from the prior detection cycle. The working electrode is then shifted to a reducing

potential, reducing gold oxide at its surface back to gold. The potential of the working electrode is then stepped to one

appropriate to oxidize carbohydrate aldehyde or hydroxyl groups (typically ca. 0.05V relative to a silver/silver chloride

reference electrode potential). After a short delay time (to allow charging current in the cell to dissipate), current in

the cell is sampled for a fixed time, and charge is measured as the time-dependent variable. The total cycle time for

this triple-pulse sequence is ca. 1s, giving adequate time resolution for traditional HPLC analysis times (flow rate

ca. 1mlmin–1, peak widths of tens of seconds to minutes).
2.09.2.2.2 Recent developments in electrochemical carbohydrate detection
Unfortunately, the formation of gold oxide and its subsequent reduction led to the gradual loss of gold from the

working electrode that gradually reduced electrochemical response, especially with the thin-layer cell used with the

third generation PAD detectors. While this did not prevent the accurate quantification of carbohydrates,34 a new

waveform (pulse sequence) was developed to prevent the loss of gold and subsequent loss of response.35

This waveform uses reductive cleaning, a series of four rather than three potentials, and requires 0.5s rather that 1s

per cycle, allowing more frequent data collection for greater peak area reproducibility, and/or compatibility with

sharper, narrower peaks. While the 4-potential waveform preserved the working electrode surface, response differ-

ences were observed between working electrodes and due to differences in pressure applied to the working electrode

during cell assembly (i.e., a difference in the volume of the cell channel). Disposable (2-week lifetime) gold working

electrodes, produced by sputtering gold with an argon plasma to a titanium coated polymer surface, improve electrode

to electrode reproducibility.36 A recently introduced electrochemical cell applies a constant torque to the working

electrode and gasket, eliminating differences in cell assembly.
2.09.2.2.3 Integrated pulsed amperometric detection (IPAD) of other species
The success of HPAEC/PAD carbohydrate analysis has spurred the development of pulsed electrochemical detection

(PED) for the determination of other compounds of biological interest that lack adequate chomophores. Amino acids

are separated by HPAEC and detected using a gold oxide surface produced (and removed) in situ by the PED

waveform.37 Signal is collected over more than one potential rather than the single potential used for carbohydrate

detection. Aminoglycoside antibiotics have been detected using the same waveform38 (Figure 7) and another PED

waveform that produces and removes gold oxide has been used to determine sulfur-containing antibiotics.39
2.09.2.2.4 Selectivity, sensitivity, and dynamic range of PAD
PAD for carbohydrate analysis provided the first reasonably specific means to detect a broad array of carbohydrates

without pre- or postcolumn derivatization.2 Other hydroxylated species often found in samples (e.g., Tris buffer,

glycerol) may interfere if present in high concentrations and may need to be removed prior to analysis. Large
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Figure 7 Determination of aminoglycosides using HPAEC/PAD. A standard containing 10pmol each kanamycin B (peak 1)

and tobramycin (peak 2) was separated on a CarboPac PA1 column set at 30�C using a 2.0mMKOH eluent produced by an

EG50 eluent generator at 0.50mlmin–1.
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quantities of amino acids in biological fluids or hydrolyzates may cause some interference with detection and/or

chromatography. Nonetheless, it is often possible to analyze biological samples with little or no pretreatment other

than that required to release mono- or oligosaccharides (if needed).

The electrochemical response factor (e.g., coloumb of PAD signal per mol of analyte) is not an intrinsic property of

the analyte. Instead, it depends upon the system (pH, electrochemical pulse waveform, physical condition of the

working electrode, flow rate, channel ‘depth’ of the fluid passing the working electrode, etc.). Consequently, the

response factors of different mono- and oligosaccharides can vary between systems but also between analytical

instruments.9,13

Studies have shown that sugars containing multiple, anionic substituents, for example, phosphate, show marked

decrease in electrochemical response factor as more charged groups are added.27 Studies on homologous series of

oligosaccharides (e.g., polysaccharide hydrolyzates) have shown that electrochemical response factors tend to decrease

as chain length (i.e., degree of polymerization, DP) increases.40 Due to these properties, we have generally found that

the most robust approach for quantitative use of HPAEC/PAD data is to make comparisons based on relative peak

areas, rather than to calibrate for all analytes of interest. A significant exception is the use of external and/or internal

monosaccharide standards for quantitative monosaccharide analysis3 and sialic acid analysis.34

Since the first reports of using HPAEC/PAD for oligosaccharide analysis, it has been recognized that oligosaccha-

rides do not have uniform electrochemical responses (i.e., equal peak areas do not equate to equal amounts). This has

not prevented HPAEC/PAD from being used successfully for quantitative analysis, mostly in comparative analyses,

as mentioned above and detailed later, but also when standards are commercially available or have been prepared.

Field et al.41 reported that HPAEC/PAD and MALDI/TOF gave equivalent quantitative results when they used the

two techniques to monitor oligosaccharide degradation. There are some published studies of the electrochemical

response of oligosaccharides. In the earliest study, the response of 36 synthetic oligosaccharides was measured relative

to glucose.27 Many of these oligosaccharides were similar to N-linked oligosaccharides, but lacked a chitobiose unit,

and some had two phosphates. The responses ranged from 0.2 (a diphosphorylated disaccharide) to 3.2 (a biantennary

heptasaccharide) when glucose was 1.0. While this represents a 15-fold difference from low to high response, it is also

an extreme case. In a study of 10 tri- to pentasialylated N-linked oligosaccharides from bovine fetuin, the response

ranged from 3.9 to 6.1 relative to glucose at 1.0, less than a twofold difference.25 Other studies of oligosaccharide sets

that represent oligosaccharides that will be found in a specific sample have yielded similar results. A study of four

reduced high-mannose oligosaccharides (8, 9, 10, and 11 mannoses) had responses ranging from 2.3 to 2.6 relative to

glucose at 1.0.42 One study of 32 human milk oligosaccharides where the response of lacto-N-tetraose was established

as 1.00 had responses ranging from 0.73 to 3.54,43 while a study of the electrochemical responses of six acidic human

milk oligosaccharides ranged from 1.2 to 3.2 when the response of galacturonic acid was set as 1.0,44 and the response

of 14 neutral human milk oligosaccharide ranged from 0.49 to 1.05 when the response of stachyose was set as 1.0.44

Another publication reported that the response of 10 reduced O-linked di- to hexasaccharides ranged from 0.68 to 1.6

when Neu5Ac(a2-6)GalNAc was set as 1.0.45

Electrochemical detection of sugars has been shown to have a very broad linear range (e.g., ca. 4 orders of magnitude

for glucose using triple-pulse conditions).46 Sensitivity has been improved with advances in cell design and waveform

optimization, and is better than 1pmol for many analytes.
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2.09.3 Glycobiology Applications

2.09.3.1 Monosaccharide Composition Analysis

Monosaccharide composition analysis of glycoconjugates is a fundamental part of characterization strategy, analogous

to amino acid composition analysis of proteins/polypeptides. Monosaccharide composition analysis was historically

carried out by hydrolysis, derivitization, and gas chromatography.47 These methods yielded good results, but were

difficult to implement and thus they remained in the purview of specialists. One of the first reported glycobiology

applications of HPAEC/PAD was for separation and quantification of monosaccharides.3 Y. C. Lee and colleagues

initially evaluated HPAEC/PAD as a potential replacement for aging ‘autoanalyzer’-based hardware used for borate-

assisted anion-exchange chromatography for the quantitative analysis of monosaccharides released from glycoproteins

by acid hydrolysis. Autoanalyzer analysis times were very long due to the use of macroporous resins for the separation

and also due to the nature of the borate/monosaccharide complexes themselves. The peak width for glucose in a

commonly used version of the method was approximately 60min.24 Due to the lack of an intrinsic fluorophore or

chromophore on monosaccharides of interest, the borate-assisted method required the use of a postcolumn, online

labeling apparatus. Postcolumn detection via the orcinol/sulfuric acid reaction was reliable and quantitative, but

required the use of hazardous reagents (0.1% orcinol in 70% sulfuric acid), high temperature, and a long postcolumn

reaction time (with attendant band-broadening in an autoanalyzer reaction coil). Coupled with the poor efficiency of

the chromatographic method, this afforded rather poor sensitivity (typically >10nmol for the common monosaccha-

rides mannose, fucose, galactose, xylose, and glucose).24 Later, postcolumn fluorometric detection after online

treatment with arginine in borate buffer at high temperature using a more modern coiled tubing reactor improved

sensitivity to ca. 1nmol.48

Amino sugars were analyzed separately, partly due to differences in optimal hydrolysis conditions but mostly due to

their unsuitability for borate-assisted anion exchange analysis. A method using cation-exchange chromatograpy with

postcolumn detection using the neocuproine reagent (to detect reducing sugar) was developed for the determination

of aminosugars from glycoprotein hydrolyzates.24 Both borate-assisted anion exchange and cation-exchange methods

were needed for complete compositional analysis of glycoproteins. While results were good, the methods and the

hardware needed to implement them were finicky, analysis times were long, and automation was difficult to add.

Thus, these methods were typically too complex for implementation in nonspecialist labs.
2.09.3.1.1 Analysis of neutral and amino-monosaccharides
Initial evaluation of HPAEC/PAD with mammalian glycoprotein hydrolyzates revealed that both neutral and amino-

monosaccharides could be detected and quantified in a single analytical run3 using the original CarboPac PA1

pellicular anion-exchange column. Monosaccharides (fucose, galactosamine, glucosamine, galactose, glucose, and

mannose) were separated in less than 20min at 1mlmin–1 in ca. 20mM NaOH. Reproducibility of retention times

required column regeneration with a higher concentration of NaOH (200mM) after each analysis, presumably to

remove any bound carbonate and regenerate the hydroxide form of the anion-exchange resin.

The use of HPAEC/PAD for monosaccharide analysis has become common and has benefited from the optimization

of columns and conditions to provide the best possible robustness and reproducibility.49,50
2.09.3.1.2 Quantitative sialic acid analysis
Unlike the monosaccharides described above, the N- and O-substituted neuraminic acids commonly referred to as

sialic acids are negatively charged at neutral pH. Due to this charge, sodium acetate, a stronger eluent than NaOH, is

required for elution of sialic acids in HPAEC/PAD. The common sialic acids N-acetylneuraminic acid (Neu5Ac) and

N-glycolylneuraminic acid (Neu5Gc) are usually separated with a gradient of sodium acetate in 100mM NaOH (for

PAD) to determine their amounts in purified glycoconjugates and heterogeneous biological samples (e.g., in serum; for

review, see Ref.: 51). Though Neu5Ac and Neu5Gc are easily resolved using an isocratic elution, the increased width

of the Neu5Gc peak renders it difficult to detect low quantities in the presence of much larger amounts of Neu5Ac,

injected within its linear range. Such is the case for glycoproteins for therapeutic use expressed in dwarf Chinese

hamster ovary (CHO) cells. In nature, Neu5Ac and Neu5Gc can be modified with methyl and other groups through

O-acyl linkages to one or more hydroxyl groups. These linkages are extremely base labile, and therefore these

compounds degrade to their parent compounds, Neu5Ac and Neu5Gc, in the hydroxide eluent. Though these

base-labile sialic acids have been separated at slightly acidic pH, with PAD after postcolumn addition of NaOH,52

the separations are not as good as those obtained by reversed-phase HPLC after modifying the sialic acids with
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1,2-diamino-4,5-methylenedioxybenzene (DMB).53 Analysts should use other methods to evaluate the presence of

alkaline-labile sialic acids prior to establishing an analytical strategy for sialic acid analysis that is based on HPAEC/

PAD. If analytical requirements permit, HPAEC/PAD is a simple, robust, and sensitive method for sialic acid analyses.

The easy resolution and quantification of Neu5Ac and Neu5Gc by HPAEC/PAD can be valuable in biotechnology

for analysis of recombinant glycoproteins. We have used a high-throughput, plate-based analysis of total sialic acids,

based on the classic resorcinol method 54,55 as a screen for glycoprotein sialylation during cell line development for

potential therapeutic glycoproteins. A glycoprotein therapeutic in preclinical development was found to express

different amounts of total sialic acid with the screen. HPAEC/PAD analysis of the sialic acid content of protein

expressed from the most productive cell line showed an appropriate level of overall sialylation, as well as the presence

of a small but significant amount of the potentially undesirable Neu5Gc in addition to the expected Neu5Ac (Figure 8).

As the former sialic acid does not occur in significant amounts in adult humans, there is some concern that its presence

in a therapeutic might cause undesirable immunogenicity.56 The HPAEC/PAD data were valuable in selecting an

appropriate cell line clone for development of this glycoprotein with an optimal balance of expression level (produc-

tion titer) and sialylation, both in terms of amount and type of sialic acid present.

Since the publication of Rohrer’s review, 51 additional HPAEC and HPAEC/PAD applications for sialic acids and

related compounds have been reported. The sensitivity of HPAEC/PAD sialic acid analysis was highlighted by a

determination of Neu5Ac in the lipopolysaccharides of 24 nontypeable Haemophilus influenzae strains. 57 In this study

several strains were found that contained Neu5Ac not detected by other techniques including 1 H NMR and ESI-MS.

Turula et al. 58 found that an acid hydrolysis of the polysaccharide component of a meningococcal type B conjugate

vaccine did not completely release Neu5Ac. To completely release Neu5Ac the polysaccharide was subjected to

methanolysis. This reaction yields the de-N-acylated methyl glycoside of Neu5Ac that was quantified by HPAEC/

PAD. Kayser et al.59 first demonstrated that unnatural analogs of Neu5Ac could be expressed on mammalian cell

surfaces by supplying the cell with D-mannosamines having modified N-acyl groups. Another group showed that

HPAEC with radiometric detection could be used to monitor the incorporation of the unnatural analogs with acyl chain

extensions up to eight carbon atoms into Neu5Ac by monitoring the intermediates and products with HPAEC/PAD. 60

Seeking to improve the sensitivity of an assay for polysialic acids from neural cell adhesion molecules, especially for

detecting higher degrees of polymerization (DPs), Inoue et al .61 investigated improving the sensitivity of an HPAEC/

PAD assay and the resolving power of a fluorescence-assisted HPLC (FA-HPLC) assay. This led them to explore

combining aspects of these two techniques. They first showed that replacing the column in the FA-HPLC assay with

the CarboPac PA100 increased the DP resolving power from 25 to 80. They were able to detect up to DP90 by

replacing the CarboPac PA100 with another anion-exchange column, the DNAPac ® PA100.
2.09.3.1.3 Analysis of other monosaccharides
A baseline separation of glucose, xylose, and mannose is difficult to achieve with the columns and typical elution

conditions used for HPAEC/PAD. This separation is especially difficult when rhamnose and arabinose must also be

separated. While these three sugars are rarely a concern for scientists analyzing mammalian glycoproteins, if thera-

peutic glycoproteins can be successfully expressed in plant systems (e.g., expression of monoclonal antibodies in plant

cells, a.k.a. ‘plantibodies’), this separation will take on greater importance. The best separation of rhamnose,

arabinose, glucose, xylose, and mannose was achieved by first conditioning the column with a strong NaOH eluent

(e.g., 200–300 mM), and then eluting with water either from the time of injection or starting up to a few minutes after

injection. This method can also separate sucrose, which elutes between glucose and xylose (mannose elutes last). All

four sugars are baseline resolved, but retention times are very dependent on the amount of carbonate in the water

eluent. A version of this separation method is the crux of an American Organization of Analytical Chemists (AOAC)

method for determining carbohydrates in instant coffee. 62 There have been other approaches to this separation

problem including the addition of small amounts of sodium acetate to the eluent, although the success of some of

these approaches is dependent on the complement of other sugars in the sample. For example, Y. C. Lee’s early review

of HPAEC/PAD9 shows N. Takahashi’s previously unpublished baseline separation of glucose, xylose, and mannose

using a 1mM NaOH/0.03mM sodium acetate eluent. This separation did not show arabinose and rhamnose. Earlier

experiments suggested that a low concentration of sodium hydroxide could achieve the desired separation of

rhamnose, arabinose, glucose, xylose, sucrose, and mannose, but due to the carbonate problem discussed earlier;

this was not a rugged solution. The introduction of an eluent generator (discussed in Section 2.09.3.1.4) allows the

reproducible separation of the sugars in the AOACmethod for instant coffee using a 2.3mMKOH eluent (Jim Thayer,

Dionex Corperation, unpublished).
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Figure 8 HPAEC/PAD sialic acid analysis of a glycoprotein. The top panel shows the separation of a standard mixture of

Neu5Ac and Neu5Gc on a CarboPac PA1 column with triple-pulse detection. The middle panel shows the sialic acid
analysis of a mild acid hydrolyzed aliquot of a glycoprotein obtained from cell culture using the ‘clone 1’ cell line. The bottom

panel shows the sialic acid analysis of an analogous sample of the same glycoprotein obtained from a different cell line

(‘clone 8’). The clone 8-derived material contains a significant amount of Neu5Gc.
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Determining the absolute configuration of a monosaccharide can be difficult. A recent publication showed that

HPAEC/PAD could be coupled to a laser polarimeter to determine the absolute configuration of monosaccharides

derived from bacterial polysaccharides.63 This method provided a simultaneous determination of composition and the

enantiomeric configuration of monosaccharides. Their method determined the configuration of the uncommon

monosaccharides abequose, fucosamine, quinovosamine, and rhamnosamine.
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2.09.3.1.4 Eluent generation technology
Carbonate contamination of hydroxide eluents renders the use of weak (<5mM) hydroxide for poorly retained

carbohydrates (e.g., certain monosaccharides and neutral alditols) impractical. This is due to retention time reproduc-

ibility problems caused by the unavoidable differences in the carbonate concentration between eluent preparations.

Carbonate contamination also dictates the need to wash the column with strong eluent after every injection during a

monosaccharide analysis. The introduction of an eluent generation device (EG) that through the electrolysis of

water and a reservoir of potassium ions creates pure carbonate-free hydroxide eluents (<100mM) in situ with high

fidelity allows the use of weak hydroxide eluents. It also shortens the column wash, which is still needed to

remove strongly bound sample components. The EG enabled the development of a reproducible assay for the

aminoglycoside antibiotics tobramycin and kanamycin B with a 2.0mM hydroxide eluent.38 The EG has also enabled

faster monosaccharide analyses. Together with the CarboPac PA20 the EG shortens the injection to injection time for a

monosaccharide analysis of a glycoprotein to 25min, with only 3min required for the column wash. This shorter

method was validated with acid hydrolysates of polycolonal human IgG.64
2.09.3.2 Oligosaccharide Separations

Reports on the use of HPAEC/PAD to separate oligosaccharides appeared almost immediately after the first mono-

saccharide report (e.g., Ref.: 4). Hardy and Townsend5 were able to separate a family of synthetic, branched

oligosaccharides similar to those found in mammalian, complex-type N-linked oligosaccharides with a simple, linear

gradient of sodium acetate versus 100mM NaOH on the CarboPac PA1 column. The simplicity and selectivity of the

method was readily apparent. Townsend et al. 25 then reported the separation of complex-type sialylated N-linked

oligosaccharides from bovine fetuin based on charge and several types of linkage heterogeneity. The ability to separate

closely related isomers of oligosaccharides on the pellicular anion-exchange columns at alkaline pH was unique.

Previously, such isomers could only be typically separated using a bevy of immobilized lectins65 and/or multiple

chromatographic modes.

HPAEC has proved to be capable of separating extremely complex mixtures of oligosaccharides under a single

analytical condition. Years of analyses by many laboratories on many different classes of oligosaccharides have led to a

set of semiempirical rules for HPAEC separations. Rohrer66 and Strang67 have summarized these results. In some

cases, structural features of an oligosaccharide may be inferred by elution behavior under HPAEC, especially when

combined with other data (e.g., monosaccharide composition, exoglycosidase digestion, and mass spectrometry).

Mammalian glycoproteins typically contain two species of covalently attached carbohydrate: oligosaccharides

N-glycosidically linked to asparagine in the polypeptide chain (‘N-linked oligosaccharides’) or oligosaccharides

O-glycosidically linked to serine or threonine (‘O-linked oligosaccharides’, often referred to as ‘mucin-type’ oligosaccha-

rides). Single monosaccharide residues are also found on some glycoproteins, typically either O-linked68 or C-linked.69

HPAEC/PAD analysis of isolated glycopeptides can be performed, but the most practical use of HPAEC for

glycoprotein glycosylation analysis has proved to be profile analysis (‘fingerprint analysis’) performed on released

oligosaccharides.
2.09.3.2.1 Release and analysis of N-linked glycoprotein oligosaccharides
Nature provided a valuable tool for the analysis of N-linked oligosaccharides, especially those of mammalian

glycoproteins, in the form of the bacterial enzyme peptide:N-glycosidase F.70 The enzyme, available in native and

recombinant forms, is not a glycosidase but rather a glycoamidase, cleaving the N-glycosidic bond between the

erstwhile reducing-terminal GlcNAc residue of an N-linked oligosaccharide and Asn in the polypeptide chain. The

enzyme displays a broad tolerance for oligosaccharide structures, although denaturation of some large glycopeptide or

glycoproteins may be needed for complete cleavage. Because the enzyme is a glycoamidase, the products of the

enzyme-catalyzed cleavage are a modified polypeptide chain containing aspartic acid at the former glycosylation site

(previously asparagine) and an oligosaccharide glycosylamine (1-amino-1-deoxy-sugar-terminated oligosaccharide). The

glycosylamine is not considered to be stable in aqueous solution, decomposing to the reducing oligosaccharide and

ammonia. Figure 9 shows the HPAEC/PAD oligosaccharide analysis of a time course of a PNGase F digestion of

a fetuin glycopeptide. Early eluting peaks observed at earlier time points were found to be oligosaccharide glycosyl-

amines. For example, most of the PAD signal in the doublet at ca. 45 min retention time in the 24h time point in

Figure 9 represents two isomeric trisialyl-triantennary oligosaccharide glycosylamines, which elute at almost exactly

the same time as two isomeric disialyl-triantennary reducing oligosaccharides under the analysis conditions used.
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Figure 9 Release of oligosaccharides from a glycopeptide by PNGase F. Samples of a purified bovine fetuin N-linked

glycopeptide were incubated with the enzyme PNGase F (N-glycanase, product of Genzyme, Inc.) and analyzed directly by
HPAEC/PAD at 0.1MNaOHwith a sodium acetate gradient on a CarboPac PA1 columnwith triple-pulse detection. Only the

first 65min of each time point is shown. The elution position of a pair of isomeric trisialylated triantennary glycosylamines

and the corresponding trisialylated triantennary reducing oligosaccharides is indicated in the t¼24h panel.
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HPAEC/PAD analysis of various PNGase F digestion conditions was useful in establishing conditions for the

generation of glycosylamines that can be used as starting reagents for a variety of potentially useful reactions.71 For

analytical purposes, ‘persistent’ glycosylamines can be readily converted to reducing sugars by treatment with mild

acid. PNGase F cannot release N-glycans if the GlcNAc connected to Asn is substituted by (a1-3)Fuc, in which case

the enzyme from almond emulsion (Glycoamidase A) must be used.
2.09.3.2.2 Release and analysis of O-linked glycoprotein oligosaccharides
Unfortunately, no generic enzyme (analogous to PNGase F) to release O-linked oligosaccharides from glycoproteins or

glycopeptides has been found. One enzyme, often called ‘O-glycanase’ can release the Gal(b1-3)GalNAc disaccharide,

but the disaccharide substrate may not be sialylated or otherwise modified.72

We have found the classic approach of reductive cleavage of O-glycan from glycopeptides by treatment with NaBH4

and NaOH (reductive b-elimination) to be a simple and reliable technique to release O-linked oligosaccharides
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(recovered as alditols) from glycopeptides or glycoproteins for HPAEC/PAD profile analysis. 1 The alditols are readily

isolated for HPAEC analysis by destruction of the NaBH4 with acetic acid, decationization via cation-exchange resin

in the proton, and removal of the remaining boric acid (as methyl borate) by evaporation from methanol. The only

drawback to analysis of O-linked oligosaccharides as alditols is that certain ‘neutral’ species (e.g., outer-branch

fucosylated, asialo-core 1 oligosaccharide alditol; Hardy, Cornell, and Marrier, unpublished results) are weakly

retained as alditols on most HPAEC media. The CarboPac MA1 column may be useful in some of these cases.

Hayase et al.45 took another approach to HPAEC/PAD analysis of desialylated O-linked oligosaccharides, releasing the

N-acetyl groups from the asialo-oligosaccharide alditols by acid hydrolysis, then converting the resulting hexosamini-

tols to N-succinyl-hexosaminitols. The succinylated alditols are more strongly retained on HPAEC media, thus

facilitating their analysis.
2.09.3.2.3 HPAEC/PAD analysis of other carbohydrates
The versatility of HPAEC/PAD extends well beyond the N- and O-linked oligosaccharides of glycoproteins. HPAEC/

PAD can also successfully determine other small charged carbohydrates including other sugar acids (e.g., glucuronic

acid), sugar phosphates, sugar nucleotides, and sulfated monosaccharides. As noted previously (Section 2.09.2.2),

detection sensitivity is really only practical for up to two charged groups per monosaccharide unit. For example,

Skoglund et al.73 found that detection sensitivity was very good for inositol monophosphates (0.04 pmol for a 25ml
injection), good for inositol diphosphates (0.4pmol for a 25ml injection), but relatively poor for inositol triphosphates

(4nmol for a 25ml injection). We believe that the charged groups guide absorption to the working electrode surface,

which is needed for detection, preventing the remaining free hydroxyl groups from being oxidized at the electrode

surface.Figure 10 shows of a separation of a standard mixture of sugar phosphates. An HPAEC/PAD determination of

mannosamine-6-phosphate was used to quantify a polysaccharide that is the basis of vaccine for meningitis.74

In addition to the small charged carbohydrates described above, HPAEC/PAD has been used to separate both

neutral and charged oligo- and polysaccharides isolated from bacterial cell walls, yeast, human milk, and other sources
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as well as glycosylinositol phospholipid anchors from parasites, prions, and other sources. Reference to some of the

initial reports of these separations and the separations described above can be found in the reviews of Lee13 and

Table 1 of Cataldi et al. 15 We would like to highlight some of the newer applications of HPAEC/PAD, which we believe

are of interest to the biotechnology community, that have been reported since the Cataldi et al. review.15

In some bacteria, fungi, and protozoa, D-galactose is found in both the pyranose and furanose forms, and Haynes

et al.75 reported a separation of galactofuranose-containing glycoprotein oligosaccharides from the protozoa Trypano-

soma cruzi. Two publications in the year 2000 showed that HPAEC/PAD could be used to distinguish the ring forms of

galactose. Salto et al.76 showed that the CarboPac PA10 column could separate six Gal(b1-X)GalNAc-ol disaccharides,

in which the galactose was in either the pyranose or furanose form with the linkage to either the 3, 4, or 6 hydroxyl, and

a trisaccharide having two galactoses b-linked to the GalNAc-ol, one in the pyranose form linked 1-6 and one in the

furanose form linked 1-4. This separation was used to determine that galactose in the mucin O-linked oligosaccharides

isolated from Trypanosoma cruzi was all in the pyranose form and linked b1-4 to GlcNAc. The second publication

reported that mild acid methanolysis followed by HPAEC/PAD with a CarboPac PA1 column could be used to

distinguish the ring form of galactose.77 The PA1 was able to resolve both methyl a- and b-galactofuranoside that

were resolved from the coeluting methyl a- and b-galactopyranoside. This method revealed that 78% of the galactose

from Aspergillus nidulans invertase was in the furanose form. Another group adopted this method for use with

radiometric detection to detect galactofuranosides that had been tritiated in the 6-position.78

While there were earlier reports of HPAEC/PAD determinations of oligosaccharides from human milk, there have

been more publications as researchers try to determine the role of milk oligosaccharides in preventing bacterial

infections for the possible addition of these oligosaccharides, as prebiotics, to infant formulas. Nakhla et al.79 showed

that a CarboPac PA1 could be used to separate the neutral oligosaccharides in preterm human milk and found that the

content did not differ from term human milk. HPAEC/PAD was also used to compare the oligosaccharides in the milk

and feces of breast-fed infants.80 The quantity of oligosaccharide in the feces was at least 50% less that the milk, but

the profile was similar suggesting that significant modifications do not occur during digestion. The authors used their

assay to measure the fate of oligosaccharides with a prebiotic effect that were added to infant formula.81 Another group

used the resolving power of HPAEC/PAD with two CarboPac PA1 columns in series to determine the neutral

oligosaccharide profile of 386 milk samples from 286 donors.82 HPAEC/PAD and MALDI/TOF of both neutral and

acidic higher molecular human milk oligosaccharides was reported by Finke et al.83 Their analysis showed that the

total number of oligosaccharides was higher than previously estimated and that HPAEC/PAD revealed isomeric

structures not identified by MALDI/TOF.
2.09.3.3 Preparative Isolation by HPAEC (and PAD)

While PAD is a destructive detection technique (i.e., the analyte is oxidized, e.g., from an aldose to a glyconic acid),

under practical analysis conditions only a small portion of the analyte is actually oxidized for detection during the

relatively brief transit time through the detector flow cell. For this reason, it is possible to isolate purified carbohy-

drates from the HPAEC/PAD eluent flow stream. Indeed, the high resolution of HPAEC has permitted isolation of

purified oligosaccharides that would be extremely difficult to purify by other methods (Townsend and Hardy,

unpublished results).

In practice, a more important consideration is the aforementioned epimerization or other base-catalyzed degrada-

tion of collected oligosaccharides following HPAEC/PAD in 0.1M NaOH. Initial, large-scale preparative isolation of

oligosaccharides on large-diameter (9 and 22mm) CarboPac PA1 columns were performed by collection into tubes

containing 1M acetic acid, dialysis to remove excess acetic acid, lyophilization, and gel filtration to desalt (Townsend

and Hardy, unpublished results). On analytical columns and/or at lower flow rates, the in-line ‘suppressor’ devices

used to reduce conductivity background for conductivity detection of ions in classical ‘ion chromatography’ applica-

tions may be used for efficient online desalting (and pH reduction) of the eluted oligosaccharides. In practice, the

suppressor device exchanges sodium in the column effluent for protons from a ‘regenerant’ solution (typically a

dilute mineral acid), providing the isolated oligosaccharide in a solution of water or dilute acetic acid, as opposed to

the NaOH or NaOH plus sodium acetate of the HPAEC eluent. Even if the dynamic ion-exchange capacity of the

membrane-based suppressor is exceeded (i.e., when the eluent contains very high concentrations of sodium acetate),

the oligosaccharide is stably collected in a buffered sodium acetate solution, requiring only desalting. A commercial

‘carbohydrate membrane desalter,’ with somewhat higher dynamic capacity to remove sodium ion than the ion

chromatography suppressors, was introduced for preparative isolation of pure carbohydrates from 4mm (or smaller)

HPAEC columns. Thayer et al.84 described the performance of this device for oligosaccharide purification.
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2.09.4 (Bio)Pharmaceutical Applications (and Implications)

The development of high-resolution analytical technology for biomolecules such as HPAEC/PAD and matrix-assisted

laser-desorption ionization/time of flight (MALDI-TOF) and other ‘soft ionization’ mass spectrometry methods both

paralleled and facilitated the explosive growth of recombinant DNA-driven biotechnology in the 1980s and into the

present. While early recombinant DNA biotechnology focused on microbial expression systems, the complexity of

mammalian glycoproteins (e.g., multiple post-translational modifications) rapidly pushed the field toward eukaryotic

expression systems. Many of the approved, recombinant therapeutic proteins are glycoproteins (see, e.g., Ref.: 2). In

many cases, appropriate glycosylation has proved to be important for the effectiveness of potential glycoprotein

therapeutics. This can be due to modulation of the physical properties of the glycoprotein (e.g., isoelectric point,

solubility, and tendency to aggregate), or it may be due to stabilization of the protein (e.g., masking sites of protease

susceptibility), or, of course, may relate to biological properties of the carbohydrates themselves (see, e.g., Ref.: 1).

Pharmacologic properties of glycoproteins may be modulated by changes in glycosylation (e.g., galactose-mediated

hepatic clearance of desialylated glycoproteins may markedly decrease half-life of the glycoprotein).85

For these reasons, the additional cost and complexity of using eukaryotic expression systems for many therapeutic

(glyco)proteins was accepted as adding value for their development. The resulting products tend to be quite complex,

as the initially fairly homogenous primary peptide sequence is ‘decorated’, often heterogeneously, with carbohydrates

and/or other post-translational modifications. In practice, the development of robust manufacturing processes enables

the production of consistently heterogeneous glycoprotein products. It is the heterogeneity of glycoprotein therapeu-

tics that necessitates the use of multiple, high-resolution analytical techniques for characterization and for quality

assessment.
2.09.4.1 HPAEC/PAD and the Three ‘C’s’

The above-mentioned complexity of post-translationally modified glycoprotein biopharmaceuticals requires exten-

sive ‘characterization’ to establish molecular identity and, often, to correlate function/quality of species (isoforms, or

‘glycoforms’) present in the product with structure. Much characterization data today may be secured from combined

liquid chromatography/mass spectrometry (LC-MS) techniques, typically proteolytic peptide mapping.86,87 HPAEC/

PAD, however, is still a valuable tool for the characterization of glycoprotein biopharmaceuticals.

Figure 11 shows the HPAEC/PAD oligosaccharide profile analysis of the N-linked oligosaccharides released from a

small glycoprotein therapeutic in development. This glycoprotein contains a single consensus N-glycosylation site and

displays no O-glycosylation. Direct MS analysis of the intact glycoprotein confirmed the presence of glycoforms

containing oligomannosidic N-linked oligosaccharides from Man5 through Man9.88–91 In addition, the N-linked

oligosaccharides were enzymatically released, separated by HPAEC/PAD, isolated, and characterized.92,93 Figure 11

shows that either an automated hydrazinolysis procedure or enzymatic release (in this case, using the enzyme

endoglycosidase H, as the only oligosaccharides present are of the oligomannosidic type) may be used to generate a

pool of oligosaccharides amenable to HPAEC analysis, although the yield (PAD peak area) and quality (based on

breakthrough PAD-positive species) seem to be better for the latter case than the former. Endo H is a true

endoglycosidase, cleaving between the two GlcNAc residues of the chitobiosyl core of the oligosaccharide, leaving

the terminal GlcNAc residue still attached to the polypeptide. A slight shift in the elution positions of the

Endo H oligosaccharides relative to their hydrazinolysis-released cognates is observed by HPAEC.

As part of the manufacturing process validation for a biopharmaceutical, it is necessary to establish ‘consistency’

of the manufacturing process. A consistent set of quality attributes (i.e., pattern of heterogeneity, in the case of

glycoproteins) must be demonstrated for the product. Quantitative product consistency analysis by HPAEC/PAD

requires robust analytical methods both in terms of chromatographic repeatability (e.g., retention time reproduc-

ibility) and electrochemical detector response. Method validation protocols typically take these parameters into

account. The HPAEC/PAD methods (using a sodium acetate gradient elution and detection by triple-pulse PAD)

have found to be exceptionally stable in terms of these two parameters (Strang, Cornell, Entrican, Desjardins, and

Hardy, unpublished results).

The characterization approach used for N-glycosylation of the glycoprotein shown in Figure 11 (i.e., HPAEC/PAD

analysis of the Endo H released oligosaccharides) was developed, qualified, and validated while contemporaneously

being transferred to a quality control laboratory. During process development and validation, N-linked oligosaccharide

profiles of many production batches of glycoprotein drug substance were analyzed and evaluated qualitatively

and quantitatively. A quantitative comparison of the relative PAD peak areas for the Man5 through Man9 species

(see Figure 11) of 15 such batches is shown in Figure 12. A very consistent pattern of N-linked oligosaccharide



Figure 11 Separation of oligomannosidic N-linked oligosaccharides by HPAEC/PAD. N-linked oligosaccharides were

released from desalted samples of a glycoprotein by either automated hydrazinolysis (top panel) or digestion with

endoglycosidase H (bottom panel). The released, desalted oligosaccharides were separated using a CarboPac PA1 column
eluted with 0.1M NaOH and a sodium acetate gradient. Detection was by PAD, using a triple-pulse waveform.
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heterogeneity was observed for these batches. Such consistency data are essential for establishing specifications and/or

for constructing arguments that the performance consistency of a given process has been sufficiently validated as to

negate the need for routine testing of the product’s properties (e.g., glycosylation pattern). HPAEC/PAD is thus a

valuable tool for routine assessment of glycosylation pattern heterogeneity.

Routine assessment such as described above generates a database, often substantial, that can be used as a

denominator to assess the impact, if any, of any subsequent change that might be made to the process after it has

been developed and its performance validated. The database is bounded by the specifications and process history for

any given glycoprotein product. As shown inFigure 13, a glycoprotein active pharmaceutical ingredient (API) may be

thought of as an n-dimensional space bounded by the (n) acceptable specifications established for it during product

development. That space may include many different isoforms (glycoforms), and the distribution of isoforms in a

given batch of the API could vary from the historical mean (i.e., from manufacturing campaign to campaign), from the

reference material, or from batch to batch (Figure 13). From these concepts arose the idea of comparability for

biopharmaceuticals.94,95 For example, a change to the API manufacturing process might shift the distribution of

materials made with the ‘new’ process compared to, for example, the reference material made from the ‘old’ process

(Figure 13). Fortunately, modern analytical techniques provide both routine and nonroutine methods to characterize

the heterogeneity and assess the comparability of biopharmaceuticals.96–99

HPAEC/PAD has been a very valuable tool for ‘comparability’ analysis. Figure 14 shows some example compara-

bility data. The top panel shows the N-linked oligosaccharide profile for a ‘second generation’ glycoprotein therapeu-

tic drug substance made by an established process. A new manufacturing site was identified and validated for this

glycoprotein. Comparability of the glycoprotein from the new site and the existing, registered manufacturing site was

assessed according to a defined comparability protocol. Comparability was evaluated by a variety of routine assays and

more esoteric analytical techniques, including HPAEC/PED oligosaccharide profile assessment. Figure 14 shows the

glycoprotein reference material’s N-linked oligosaccharide ‘fingerprint’ compared to N-linked oligosaccharide finger-

prints of two batches of drug substance made at the new site.Figure 14 shows that a qualitatively consistent pattern of

N-glycosylation was observed for the new site process material when compared to the old, albeit with some small,

observable quantitative differences. Such analytical data, combined with thorough assessment of comparability by

many other means including preclinical studies (e.g., animal models) and/or limited human studies (e.g., small/simple

pharmacokinetics studies), can provide powerful support to establish the validity of manufacturing process changes for

a therapeutic glycoprotein.
2.09.4.2 Therapeutic Glycoproteins, Monoclonal Antibodies, and
Glycoconjugate Vaccines

The early history of biotechnology focused largely on the isolation, characterization, and development of recombinant

versions of normal human proteins (often enzymes) for replacement therapy. Examples include plasma coagulation

factors (e.g., factor VII, factor VIII, and factor IX), metabolic enzymes (e.g., glucocerebrosidase), and other proteins
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and peptides, glycosylated or not (e.g., insulin, growth factors, a-1-protease inhibitor, interferons, and erythropoetin).

Other early biotech products included naturally occurring human proteins used to provide a therapeutic effect

(e.g., tissue-type plasminogen activator, TPA). Many of these molecules are large and/or extremely complex,

especially in terms of post-translational modifications. HPAEC/PAD proved to be a valuable tool for both characteri-

zation and routine analysis (quality control) for many of these products (see, e.g., Ref.: 2).

In the past decade, much of the research in biotechnology for therapeutic proteins has moved away from

replacement therapies or recombinant versions of other normal human proteins toward therapeutic antibodies in

the form of recombinant, humanized monoclonal antibodies (mAbs) or antibody-based fusion proteins. In practice,

monoclonal antibodies may be used as agonists, antagonists, or simply as targeting agents (e.g., to deliver a toxic

molecule to a tumor). In some cases, antibody effector functions are desirable in a therapeutic mAb, but in other cases

activation of other immune processes by the therapeutic mAb might be undesirable.

Glycosylation profile assessment of recombinant (humanized) monoclonal antibodies has remained a staple for

the ‘three C’s’ of antibody therapeutics. IgG antibodies possess a highly conserved N-glycosylation site in the hinge

region within the CH2 domain (for review, see Ref.: 99). The N-glycosylation pattern typically displays neutral

(i.e., nonsialylated) complex-type biantennary structures, with varying amounts of terminal galactose (Gal) and
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sometimes also the subterminal GlcNAc residues.100 Human antibodies (IgG’s) have a somewhat more complicated

profile than that typically observed for recombinant, humanized monoclonal IgG’s produced in cell culture. The

human antibodies may also display GlcNAc(b1-4)-linked to the branching mannose residue (‘bisecting GlcNAc’).

HPAEC/PAD has long been employed for glycosylation profile analysis of monoclonal antibodies,101 but the earlier

HPAEC media did not provide good resolution of the smaller, asialobiantennary complex-type oligosaccharides

typically found in monoclonal IgG antibodies. For example, the two isomeric, monogalactosylated asialobiantennary

oligosaccharides are not resolved under normal HPAEC conditions (i.e., sodium acetate gradients at constant

0.1M NaOH), although lengthy separations using ternary NaOH/sodium acetate gradients can improve resolution.102

Automated size exclusion analysis of labeled oligosaccharides on columns of BioGel P4103 may also be employed,

although commercial instrumentation is no longer available, and the method is slow. Chromatographic analysis of

fluorescently labeled oligosaccharides on normal-phase HPLC supports30 is frequently employed today for routine N-

glycan profile analysis of recombinant monoclonal IgG antibodies.

Development of new chromatographic media for HPAEC has improved resolution of IgG N-glycans. Figure 15

shows the improved resolution of released N-linked oligosaccharides from IgG on the CarboPac PA200 column.

A reduction in the particle size allows greater resolution of early eluting neutral N-linked oligosaccharides on the

PA200 compared to the PA100.

Finally, the exquisite ability to separate series or families of homologous or related oligosaccharides (e.g., partially

hydrolyzed dextran, inulins) suggests that HPAEC and/or PAD can be a valuable tool for the characterization and

analysis of polysaccharide-based vaccines and/or the carbohydrate part of glycoconjugate vaccines. For example, Kao

and Tsai104 have used HPAEC with conductivity detection to quantify the extent of O-acetylation in meningococcal A

and typhoid Vi polysaccharides, as well as other bacterial polysaccharide vaccines. Ravenscroft et al.105 developed

strategies including HPAEC/PAD to look at size distribution of anionic oligosaccharides being used to develop

glycoconjugate vaccines against Haemophilus influenzae (Hib) and meningococcal type A and C microorganisms. The

vaccines consist of oligosaccharides of intermediate chain length conjugated to the carrier protein CRM (a nontoxic

diphtheria toxin mutant). These vaccines are semisynthetic products; therefore, their preparation involves several

steps of chemical reaction; the detailed physicochemical characterization of the oligosaccharide components permits

the consistent production of these well-defined glycoconjugate vaccines. Detailed characterization is essential since
Figure 15 Separation of N-linked oligosaccharides from human IgG by HPAEC/PAD using the CarboPac PA100 (trace A)
and CarboPac PA200 (trace B) columns. Flow rates were 1.0mlmin–1 for the PA100 and 0.5mlmin–1 for the PA200. Both

separations used an eluent of 100mM NaOH and 5mM sodium acetate for 5min flowed by a gradient to 180mM sodium

acetate from 5 to 60min (100mM NaOH). The putative identities of the labeled species in the profiles are as follow: peak 1,

agalacto-biantennary (‘G0’); peak 2, monogalactosylated-biantennary (two possible branch isomers, ‘G1’); peak 3, diga-
lactosylated-biantennary (‘G2’).
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‘‘these vaccines are semi-synthetic products and their preparation involves several steps of chemical reaction,

therefore, the detailed physicochemical characterization of the oligosaccharide-components permits the consistent

production of these well-defined glycoconjugate vaccines.’’105
2.09.5 Summary

HPAEC/PAD has proved to be a versatile and valuable technique for analysis and characterization of many different

species of carbohydrates and other hydroxylated compounds. The technology is very mature but continues to be

refined. HPAEC/PAD is versatile, relatively simple, and inexpensive to implement, and continues to provide

adequate speed, sensitivity, and selectivity for laboratories. Widespread use of HPAEC/PAD in basic research,

biotechnology, and other fields (e.g., food science) attest to the versatility and value that sugar separation at high

pH and the availability of a robust system for electrochemical detection have provided to those interested in the

structure of many different carbohydrates.
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Glossary

comparability Concept originating in the pharmaceutical and regulatory communities that complex biopharmaceutical agents

(e.g., glycoproteins) can be characterized sufficiently to assess the similarity of a product to a reference material (or other

benchmark sample of the material) after changes have been made to the manufacturing process for the ‘new’ material. In its

strictest form, comparability permits approval of process changes without the time or expense of additional clinical trials, thus

leveraging of the body of data available for the reference or benchmark material.

glycoamidase An enzyme capable of cleaving an N-linked oligosaccharide (q.v.) from a glycoprotein, converting the former

asparagine residue in the polypeptide chain to aspartic acid (aspartate residue) and liberating the oligosaccharide as a glycosyl-

amine (q.v).

glycosylamine A 1-deoxy-1-amino-sugar, formed, for example, by the action of a glycoamidase (q.v.) enzyme on an N-linked

oligosaccharide (q.v.).

glycoprotein Protein-containing covalently-linked sugar.

HPAEC High-pH anion-exchange chromatography. Chromatographic technique for separating sugars as anions at alkaline pH

on strongly basic anion-exchange resins.

N-linked oligosaccharide Oligosaccharide (q.v.) linked via an N-glycosidic linkage to asparagine in the polypeptide chain of a

glycoprotein (q.v.).

oligosaccharide A carbohydrate consisting of ‘a few’ (from the Greek, oligos) monosaccharide residues.

O-linked oligosaccharide Oligosaccharide (q.v.) linked via an O-glycosidic linkage to (most commonly) serine or threonine in

the polypeptide chain of a glycoprotein. Also referred to as ‘mucin-type’ glycosylation.

PAD Pulsed amperometric detection. Electrochemical technique for the quantitative detection of nonchromophoric but

electrochemically active species such as carbohydrates, for example, in chromatographic column effluents.

PED Pulsed electrochemical detection. Broader term than PAD (q.v.) applied to an array of pulse sequences and potentials

used for the detection of electrochemically active species.
sialic acid Any of a family of nine-carbon sugar acids. The most common sialic acid is N-acetylneuraminic acid (Neu5Ac),

commonly referred to simply as ‘sialic acid’.
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2.10.1 Introduction

The availability of comprehensive and up-to-date carbohydrate databases as well and efficient software to retrieve and

handle the data, will be a prerequisite for successfully conducting large-scale glycomics projects aiming to decipher

new, so far unknown, biological functions of glycans. The development and use of informatics tools and databases for

glycobiology and glycomics research has increased considerably in recent years; however, it can still be considered as

being in its infancy when compared to the genomics and proteomics areas. The Bioinformatics Links Directory,1,1a an

online community resource that contains a directory of freely available tools, databases, and resources for bioinformat-

ics and molecular biology research – which is compiled by collecting applications that have been published in the

annual Nucleic Acid Research web issues2 – lists only six tools dealing with the bioinformatics of carbohydrate structures.

This is in contrast to the 376 useful resources for DNA sequence analyses reported, and the 651 links to useful

resources for protein sequence and structure analyses, which include also tools for phylogenetic analyses, prediction of

protein structures and functions, and analyses of protein–protein interactions. On the other hand, collections of links

compiled with special emphasis on glyco-related web applications3,4 (see, e.g., Ref. 4a) show already more than 60

dedicated websites. This discrepancy reflects the current points of view from both sides: while the bioinformatics

community widely ignores the existence of macromolecules other than DNAs, RNAs, and proteins, scientists

developing software applications for glycobiology do not regard themselves as part of the bioinformatics community.

Glycoscientists tend to develop software tools which fulfill very specific purposes (e.g., the interpretation of MSn

spectra of glycans), and the experimental data and associated structures are stored using schemas that are more closely

related to a particular experimental data format or biological system than to any standard that would foster comparative

analysis and end-user accessibility. The current situation of databases in glycobiology/glycomics can be characterized
329
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by the existence of multiple disconnected and incompatible islands of experimental data, data resources, and specific

applications, which provide no mechanism by which they can easily talk with each other. A cross-linking or referencing

of other bioinformatics tools is only rarely enabled.

Taking the frequency of publications as an indicator of the activity and importance of a specific scientific field, a

comparison of the number of publications for the two queries ‘carbohydrate AND database’ and ‘protein AND

database’ in PubMed since 1989 (see Table 1) reveals that there is a constant absolute and relative increase of

publications with glyco-related issues and databases or bioinformatics application. However, the absolute number

of publications related to the query ‘protein AND database’ is consistently more than 10-fold higher than those

found for the query ‘carbohydrate AND database’. In contrast, the number of papers dealing with proteins in general

compared to those dealing with carbohydrates is only about fivefold higher. Examining the percentage ratio of

‘molecule AND database’ to ‘molecule alone’ for each class of biomolecule, the ratio of papers having both keywords

in common compared to those where only the class of molecule appears is about twofold higher for proteins than for

carbohydrates. These relationships emphasize the point that development and usage of informatics tools and

databases for glyco-related research are obviously less frequently applied than bioinformatics tools in proteomics

and genomics.
2.10.2 Glyco-Related Databases and Applications

The development of informatics for glycobiology is a very young field of research. Until recently only very few

databases were available. The current growth of new databases and applications is mainly driven by the need to create

algorithms for automatic interpretation of experimental data produced by the upcoming glycomics projects.

Table 2 lists the worldwide, accessible larger glyco-related databases, the organizations by which they are

developed and maintained, the purposes for which they were designed, as well as the number of entries they contain

as on summer 2006. Looking at these numbers, it becomes obvious that the data they are providing do not cover the

whole wealth of published carbohydrate structures. Table 3 gives a comprehensive list of glyco-related applications

and related databases, which have been designed for specific purposes such as to support the interpretation of

spectroscopic data, to provide access to spatial structures of complete oligosaccharides, or to find glycosylation sites.

Although these lists seem to be rather impressive, there is currently no location where all carbohydrates reported in

refereed scientific papers are systematically stored. Moreover, none of the projects listed in Table 2 aim to cover all

published carbohydrate structures. Only the Russian Bacterial Carbohydrate Structure DataBase states that it aims to

provide access to all structures of this class published before 2006. However, the availability of comprehensive and up-

to-date databases will be a prerequisite for a broader acceptance of informatics tools and glyco-related databases within

glycosciences.

The rapid progress in bioinformatics can at least be partly attributed to the development of modern high-

throughput techniques which provide sequences of the biopolymers in a highly automated way. No such automatic

procedures for a complete primary analysis of glycan structures are available or can be expected in the foreseeable

future. This is due to various intrinsic factors of carbohydrate structures, as well as their method of biosynthesis, which

make it difficult to develop automatic sequencing techniques.
2.10.2.1 Intrinsic Problems for Automatic Structure Analysis of Glycans

2.10.2.1.1 Structural diversity
Oligosaccharides exhibit an intrinsic structural diversity, which makes their analysis more difficult than DNA and

protein sequences. The number of all monosaccharide building blocks found in nature is still unknown, but is

probably more than 100 and much larger than those of the other two classes of biological information-encoding

macromolecules, which are composed of a limited number of building blocks (residues) – four nucleotides each for

DNA and RNA and 20 amino acids. Additionally, and in contrast to these building blocks (of DNA/RNA and proteins)

which are linked in a linear fashion, carbohydrate residues can be connected in a number of ways by virtue of their

structural diversity. Despite the large number of available monosaccharide building blocks, in specific areas like

glycosylation of mammalian proteins, only a restricted number of residues – mannose, N-acetylglucosamine, fucose,

galactose, and sialic acid – are found. Nevertheless, a recent study estimated5 that more than 7500 N-glycans can be

generated, when applying 20 rules for enzyme activity which have been derived when formalizing the quite well-

understood N-glycosylation pathway. This large number of possible N-glycan structures, which are derived from only



Table 1 Frequency of publications in PubMed since 1989 for the queries ‘carbohydrates’, ‘carbohydrates AND tabase’, ‘carbohydrates AND bioinformatics, ‘Glycomics’,

‘protein’, ‘protein AND database’, and ‘protein AND bioinformatics’

Year Carbohydrates AND Data base Ratio (%) AND bioinformatics Glycomics Proteins AND database Ratio (%) AND bioinformatics

1989 23 603 10 0.042 0 0 93 502 55 0.058 0

1990 25 217 9 0.035 0 0 100 488 114 0.113 0

1991 25 675 12 0.046 0 0 105 210 187 0.172 0

1992 25 899 20 0.077 0 0 110 274 205 0.180 0

1993 26 263 26 0.093 0 0 115 110 310 0.269 0

1994 27 237 33 0.120 0 0 122 322 470 0.384 4

1995 27 003 50 0.185 0 0 127 600 525 0.441 3

1996 27 154 67 0.277 3 0 130 225 633 0.486 22

1997 24 194 60 0.247 0 0 119 688 690 0.567 27

1998 28 018 82 0.293 4 0 140 207 992 0.707 119

1999 27 841 108 0.385 4 0 145 339 1144 0.787 116

2000 30 334 136 0.448 15 0 151 845 1321 0.870 282

2001 33 001 166 0.503 17 2 162 097 1655 1.027 529

2002 34 611 171 0.494 29 4 175 155 1878 1.072 809

2003 36 158 204 0.564 50 15 180 996 2431 1.343 1080

2004 36 272 245 0.675 90 22 185 586 2661 1.433 1523

2005 36 903 276 0.747 125 31 192 726 2967 1.433 2107

Sum 495 383 1675 0.338 337 74 2 358 370 18 238 0.773 6621

The column ‘ratio’ indicates the relative occurrence of the keyword ‘molecule and database’ compared to all publica ns dealing with the class of molecule.
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Table 2 The larger glyco-related databases

Name Organization Purpose # Glycan structures Internal encoding Ref.

GLYCOSCIENCES.de German Cancer Research

Centre

Portal for all types of glyco-related data 14000 structures LINUCS 13,49

Glycan Database US Consortium for

Functional Glycomics

(CFG)

Core facility to make CFG data publicly

available

7500 entries (Glyco minds

LINEAR Code)

50

KEGG-Glycan Kyoto Encyclopedia of Genes

and Genomes

Referencing of glycan structure in related

biological pathways?

10951 entries KCF (KEGG

Chemical

Function)

19

Bacterial Carbohydrate

Structure DataBase (BCSDB)

N.D. Zelinsky Institute,

Russia

Access to structural and bibliographic data

of bacterial carbohydrates

7865 entries IUPAC-based

GlycoSuite Proteome Systems Ltd N- and O-glycan structures, references,

occurrence

9436 entries (extracted from

864 references)

Condensed IUPAC 51

CarbBank SugaBase CCRC/ Utrecht University,

NL

Structures, references NMR about 50000 entries with 22000

different structures

Extended IUPAC

(2D)

12,42
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Table 3 Glyco-related web-tools and data collections

Carbohydrate related information in gene or protein databases
CAZy 52 Carbohydrate active enzymes afmb.cnrs-mrs.fr/CAZY/

GGDB 53 Human glycogenes ggdb.muse.aist.go.jp/GGDB/index.jsp

KEGG Orthology 20 Glycosyltransferases www.genome.jp/kegg/glycan/GT.html

GPI Anchor

Biosynthesis Report

54 Enzymes for GPI-anchor

biosynthesis

mendel.imp.univie.ac.at/SEQUENCES/

gpi-biosynthesis/

KEGG Pathway 55 Carbohydrate metabolism www.genome.ad.jp/kegg/pathway.html

Glycosylation

Pathways

9 Consort. Funct. Glycomics www.functionalglycomics.org/static/gt/gtdb.shtml

NC-IUBMB Glycosyltransferases www.chem.qmul.ac.uk/iubmb/enzyme/EC2/4/

SphinGOMAP 56 Pathways of sphingolipid

biosynthesis

www.sphingomap.org/

BRENDA 57 Enzymes functional data www.brenda.uni-koeln.de

ExPaSY ENZYME 58 Enzyme nomenclature DB www.expasy.org/enzyme/

Lectins 3D structure of lectins www.cermav.cnrs.fr/lectines/

PDB2LINUCS 25 Glycoproteins in PDB /www.glycosciences.de/tools/pdb2linucs/

DOUGAL DB of glycoprotein structures www.cryst.bbk.ac.uk/DOUGAL/

Glycoconjugate DB PDB glycan structures akashia.sci.hokudai.ac.jp/

GlycoEpitope DB Antibodies for glycoepitopes www.glyco.is.ritsumei.ac.jp/epitope/

CFG-GBP-DB 50 Glycan-binding proteins www.functionalglycomics.org/glycomics/molecule/

jsp/gbpMolecule-home.jsp

CFG-Microarray Data 59 Glyco-gene Chip www.functionalglycomics.org/glycomics/publicdata/

microarray.jsp

ECODAB 60 E. coli O-antigen database www.casper.organ.su.se/ECODAB/

Prediction of glycosylation positions in proteins
GlySeq 33 Statistical analysis of glycosylation

sites in PDB

www.glycosciences.de/tools/glyseq/

NetNGlyc 34 N-Glycosylation www.cbs.dtu.dk/services/NetNGlyc/

NetOGlyc 35 O-Glycosylation www.cbs.dtu.dk/services/NetOGlyc/

YinOYang 34 Glyco-, Phosphorylation www.cbs.dtu.dk/services/YinOYang/

big-PIPredictor 54 GPI-anchor prediction mendel.imp.univie.ac.at/sat/gpi/gpi_server.html

NetGlycate 1.0 Server 61 Analysis and prediction of

mammalian protein glycation

www.cbs.dtu.dk/services/NetGlycate1.0/

DGPI GPI-anchor prediction 129.194.185.165/dgpi/index_en.html

GlyProt 28 In silico glycosylation www.glycosciences.de/modeling/glyprot/

Glycam Biomolecule

Builder

62 Generation and optimization of 3D

structure of glycoproteins

www.glycam.com/CCRC/biombuilder/

biomb_index.jsp

Tools for glycan structure analysis
Glycofragment 63 Masses from glycan fragments www.glycosciences.de/tools/GlycoFragments//

GlycoSearchMS 40 MS-spectra comparison www.glycosciences.de/sweetdb/start.php?

action¼form_ms_search/

GlycosidIQ 38 Glycofragment mass fingerprinting tmat.proteomesystems.com/glycosuite/

GlycoPeakfinder Assignment of fragments to MS

peaks

http://www.dkfz.de/spec/EuroCarbDB/applications/

mstools/GlycoPeakfinder/GlycoPeakfinder

GlycoMod 64 Glycan composition fromMolPeak www.expasy.org/tools/glycomod/

GlycoMass 64 Masses from compositions www.expasy.org/tools/glycomod/glycanmass.html

CCRC Fragments partially methylated

alditol acetates

www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html

CASPER 43 1H,13C-NMR shift estimation www.casper.organ.su.se/casper/

GlyNest 45 1H,13C-NMR shift estimation www.glycosciences.de/sweetdb/start.php?

action¼form_shift_estimation

SugaBase 41 1H,13C-NMR search boc.chem.uu.nl/sugabase/sugabase.html

CCRC 65 Xyloglucan NMR DB http://www.ccrc.uga.edu/specdb/specdbframe.html

Elution Coord. DB 66 HPLC www.gak.co.jp/ECD/Hpg_eng/hpg_eng.htm

GlycoBase HPLC-based rapid analysis of

glycosylation

www.bioch.ox.ac.uk/glycob/glycoimmunology/

glycobase.htm

Graphical representations and nomenclature
LINUNCS 26 Linear encoding of sugars www.glycosciences.de/tools/linucs//

(continued)

Databases and Informatics for Glycobiology and Glycomics 333

http://www.afmb.cnrs-mrs.fr/CAZY/
http://www.ggdb.muse.aist.go.jp/GGDB/index.jsp
http://www.genome.jp/kegg/glycan/GT.html
http://www.mendel.imp.univie.ac.at/SEQUENCES/gpi-biosynthesis/
http://www.mendel.imp.univie.ac.at/SEQUENCES/gpi-biosynthesis/
http://www.genome.ad.jp/kegg/pathway.htm
http://www.functionalglycomics.org/static/gt/gtdb.shtml
http://www.chem.qmul.ac.uk/iubmb/enzyme/EC2/4/
http://www.sphingomap.org/
http://www.brenda.uni-koeln.de
http://www.expasy.org/enzyme/
http://www.cermav.cnrs.fr/lectines/
http://www.glycosciences.de/tools/pdb2linucs/
http://www.cryst.bbk.ac.uk/DOUGAL/
http://akashia.sci.hokudai.ac.jp/
http://www.glyco.is.ritsumei.ac.jp/epitope/
http://www.functionalglycomics.org/glycomics/molecule/jsp/gbpMolecule-home.jsp
http://www.functionalglycomics.org/glycomics/molecule/jsp/gbpMolecule-home.jsp
http://www.functionalglycomics.org/glycomics/publicdata/microarray.jsp
http://www.functionalglycomics.org/glycomics/publicdata/microarray.jsp
http://www.casper.organ.su.se/ECODAB/
http://www.glycosciences.de/tools/glyseq/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetOGlyc/
http://www.cbs.dtu.dk/services/YinOYang/
http://mendel.imp.univie.ac.at/sat/gpi/gpi_server.html
http://www.cbs.dtu.dk/services/NetGlycate1.0/
http://129.194.185.165/dgpi/index_en.html
http://www.glycosciences.de/modeling/glyprot/
http://www.glycam.com/CCRC/biombuilder/biomb_index.jsp
http://www.glycam.com/CCRC/biombuilder/biomb_index.jsp
http://www.glycosciences.de/tools/GlycoFragments//
http://www.glycosciences.de/sweetdb/start.php
http://www.glycosciences.de/sweetdb/start.php
http://www.glycosciences.de/sweetdb/start.php
http://tmat.proteomesystems.com/glycosuite/
http://www.dkfz.de/spec/EuroCarbDB/applications/mstools/GlycoPeakfinder/GlycoPeakfinder
http://www.dkfz.de/spec/EuroCarbDB/applications/mstools/GlycoPeakfinder/GlycoPeakfinder
http://www.expasy.org/tools/glycomod/
http://www.expasy.org/tools/glycomod/glycanmass.html
http://www.ccrc.uga.edu/specdb/ms/pmaa/pframe.html
http://www.casper.organ.su.se/casper/
http://www.glycosciences.de/sweetdb/start.php?action=form_shift_estimation
http://www.glycosciences.de/sweetdb/start.php?action=form_shift_estimation
http://boc.chem.uu.nl/sugabase/sugabase.html
http://www.ccrc.uga.edu/specdb/specdbframe.html
http://www.gak.co.jp/ECD/Hpg_eng/hpg_eng.htm
http://www.bioch.ox.ac.uk/glycob/glycoimmunology/glycobase.htm
http://www.bioch.ox.ac.uk/glycob/glycoimmunology/glycobase.htm
http://www.glycosciences.de/tools/linucs//


LiGraph 46 Graphical representation www.glycosciences.de/tools/LiGraph/

IUPAC Nomenclature www.chem.qmw.ac.uk/iupac/2carb/

CabosML 67 Carbohydrate sequence markup

language

phoenix.hydra.mki.co.jp/CabosDemo.html

GLYDE 48 GLYcan data exchange standard lsdis.cs.uga.edu/projects/glycomics/index.php?

page¼4

Essentials of

Glycobiology

Symbolic nomenclature for glycans grtc.ucsd.edu/symbol.html

MonoSaccharideDB Systematic names for

monosaccharides

www.dkfz.de/spec/monosaccharide-db/

KEGG Composite

Structure Map

(CSM)

18 Global representation of the

carbohydrate structures

http://www.genome.jp/kegg-bin/draw_csm

3D structures
SWEET-II 68 Generation of 3D structure www.glycosciences.de/modeling/sweet2//

Glycam Biomolecule

Builder

62 Generation of 3D structure www.glycam.com/CCRC/biombuilder/biomb_index.

jsp

Disaccharides Conformational maps www.cermav.cnrs.fr/cgi-bin/di/di.cgi

GlycoMaps DB 29 Conformational maps www.glycosciences.de/modeling/glycomapsdb/

GlyVicinity 33 Analysis of protein-carbohydrate

interactions

www.glycosciences.de/modeling/glycomapsdb/

GlyTorsion 33 Analysis of carbohydrate torsion

angles found in PDB

www.glycosciences.de/tools/glytorsion/

CARP 33 Carbohydrate Ramachandran plot www.glycosciences.de/tools/carp/

pdb-care 33 PDB carbohydrate residue check www.glycosciences.de/tools/pdbcare/

DynamicMolecules 69 Molecular dynamics of glycans www.md-simulations.de

(Derived from http://www.eurocarbdb.org/links).

Table 3 (continued)
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five different residues and which have in addition the same structural N-glycan core in common, is impressive

evidence that the potential to connect monosaccharides in different ways and to form branches is probably the

major reason for the diversity of carbohydrate structures found in nature.
2.10.2.1.2 Structural similarity of building blocks and low physiological concentrations
The buildings blocks of complex carbohydrates, the monosaccharides, often have the samemolecular weight as well as

chemical constitution, differing only in the stereochemistry of the attached hydroxyl groups. Therefore, a detailed

analysis including all structural aspects is difficult and time-consuming and often needs a relatively large amount (in

the microgram range) of isolated oligosaccharides. Therefore, sensitive analytical methods like mass spectrometry

(MS) and high-performance liquid chromatography (HPLC)6,7 must be applied which, however, cannot detect all

structural details of glycans.

While a relatively large amount of material is required for full structural analysis (including analysis by nuclear

magnetic resonance (NMR) spectroscopy), the biosynthesis of glycans is not a template-driven process so that no

biological amplification methods exist.8,9 Consequently, carbohydrates either have to be analyzed at their physiologi-

cal concentration or time-consuming enrichment procedures have to be applied.
2.10.2.1.3 Structural heterogeneity
Although the same glycosylation machinery is available to all proteins in a given cell, most glycoproteins emerge with

characteristic glycosylation patterns. Importantly, however, most glycoproteins have heterogeneous populations of

glycans (different glycoforms) at each glycosylation site. More than 100 glycoforms have been identified for a single

glycosylation site of a protein, and more than 10 glycoforms are quite often reported.10 This structural heterogeneity

makes the analytical procedures even more challenging as it further reduces the concentrations of glycan to be

analyzed.

http://www.glycosciences.de/tools/LiGraph/
http://www.chem.qmw.ac.uk/iupac/2carb/
http://phoenix.hydra.mki.co.jp/CabosDemo.html
http://lsdis.cs.uga.edu/projects/glycomics/index.php?page=4
http://lsdis.cs.uga.edu/projects/glycomics/index.php?page=4
http://grtc.ucsd.edu/symbol.html
http://www.dkfz.de/spec/monosaccharide-db/
http://www.genome.jp/kegg-bin/draw_csm
http://www.glycosciences.de/modeling/sweet2//
http://www.glycam.com/CCRC/biombuilder/biomb_index.jsp
http://www.glycam.com/CCRC/biombuilder/biomb_index.jsp
http://www.cermav.cnrs.fr/cgi-bin/di/di.cgi
http://www.glycosciences.de/modeling/glycomapsdb/
http://www.glycosciences.de/modeling/glycomapsdb/
http://www.glycosciences.de/tools/glytorsion/
http://www.glycosciences.de/tools/carp/
http://www.glycosciences.de/tools/pdbcare/
http://www.md-simulations.de
http://www.eurocarbdb.org/links
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2.10.2.2 Unsolved Informatics Problems

Glycan structures are encoded indirectly in the genome. Compared with the biosynthesis of proteins, there is an

additional step in the decoding process. A variety of carbohydrate active enzymes (glycosyltransferases, glycosidases,

and carbohydrate-modifying enzymes) that create, degrade, or modify glycosidic bonds by which monosaccharide

units are connected determine the structure of glycans, which are attached to proteins or lipids in a specific cellular

environment. As a consequence the structural features of complex carbohydrates are rather different from the linear

sequences of nucleic acids and proteins, so that only a very limited amount of bioinformatics concepts and algorithms

could be directly applied to carbohydrates.
2.10.2.2.1 Lack of generally accepted procedures for collection of glyco-related data
In contrast to the genomic and proteomic areas, no comprehensive data collections for carbohydrates have been

compiled so far. There are no procedures yet established (similar to those for protein sequences and structures) for

scientists who have found a certain glycan in a specific environment to send their data to a generally accepted

database.11 Three major obstacles hamper the installation of similar procedures to those being routinely used in

genomics and proteomics to deposit sequences:

1. The input of glycan structures can be rather complex and there are currently no well-established graphical

interfaces which are intuitive to use, especially for untrained glycoscientists.

2. There is currently no well-recognized international institution like NCBI or EMBL-EBI, which will guarantee the

sustainability of deposited glyco-related data. Moreover, there is no agreement about the type of data that should

be included.

3. In contrast to genomics and proteomics, publishers do not force scientists to deposit their primary data into a

database prior to publication.

Cross-referencing of glycan structures with the genes of the enzymes that produce the carbohydrates, the enzymes

themselves, and the modified proteins will produce additional synergetic effects in understanding the biological role

of carbohydrates from a genomic viewpoint.
2.10.2.2.2 Lack of generally accepted ways to exchange glyco-related data
The available larger glyco-related database projects (seeTable 2) all use different ways to access, display, and encode

glycan structures. Essentially, nearly every project has developed its own proprietary way to encode glycan structures.

There are no generally accepted ways to exchange glycan-related data. This has the consequence that users who

would like to access all publicly available glyco-related data spread over many databases have not only to cope with

varying graphical and nongraphical interfaces to input glycan structures, they also have to know that the definition of

building blocks and topologies may be different. The problematic cases, where each database has developed its own

set of rules for encoding, are the treatment of substituents (e.g., phosphates and sulfates), repeating units, unknown

linkages, and other fuzzy structural features of glycan structures.
2.10.2.2.3 Data to be retrieved from the database(s) is not clearly defined
The questions that an end user would like to have answered using glyco-related databases seem to be more specific

and of reduced general interest when compared to questions put to genomics and proteomics databases. In the case of

the genomics and proteomics databases, the search for identical, similar, and evolutionary related sequences in

comprehensive and continuously maintained databases is probably the most frequently asked question. Since glycan

structures do not show any direct evolutionary relationship, such questions cannot be answered by glyco-related

databases. However, other questions, such as the estimation of the conformational behavior of certain carbohydrate,

are similar to, for example, the retrieval/homology modeling of three-dimensional (3D) protein structures.

Additionally, it seems that end user demands, with regard to which questions should be answered using glyco-

related databases, are currently not clearly defined. Tables 4 and 5 list some highly ranked questions that scientists

would expect to be supported when using glyco-related databases and applications. The ranking was accomplished

through a questionnaire.11a



Table 4 List of queries that scientists would expect to be supported when using glyco-related databases

Structural retrieval (general)
Has a given carbohydrate structure already been reported?

Show similar glycan structures

Give all glycan structures which have been found in certain species

Give all glycans having a certain composition

Give all glycans with a certain molecular weight, e.g., >1000 or 1000� 100

Give all glycan structures containing a certain structural motif (e.g., Lewisx, GM3) or epitope

Show all available papers referring to a given structure (substructure)

Show all glycan structures containing a certain user-definable (fuzzy) substructure

3D structure retrieval (PDB)
Show all X-ray structures (PDB) with noncovalent interaction with specific glycans

Show all N-glycans for which a 3D structure is available in the PDB

Show all X-ray structures (PDB) with attached N- and O-glycans

Show all noncovalent interactions of a specific glycan with amino acids

Show the distribution of amino acids in the vicinity of N- and O-glycosylation sites

Glycosylation
Show all glycans attached to a specific N- and O-glycosylation site

Show all glycan structures belonging to a specific biological pathway and the respective enzymes to build and degenerate

a given glycan

Show all carbohydrate active enzymes associated with a specific disease

Show all glycans which are associated with a specific disease

Spectroscopic data
Show the H(1) and/or C(13)–NMR spectrum of a glycan

Show the MS glycan profiling of a certain organ/tissue of a specific species

Show the MS spectrum of a glycan and MSn of specific peaks

Find MSn data for all structures of a given profile

(Derived from www.glycosciences.de/questionnaire/).

Table 5 List of user expectations of tasks which should be performed by analysis/generation/simulation tools to support
glyco-related research

Glycosylation
Predict reliably N- and O-glycosylation sites of a given protein sequence

Estimate the structural and functional effect of varying glycosylation pattern

Compare the glycosylation pattern of healthy and diseased states

Spatial structures
Create reliable three-dimensional structures of glycans

Explore the conformational space accessible to a glycan

Create reliable three-dimensional structures of a glycoprotein

Predict favorable glycan-binding sites of a given 3D protein structure

Support interpretation of spectroscopic data
Estimate H(1) and/or C(13) NMR spectra of glycans

Estimate the MS spectrum of glycans

Analyze and annotate a given mass spectrum/peaklist

Create mass distance tables from peaklist

Predict glycan structures from a H(1) and/or C(13) NMR spectrum

Predict glycan structures from MS and MSn spectra

Glycomics
Predict the influence of a certain gene knockout on the production of glycans

Estimate the expression of enzymes from glycan profiling

Estimate glycan profiles from glyco-gene expression profiles

(Derived from www.glycosciences.de/questionnaire/).
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2.10.3 Search Options Implemented in Existing Databases

In this section general aspects of search options specific for carbohydrate databases will be discussed. First, the various

concepts of structural retrieval will be introduced. In a subsequent paragraph the search for 3D structures of glycans in

http://www.glycosciences.de/questionnaire/
http://www.glycosciences.de/questionnaire/
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the Protein Data Bank (PDB) will be described. The third paragraph summarizes the existing resources for experi-

mental evidence of protein glycosylation in proteomics databases. The last paragraph will review tools providing

support for interpretation of spectroscopic data.
2.10.3.1 Structure-Oriented Database Design

The main purpose of the CarbBank12 project was to collect glycan structures mainly through retrospective manual

extraction from literature so that it becomes easy to find all publications in which specific carbohydrate structures are

reported. However, when the funding stopped during the second half of the 1990s, CarbBank was not further

developed and updated. Nevertheless, with about 50000 entries of about 20000 different structures, the Complex

Carbohydrate Structure Database (CCSD) is still the largest repository of glycan-related data. Moreover, none of the

subsequent projects (see Table 2) started at the beginning of the new century claimed to cover all published

carbohydrate structures.

The pioneering work of the CarbBank project is also accentuated by the fact that their text-oriented structural

description of complex carbohydrates has been adopted by most of the newer projects (see Table 2). Nearly all

subsequent projects have included, at least partly, CarbBank entries into the newly established resources. Conse-

quently, nearly all successor projects follow the same general philosophy of a structure-oriented database design and

enable a search for identical carbohydrate structures. Since ‘carbohydrate sequences’ are considerably shorter –

ranging from disaccharides to about 20 residues – than those of nucleic acids and proteins, and since the way in

which two monosaccharides are linked is crucial for many biological functions, various types of substructure searches

are usually implemented. Often the substructure searches can take into account varying degrees of structural

uncertainties and/or fuzziness (see Table 6).

Probably the most elaborated set of structure-oriented retrieval options – exact structure, substructure, motif,

compositions, and sugar components – is provided by the GLYCOSCIENCES.de portal (see Ref. 13 including the

supplementary material). Other tools allow automatic structural classification according to well-established schemata.

Table 7 lists the number of N-glycans contained in GLYCOSCIENCES.de according to the commonly used

classification scheme for N-glycans.
2.10.3.1.1 Applying bioinformatics approaches
The retrieval of similar glycan structures, comparable to classical similarity searches of protein sequences, has so far

only been implemented in KEGG Glycan Structure Search using KEGG Carbohydrate Matcher.14 Since the classical

sequence-alignment algorithms for linear sequences, for performing searches, or analyzing similarity are not directly

applicable to branched glycan structures and varying linkages, an algorithm to find the maximum common subtree of

two structures is used to align matching glycan trees.15 Additionally, a statistical analysis of these derived alignment

scores is performed such that biologically interesting features can be captured into a score matrix for glycans. The

score matrix is generated in a manner similar to the BLOSUM score matrix16 for proteins, but with slight variations to

accommodate the KEGG-Glycan data, including the incorporation of linkage information.17 In such a way various

retrieval options are provided: (1) local exact matching for specific structure search without gaps, (2) local approximate
Table 6 Retrieval options implemented in the available larger glyco-related databases

Retrieval GLYCOSCIENCES.de CFG-GlycanDB KEGG-GLYCAN BCSDB

Identity Supported Supported X X

Composition Supported Supported Not supported Not supported

Mol. weight Supported Supported Not supported Not supported

Substructure Uncertainties in linkage,

configuration, and

anomeric position are

searchable

Supported (Indirect with

CSM)

Uncertainties in linkage,

configuration, and

anomeric position are

searchable

Similarity Not supported Not supported KCaM Not supported

Motifs Motif, components, classes Not supported Not supported Not supported

Link to reference Supported Supported Not supported Supported

species assignment (Partly) (Partly) Supported Supported

(Only the freely available databases are included.)



Table 7 Analysis of N-glycan structures contained in GLYCOSCIENCES.de

N-Glycan Type Number Rel. (%)

Total 3408 100

2 Antenna 1124 33

3 Antenna 1262 37

4 Antenna 769 23

5 Antenna 134 4

>5 Antenna 119 4

High mannose 324 10

Complex 2732 80

Hybrid 352 10

Core fucosylation 1496 44

Bisecting 471 14

Cor FucþBisect. 227 7

Terminal Sia 1230 36

Core-FucþSia 620 18

Core-Fuc: 1-6 1444 42

Core-Fuc: 1-3 42 1
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matching for finding local motifs, (3) global exact matching for finding as many exact matches as possible, and (4)

global approximate matching for patterns over the entire structure.

The Composite Structure Map (CSM)18 enables a global view of all possible glycan structures associated with

a user-definable substructure contained in the KEGG-Glycan database.19 The indicated substructure is taken as the

root of a tree-graph. All glycan structures containing the substructure are extracted and traced from each nonreducing

terminal end to the root in such a way that all occurring monosaccharide and linkages are detected. In a subsequent

step, the extracted information from all entries of the database are merged and graphically presented as a tree using

a symbolic representation for monosaccharide units and lines for the glycosidic linkages. In such a way, all possible

linkages and monosaccharides on the nonreducing side of a given substructure are displayed in a single plot. By

clicking on a monosaccharide symbol, all structures in the KEGG-Glycan database which contain the substructure

defined through the path to the selected root structure are displayed. Clicking on the line between two monosaccha-

rides gives the relationship between a glycosidic linkage and the glycosyltransferase that catalyzes it. This is possible

because CSM provides a direct link to enzymes and pathways encoded in the KEGG ontology,20 which are correlated

with the synthesis of a specific carbohydrate.

2.10.3.1.2 Future directions
Several (bio)informatics tools to retrieve carbohydrate (sub)structures and structural similarities, as well as structural

motifs and classes have been developed. However, none of the available databases provide access to all retrieval

options regarded as useful. Additionally, there seems currently no general agreement about the standard search

options, which should be supported by all retrieval systems, so that similar queries can be performed for all

available data.

The retrieval options provided by KEGG-Glycan differ considerably from those made available by the other

projects, which follow essentially the line developed and triggered by CarbBank. KEGG Glycan is part of a compre-

hensive systems biology project, aiming to provide a complete computer representation of the cell. Consequently, the

KEGG project attempts to treat carbohydrate structures using similar bioinformatics approaches as developed for the

other biological macromolecules which encode biological information. However, as the classical sequence alignment

algorithms for linear sequences are not directly applicable to branched glycan structures and varying linkages, many

necessary adjustments have to be implemented. Several of these originate from chemoinformatic concepts. The

carbohydrate-oriented databases will have to reflect more on which concepts of the KEGG project should also be

included into their retrieval philosophy. A similarity search algorithm as used in the KEGG-Glycan database is clearly

a hot candidate for inclusion into the search retrieval interface of other glyco-related databases.

2.10.3.1.3 3D-structure retrieval
The PDB,21 the single worldwide, rapidly growing archive of structural data of biological macromolecules, contains

mainly 3D structures of proteins and DNA. Although it is estimated that more than 50% of all mammalian proteins are
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glycosylated,22,23 only about 10% of the entries deposited in PDB contain carbohydrate moieties either covalently

attached to protein as N- or O-glycans or as noncovalently bound ligands. This low percentage can be explained by the

fact that the majority of the proteins deposited in the PDB are either recombinantly expressed in Escherichia coli or

originate from bacteria. In both cases, the proteins will not be glycosylated even if the original mammalian or plant

protein is. Furthermore, carbohydrate chains may hamper crystal growth and therefore are often cleaved off before

crystallizing a protein.

In spite of the low relative representation of glycans in the PDB, it nevertheless constitutes one of the largest

publicly available resources for experimentally determined carbohydrate structures (currently about 2500 entries with

on average three carbohydrate chains per entry). Unfortunately, the carbohydrate structures are difficult to identify

using the standard PDB retrieval system due to a lack of standardized nomenclature. The GLYCOSCIENCES.de13,24

portal has implemented the pdb2linucs algorithm,25 which detects carbohydrate structures using an algorithm that

is based on element types and atom coordinates only. The algorithm is independent of residue notation and thus

bridges the gap of a missing standard nomenclature for carbohydrates in PDB entries. The results are displayed using

the LINUCS nomenclature,26 a linear, unique notation for carbohydrate structures. Since this notation is also used to

query GLYCOSCIENCES.de a direct cross-linking between a protein database and a carbohydrate database is

established.

Unfortunately, the usability of the glycan-related data in the PDB is limited by several erroneous data. A recent

analysis of the entire carbohydrate data in the PDB revealed that about 30% of all carbohydrate-containing PDB

entries comprise one or several errors, most of which are due to inconsistencies in residue nomenclature or erroneous

connection data.25 Most of these errors can be automatically detected using checking software for carbohydrate

structures like that which exists for the protein parts of PDB entries. The pdb-care (PDB CArbohydrate REsidue

check)27 tool provides such a check by comparing the residue names derived by the pdb2linucs algorithm with those

present in the PDB records to be checked and inconsistencies are reported.

Another weakness of the glycan data contained in the PDB is that often the complete carbohydrate structure cannot

be detected using X-ray diffraction methods. Themain reason for this fact is that glycans are highly flexible molecules.

Therefore, only for the more rigid part of a glycan can sufficient electron density be detected. In the case of N-glycans,

often only the residues forming the so-called core region are detectable. In many cases only the location of the GlcNAc

residue directly connected to the protein can be unambiguously assigned.

Theoretical 3D models of glycoproteins can provide some evidence as to which areas of a protein are influenced by

a certain glycoform and whether, for example, a binding site is covered so that the biological activity of a protein

may be influenced. GlyProt28 is a web-based tool that enables generation of meaningful N-glycan conformations

which are attached to all the spatially accessible potential N-glycosylation sites of a known 3D protein structure. The

changes of physicochemical properties such as mass, accessible surface, and radius of gyration are calculated for the

various glycoforms. It should be emphasized that under physiological conditions oligosaccharides are normally highly

flexible, and a single static structure is an incomplete model for both glycans and glycoproteins. For a more thorough

analysis, more comprehensive computational approaches such as molecular dynamics simulations have to be

employed to provide a more detailed understanding of the spatial and dynamic properties of the system under

investigation.

Conformational energy maps of the glycosidic linkages are an often used and valuable resource to gain information

about preferred conformations and flexibility of carbohydrates. The ‘GlycoMapsDB’29 contains more than 2500

calculated conformational maps for a variety of di- to pentasaccharide fragments contained in N- and O-glycans.

These maps can serve as a valuable resource to check whether the torsion values of a glycosidic linkage are located in

an ‘allowed’ region similar to the Ramachandran-plot analysis for proteins. A link between GlycoMapsDB and the

PDB has been established so that the glycosidic torsions of all glycans contained in the PDB can be retrieved and

compared to calculated data.
2.10.3.2 Glycosylation of Proteins

The first review of informatics tools for glycobiology30 published in 2003 emphasized that an important expected

improvement of glyco-related databases should be the ability to describe for a given protein, the glycan patterns

associated with each site in defined physiological environment. Unfortunately, the progress in this area has been slow

so that there is still a considerable way to go before this requirement is fulfilled. However, the concept has in principle

been accepted and some protein-related databases have started to include data about glycosylation sites into their

databases. Protein databases generally include glycosylation as one of many post-translational (PTM) modifications.



340 Databases and Informatics for Glycobiology and Glycomics
2.10.3.2.1 UniProt
The Universal Protein Resource (UniProt),31 the world’s most comprehensive catalog of information on proteins, aims

to include more information about glycosylation levels of proteins. A typical UniProt entry is shown in Table 8.

UniProt entries containing information on glycosylation list this in the reference position (RP) line using the term
Table 8 A typical UniProt entry for a glycosylated protein

ID THY1_RAT STANDARD; PRT; 161 AA.
AC P01830;
RN [5]
RP PROTEIN SEQUENCE OF 20--130, GLYCOSYLATION AT ASN-42; ASN-93 AND RP ASN-117,

AND DISULFIDE BONDS.
RX MEDLINE¼82068190; PubMed¼6118137;
RA Campbell D.G., Gagnon J., Reid K.B.M., Williams A.F.;
RT ‘‘Rat brain Thy-1 glycoprotein. The amino acid sequence, disulphide

RT bonds and an unusual hydrophobic region.’’;
RL Biochem. J. 195:15--30(1981).
RN [6]
RP STRUCTURE OF CARBOHYDRATES.
RX MEDLINE¼87275814; PubMed¼2886334;
RA Parekh R.B., Tse A.G.D., Dwek R.A., Williams A.F., Rademacher T.W.;
RT ‘‘Tissue-specific N-glycosylation, site-specific oligosaccharide

RT patterns and lentil lectin recognition of rat Thy-1.’’;
RL EMBO J. 6:1233--1244(1987).
RN [7]
RP STRUCTURE OF GPI-ANCHOR.
RX PubMed¼2897081; DOI¼10.1038/333269a0;
RA Homans S.W., Ferguson M.A., Dwek R.A., Rademacher T.W., Anand R.,

RA Williams A.F.;
RT ‘‘Complete structure of the glycosyl phosphatidylinositol membrane

RT anchor of rat brain Thy-1 glycoprotein.’’;
RL Nature 333:269--272(1988).

CC-!-FUNCTION: May play a role in cell-cell or cell-ligand interactions
CC during synaptogenesis and other events in the brain.
CC-!-SUBCELLULAR LOCATION: Cell membrane; lipid-anchor; GPI-anchor.
CC-!-TISSUE SPECIFICITY: Abundant in lymphoid tissues.
CC-!-PTM: Glycosylation is tissue specific. Sialylation of N-glycans at

CC Asn-93 in brain and at Asn-42, Asn-93 and Asn-117 in thymus.
CC-!-SIMILARITY: Contains 1 Ig-like V-type (immunoglobulin-like) domain.

FT SIGNAL 1 19
FT CHAIN 20 130 Thy-1 membrane glycoprotein.
FT /FTId¼PRO_0000014979.
FT PROPEP 131 161 Removed in mature form.
FT /FTId¼PRO_0000014980.
FT DOMAIN 20 126 Ig-like V-type.
FT MOD_RES 20 20 Pyrrolidone carboxylic acid.
FT LIPID 130 130 GPI-anchor amidated cysteine.
FT CARBOHYD 42 42 N-linked (GlcNAc...) (high mannose or

FT complex); in thymus.
FT CARBOHYD 42 42 N-linked (GlcNAc...) (high mannose); in

FT brain.
FT CARBOHYD 93 93 N-linked (GlcNAc...) (complex).
FT CARBOHYD 117 117 N-linked (GlcNAc...) (complex); in

FT thymus.
FT CARBOHYD 117 117 N-linked (GlcNAc...) (high mannose or

FT hybrid); in brain.

UniProt entries contain information on glycosylation in reference position (RP) using the term GLYCOSYLATION or

STRUCTURE OF CARBOHYDRATES. Information on, for example, the biological relevance of the attached sugar is given

in the comments (CC) section. More structural information such as the position of the glycoamino acid, the type of

glycosylations and the reducing terminal sugar are in the feature table (FT). See feature key CARBOHYD.
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GLYCOSYLATION or STRUCTURE OF CARBOHYDRATES (see Table 8). More structural information such as

the position of the glycosylated amino acid, the type of glycosylation, and the reducing terminal sugar can be found in

the feature table (FT) of the entry (see Table 8). The monosaccharide attached to a certain amino acid is provided if

known. A detailed glycan structure is not given, but rather a more coarse classification such as ‘mannose rich’ or ‘hybrid

N-glycan’ is reported.

The three defined classes of glycans are (1) N-linked when bound to nitrogen, (2) O-linked when bound to oxygen,

and (3) C-linked when bound to carbon. A total of 321 entries with assigned O-glycosylation sites and more than 17 000

with assigned N-glycosylation sites are currently available in UniProt. However, most of the N-glycosylation sites

are not experimentally proven. They are either assigned by structural similarity to other proteins of the family or are

so-called potential glycosylation sites. All assignments have been added manually to UniProt entries by scientific

database curators. The main reason for the low number of experimentally detected N- and O-glycosylation sites is

probably that the unambiguous determination of occupied N-glycosylation sites is experimentally demanding and can

vary between different cellular locations, so that only few papers give full structural details.
2.10.3.2.2 PDB
Another available resource of experimentally determined glycosylation sites is the PDB.32 The GlySeqDB,33 based on

the pdb2Linucs algorithm, provides online access to glycoprotein sequences originating from the PDB. The query

software GlySeq analyses the statistics of amino acids in the sequential neighborhood of N- and O-glycosylation sites.

In addition to giving the results in text mode, GlySeq is able to display graphical results by generating diagrams.

However, even for those entries that contain occupied glycosylation, the assignment of unambiguously unoccupied

sequons is impossible based on crystallographic data alone. The carbohydrate moieties of glycoproteins, most of the

time located at the protein surface, are highly flexible molecules. Consequently as mentioned previously, X-ray

diffraction data with sufficient electron density for detecting an entire oligosaccharide chain often cannot be retrieved,

even when it is known that the protein is glycosylated. To develop reliable algorithms to in silico predict glycosylation

sites, the knowledge about unambiguously unoccupied glycosylation sites is important information, which is difficult

to obtain. The development of reliable prediction tools as well as its testing is essentially hampered by the paucity

of such data.
2.10.3.2.3 Prediction tools
The NetNgly34 service predicts N-glycosylation sites in human proteins using artificial neural networks that examine

the sequence context of ASN-X-SER/THR sequons. According to the authors, in a cross-validated performance, the

networks could correctly identify 86% of the glycosylated and 61% of the nonglycosylated sequons, with an overall

accuracy of 76%.

The NetOGlyc (version 3.1)35 service predicts the location of mucin-type glycosylation sites using a neural network

approach. According to the authors, in a combined approach taking into account predictions from the best overall

network as well as from the best network for isolated glycosylation sites, 76% of the glycosylated residues and 93% of

the nonglycosylated residues of the test set could be correctly predicted. However, the authors also conclude that

mucin-type O-glycosylation in most cases is a bulk property and not a very site-specific one.
2.10.3.2.4 Support for interpretation of spectroscopic data

2.10.3.2.4.1 Mass spectrometry

As already discussed in more detail above, complex carbohydrates are difficult to analyze due to their structural

complexity and diversity. MS and HPLC in combination with various separation techniques can be regarded as key

technologies for the rapid identification of glycans as required for high-throughput glycomics projects. The develop-

ment of algorithms supporting the automatic interpretation of MS spectra of glycans is currently the most active field

of software development in glycomics. Several new algorithms (see also list of websites in Table 3) have been

developed in recent years and are reviewed in Chapter 2.02. Nevertheless, currently no general solution and service

for the rapid identification of glycans exists as in proteomics, where the peptide mass fingerprinting approach is

routinely used.36,37 Peptide mass fingerprinting (PMF) by matrix-assisted laser desorption/ionization (MALDI)-MS

and sequencing by tandem mass spectrometry have evolved into the major methods for identification of proteins

following separation by two-dimensional (2D) gel electrophoresis, sodium dodecylsulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE), or liquid chromatography. In glycomics the unfortunate situation exists that many of the

discussed algorithms and services are either not publicly38,39 available or support only the interpretation of data
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obtained using a special MS technique. Unfortunately, the experimental MS approaches used to analyze glycan

sequences are considerably more diverse than in proteomics. More importantly, the development of efficient scoring

algorithms is hampered by the fact that no publicly available databases of carefully assigned MS spectra of glycans

exist. The applicability of database-dependent approaches, such as for example the glycofragment mass fingerprinting

(GMF) attempt38,40 which tries to follow the same philosophy as the PMF approach, suffers from an incomplete

number of structures in the underlying databases. The success of the PMF approach and MS2 fragmentation

identification techniques is largely attributable to the accumulation over many years of comprehensive protein/nucleic

acid sequences in databases. This gives hope that a similar development in MS analysis of glycans will also lead to

comprehensive databases of experimentally determined glycan structures so that the rapid automatic identification of

glycans can also be based on MS spectra.

2.10.3.2.4.2 Nuclear magnetic resonance

In comparison with the other analytical methods often used for the identification of complex carbohydrates, NMR

measurements have the advantage they enable a complete and unambiguous assignment of all structural features of

glycans – the stereochemistry of monosaccharide units, the type of linkage connecting units, and even their

conformational preferences – using the same experimental setup. However, NMR spectroscopy is relatively insensi-

tive with respect to the amount of samples needed in order to obtain good-quality structural data. A complete structure

determination by 1H-NMR requires a glycan’s availability in virtually pure state and amounts of material at the

microgram level. The additional steps to scale up the amount of oligosaccharides produced and their purification

normally exclude NMR techniques that are applied in high-throughput sequencing projects.

Unfortunately, there is no central repository where all glyco-related NMR data reported in scientific papers

are collected. SUGABASE,41,42 developed in the 1990s at the Utrecht University, The Netherlands was the first

attempt to install a carbohydrate-NMR database. SUGABASE is directly connected with CarbBank and provides

about 1600 spectra with proton and carbon chemical shift values. SUGABASE is no longer being updated. However,

the interfaces are still available and the database content has been included into GlycosciencesDB. BCSDB and

GlycosciencesDB have included NMR spectra extracted from the literature so that the total amount of NMR spectra

of complex carbohydrates is in the range of 4000.

The data produced by NMR experiments are well-suited for computational approaches for two reasons: First, each

NMR resonance – the so-called chemical shift of an atom given in parts per million (ppm) relative to an internal or

external standard – can often be assigned unambiguously to exactly one atom in a given structure. Second, the exact

value of the chemical shift depends on the chemical surroundings of the atom and is essentially influenced by the type

of bonds formed with the directly adjacent atoms. The influence of remotely connected atoms decreases with their

distance from the focus atom looked at. These characteristics of NMR resonances have early attracted computational

techniques to be used for an automatic estimation/prediction of NMR spectra of molecules.

Increment rule-based approaches use the fact that the chemical shifts of glycosyl residues in an oligo- or polysac-

charide differ from those in the free monosaccharides in a predictable manner. The glycosylation shifts are additive

provided that there are no steric interactions between residues further removed in sequence. The program CAS-

PER43,44 hosted by Stockholm University is the oldest and best-known implementation of an increment rule-based

approach. It uses chemical shifts of the free reducing monosaccharides, which are altered according to attached

residues in an oligo- or polysaccharide sequence. Glycosylation shifts for a linkage are obtained from the chemical

shifts of a disaccharide by subtracting the chemical shifts of the corresponding monosaccharides. The corrections are

obtained in a similar manner by subtracting the monosaccharide and glycosylation shifts from chemical shifts of

a trisaccharide.

Estimation procedures based on a spherical environment encoding make use of the feature of NMR spectra that

most often a chemical shift can be unambiguously assigned to a specific atom in a known structure. A canonical linear

string describing the spherical environment for each atom is generated and stored together with the assigned chemical

shifts in lookup tables. If this procedure is repeated for a sufficient large amount of assigned atoms a representative set

of canonical linear string will result, which can be used to estimate shifts of new structures. The prediction tool

GlyNest45 as part of the GLYCOSCIENCES.de portal is based on a spherical environment encoding scheme.

Following the general philosophy in glycobiology to describe carbohydrate structures through the topology of their

monosaccharide building blocks rather than through an explicit encoding of the topology of all atoms, a residue-based

spherical code was developed.

GlyNest as well as CASPER can calculate accurately 1H and 13C shifts of glycans. The standard deviations

between experimental and estimated shifts are comparable for both methods. In many cases the discrepancy between

calculated and experimental chemical shifts is as low as 0.05 ppm/resonance for 1H and 0.2 ppm/resonance for
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13C which is comparable with the differences between measurements from different laboratories resulting from

slightly dissimilar experimental conditions. Such a predictive ability may be sufficient to establish the structure of

many oligo- and polysaccharides and is in many cases sufficiently accurate to be used for an automatic assignment of

NMR spectra.
2.10.4 Summary and Conclusion

The implementation of informatics tools and databases for glycobiology and glycomics research has increased

considerably in recent years and it is rather obvious that this development will continue. 4,9,46 Since glycomics is an

emerging field in this post-genomics 47 age, an explosive growth of experimental data can be foreseen as has happened

in genomics and proteomics research. The primary data will often not be published in the conventional way through

publications, but rather deposited in a variety of databases.11 Data from a variety of sources, covering a wide range of

biological information, may be stored in different, often quite specialized, databases. The opening-up of such

databases as useful resources for the scientific community is a challenging task since the data not only have to be

stored in a consistent way, but also have to be easily accessible and highly integrated with other databases. The

Internet offers a unique chance to constitute a global and interactive peer-to-peer communication for scientific data.

For this purpose, common protocols and quality criteria for the generation of experimental data and guidelines of good

practice 48 for the establishment of databases are indispensable, especially for NMR-, MS-, and HPLC-data, which are

the key technologies for the identification and analysis of carbohydrates. Currently, common standards on how to store

glycan structures and associated biological data, and using which format, have not yet been established. However, it is

obvious that open access to experimental results is needed for the development of robust analysis algorithms, and

several formats and descriptions are currently intensively discussed. The hope is that databases for glycomics will

evolve from pure storage of glycan structures into knowledge resources, providing a repository for information

(metadata) which will enable an efficient cross-referencing with other bioinformatics resources. An integration of

glyco-related data with the needs of systems biology approaches has to be envisaged.

The EUROCarbDB project, 4a a design study started in 2005 and funded by the Sixth EU research program, aims to

create the technical framework for a bottom-to-top initiative where all interested research groups can feed in their

primary data. The new infrastructure is supposed to constitute the nucleus for the creation of a depository for

carbohydrate-related data. The availability of such tools will encourage researchers to input their recorded experi-

mental data into a local database that may be kept private until the data is published. Additionally, the released data

will be further annotated, stored, and archived in a central database, which will be maintained at the European

Bioinformatics Institute (EMBL-EBI).

One obvious reason for the rapid development of informatics tools and databases in glycomics will be the upcoming

high-throughput approaches – like glyco-chips to investigate carbohydrate–protein interaction – where informatics

tools are an absolute requirement to cope with the large amount of experimentally measured data. Another reason will

be that correlation of data and knowledge originating from various sources and databases will give rise to synergetic

findings, which will accelerate the recovery of new insights into the biological function of complex carbohydrates.

Well-organized, thoroughly curated, and efficiently linked databases are a sine qua non condition to reach this aim.
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Glossary

bacterial carbohydrate structure database Database aimed at provision of structural, bibliographic, and related information

on bacterial carbohydrate structures. It covers nearly all structures of this class published before 2006. ‘Bacterial’ means that a

structure has been found in bacteria or obtained by modification of those found in bacteria. Besides the structure itself, each

record includes bibliography, abstract, keywords, biological source, methods used to elucidate the structure, bioactivity, NMR

assignment tables, and a lot of other information.

CarbBank Retrieval software to access the data contained in the Complex Carbohydrate Structure Database (CCSD), which

was developed and maintained by the Complex Carbohydrate Research Center of the University of Georgia, USA. It was the
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largest effort during the 1990s to collect glycan structures mainly through retrospective manual extraction from literature. The

main aim and purpose of this approach was to easily find all publications in which specific carbohydrate structures were reported.

However, when the funding stopped during the second half of the 1990s, CarbBank was not further developed and CCSDwas no

longer updated. Nevertheless, with about 50000 entries covering about 20000 different structures, the CCSD is still the largest

repository of glycan-related data.

consortium for functional glycomics(CFG) This is US’s large research initiative to understand the role of carbohydrate–

protein interactions at the cell surface in cell–cell communication. Several open-access databases are provided: ‘Glycan MS

profiling data’ for N- and O-linked glycans in human andmouse tissues; ‘Glycan Array’: high-throughput screening for identifying

lectin–ligand interactions; ‘Glycan Database’ of nearly 7500 entries of glycan structures (mainly N- and O-glycans).

glyco-bioinformatics Applications of classical bioinformatics tools such as sequence alignments to identify and classify genes

that encode for carbohydrate active enzymes. Because sugars are not encoded directly in genomes, the enzymes that assemble

complex oligosaccharides, and the lectins that recognize them, provide essential links between genomes and glycobiology.

glycomics The scientific attempt to identify and study all of the carbohydrate molecules – the glycome – produced by an

organism such as human or mouse. Rapid and sensitive high-throughput analytical methods employing mass spectrometry (MS)

and high-performance liquid chromatography (HPLC) techniques are currently applied to provide information on the glycan

repertoire of cells, tissues, and organs. One of the aims of the emerging glycomics projects is to create a cell-by-cell catalog of

glycosyltransferase expression and detected glycan structures. Often the terms glycomics and glycoproteomics are used inter-

changeably. However, strictly speaking glycoproteomics includes only the analysis of the glycan part attached to proteins, whereas

the term glycomics includes all types of carbohydrates present in a cell including glycolipids as well as glycosaminoglycans.

GLYCOSCIENCES. de portal An attempt to provide access to freely available glyco-related data. It enables an efficient

structure-based cross-linking of various glycan-related data originating from different resources using a single user interface. The

structure-oriented search options enable exact structure, substructure, motif, composition, and sugar components retrieval. The

portal provides access to published carbohydrate structures and their references mainly taken from CarbBank, theoretically

generated spatial structures, NMR shifts (experimental and estimated), theoretically calculated mass fragments, and carbohy-

drates contained in the Protein Data Bank (PDB).

KEGG-Glycan It is fully integrated into Kyoto Encyclopedia of Genes and Genomes (KEGG). KEGG-Glycan consists of

(1) GLYCAN, a database of carbohydrate structures; (2) glycan-related pathways, a collection of manually drawn pathway maps

representing current knowledge on molecular interaction networks for glycan biosynthesis and metabolism; (3) Composite
Structure Map, a map illustrating all possible variations of carbohydrate structures within organisms. KEGG-Glycan integrates

the biosynthesis of carbohydrate structures into the genomics and proteomics context.
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2.11.1 Introduction

Determination of the three-dimensional (3-D) structure of complex carbohydrates, carbohydrate polymers, and

glycoconjugates, and understanding the molecular basis of their associations and interactions represent the main

challenges in structural glycosciences. Elucidation of the 3-D structures and the dynamical properties of oligosaccha-

rides is a prerequisite for a better understanding of the biochemistry of recognition processes and for the rational design

of carbohydrate-derived drugs. Seemingly, the elucidation and the understanding of the different structural levels of

polysaccharides are required to relate structure to properties. Ultimately, some polysaccharides are also carriers of

biological information that can only be deciphered if their interactions with other biological macromolecules are
347
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understood. Unfortunately, oligosaccharides, either in their free form or as part of glycoconjugates, are inherently

difficult to crystallize and structural data from X-ray studies are sparse.1 In solution, the flexibility of certain glycosidic

linkages produces multiple conformations which coexist in equilibrium. The use of several spectroscopic methods,

with appropriate time resolution, is necessary for analysis of the conformational behavior of such molecules.2,3 As for

polysaccharides, they differ from other biological macromolecules as the diffraction data that can be obtained are not

sufficient to permit crystal structure determination based on the data alone. Hence, procedures for molecular

modeling of carbohydrates and carbohydrate polymers have been devised as an important tool for structural studies

of these compounds. Since the pioneering work of Prof. Lemieux and co-workers,4 various molecular modeling

methods have been developed5 and have been widely used for the determination of oligosaccharide and polysaccha-

ride conformations.6 The progress made in algorithms and computational power now allows for the simulation of

carbohydrates in their natural environment, that is, solvated in water or in organic solvent, in concentrated solution, or

in the binding site of a protein receptor.

The last two decades have witnessed major advances in the elucidation and understanding of the conformations and

dynamics of oligosaccharides, thanks to the technical developments in nuclear magnetic resonance (NMR), X-ray

diffraction, and computer modeling methods. The different concepts and tools underlying the assessment of the

structural and dynamics features of complex carbohydrates throughout molecular modeling procedures are described

thoroughly, including those aimed at characterizing their interactions with other like molecules, solvent or ions.

Readers are invited to refer to a companion (Chapter 2.10) that describes the use of diffraction methods to assess the

conformations of oligosaccharides and polysaccharides.7 It is the aim of this chapter to review the significant

contributions in the field of molecular modeling, restricting the examples to some carbohydrate-containing systems

that can exemplify the application of the newly developed methods, taking also into consideration their relevance to

significant biological functions. Selected examples are provided that deal with classes of molecules and macromole-

cules for which a range of conformational characterizations have been reported. This provides a consistent under-

standing of the conformation and conformational changes that these molecular systems undergo as a function of their

chemical and biological environment. Obviously, other biologically active oligosaccharides and glycoconjugates have

been reported but none of these have been sufficiently well characterized, in terms of conformation, to be included,

thus avoiding the risk of transforming this chapter into a catalog.
2.11.2 Computational Studies of Oligosaccharides

2.11.2.1 Structural Diversity and the Conformational Challenges

Carbohydrates have a potential information content that is several orders of magnitude higher than any other

biological macromolecule. The diversity of carbohydrate structures results from the broad range of monomers

(>100) of which they are composed and the different ways in which these monomers are joined. Thus, even a small

number of monosaccharide units can provide a large number of different oligosaccharides, including branched

structures, a unique feature among biomolecules. For example, the number of all possible linear and branched isomers

of a hexasaccharide exceeds 1012.8 The complexity of the topology of oligosaccharides (and polysaccharides) requires

the design of dedicated molecular building procedures that can rapidly convert the commonly used sequence

information into a preliminary but reliable 3-D model. Particular procedures have been designed for such a task9,10

using libraries of constituent monomers.11

Monosaccharides with five or more carbon atoms generally can form both open and cyclic structures. Pentoses such

as ribose form five-membered furanose rings (Figure 1), whereas hexoses such as glucose form mostly six-membered

pyranose rings (Figure 2). Upon cyclization, the C1 carbon atom becomes chiral, giving rise to either an a- or

b-anomer; an unboundmonosaccharide can interconvert between the a- and b-forms, via the acyclic form. Ring shapes

can be defined in terms of reference conformations (chair, C ; twist, T ; boat, B; envelope,E; skew, S ) or by the so-called

puckering parameters.12

The exocyclic primary alcohol groups can adopt a number of low-energy conformations. They are in staggered

arrangements that correspond to local minima. In the case of pyranoses, primary hydroxyl groups most frequently

occupy two positions, avoiding interactions between O4 and O6. However, each of the secondary hydroxyl groups can

rotate almost freely (Figure 3).

The relative orientation of two consecutive monosaccharide units in a disaccharide is customarily described by the

torsion angles F and C around the glycosidic bonds. The relative orientations of two consecutive monosaccharide

units in a disaccharide moiety are expressed in terms of the glycosidic linkage torsional angles F and C, which are

defined asF¼O5–C1–O–C0x andC¼C1–O–C0x–C0(x–1) for a (1!x) linkage (Figure 4). For a (1!6) linkage, another
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Figure 1 Schematic representation of the five-member ring structures, along with the map for ring-puckering parameters:

f and n.166 The pseudo-rotational wheel of the five-member ring encompasses the 20 twist and envelope shapes.

Application to the determination of the preferred conformations of apiose.104 The adiabatic pseudo-rotational energy
surface of apiose has been drawn as a function of the puckering parameters f and n. Isoenergy contours are drawn by

interpolation of 1kcalmol�1 with respect to the absoluteminimum along with a representation of the low-energy conformers.

The molecular drawings of the low-energy conformers, north and south, are presented.
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torsion angle is required; it is usually denoted O, referring to the O–O6–C5–O5 torsion angle. The sign of the torsion

angles is given in accordance with Ref. 13.

The low-energy conformers of a disaccharide can be estimated using molecular mechanics. In such compounds, the

global shape depends mainly on rotations about the glycosidic linkages, because the flexibility of the pyranose ring is

rather limited and the different orientations of the pendant groups have a limited influence on the conformational

space of the disaccharide (Figure 4).

Currently, the accepted vision is of oligosaccharides as flexible molecules containing several bonds about which

there is free rotation. Therefore, they constitute a particularly challenging class of molecules for conformational

analysis, both from the theoretical and the experimental point of view. Carbohydrates are also thought to be especially
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difficult to model because of their highly polar functionality and the differences in electronic arrangements, such as

the anomeric, exo-anomeric, and gauche effects that occur during conformational and configurational changes. These

effects have been extensively reviewed.14–19 To address these issues, molecular modeling is required, and this is most

effective when it is used in conjunction with diffraction methods, high-resolution NMR spectroscopy, and other

spectroscopic methods. In this context, in order to perform realistic modeling, three basic questions should be

answered:

1. What are the most appropriate force fields and concomitant parameters to use?

2. What is the most satisfactory and efficient way to travel through the conformational hyperspace?

3. What is the appropriate way to calculate, from a modeling study, the spectroscopic observables for which experi-

mental data are available?
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2.11.2.2 Molecular Mechanics and Force Fields for Carbohydrates

Molecular mechanics calculations assume that the atoms are the ‘elementary’ constituents of a molecular system as a

matter of necessity to allow simulation of sufficiently large systems. Within the Born–Oppenheimer approximation,

assuming that the rapid motion of the electrons is averaged out, and making the additional assumption that a classical

description is adequate, the Hamiltonian H of a system of n atoms can be defined as the sum of the kinetic and

potential energies working on a set of Cartesian coordinates xi and momenta pi of each atom i:

Hðxi; piÞ¼TðpiÞ þ VðxiÞ

where the potential term represents the static properties and the kinetic term represents the dynamic properties of

the system. Since the potential energy functions are most conveniently expressed in terms of bonded distances,

nonbonded distances, valence angles, torsional (dihedral) angles, and out-of-plane (improper dihedral) angles, the

potential energy is usually defined as a function of internal coordinates

VðxiÞ¼Vðrb; rnb; y; ’;cÞ¼VbðrbÞþVnbðrnbÞþVcorrðy; ’;cÞ
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where rb is a list of bonded distances, y is a list of valence angles, ’ is a list of torsional angles, c is a list of out-of-plane

angles, and rnb is a list of nonbonded distances. In order to evaluate the energy of a specific structure, it is necessary to

convert the basic Cartesian coordinates to internal coordinates using Euclidean geometry. The intramolecular terms

(Vb and Vcorr) describe the strain energy in the intramolecular structure compared to a hypothetical relaxed equilibrium

structure and they often have the form of harmonic strain potentials. The harmonic potential corresponds to a set of

particles combined by a set of mutually independent Hooke’s law springs, also called harmonic oscillators. In this

potential, each particle exhibits perfect harmonic oscillations around the equilibrium state:

Vb¼1=2
X

Kbðrn � r0Þ

Using this functional form, the bonded potential describes the strain energy of separating two bonded atoms a

distance rn, where r0 represents the separation at the potential minimum energy for the specified bond type, and Kb is

the force constant. The nonbonded interactions in molecular mechanics are divided into two parts: the van der Waals

potential and the electrostatic Coulomb potential. The molecule is hydrophobic in regions exclusively dominated by

the van der Waals potential which attracts distant neutral objects; but the molecule is hydrophilic in regions where the

Coulomb potential, which attracts distant polar objects, is significant. The van der Waals potential consists of a

repulsive term, which accounts for the excluded volume, and an attractive term, which accounts for dispersion

attraction. The van der Waals potential probably most widely adapted to the molecular mechanics is the Lennard

Jones 12–6 potential, has the form

Vnb¼
XX

r4eij ½ðsij=rnÞ12�ðsij=rnÞ6�

where rn is the nonbonded distance. According to classical electrostatics, interactions between diffuse electron clouds

are calculated by a series expansion differentiating between charge–charge, charge–dipole, and dipole–dipole inter-

actions. For interactions between ions, the Coulomb potential is the leading term:

Vcoul¼
XX

qiqj=erij ;

where r is the charge separation, q is the ionic charge, and E is the effective dielectric constant. Even if no net charges

exist, the distributions of positive and negative fractional charges may often lead to a direct electrostatic energy

creating a polar molecule. In molecular mechanics, the electrostatic dimension is either modeled by bond dipoles or by

fractional charges located in the center of the atoms. It is in the nonbonded potentials that we find the most

fundamental approximations in molecular mechanics. First, they are modeled by effective pair potential, neglecting

three-body and higher interactions. Second, they are assumed to work on both intra- and intermolecular interactions,

although they have been derived from strictly intermolecular (ionic) experiments. Third, as molecular charges are not

explicitly taken into account, all molecular charges are assumed to be distributed as fractional charges located in the

nucleus of each atom. This approximation is known to be wrong, which is shown experimentally by the differences

between the measured positions of hydroxyl hydrogen in X-ray diffraction (electron density) and neutron diffraction

(nuclei positions) where the hydrogen electron density is located between the two nuclei. Finally, there is the

controversial problem with the dielectric constant, which is basically a measurement of the modification of the

potential made by the intervening medium. While the dielectric constant is well defined on a molecular basis in

surrounding media like vacuum and solutes, problems may arise when considering the intramolecular (or interatomic)

dielectric constant. To correct for some of the inadequacies in the nonbonded potential energy functions, it is

necessary to add a number of intramolecular correction potentials, which might be implemented in a very similar

manner to the bonded potential. The valence angle potential is included to correct for geminal repulsions for which

the van der Waals potential gives an inadequate description. The torsional angle potential is included to enable

hindered rotation of groups around a bond. A correction term has become necessary, since van der Waals interaction

large enough to create hindered rotation about sp3–sp3 bonds will create unphysical behavior in condensed phase

simulations. To create hindered rotation about sp2–sp 2 bonds, the torsional potential is needed to maintain planarity.

The out-of-plane correction potential is included to enforce planarity about sp2-hybridized groups. If the objective is a

force field able to reproduce vibrational frequencies with good precision, one way of improving the performance is to

implement cross terms, for example, between bond length and valence angle interactions. When combined and

properly parametrized, the potential energy functions constitute a molecular mechanics force field in which structures

(Cartesian coordinates and molecular topology) of a given class of molecular systems, for example, the carbohydrates,

can be evaluated energetically. The choice and parametrization of the potential energy functions are crucial for the

end performance of a given force field. Due to the scarce experimental data on carbohydrates with atomic resolution,
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the parametrization will normally include data obtained on adequate model substances such as the hydrocarbons, the

ethers, and the alcohols, and in this context such molecular mechanics can be considered as an extrapolation

technique.

Molecular mechanics potential energy functions have been developed to describe a variety of systems, such as

various small molecules, including the important case of water, simple organic compounds, proteins, and nucleic acids.

Unfortunately, because the characteristics of a particular functional group may depend on chemical environment, it is

usually not possible to transfer molecular mechanics potential energy parameters developed for a specific case to the

description of the same group in a different environment. For this reason, potential energy functions and parameter

sets developed for proteins or general organic molecules may not be appropriate for carbohydrate systems. Several

carbohydrate potential energy functions and/or parameter sets are available in the literature and these have been used

extensively in the past. The following force fields are widely used or have been designed especially for carbohydrates:

� The MM2 and MM3 force fields are molecular mechanics force fields initially meant for hydrocarbons, but now

applicable to a wide range of compounds.16–19 Tvaroska and Pérez published a modified version especially for

oligosaccharides called MM2CARB.20

� The GROMOS force field was developed for molecular dynamics (MD) simulations of proteins, nucleotides, or

sugars in aqueous or apolar solutions or in crystalline form21 and has been modified to include the exo-anomeric

effect.22

� The CHARMM force field is designed for the modeling (both molecular mechanics and dynamics calculations)

of macromolecular systems.23 Several revisions for carbohydrates have been proposed.24,25 Kouwijzer and

Grootenhuis redeveloped the CHEAT force field: a CHARMM-based force field for carbohydrates in which a

molecule in aqueous solution is mimicked by a simulation of the isolated molecule.26,27

� The AMBER force field was developed for simulations of proteins and nucleic acids.28 A modification of this,

for conformational analysis of oligosaccharides, was made by Homans,29,30 and more recently Momany and

Willet 31presented an AMBER-based force field especially modified for (a1!4) linkages. Woods et al. developed

the GLYCAM parameter set for MD simulations of glycoproteins and oligosaccharides that is consistent with

AMBER.5,32

� The AMBER* version used in the MacroModel package33 has been expanded with carbohydrate parameters and

validated by free energy calculations on various simple sugars and disaccharides.34

� The consistent force field (CFF), originally a molecular mechanics force field for cycloalkane and n-alkane

molecules optimized on structural and vibrational data,35 has been developed, in later versions, for other classes

of compounds including carbohydrates.36,37

� The SPACIBA program has been developed as a vibrational force field with particular emphasis on monosaccha-

rides and oligosaccharides.38

� The TRIPOS molecular mechanics force field is designed to simulate both biomolecules (peptides) and small

organic molecules.39 Additional parameters for conformational analysis of oligosaccharides, including sulfated

glycosaminoglycan (GAG) fragments and glycopeptides, were derived.11,40,41

� The CVFF and CFF force fields available from Biosym Technologies have been evaluated for modeling carbohy-

drates. Recently, methods for deriving class II force fields42 have been applied to carbohydrates, and the parameters

incorporated into the CFF force field.

� The DREIDING force field, developed for the simulation of organic, biological, and main-group inorganic

molecules, is one of the newer force fields in this list.43

� The OPLS force field44 has been expanded recently to include carbohydrates.45

� TheMerck molecular force field (MMFF94) has been published.46 It seeks to achieveMM3-like accuracy for small

molecules in a combined ‘organic/protein’ force field equally applicable to proteins and other systems of biological

significance.

A comparison and chemometric analysis of 20 of these molecular mechanics force fields and parameter sets applied

to carbohydrates has been performed.47 The applications of these force fields and/or sets of parameters to a series of

seven test cases provided a fairly general picture of the potential of these parameter sets to give a consistent image of

the structure and energy of carbohydrate molecules. The results derived from a chemometric analysis (principal

component analysis) produced a global view of the performances of the force fields and parameter sets for carbohy-

drates. The analysis (1) provided an identification of the parameters sets which differ from the bulk, (2) helped to

establish the relationship that exists between the different parameters sets, and (3) provided indications for selecting

different parameter sets for exploration of the force field dependency (or the lack of thereof) in a given molecular

modeling study.
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2.11.2.3 Exploring the Conformational Hyperspace

Computational methods are applied extensively for the exploration of the conformational space of oligosaccharides.48

The determination of conformational preferences of oligosaccharides is first performed by describing their preferred

conformations on potential energy surfaces as a function of their glycosidic torsional angles:F andC. It is assumed that

each glycosidic linkage displays a conformational behavior that is independent of the structural features in the

molecule.
2.11.2.3.1 Potential energy surfaces: rigid, relaxed, adiabatic
The F, C space can be explored in a systematic way. Both torsions are sequentially rotated in small increments over

the full 360� range. At each point of the grid, the energy according to the force field in use is calculated. It is then

possible to represent the energies of all the conformations available as a contour map in F, C space. These contour

maps enable graphical description of energy changes as a function of the relative orientation of the monosaccharides.

They indicate the shape and position of minima, the routes for interconversion between conformers, and the heights

of the transitional barriers. There are many different methods for calculating contour maps.

In the rigid residue, or hard sphere potential surfaces approach, the constituent monosaccharides are assumed to be

rigid, with pendant groups fixed. As theF,C values are changed, steric interactions occur between the pendant groups

which are unable to relax. These steric interactions cause a rapid increase in energy. This effect is especially

prominent in sterically crowded molecules. In addition, surveys of a large number of known crystal structures, together

with and supported by semiempirical calculations, reveal small but important variations in pyranoid ring geometries

and orientations of pendant groups with the F, C values. These are dependent upon the anomeric and exo-anomeric

effects and emphasize the need for a model to include bond length and angle degrees of freedom.

The strain produced by steric interactions inherent from rotation of monosaccharide residues is relieved by the

inclusion of adjustments to bond length and angle, by minimization of all degrees of freedom of the system (except F
and C) at each grid point. During minimization, pendant groups move to the nearest minimum downhill from the

starting point. In the process of driving the molecule through unfavorable regions of the F, C space, large steric

interactions can sometimes cause pendant groups to overcome torsional barriers. This results in minimization to a

different local well. This relaxed map describes a larger accessible potential energy surface than rigid maps and leads

to a lowering of the energy barriers betweenminima, and a lower energyminimum far removed from the initial starting

geometry.49

Whereas rigid residue maps represent a 2-D cross section of a 3N – 6 dimensional surface, where N is the number of

atoms, relaxed maps represent a larger cross-sectional window of a given potential energy surface because they allow

minimization of the internal coordinates (bond lengths, bond angles, and torsional angles) to local low-energy wells.

However, as minimization will only lead to conformations ‘downhill’ from the starting structure, the torsional

dimension where most conformational variation occurs is limited to only one orientational well. It is possible that

rotation of pendant groups over torsional barriers could produce lower-energy conformations at that point in the F, C
space. Ideally, at each point in this space, an investigation of all possible combinations of pendant group orientations is

required (i.e., assuming that each pendant group can exist in each of the three idealized staggered orientations, 3n

different conformations at each point in the F, C space, where n is the number of pendant torsions). This results in

three12 (531 441) conformations for a simple disaccharide and three19 (1.16�109) conformations for the more complex

disaccharide repeat of heparin.

Adiabatic maps attempt to represent the lowest energy of all possible pendant group orientations at each point in the

F, C space. On comparison with the corresponding relaxed maps, adiabatic maps are flatter, allow greater freedom

about the glycosidic bonds, locate additional minima, and reduce the barriers between minima. At present, there are

several different methods for calculating adiabatic conformational maps: in the method most commonly used, the

energy at each point in F, C space for several starting orientations of the hydroxyl groups is evaluated systematically

and the lowest energy for each point is used to generate the map. This can be very time consuming, so such a

systematic search is only possible for carbohydrates of limited size and flexibility.

Several procedures have been developed to scan the energy surface as a function of the two glycosidic angles in an

efficient way. For example, the random molecular mechanics (RAMM)50 grid method searches the orientation of

pendant groups at each point in F, C space. At each point, a random walk procedure uses 1000 steps for varying

pendant group orientation and evaluating unrelaxed energies. Only the resultant lowest energy structure is optimized

and accepted as the energy for that point in the F, C space.

The prudent ascent method moves through the F, C space in a way that is dependent on previous minimizations.

Large steric interactions are minimized by dealing with the most favorable geometries first, in a way similar to the local
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relaxed map. It makes use of inelastic deformations that decrease the energy by recalculating the energies of

surrounding geometries using the new lower-energy structure as the starting geometry. On average, the energy for

each point in the F, C space is calculated twice.51
2.11.2.3.2 Heuristic approach
With the CICADA (channels in conformational space analyzed by driver approach)52 method, the potential energy

surface is explored using single-coordinate driving approach;53 each selected torsion angle is driven with a concomitant

full-geometry optimization at each increment (except for the driven angle) (Figure 5). A comparative application of

this type of heuristic search, with an exhaustive systematic search for disaccharides,54,55 has established the reliability

of the CICADA method. It displays several advantages over other conformational searches: (1) it has polynomial

dependence of dimensions on computer time, in contrast to the systematic grid searches which have exponential

dependence; (2) the conformations found are free of artificial harmonic constraint potentials; (3) it overcomes all

barriers among families of conformations on the conformational hypersurface but spends almost all of its time in the

essential highly populated areas; (4) the inherent properties of the algorithm make rigorous optimization superfluous

and provide good convergence behavior; and (5) it provides low-energy conversion pathways that can be used for

estimating adiabatic rotational barriers.
2.11.2.3.3 Monte Carlo method
The Monte Carlo method is essentially a random search method. From a starting configuration (A), a new configura-

tion (B) is generated by random displacement of one or more atom(s). The new configuration is either accepted or

rejected, on the basis of an energy criterion. When the energy of B is lower than or equal to that of A, B will be

accepted. When it is higher, it will be accepted only if the Boltzmann factor (for the desired temperature) is greater

than a random number taken from a uniform distribution between 0 and 1. When B is rejected, A is counted again

before a new configuration will be generated; when B is accepted, it will serve as a new starting configuration. The

process is repeated many times and results in a large number of configurations, which should be representative for the

system. The method is more efficient for atomic or simple molecular systems than for complex (macro)molecular

systems, since a random displacement in the latter case will generally lead to such distortions of a molecule that the

energy of a new configuration will usually be very high. Metropolis Monte Carlo methods have been applied to the

conformational analysis of oligosaccharides with the aim of deriving ensemble average parameters.55,56
2.11.2.3.4 MD simulations
In MD simulations, an ensemble of configurations is generated by applying the laws of motion to the atoms of the

molecule. The concept behind MD simulation involves calculating the displacement coordinates in time (trajectory)

of a molecular system at a given temperature. Finding positions and velocities of a set of particles as a function of time

is done classically by integrating Newton’s equation of motion in time. Molecular simulations are usually carried out as

a microcanonical (constant-NVE) or canonical (constant-NVT) ensemble. As a consequence, all other thermodynamic

quantities must be determined by ensemble averaging. In a classical system, Newton’s equations of motion conserve

energy and thus provide a suitable scheme for calculating a microcanonical ensemble. However, canonical ensemble

can readily be performed by coupling the molecular system to a constant-temperature bath, which rescales the atomic

velocities according to the desired temperature. In a similar manner, constant-pressure simulations can be performed

by scaling through coupling to a constant-temperature position, as the pressure can be calculated from the virial

theorem.

Several algorithms have been developed for MD simulations. Such simulations follow a system for a limited time.

Physically observed properties are computed as the appropriate time averages through the collective behavior of

individual molecules. For the results to be meaningful, the simulations must be sufficiently long so that the important

motions are statistically well sampled. Experimentally accessible spectroscopic and thermodynamic quantities can be

computed, compared, and related to microscopic interactions. It should be noted that MD is severely limited by the

available computer power. With presently available computers, it is feasible to perform a simulation with several

thousand explicit atoms for a total time of up to a few nanoseconds. To explore the conformational space adequately, it

is necessary to perform many such simulations. In addition, it may be possible that carbohydrate molecules undergo

dynamical events on longer timescales. These motions cannot be investigated with standard MD techniques.

Another way is to use high-temperature dynamics to allow the molecule to assume high-energy conformations. This

approach has to be used with caution since it can bring the molecules into ‘nonphysiological’ conformations.
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Figure 5 The potential energy hypersurface of a complex carbohydrate can be investigated throughout heuristic method
such as the one used in CICADA interfaced with the molecular mechanics program MM3.52 The potential energy surface is

explored by driving separately each selected torsion angle (in both directions) with a concomitant full-geometry optimization

at each increment (except for the driven angle). When a minimum has been detected, the molecule is freely optimized and

the minima so detected are stored if not encountered previously. The new minima serve as starting structures for further
explorations. The application of CICADA to the field of complex carbohydrates169 allows prediction of relative and absolute

flexibility and conformational softness both for the entire molecule as well as for individual group rotations and local minima.

The processing of the results of the exploration of the potential energy surface provides proper clustering of the minima and

leads to the ‘clustering’ of families of low-energy conformations.
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The Dynamic Molecules57 web tool is a publicly available service implemented on a large linux cluster. This tool

can be used to perform MD simulations on carbohydrate molecules at specified temperatures.
2.11.2.3.5 The genetic algorithm search
The field of genetic algorithms (GAs), evolutionary programming, and similar areas of computation science are

inspired by biological evolution: survival of the fittest, the inheritance of traits from parents to offspring, mutation,

crossover, and population genetics. Lamarkian evolution is based on the idea that the parent can pass on acquired traits

to the offsprings. When applied to 3-D structure prediction of complex carbohydrates, some of the terms translate to

more common descriptions used throughout the modeling literature.

1. A ‘population’ is a set of ‘individuals’. Each individual represents one specific 3-D conformation of an oligosac-

charide. An individual can be said to carry several ‘genes’. Each gene represents one or several properties of that

individual conformation. The genes translate to specific conformational variables, such as glycosidic linkages,

torsion angles, primary hydroxyl conformations.

2. Survival of the fittest translates directly to the evaluation of the conformational energy of the individual and the

subsequent comparison with the energy of the other individuals of the population. As such, the conformational

energy is the fitness score used to discriminate between individuals. Individuals with low conformational energies

are propagated while those with high energies are suppressed.

3. One ‘generation’ includes the complete evaluation of the fitness of all individuals of the population, that is, all

individuals are evaluated for conformational energy in each generational iteration. The ‘high-scoring individuals’,

that is, conformations with low conformational energy, ‘pass on their genes’, that is, conformation characteristics to

a new set of individuals. The low-scoring individuals are generally removed from the population set or suppressed

from propagating further.

This passing of genes between generations is done with a degree of ‘mutation’, that is, random changes to some

conformation values. It can also be done with crossover, where the offspring receives its gene set from more than one

parent. This crossover function, which combines whole segments of the parents’ conformational traits when creating

the offspring, is one of the most powerful features of GA in comparison with other stochastic search methods. The GA

has been implemented in the GLYCAL software application.58 It implements several different types of GA searches:

standard GA and parallel GA with Lamarkian and regular evolution59,60 (Figure 6).

It has been applied to the 3-D characterization of complex oligosaccharides: some of the Shigella dysenteriae and

Escherichia coli O-antigens,61,62 one exopolysaccharide from Burkholderia cepacia,63 and the structure of a Schistosoma

mansoni cercarial surface polysaccharide.64
2.11.2.4 The Hydration of Carbohydrates

It is important to recognize that most quantummechanical and molecular mechanical procedures are designed to treat

molecules in the isolated state. Omission of the effect of the environment from the calculation results in a neglect of

the fraction of the energy contribution that arises from these interactions. For example, a carbohydrate in an aqueous

or crystalline environment will usually form hydrogen bonds only to neighboring molecules, while the simulation of

the molecule in vacuo is dominated by conformations with energetically favorable intramolecular hydrogen bonds.27

Several different approaches have been proposed to treat solvation effects.65 In one of the simplest, the effect of the

solvent is achieved by increasing the dielectric constant for calculations of electrostatic interactions or by the use of a

distance-dependent dielectric constant. Unfortunately, this affects all electrostatics. An alternative approach is to treat

the solvent as a dielectric continuum. The conformational free energy of a given conformer in a particular solvent may

be described as arising from the contribution of the energy of the isolated state and the solvation free energy.66,67

A computational method that is very efficient is the use of the CHEAT95 force field, which is parametrized in such a

way that the simulation of isolated carbohydrates mimics the behavior of the molecule in aqueous solution.27 An

alternative method, using Langevin dynamics simulation in which the water is simulated by a frictional model, has also

been used for modeling disaccharides68 and trisaccharides.69

At present the best approach is the inclusion of the environment in the simulation, viz. an MD simulation with

explicit water molecules or other surrounding molecules. Carbohydrates have a very high affinity toward water. The

majority of hydrogen bonding occurring between water and carbohydrates occurs throughout their hydroxyl groups,

which in their hydrogen bonding scheme behave much like the water themselves. (In the case of sucrose, the

saturation solubility in water is 67.36% (w/w) at 25�C.) The carbohydrates affect the surrounding water structure,
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Figure 6 Outline of the GA implemented in the GLYCAL program,58 as exemplified with biological selection. The initial

population is created by random modification of the initial structure of the oligosaccharide. Generally, the conformations of

the glycosidic linkage torsion and the primary and secondary hydroxyl groups are completely randomized to create a set of

diverse individuals to fill the population. Each individual is minimized with MM3 and assigned the resulting conformational
energy as fitness score. Survival of individual is random and weighted by their fitness score. The next generation of the

population is generated from the successful individuals in the current generation. The standard genetic operators of

mutation and crossover are applied to the individuals to create the offsprings. Each generation is created, evaluated, and
propagated iteratively from previous steps, until a termination criterion is reached. Termination is generally done when no

significant improvement of the selection of the best individuals in the population has occurred for several generations. This

means that the best individual conformations have reached stable minima. An alternative termination criterion is to allow

only a certain fixed number of iterations, thereby placing a strong constraint on to the computation requirements. However,
if this is reached, then it may be that the search has not found the ‘global’ minimum conformation.
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and in return, the water affects the structure of the dissolved carbohydrate molecules. MD provides a most pro-

mising way to investigate the hydration features of carbohydrates. While the investigation of monosaccharides

hydration via MD started about 15 years ago,70–72 studies on model disaccharides were undertaken more recently:

maltose,73,74 isomaltose,75 sucrose,76,77 cellobioside,78 trehalose,79,80 xylobiose,81 neocarrabiose,82 Man(a1!3)Glc,83

Man(a1!6)Man,84 and fragments of hyaluronan.85,86 They all demonstrated that the presence of water has a

significant impact on the main conformational parameters that govern the overall molecular shape, that is, the

orientations of the glycosidic linkages. More recently, larger molecular systems have been studied throughout

molecular dynamic simulations with full consideration of explicit water molecules, and ions, when required.87,88

A prerequisite to carry out realistic MD simulations is to have reasonable force fields both for the carbohydrate

solute and for the water at hand. With respect to the carbohydrate solute, a number of modified force fields are

available for most established modeling packages. When it comes to appropriate force fields for representing water,

the choice is limited, but also more reliable. Basically, there is the choice between three-site models and five-site

models, including the lone pair positions. For simulations of carbohdyrate–water interactions, the three-site water

potentials, such as TIP3P,89 have mainly been used as it offers a good compromise between performance and accuracy.

The computational protocol to run an MD simulation of a carbohydrate with explicit water molecules is well

documented (Figure 7).



36 H2O

988 H2O

conc. = 3.74% (w/w)

0.417 0.417

−0.834

0.
95

72

0.9572

104.52

2Å

.
8Å

Å

r

h

1024 H2O

360

300

240

180

120

60
0

360

300

240

180

120

60
0

0 1000 2000 3000

1000 2000 3000

Fa

Fb

F
b 

vs
.  
Y

b
F

a 
vs

.  
Y

a

Ya

Yb

Figure 7 The several phases of MD simulations. (1) Solvation and relaxation phase. In this phase, the solute (in a given

conformation, e.g., crystal structure conformation) is superimposed onto an already-equilibrated solvent, overlapping

molecules are withdrawn from the system, and the density of the system is adjusted to the experimental density by
adjusting the box size. Then the system undergoes a weak energy minimization to relax solvent–solute interactions (van

derWaals overlaps) which should otherwise tend to create ‘hot spots’. (2)Heating phase. The velocities have to be assigned

from a random generation distribution and according to the desired temperature. Usually, the Maxwell–Boltzman distribu-

tion is quickly established through interatomic collisions. (3) Equilibrium phase. During this phase, precise adjustments of the
temperature are made, and the system is allowed to relax, populating all its normal modes. At the end, memory of the initial

configuration will have been lost and the temperature will have been stabilized. If the average temperature in a given time

window is outside, some predefined window velocities are rescaled and the process is continued until the temperature is

stabilized. (4)Production dynamics. When the temperature is stabilized, production dynamics is started by resetting the time
to zero. Complete phase points (all atomic coordinates of all the constituting atoms) are collected at given intervals (typically

every 20ps) for analysis. The length of the simulation depends on the size of the system to be studied, and the computer

power available. It is rarely possible to extend the simulations to sample the entire conformational space. Considerations

such as howmany events would be necessary to verify an hypothesis have not been seriously considered as yet. In a simple
two-state system, 200 transitions are needed to provide 10% accuracy on the population distribution! It is therefore

impossible to establish any inter-well population distribution from the relatively sparse statistical material available.
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As with other molecular modeling approaches, the choice of a force field is a predominant issue. To this end, the

detailed hydration of methyl a-maltoside and methyl a-isomaltoside has been investigated by a comparative 10ns MD

study, using three force fields especially developed for modeling of carbohydrates in an explicit aqueous solution.90,75

The results of the simulation using the older CHARMM-based force field exhibited a more structured carbohydrate–

water interaction, leading to a better agreement with the diffusional properties of the two disaccharides, whereas

especially the (a1!6) linkage and the primary hydroxyl groups were inaccurately modeled. In contrast, the new

generation of the CHARMM-based force field (CSFF) and the most recent version of the AMBER-based force field

(GLYCAM-2000) produced results which exhibited less structured carbohydrate–water interactions (with the under-

estimation of the diffusional properties), whereas the simulations of the (a1!6) linkage and the primary hydroxyl

groups were significantly improved and in excellent agreement with homo- and heteronuclear coupling constants.

As MD simulations of carbohydrates in water provide a unique possibility for detailed examination of water–solute

interactions, answers to the following questions may be provided:

1. What is the impact of the water upon the solute?

2. What is the impact of solute upon the solvent?

3. How does one characterize water solvating a complex structure?
2.11.2.4.1 Carbohydrate solvation
A visual inspection of the solute trajectory will often be the very first step to screen the simulation for significant

events such as transitions in ring conformations, persistence if intramolecular hydrogen bonds. In simulations of

carbohydrates, the glycosidic torsion angles are the most important structural degrees of freedom. They are also the

parameters with the highest energy barriers, wherefore transitions are rarely observed in MD simulations. To get

around such a sampling problem, trajectories are often recorded in each of the possible potential energy wells as

determined from grid search in vacuum, but with some emphasis on the simulations in the ‘global’ energy well. Other

important conformational and motional degrees of freedom are the primary hydroxyl rotamers, as well as ring

puckering; in both cases, 1H–1H couplings from NMR measurements can provide experimental support.
2.11.2.4.2 Carbohydrate–water interactions
MD simulations of solute in water provide a unique possibility for detailed examination of water–solute interactions.

The large number of water molecules, the complexity of the solute, and the high degree of mobility in such

simulations require a statistical approach to describe and analyze the hydration. The statistical approach commonly

employed to examine water–water and water–solute interactions is a radial pair distribution function that calculates

the probability of finding a pair of atoms at a distance r apart, relative to the probability expected for a random

distribution at the same density. In complex aqueous simulations, the radial pair distribution function of specific solute

nuclei and the oxygen nuclei in water is used to describe the large differences in the first and second hydration shells

of different types of solute atoms. The concept of the first hydration shell is very informative as it leads to two

questions:

1. What is the total number of water molecules inside the first hydration shell of all solute oxygens?

2. Are shared water molecules a dominant feature of the solute structure?91

MD simulations provide a simple definition of the hydration number. From the trajectory, the number of water

molecules on the first hydration shell (less than 3.5Å) associated with the solute oxygen atom is counted in each phase

point and an average is obtained; for a disaccharide, the first hydration shell water molecules per solute molecule is

about 27. To quantify and visualize shared water density among solute oxygen, it is possible for rigid molecules to

calculate and contour 3-D water densities in a fixed frame defined by the solute. As for flexible oligosaccharides, the

normalized 2-D radial pair distribution function is one such tool for analyzing the solute surrounding for localized

water densities; this is particularly adequate for investigating bridging water molecules between two monosaccharide

rings in carbohydrates92 (Figure 8).

One can also assess the dynamic aspect of the first hydration shell as maximum, and average residence times for all

water molecules around specified atoms can be calculated. Seemingly residence times characteristic of water–water

interactions can be assessed; they are typically about 0.500(2)ps. The average residence time of water molecules in

their interactions with hydroxyl oxygen of a carbohydrate is significantly higher (0.600(2)–0.700(2) ps), with some

notorious exceptions, as in sucrose where residence times of 2.7 and 3.0ps are calculated for some hydroxyl groups in

such molecules as sucrose and trehalose.90 When water is added to an MD trajectory, it adds new properties to the



Figure 8 Probing the hydration features of carbohydrates throughout MD simulations; a, the trehalose case [a-D-Glcp-

(1$1)-a-D-Glcp].80,91 b, The 2-D radial pair distribution function g(r1,r2) calculates the probability of finding an atom (e.g.,
water oxygen) at a distance r1, r2 from two selected solute atoms, relative to the probability expected for a random

distribution g(r1,r2)¼N(r1,R2)/r�Vinter(r1,r2). The intersection volume formed by the two sphere shells surrounding the two

solute oxygen atoms, A and B, is illustrated. Two-dimensional radial pair distribution functions for trehalose. c, Calculation

for neighboring intraring water density between O2g. . .Ow. . .O3g. d, The inter-ring bridging water density between
O2g. . .Ow. . .O3f. This localized very strong hydration site is found to be a major feature of trehalose and this is accom-

panied by a distribution of solvent molecules that display a high degree of anisotropy. Reproduced with permission from

ACS publications.
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solute, that is, rotational and translational diffusion. The self-diffusion of the solute can be obtained via the Einstein

relation by calculating the center-of-mass square displacement autocorrelation. Typical values for disaccharides are

(5.0–5.2)�10�6 cm2 s�1. The rotational diffusion and overall tumbling can be assessed in an analogous manner to the

translational diffusion.
2.11.2.5 Exploring the Macro(molecular) Surface

2.11.2.5.1 Molecular surfaces and properties
Once the 3-D structure(s) of a given molecule has been assessed from one of the above-mentioned molecular

modeling procedures, molecular volumes and surfaces can be calculated, and different properties displayed. The

term ‘molecular surface’ consists of two parts: (1) the contact surface which is that part of the van der Waals surface of

each atom accessible to a probe sphere of a given radius and (2) the re-entrant surface which is the inward-facing part

of the probe sphere when it is simultaneously in contact with more than one atom. Several properties can be displayed
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on molecular surfaces once a potential is evaluated. The most common are: (1) the lipohilicity potential (evaluated as

the partition coefficient (log P) in polar/apolar heterogeneous reference system; (2) the electrostatic potential; (3) the

electrostatic potential evaluated from the Poisson–Boltzmann equation; and (4) the hydrogen bonding sites.
2.11.2.5.2 Cation binding
There are several examples of ionic carbohydrates and polysaccharides that display specific structural behavior due to

the electrostatic charges they carry. Ionic polysaccharides displaying some stereoregularity exhibit a polyelectrolyte

character. For such ionic polysaccharides, the ability to form gels in the presence of divalent cations such as calcium is

the key to many properties and functions. Staring from a known 3-D structure, the exploration of the (macro)molecular

surface can be envisaged in order to locate favorable binding sites for calcium ions, for example. One way of

performing such exploration is offered by a grid-type procedure using the GRID computer software.93 This program

computes the positions near a molecular system (the target) at which a small chemical moiety or molecule (the probe)

would interact favorably. The van der Waals surface of the deprotonated form of the carbohydrate structure is explored

using a calcium probe. In the procedure, partial charges of the carbohydrate molecule have to be evaluated. Then the

target oligosaccharide is placed in a 3-D grid defined by planes in x, y, z directions. A spacing of 2 planes/Å is used in

the calculations, and the size of the grid was fitted to the target system. The GRID program evaluates the interaction

energy between the ionic probe and the oligomer at each point in the grid. The three enthalpic components

(Lennard–Jones interactions, hydrogen bonds, and electrostatic effects) can be considered in the calculations.

Dielectric constants of 4 and 80 were used for the molecular target and the surrounding (water), respectively. The

favorable calcium-binding sites were finally interpolated from the previous grid points within a 15 kcal mol�1 window

above the best interaction energy (Figure 9).

The ionic polysaccharides alginate, pectin, and glucuronan have a wide range of industrial applications that mainly

rest on their ability to form gels in the presence of divalent cations such as calcium. In the case of pectin and alginate,

gel formation has been demonstrated to result from a specific interaction between calcium ions and blocks of

galacturonate and guluronate residues, respectively. Selectivity coefficients (KK
Ca) indicate a strong calcium binding

for polygalacturonate and polyguluronate chains compared to that of polymannuronate chains. These results demon-

strate the importance of the structural features of the polysaccharide chains in calcium binding and indicate that

differences between them result in some way from differences in the steric arrangement of the active groups.

A structural study of all known single crystals of calcium carbohydrate complexes reported that calcium interactions

display considerable stereospecificity and that the strongest binding is likely to result from sets of oxygen atoms that

possess the proper spacing and geometry for substituting water in the calcium coordination shell.94 In this way, the

axial–equatorial–axial sequence of hydroxyl groups on six-membered rings has been recognized as a very efficient

pattern for calcium binding. Guluronic acid residues exhibit such a pattern.

The calcium-chain interactions were screened for the four polyuronates in an attempt to understand the experi-

mentally observed differences. For polysaccharide systems, gel formation is thought to result from chain association in

which the chains assume an ordered secondary structure. In the case of alginates and pectins, the cooperative nature of

the calcium binding is best explained by the presence of the binding sites distributed in ordered arrays and formed

between chains. The ordered conformations of the four polyuronates were used to study the calcium–oligouronate

interaction.

Since the calcium salts of polyguluronate and polymannuronate are known to exhibit, respectively, a 21 and a 32

helical conformation in the solid state, only these forms were explored.95 For polygalacturonate and polyglucuronate

chains, both stable helical conformations were studied. Starting from the stable helical conformations of the poly-

saccharides, a calcium ion probe was moved around the van der Waals surface of the polymers.

The interaction energies are significantly lower for the (a1!4)-linked polymers than for the (b1!4) ones. This

indicates strong calcium binding for polyguluronate and polygalacturonate chains. This is in agreement with the

experimental data. In the case of the galacturonate chain, the two stable helical conformations provide an efficient

binding. In order to evaluate the specificity of the interaction, the number of favorable positions for the calcium ion

along the chain has been computed over a 15kcalmol�1 window above the lowest interaction energy. A representation

of the different polymer chains with these favorable binding sites is shown in Figure 10.96 As previously suggested,

the corrugated polygalacturonate and polyguluronate chains offer a proximity of several oxygen atoms from consecu-

tive residues whose stereochemical arrangement fit into the coordination sphere of the cation. In contrast, the linear

conformations of polymannuronate and polyglucuronate chains do not offer such a suitable arrangement. Consequent-

ly, the guluronate and galacturonate chains exhibit a high specificity for calcium binding and present well-defined



Figure 9 Principle of GRID. Once a conformation of a molecule or a macromolecular compound is established, the GRID
methodology offers a way to explore how such a target may interact with probes (hydrophobic, hydrophilic) as well as water

molecules and ionic species.9 The target is placed in a 3-D grid, defined by planes in x, y, and z directions, the mesh being

in the order of 0.5–1.0Å. Then the energy of interactions between the target and the probe is evaluated at each intersection
of the network around the van derWaals surface of the target. Typically, the energy of interactions is evaluated as the sum of

van der Waals, electrostatic, and hydrogen-bonding contributions. The use of an energy threshold is further used to

interpolate positions of the probe from the GRID results. Reproduced with permission from ACS publications.
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chelation sites. The best interaction positions over the 15 kcal mol�1 window correspond to periodic sites (perfectly

defined in the case of the guluronate chain with five periodic sites of the hexamer) which refer to an identical chelation

site (Figure 10). It is interesting to note that the 31 conformation of the galacturonate chain provides a second possible

binding site. In all cases, the (a1!4)-linked polymers provide tetradentate chelation sites. As for the polygalactur-

onate chain, the coordination patterns predicted for the two helical conformations are in agreement with those derived

from extended X-ray absorption fine structure (EXAFS) experiments for single pectate chains. Nevertheless, as

calcium ion dimerizes the pectate and alginate chains in solution yielding gel formation, the four oxygen atoms

predicted as ligands are not all expected to be involved in the coordination sphere of calcium ions at the dimer level.

For example, the model derived from fiber diffraction data of concentrated calcium pectate gel mentions that only O5,

O6, O20 from one chain and O6, O20 from the other are coordinated to calcium ion, compared to the four O5, O6, O4,

O20 potential ligands.
The highly specific interaction described above clearly indicates that for (a1!4)-linked polyuronates, calcium

binding is far from a pure electrostatic interaction between cations and carboxylate oxygen atoms. In contrast,

(b1!4)-linked polymers seem to bind calcium essentially through electrostatic interactions. As shown in Figure 10,

many positions for Ca2þ are equally favorable, the only necessary condition being the proximity of the negatively

charged oxygen atoms. Consequently, polymannuronate and polyglucuronate do not display any specificity for

calcium binding. The flat chains do not offer sites for preferential interactions to occur. This is particularly true in

the case of polyglucuronate chains that, irrespective of the helical conformation, present a ‘cloud’ of favorable

positions for calcium ions around the chain (Figure 5, top views). This lack of specificity in calcium binding
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Figure 10 Example of the application to fragments of ionic polysaccharides; in order to better understand, the calcium-

binding properties of four regular polyuronates are shown: (1!4)-a-D-polygalacturonic, (1!4)-a-L-polyguluronic, (1!4)-b-D-
polymannuronic, and (1!4)-b-D-polyglucuronic acids.Modeling simulations have been performed using theGRIDmethodology.
The calculated ability of the different uronate chains to bind calcium ions demonstrated the high stereospecificity of

the interaction between Ca2þ and the (a1!4)-linked polymers and the presence of well-defined chelation sites along the

chains. By contrast, the (b1!4)-linked polysaccharides display a weak calcium interaction with no particularly favorable

binding site. Reproduced with permission from ACS publications.
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corroborates the absence of selectivity experimentally observed with respect to sodium ions. Furthermore, the

structural features of the modeled calcium–glucuronate interaction, compared with those of guluronate and galactur-

onate systems, may explain why it is possible to remove calcium ions by sodium ions in the gel, while polygalactur-

onates and polyguluronates form very stable calcium gels where calcium ions are very difficult to displace.
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2.11.3 Selected Examples

The principles underlying modeling in the carbohydrate field are based on the assumption that owing to the size and

relative rigidity of the intervening monosaccharide units, the rotations at a particular linkage can be considered, under

some conditions, to be independent of the nearest-neighbor interactions97 (Figure 11). This is the case for linear

structures in which conformations can be described conveniently by the glycosidic torsion angles (F, C) or (F, C, o)
taken from consecutive dimeric fragments. Some restrictions apply to such an approximation, particularly in the case

of highly branched structures, or for long-range interactions. Nevertheless, the validity of these concepts has been

extensively checked on many occasions, and was further translated into an automatic molecular builder for carbohy-

drates.10 There has been many applications to the study of conformations of complex carbohydrates. As for poly-

saccharides, a regular, helical conformation is achieved when the torsion angles are the same at every glycosidic

linkage. In solution, polysaccharide chains tend to adopt less-ordered structures (random coil) that fluctuate among

different local and overall conformations.
2.11.3.1 O-Linked Glycan

Uromodulin is the pregnancy-associated Tamm–Horsfall glycoprotein, with the enhanced ability to inhibit T-cell

proliferation.98 Pregnancy-associated structural changes mainly occur in the O-glycosylation of this glycoprotein.

These include up to 12 glycan structures, made up of an unusual core type 2 sequence terminated with one, two, or

three sialyl Lewisx sequences.99 This type of O-glycans could serve as E- and P-selectin ligands.100 The conforma-

tional characterization of a tetradecamer made up of a type 2 core carrying three sialyl Lewisx branches was investi-

gated.101 Five different monosaccharides are assembled by 14 glycosidic linkages. The conformational behavior of the

constituting disaccharide segments was evaluated using the flexible residue procedure of the MM3 procedure. For

each disaccharide, the adiabatic energy surface, along with the local energy minima, were established. All these results

were used for the generation, prior to complete optimization, of the tetradecamer. This was followed by a complete

exploration of conformational hyperspace throughout the use of the single-coordinate method as implemented in the

CICADA program. Despite the potential flexibility of the tetradecasaccharide, only four conformational families

occur, accounting for more than 95% of the total low-energy conformations. For each family, the molecular properties

(electrostatic, lipophilicity, and hydrogen potential) were studied. The shape of the tetradecasaccharide is best
0
0 60 120 180 240 300−60

0 60−120 120−180 −60

60

120

180

240

300

340

0

60

120

180

240

300

340

f1

f1

f2

f2

y1

y1

y2

y2

Figure 11 Principles underlying the construction and the conformational analysis of complex carbohydrates and poly-

saccharides. Owing to the size and relative rigidity of the intervening monosaccharide units, the rotations at a particular
linkage can be considered, under some conditions, to be independent of nearest-neighbor interactions.97
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described as a flat ribbon, flanked by three branches having terminal sialyl residues. Two of the branches interact

through nonbonded interactions, bringing further energy stabilization, and limiting the conformational flexibility of

the sialyl residues. Only one branch maintains the original conformational features of sialyl Lewisx. This O-glycan can

be seen as a fascinating example of ‘dendrimeric’ structure, where the spatial arrangement of three sialyl Lewisx

epitopes may favor its complementary ‘presentations’ for the interactions with E- and P-selectins (Figure 12).
2.11.3.2 Rhamno-Galacturonan II

Walls of growing plants are extremely complex and sophisticated composite materials incorporating a dynamic

assembly of polysaccharides, proteins, and phenolics. Among the polysaccharides, the pectins encompass a group of

acidic heteropolysaccharides; they offer a repertoire of structural complexity associated with the occurrence of, at least,

three specific domains. Whereas most of these domains are notable for their structural heterogeneity, one of these, the

so-called Rhamnogalacturonan-II (RG-II), exhibits a remarkable conservation throughout the plant kingdom. RG-II is

thought to be the most complex plant polysaccharide on earth (MW 5–10kDa); its occurrence and strong conservation

may indicate that it plays a major role in the structure and growth of higher plants.102

Knowledge of the primary structure of RG-II has been largely based on two approaches: (1) glycosyl linkage

composition (determined by methylation analysis) and (2) identification of various oligosaccharide fragments with

mass spectrometry (obtained by mild acid and/or enzymatic hydrolysis of RG-II followed by chromatographic

purification). RG-II has been best described as a homogalacturonan backbone of roughly seven to nine residues

bearing four oligosaccharide side chains, A–D.103

A preliminary molecular mechanics study104 of the four oligosaccharide side chains of RG-II explored the stable

orientations of all of the glycosidic linkages of the side chain sugars as well as the puckering preferences of the apiosyl

and aceric acid five-membered rings. The preferred conformers were partially validated by the sequential nuclear

Overhauser effects (NOEs) described in the first NMR investigation105 of the intact saponified and borohydride-

reduced RG-II monomer (mRG-II-ol). The latter study placed the A-side chain at the penultimate a-GalpA residue

from the nonreducing end and revealed some long-range contacts. However, spectral assignments relied heavily on

the available primary structure which has been modified since Ref. 106. Concomitantly, better-quality proton-carbon

chemical shift correlation data would be acquired to allow more secure assignment of many of the spin systems.

In spite of this, a large body of NMR spectral data has been collected, especially concerning the assignedNOEs, and

it has been applied to the preferred conformation of mRG-II in solution. The conformational analysis used the

previously reported adiabatic energy surfaces along with the locations of the local energy minima for all disaccharide

components of RG-II. These data, along with the NOEs, were combined to determine possible time-average

conformations of monomer mRG-II in solution. Two families of conformers, stemming from the two possible

diastereospecific assignments of one hydrogen atom, were obtained. Both of them are in agreement with other

experimental data such as the general shape of the molecule and the accessibility of apiose in A-chain. When

calculated distances were compared with the NOEs, good agreement was obtained, at least qualitatively in most

cases; the intensity of the expected NOEs deviated from the experimental ones only for a very few interactions.

Considering on the one hand that the NOEs correspond to a time-averaged or virtual structure, and on the other hand

that the isolated-spin approximation had been applied to systems with nearby protons, we considered the agreement

very good. The study has been an iterative process between the computational study and the NMR assignments.

Thus, initial conformations for RG-II or its fragments led to the revision of known signals and the assignment of new

ones that, in turn, resulted in a new set of NOE constraints or the modification of the previous ones. The resulting

structures gave slightly longer distances after minimization than expected in the case of most long-range NOEs.

Nevertheless, the optimized conformers could be considered as good starting geometries for further studies on the

MD of the RG-II monomer and the conformational analysis of the RG-II dimer.107

Figure 13 shows a 3-D representation of the lowest-energy conformations of RG-II monomer found. The general

shape of the mRG-II resulted in a quite flat structure, with a length of about 37Å for the main chain (horizontal

diameter) and roughly the same length between the longest side chains (A and B) (vertical diameter). The general

shape was a disk, with a thickness of about 17Å, which is in agreement with the results obtained by translational

self-diffusion and light scattering. Preliminary mRG-II MD results confirmed the stability of the starting geometries.

The main chain maintains a stiff shape close to an extended helix, with a mean extension of around 38Å. This value

is close to the expected one for a nine-unit pectate helix adopting a twofold (38.2Å) or threefold (39.9Å) conforma-

tion. Moreover, galacturonic glycosidic torsion angles explore the minima found in molecular mechanics. According to

these results, the presence of RG-II side chains does not affect the extension and direction of homogalacturonic acid

(HGA). This fact suggests that the interaction of galacturonic acid with calcium cations in muro could initiate the



1

23

23

14

14 16 13

31

Ser/Thr

SLeX

SLeX

AcHN

AcHN

AcHN

Core

Core

SLeX

C

HO

HO

HO

HO
Me

CH2OH

CH2OH

HOOC

HO

HO

HO
HO

HO

OH

OH

OH
OH

32

= aGaINAc

aGaINAc

aNeuAc

= bGlcNAc

bGlcNAc

= bGaI

bGaI

bGaI= aFuc

aFuc

= aNeuAc

3

3 3

1

1 1

1
4

6

O

O

O O

O

O
OO

3 2

1

O

O

O

O

B A

Sialyl Lewisx (SLex)

O

O

Figure 12 The structural aspects of the uromodulin O-glycans.101 The structure of the tetradecasaccharide is shown,

along with the labeling of the constituting monosaccharides. The basic structure can be best described as a core
disaccharide b-D-Galp-(1!4)-a-D-GalpNAc decorated with three sialyl Lewisx determinants. A thorough conformational

analysis was conducted throughout the use of the single coordinate method as implemented in the CICADA program. All the

conformations were clustered into families, only four of which are accounting for more than 95% of the total occurrences.

These structures are superimposed on the core disaccharide and the hydrogen atoms have been removed for clarity. The
right part of the molecule is the C Lex; at the extreme left, the A S-Lex; and on the center, the core disaccharide, which is

partially covered by the B S-Lex. The interactions between these branches limit the intrinsic conformational flexibility. This

O-glycan can be seen as a fascinating example of ‘dendrimeric’ structure, where the spatial arrangement of three S-Lex

epitopes may favor its complementary ‘presentations’ for the interactions with E- and P-selectins.
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Figure 13 Schematic representation of the primary structure of RG-II monomer (mRG-II). Since its first identification in
1978,170 the primary structure has been studied mainly by methylation analysis and mass spectrometry of its oligosaccha-

rides from its partial degradation. Side chains (A–D), as well as the main chain of polygalacturonic acid, have been identified

and characterized. The location of the linkage of these side chains to themain backbone could only be proposed recently as

a result of investigation of high-resolution NMR and the identification of an RG-II fragment obtained throughout enzymic
hydrolysis. The proposed distribution for primary structure is based on new NMR assignments, and extensive use of

molecular modeling methods.107 At the present time, mRG-II is probably the most complex carbohydrate structure

ever ‘sequenced’. A 3-D representation of the lowest-energy conformation of mRG-II, derived from NOE data and mole-

cular mechanics calculations.107 This structure was further optimized throughout MD simulations including explicit
representation of water molecules.108 Reproduced with permission from Elsevier.
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approaching of mRG-II as a previous step to the dimerization with boron. Thus, twomolecules of mRG-II cross-linked

by a boron atom (Figure 6) will serve as good starting geometries for further refinement using MD, once NOE

constraints could be applied (Figure 14).

The structure–function relationship of the RG-II fragment is just emerging from the knowledge of its 3-D structure,

both in its monomeric and dimeric form.108 The significant structural feature is certainly its ‘disk-like’ shape that

results from the most complex 3-D arrangement of 31 monosaccharide units, arranged in five side chains of unequal

importance, flanking a typical pectic backbone. As with any other complex oligosaccharides, there is room for some

conformational flexibility about each glycosidic linkage. Overall, a well-defined tertiary structure seems to emerge for

mRG-II as well as for dRG-II in which boron complexation accompanied by Ca2þ pairing provide further stabilization

of the two disks. This results in an architectural motif that has never been depicted for any of the plant cell

components. This motif must be considered as a clef de voute that provides stable links in key regions within the

pectic network. This is in contrast to pectic backbone, for which its contribution to network architecture is mediated

throughout the action of enzymes and is therefore time dependent. Once biosynthesized and located in the cell wall,

RG-II, with its insensibility toward all cell wall enzymes, offers a structure (mRG-I) that will remain stable for all the

lifetime of the cell wall. When this monomeric structure (presumably linked to the pectic backbone) interacts with

another same structure throughout boron and Ca2þ binding, a very stable ‘spatial’ anchor is formed that will resist to

any ‘temporal’ changes. This is of course in contrast to the dynamical interactions that are undergone by the HGA

moiety, where parallel and antiparallel chain pairings may occur to stabilize in a highly time-dependence fashion the

gel constituent of an expanding medium. The observation that any alteration in the structure and/or binding abilities

of RG-II results in severe growth defects that relates to mechanical instabilities is obviously in line with the essential

architectural role that RG-II may have in the cell wall.
2.11.3.3 3-D Structures and Dynamics of GPI Anchors in Lipid Environment

Since the first structural characterization of glycosylphosphatidylinositols (GPIs),109 their biological functions (they

attach extracellular structures to the outer face of cell membranes through a covalent linkage) have attracted a
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Figure 14 Tentative representation of the 3-D organization of RG-II dimer (dRG-II).108 RG-II is present in plant primary cell

walls predominantly as a dimer in which two apioses (belonging to the A-chain) are cross-linked by a 1:2 borate-diol ester.

Two diastereoisomers are possible, depending on the orientation of monomers (main chains arranged in parallel or
antiparallel fashion). According to the proposed 3-D structure for mRG-II, apiose in A-chain is not located on the center

of the molecule. Thus the antiparallel complexation would lead to an extended structure, whereas the parallel one would

maintain the surface of the monomer, which is in agreement with AFM results and hydrodynamic features of the dimer.

Reproduced with permission from Elsevier.



370 Molecular Modeling in Glycoscience
considerable numbers of investigations both from the stand point of biology and chemistry. In mammals and lower

eukaryotes, GPI anchors present the same core structure NH2EtOPO3-6)Man(a1!2)Man(a1!4)GlcN(a1!6)myo-Ins1-

OPO3-lipid. A slightly shorter core is found in protozoal parasites. In nature, GPIs exert their biological functions

attached to membranes, where glycolipids are assembled in microdomains. Despite such key biological functions,

there have been a very limited number of 3-D characterizations of GPIs, either in solution or in lipid environment.

A structural and dynamic investigation of the free GPI anchor structure was performed in aqueous solution110 and

upon insertion into a dodecylphosphatidylcholine (DPC) micelle using NMR spectroscopy and MD simulation.111

The conformational analysis of the pentasaccharide was performed by calculating the F, C adiabatic maps for each

glycosidic linkage using theMM3 force field. These calculations, which have provided all the favorable structures and

their relative stability, have been completed with MD simulations, using the GLYCAM force field to gain information

on the molecular flexibility and the effect of explicit solvent on the overall structure.

The systematic search of the conformational space around the glycosidic linkages has been performed by con-

structing F, C adiabatic maps for each of the four glycosidic bonds in the linear structure of the pentasaccharide as

isolated glycosidic linkages in the following disaccharide units: a-D-Manp-(1!2)-a-D-Manp-OMe, 2-OMe-a-D-Manp-

(1!6)-a-D-Manp-OMe, 6-OMe-a-D-Manp-(1!4)-a-D-GlcpNAc-OMe and 4-OMe-a-D-GlcpN-(1!6)-1-OMe-D-

myo-inositol.These maps are shown in Figure 15a. The combination of the minimum-energy torsional angles for

the glycosidic linkages obtained in this study yielded four low-energy stable structures, as depicted in Figure 15b.

The above molecular mechanics study was further completed by performing MD simulations in order to assess the

validity of the structures obtained by molecular mechanics and to improve the analysis of the conformational behavior

of pseudo-pentasaccharide by considering its flexibility features, following the protocol described in Ref. 111.

Figure 15c summarizes these results showing the instantaneous structures for the pentasaccharide along the six

MD simulations. These structures were clustered in six families based on their glycosidic linkage torsional angles.

These clusters can be related to the minimum-energy structures proposed by energy surface analysis; they depict a

gradation of global shapes for the pentasaccharide ranking from extended to clearly folded conformations. The degree

of folding of the structure could be easily described monitoring the distance between the extremes (O-3 of myo-InsI

and O-4 of ManV). It varies from 20Å for the extended forms to 12Å for the folded ones, the extension of the

intermediate conformations varying from 15 to 17Å. During the simulations, some transitions between forms

belonging to different families were still detected. These results fit to a global hinge-like movement as already

assessed throughout NMR data, which in this case is now more adequately described by the MD simulations.

In order to assess the possible influence of the membrane environment on the structure and the dynamics of the

carbohydrate moiety of GPI anchors, the 3-D structure and dynamics of the pseudo-pentasaccharide motif of a

synthetic GPI anchor inserted into DPC micelles have been studied and compared with those for the free analogs

in aqueous solution. The use of DPC micelles for these studies presents several advantages since their size is suitable

for NMR andmodeling, and the probability to have several molecules of the compound studied inserted into the same

micelle is negligible, thus simplifying the analysis. The formation of the micelle, its average size, and insertion of the

glycolipid could be proved by NMR methods using 31P relaxation or diffusion spectroscopy. Although detergent

micelles have been often used in NMR studies of glycolipids, this is the first time, to our knowledge, that the NMR

study is combined with MD simulations considering the glycolipid inserted into the micelle immersed in explicit

water. This combination of NMR andMD improves the results, is mature, and it can be applied to other glycolipids as

gangliosides or cerebrosides.

The 3-D structure of the carbohydrate component of GPI incorporated into the micelle, as deduced from the NMR

NOE data and the MD trajectory, was essentially extended and comparable with the shape of similar chemical

structures. The available conformational space visited by the glycosidic linkages included into the micelle was also

similar to that calculated for similar molecules. The interglycosidic linkages displayed some degree of flexibility around

the global minimum, but not large conformational changes. The pseudo-pentasaccharide backbone of glycolipid GPI

incorporated into themicelle had, as a complex dynamic behavior that, although originated by a similar internal motion

around the glycosidic linkages, is disclosed as a rocking oscillation instead of a folding event. This flexibility may have

implications in GPI function as proteins anchor to the cell membrane providing plasticity to the system (Figure 16).
2.11.4 Polysaccharides

Polysaccharides form the most abundant and diverse family of biopolymers. With several hundreds of known

examples, they offer a great diversity of chemical structures ranging from simple linear homopolymers to branched

heteropolymers, having repeating units that consist of up to octasaccharides. As with other macromolecules, the
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Figure 16 The initial system was constructed from a pre-equilibrated DPC micelle. The GPI molecule was constructed by

adding the relaxed structure of the pseudo-pentasaccharide to a dodecylphosphate chain. The conditions of the simulation

were chosen in order to favor the stability of the micelle, sodium and chloride ions were explicitly included, and the

theoretical DPC concentration of the solvated system was 300mM, well above critical micelle concentration. The perfor-
mance of the simulation was evaluated by monitoring the density, temperature, and volume of the periodic box, which

presented reasonable values along the trajectory. Once the suitability of the model system and the conditions for the

simulation were assessed, the structural properties of the carbohydrate moiety incorporated in the micelle were studied.

With regard to the conformational behavior of the glycosidic linkages along the MD, the trajectories covered relatively
narrow and well-defined regions of the torsional space, suggesting that some degree of internal flexibility caused by

discrete oscillations around the global minimum but not large conformational transitions were observed. The regions of

the F/C space visited were similar to the low-energy areas described by molecular mechanics and MD. In any case, the

most populated regions found were indicative that the structure of the carbohydrate moiety incorporated into the micelle
was essentially linear. Therefore, it can be deduced that the 3-D structure of the GPI carbohydrate backbone is not

influenced by the proximity of the membrane, at least in this simplified model. The superimposition of the structures

of the aggregate along the trajectories reveals, together with the rotation around the lipid axis, a large flexibility of
the carbohydrate moiety that displays a rocking motion. The MD reveals that the two types of flexibility found for the

carbohydrate moiety when incorporated in the micelle, folding and rocking, are originated by the same kind of local

dynamics around the glycosidic linkages. The larger mass of the micelle linked to one end dampens the absolute motion

of this side while increasing the amplitude of the oscillations of the external mannose.
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elucidation of the primary structure (the covalent sequence of monomeric units along with the respective glycosidic

linkages) is a prerequisite. Polysaccharides may also be branched, which is a unique feature among naturally occurring

macromolecules. Depending on their primary structures, polysaccharide chains adopt characteristic shapes, such as

ribbons, extended helices, hollow helices, etc., which characterize their secondary structures. Biosynthesis may also

result in the formation of multiple helices. Some of these features may persist locally in the diluted state and may be

directly responsible for the solution properties of some polysaccharides. Evidently, the characterization of the overall

shape of the random coil in terms of end-to-end distances, persistence lengths, and radius of gyration is required.

Energetically favored interactions between chains of well-defined secondary structures result in ordered organizations

known as tertiary structures. These may also result from biogenesis where polymerization and crystallization are often

concomitant. A higher level of organization involving further associations between these well-structured entities will

result in quaternary structures.
2.11.4.1 The Disordered State of Polysaccharides

The polysaccharide chains in solution tend to adopt a more or less coiled structure. Such a dissolved random coil would

fluctuate between local and overall conformations. Polysaccharides are able to assume an enormous variety of spatial

arrangements around the glycosidic linkages, because these molecules have extensive conformational freedom.

Theoretical polysaccharides models are based on studies of the relative abundance of the various conformations, in

conjunction with the statistical theory of polymer chain configuration.97 Possible interactions between residues of the

polysaccharide chain that are not nearest neighbors in the primary sequence of the polymer are ignored. The range of

conformations of polymer molecules is reflected by a Monte Carlo sample. The observable properties of dissolved

polysaccharides are averaged over the entire range of conformations accessible to the chain, and they may be

determined from conformational states derived from the potential energy surfaces of the consecutive disaccharide

fragments. This approach yields properties corresponding to the equilibrium state of the chain. Results refer to a

model for an unperturbed chain that ignores the consequences of the long-range-excluded volume effect, because

only nearest-neighbor interactions are accounted for in the computation of the F, C potential energy surfaces.

Given a sufficient Monte Carlo sample of unperturbed polysaccharide chains, it is possible to assess average

properties of the polymer in question simply by computing arithmetic averages over the chains of the sample. For

example, the mean square end-to-end distance, the mean square radius of gyration, the average persistence length,

dipole moment, etc., are all average geometric properties readily computed from knowledge of the coordinates of the

atoms or atomic groups making up the Monte Carlo sample.112 Models of native polysaccharides, refined to various

extents, have been presented.113–115 Monte Carlo methods have been applied to exploring the multiple conformations

occurring in a complex polysaccharide such as xyloglucan.116

Models of polymer chain extension were first used to compare the effect of the glycosidic linkage geometry of

simple polysaccharide chains, for example, cellulose and amylose.113 Both polymers are (1!4)-linked glucans, the only

difference being in the anomeric configuration on theC1 atomof themonomeric unit, a and b for amylose and cellulose,

respectively. The calculated data show a remarkable pseudo-helical chain trajectory of the amylosic chains; the

characteristic ratio of 5 denotes a moderately compact chain configuration. This behavior is the direct consequence

of the glycosidic bond geometry because changing this geometry from the a- to the b-configuration has a dramatic effect

on the character of the chain trajectory. Relative to amylose, the cellulosic characteristic ratio of 100 is predicted to

increase by 20-fold. This reflects the extended character of the cellulosic chains. Investigation of the effect of solvent

on those two representative polysaccharides has also been attempted.117 It was found, in good concordance with the

experimentally observed solvent dependence, that significant changes in the unperturbed chain dimensions occur.

The characteristic ratio for amylose is larger in water than in vacuum, whereas for cellulose it is smaller. Here again, the

incorporation of solvation remains a difficult attempt, and these conclusions should be considered with caution. The

characterizations of the ‘random coil’ characteristics of several polysaccharides have been performed.107,118–120

The following example provides an illustration of the application of this procedure to the characterization of the

solution behavior of pectic substances. Pectins are a family of polysaccharides that constitute a large portion of the cell

wall of many higher plants where they influence growth, development, and senescence. They are extensively used

as gel formers and thickening agents in food industry. The basic backbone of pectin polysaccharide is formed by

(1!4)-linked a-D-galactopyranosyluronate residues, either free or in ester form. These homogalacturonan sequences

may be interspersed at intervals with b-L-rhamnopyranosyl residues carrying the major part of neutral sugar side chains,

mainly arabinans, galactans, or arabinogalactans. Three different molecular modeling studies121–123 were carried out

on theoretical polysaccharide chain models of the linear part of pectin molecules. All of them illustrate the important

extended and stiff character of homogalacturonan sequences. As a result of different force fields and strategies used in
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the calculation of the potential energy surfaces of the parent disaccharides, the reported chain dimensions are very

different. There is an excellent consistency between the calculated characteristic ratios of 57121,122 and 47123 that have

been computed from relaxed MM3 and CHARMM maps, respectively. The characteristic ratio established from

potential energy surfaces calculated with a ‘rigid residue approach’122 is between 150 and 253, depending on the value

of the glycosidic bond angle. The solvent polarity as well as the ionic state of the galacturonic acid residues affect the

conformational behavior of the glycosidic linkage; these two lead to an increase of the unperturbed limiting chain

dimensions. The insertion of rhamnose residues in the primary sequence121 does not seriously disrupt the overall

chain propagation as shown by a small decrease (8% with 25% of rhamnose) of the characteristic ratio.

2.11.4.2 The Ordered State of Polysaccharides

2.11.4.2.1 The helical conformation of polysaccharides
When subjected to the constraints imposed by the helical symmetry of macromolecular chains, equivalent repeating

units (either made of one monomer or of an oligomer) should occupy equivalent positions about the axis. This is

achieved when the F, C torsion angles of identical links are the same in a large part of the polysaccharide chain. The

secondary structure can be described by just two parameters, n and h, defined thus:

� n¼number of units (residues) per turn of the helix (not necessarily integral); and

� h¼translation of each residue along the helix axis.

Other related parameters are as follows :

� r¼radius of helix;

� P¼pith, that is, axial translation per turn;

� t¼twist, that is, angular rotation per residue about helix axis (¼2P � h/P);

� u¼number of residues per axial repeat (must be integral);

� v¼number of turns per axial repeat; and

� c¼axial repeat distance (¼u�h¼v�P).

The symmetry of the helix is then given as u, or u/v (seeFigure 17). The chirality of the helix is defined by the sign

of n. Arbitrarily, a positive value of n will designate a right-handed helix, and a negative value will correspond to a left-

handed chirality. Whenever the values h¼0 or n¼2 are intercrossed, the screw sense of the helix changes to the

opposite sign. In practice, the helical parameters are readily observed on the fiber diffraction pattern, where the

spacing of the layer lines provides the pitch l (P) of the helical structure. The helix type is deduced from the positions

of the meridional reflections. In conformational analysis studies of polysaccharides that have only one monosaccharide

as the repeating unit, the helical parameters can be plotted as iso-n and iso-h contours as a function of torsional angles

F andC, as is shown in Figure 17. Values of the torsional angles consistent with the observed parameters are found at

the intersection of the corresponding iso-h and iso-n contours. Discrimination between possible solutions is based on

the magnitude of the potential energy.

Polysaccharides often crystallize in various shapes with slight variations in the geometry of the constituent

monosaccharides. Therefore, a thorough conformational analysis for a polysaccharide requires either the use of flexible

residues or parallel studies with several residues that span the range of residue variation. When flexibility of the

residues and linkages is incorporated, the values of F and C cannot specify n and h. Thus, an alternate representation

of conformational space must be used.124

With the information from the X-ray diffraction pattern and molecular modeling, a number of possible structures

can usually be calculated. These models include left- and right-handed helices, and single and coaxial multiple

helices. In the case of double helices, the strands can be either parallel or antiparallel. At present, for some

polysaccharides, the number of strands in the helix is well known, but for others this is still under debate. The

POLYS program10 has been extended for the purpose of multiple helices. A single strand is positioned in such a way

that the helix axis coincides with the z-axis of a coordinate system, after which a rotation or screw operation is applied.

In this way, double or triple helices are easily generated.

2.11.4.2.2 Solving crystal structures of polysaccharides
In contrast to other macromolecules, the diffraction data that can be obtained from polysaccharides are not sufficient to

permit crystal structure determination based on the data alone. A modeling technique must be used that allows the

calculation of diffraction intensities from various models for comparison with the observed intensities. The first,

computer-assisted, and reasonably detailed structure analysis of a polysaccharide was completed more than 30 years
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Figure 17 Assessing 3-D structures of polysaccharides, from X-ray fiber diffraction diagram, and molecular modeling

calculations – the example of pectic backbone, which is primarily a polymer of D-galacturonic acid (homopolymer of (1!4)-

linked a-D-galacturonic acid). A typical fiber diffraction pattern is shown, indicating the occurrence of sample displaying

helical symmetry. The fiber repeat (p) and the symmetry of the helix can extracted from the diffractogram, along with the
number per residue per turn of the helix (n) and the advance per residue (h). These helical parameters (n and h) can be

calculated as a function of the rotation about the glycosidic angleF andC. Selected iso-n and iso-h contours superimposed

on the potential energy surface for the disaccharide, also computed as a function of glycosidic torsion angles F andC. The

isoenergy contours are drawn by interpolation of 1kcalmol�1 with respect to the energy minimum. The iso-n¼2 contour
divides the map into two regions, corresponding to the right-handed (n>0) and left-handed (n<0) chirality. In the present

case, four different types of helices, having low energy, can be predicted to occur; they correspond to a left-handed

threefold helix, a twofold helix, a right-handed threefold and fourfold helix. The fiber diffraction performed corresponds to

threefold, right-handed helices repeating in 1.3 nm (n¼3, h¼0.43 nm).
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ago. Now the number of apparently successful structure solutions of polysaccharides exceeds 100, counting all

polymorphs, variants, derivatives, and complexes. The joint use of molecular modeling and diffraction techniques

has been invaluable in the quantitative elucidation of crystals and molecular structure.

Providing that the data set is of sufficient quality and/or the unit cell dimensions and space group symmetry are well

assigned, the final stage of the structure determination involves the unit cell content. A linked-atom description

similar to that reported by Smith and Arnott125 or Zugenmaier and Sarko126 may be used. Optimization procedures are

used to fit observed and calculated structure amplitudes (related to the intensities of the individual reflections) with

simultaneous optimization of the nonbonded interactions and preservation of helix pitch and symmetry as well as ring

closure. Interatomic energy functions, mimicking intermolecular nonbonded interactions, are used extensively for this

purpose.6

2.11.4.2.3 Placement of water molecules
On the basis of crystalline density, a putative number of water molecules is assumed, in agreement with the space

group symmetry. Several strategies can be used in the location of these crystalline water molecules.127 In the final

stages of the refinement, the water molecules are introduced and the structure is minimized according to the general

scheme for defining and refining polysaccharide structures. Even when an unequivocal crystal structure is established

for a polysaccharide, the hydrogen bonding and the subsequent characterization of the hydration are likely to remain

ambiguous, in the absence of direct evidence relating the orientation of the hydroxyl groups. Therefore, hydrogen

bonds are identified by the O. . .O separation. It is a reasonable assumption from monosaccharide and oligosaccharide

crystal structures that all hydrogen-bonding donor functional groups will form hydrogen bonds. It is also desirable,

albeit not necessary, that all potential hydrogen-bond acceptor atoms be acceptors. Most of these features are derived

from some carbohydrate crystal structural studies. However, as the molecules become larger, the hydration number

increases as does the complexity.128 It has to be stated that characterizing water–polysaccharide interactions is very

much hampered by the absence of information about the hydrogen atoms and is likely to remain speculative.

2.11.4.2.4 Modeling the hydration features of polysaccharides
Hyaluronan is a negatively charged nonsulfated GAG that exhibits a wide variety of biological effects mediated

by binding to cell surfaces and therefore involved in cell adhesion. Its viscoelastic properties make it an impor-

tant component of synovial fluid, cartilage, vitreous humor, and other tissues. The polymer is built up from repeat-

ing -GlcNAc(b1!4)GlcA(b1!3)- disaccharide units. A combined NMR and MD study of octasaccharide fragments

demonstrated that the (b1!3) linkage is less flexible than the (b1!4) and can adopt two main conformers.129 The

(b1!3) linkage was further characterized by a molecular modeling study in the absence and presence of counter-ions.130

It was demonstrated that the presence of Naþ influences the conformational preference of this linkage. This was later

confirmed by 1 H and 13C NMR studies in different cationic environments,131,132 in which it appeared that each of the

different cations influences the linkage mobility in a different manner. Such specific interactions will complicate the

modeling studies.

Specific interactions also occur between the carbohydrate and the water molecules. MD simulations of the

two disaccharide repeats of hyaluronan, performed in explicit water with the use of the CHARMm force field,

demonstrated the role of ‘water bridges’ at both linkages.85 A combination of intramolecular hydrogen bonds and

‘water-bridged’ hydrogen bonds was suggested to play an important role in the conformational behavior of the

oligosaccharides. In particular, the water molecules that are frequent residents around the glycosidic linkages may

screen the electron interactions that are responsible for the exo-anomeric effect and decrease its influence. Indeed,

another MD study, performed with the GROMOS force field, confirmed the unusual high density of water around

hyaluronan fragments.86 The reorientation of water molecules is a highly dynamic process, but, on average, there are

10–15 hydrogen bonds between a disaccharide and the surrounding water. This specific behavior may explain the

viscoelastic properties of the proteoglycan aggrecan that makes up cartilage.
2.11.4.3 Polysaccharide–Polysaccharide Interactions

Molecular modeling becomes a more and more powerful tool in the study of the packing of polysaccharides. Models

can be built and energies can be calculated. A method of calculating chain–chain interactions was published.133 Given

a rigid model of an isolated (single or multiple) helix, its interaction with a second helix is calculated at varied helix

axis translations and mutual rotational orientations while keeping the helices in van der Waals contact. For each

setting, the energy and the interchain distance are calculated. No energy minimizations are performed (which in such

a study is hardly applicable – it is very time consuming and leads only to the nearest minimum), but the energy and
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interchain distance are calculated on a 3-D grid. This is illustrated in Figure 18. For efficient packing, not only a low

energy is of importance. Coupled values of the rotations of the individual chains may be even more important (which

indicates the presence of a rotation axis). When the translation between the helix axes is related to the repeat distance

of the helix, the rotation axis might even be a screw axis.

This procedure has been applied successfully to the understanding of the packing features found in the solid state

for such polysaccharides as starch in its double-helical structure,133 cellulose,134 agarose,135 as well as for investigating

the chain pairing of pectin mediated through Ca2þ interactions96 (Figure 18), or others.136
2.11.5 Carbohydrate–Protein Interactions

2.11.5.1 Lectin–Carbohydrate Interactions

Among proteins that interact noncovalently with carbohydrates, lectins bind mono- and oligosaccharides reversibly

and specifically while displaying no catalytic or immunological activity. Lectins are oligomeric proteins that can

specifically recognize carbohydrates. Widespread in all living organisms, frommicrobes and invertebrates to plants and

vertebrates, they play important biological important roles in recognition processes involved in fertilization, embryo-

genesis, inflammation, metastasis, parasite and symbiote recognition. In the plant kingdom, lectins have been

demonstrated to play a role in defense against pathogens or predators and hypothesized to be involved in establishing

symbiosis with mushrooms and with bacteria of the Rhizobia species. More than 500 crystal structures of lectins have

been solved, most of them as complexes with carbohydrate ligands.7 Many of these complexes involved biologically

important features for which no structural information was available. Crystallization of oligosaccharides with lectins

appeared to be the method of choice for the study of conformations glycan moieties of biological interest. The wealth

of experimental data available provided an essential driving force to the development of molecular modeling methods

of complex oligosaccharides in their interactions with proteins. The flexible conformational behavior of oligosaccha-

rides that was anticipated from earlier calculations, turned out to be confirmed. The study of the dispersion of

conformations observed for some disaccharide segments pointed out the occurrence of conformations in some remote

energy wells of the potential energy surfaces. In such instances as the crystalline complex involving the isolectin II of

Lathyrus ochrus and a biantennary octasaccharide,137 a glycopeptide, or an N2 fragment of lactotransferrin,138 the

glycosidic conformation is 120� away from the one that would correspond to the stable conformation driven by the

exo-anomeric effect for an equatorial type of linkage.

The study of the molecular recognition of histo-blood group oligosaccharides by lectins has paved the way for

conformational analysis of complex carbohydrates along with their interactions with proteins. This area of investiga-

tion has been reviewed thoroughly,139 and is not considered in this chapter. Several docking procedures have been

developed, and tested against the experimental data available.40 With the accumulation of crystallographic reports of

oligosaccharide–lectin complexes, significant progress is being made, which allows predicting the binding mode of

complex carbohydrates to proteins.

The investigation of the complexation of sialic acid-containing oligosaccharides by seed lectin illustrates the

methodological developments.140 Seeds from the legume tree Maackia amurensis contain two lectins that can aggluti-

nate different blood cell types. Both proteins differ from all other legume lectins because of their specificity for

sialylated glycans: the leukoagglutinin (MAL) preferentially binds to sialyllactosamine (NeuAc(a2!3)Gal(b1!4)

GlcNAc), whereas the hemagglutinin (MAH) displays higher affinity for a disialylated tetrasaccharide (NeuAc(a2!3)

Gal(b1!3)[NeuAc(a2!6)]GalNAc). The 3-D structure of the complex between MAL and sialyllactose has been

determined at 2.75Å resolution using X-ray crystallography. The carbohydrate-binding site consists of a deep cleft that

accommodates the three carbohydrate residues of the sialyllactose. The central galactose sits in the primary binding

site in an orientation that has not been observed previously in other legume lectins. The carboxyl group of sialic acid

establishes a salt bridge with a lysine side chain. The glucose residue is very efficiently docked between two tyrosine

aromatic rings. The complex between MAH and a disialylated tetrasaccharide could be modeled from the MAL/

sialyllactose crystal structure (Figure 19).

The unique features of the MAL glycan binding site allow the rationalization of a relatively high ligand affinity by

extensive contacts between the protein and the oligosaccharide. The tight specificity for sialyllactosamine (and

sialyllactose) seems dictated by the role of the several tyrosine aromatic rings. The absence of one of these tyrosine

residues in MAH explains the difference in fine specificity observed between the two isolectins. Comparison with

other legume lectins indicates that oligosaccharide specificity within this family is achieved by the recycling of

structural elements in different combinations.



(a) ∆X
(b)

(c) (d)

mA
mB

∆Z

Figure 18 Chain–chain interactions: the egg-box model and the molecular basis of Ca2þ-induced gelation in alginates

and pectins.96 a, Interhelical parameters computed by CHACHA program. mA and mB, rotation of chains A and B; DZ,
translation of chain B with respect to chain A; DX, distance between the helical axis of chains A and B after the contacting
procedure. b, Representations (stick and van der Waals structures) of the best chain–Ca2þ-chain associations of twofold

guluronate chains having a parallel arrangement. Positions of calcium ions have been reoptimized with respect to the dimer

structures. c, d, Representations (stick and van der Waals structures) of the best chain–Ca2þ-chain associations of
antiparallel galacturonate chains having 31 (c) and 21 helical conformations (d). Positions of calcium ions have been

reoptimized with respect to the dimer structures. Dark circles represent calcium ions. (___), Calcium coordination; (- - -),

hydrogen bonds. Reproduced with permission from ACS publications.
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Figure 19 Application of docking techniques to the prediction of protein–oligosaccharide interactions: the example of

Maackia lectin.140 The COMPOSER program171 within the SYBYL software package,172 was used to build the MAH protein.

A library of 3-D crystallographic structures was created, containing 14 different legume lectins solved at high resolution. The

several steps of the homology modeling procedure included 3-D alignment of the 14 structures, sequence alignment of MAH
with these lectins, building of the structurally conserved regions, and building of the loops.Most of theMAH structure was built

from MAL. Five water molecules that are known to be conserved in all legume lectin structures173 were incorporated in the

model, together with Ca2þ andMn2þ cations. Finally hydrogen atomswere added and charges were calculated. A validation

of the model stereochemistry was performed using the PROCHECK program.174 Reproduced with permission from ACS
publications.
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2.11.5.2 GAG–Protein Carbohydrates

The GAGs form a family of complex anionic polysaccharides including glucosaminoglycans (heparin, heparin

sulphate), galactosaminoglycans (chrondroitin sulfate and dermatan sulfate), hyaluronic acid, and keratan sulfate. In

addition to their participation in the physicochemical properties of the extracellular matrix, GAG fragments are
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specifically recognized by protein receptors and they play a role in the regulation of many processes, such as

hemostasis, growth factor control, anticoagulation, and cell adhesion.141 Given the importance of protein–GAG

interactions, oligosaccharide fragments as well as their parent polysaccharides are important targets for drug design.

Considerable effort has been invested in establishing the structure of GAG fragments with biological activity, either in

solution or in their bioactive conformation, that is, in interaction with a protein receptor.

The heparin polymer142 is made up of disaccharide repeat units consisting of (a1!4)-linked D-glucosamine and

L-iduronic acid carrying three sulfate groups. Heparin is recognized by a variety of protein receptors,143 such as growth

factors, chemokines, and protease inhibitors of the blood coagulation cascade. Whereas some proteins recognize the

most regular regions of heparin, others have affinity only for unique irregularities in this structure. For example, the

anticoagulant activity of heparin is due to a highly specific interaction between the plasma protein antithrombin III

(AT-III) and a unique pentasaccharide sequence present in some of the molecules.144,145

The first conformational studies146 highlighted several difficulties that are specific to heparin fragments:

(1) compared to other pyranose sugars, the iduronate ring displays great flexibility and can adopt a variety of

conformations, viz., 4C1,
1C4, and

2SO; (2) parametrization for the O- and N-sulfate groups is not readily available in

most force fields; and (3) the polyanionic character of the pentasaccharide requires special consideration for solvent

and counter-ion effects. Calculations of potential energy surfaces of each constituent disaccharide, with the use of the

MM2 force field, demonstrated that each glycosidic linkage is potentially flexible and can adopt an average of two

conformations.146 The authors proposed a simplified model, comprising two elongated conformations corresponding

to the 1C4 and 
2 SO forms of the iduronate residue, which reproduced most of the observed coupling constants and

NOE data. A conformational study was conducted on a related trisaccharide using the MM3 program and NOE

measurements.147 In agreement with binding data on AT-III, it was demonstrated that 2-O-sulfated substitutions do

not affect the conformational equilibrium observed in the case of 2-N-sulfated ones. Longitudinal and transverse

relaxation times, measured at different magnetic fields, indicated that the synthetic pentasaccharide displays relative-

ly complex motion in solution:148 its overall molecular tumbling is anisotropic due to its elongated shape, and in

addition, interpretation of the experimental data requires the inclusion of internal motion. A more recent study on a

synthetic tetrasaccharide confirmed the extended shape of this sulfated oligosaccharide.149 In the latter molecule, the

iduronate residue is at the reducing position and, from the analysis of the coupling constants, the estimated ratio of

conformers 1C4 to
2SO was found to be approximately 75/25.

The study of the interaction between the heparin pentasaccharide and its receptor AT-III is not a simple task, due to

the fact that a conformational change occurs in the protein upon binding.150 The first model,151 obtained using

homology modeling for the protein and hand-docking of the pentasaccharide, allowed the determination of the basic

amino acids involved in the recognition of the sulfate and carboxylate groups. A more recent study,152 making use of

several recently developed docking programs, arrived at the same prediction for the binding site. Indeed, in the 2.9Å

crystal structure of the complex between AT-III and synthetic pentasaccharide, 153 the sulfates and carboxylates

interact with a cluster of basic amino acids. In the complex, the pentasaccharide is not as fully extended as observed

in solution (Figure 20). All of the linkages are in their lowest-energy conformation, except one: the F angle of the

glucosamine–iduronate linkage, which deviates by about 30 �  . This deviation, together with the 2 SO conformation of

the iduronate ring, creates a kink in the overall shape of the pentasaccharide. Interestingly, a recent NMR study149 of

the interaction between a related tetrasaccharide and the protein did not lead to the same conclusion. Based on

coupling constants and measurements of transferred NOEs, it was inferred that the iduronate ring adopts a 1 C4

conformation and that the linkage between the glucosamine and the glucuronate residues is the one distorted upon

binding. It is difficult to determine whether the discrepancies between the solution and the crystal studies arose from

the difference in the ligand or from the limitations in the accuracy of both methods.

Modeling the interaction of GAGs with proteins is a challenging task because of the weak surface complementarity,

the high charge density of the binding areas, and the highly flexible nature of the polysaccharide.152 Nevertheless, a

ternary model has been proposed for the interaction between FGF-2, heparin, and FGF receptor.154 Based on the

crystal structure of the complex between interleukin-1 and its receptor, FGF-1 and its receptor were predicted to form

an ‘electric sandwich’, in which the heparin adopts an S shape.155 Finally, modeling efforts have also been made to

understand the interaction of heparin with platelet factor 4 and with interleukin-8.152,156

Heparan sulfate molecules are ubiquitous in animal tissues where they function as ligands that are dramatically

involved in the regulation of the proteins they bind. Of these, chemokines are a family of small proteins with many

biological functions. Their well-conserved monomeric structure can associate in various oligomeric forms, especially

in the presence of heparan sulfate. Application of protein surface analysis and energy calculations to all known

chemokine structures leads to the proposal that, between chemokines and heparan sulfate, there are several possible

binding modes in which four different clusters of amino acids may be involved in the recognition process157



SO3
−

SO3
−

−
O3S

SO3
−

SO3
−

SO3
−

SO3
−

SO3
−

SO3
−

SO3
−

SO3
−

SO3
−

SO3
−

O

OO

O

O
O O

O Heparin

Repetitive portion ATIII binding domain

O

O
O

O

O

O
O

O O

O

O

O
O

O

O

O

HO

HO
HO

HO HO

OH

OH

COO−

COO−

COO−Ac

NH

NH

NH

NH

NH

OO

O O

COO−

OH OH

Figure 20 Schematic representation of the structure of heparin showing the repetitive sequence of alternating disaccha-
rides and the unique pentasaccharide sequence that interacts with AT-III. The resolution of the crystal structure of the

complex between AT-III and the heparin pentasaccharide (PDB code 1AZX)153 provided insight into the conformational

distortion undergone by the two partners, and the identification of the amino acids involved in salt bridges with the

pentasaccharide sulfate or carboxyl groups.
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(Figure 21). These results illustrate how unique sequences of heparan sulfate specifically bind any given chemokine.

The conclusions open the route for a rational design of compounds of therapeutical interest that could influence

chemokine activity.
2.11.6 Databases

Parallel with the development of methods in molecular modeling, there has been a revival in the number and scope of

databases, websites, and both real and virtual glycan libraries that address the information needs in glycosciences.

These efforts are intended to (1) assessing ‘primary data’ (covalent and 3-D structures of glycans and glycoconjugates);

(2) organizing these primary data into databases, which can be used for (a) speeding up the production of primary data,

(b) predicting new features, and (c) characterizing structure–activity or structure–function relationships, throughout

their integration into metadatabases.

Representation in text of the sequence (primary structure) of complex carbohydrates is best described following the

IUPAC–IUBMB terminology158,159 in its extended, abbreviated, and condensed forms. These forms are widely used

within the carbohydrate community, and are adequate for describing the complete sugar sequence, including

monosaccharide stereochemistry, anomeric configuration, and linkage information. Recommendations also apply to

the description of polysaccharides160 and glycoconjugates.161



(a)

(b)

Figure 21 Representation of the lowest-energy models of several chemokine/heparin fragment interaction.175 The pro-

teins have been represented by a ribbon except for the side chains of the basic amino acids directly involved in
polysaccharide binding. The heparin molecule is represented by sticks. Hydrogen atoms are not displayed. Examples of

the chemokine stromal cell derived factor 1a (SDF-1a) and of the chemokine, RANTES (regulated upon activation normal

T-cell expressed and secreted). Reproduced with permission from PNAS.
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The number of computer-based tools required to decipher the structural level of complex carbohydrates has been

notably increasing. Only a few carbohydrate-oriented resources are freely available on the Internet at present. The

web tools cover the area of structural analysis, throughout mass spectrometry and nuclear magnetic resonances and

conformational analysis, along with graphical representations and nomenclature. Others are oriented toward

the prediction of glycosylation in proteins and GPI-anchor sites. It seems odd and unfortunate that databases of

carbohydrate-interacting proteins are much more developed than the carbohydrate databases.

Through an international effort, a first and ambitious initiative to set up a carbohydrate database (CARBANK) was

initiated as early as 1989,162 but ceased in 1997. The last release contains about 50000 records, related to bibliographi-

cal, biological, chemical, and physical data. Although other carbohydrate databases have since been implemented,163

there is a lack of efficient cross-linking and automated exchanges of data. This situation occurs because a universally

accepted structural representation of carbohydrate structures is still lacking. A canonical linear description for

carbohydrate sequences has been developed in LINUCS, and implemented in its WWWapplications by the German

Cancer Research Centre.164 An independent syntax, using a representation called LinearCode,165 is used by the

Consortium for Functional Glycomics. A simple one- to two-letter representation of monosaccharide units and

linkages is used, the ordering of branches being assessed using a special look-up table. Despite the fact that both
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Figure 22 Pictorial scheme of information content at several levels of glycan structural data, illustrating the intricate

contributions that glycoinformatics (including molecular modeling) can provide. Example of the O-linked glycan present in

uromodulin, in that could serve as E- and P-selectin ligands. (MS, HPLC, CE, NMR, X-ray, etc., refer to the experimental

methods required to establish the corresponding level of structural organization). MM (molecular mechanics), MD (molecu-
lar dynamics), CAMD (computer-assisted molecular design) indicate the different computational tools that yield structural

information at a given information content. In fact the increase in information content, especially at the point where more

than one molecular geometry (as in dynamics) or more than one molecule (interactions), cannot be linear and is only shown

for convenience. Reproduced with permission from Perez, S.; Mulloy, B. Curr. Opin. Struct. Biol., Elsevier, 2005.
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representations offer a unique description of complex structures, and can be used efficiently in data processing, they

are far from being intuitive to users. Dedicated graphic interfaces are being developed to bridge this gap.

The finding that the human genome encodes for not more than 40000 proteins raises the question of how post-

translational events such as glycosylation may amplify the repertoire of functions and activities displayed by proteins.
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Such a question may find an answer through detailed investigations of the 3-D features and dynamics of glycan

structures. To this end, many bioinformatics tools have been developed to deal with the several levels of glycan

information from sequence to 3-D structure. Successful applications to complex cases have proved their adequacy, but

have shown the need for automation to ease the production of fast and reliable data. The conjunction of detailed

understanding of conformations and interactions, along with the accumulation of experimental data that will result

from the upcoming glycomics projects, should provide answers highly relevant to the biological role of glycoconju-

gates, with concomitant applications in the field of diagnostics and biotechnology. As clearly demonstrated by the

development of well-structured, annotated, and maintained databases in the field of proteins and nucleic acids, a

generally accepted informatics syntax for complex carbohydrates is needed, accompanied by unrestricted dissemina-

tion of relevant scientific data. Both conditions are required for the efficient cross-referencing and automated

exchange of data. Organized and well-structured glycodatabases, open to all researchers,164 will promote synergetic

effects for many research areas in the glycoscience field, and will provide a link to existing databases dealing with

DNA, RNA, and protein sequences and structures. Other outcomes, in highly relevant fields of material sciences,

nutrition, etc., would benefit from such development of glycobioinformatics.
2.11.7 Conclusions

In the past few years, there has been an increase in the development and application of computational methods aimed

at establishing the several levels of structural organization of oligosaccharides, polysaccharides, and glycoconjugate

molecules. Quite naturally, these computational methods and experimental studies are becoming mutually reliant for

the elucidation of structural and dynamics in the field of glycoscience (Figure 22).

Most of the computational protocols of molecular modeling have been assessed, and one can really appreciate the

wealth of potential applications, with the concomitant awareness of the need for automation to ease the production of

fast and reliable data. Whereas understanding and prediction of 3-D structural and dynamics features of complex

carbohydrates has become available, it has to be acknowledged that the evaluation of binding energies is still a

pending issue. Certainly, calculation of free energy perturbations is a promising approach for the prediction of

oligosaccharide–receptor binding affinity. Such calculations could not be performed without a full understanding of

solvation. Indeed, it has been shown that MD simulations of carbohydrate with the inclusion of explicit water

molecules was an essential step for reconciling theoretical and experimental conformational data. New theoretical

and computational tools should be developed to address these issues with time frame compatible with experimental

characterization of the dynamic components of the interacting species. Certainly, new tools should also be developed

to cope with the size of the macromolecular systems to be investigated. Modeling at the mesoscopic level should

provide partial answer to such issues, still keeping in mind that the molecular basis responsible for the expression of

properties and functions of complex carbohydrate are those which can be controlled either by the glycochemist or by

the glyco-biochemist.
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119. Mazeau, K.; Pérez, S.; Rinaudo, M. J. Carbohydr. Chem. 2000, 19, 1269–1284.

120. Haxaire, K.; Braccini, I.; Milas, M.; Rinaudo, M.; Pérez, S. Glycobiology 2000, 10, 587–594.
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2.12.1 Introduction

Modification of proteins and lipids with carbohydrates plays an important role in the modulation of their structures and

functions. In the extracellular environment, the presence of carbohydrates affects many biological reactions such as

cellular recognition in infection, cancer, and immune response,1 but details of the specific mechanisms still remain

unsolved targets. Therefore, analysis of the carbohydrate moiety of such molecules is of primary importance for

understanding the role of carbohydrate chains.

New technologies including capillary electrophoresis (CE), two- and three-dimensional chromatographic tech-

niques, and fluorophore-assisted carbohydrate electrophoresis in slab-gel format have increased the ease and sensi-

tivity of oligosaccharide analysis.2–4 A combination of CE and laser-induced fluorescence (LIF) detection is a powerful

technology for ultrasensitive determination of carbohydrate chains in glycoproteins. In addition, combination of CE
389
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and mass spectrometry (MS) is a new emerging technique which affords highly sensitive detection of carbohydrates as

well as structural information. In this chapter, CE for the analysis of carbohydrates derived from glycoconjugates is

described. Theoretical backbones on CE are well described in Refs.5,6.
2.12.2 Capillary Electrophoresis

Conventional electrophoresis has been performed on layers of gel or paper, and the equipments could offer only low

level of automation and usually require long analysis time. Detection of the separated bands is performed by staining

with specific dye reagents after time-consuming visualization procedures.

Since the exciting work on the analysis of amino acids by Jorgenson and Lukacs, which appeared in Analytical

Chemistry in 1981,7 development of CE has reached automated analytical equipment, fast analysis times, and online

detection of separated peaks.

At present, commercially available CE instrument is composed of a capillary, a high-voltage power supply (~30 kV),

an automated vial changer for introduction of sample solution and reservoir solution, a detection system, and

electrodes made of inert metals such as platinum wire inserted to the reservoirs. The analytical procedures are

controlled by PC to manage the processes including thermostatting and preconditioning of a capillary, sample

introduction, and data acquisition.

The system is generally operated as follows. A sample solution (typically 5–50 nl) is introduced from one end of the

capillary which is previously filled with a running buffer by applying pressure or applying voltage for a few seconds.

Both ends of the capillary are immersed into the buffers in reservoirs. Then high voltage is applied to the both ends of

the capillary dipped in reservoirs and migrations of the analytes are monitored at the detection point located near one

end of the capillary.

First of all, it should be noticed that electroendoosmotic flow (EOF) is quite important in the separation by CE.

The inner walls of a fused silica capillary, which is generally used in CE, contain silanol groups. The silanol groups

ionize upon contact with a high-pH electrolyte solution and produce a negatively charged wall. A layer of cationic ions

(metal ions in the high-pH electrolyte) is then established at the wall to keep electroneutrality. When a voltage

is applied to these double layers, the metal ions and their associated water molecules result in a flow of solution

(i.e., EOF) toward the detector. The flow effectively brings solute ions along the capillary toward the detector.

The EOF is highly dependent upon pH of the electrolyte because the zeta potential is largely governed by ionization

of the acidic silanols on the capillary wall. The EOF is generated by the entire length of the capillary and therefore

produces constant flow rate at all distance along the capillary. This means that the flow profile of EOF is plug-like in

nature and the solutes are being moved at the same rate throughout the capillary. Thus, diffusion of sample zones is

minimized.

Various capillaries are commercially available for carbohydrate analysis. Fused silica capillaries (25–100 mm i.d.,

20–100 cm length) are most frequently used, because most of the carbohydrates have no positive charge to interact

with silanols on the capillary inner wall. Outsides of the capillary are covered with polyimide coating to protect fragile

capillary. A small portion of the coating must be removed to make a detection window by burning or with a razor blade.

Most commercially available CE systems have a cartridge to which a capillary is installed and fixed. Capillaries whose

inner surface is chemically modified are also used for carbohydrate analysis to protect nonspecific interaction between

glycoconjugates and the silanol groups of the capillary. Both covalent bonding and dynamic coating are available for

modifying inner surface of capillaries. Linear polyacrylamide (LPA) coating is achieved by polymerization of acryl-

amide monomer in a capillary previously treated with 4-acryloxypropyltrimethoxysilane. An LPA capillary was first

used for the analysis of oligosaccharides labeled with 8-aminonaphthalene-1,3,6-trisulfonate (ANTS).8 Suppressed

velocity of EOF affords the separation of charged oligosaccharides in the order of degree of polymerizations with equal

time intervals. LPA capillaries were also used for glycoform analysis of glycoproteins.9–11 Polyvinylalcohol (PVA)

coating is another method to prevent nonspecific adsorption of sample to the capillaries and to suppress generation of

EOF. Polysiloxane-coated capillaries (DB-1 and DB-17 as SCOTcapillaries developed for capillary gas chromatogra-

phy) are also effectively used for the analysis of 3-aminobenzoic acid-labeled glycans derived from glycoproteins.12

Dynamic coating is another method to prepare a coated capillary by filling a running buffer containing appropriate

polymers or surfactants in a fused silica capillary.

Many techniques using a combination of various capillaries and separation buffer systems have been developed for

capillary zone electrophoresis (CZE), micellar electrokinetic chromatography (MEKC), capillary gel electrophoresis

(CGE), capillary isoelectric focusing (cIEF), and capillary affinity electrophoresis (CAE).
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2.12.2.1 Capillary Zone Electrophoresis

Separation based on size and charge differences between analytes is termed as CZE or free-solution CE. CZE and

MEKC are the most frequently used separation techniques in pharmaceutical analysis. The separation by CZE is

principally based on the pH of the electrolyte solution to control dissociation of acidic groups of the solute or the

protonation of basic functions of the solute. These ionic species are separated based on differences in their charge-to-

mass ratios. For example, acidic analytes are separated at high pH as anions whereas basic analytes are separated as

cations at low pH. In contrast, neutral compounds are swept by EOF and unresolved when using a bare fused silica

capillary. The migration velocity of the analytes toward the electrode is governed by their size and the number of

apparent charges. Smaller molecules with a large number of charges move at faster velocities than the compounds

having larger molecular sizes or less charged compounds. The velocity, known as the electrophoretic mobility, is

characteristic of the solute. When a bare fused silica capillary is used to separate analytes, EOF is generated. EOF

brings the whole electrolyte solution and analytes in a capillary toward the cathode at fast velocity. The samples having

negative charges move toward the anode against the fast flow of EOF. Finally, separated analytes pass through the

detection point on the capillary.

CZE is the most basic technique in CE, and has been developed for the analysis of simple mono- and oligosaccha-

rides labeled with various tags. The tags should have charges which are the driving force in electrophoresis.
2.12.2.2 Micellar Electrokinetic Chromatography

MEKC is one of the separation modes of CE for resolving small neutral compounds based on their hydrophobicity by

partitioning them between micells and an aqueous phase.13 MEKC is simply performed by adding an ionic surfactant

such as sodium dodecyl sulfate (SDS) in the running buffer at higher concentrations than the critical micelle

concentration (c.m.c.). When a bare fused silica capillary is filled with a buffer containing SDS and high voltage is

applied to both ends, EOF moves the entire liquid in the capillary toward the cathode, while SDS micelles migrate

toward the anode against the EOF (Figure 1). An analyte that does not show hydrophobic interaction with micelles

migrates at the same velocity as that of EOF, but a hydrophobic analyte migrates more slowly due to partitioning to

SDS micelles. Therefore, the analytes are observed between migration times of EOF (t0) and SDS micelles (tmc). The

region between t0 and tmc is often termed as the migration time window. Wide migration time window is generally

obtained by using a strong anionic surfactant, which is favorable for resolution of complex mixture.

MEKC is analogous to reverse-phase partition chromatography in high-performance liquid chromatography

(HPLC), and is not considered to be appropriate for direct separation of highly hydrophilic carbohydrates. However,

because various carbohydrate derivatives have been analyzed by HPLC using a hydrophobic stationary phase such as

an octadecyl silica column, MEKC is also available and has been applied to the analysis of derivatized as well as free
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Figure 1 Principle of MEKC. EOF generates fast flow toward the cathode. Anionic surfactant formsmicelles in solution and
migrate toward the positive electrode. Sample solutes are partially incorporated to the micelles according to their hydro-

phobicity and detected at the window near the negative electrode. Reproduced from Terabe, S. Micellar Electrokinetic

Chromatography; Beckman Instruments: CA, 1992.
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carbohydrates. Some applications include separation of anionic saccharides such as glycosaminoglycans (GAGs).

MEKC is therefore a good selection when predicted separation is not achieved by other separation modes.

Typical example for MEKC of carbohydrates is the analysis of a mixture of fluorescently labeled monosaccharides.

Tris-phosphate buffer containing 50mM SDS under neutral conditions was used for the separation of 16 selected

saccharides labeled with 1-phenyl-3-methyl-5-pyrazolone (PMP) (Figure 2).14 As shown in Figure 2, all carbohy-

drates were resolved within 20min with high efficiency. Phosphate/borate buffer (c. pH 9) containing SDS was used

for the separation of aminosugars labeled with 3-(4-carboxybenzoyl)-2-quinoline carboxaldehyde (CBQCA)15 and

5-carboxytetramethylrhodamine succinimidyl ester (TRSE).16 MEKC is also available for separation of labeled

oligosaccharides based on their molecular sizes. Figure 3 shows the separation of PMP-labeled isomaltooligosacchar-

ides in 50mM phosphate buffer (pH 6.8) containing 50mM SDS.17 A mixture of isomaltooligosaccharides (up to 18-

mer) was successfully resolved. PMP, an anionic UV-absorbing tag, possibly shows electrostatic repulsion with SDS,

and the separation is achieved based on the molecular sizes relative to PMP groups. Neutral running buffer provides

relatively slow EOF allowing better resolution even in case of small differences in hydrophobicity of a series of

isomaltooligosaccharide derivatives. Kratschmar et al. compared separations of a series of maltooligosaccharides

labeled with methyl, ethyl, and butyl ester of aminobenzoic acids in MEKC, and found that the best resolution

were observed in the separation of butyl aminobenzoate derivatives when analyzed in 20mM phosphate buffer

(pH 7.0) containing 50mM SDS.18 Addition of SDS in the running buffer increases the solubility of oligosaccharides

labeled with highly hydrophobic tags. Separation of isomalto- and maltooligosaccharides labeled with aminonaphtha-

lene was slightly improved when SDS was added at a concentration of 30mM.19 TRSE-labeled oligosaccharides

were analyzed in 10mM phosphate/10mM borate/10mM SDS/10mM phenylboronate at various pHs.20–23 Camilleri

et al. used borate buffer containing 80mM taurodeoxycholate for the separation of oligosaccharides labeled with
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Figure 2 Separation of a mixture of 16 mono- and disaccharides as their PMP derivatives. Capillary, fused silica (72 cm,

50 cm in effective length, 50 mm i.d.); detection, UV absorbance at 245 nm; running buffer, 30mM Tris–phosphate (pH 7.5)

containing 50mM SDS; applied voltage, 20 kV. Peak identification: 1¼PMP, 2¼ rhamnose, 3¼ lyxose, 4¼N-acetylman-
nosamine, 5¼ lactose, 6¼maltose, 7¼cellobiose, 8¼glucose, 9¼glucosamine, 10¼mannosamine, 11¼ xylose, 12¼
altrose, 13¼galactose, 14¼ fucose, 15¼galactosamine, 16¼ 2-deoxy-D-ribose. Reproduced from Chiesa, C.; Oefner,

P. J.; Zieske, L. R.; O’Neill, R. A. J. Capil. Electrophor. 1995, 2, 175–183.
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Figure 3 Separation of the PMP derivatives of a mixture of isomaltooligosaccharides by MEKC. Capillary, fused silica

(69 cm, 50mm i.d.); detection, UV absorbance at 245 nm; running buffer, 50mM phosphate buffer (pH 6.8) containing 50mM

SDS; applied voltage, 20 kV. Reproduced from Zhao, J. Y.; Diedrich, P.; Zhang, Y.; Hindsgaul, O.; Dovichi, N. J.

J. Chromatogr. B 1994, 657, 307–313, with permission from Elsevier.
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Figure 4 Analysis of a mixture of NeuAc oligomers by MEKC. Capillary, fused silica (108 cm, 100 cm in effective length,

50mm i.d.); detection, UV absorbance at 185 nm; running buffer, 25mM phosphate buffer (pH 9.4) containing 100mM

SDS; applied voltage, 15 kV. Reproduced from Kakehi, K.; Hirose, A.; Tamai, T.; Taga, A.; Honda, S. Anal. Sci. 1996, 12,

171–176, with permission from The Japan Society for Analytical Chemistry.
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2-aminoacridone (AMAC).24–26 Excess AMAC reagent in the sample solution is trapped into the micelles formed by

taurodeoxycholate, and conveniently migrates at much later velocity than the analytes, and consequently does not

interfere with the analysis.

MEKC is used in CE separation of highly hydrophilic underivatized oligosaccharides. Figure 4 shows the size

separation of N-acetylneuraminic acid oligomers in 25mM phosphate (pH 9.4) containing 100mM SDS.27 Presence of

SDS has no effect on the resolution of low molecular weight oligomers, but the resolution among the peaks of

oligosaccharides having larger molecular masses is improved by addition of SDS. The same technique was also

employed to the analysis of unsaturated oligosaccharides derived from heparins,28 chondroitin sulfates,29–31 and

hyaluronic acid.32,33

2.12.2.3 Capillary Gel Electrophoresis

Capillary gel electrophoresis (CGE) is a CE version of slab-gel electrophoresis and is used for size-based separation

of biological macromolecules such as oligonucleotides, DNA fragments, and proteins. In CGE, cross-linked or
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non-cross-linked sieving matrices are employed. The cross-linked gels have a defined pore structure and size. Non-

cross-linked physical gels formed by linear polymer networks have a dynamic pore structure with much higher

flexibility compared to the cross-linked gels. The separation is performed by filling the capillary with a sieving matrix

such as cross-linked polyacrylamide or solutions of linear polymer of polyethylene glycol and hydroxymethyl cellulose.

The main advantages of CGE over slab-gel electrophoresis are the use of wider range of gel matrix materials, online

detection, improved quantification, and automation.

Novotny’s group reported analyses of linear polysaccharides of which reducing ends were fluorescently labeled with

8-aminopyrene-1,3,6-trisulfonate (APTS), using LPA-coated capillaries and LIF detection. They succeeded in

baseline resolution of oligomers of hyaluronic acid up to degrees of polymerization of 390 (80 kDa of molecular

masses) by using 5% LPA in 12.5mM Tris buffer (pH 3.0).34 Kakehi’s group reported fine resolution of polymers of

(a2-8)-linked N-acetylneuraminic acid and hyaluronic acid by using 0.1M Tris–0.25M borate (pH 8.5) containing

polyethylene glycol 70000 at a concentration of 10%.35 During optimization of separation conditions, they found that

small oligomers of such polysaccharides behaved as larger oligomers and observed at later migration times, and

discussed the relationship between molecular sizes of oligomers and their biological activities.
2.12.2.4 Capillary Isoelectric Focusing

cIEF resolves amphoteric compounds such as proteins based on the differences in isoelectric points.

Two-step36 and single-step37 IEF methods are available in capillary format. In two-step cIEF (Figure 5), protein

samples (c. 500mgml�1) are dissolved in carrier ampholytes containing TEMED and methylcellulose at 2–3%

concentrations. These additives are for achieving better resolution among sample peaks. A sample solution is

introduced into a chemically modified capillary that suppresses EOF. The anodic and cathodic ends are immersed

in 10mM phosphoric acid and 20mM NaOH solution, respectively. By applying voltage at both ends of the capillary,

pH gradient is generated and the analytes move and stop at the regions of their pI values. After focusing, the anolyte

solution is changed to 20mM NaCl, and voltage is again applied. Focused protein bands move and pass through the

detector in the order of decreasing (or increasing) pI values. This mobilization step often causes trouble, because this

step results in distortion of pH gradient established by focusing step. To eliminate the problem, cIEF is often

performed in a bare capillary in the single-step mode (Figure 6). Formation of pH gradient and focusing of proteins

as well as migration of entire liquid in a capillary to the cathodic end through a detection window occur simultaneously.

However, this method often meets the passing of proteins through a detection window before completion of focusing
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Figure 5 Principle of two-step cIEF. a, Catholyte is backflushed past the detection point and sample plug is introduced

into the coated capillary. By applying a high voltage, protein components are migrated and stopped at the pH regions
corresponding to their pI values. b, After sample focusing is completed, sample components are driven toward the detector

by changing anolyte to force the separated bands to the detection windows. Reproduced from Schwartz, H.; Pritchett, T.

Separation of Proteins and Peptides by Capillary Electrophoresis: Application to Analytical Biotechnology; Beckman

Instruments: CA, 1993.
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Figure 6 Principle of one-step cIEF method with EOF mobilization. a, Uncoated capillary is filled with sample. b, Under

high voltage, proteins are focused in the short end of the capillary and mobilized to the opposite electrode and past the

detection point by the EOF. Reproduced from Schwartz, H.; Pritchett, T. Separation of Proteins and Peptides by Capillary
Electrophoresis: Application to Analytical Biotechnology; Beckman Instruments: CA, 1993.
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Figure 7 Analysis of rHuEPO glycoforms of (a) a standard sample and (b) a pharmaceutical preparation. Analytical
conditions: capillary, DB-1 (57 (50) cm, 100 mm i.d.); detection, UV absorbance at 200nm; running buffer, 10mM acetate

buffer (pH 5.7) containing 0.5% (w/v) of hydroxypropylmethylcellulose; applied potential, 12.5 kV. Reproduced from

Kinoshita, M.; Murakami, E.; Oda, Y.; Funakubo, T.; Kawakami, D.; Kakehi, K.; Kawasaki, N.; Morimoto, K.; Hayakawa, T.

J. Chromatogr. A 2000, 866, 261–271, with permission from Elsevier.
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step. Recently, detectors that enable detection of whole column have been developed for imaging focused proteins

without mobilization.38–41 Combination with synthetic pI markers for UV42 or fluorometric43 detection allows

determination of accurate pI values of the resolved proteins.

cIEF has been used for resolution of glycoprotein glycoforms based on the number of sialic acid residues. Two-step

cIEF was applied to the analysis of heterogeneity of a1-acid glycoprotein (AGP), recombinant human erythropoietin

(rHuEPO),44,45 native46 and carbohydrate-deficient47 transferrin, native48–50 and denatured51 recombinant tissue

plasminogen activator (rt-PA), highly O-glycosylated caseinomacropeptide,52 avian ovoglycoproteins,53 recombinant

human interferon-g,54 scrapie prion protein,55 post-translational modification of milk glycoproteins.56 One-step cIEF

was also applied to the glycoform analysis of recombinant human immunodeficiency virus envelope glycoprotein57

and rt-PA.58 Kinoshita et al. compared IEF gel electrophoresis with CEmethod on glycoform resolutions of EPO using

a buffer having slightly higher pH’s than pI values59 (Figure 7). Resolutions among glycoforms observed by CE

showed similar results obtained by IEF electrophoresis using slab-gel format. They applied the technique to the

analysis of fetuin and AGP in some animal serums from infant and adult state.60
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2.12.2.5 Capillary Affinity Electrophoresis

Glycosylation is one of the most important post-translational events for proteins, and plays significant roles in various

information traffics for intracellular and intercellular biological events.61 The interaction between carbohydrate-

recognizing proteins and carbohydrates is stimulating because carbohydrates are considered to mediate biological

information. Many methods such as surface plasmon resonance,62 fluorescence polarization,63 frontal affinity chroma-

tography (FAC),64 and time-resolved fluorometry65 have been developed for the analysis of the interaction between

carbohydrates and lectins. However, glycoproteins are usually composed of a complex mixture of carbohydrate chains,

and a method has been required for simultaneous evaluation of the contributions of each carbohydrate in the complex

mixture on the binding for accurate understanding of biological roles of carbohydrate chains.

FAC, originally developed by Kasai,64 employs an immobilized lectin column which is online-coupled to mass

spectrometry (FAC/MS). FAC has been applied to the analysis of carbohydrate–protein interaction.66,67 A sample

consisting of a mixture of carbohydrates is continuously introduced to the column. The weak-binding component is

eluted earlier, and the high-affinity component is eluted later. By monitoring the eluate by electrospray MS, the

dissociation constants (Kd) of the carbohydrates in the mixture are simultaneously determined. Although FAC/MS

allows estimation of binding constants of individual carbohydrate in mixtures, an affinity column should be prepared

by immobilizing a lectin.

In some cases, determination of the interactions in ‘solution’ state becomes necessary. CAE allows simultaneous

measurement of molecular interactions between carbohydrates and proteins in solution state. Shimura and Kasai

reviewed CAE as a sensitive tool for kinetic studies on the binding reaction between an oligosaccharide and a lectin.68

Taga et al. reported a method for simultaneous determination of the association constants of a mixture of simple

oligosaccharides to a lectin by CE.69 Hong et al. employed a lectin, concanavalin A (Con A), as a model lectin and

examined the interactions with oligosaccharides derived from ribonuclease B and fetuin.70

CAE technique has been developed for high-throughput structure analysis of oligosaccharides. This technique is

based on the analysis of the specific binding reactions between oligosaccharides and carbohydrate-binding proteins

(i.e., lectin). The principle of CAE is shown in Figure 8.71 In the initial step, a mixture of unknown carbohydrates is

analyzed by CE in the absence of lectin (Figure 8a). Then the same mixture is analyzed in the presence of a lectin

whose specificity is well established. When the lectin interacts with carbohydrate A, the peak (peak A) derived from

carbohydrate A migrates slower due to the formation of the conjugate in the equilibrium between lectin and

carbohydrate A. On the contrary, carbohydrate C which does not interact with the lectin, migrates at the same rate

as that in the absence of the lectin. Carbohydrate B shows weak affinity to the lectin and is observed slightly later.
(a) In the absence of a lectin

(b) In the presence of a specific lectin

A

B

A

A

Migration time (min)

Carbohydrate Carbohydrate Carbohydrate

B

B

C

C

C

Migration time (min)

LectinLectinLectin

−

Figure 8 Principle of CAE. Change in the elution order of three glycan derivatives under the a, absence and b, presence of
lectin in running buffer. Reprinted with permission from Nakajima, K.; Oda, Y.; Kinoshita, M.; Kakehi, K. J. Proteome Res.

2003, 2, 81–88. Copyright (2003) American Chemical Society.
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Thus, the migration order of the carbohydrate chains A, B, and C changes, as shown in the lower trace ofFigure 8b. By

repeating the procedures using an appropriate set of lectins, we can obtain information on the structures of all

carbohydrates even in mixture. The binding constant between a lectin and an oligosaccharide can be easily deter-

mined by plotting the relationship between the differences of migration times of an oligosaccharide and concentra-

tions of a lectin. In addition, comparison of migrations obtained using an appropriate set of lectins allows

characterization of the structures of the oligosaccharides, even in mixtures.72

Nakajima et al. evaluated CAE in the analysis of 24 milk oligosaccharides and their interaction with six lectins

(Pseudomonas aeruginosa lectin I, PA-I; Ricinus communis agglutinin, RCA120; soybean agglutinin, SBA; wheat germ

agglutinin, WGA; Ulex europeus agglutinin I, UEA-I; and Aleuria aurantia lectin, AAL).73 One of the examples is shown

in Figure 9. AAL recognizes terminal fucosyl residues. Oligosaccharide 21 having a sequence of Gala1-3Galb1-4
(Fuca1-3)GlcNAcb1-3Galb1-4(Fuca1-3)Glc was retarded even at 0.2 mM AAL and completely disappeared at 0.8 mM
AAL. In contrast, oligosaccharide 24 having two Galb1-4(Fuca1-3)GlcNAcb1- units was slightly retarded. In addition,

oligosaccharide 19 having a Galb1-4(Fuca1-3)GlcNAcb1- unit and one more a1-2-linked Fuc residue was not retarded.

The results suggest that migrations of various oligosaccharides in the presence of lectins enable the construction of

oligosaccharide library. They applied CAE to the analysis of oligosaccharides derived from cow colostrum, and found a

few novel oligosaccharides.73
2.12.2.6 Capillary Electrochromatography

Capillary electrochromatography (CEC) is a relatively new technique that has both the features of HPLC and CE.

CEC employs a fused silica capillary (10–100 mm i.d.) packed with a stationary phase and utilizes EOF as a driving

force. In contrast to the parabolic flow in HPLC, the flow generated by EOF causes mobilization of cations on the

surface of capillary inner walls. This generates a plug-like flow in CEC in contrast to the parabolic flow in HPLC, and
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gives higher resolution and better separation efficiencies than micro-HPLC. Packed capillary, open-tubular capillary

(OTC), and monolithic capillary columns are used as stationary phase. Packed columns are prepared by packing

well-characterized microparticles such as ODS or CN-modified silica into fused silica capillaries, and the packed

phase is fixed by frits at both ends by sintering the packing material or bare silica at elevated temperature. The

velocities of EOF in most commercial ODS packed capillary column are only 0.01 cm2V�1 s�1 or less, which

is insufficient to pump mobile phase in analysis. Therefore, uncapped (unmodified) silica, or a mixed phase of

chemically modified silica (such as ODS) and a small amount of bare silica, is packed in the capillary. OTC columns

are prepared by coating stationary phase onto the inner wall of the narrow bore fused-silica capillary. Surface modifica-

tions are carried out by various methods, including chemical bonding, dynamic adsorption, or organic polymer-based

sol–gel coating. Monolithic column is a stationary phase of macroporous material usually prepared by in situ polymer-

ization of monomers such as tetramethoxysilane to form uniform porous network having a large surface.

CEC techniques using ODS silica packed capillary have been applied to the analysis of simple saccharide speci-

mens,74 artificial sweetener and related compounds,75 aldoses labeled with PMP,76,77 and p-nitrophenyl glycosides.78

At present, separation efficiency of carbohydrates on reversed-phase CEC columns is not very high.76 Normal phase

packing is also available in CEC for the analysis of hydrophilic carbohydrates. Suzuki and Honda used bare silica

(3 Å pore size, 3mm) for the separation of PMP-labeled monosaccharides. Fuc, Gal, GalNAc, Man, and GlcNAc

(component monosaccharides of glycoproteins) were successfully separated within 8min.79 Zhang et al. used octadecyl

sulfonate silica packed capillary columns for CEC in the separation of neutral and acidic glycosphingolipids.21 As

shown in Figure 10, complete resolution among gangliosides (GM1a, GD1a, GD1b, GT1b) was achieved by using

methanol-acetonitrile–10mM borate buffer (pH 9.4) (5:3:2, v/v) as eluent.80 Novotny and Palm prepared two types

of organic monolithic columns.81 A mixture of acrylamide and bis-acrylamide (4%T, 60%C) in the presence of acrylic

or vinylsulfonic acid (for EOF generation) and either butyl, hexyl, or lauryl acrylate (for hydrophobic function) and

polyethylene glycol to prevent turbidity were co-polymerized in a capillary. 2-Aminobenzamide-labeled maltooligo-

saccharides (d.p. 1–7) were separated within 11 min. They applied the method to CEC–electrospray ionization

Fourier-transformed MS (ESI-FT/MS) for the analysis of simple saccharides and some O-glycans released from

bovine submaxillary mucin and bile salt-stimulated lipase.82
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Figure 10 CEC of four gangliosides on porous octadecyl sulfonated silica (ODSS) stationary phase. Capillary column,

5 mm ODSS stationary phase (27 cm, 20.5 cm in effective length, 100 mm i.d.); detection, UV absorbance at 200 nm; mobile

phase: acetonitrile–methanol–10mM sodium borate, pH 9.40, 30:50:20 (v/v); applied voltage: 20 kV. 1¼GM1a, 2¼GD1a,
3¼GD1b, 4¼GT1b. Reproduced from Zhang, M.; Ostrander, G. K.; El. Rassi, Z. J. Chromatogr. A 2000, 887, 287–297, with

permission from Elsevier.
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2.12.2.7 Microchip Electrophoresis

Miniaturization of CE equipment using recently developed nanotechnologies permits rapid analysis in a scale of

second with a minute sample amount. Moreover, integration of multifluidic devices including reaction chamber for

enzymatic or labeling reaction, nano-etched or solid-phase packed extraction channels for sample cleanup and

concentration, and micromachined detection devices enables full automatic routine analysis for various purposes

such as enzyme assay at single-cell level.

Microchip electrophoresis (mCE) is one of the most advanced areas in separation science, because various separa-

tion modes developed for CE can be directly applied to mCE. Manufacturers provide microchips with various

designs having flow channels for various purposes. Microchips made of glass or quartz have flow channels prepared

by etching with hydrogen fluoride. These microchips are repeatedly available in most solvents. An equipment

having a quartz-made microchip is commercially available. The system includes a built-in syringe pump enabling

automated process controls for introductions of sample solution and running buffer, applying voltage, and data

processing. A 1024-photodiode array UV-detection system arranged parallel to the separation channel permits real-

time detection of separation images. An apparatus that uses a low-cost, simple polymer chip is also available, and the

system includes a confocal fluorescence detection system that is optimized for the analysis of PCR products. Several

authors used this instrument for the analysis of glycoprotein glycans derivatized with APTS and AMAC-labeled

oligosaccharides derived from GAGs. At present, multichannel and polymer-based microchip instruments are also

commercially available, but only a few applications have been reported in glycan analysis.

Analysis of APTS-labeled isomaltooligosaccharides was reported using a microchip apparatus for DNA analysis with

a confocal fluorescence detection system with a blue light-emitting diode (LED) as light source and a polymethyl-

methacrylate (PMMA) microchip.83 Separation of high-mannose-type glycans from bovine ribonuclease B was

achieved within 80 s. The sensitivity was enhanced 20 times by dissolving the sample solution in water to achieve a

field-amplified stacking.26 The authors observed electrophoretic behavior of oligosaccharide isomers on mCE by video

camera.84 Matsuno et al. developed a method to analyze unsaturated disaccharides derived from some GAG samples

after enzymatic digestion followed by derivatization with AMAC.85 As shown in Figure 11, separation of a mixture of

disaccharides derived from chondroitin sulfates and oligosaccharides from hyaluronic acid were achieved within 200 s.

They applied the method to the analysis of GAGs in cultured HeLa cells. Suzuki et al. reported the separation and LIF

detection of four hexosamines labeled with 7-nitro-2,1,3-benzoxadiazole 4-fluoride (NBD-F) on a quartz-made

microchip86 within 1min with the detection limit of 12.5 mM (0.5 fmol as injected amount). This method was also

successfully applied to the analysis of the component monosaccharides of O-linked glycans (Figure 12).
2.12.3 Detection of Carbohydrates by CE

Carbohydrates have no chromophores or fluorophores in their molecules, and it is necessary to label the carbohydrates

with fluorogenic or chromogenic reagents by pre- or postcolumn derivatization methods for their sensitive detection.

Precolumn derivatization affords various functions to carbohydrates. One of the most important purposes of derivati-

zation is enhancement of sensitivity and specificity for detection of carbohydrates. In addition, a tag having charge or

hydrophobic group enables the separation of carbohydrates based on their charge-to-mass ratio in CE or difference in

partitioning to micelles in MEKC. Labeling also improves the resolution among carbohydrates. Anomerization

between a- and b-anomer of free carbohydrate, which causes spreading or splitting of peak of the carbohydrate, is

suppressed by labeling a hemiacetal group at the reducing end of carbohydrate. Such derivatization also promotes the

ionization efficiency in MS study using soft ionization methods such as fast atom bombardment (FAB), ESI, and

matrix-assisted laser desorption/ionization (MALDI).

Several factors should be considered in selection of an appropriate derivatization method. For the analysis of

carbohydrates at picomole or lower scale, tags detected by LIF excited at 488 nm of an argon laser or at 325 nm of an

He–Cd laser are available. Labeling with an ionic tag increases the mobility of labeled carbohydrate and reduces the

analysis time in CE. An ionic tag introduced to neutral carbohydrates acts as a driving force, which enables the size

separation of oligosaccharides based on the difference of molecular size/charge ratios. Comparison of the resolution of

homologous oligosaccharides labeled with 2-aminopyridine (PA), aminonaphthalene monosulfonate, and trisulfonate

clearly indicates advantage of labeling with the triply charged tag.87

Because some labeling reagents require somewhat drastic conditions for derivatization, the reaction often results in

hydrolysis of acid-labile monosaccharide residues such as sialic acids and fucose residues. In most derivatization

methods, excess reagents interfere with the analysis, and easy operation for removing the excess reagent is especially

important.
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Figure 11 Microchip CE for the optimization of the separation of unsaturated disaccharides (DDi-4S and DDi-6S) derived
from chondroitin sulfates A, analysis of some unsaturated sulfated disaccharides, and the digests obtained from 20-mer of

hyaluronic acid with hyaluronidase C. A, Mixture of DDi-4S and DDi-6S (unsaturated disaccharides derived from chondroitin
sulfates A and C, respectively) was analyzed in 0.1M Tris–acetate buffer containing 1% polyethylene glycol 70 000 at pH 6.0

(a), pH 7.0 (b), pH 8.0 (c), and pH 9.0 (d), and also analyzed in 0.1M Tris–borate buffer containing 1% polyethylene glycol

70 000 at pH 7.5 (e), pH 8.0 (f), pH 8.5 (g), and pH 9.0 (h). B, Analysis of DDi-4S (a), DDi-6S (b), DDi-UA2S (c), and DDi-diSB
(DDi-di2S4S) (d). C, HA20 was incubated with hyaluronidase at 37 �C. After a specified interval from 0 to 3 h, a portion was
analyzed by mCE. Reaction time: (a) 0 h, (b) 0.5 h, (c) 1.0 h, (d) 2.0 h, and (e) 3.0 h. Microchip, polymethylmetacrylate (cross-

channel with the distance of 5.25, 5.25, 5.75, and 37.5mm from the cross for sample inlet, buffer sample outlet, buffer inlet,

and buffer waste, respectively); buffer, 0.1M Tris–acetate (pH 7.5) containing 1% polyethylene glycol 70 000; applied

voltage, 300V for sample injection, 750 V for analysis. Reproduced from Matsuno, Y.; Kinoshita, M.; Kakehi, K. J. Pharm.
Biomed. Anal. 2004, 36, 9–15, with permission from Elsevier.
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2.12.3.1 Labeling Method Based on Reductive Amination

Labeling of carbohydrates using reductive amination based on the conversion of carbohydrates to glycamines

requires a two-step reaction: condensation with a primary amine and the following reduction with a hydride reagent

(Figure 13). Typical reaction is performed as follows: a solution of carbohydrate sample (less than 100 nmol) is mixed
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Figure 12 Analysis of the component amino sugars as their NBD derivatives in the acid hydrolysates of fractions
(b) obtained as reduced oligosaccharide from bovine submaxillary mucin (BSM) by HPLC (a). Microchip, quartz-made

(cross-channel with the distance of 7.5, 7.5, 7.5, and 33.0mm from the cross for sample inlet, sample outlet, buffer inlet, and

buffer waste, respectively); running buffer, 100mM phenylboronate (pH 7.5); detection, LIF at 520nm by irradiating Ar laser.

Analytical conditions for HPLC: column, Tosoh Amide 80 (4.6mm i.d., 250mm long) at ambient temperature; elution, linear
gradient of acetonitrile from 84% to 65% in 50mM acetic acid; flow rate, 1.0mlmin�1; detection, absorbance at 205 nm.

Peak 1, GlcN; 2, GalN-ol; 3, GlcN-ol (internal standard). From the results, peak 1 to peak 5 in upper trace (a) identified

to be NeuAca2-6GalNAc-ol, NeuGca2-6GalNAc-ol, Galb1-3(NeuAca2-6)GalNAc-ol, GlcNAcb1-3(NeuAca2-6)GalNAc-ol,

and GlcNAcb1-3(NeuGca2-6)GalNAc-ol, respectively. Reproduced from Suzuki, S.; Shimotsu, N.; Honda, S.; Arai, A.;
Nakanishi, H. Electrophoresis 2001, 22, 4023–4031, with permission from Wiley-VCH.
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with a solution of a tag (0.1 to 1M concentration) and sodium cyanoborohydride or dimethylamine-borane complex

(typically at 1M concentration). The reaction is usually performed in about 15% acetic acid in water, dimethyl

sulfoxide, tetrahydrofuran (THF), or methanol to improve the solubility of carbohydrates and reagents. Themixture is

usually kept at 30–100 �C for 15 h to 20min. After the reaction, the excess reagents are often removed by solvent

extraction or solid phase extraction.

As shown in Figure 14, a number of labeling reagents have been reported for the past two decades.285–291 PA deriva-

tives, as introduced by Hase et al. in 1978,88 have strong absorption at 235 nm and fluorescence at 390 nm with

the excitation at 320 nm. Two-dimensional (2-D) and 3-D mapping of PA-labeled oligosaccharides using HPLC

were reported.89,90 PA method for CE was developed for the analysis of mono- and oligosaccharides and glyco-

protein glycans.2,91–93 Suzuki et al.94,95 and Zieske et al.96 proposed multidimensional mapping for PA derivatives of

N-glycans by CE.

Polycyclic aromatic compounds having an amine and sulfonic acid groups have been developed for the analysis

of carbohydrates. ANTS was originally developed for the analysis of oligosaccharides by polyacrylamide

slab-gel electrophoresis, 3 and was applied to CE analysis. 7–10,97–103 5-Aminonaphthalene 2-sulfonate, 104 7-amino-

naphthalene-1,3-disulfonate,105 and 4-amino-5-hydroxynaphthalene-2,7-disulfonate106 were also used for labeling

simple carbohydrates. Chiesa et al. compared the resolution of maltooligosaccharides after derivatization with
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Guttman, A. Electrophoresis 1997, 18, 1136–1141, with permission from Wiley-VCH.
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ANTS, 3-aminonaphthalene-2,7-disulfonate, 7-aminonaphthalene-1,3-disulfonate, 2-aminonaphthalene-1-sulfonate,

and 5-aminonaphthalene-2-sulfonate in 50mM phosphate/36mM triethylamine (pH 2.5) as the running buffer, and

found that ANTS derivatives showed the best resolution. Oligomers up to 30 glucose units were successfully resolved

within 30min.107 7-Aminonaphthalene-1,3-disulfonate was also used for the analysis of unsaturated disaccharides

derived from GAGs.108,109 There have been many reports on the application of APTS derivatization method for the

analysis of glycoprotein glycans.110–121 Although APTS shows the excitation maximum at 420 nm, the excitation of

APTS-labeled carbohydrates shifts to 460 nm. This hyperchromic shift allows specific detection of APTS-labeled

carbohydrates even without removal of excess reagent after derivatization. Figure 15 shows a typical example of the

analysis of APTS-labeled glycans derived from glycoprotein. Tri- and tetrasialylated triantennary glycans derived from

bovine fetuin which are composed of isomeric oligosaccharides having a galactosyl residue at different linkage positon

(b1-3 linkage) are migrated very fast and separated from each other. Sequential digestion with neuraminidase,

galactosidase, and hexosaminidase allows confirmation of triantennary glycans.

Aminobenzene derivatives have also been used for the analysis of glycans as well as monosaccharides by CE

and CEC. Aminobenzene derivatives generally have absorption maxima at 280–330 nm, and show fluorescence at

340–430 nm. Ethyl p-aminobenzoate (ABEE) was first developed for MS analysis of carbohydrates by Wang et al. in

1984.122 Excellent resolution of a mixture of monosaccharides including aldoses, ketoses, and uronic acids was

reported using ABEE,123–125 4-aminobenzonitrile,124,126 and 4-aminobenzoic acid.127–130 Excess ABEE reagent was

easily removed by extraction with ethyl acetate, and thus conveniently applied to the analysis of monosaccharides. It

should be noted that 4-substituted aminobenzenes allow derivatization of ketoses as well as aldoses in contrast to other

tags that can only label aldoses. 2-Aminobenzamide was used for labeling glycans derived from glycoproteins in

MEKC.131 Oefner et al. compared the separation of some carbohydrate specimens labeled with PA, 4-aminobenzoic

acid, and ABEE using 150mM borate (pH 10.5) as a running buffer.132 Funakubo et al. compared derivatization

efficiency using nine monosubstituted aminobenzenes in reductive amination of maltose and found that 3-amino-

benzamide was the most potent reagent.133 They used 50mM Tris–borate (pH 8.5) containing PEG 70 000 with a

DB-17 capillary for the separation of dextran hydrolysates as model (Figure 16). Because the carboxylic acid residue

of the derivatives acts as driving force in this separation, smaller oligosaccharides were observed earlier, and larger

oligosaccharides having 50 monosaccharide units could be detected (Figure 16d). The method was applied to label

N-glycans derived from glycoprotein specimens12 and glycoprotein pharmaceuticals.134 The sensitivity in LIF
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Detection was performed with a 450 nm light filter with excitation by light through a 325nm light filter. The numbers on the

peaks indicate the degree of polymerization of the oligomers. Reproduced from Funakubo, T.; Matsuura, M.; Oda, Y.; Miki,
Y.; Suzuki, S.; Wang, L.-X.; Lee, Y. C.; Kakehi, K. Chromatography 1997, 184, 322–323, with permission from Elsevier.
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detection using an He–Cd laser is comparable to that observed in APTS labeling method using an Ar laser. AMAC was

first reported in the analysis of monosaccharides on slab-gel electrophoresis,3 and also applied to CE-LIF analysis of

monosaccharides,24–26,120,135,136 oligosaccharides derived from GAGs,137,138 oligosaccharides in human milk,139 and

fmol analysis of sialic acids in glycoproteins.140

2.12.3.2 Labeling of Glycans through Glycamines with Reagents for Amino Groups

By converting reducing carbohydrate to 1-amino-1-deoxy-alditol (glycamine) by reductive amination with ammonia,

various reagents for amino acids are available for labeling of carbohydrates. Novotny and colleagues reported CBQCA
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for labeling 1-amino-1-deoxy-alditols derived from N-glycans from fetuin.141–146 TRSE was also used for detection of

1-amino-1-deoxy-alditol derivatives at 10�19mol level.19–22,147 Honda et al. developed a two-step derivatization method

for CE-LIF analysis of aldoses which are converted to N-methylglycamines with methylamine in the presence of

dimethylamine-borane complex followed by labeling with NBD-F and applied to the analysis of glycoprotein glycans

using Ar-laser-induced fluorescent detection.148
2.12.3.3 Bis-Pyrazolone Derivatives

Adifferent reaction scheme involving condensation of a carbohydratewithPMPyielding bis-PMPderivative (Figure 17)

is an attractive method for labeling of reducing carbohydrates, since the labeling reaction proceeds under mild

conditions and does not cause the loss of sialic acid residues during derivatization. Figure 18 shows the separation

of the PMP derivatives of both sets of aldopentoses and aldohexoses.149 All aldopentoses and aldohexoses were

successfully resolved within 23min. The method was applied to the analysis of glycoprotein-derived glycans. Chiesa

and co-workers14 reported excellent separation of the PMP derivatives of 16 monosaccharides by MEKC in c. 18min.

The detection limit of the PMP derivatives is 10�6M level (20 fmol as injected amount).
2.12.3.4 Other Labeling Reagents

Carboxyl groups of acidic saccharides react with aromatic amines in the presence of carbodiimide to form

amide. Sulfanilic acid and 7-aminonaphthalene-1,3-disulfonate was used for labeling of glycolipids by this reaction

scheme.150–152 Hydrazine derivatives were used for labeling of reducing carbohydrates. A drawback of labeling with

hydrazine reagent is the formation of syn- and anti-isomers. LIF-CE analysis of dansyl hydrazones of monosaccharides

using an He–Cd laser enables sensitive detection of glucose at 100 amol.153 FMOC-hydrazine was also used for

labeling of some monosaccharides.154
2.12.4 Hybrid Technique to MS

Recent development of MS is amazing and newly developed apparatus has been successfully used for the determina-

tion of molecular masses and sequencing of proteins and peptides even at femtomole scale.

In the application of MS to the analysis of oligosaccharides, their diversity of structures should be taken into

account. Most oligo- and polysaccharides are composed of limited number of monosaccharides, but the diversity due

to anomeric configuration, their linkage positions, and branching patterns makes it quite difficult to sequence

oligosaccharides. In addition, component monosaccharides have the same mass numbers (m/z 180.06 for Glc, Gal,

and Man, and m/z 221.09 for GlcNAc and GalNAc); therefore, the sequences of glycans are often expressed as

HexNAcmHexn.

Soft ionization techniques such as MALDI and ESI, and the multiple-stage MS technique (MSn) combining

quadrupole ion trap (QIT), time-of-flight (TOF), and Fourier transform ion cyclotron resonance (FTICR), permit

rapid, sensitive, and detailed assessment of glycoproteins. An ion trap MS is of primary importance for the sequencing

of glycans by MSn, which offers multiple precursor selections and collision-induced dissociation (CID) to proceed

fragmentation.155 In the positive ion mode, oligosaccharide chains cleaved at the glycosidic bond give B ions
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Figure 17 Derivatization of carbohydrates with PMP.
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from Honda, S.; Suzuki, S.; Nose, A.; Yamamoto, K.; Kakehi, K. Carbohydr. Res. 1991, 215, 193–198, with permission from
Elsevier.
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corresponding to the ions from the nonreducing end and Y series ions of reducing end fragments. The MSn spectra of

some glycans exhibit characteristic fragment ions to determine the number of branches, linkage position of outermost

fucoses and sialic acids. In the MS of glycopeptides, tuning of ionization energy at the CID-MS/MS is important.

Relatively high energy (approx. 50 V/1000 u) permits the cleavages of both glycosidic and peptide bond to generate

fragment ions allowing the sequencing of both the peptide backbone and carbohydrate structure. In contrast, low-

energy (approx. 5–20V/1000 u) CID-MS/MS predominantly cleave glycosidic bonds. These strategies would enable

the glycosylation analysis of unknown glycoproteins and glycopeptides.
2.12.4.1 Online Connection of CE with ESI-MS

Although ESI was originally developed for interfacing LC and MS, some instruments have devices for interfacing CE

with ESI-MS as indicated in Figure 19. Connection of CE to the MS apparatus is achieved by a sprayer. Effluents

from CE under high voltage are mixed with sheath liquid and sprayed to form small droplets with the help of

nebulizing gas. In CE, flow rate is quite low, and it is usually necessary to add sheath liquid to keep constant flow.

Charged droplets are concentrated by counter flow of dry gas, and finally charged ions (cations in this case) are released

by electrostatic repulsion, and are introduced to the MS inlet applied negative charge. The recently developed

interfaces have an orthogonal spray geometry, which enables selective pickup of ions and maintains cleanness of the

interface. Sensitivity is enhanced by nanoelectrospray (nano-ESI) technique to reduce the size of droplet of the

sample solution. Bateman et al. reported that CE using a combination of chemically modified capillary and

0.1M formic acid as an electrolyte was directly connected to the nano-ESI-MS apparatus, and showed the analysis

of digestion products of glycoprotein samples at subpicomole level.156 CE-ESI-MS allowed identification of 126

glycosylated tryptic peptides of rHuEPO,157 characterization of high-mannose-type N-glycosylation in ribonuclease B

and C-type lectin from Triemresurus stejnegeri.158 CE-ESI-MS with a QITwas used for the glycoform analysis of plasma-

derived antithrombin.159 Neusüß et al. reported a method for accurate mass determination for intact glycoproteins

using CE-ESI-TOF MS.160 After online removal of nonglycosylated proteins, salts, neutral and negative-charged

species, 44 glycoforms, and 135 isoforms of rHuEPO were discriminated. The combination of nano-ESI and online

preconcentration seems promising for sensitive detection of oligosaccharide derivatives.161 Online adsorption pre-

concentrater coupled with CE-nanospray ESI-MS succeeded in the analysis of proteolytic peptides from Bauhinia

purpurea lectin at a concentration of 30 nM.162 Zamfir et al. succeeded in elucidating glycan structure and sequences of

glycopeptides by online tandemMS. Combination of CE with ESI-QTOFMS was applied to the structure character-

ization of oligosaccharides derived from chondroitin/dermatan sulfate from bovine aorta.163,164 Chen et al.165 and

Tseng et al.166 developed an ESI interface consisting of two parallel capillaries for separation and makeup sheath liquid

with dual beveled edge. This interface was used for CE-ESI-MS analysis of gangliosides. CE-ESI-MS of under-

ivatized mono- and oligosaccharides was achieved in alkaline diethylamine solution as running buffer and detection

limit was in the range of 0.5–3.0mg l�1.167 Several authors reported that the online connection of CE to ESI- or

MALDI-TOF MS is quite useful for the identification of proteolytic glycopeptides168,169 and glycoproteins.170

Horseradish peroxidase (molecular mass, 33 893) is a glycoprotein having nine glycosylation sites with three types of

glycans – GlcNAc2Man3 Fuc1Xyl1, GlcNAc1Fuc1, and GlcNAc1Hex1. In the TIC of m/z 1800–2000 corresponding to
CE sprayer tip

Nebulizing
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liquid

Nebulizing
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Adjustment ring
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Dry gas
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Figure 19 Interface used for the connection of CE and ESI-MS.
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22–24 protonated molecules, four major peaks were observed (Figure 20). The deconvolution of MS spectra clearly

showed the molecular ions based on the difference of glycan structures.

Labeling of carbohydrates with negatively charged fluorescent reagent such as ANTS is useful for the analysis of

oligosaccharides by CE-ESI-MS with a sheath flow interface, because the highly negative charge of the tag facilitates

the specific detection by CE as well as MS in negative ion mode171 using a volatile buffer at low pH. Sandra et al.

described the analysis of APTS-labeled glycans from ribonuclease B and cellobiohydrolase I by CE-QIT-MS

in ammonium acetate buffer. The method allowed differentiation of phosphorylated isomers from neutral ones,

and provided structure information by tandem MS.172 They also studied N-glycosylation of cellobiohydrolase I

from Trichoderma reesei, which contains neutral and phosphorylated high-mannose-type glycans at four potential

glycosylation sites.173 Mannooligosaccharides, which are the key molecules of immunopathogenesis of lipoarabino-

mannans, were detected at femtomole level as APTS derivatives.174 ANTS-labeled chitobiose, chitotriose, and

chitotetraose and some glycoprotein glycans were separated by preparative CE, and the individual oligosaccharide



Capillary Electrophoresis of Carbohydrates 409
was characterized by ESI-MS.175 CE-ESI-MS was successfully applied to the analysis of oligosaccharides labeled with

PA.176 As shown in Figure 21, PA derivatives of biantennary complex type and trimannosyl core glycans were

observed at 27 and 31min (peak 1 and peak 2, in Figure 21a), respectively, and gave intense signals of pseudomo-

lecular ions corresponding to [MþHþNa]2þ. The MSn techniques gave information on sequences of monosacchar-

ides as shown in Figure 21b.
2.12.4.2 TOF-MS

Offline CE/fully automated nano-ESI-quadrupole-TOF-MS and tandem MS systems were used for the structure

analysis of glycans. The method was applied to the analysis of O-glycosylated peptides from urine samples of patients

suffering from b-N-acetylhexosaminidase deficiency, known as Schindler’s disease.177 Zamfir reported the combina-

tion of CE and offline nano-ESI-quadrupole TOF-MS for the analysis of O-glycosylated peptides in the urine sample

of patients of hereditary N-acetylhexosaminidase deficiency, and detected core 1 and core 2 type O-glycans with

various N-acetylhexosaminyl repeats with different degree of sialylation.178 They also reported coupling of CE and

MS using a home-made sheathless interface for online connection. Volatile CE buffer system using ammonium acetate

enabled online CE-ESI-MS/MS detection of sialylated peptides which could not be detected by offline analysis.169

Sei et al. reported the offline connection of CE with MALDI-TOF MS for glycoform analysis of AGP.179 As shown in

Figure 22a, AGP was resolved to seven glycoform fractions, and their molecular masses were measured by MALDI-

TOF MS after collection of each glycoform by CE. The differences in MS clearly indicate the glycoform variation

(Figure 22b). Sensitivity in detection of carbohydrates by MALDI-MS strongly depends on matrix material. Suzuki

et al. reported that equimolar mixture of 3- and 6-hydroxypicolinic acid is the most appropriate matrix for the analysis

of APTS oligosaccharides inMALDI-TOFMSmeasurement, and the sample of as small as 30 fmol can be detected in

negative ion mode after collection on a probe by an automated high-resolution fraction collector followed by cleanup

using cation exchange resin.180 Sensitivity of the detection by MALDI-TOF MS is superior to photometric CE or

HPAEC-PAD.181 Huang et al. reported the analysis of free glycans and those labeled with 2-aminobenzamide and

APTS released from some glycoproteins by b-elimination reaction.182 High resolution of MALDI-MS enables the

determination of accurate mass number of a glycoconjugate associated with cancer cachexia.183 An et al. developed a

derivatization method using benzylamine for the analysis of CE-UV and CE-MS analysis.184 Oligosaccharides were

derivatized with benzylamine by reductive amination followed by formation of quaternary ammonium ion with CH3I,

and the derivatives were successfully characterized by offline CE-MALDI-MS with 2,5-dihydroxybenzoic acid as

matrix. Santz-Nebot described CE and MALDI-TOF MS for characterization of the glycoforms of novel erythro-

poiesis-stimulating protein (NESP) as a recently approved hyperglycosylated analog of rHuEPO.185 Offline CE with

negative ion ESI-QTOF-MS/MS was also used for the screening186 of complex glycolipids in bovine brain. Zidkova

used CE-MALDI-TOF-MS for the analysis of major monosaccharides (Glc, Fru, and Suc) as well as added sweeteners

(starch hydrolyzates) in fruit juices.187

FTICR MS is the emerging and attractive technique for the analysis of oligosaccharides.188,189 Some research

groups reported the combination of CE-FTICR-MS for the characterization of digestion products of cerebrospinal

fluid.190 Full exhibition of the ability of this equipment will be appearing in near future.
2.12.5 Application of CE to the Analysis of Glycoconjugates

2.12.5.1 Glycoprotein Samples

Carbohydrate chains of glycoproteins often show obvious variations during biosynthesis in the type of cell line and

the culture conditions. Two strategies have been developed for the analysis of such variations. One is based on

the separation of carbohydrate chains that are released from the protein core; the other is based on the direct separation

of native glycoproteins, which is termed glycoform analysis. There is little information on the relationship

between carbohydrate chains and their contribution to glycoform separation, although some authors reported that

the separation of glycoforms is mainly based on the number of sialic acid residues when analyzed by CE.191
2.12.5.1.1 Separation of glycopeptides
The diversity of glycan chains and the glycosylation sites in glycoproteins makes it difficult to elucidate the relation-

ships between glycan structure and their distribution on each glycosylation site. Each glycosylation site is often

analyzed as glycopeptides after digestion with specific proteases such as trypsin. The mobility of a glycopeptide in CE
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is dependent on pKa as well as the glycan structure. Therefore, pH and the composition of the running buffer should

be carefully chosen. Excellent resolution of glycopeptides derived from rHuEPO by CEwas reported by Rush and co-

workers.192 As shown in Figure 23, the tryptic digests of rHuEPO were separated by MEKC using heptanesulfonic

acid micelles, and glycopeptides and peptides were observed in separate regions on the electropherogram. Eighteen

tryptic peptides (peak 1–18) were identified within the first 30 min. The other 12 peaks are due to glycosylated three

peptides. Nashabeh and El Rassi evaluated the separation of tryptic digestion products from AGP using a polyacryl-

amide-coated capillary and tetrabutylammonium salt as additive in the running buffer.92 PVA- and polybrene-coated

capillaries were used for the peptide mapping of a-lactoglobulin.193 Weber and co-workers successfully utilized CE

with PAD on a gold electrode for the analysis of glycan heterogeneity in glycopeptides, which were obtained from

recombinant coagulation factor VIIa by HPLC.194

2.12.5.1.2 Separation of glycoforms of glycoproteins
Resolution of glycoforms of a glycoprotein is a challenging target for CE, and has been studied by a number of research

groups. Yim et al. succeeded in resolution of recombinant human bone morphogenic protein 2 into nine peaks based on

the number of the mannose residues simply using phosphate buffer (pH 2.5).195 Schmerr and Goodwin employed

alkaline phosphate buffer for resolution of a surface glycoprotein of ovine lentivirus.196 Grossman et al. separated

glycosylated and nonglycosylated ribonuclease using CHAPS buffer (pH 11).197 Wu et al. reported the glycoform

separations of T4 receptor and rt-PA based on the number of sialic acid residues using a chemically modified capillary

and an acidic buffer.198 Resolution of heterogeneous human recombinant deoxyribonuclease was enhanced by adding

calcium ion to the running buffer.199 A chemically modified capillary was also effective in the separation of a

recombinant chimeric glycoprotein composed of the fusion protein and the receptor protein of respiratory syncytical

virus (RSV).200 Glycoforms of a monoclonal antibody were separated in a borate buffer.201 Fine resolution of glyco-

forms in erythropoietin was achieved by pre-equilibration of the capillary with a mixed acetate/phosphate buffer.202

MEKC was used to separate glycoforms of ribonuclease B203 and interferon-g.204

Various additives in the running buffer enhance the resolution of glycoforms. Addition of polyamines reduces

nonspecific adsorption of glycoproteins to the surface of capillary and decreases the velocity of EOF, and thereby

results in good resolution of glycoforms. Diaminobutane/borate system was used for the analysis of glycoforms of

ovalbumin,205,206 hirudin,207 and recombinant granulocyte colony-stimulating factor.208 Diaminopropane/borate
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system was used for the analysis of human chorionic gonadotropin,209 and diaminobutane/phosphate system for

recombinant factor VIIa.210 The same strategy was also applied to the glycoform separation of ovalbumin,211–213

and AGP.214 Capillaries modified with 3-aminophenylboronate were successfully used for CE of some glycoproteins

such as glycosylated and nonglycosylated recombinant granulocyte colony-stimulating factor in 40mM phosphate

buffer (pH 2.5).215,216 Resolution of globulins in human sera was achieved by using a polyacrylamide-coated

capillary.217 CE-ESI-MS permits the discrimination of five and two glycoforms of a- and b-antithrombin.161 Glyco-

form analysis of rHuEPO is important for quality assurance as pharmaceuticals. Especially in production of rHuEPO

of the second generation of which glycans are modified, carbohydrate chains should be evaluated for medical use,

because carbohydrate chains strongly affect biological activities as well as half-life after administration. Diaminobu-

tane/borate system was used for resolution of rHuEPO glycoforms,218,219 but Kakehi et al. reported that the buffer

containing diaminobutane was not appropriate for obtaining reproducible results.59 Native rHuEPO and its tryptic

peptides were analyzed by CE-ESI-MS.220 Zhou et al. separated rHuEPO into six glycoforms by CE, and identified O-

linked glycopeptides in the peptide mixture by CE-ESI-MS.221 Boss et al. used CE-MS for the characterization of

digestion products of rHuEPO with V8 enzyme.222 CE-ESI-TOF MS was applied to the analysis of glycoform of

EPO.146 Transferrin, an iron-binding protein present in serum, has two N-glycosylation sites, to which biantennary

(85%) and triantennary (15%) glycans are attached. In addition, 82% of human transferrin has biantennary glycans at

both sites, 17% has both tri- and biantennary glycans, and 0–1% has triantennary oligosaccharide at both sites.223 Lack

of sialic acid residues in these N-glycans in transferrin molecules is called carbohydrate-deficiency transferrin (CDT),

which strongly correlates with alcoholism. Therefore, glycoform analysis of transferrin is important in diagnosis of

alcoholism, and has been reported by several authors using a combination of DB-17-coated capillary to suppress EOF

and a buffer containing hydroxyethylcellulose as the matrix for molecular sieving.224 Combination of a fluorocarbon-

coated capillary and hydroxyethylcellulose/borate,225 a bare capillary using 100mM borate (pH 8.3)226 with 1.5mM
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diaminobutane213,227,228 or diethylenetriamine,229 were used for CDT analysis. The optimized buffer system called

CEoFix CDT buffer is commercially available, and applied to clinical analysis.230–235 Clinical applications of CDT

analysis in blood plasma or serum samples have been reported.225,227,236–238 Wuyts et al. reported the CE separation of

CDT in carbohydrate-deficiency variants.239

2.12.5.1.3 Separation of glycoprotein glycans

2.12.5.1.3.1 Without derivatization

As described in the previous section, glycoprotein glycans can be directly detected by monitoring the absorption at

wavelengths lower than 210 nm. Glycans released from AGP, rHuEPO, and bovine fetuin by hydrazinolysis were

separated in 80mM ammonium sulfate/20mM phosphate/2mM diaminobutane (pH 7) and detected at 190 nm.240

Although the samples were previously fractionated using an anion exchange column, numerous numbers of unidenti-

fied peaks were observed. Similar results were also reported in the analysis of hydrazinolyzed products of immuno-

globulin G (IgG) and chimeric IgG, when detected at 200 nm.241 Interference observed by hydrazinolysis is

eliminated by releasing glycans with peptide-N 4-(N-acetyl-b-glucosaminyl)asparagine amidase F (PNGase F; EC

3.2.2.18). A mixture of glycans released from rt-PA with PNGase F showed clear results by using 50mM phosphate/

50mM SDS/2mM MgCl2 (pH 7).242

O-Linked glycans are easily released by incubation at 40–50�C in an aqueous alkaline borohydride solution.

Since the released glycans are obtained as alditol, it is difficult to introduce tags to these derivatives. Kakehi and

co-workers243 reported the analysis of O-linked glycans of bovine submaxillary mucin (BSM) as alditols obtained

by alkaline-borohydride method using 0.05M NaOH/1M NaBH4, with direct detection at 185 nm. As shown in

Figure 24, four major oligosaccharides of BSM were separated within 12min with the lower limit of detection at

0.8 pmol. Two predominant peaks due to NeuAca2-6GalNAcol (peak 1) and GalNAcb1-3(NeuAca2-6)GalNAcol

(peak 3) were observed, accompanied by the peaks of the corresponding N-glycolyl analogs (peaks 2 and 4).
2.12.5.1.3.2 Derivatized glycans

Precapillary derivatization is useful for sensitive analysis of glycoprotein glycans. Complex-type and high-mannose-

type glycans labeled with ANTS were separated by reversed polarity using 50mM phosphate buffer (pH 2.5) and

a 20 cm capillary, and the glycans were detected by an He–Cd LIF detector. As shown in Figure 25, the glycans were

separated within 6min with the detection limit of 500 amol. It should be noticed that good linearity was observed
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Figure 24 Analysis of O-glycosidically linked sialooligosaccharides in BSM. Capillary, fused silica (50 cm, 50mm i.d.);

buffer, 200mM borate buffer (pH 9.6) containing 100mM SDS; applied voltage, 17 kV; operation; detection, UV absorption
at 185 nm. Reproduced from Kakehi, K.; Susami, A.; Taga, A.; Suzuki, S.; Honda, S. J. Chromatogr. A 1994, 680, 209–215,
with permission from Elsevier.
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Figure 25 Separation of ANTS-labeled oligomannose-type oligosaccharides. Capillary, fused silica (27 cm, 20 cm in

effective length, 50mm i.d.); buffer, 50mM phosphate buffer (pH 2.5); applied voltage, 10 kV; operation; detection, emission

at 520nm by irradiation with He–Cd laser. Reproduced from Guttman, A.; Starr, C. Electrophoresis l995, 16, 993–997.
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between mobilities and the inverse of the molecular masses.102 ANTS derivatives of glycans released from bovine

fetuin and ribonuclease B were separated in 20mM 6-aminocaproic acid (pH 4.12) and detected by electrospray ion

trap MS.24 In this separation condition, high-mannose glycans from ribonuclease B were separated to five peaks based

on the molecular size (Man5–Man9), and the glycans from fetuin were separated to several peaks based on the number

of lactosamine branches and the number of sialic acid residues. Camilleri and co-workers analyzed AMAC derivatives

of N-linked and O-linked glycans released from ribonuclease B, ovalbumin, fetuin, IgG, and complement receptor 1 in

500mM borate (pH 8.9) impregnated with 80mM taurodeoxycholate at the concentration of 80mM, at which the

reagent was included in the micelle and completely separated from the peaks of glycans.24–26,136 CE of carbohydrate

chains labeled with 3-aminobenzoic acid in a capillary modified with (50% phenyl)methylpolysiloxane allowed

excellent separation of sialic acid-containing complex-type glycans derived from fetuin and thyroglobulin as well as

high-mannose-type glycans derived from bovine pancreas ribonuclease B and soybean agglutinin, and hybrid-type

glycans from hen ovalbumin (Figure 26). The lower limit of calibration was as low as 10�16mol as injected amount by

LIF detection with an He–Cd laser.12 This method was applied to the analysis of IgG therapeutics, rituximab and

trastuzumab.134 2-Aminobenzoic acid labeling was also used for CE separation of glycoprotein glycans, and the

resolution of derivatized biantennary glycans was enhanced by adding polyethylene glycol to the running buffer at

0.5% concentration.244 MEKC using SDS micelles was applied to the separation of 2-aminobenzamide-labeled

glycans from ribonuclease B and AGP. Good separation for high-mannose glycans was observed, whereas anionic

glycans from AGP were poorly resolved. A successful separation of AGP glycans was achieved using 4% sulfobutyl-

g-cyclodextrin/triethylamine/phosphate (pH 6.7) as the running buffer.131 Derivatization with PMP was applied to the

analysis of glycans derived from bovine fetuin. PMP derivatives of bi- and triantennary structure with two to four sialic

acids were well resolved with 30 mM SDS/50 mM phosphate (pH 6.0) as shown in Figure 27 .17,110

Combination of CE in a reversed polarity using a PVA coating capillary and an Ar-laser-induced fluorescence

detection is one of the most powerful techniques in the analysis of glycans. Guttman and co-workers reported

excellent separation of glycoprotein glycans derivatized with APTS.110–117 The recovery of the derivatives is more

than 97%,112 and the loss of sialic acid is less than 10%, when N-acetylneuraminyllactose is labeled under the

optimized derivatization conditions;110 2ml of 0.1M APTS in water, 2 ml of 1.8M citric acid, and 2ml of
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glycans; b, AB-labeled glycans not retained on Con A-immobilized column; c, AB glycans eluted with 10mM methyl
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Guttman, A. Electrophoresis 2004, 25, 2003–2009.
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1M NaBH3CN in THF were mixed with a mixture of glycans (c. 10 nmol) and incubated at 37 �C for 16 h. High-

mannose-type glycans in ribonuclease B112,115,116 were successfully resolved (Figure 28). And it should be noted that

three positional isomers of Man7GlcNAc2 and Man8GlcNAc2 were completely resolved.245 And the relative abun-

dances of glycans are Man5GlcNAc2, 51.5%; Man6GlcNAc2, 30.3%; Man7GlcNAc2, 4%; Man8GlcNAc2, 8.5%; and

Man9GlcNAc2, 3.7%, respectively. Furthermore relative abundances of isomers of Man7GlcNAc2 (þD1, þD2,

and þD3) were 33%, 33%, and 34%, respectively, and those of Man8GlcNAc2 (–D1, –D2, and –D3) were estimated

as 4%, 4%, and 82%. Recombinant phospholipase C expressed in P. pastoris contains Man9GlcNAc2–Man14GlcNAc2 in

relative peak ratios of 21.0%, 27.4%, 15.3%, 14.6%, 15.1%, and 6.5%, respectively. Excellent resolutions of N-glycans

derived from fetuin,112,114,121 rHuEPO, and kallikrein119 were also reported. Derivatization with APTS was also used

to determine relative proportion of di-, mono-, and nongalactosylated biantennary glycans in IgGs of different animal

species,121 and manufactured chimeric antibody, pharmaceutical, rituximab.136

Honda et al. reported the separation of PA-labeled glycans of ovalbumin by two different modes. Size separation of

PA glycans was achieved in an acidic buffer using an LPA-coated capillary, and the separation based on the difference

in chemical structures was achieved in an alkaline borate buffer.94 Two-dimensional mapping of these migration data

was applied to the analysis of glycans derived from ribonuclease, invertase, ovalbumin, fetuin, transferrin, AGP, and

thyroglobulin.95 Three types of N-linked glycans (complex type, hybrid type, and high-mannose type) were
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completely discriminated on the map. Zieske and co-workers extended this strategy to 3-D mapping.96 They used an

acetate buffer (pH 4.5) for electroosmotic flow-assisted zone electrophoresis, a borate buffer containing polyethylene

glycol for separation based on configurational difference, and phosphate buffer (pH 2.5) to effect separation of

asialoglycans.
2.12.5.2 GAG Samples

GAGs belong to a group of acidic and linear polysaccharides which are the components of proteoglycans except for

hyaluronan which exist in free state. GAGs are present in extracellular matrix and the surface of cells, and serve as

receptors of signaling proteins such as cytokines and growth factors.

Hyaluronan is a polysaccharide of high molecular masses composed of uniform disaccharide units of [-4)GlcA(b1-3)
GlcNAc(b1-]n, and the molecular masses are up to 4� 106 Da. Chondroitin sulfates and dermatan sulfates consist of

iterative disaccharide units, [-4)GlcA(b1-3)GalNAc(b1-]n and [-4)IdoA(a1-3)GalNAc(b1-]n, respectively. Chondroitin
sulfates consist of disaccharides containing GlcA and GalNAc, and are often substituted with sulfate groups at 4- or

6-hydroxyl group of GalNAc residue, but unsulfated and di- or trisulfated forms can also be detected. In dermatan

sulfate, the repeating disaccharide unit consists of hexuronic acid and GalNAc. Hexuronic acid is either GlcA or its

epimerized form, iduronic acid (IdoA), and both uronic acids can be found in the same carbohydrate chains.

Disaccharide is often sulfated in position 2 of IdoA and position 4 of GalNAc. Keratan sulfate has [-3)Gal(b1-4)
GlcNAc(b1-]n sequence, having variable number of disaccharide units and the degree of sulfation. Both heparan

sulfate and heparin have the same repeating units of [-4)GlcA(b1- or -4)IdoA(a1-4)GlcNAc(a1-]n. Heparin is widely

known for its anticoagulant action, which is based on its binding with antithrombin III. Distinction between heparin

and heparan sulfate is difficult. They both contain numerous variations of sulfation and epimerization of GlcA.

N-Deacetylation and the successive N-sulfation appear to be the critical steps, since the additional modifications

locate mainly in the regions where N-sulfation has already occurred. The amount of N-sulfation has occasionally been

used to make distinction between heparin and heparan sulfate – below 50% in heparan sulfate, while more than 70% in

heparin. Diversity in structures and molecular masses of GAG is a challenging target for their high-resolution analysis.

However, CE is a powerful tool for the analysis of GAGs because of their negative charges based on uronic acids and

sulfate groups.
2.12.5.2.1 Analysis of GAG oligosaccharides
GAGs are usually digested with specific lyases to afford di- or small oligosaccharides which have unsaturated uronic

acid residue (DHexA) at the nonreducing ends. The unsaturated di- and oligosaccharides have UV absorption at

c. 230 nm. MEKC is available for the separation of these unsaturated oligosaccharides using alkaline borate buffer with

SDS or other surfactants as an electrolyte. Zone electrophroesis in reverse polarity is also employed for the analysis of

oligosaccharides derived from GAGs based on their negative charges using an acidic phosphate buffer.

CE applications to the analysis of GAG-derived oligosaccharides were reported in 1991. Al-Hakim and Linhardt

reported the separation of eight unsaturated disaccharides from chondroitin sulfates and hyaluronic acid in alkaline

borate buffer.246 Carney and Osborne also reported separation of GAG-derived oligosaccharides using two separation

modes, zone electrophoresis in an acidic buffer and MEKC.247 In zone electrophoresis in an acidic buffer (pH 3.0),

separation using reversed polarity was achieved based on the mobility of ionic analytes by suppressing EOF. This

mode of separation improved resolution and peak shape, and allowed size separation of GAG-derived oligosaccha-

rides248 much more efficiently than that by normal polarity in alkaline buffer. Twelve disaccharides derived from

heparin/heparan sulfate, chondroitin sulfates, hyaluronan and dermatan sulfate were successfully resolved within

15min using this mode of separation.32,249 The method was applied to the analysis of hyaluronan in synovial fluid33

and highly sulfated heparin-like pharmaceuticals.250 Griffin et al. used this mode of separation for the analysis of

disaccharides derived from crude heparin preparation in porcine intestinal mucosa to identify remaining heparan

sulfate as impurities.251 Pervin et al. also employed the similar mode for the identification of 14 oligosaccharides

formed by digestion of heparin with heparinase I.252 Theocharis et al. also applied this method to the analysis of

disaccharides derived from GAGs in gastrointestinal carcinomas after digestion with chondroitinase ABC, and found

12- to 51-fold increase in nonsulfated disaccharides and 3- to 42-fold increase in Ddi-mono6S.253 CE analysis of

disaccharides clearly indicated the difference in the distribution of the species of GAGs between normal myometrium

and uterine leiomyoma.254 Reversed-polarity CE was also used for the determination of regional variation in sulfation

patterns of chondroitin sulfate in normal equine corneal specimens,255 and 13 di- to hexasaccharides were confirmed

from heparin digested with heparinase II and III.256 Kim et al. reported characterization of fine structure of new GAG,
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acharan sulfate mainly composed from [-4)GlcNAc(a1-4)IdoA2S(a1-]n from Achatina fulica.257 Zamfir et al. evaluated

sheathless online CE-nano-ESI-QIT-TOF MS and MSn for the structural studies on chondroitin and dermatan

sulfate.258,259 They succeeded in the determination of the sequential structure of oversulfated eicosaccharide accord-

ing to the fragmentation profiles obtained from auto-MS2 spectra.

Borate buffer has been generally used for the separation of the isomers of monosaccharides or small oligosaccharides

as their anionic borate complexes. Eleven disaccharides from heparin and eight oligosaccharides from dermatan

sulfate were completely resolved within 20 min using borate–triethylamine buffer.28 MEKC using SDS was also

employed for the separation of unsaturated oligosaccharides derived from heparin and heparan sulfate.29,260 MEKC

using cetyltrimethylammonium bromide as a cationic surfactant for reversed-polarity CE was developed for the

analysis of chondroitin disaccharides in skin samples digested by protease and chondroitinase.261

Unsaturated oligosaccharides derived from GAGs have the molar absorption (E) of 3800–5500 at 230–235 nm.

Although the sensitivity is high in the analysis of GAG oligosaccharides in most cases, prelabeling was often applied to

improve sensitivity and specificity. Derivatization with PMP was used for CE analysis of chondroitin sulfate-derived

disaccharides.262 Various reagents for fluorescent detection using reductive amination were employed for sensitive

detection of GAG-derived oligosaccharides. AMAC was used for the analysis of oligosaccharides derived from

chondroitin sulfate and heparin/heparan sulfate,138 unusual sequence in chondroitin sulfate D derived from shark

cartilage,138 and digests of dermatan sulfates with chondoitinase ABC, AC, or B.263 Matsuno et al. applied microchip

CE originally developed for DNA analysis to the analysis of oligosaccharides and unsaturated disaccharides derived

from GAGs after derivatization with AMAC.84 As already shown in Figure 11, most GAG samples are separated

within 2min. Six unsulfated and nine sulfated 2-aminobenzoic acid-labeled disaccharides derived from GAGs are

separated in 150mM borate buffer (pH 8.5).108 El Rassi and his colleagues developed a labeling method by converting

carboxyl groups of uronic acids to amides with 7-aminonaphthalene-1,3-disulfonate for sensitive detection of GAGs.

These derivatives of GAG oligosaccharides were separated by reversed-polarity CE.108,109 Monosaccharides obtained

from GAGs were sensitively determined by LIF-CE as their APTS derivatives.264
2.12.5.2.2 Direct analysis of GAGs
Hayase et al. developed a CE method to determine molecular masses and amount of hyaluronic acid. Addition of

pullulan (MW 380 000) as an entangled polymer matrix causes broadening of peaks depending on the molecular mass

of hyaluromic acid specimens. The linearity of detection was observed from 0.01 to 3.3mgml�1 by direct detection at

180 nm.265 Grimshow et al. reported the direct determination of hyaluronic acid in human and bovine vitreous by using

40mM SDS/10mM tetraborate as running buffer with detection at 200 nm.33,34 MEKC mode was also used for the

analysis of intact GAGs.32 The sensitivity of intact GAGs in detection was improved by indirect detection. Dam and

Overklift used 5mM 5-sulfosalicylic acid (pH 3.0) or 5mM 1,2,4-tricarboxybenzoic acid (pH 3.5) as running buffers for

the determination of heparin-derived oligosaccharides.266

Some GAGs form strong complex with some metal ions. Heparin, heparan sulfate, chondroitin sulfate, dermatan

sulfate, and hyaluronic acid were separated as Cu2þ complexes by CE in reverse polarity with detection at 240 nm.267

Detection limit of Cu2-heparin was only 10�9 g. Most of the commercially available equipments for mCE are designed

for detecting nucleic acids, which form fluorescent intercalation complex with fluorescent dye such as ethidium

bromide. Matsuno et al. adopted mCE equipped with PMMAmicrochip and LED emitted at 518 nm as light source for

direct detection of some GAGs.85 By using the running buffer containing ethidium bromide, GAGs such as chondro-

itin sulfates, hyaluronic acid, and other natural and artificial acidic polysaccharides were detected with comparable

sensitivity with that of conventional electrophoresis using cellulose acetate membrane.
2.12.5.3 Glycolipid Samples

Glycolipids in mammals can be divided into two major classes, glycoglycerolipid (composed of glycerol, fatty acids,

and carbohydrates) and glycosphingolipids (composed of sphingosine, fatty acids, and carbohydrates) including

gangliosides, an important family of sphingolipids containing sialic acids. In CE analysis of glycolipids, the hetero-

geneity of aglycon moiety in addition to variations of carbohydrate moieties should be taken into account. Glycolipids

are amphiphilic compounds and form stable micelles in aqueous solution, and a mixture of glycolipids is present as

mixed micelles. Micelle formation prevents the resolution of individual glycolipids by CE.268 To prevent the

formation of mixed micelles and resolve the constituent glycolipids, Yoo and co-workers employed 50mM borate–

phosphate buffer containing 16.5mM a-cyclodextrin (a-CD) as running buffer, and succeeded in complete resolution

of GM1, GD1a, GD1b, and GT1b within 6min. CD-modified CE is a standard method for the analysis of gangliosides
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Figure 29 Separation of type 3 ganglioside mixture. Capillary, fused silica (100 cm, 94 cm in effective length, 50 mm i.d.);

running buffer, 50mM phosphate/50mM borate/20mM a-CD (pH 9.9); applied voltage, 20 kV; detection, UV absorbance

at 200 nm. Peak identifications: 1, 2¼GM1; 3, 4¼GD1a; 5, 6¼GD1b; 7, 8¼GT1b. Reproduced from Ju, D. D.; Lai, C. C.;
Her, G. R. J. Chromatogr. A 1997, 779, 195–203, with permission from Elsevier.
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from various biological matrices. 269 As shown in Figure 29 , four major gangliosides (GM1, GD1a , GD1b , GT1b ) were

completely resolved in 50 mM borate/50 mM phosphate/20 mM a-CD (pH 9.9) and each ganglioside showed two

peaks due to the difference in chain length of the ceramide moiety.270 Sensitivities in direct detection of gangliosides

at 200 nm are as low as 10 fmol level. In the offline connection of CE with MS, volatile buffers such as ammonium

acetate have been shown to be more compatible with MS. Zamfir et al. examined suitable volatile buffer system for CE

fractionation/offline-MS analysis, and found that basic ammonium acetate/ammonium hydroxide (pH 12) enhanced

resolution of gangliosides, 271 and showed complete resolution of glycan variations as well as ceramide heterogeneities

in bovine brain gangliosides.
2.12.5.4 Biopharmaceuticals

Determination of post-translational modification appearing on the core peptide backbone is essential for biopharma-

ceuticals. Glycosylation is one of the most common modifications of proteins, and affects the functions of proteins on

cellular recognition, signaling, and protein folding. 1 Glycosylations are not directly controlled by genes; therefore,

glycosylation profiles have to be determined by the analysis of glycans attached to the protein.

Among many biopharmaceutical drugs currently approved, 272 rHuEPO and various therapeutic antibody pharma-

ceuticals are the most successful products in recombinant technologies.273 rHuEPO has three N-linked and one

O-linked glycosylation sites and both glycosylation sites bear a wide variety of glycans. 274 The separation of rHuEPO

based on the number of sialic acids and also the separation and sensitive determination of glycans released from

rHuEPO are described in Section 2.12.5.1.2. Recombinant immunoglobulins (monoclonal antibodies, MAb’s) are

emerging as major therapeutic glycoprotein pharmaceuticals.275 MAb has a series of biantennary glycans at Fc region,

and presence/absence of terminal galactose, bisecting N-acetylglucosamine and core fucose residues, has been

reported to be important for expression of biological functions such as antibody-dependent cellular cytotoxicity

(ADCC) and complement-dependent cytotoxicity (CDC).276–279 Figure 30 shows the results of CE-LIF analysis of

N-glycans derived from trastuzumab (a humanized monoclonal antibody for treating metastatic breast cancer) after

derivatization with APTS (Figure 30a) and 3-AA (Figure 30b).134 Separations were performed using a DB-1 capillary

in buffers containing polyethylene glycol as sieving polymer. Four major oligosaccharides are completely resolved
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Figure 30 Analysis of 3-AA-labeled oligosaccharides of trastuzumabbefore (a) and after (b) fucosidase digestion. Capillary,

DB-1 (50 (40) cm, 50mm i.d.); running buffer, 100mM Tris–borate buffer (pH 8.3) containing 7.5% PEG 70 000; applied
voltage, 30 kV; detection, emission at 405nm by irradiating an He–Cd laser. Reproduced from Kamoda, S.; Nomura, C.;

Kinoshita,M.; Nishiura, S.; Ishikawa, R.; Kakehi, K.; Kawasaki, N.; Hayakawa, T. J. Chromatogr. A 2004, 1050, 211–216, with

permission from Elsevier.
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within 7 and 12min, respectively. Although these oligosaccharides are fully fucosylated at GlcNAc residue of reducing

ends, nonfucosylated glycans experimentally prepared by fucosidase treatment can be completely separated from

fucosylated glycans at faster migration times.

In the product assurance of glycoprotein therapeutics, the glycan profiling method using CE must be validated

before applying to quality control. FDA requires all assays for the release of commercial products to be validated, and a

set of experiments must be conducted according to the International Conference of Harmonization (ICH) guidelines

to ensure that the assay is appropriate for the intended use and to determine that the assay is suitable for routine

analysis.280 In method development, key parameters include enzymatic digestion, derivatization, and CE conditions,

and the method should be validated based on ICH guideline in accuracy, linearity, precision, and specificity. The

analysis of N-glycans of trastuzumab showed good precisions in migration times and relative corrected peak areas for

four major peaks (see Figure 30, peaks 1–4) when APTS and 3-AA were employed for derivatization of N-glycans.

This indicates that CE-LIF method for quantitation of N-linked glycans has a significant potential for routine analysis

in lot release testing of glycoprotein therapeutics in pharmaceutical industry.
2.12.6 Future Prospects for Glycan Analysis by CE

CE has become the important technique in the analysis of glycoconjugates based on the difference of glycan

structures. Careful selection of labeling reagents and separation modes such as borate complexation, MEKC, and

EOF-suppressed plain zone separation enable the analysis of complex glycan mixture with high sensitivity, and their

resolution are often far superior to those obtained by HPLC. Combination with MS enables to elucidate comprehen-

sive studies of glycoconjugates. The recent progress of biopharmaceuticals requires high-throughput screening of

glycan analysis system, because such medicines often carry glycans, whose structural populations are varied with the

cell lines and culture conditions. Micrototal analysis system (often called mTAS) is a promising technique. However,

the glycan mixture often composed of a series of glycans with highly correlated structure, and their resolution,

often requires long separation channel and longer migration times. Callewaert et al. proposed the use of DNA analyzer
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(96-capillary array system) for automated analysis of glycoprotein glycans. Glycoprotein samples were immobilized on

96-well PVDF membrane and incubated with PNGase F to release glycans.281 The released glycans were transferred

to another 96-well plate and derivatized with APTS at 37 �C overnight. Then, the reaction mixture was purified using

Sephadex G-10 columns packed in another 96-well plate. The APTS-labeled glycans were applied automatically to a

CE apparatus. These parallel operations reduce not only analysis time but also the artificial errors in sample

preparation. These characteristics of CE will be the most important glycomic/proteomic technology as a powerful

tool for the functional study of glycans in glycoconjugates.
Glossary

Capillary affinity electrophoresis (CAE) This technique is based on the analysis of the specific binding reactions between

oligosaccharides and carbohydrate-binding proteins (i.e., lectin). A mixture of unknown carbohydrates is analyzed by CE in the

absence and presence of lectin. Some carbohydrate which show affinity to the lectin, are observed later in the presence of the

lectin due to formation of the conjugate with the lectin. By repeating the procedures using an appropriate set of lectins, we can

obtain information on the structures of carbohydrates even in mixture.

Electroendoosmotic flow (EOF) Inner surface of fused silica capillary has negative charge due to the dissociation of silanol

groups (pKa 4 � 6). The negative charge of the inner surface generates plug-shaped bulk flow of electrolyte solution from anode

to cathode, when the voltage is applied at the both ends of the capillary. The sample zones are detected near the cathodic end

because the components migrate as the sum of the velocity of electrophoresis and EOF. Apparent velocity generally increases

with the increase of pH of running buffer.

Laser-induced fluorimetric detection (LIF) LIFmeans the florescence detection using a laser as light source. Because of the

homogeneity in wavelength, direction and phase of laser beam, sensitivity of LIF is far superior to that of xenon lamp-using

fluorometric detection. A combination of LIF and capillary electrophoresis enables detection of a very minute amount (less than

10�9M) of analyte labeled with laser-dye with high specificity.

Micellar electrokinetic chromatography (MEKC) MEKC is one of electrophoretic separation modes using a buffer solution

containing ionic surfactants (micelles) such as SDS. Ionic micelles act as the stationary phase, and migrate toward opposite

direction of its charge. Therefore separation of different analytes occurs based on the difference in association with micelles.

Reductive amination A reaction often used for labeling carbohydrates with fluorescent primary amines. Reducing carbohy-

drates are converted to glycamine in the presence of a reducing agent such as sodium cyanoborohydride. Many fluorescent

reagents of primary amines such as 2-aminopyridine, 2-aminobenzoic acid and 8-aminopyrene-1,3,6-trisulfonate, are often used

for sensitive detection of glycans in glycoconjugates.
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2.13.1 Introduction and Scope of the Chapter

Why and how would recently developed DNAmicroarray technology be a useful tool to study glycobiology? The goal

of this review is to answer these questions. The authors believe that the analysis of glycan-related gene expression

profiles using cDNAmicroarrays can be useful to identify the regulatory genes for glycan biosynthesis. However, since

DNA microarray technology is rather novel, little microarray data have been generated in glycobiology. Instead of

describing the available data, we delineate how microarray experiments are planned and what factors should be

considered, aiming our discussion at researchers interested in starting microarray experiments, since no such review is

available elsewhere. For this purpose, we use our newly developed glycan-related complementary DNA (cDNA)

microarray as an example. Later, we also discuss some prospects for the use of microarray technology in glycobiology,

which hopefully will provide insights into future research directions. To achieve our goals, we start with the

characteristics of glycan biosynthesis in this introduction. These issues, however, are individually addressed elsewhere

in this book. Instead of covering all of the important issues, we recommend referring to other publications for detailed

discussions. Essentials of Glycobiology, edited by Ajit Varki and colleagues, is a textbook covering a broad range of glycan

issues. This textbook can be accessed at the NCBI Bookshelf website.1 In this review, we point out important

characteristics of glycan biosynthesis and the biosynthetic pathway.

Glycobiology was initiated as the study of biological polysaccharide macromolecules. Since the original identifica-

tion of glycans, the biosynthesis of glycans has been thoroughly studied. After decades of work in this field, we now

know that glycosylation takes place in specific cellular compartments,2,3 including sugar metabolism in the cytosol,

transport of the activated substrates to the endoplasmic reticulum (ER) or the Golgi apparatus, and tandem reactions

of glycosyltransferases on the way to the secretory pathway. One of the major characteristics of glycan biosynthesis is

that specific pathways are used for each class of glycans: tandem addition of sugar residues occurs at the terminus of

nascent glycan chains (Figure 1). In this sense, any of the enzymes that participate in the biosynthetic pathway could

have a regulatory role. For the biosynthesis of the final glycan structure, a key enzyme should regulate the rate-

limiting step. Yet, only the final products of the pathway tend to have biological functions as glycan carriers. Thus, it is

reasonable to postulate that any of the enzymes in the pathway could regulate the biosynthesis of functional glycan

products.4 For glycan-based biological experiments, it is essential to identify the regulator in each of the glycosylation

pathways. The regulatory mechanism could also involve the biosynthesis of substrate(s) for glycosyltransferases or the

supply of substrates at the site of glycosylation.
Polypeptide
synthesis

What is the ‘key reaction’ for biological activity expression of glycans?

Nucleus ER Golgi apparutus

Sugar-nucleotide
biosynthesis

Sugar-nucleotide
transport

Glycan
expression

Sugar metabolism
Cytosol

Glycosyltransferase

Glycan receptor
expression

Glycan receptor
reaction

Biological response

Tandem glycosyltransferase reactions

Glycan recognition

Nucleotide-sugar metabolism

Figure 1 Scheme showing biosynthesis of glycans and factors regulating this process for glycan-dependent biological

response. Glycan function is exhibited through pathways for nucleotide-sugar metabolism, glycosyltransferase reactions,

and glycan recognition. These processes are dependent on many factors represented in this figure. Simultaneous analysis

of these factors could reveal the real site of the regulation as key event for the biological response.
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2.13.2 Basic Aspects of DNA Microarray Experiments

2.13.2.1 Development of RNA Expression Profiling

In this section, we start by describing howDNAmicroarray experiments are developed in the current format, and then

we focus on the characteristics of DNA microarray experiments, which are convenient methods to examine the gene

expression profiles of many genes. Then we describe recent findings of DNA microarray experiments, and finally we

provide an example of the powerful usage of microarrays together with genomic information in yeast. We recommend

a textbook, A Biologist’s Guide to Analysis of DNA Microarray Data by Steen Knudsen, for developing microarray

experiments.5

Profiling the gene expression of cells was made possible by advances in automated approaches in molecular biology

and molecular biological reagents, and increased knowledge about genomics. Transcriptome studies of how overall

cellular transcription occurs have included the establishment and large-scale sequencing of expressed sequence tags

(ESTs)6 and serial analysis of gene expression7 with the use of information in GenBank. At the same time, a method

for screening changes in transcriptomes was developed by the establishment of cDNA subtraction8 and has now been

combined with PCR technology to enable differential display experiments.9 The strength of these methods lies in

their ability to isolate novel genes via screening. Since the completion of genomic sequencing and extensive EST

clone sequencing, many uncharacterized genes have been cloned and supplied to GenBank; therefore, the identifica-

tion of novel genes is no longer common. Instead, to assess changes in the expression patterns for groups of genes of

interest, expression profiles of numerous genes spotted on DNA macroarrays are determined. This technology

employs the classical nucleotide hybridization technique used in Northern blotting, in which a specific cDNA

probe is labeled for detection (in a liquid phase) and a mixture of target RNAs is subjected to electrophoresis for

size-based separation and subsequently transferred to a solid phase (a membrane). Then the cDNA probes hybridize

to target RNAs on the membrane.

The development of DNA macroarray technology was a key step in the development of DNA microarrays because

both macroarrays and microarrays use a mixture of polyAþRNAs for labeling in the liquid phase,whereas specific target

DNAs are spotted on themembrane in the solid phase. An important difference between these two systems is the labeled

cDNA probe (specific or mixture). DNA macroarrays were further modified to achieve large-scale monitoring by the

subsequent development of DNA microarrays. This was a minor difference in terms of methodology, but an enormous

advance in technology arose when it became possible to spot genes very densely or to chemosynthesize oligonucleotides

on glass slides.Now that fluorescent labeling of cDNA and use of a confocal laser fluorescent scanner are possible, one can

identify the transcriptome of cells. Recent advances in technology have focused on 3-D scanning of the array format,

which could become available in the near future. Another goalwill be to increase the sensitivity ofmicroarray experiments

by developing sensitive probes for fluorescent labeling, along with bias-free RNA amplification.
2.13.2.2 Yeast Experiments Lead to Transcriptome Studies

Currently, it is possible to assess changes in the transcriptome of the whole genome in a single-cell eukaryote,

Saccharomyces cerevisiae, a budding yeast. The genome sequence of this yeast was completed in 199710 and is now

being updated. A yeast has about 7000 open reading frames (ORFs) in its genome. The availability of this information

has made it an excellent model in which to study the genome-wide transcriptome using DNAmicroarrays.11 All of the

ORFs were arrayed on a single glass slide and could thus be examined simultaneously. The genetically well-studied

features and the ease of producing ORF mutations by homologous recombination make it an ideal system for

‘whatever-ome’ studies, not only transcriptome studies. Moreover, knockout strains of each yeast gene are available

from the yeast consortium.12 A GFP-tagged version of the whole genome was also produced and the intracellular

localization of each ORF product was identified, and these GFP-tag-introduced strains are commercially available.13

Information on yeast is available from the SDG database13a and the YPD database.14 The findings of these yeast studies

can be applied to studies of mammals, but not all information on all genes and splicing variants for the production of

mammalian whole-genomemicroarrays exists. Nevertheless, cDNAs will continue to be arrayed based on the progress of

genome projects. Further identification of genes is in progress, making transcriptome analysis of human or other

mammalian species feasible. Then, DNA microarray technology will be applied to many biological systems.
2.13.2.3 General Considerations Regarding Microarray Experiments

As addressed in the introduction, DNA microarray analysis has become a common method for identifying gene

expression profiles in cells because it only requires RNA isolation, fluorescent probe labeling, and competitive
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hybridization of DNA spotted on a chip or glass slide. Compared to other methods, DNA microarray experiments are

well suited for small-scale studies in a single laboratory because they do not involve large-scale sequencing experi-

ments. However, this method cannot identify novel genes, as all the information comes from the specific genes

spotted on the chip. It may, however, provide novel functional insights about uncharacterized spotted DNA. Once a

cDNA is identified, it is easy to clone and examine its expression using DNA microarrays.

Owing to this power, data obtained by using DNA microarrays are rapidly accumulating. However, it is rather

difficult to compare gene expression profiles obtained by different experiments. Therefore, it is strongly advised that

the research community establish a standardized protocol. To minimize the variation among experiments, the Gene

Expression Omnibus (GEO) database14a was founded, and it is suggested that the results of microarray experiments

should be normalized to the standards of the Minimal Information About a Microarray Experiment (MIAME),14b

which is a guideline outlining the minimal information that should be included when describing the results of

microarray experiments.15–17 When authors submit an article including DNA microarray results to a journal, registry

of their data in microarray databases such as GEO, ArrayExpress,17a or Center for Information Biology Gene

Expression Database17b is required. When DNA microarray experiments are planned, the standardized requirements

must be considered.

Currently, two major types of DNA microarray platforms are being used: one is oligonucleotide-based and the other

is DNA fragment-based. Oligonucleotides can be synthesized on chips or spotted on a glass slide. Either way, DNA

hybridization-based experimental detection is used for the final readout of the data. Spotted arrays are blocked and

used for experiments. Typical DNA microarray experiments determine the relative expression level of each gene

using two-color signal detection (Figure 2). Another type of array analysis determines signal strength as a straight
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Figure 2 Principle of DNA microarray experiments. DNA microarray experiments are to perform simultaneous hybridiza-

tion using labeled mixture of cellular RNA for arrayed genes of interest. Two-sample comparison is achieved when RNA

from two different sources is labeled with different fluorescent dyes. These labeled cDNAs were subjected to competitive

hybridization. In each spot of microarray, ratio of RNA abundance between two samples could be measured depending on
the strength of hybridization in two colors.



DNA Microarrays in Glycobiology 431
expression level in a single sample. The idea of DNA microarray experiments is to perform the hybridization reaction

on the spotted DNA, just as in Northern or Southern blotting. Specific hybridization signals are selected in a low-salt

buffer whose ionic strength depends on the stringency requirement of the probe(s). In DNA microarray experiments,

all mRNAs are converted to fluorescence-labeled cDNA and their hybridization to each spot is then measured. In two-

color microarray experiments, RNAs isolated from two samples are converted to cDNA labeled with two different

fluorochromes, which are used for competitive hybridization on each arrayed spot on a glass slide. The difference in

signal strength between the two colors is interpreted as the difference in mRNA expression between two samples.

In order to achieve hybridization of thousands of different spots on the same glass slide, the melting temperature (Tm)

of the spotted fragment should be adjusted so that all spots have similar washing stringencies appropriate for

hybridization in a single reaction.

It is generally believed that the sensitivity of a microarray is not as great as that of PCR experiments. Five ex-

periments are required to obtain statistically sound data to eliminate experimental variations, making microarray

experiments rather expensive. It is thus advised that one should further confirm array results with conventional

techniques such as real time-PCR or Northern blotting. To obtain reliable differences, performing microarray analysis

at different time points in time-course experiments is also recommended, when possible.

It is rather difficult to directly compare the results of different microarray experiments because the amount of the

DNA spotted on glass slides might be subtly different and the conditions used for hybridization, washing, or scanner

readout may not be identical. Moreover, the nature of competitive hybridization makes cross-sample comparison

difficult because the degree of hybridization found in one color depends on the amount of RNA in the other color,

which could inhibit the signal from the opposing color in a competitive manner. To achieve a cross-sample comparison,

a single color should be fixed to the same standard and the resultant signal from other color relative to the standard

should be compared. This way, as long as the same standard is used as the reference, cross-sample comparison could be

achieved as a difference of the ratio of expression compared to the standard. Initially, RNAs such as HeLa cell polyAþ
RNA were used to make large-scale cross comparisons of cells regarding gene expression.18 More recently, universal

reference RNA, a mixture of polyAþ RNA from various tissues, has been shown to be more useful for such

comparisons, as HeLa cell polyAþ RNA contains only a particular mRNA. Thus, using the mixture of polyAþ RNA

is better because mixing as many RNAs as possible will increase the probability of having a particular gene spotted on

the microarray.19 The standard mixture is commercially available.

As stated above, microarray is a recently developed system for examining the gene expression profiles of cells. The

number of results obtained from these experiments is enormous compared to the quantity that can be obtained by

conventional gene expression methods. A suitable approach is needed to analyze these data, and bioinformatics is a

prerequisite.20 There exists no doubt that DNA microarray analysis is useful for obtaining information about the

transcriptome. However, it is universally important to consider what samples are compared and how they are analyzed,

just as with other new methods.
2.13.3 Glycan Biosynthesis Follows Pathways

2.13.3.1 Glycosylation is Spatially and Temporally Regulated

Glycosylation is so common that it is difficult to find cells without it. However, much variety is found in glycan

structures; some glycans are expressed only in specific cells and this glycan-specificity also tends to be carrier-specific.

Some glycan expression is regulated in a spatiotemporal manner. For example, 9-O-acetylated sialic acid of GD3 and

GD2 recognized by the anti-JONES antibody is found in the developing brain, exhibiting a gradient pattern at the

time of neuronal migration.21 Sulfated glucuronate-containing glycans recognized by the anti-HNK-1 antibody are

found only in a limited set of cell-adhesion molecules, and epitope expression is correlated with the expression of a

specific glycosyltransferase.22 The ligand for L-selectin is densely expressed in the high endothelial venules of lymph

nodes.23 Such spatiotemporal regulation of glycan expression could be achieved by the regulation of glycan-carrier

expression, and in many cases by the regulation of glycosylation machinery,24 even though some glycosylation-related

enzymes are ubiquitously expressed and localized in appropriate places within the cell.
2.13.3.2 Biosynthesis of Glycans Follows a Pathway and a Key Enzyme Controls Final
Glycan Biosynthesis

When we focus on the biosynthesis of a given glycan, one of the major characteristics is that it follows a given pathway.

In this section, we describe how a ligand for P-selectin is biosynthesized in the process of carrier-protein trafficking by



432 DNA Microarrays in Glycobiology
the ribosomes in the rough ER as a nascent polypeptide chain and transported to the cellular membrane. We also

introduce the idea of a ‘key enzyme’ for the biosynthesis pathway, which is a rate-limiting enzyme involved in the

pathway that controls the production of the target product. Although this is just one of the typical biosynthesis

pathways for glycan chains, the pathway-dependency characteristics are essentially the same for the biosynthesis of

N-glycans, sphingoglycolipids, glycosylphosphatidylinisotol (GPI) anchor, glycosaminoglycan (GAG) chains, or other

kinds of O-glycans. In essence, glycosylation takes place in the ER and/or the Golgi apparatus as carrier proteins or

lipids are transported through the secretory pathway in cells. At the same time, the supply of the sugar donor is

important, and sugar metabolism and sugar-nucleotide biosynthesis occur in the cytosolic fraction of cells, followed by

transport to the site of glycosylation, which is the ER or the Golgi apparatus cisternae.

The ligand for selectin is a glycan chain called sialyl-Lewis x, Siaa2-3Galb1-4(Fuca1-3)GlcNAc-R, found on the

O-glycan of the glycoprotein P-selectin glycoprotein ligand (PSGL-1). In order for glycosyltransferases to produce a

glycan determinant, cells need to biosynthesize monomeric sugars in the cytosol. Monomeric sugars are further

metabolized to activated sugars, such as CMP-Sia, UDP-Gal, UDP-GlcNAc, GDP-Fuc, and UDP-GalNAc. These

activated donors (sugar nucleotides) are then transported into the lumen of the Golgi apparatus by transporters specific

to each sugar nucleotide. Meanwhile, the freshly synthesized polypeptide chain is transported into the luminal side

of the ER cisternae for the beginning of the initial glycosylation. The first enzymes involved in the biosynthesis of

O-glycan chains are polypeptide-GalNAc transferases, which recognize serine or threonine residues on the mucin

domain of the nascent PSGL-1 polypeptide. GalNAc addition is followed by the core-1 Gal transferase, which

transfers Gal through b1-3 linkage to GlcNAc. b6GlcNAcT, known as the core-2 enzyme, recognizes this substrate

and adds GlcNAc to the GalNAc residue via b1-6 linkage, forming the core-2 structure. The core-2 branch is further

extended by the b4GalTreaction. The terminal Gal can be further extended by the addition of LacNAc repeating unit

(s) via the function of GlcNAcT and GalT. Acidic sialic acid is then added to the Gal residue via a2-3 linkage.

Fucosylation by a3FucT reaction completes the biosynthesis of the sialyl-Lewis x-bearing core-2-type O-glycan

(Figure 3)25 This glycan chain is produced on the activated endothelial cells to recruit leukocytes to inflammation

sites. This biosynthetic pathway is carried out by numerous enzymes, and the downstream enzymes cannot function

properly without the proper substrate. Thus, any enzymes found in this pathway could be rate-limiting for the

production of the final product. This sialyl-Lewis x-bearing core-2-type O-glycan is expressed on very limited cells

in the body, and although many of the enzymes in this pathway are ubiquitously expressed, it has been reported that

the terminal enzyme, FucT-VII, is the ‘rate-limiting’ or ‘key’ enzyme for its expression.26 In principle, the ‘key’
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Figure 3 Biosynthesis of P-selectin ligand glycan, sialyl-Lewis x, as an example of a glycan biosynthesis pathway. Sialyl
Lewis x glycan chain expressed on the core-2 branch of O-glycan and enzymes involved in the biosynthesis were shown as

an example of biosynthetic pathways. This glycan chain is biosynthesized by tandem reactions of glycosyltransferases,

starting from polypeptide-specific GalNAc-T, core-1 b3GalT and core-2-specific b6GlcNAcT to produce core-2 branch on

O-glycan. Core-2 branch could be further extended by polylactosamine structure, followed with a2-3 linked Sia and the
biosynthesis was terminated by the a3FucT reaction. As it is followed by tandem glycosyltransferase reactions, this pathway

could be regulated by any of the enzymes in this pathway or sugar-nucleotide supply enzymes/transporters before these

glycosyltransferases to catalyze. Terminal fucosylation is regarded as a most critical step of the sialyl Lewis x epitope

expression. One of the characteristics of this kind of metabolic pathways is that many enzymes just utilize the substrate from
upstream reaction, thus effect of the enzyme expression only affects downstream reactions. There might be substrate

competition among pathways as some glycan intermediate could be utilized in multiple pathways such as terminal

N-acetyllactosamines.



DNA Microarrays in Glycobiology 433
enzyme does not need to be the terminal enzyme.27 The experimental ‘loss of gene function’ approach has been used

to assess enzyme gene function in a pathway. This approach is quite different from determining whether a gene is

regulatory.28 Thus, a novel approach to evaluate the relative importance of these enzymes as components of the

pathway is needed. Moreover, the relative expression patterns of the glycosyltransferases or other sugar-metabolizing

enzymes have not been assessed due to obvious technical difficulties. Thus, simultaneous examination of the

expression profiles of genes involved in glycosylation may reveal completely new aspects of the relationships

among glycosylation machinery.
2.13.3.2.1 Pathway information could be key to the analysis of glycan biosynthesis
As described above, the glycosylation process can be regarded as a combination of biosynthetic pathways in various

cellular compartments. Although different glycans have their own biosynthetic pathways, enzymes involved in one

pathway can also be involved in other pathways. Some enzymes act on substrate glycans that occur as both N- and

O-glycans. Some share glycolipid and N-glycan substrates. Thus, it is difficult to map these enzymes onto the various

pathways. Nevertheless, these glycosyltransferases are linkage-specific and substrate-specific and use specific sugar

nucleotides. Thus, a rational starting point for understanding glycan biosynthesis would be the mapping of enzymes to

biosynthetic pathways. It has now been reported that some glycosyltransferases are in physical contact with others

belonging to the same pathway in order to efficiently perform glycosylation, such as ganglioside biosynthesis,29 GAG

biosynthesis,30 and neural-specific glycan epitope HNK-1 synthesis.31 Indeed, such a mechanism provides a possible

explanation for how a specific glycosylation on a specific carrier is produced. Information about such interactions

would be complementary to the mapping of enzymes to pathways. It has been a subject of debate whether a

competition occurs between enzymes recognizing the same acceptor sugar, such as ST6Gal1 and ST3Gal4, as both

prefer the same acceptor sugar when assayed in vitro.32 This could be resolved by affinity-based competition, or by

determining the intra-Golgi apparatus localization to see which enzyme encounters the substrate first, or by examining

the protein-interaction-mediated transfer of the substrate glycoconjugates as a ‘glycosyl-some’-like microdomain

in the Golgi apparatus. Thus, the usefulness of the above mapping information could be further enhanced by

determining the intra-Golgi localization of each enzyme.
2.13.4 Characteristics of Glycosyltransferases Compared with other Proteins,
such as Kinases, which also Function in the Cascade of the Pathway

2.13.4.1 Use of DNA Microarray Experiments to Elucidate the Network

So far, microarrays have been used for various screening purposes to pick up gene(s) whose expression profile(s) shows

characteristics of particular phenotypes. One of the proposed uses of microarrays is to identify genes that can be

utilized for choosing medical treatments, so-called ‘tailor-made medicine’. For this purpose, screening as many genes

as possible of any kind would increase the chances of success. At the same time, more focused DNA microarrays have

been developed and made available to assess groups of genes of interest. These microarrays are used to examine the

similarity of expression in genes with similar biological functions. Such use of microarrays will increase our overall

understanding of gene networks, as many of the proteins in cells interact with each other.
2.13.4.2 Pathway-CHIGAI (Both Are Pathways, but Different Kinds)

As described in the previous section, glycosylation and sugar metabolism are composed of cascades of enzyme

reactions. One of the most studied cascades is the signal transduction pathway of protein kinases. The glycan

biosynthetic pathway appears to be very different from the signaling pathway, which results in the amplification of

the triggering signal for transmission to the effector molecules. Molecular biologists often find that phosphorylation is

a key event in signal transduction pathways. For these pathways, transcription factors are one of the most studied

effectors, located downstream of the signaling events. An example of such a chain of phosphorylation events is the

signaling cascade involving MAP kinase. Signaling of growth factors such as insulin, PDGF, EGF, and FGF, involves

activation of their receptor kinases to start the cascade of events. For example, signal transduction initiated by insulin

is transmitted as follows (Figure 4).33 The insulin receptor itself is a protein tyrosine kinase that phosphorylates its

adjacent substrate, the insulin receptor substrate (IRS). Phosphorylated IRS changes its conformation and creates a

docking site for SH2-containing proteins. This results in the activation of phosphoinositide-3-kinase to produce PIP3,
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Figure 4 Insulin signal transduction as an example of kinase-based signaling pathways. Insulin signaling pathway was

shown as an example of signaling pathways. In such pathway, both phosphorylation-dependent activation and inactivation
are involved in the regulation of kinases in the pathway and translocation of factors is also an important part of the pathway.

Even though the negative feedback system was not extensively studied to date, there should be some mechanism to

downregulate the signaling pathway. Insulin signaling pathway at least includes kinase-dependent phosphorylation,

phosphorylation-dependent recruitment of signaling factors, lipid biosynthesis, lipid-mediated activation of kinase, and
translocation of glucose transporter as shown. One of the clear differences of the pathway compared to the metabolic

pathways is that nature of relationships between the factors involved in the pathway could vary considerably. Same

characteristics are also applied in the network of the transcription factors.
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which is recognized by the PH domain of the downstream kinases PDK1 and Akt1.34 Activated PDK1 phosphorylates

the activation loop of Akt1, activating Akt1. Full activation of Akt1, however, also requires further phosphorylation at

the C-terminal hydrophobic motif by mTOR complexed with Rictor (TORC2 complex).35 Activated Akt1 then

phosphorylates GSK-3 kinase, which inhibits the GSK-3 that normally represses glycogen synthesis. Another signaling

cascade proceeds as Akt1 also phosphorylates forkhead family transcription factors. This signal also changes the

translocation of glucose transporter Glut-4 to the plasma membrane. Thus, major regulation of the pathway depends

on whether the triggering phosphorylation occurs, and the gene expression of the pathway components is rather a

competence factor.

DNA microarray technology was developed as a molecular biology tool, and has been used to analyze the factors

involved in signal transduction in cells, including protein kinases and other signaling molecules. Due to the obvious

and strong connection between transcription factors and the transcriptome, the network of transcription factors was

also a primary target of microarray technology. However, although repeated attempts to examine the networking of

these groups of genes have been reported, these virtual networks were not further verified experimentally and thus are

still hypothetical. As shown in Table 1, this seems to be a rather unavoidable result, since these kinases are regulated

in the context of signal transduction cascades with protein phosphorylation by protein kinases or dephosphorylation by

protein phosphatases. The transcription factors, of course, are one of the major targets of such phosphorylation-

dominated signal transduction pathways. Thus, it is less likely that the transcription of these factors plays a regulatory

role in these pathways; rather, the transcription of these factors should be regarded as a competence factor for the

regulation of signal transduction.



Table 1 Characteristics of the enzymes involved in glycosylation and signal transduction

Protein kinase Glycosyltransferase

Subcellular localization Mobile (Cytosol, Nuc, PM) Stable (Golgi, ER)

Requirement for activity Substrate supply Substrate supply

Interaction with scaffold Interaction with scaffold

Phosphorylation

Dephosphorylation

Allosteric activation

Gene expression dependency for function Light Heavy

Factors regulating each group of enzyme are shown. Both of these enzymes rely on the appropriate supply of substrate.

However, other characteristics such as subcellular localization and other regulatory modifications make glycosyltransferases

more dependent on transcription and protein kinases less dependent on transcription of the components of pathways.

Nuc; nucleus, PM; plasma membrane, ER; endoplasmic reticulum.
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2.13.4.3 Difference between the Signal Transduction Pathway and Glycan
Biosynthesis Pathway

In principle, DNA microarrays only detect differences in gene expression under different conditions. Thus, the

subject for examination must be regulated at the transcriptional level in a transcriptome study. As explained above,

when we are focusing on how many of the pathway components are actually regulated at the level of gene expression,

these enzyme systems have quite different transcriptional dependencies in order to be catalytically active. Many

protein kinases and transcription factors work as competence factors, preparing for the signaling cascade to be

triggered. Glycosyltransferases located in the ER and Golgi apparatus work when proper substrates are supplied at

their localized site; the supply of their substrates also depends on the transcription of upstream enzymes. In fact, this is

a characteristic of glycosyltransferases. As long as substrate glycans are expressed, their overexpression into cells could

result in the production of product glycans. For this reason, ‘expression-cloning’ experiments have been very

successful for many glycosyltransferase genes.36 Sequence similarity makes it possible to isolate cDNAs in which a

similar sequence is conserved. For uncharacterized cDNAs, this approach is not possible. To our knowledge, it is rare

to clone cDNA for kinase in overexpression experiments in mammalian cells because they tend to require other post-

translational modification(s) such as phosphorylation, and downstream events are not easily distinguishable cellular

phenotypes when kinase cDNAs are overexpressed in the cells.

Another major difference between these two enzyme systems is the issue of subcellular localization. Since both

systems heavily rely on enzymes encountering substrates, both systems require proper localization at the site of action.

For the glycosyltransferases, each enzyme tends to have its own localization signal within its molecule, except for

some of chaperone-dependent glycosyltransferases such as Cosmc for core-1 b3GalT.37 In contrast, protein kinases

often change their subcellular locale among the cytosol, plasma membrane, and nucleus, depending on the status of

the cell. Moreover, changes in kinase localization occur within the membrane, from the raft to the nonraft, and within

the cytosol, from free to adaptor bound. Change in localization is important for kinase-mediated signal transduction.

Another important difference between the two chain-like biological events is that enzymes or substrates are less likely

to inhibit other enzymes or substrates in the glycan biosynthetic pathway unless a negative feedback mechanism is

operative. In contrast, inhibitory relationships between enzymes are common in signal transduction pathways, and

probably half of the interactions are negatively regulated. This kind of relationship makes the interpretation of data

obtained by DNAmicroarrays more complex, and thus it is less likely that one can achieve a meaningful analysis at the

level of gene expression. These features make not only glycosylation but also other kinds of metabolism-related

enzyme genes suitable for examination in microarray analysis of the transcriptome.
2.13.5 Development of the RIKEN Glycan-Related cDNA Microarray

2.13.5.1 Application of the DNA Microarray to Glycan-Related Genes

Several events demonstrate that cell state changes cause changes in glycan expression on the cell surface. One

of the most prominent cell state changes is the alteration of gene transcription. Due to the recent accumulation of

genetic information about glycosylation-related enzymes, it is feasible to examine changes in the transcriptome of
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glycosylation-related genes.38 In addition, we are interested in taking a genetic approach to glycobiology, since many

biochemical approaches have been used previously. In order to analyze the transcriptome, the development of

microarrays for glycosylation-related genes is planned. As mentioned in Section 2.13.3, the yeast model would serve

very nicely in many biological systems. However, glycosylation, except N-glycosylation, is considerably different in

yeast and mammalian species (Chapter 4.07). Although the N-glycosylation mechanism is almost identical in yeast

and mammals, and some important findings have been made in yeast,39,40 other classes of glycan seem to have evolved

after the divergence of yeast and mammalian lineages. Mammalian species all have known glycosylation systems.

Therefore, if glycosylation is the subject of interest, it is necessary to use mammalian species. So far, two projects are

focusing on the use of DNA microarrays for glycan-related studies. These two are the Consortium for Functional

Glycomics Project and the RIKEN Frontier Research System. In this section we give an overview of our development

of microarray platforms, mainly for human genes. We also describe some published results as examples of the use

of DNA microarrays. We believe this information will be useful for those hoping to use DNA microarray systems in

the future.
2.13.6 Creation of the RIKEN cDNA Microarray

The RIKEN human cDNA microarray for glycan-related genes was developed by RIKEN as a resource for the

glycobiology section of the RIKEN Frontier Research System. To create the microarray, we selected human genes

for glycosyltransferases, sugar-metabolizing enzymes, sugar transporters, lipid-metabolizing enzymes, lipid transpor-

ters, glycan receptors (lectins), lipid receptors, glycosylated carrier proteins, and control genes to assess the status of

the cell. Versions 1 and 2 have been completed and Version 3 is being made currently. Version 2 has GEO platform

accession number GPL3456. This microarray uses amplified DNA fragments of around 1000 genes. The length of the

fragments is 300 bp; that size was chosen to gain a stronger hybridization signal than oligonucleotide-based microarrays

in general. The primers for amplification were selected for each glycan-related gene with unique sequences and no

homology. To do so, we also selected sequences with similar GC content to achieve relatively similar hybridization

efficiencies. These in silico candidate fragments were then tested for lack of sequence similarity to other reported

genes in GenBank by a BLAST search,40a and the identity of the genes was confirmed using human genome

resources40b with the help of the reference sequence40c or UniGene database.40d

Actual amplification was carried out using ESTclones of human origin or a mixture of polyAþ RNA from various

organs. Successfully amplified single bands were then confirmed to have the expected sizes by agarose-gel electro-

phoresis. The amplified materials were further confirmed to have the expected sequences. Some of the genes whose

amplification failed were then amplified by reverse transcription-polymerase chain reaction (RT-PCR). The ‘rare

messages’ whose mRNA transcription is too weak to amplify by this method were then subjected to nested PCR in

order to effectively amplify the target. This approach resulted in about 1100 genes in the Version 3 microarray (content

of cDNA microarray is shown in Table 2). The upgraded versions also contain additional newly identified genes.

Amplified genes that cleared the above criteria were then spotted onto glass slides and blocking was performed by

TAKARA BIO INC. (Shiga, Japan).
2.13.6.1 Verification of the DNA Microarray

To start the DNA microarray experiments, we applied exactly the same pool of RNA to test whether this array gave

completely matched expression between the two colors. The results using Jurkat cell polyAþ RNA in both Cy3 and

Cy5 channels were plotted (Figure 5). The result indicated that 29.1% of the genes (839 spots on the DNA

microarray) showed a more than twofold difference between the two channels. Variation was seen in the genes

weakly expressed in Jurkat cells (bottom left of the plot). Thus, we applied a cutoff value (¼average(background

signal)þ2�STDEV(background signal)) for signal strength to conduct further analysis, to exclude noise from our

calculations. When this cutoff was applied, among the 839 spots with more than twofold difference, only three spots

exceeded the threshold in both channels (classified as ‘AND’), and seven spots exceeded the threshold in a single

channel (classified as ‘OR’), as a pseudopositive signal. Thus, such threshold setting is essential to the comparison of

data obtained in two colors. This is a very important point for starting DNA microarray experiments and differences

found in microarrays should be subsequently confirmed to avoid inevitable pseudopositivity, as it can be caused

by biased labeling and hybridization efficiency between the two colors. It is also important for single color experi-

ments, since it is impossible to tell if a bias in labeling occurred after the experiments. Possible biased-labeling

reaction of the polyAþ RNA during the procedure could cause the pseudopositive results. In fact, the same



Table 2 Content of the genes arrayed on the human version of the glycan-related gene cDNA microarray

A. Genes involved in glycan expression Number of genes
Nucleotide-sugar metabolism 106

Glycosyltransferase 133

Sulfotransferase 35

Glycosidase 47

B. Genes for glycan-related molecules Number of genes
Glycoprotein 11

Proteoglycan 34

Glycosylphosphatidylinositol anchor 22

Lipid and fatty acid metabolism 210

Lectin 99

Heparin-binding protein 93

C. Others Number of genes
Signal transduction 162

Immune response 75

Cell adhesion 54

Other metabolism 27

D. Control Number of genes
Ubiquitously expressed genes 90

Negative control 32

Total 1230

Genes involved in the glycosylation and glycan-binding proteins are listed, amplified, and spotted as DNAmicroarrays. This

table represents the number of genes in each category of the human glycan-related cDNA microarray version 3, which was
developed in 2005.
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Figure 5 Analysis of same RNA to see the variation in the system. To test if microarray system is properly working, exactly

same RNA from Jurkat cells was subjected to two-color comparison. This analysis would show the reliability of microarray

experiments in a given platform. Normalized signal in each channel was plotted. All genes should follow the guided line
showing Y¼X. As shown here, variations in microarray signal were prominent in the spots with weaker signal for hybridiza-

tion (bottom left side of plot). To exclude these variations in the analyses, a threshold value was set for each channel as

shown in dotted lines.
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comparison using our previous system showed 40 spots in the ‘AND’ class and 50 spots in the ‘OR’ class as

pseudopositive spots with the same RNA sample even after threshold setting. A relatively low percentage of

pseudopositive genes exceeding the threshold in our current system was achieved by the use of aminoallyl-based

labeling of the cDNA, as shown above (Figure 3). To minimize such reagent-based problems, we also tested three

labeling reagents from three vendors to assess the bias in the two color-labeling using the Jurkat cell polyAþRNA, and

the pseudopositive signals in the Scatchard plotting of the two-color difference of the signals were considerably

different among the reagents. Thus, we decided to use the reagent from Amersham (Piscataway, NJ, USA) for our array

detection.
2.13.6.2 Consideration of Experimental Protocols and Reagent Requirements in
DNA Microarray Experiments

To confirm that the array was working, we assessed whether the quality of RNA sample used could affect the

signal. After examination of RNA purity, we decided to use polyAþ RNA for labeling. Prior to labeling we routinely

checked RNA samples to ensure that the sample in each dye contained the same amount of messenger RNA

by calculating the contaminating ribosomal RNA in the preparation, which varied from 20% to 80% even in expensive

commercially available polyAþ RNA. This was made possible by capillary electrophoresis using a Bioanalyzer

2100 (Agilent, Palo Alto, CA, USA). This equipment also detects possible degradation of mRNA due to the

technical difficulty of handling RNA samples, which varies from time to time. Degraded polyAþ RNA yields a

poor signal output, and thus preparations containing degraded polyAþ RNA are not suitable for microarray experi-

ments. Completion of these routine checks results in more consistent signal output of fluorescent readings using

a microarray scanner. If these conditions are not adjusted, one needs to depend on the expression of so-called

‘housekeeping’ genes for normalization of the signal between two channels, but no gene is expressed equally in any

two samples. We use the sigma normalization method to normalize microarray data, as this method is thought to be

more reliable than other methods, such as using control RNA to set the normalized signals between two channels.
2.13.6.3 Can this cDNA Microarray Detect the Reported Change in Glycan-Related
Gene Expression

As the glycan-related gene microarrays appeared to provide reasonable results in control experiments, this DNA

microarray was tested to examine whether it gives hybridization signals in experimental systems that have already

been reported in the literature. An initial assessment was performed to determine whether the reported gene

expression change was reproduced in the results of our DNA microarray. We chose the gene expression difference

between normal and cancer cells, as malignant cells often remodel their cell surface glycan expression pattern, and

three studies found gene expression differences between normal placenta and chorionic carcinoma BeWo cells. The

signals for glycosyltransferase expression were plotted (Figure 6a and 6b). This comparison was chosen because of

multiple reports on the differences in glycan structure,41 glycosyltransferase activity,42 and glycosyltransferase gene

expression between normal placenta and BeWo cells. The reported gene expression was analyzed by Northern

blotting42 and RT-PCR43 and the results were suitable for comparison with the our DNA microarray results. Since

the glycan structure of human chorionic gonadotropin (hCG) hormone showed considerable differences between

normal cells and cancerous cells, these two samples were assessed using cDNA microarrays.44 In fact, N-glycans play

important roles in expressing the biological activity of hCG.45

In the DNA microarray experiment, the reported changes of N-glycan biosynthesis were detected (Table 3 and

Figure 6b).46,47 Other reported structural characteristics are that normal placental hCG carries sialyl-Lewis x epitope

on its glycans48 and several possible reasons for this have been suggested. As far as DNA microarray experiments

were concerned, reduction of ST3GAL4 seemed to play the most important role in such a reduction, as the expression

level was almost 17% compared with that of normal placental cells. A considerable difference was observed in

O-glycosylation enzyme genes at the same time, as BeWo cells express more core-1 GalT1 (C1GALT1) but less

core-2 GnT1 (GCNT1). These differences might cause BeWo cells to express more truncated O-glycans such as

Tn-antigen or sialyl Tn-antigen. As ST3GAL1, which encodes an enzyme that sialylates Tn-antigen, was also one of

the genes with decreased expression in BeWo cells, this probably resulted in less sialyl Tn-antigen in these cells.

These results show that this microarray could detect the gene expression differences found in Northern blotting

experiments for N-glycan biosynthesis (Table 3). The data obtained using this DNAmicroarray seemed less sensitive

than those of RT-PCR experiments since FUT1, one of the genes for which RT-PCR analysis detected changes, was

classified as below threshold in the microarray experiment.
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The control genes in the cDNA microarray included the gene for beta actin (ACTB1), historically used to

normalize gene expression in different samples. Thus, we compared its expression between these samples to see

whether its expression could be used for normalization between two samples. ACTB1 expression showed a 2.2-fold

increase in BeWo cells as the average of 16 spots; thus, the use of this gene for normalization should be avoided.
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Figure 6a and b Comparison of the glycan-related gene expression profile using cDNA microarray. a, Schematic

presentation of the N-glycan structure and enzymes involved in the biosynthesis. Aberrant N-glycan structure of human
chorionic gonadotoropin (hCG) was reported and this change was also analyzed in the RNA expression level in the use of

both Northern blotting and RT-PCR in cancerous cells. Figure shows the structure of N-glycan of hCG and enzymes

involved in the biosynthesis of each linkage. Reported induction of gene/enzyme expression in carcinoma cells are

expressed in bold letters whereas reductions are expressed in gray. These changes in the glycosyltransferase are expected
to cause the increase in bisecting GlcNAc structure where GlcNAc is linked to mannose in a1-3 configuration as reported in

cancer cells. b, Analysis of glycosyltransferase gene expression between normal placenta and BeWo cells. From the 1000-

sample microarray data, gene expression profile of glycosyltransferases was selected and plotted as a difference between

normal placenta and BeWo cells. Each dot indicates the expression of the gene in two sources. Arrows indicates gene
reported in similar comparison using different systems. Genes whose expression did not exceed threshold were put in the

parentheses. Some of the reported change exceeded guided lines for twofold cutoff.
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Figure 6d Comparison of the glycan-related gene expression profile using cDNA microarray. Analysis of GAG biosynthe-

sizing enzyme genes between normal placenta and BeWo cells. Genes involved in the GAG chain biosynthesis were
selected and plotted as a difference between normal placenta and BeWo cells. Arrows indicate genes for chondroitin

biosynthesis. Analysis indicated a possible reduction of transcription of chondroitin sulfate biosynthetic enzyme genes in a

cross-pathway manner.
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Simultaneously, we detected some differences in an additional set of genes using DNA microarray experiments.

One of the major changes found in this comparison was the genes for enzymes involved in chondroitin biosynthesis49

(Figure 6c and 6d). When the data for this group of genes were Scatchard plotted, a specific decrease in the

chondroitin sulfate biosynthetic pathway was obvious, but not in the linkage-region or heparin sulfate biosyn-

thesis. This may change cellular reactivity to the specific GAG-binding factors.50 Analyzing DNA microarray

data with biochemical pathway information could reveal unexpected but major changes in the group of genes

involved.
2.13.7 Microarray Experiments Reported in Glycobiology

2.13.7.1 Glycan-Related cDNA Microarray from the RIKEN Frontier Project

Since DNA microarrays have just started to be used in glycobiology, not many findings have been reported. In future

reviews of this nature, the authors hope that this kind of section will summarize many studies. Nevertheless, we

discuss the available results of cDNA microarrays for glycobiological studies.

Koike et al. screened for genes regulated in hypoxic conditions, as cancer cells undergo distinct metabolic changes to

cope with their hypoxic environment. Hypoxic culture of colon cancer cells markedly increased the expression of

selectin ligands, the sialyl Lewis x and sialyl Lewis a determinants at the cell surface, which led to a definite increase

in cancer cell adhesion to endothelial E-selectin. Therefore, cDNA microarray-based gene expression screening was



Table 3 Comparison of the gene expression between normal placenta and chorionic carcinoma cell line BeWo

Gene name Description FOLD Reported change Ref

A. Gene reported
MGAT1 GnT-I 0.27 Up (N) 42

MGAT2 GnT-II ND Down (N) 42

MGAT3 GnT-III 3.8 Up (N) 42

MGAT4a GnT-IVa 4.0 Up (N) 42

MGAT4b GnT-IVb 1.8 Up (N) 42

MGAT5 GnT-V 0.44 Down (N) 42

B4GALT1 b4GalT-I 1.1 Down (N) 42

MAN2A1 Golgi alpha-mannosidase II 2.3 Up (N) 42

ST6GAL1 ST6Gal I 3.7 Up (P) 43

FUT1 FucT1 ND Up (P) 43

FUT2 FucT2 1.2 Up (P) 43

B. Gene increased in BeWo
FUT3 FucT3 30

GCNT1 Core-2GnT-1 6.4

GALNT3 ppGalNAcT-3 4.1

FUT5 FucT5 4.0

CHST12 GalNAc 4-O-SulfoT-2, C4ST2 3.1

FUT6 FucT6 2.6

GALNT2 ppGalNAcT-2 2.6

B4GALT4 b4GalT-IV 2.3

GPI Glc-6-P isomerase 2.3

SLC35B1 UDP-Gal transporter 2.2

C. Gene decreased in BeWo
CHST2 GlcNAc-6-O-SulfoT-2, C6ST2 0.01

CMAH CMP-Neu5Ac hydroxylase, pseudogene 0.05

IDS Iduronate 2-sulfatase 0.07

CHGN Chondroitin GalNAcT 0.10

FUCA1 a-Fucosidase 0.14

ST3GAL4 ST3Gal-IV 0.17

GAA a-Acid glucosidase 0.24

C1GALT1 Core-1 b3GalT 0.25

GUSB b-Glucuronidase 0.27

MAN2A2 Golgi a-mannosidase-IIX 0.33

GBA b-Acid glucosidase 0.34

MAN1A2 a-1,2-Mannosidase 0.35

CHSY1 Chondroitin synthase 1 0.36

GALNT11 ppGalNAcT-11 0.37

GNE UDP-GlcNAc-2-epimerase/ManNAc kinase 0.38

GALE UDP-Gal-4-epimerase 0.40

CHPF Chondroitin-polymerizing factor 0.42

ST3GAL1 ST3Gal-I 0.43

GNS GlcNAc-6-sulfatase 0.47

Comparison of gene expression was shown with reported changes (A). Changes consisting of more than twofold increases

in gene expression of other glycosylation-related genes (B), and changes consisting of less than twofold decreases in the

expression of such genes (C) are shown. FOLD indicates fold difference of each gene expression obtained in DNA
microarray experiments. ND indicates that the microarray signal did not exceed the threshold value in either channel.

N indicates the use of Northern blotting and P indicates RT-PCR in the report. Ref indicates the reference number of the

original reports.42,43

442 DNA Microarrays in Glycobiology
used to look for changes in gene expression of cultured human colon cancer cells induced by hypoxic conditions, with

special reference to cell-adhesion molecules and carbohydrate determinants having cell-adhesive activity. They

identified upregulated glycan-related genes such as GLUT1, UGT1, ST3GAL1, and FUT7. In addition, a remarkable

induction was detected in the genes for syndecan-4 (SDC4) and alpha5-integrin (ITGA5), cell-adhesion molecules

involved in the enhanced adhesion of cancer cells to fibronectin. These results indicate that the metabolic shifts of
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cancer cells are partly mediated by hypoxia-inducible factors that significantly enhance their adhesion to vascular

endothelial cells, through both selectin- and integrin-mediated pathways. Interestingly, both pathways actually

function in a step-by-step manner in the cell-adhesion pathway, and thus this cooperative enhancement of two

pathways under hypoxic conditions indicates the augmentation of the cell adhesion in cancer. 51

Another study identified glycosyltransferases that are specifically expressed in pancreatic cancer. To compare gene

expression of glycosyltransferases between pancreatic cancer and normal pancreatic tissues, Ide et al. performed DNA

microarray analysis using RNA samples from pancreatic cancer cells and normal pancreatic tissues. A total of 86 genes

were upregulated and 32 were downregulated in pancreatic cancer cells. Among these changes, it is noteworthy that

the expression of GnT-IVa decreased and the expression of GnT-IVb increased in pancreatic cancer cells compared to

normal pancreatic tissues. Although GnT-IVa and GnT-Ivb are involved in the same biosynthetic reaction, their

chromosomal location is different. This study suggests that the downregulation of GnT-IVa in pancreatic cancer cells

is due to an epigenetic abnormality in the gene.52

These are recently reported findings obtained by cDNA microarrays. 53 Our microarray was developed to make it

available to glycobiology researchers. Thus, the use of the array is open to collaborative work for those interested in

the system. The authors encourage interested parties to contact us for possible collaborative studies on how this

DNA microarray could detect glycan-related genes in biological systems and determine whether changes in glycan

expression modify cellular fate.
2.13.7.2 Glyco-Gene Chip from the Glycomics Project

Thus far, we have introduced the development of the RIKEN cDNA microarray system for glycan-related genes.

However, this does not mean that this is the only such microarray system, or that it is superior to others. In this section

we introduce other types of glycan-focused DNA microarrays that were developed as part of the glycomics project led

by the Consortium for Functional Glycomics. 54 A custom-designed glyco-gene chip array platform that contains probe

sets to monitor the expression of approximately 2000 human and mouse transcripts relevant to the Consortium for

Functional Glycomics has been developed using Affymetrix technology. 54a The array is updated periodically, incor-

porating the latest glycobiology annotation and up-to-date microarray technology. The most recent array is the

GLYCOv3, manufactured in January 2006. The merit of this DNA microarray is that it uses machine-operated

oligonucleotide synthesis and thus any sequence can be chosen as a gene in the array. As described in Section 2.13.6,

amplification of DNA fragments is not always possible as inevitable experimental difficulties occur. The experi-

mental output of the Affymetrix GeneChip system is not a relative difference in expression; rather the detection of

hybridization signals for each gene is expressed as an absolute value of gene expression. The list of genes on

Glycomics microarrays are available from their website.54b These DNA microarrays have been described55,56 and

are being used in biological studies.57–61 The consortium is operating this DNA microarray system as part of its core

facilities, and thus studies could be less demanding for researchers using the core facilities.

According to the policy described on the website, one of the objectives of the project is to obtain gene expression

profiles of the different cellular states to see how these different conditions could be expressed as a difference in the

pattern of glycan-related gene expression. As a result, such data are currently available in the database.61a Such

accumulated data is precious and useful as key basic information for gene expression profiling studies to reveal the

biosynthesis of ‘glycan codes’. The combination of the overall structural information of glycans under each condition

used for the preparation of RNA samples could, in the future, lead to predictions of glycan expression by cDNA

microarray-based results. Currently, these data could also be utilized in a wide range of analyses of glycan-related gene

expression in both ‘wet’ and ‘dry’ measures of glycosylation to elucidate glycan biosynthesis in a novel way.
2.13.8 Future Directions of DNA Microarrays in Glycobiology

2.13.8.1 Historical Consideration of Glycan Studies

In this section, we describe prospects for how DNAmicroarrays could be utilized in the future. First, we describe how

our glyco-knowledge has developed to date. Carbohydrates were among the first macromolecules isolated from

organisms, as they are rather stable and highly soluble. Biochemical analysis of sugar metabolism was also one of

the landmarks of early bioscience as it is directly related to energy production. Glycosylation was established as a

major protein or lipid modification and structural analysis of glycans was accomplished. This was followed by the
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identification of glycosyltransferases, which constitute a large family of enzymes. The enzymology of glycan-related

enzymes was studied, and showed strict linkage-specificities of the enzymes. In that era, enzymes functioning in

various biological responses were considered to be key enzymes, as they seemed to determine glycosylation patterns.

The enzyme genes were then cloned and expressed in cells using molecular biology techniques. Currently, a great

deal of data about the in vivo function of glycans is generated by the analysis of gene-disrupted mice. In principle,

glycan biosynthesis follows biosynthetic pathways, as noted throughout this chapter. One particularly important

feature is that disruptions at any step in the pathway would not be compensated for as long as enzymes are not

dispensable. Phenotypes observed in loss-of-function experiments for metabolic enzymes should indicate the dis-

pensability of the enzyme in a given pathway. More and more glycobiology researchers are involved in gene-disrupted

mouse production. This effort has demonstrated that glycans play roles in biological functions, and the phenotypes of

many disrupted genes involved in glycan biosynthesis are lethal in mice. According to the results obtained so far,

glycosylation is indispensable for mice.62

In essence, however, these results do not reveal the regulative aspects of the enzymes in the pathway. It is clear that

the products of these genes are indispensable, as gene disruption causes phenotypic changes; however, what type of

glycosylation in what type of cells and proteins and what kinds of defect the lack of glycosylation causes remains to be

studied. Moreover, as noted throughout this review, the indispensable genes may not be genes regulating the glycan

biosynthesis pathway, but rather may work as competence factors. Thus, once gene disruption data are gathered, the

results should be revisited to determine what pathway the enzyme(s) actually regulate. These enzymes would be

targets for further experimental manipulation in functional studies of metabolic pathways.
2.13.8.2 Is Glycan Biosynthesis More Suited to DNA Microarray-Based Gene Expression
Analysis than other Systems

The major regulatory mechanism of glycosylation is the production of glycosyltransferase enzymes and the supply of

their substrates. This is also the case for the sugar-metabolizing enzymes that produce activated sugars. Since the

first cloning attempt for glycosyltransferase,63 a considerable number of cDNAs for glycosyltransferases or sugar-

metabolizing enzymes have been cloned via expression methods;36,64,65 regulation of gene expression for these

enzymes constitutes the major regulatory mechanism, although one should ensure an appropriate supply of substrates

in host cells for library transfection. Such enzyme gene expression and substrate specificities of the enzymes are key

for glycan-metabolizing enzymes. Such enzyme specificity is the key to ensuring strict dependency of glycan

biosynthesis pathways. Thus, pathway-oriented analysis utilizing gene expression profiles would be useful. This is

in sharp contrast to protein kinases and transcription factors, which cannot be cloned by expression-cloning based on

phenotypic changes after overexpression of cDNA. These facts indicate that enzyme genes, such as those involved in

glycosylation or other metabolic pathways, are optimal targets for cDNA microarrays.
2.13.8.3 Pathway Information is Essential in Future Glycobiology Studies

Thus, if we want to utilize the pathway information obtained from large numbers of labs around the world, we must

first sort out the data. This could be a challenging project, and bioinformatics is indispensable. Otherwise, we need to

depend on the often-limited ‘educated guess’ for the analysis of an ever-increasing number of glycan-related genes. In

this sense, developing databases for glycosylation as a part of the metabolic pathway is a rational target to ensure

further progress. The Kyoto Encyclopedia of Genes and Genomes operates a website65a in which pathway information

is accumulated and can be browsed. In addition, the KEGG pathway database is also highly recognized.65b KEGG

recently developed a database for glycan structures.65c Once these databases are integrated and complete transferase

sets are mapped on the database pathway maps, the databases will be highly useful for both biologists and informa-

ticians. Although information regarding glycan synthesis is rather limited compared to that for small-molecule

metabolism, such pathway information will no doubt be very useful for the future analysis of glycosylation regulation.

This database will be further enhanced when it has information on the overlapping glycosyltransferase usage for many

types of glycans and complete information on substrate specificities of enzymes. If a correlation between glycan

biosynthesis and gene expression for such enzymes is obtained, this should again be tested in biological systems to

assess its functionality in the cells. Such assessment should include gain-of-function and loss-of-function studies

performed as normal molecular biology experiments. Such procedures should be less-demanding for molecular

biologists than analyzing glycan structures.
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2.13.8.4 How Could Glycans Change the Fate of Cells Expressing Them?

The authors believe that more important questions can be asked in the future if we can understand the complexity of

glycan biosynthesis regulation and how the regulation of glycan biosynthesis participates in the regulatory mechan-

isms of cell fate. Hopefully, these glycan-targeted cDNA microarray systems will serve to identify complex regulatory

systems to clarify how glycans can change the fate and biological properties of the cells expressing them. Our ultimate

objective is to create a system to be utilized in such studies. Of course, this is important to the very biased view of

glycosylation held by the authors and thus additional important issues can also be expected to be resolved in the

future.
2.13.9 Concluding Remarks

In this review, we summarized the potential usefulness of cDNA microarray technology in glycobiology. Researchers

should take advantage of the technology and use it efficiently. To do so, bioinformatics is essential for analyzing the

microarray data. Thus, it is becoming increasingly important to manage the data from microarrays in the context of

glycobiology. Fortunately, progress in this direction is occurring as many glycobiology projects are trying to utilize the

power of this technology. Ultimately, however, it is the biologists’ job to rank the great quantity of data obtained from

systematic analysis of DNA microarray data, order the data in the context of biology, and interpret the results.

Collaborative work across fields will no doubt accelerate the meaningful interpretation of the findings.
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Glossary

DNA microarray A molecular biological technique to examine the presence and expression of target genes using nucleotide

hybridization for a large number of genes arrayed on a glass, plastic, or silicon chip.

transcriptome The set of genes expressed in a cell under given conditions.
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2.14.1 Introduction

Chitin, one of the cellulose analogs, is supporting polysaccharide of the outer skeleton of crustaceans and composed of

b1-4-linked 2-acetamide-2-deoxy-b-D-glucose. Along the evolution of living things, cellulose is skeletal polysaccha-

ride for plant and chitin for fungi, insects, and crustaceans. Chemically speaking, the plant polysaccharide cellulose

bears a secondary hydroxyl group at the C-2 position of the b-D-glucose residue, but chitin carries an acetamide group

at the C-2 position of the b-glucose residue.

Although chitin is a supporting polysaccharide for fungi, insects, and arthropods, it is rather narrowly distributed on

the evolution map of living things between cellulose and collagen. In recent years, a considerable amount of

information has been gained with respect to chitin degradation by chitinase systems.

In addition to biological studies, physicochemical studies of chitin have made remarkable progress recently, because

various biological functions of chitin were found to be useful for biomedical purposes. Chitosan, produced by

de-N-acetylation of chitin, has been used in a number of physiological researches due to its attractive properties,

including water solubility following salt formation with organic acids such as formic acid, acetic acid, and solutions of

aspartic acid, glutamic acid, ascorbic acid and others. Chitin, on the other hand, is known to be insoluble in common

solvents due to the rigid crystalline structure formed by binary hydrogen bonds between the amide group and a

primary hydroxyl group at a C-6 position or the secondary hydroxyl group at a C-3 position of the N-acetylglucosamine

residue. There are two distinct crystalline structures for chitin: one is a a-structure, a main component of crab or

shrimp shells and the other is a b-structure of the squid pen. The crystalline structure of the a-type structure is

composed of an antiparallel arrangement of chitin molecules and a parallel arrangement for the b-structure. The

tighter molecular packing is proposed for the a-type crystalline structure and a looser packing for the b-type structure
dependent on the origin. Though the rigid crystalline structure is important for fungi, insects, and crustaceans to

maintain their life form by exoskeleton cuticles, the insolubility of chitin is a hindrance for chemical modification of

chitin for application of chitin derivatives in animal body.

The mechanism of chitin biosynthesis has been studied in detail in fungi and animals, and it is proposed that there

are dual routes for the biosynthesis. The first is the de novo route, from blood trehalose of arthropod, in which a series of

enzymes are involved, and second is the ‘salvage’ route which requires several additional enzymes (chitinases), to
449
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supply N-acetylglucosamine through recycling of ecdysis chitin into the de novo biosynthetic route. Although plants

do not use chitin as supporting materials, they do secrete chitinases in self-defense against infections. Since this

antimicrobial defense system is still retained in mammals and humans, these animals are usually able to hydrolyze

administered (except via oral dose) chitinolytic materials into animal body. The low toxicity of chitin seems to show

the existence of a metabolic route in animals. The wound healing property of chitin is also dependant on the presence

of chitinases in self-defense systems of animals to supply biodegraded chitin oligosaccharides which are effective in

accelerating the recovery of epidermal cells including skin and bone cells. Carboxymethyl-chitin (CM-chitin), one of

the water soluble chitin derivatives, has also been found to be highly biodegradable and shows low toxicity to animals.

Chitin and CM-chitin were also reported to be effective for recovery of bone cells as a cementing substance of hydroxy

apatite, though the recovery rate is relatively slow. CM-chitin was reported to be effective for preparation of hapten-

specific antibodies in the presence of strong immunoadjuvant and to prepare drug carriers for controlled release in

animal body in the absence of immunoadjuvant. Various water-soluble chitin derivatives have been applied as

cosmetic compounds, because they are low-toxic and have water-retaining properties. Almost specific accumulation

of 14C labeled CM-chitin was observed in bone marrow after intravenous injection of an aqueous 14CM-chitin solution

into mice. These observations suggest the specific mobility of CM-chitin in animal body, especially in animal immune

systems.

On the molecular biochemistry of chitosan, the remarkable advantages of chitosan are blood-clotting activity,

antimicrobial activity, flocculating of organic compounds, specific adsorption of heavy metals, and ion-exchange

properties, which will be described in sections addressing applications.
2.14.2 Distribution of Chitin and Chitosan in Nature

2.14.2.1 Existence of Chitin in Nature

The existence of chitin was not known until Braconnot found it in mushrooms in 1811, when he treated mushroom,

Agaricus volvaceus, with warm diluted alkali,1 and noted the production of ammonia through distillation with potassium

hydroxide and the generation of acetic acid by its degradation with sulfuric acid. Braconnot reported the warm alkali-

treated mushroom to be significantly distinct from those known to exist in plant. Then Odier in 18232 found a similar

substance in insects and named it as ‘chitin’ (chitin is a Greek word which means tunic or envelope). This seems to

be the first report on the relationship between insect cuticle and plant tissue. Then Payen generated a discussion on

the difference between cellulose, a supporting material of plant, and chitin, occurring in budding yeast in 1843.3

Chitinous material was also isolated by treatment of the exoskeleton of the silkworm, Bombyx mori, with warm

potassium hydroxide in 1843 by Lassaigne. This was followed by the preparation of similar materials from various

exoskeletons of insects through treatment with potassium hydroxide and potassium hypochlorite.4 A clear identifica-

tion of chitin was achieved by Ledderhase to be composed of glucosamine and acetic acid followed by the confirma-

tion of glucosamine by Gilson in 1894.5a,5b The distribution of chitin and chitosan is shown in Table 1 (from

Muzzarelli in 19776).

The occurrence and distribution of chitin were first reported by von Wisselingh in 18987and by Wester in 1910,8 by

von Wettsteins in 1921,9 by Levene and Lopez-Suarez in 192510 and by von Franciis in 1930,11 respectively. In 1931,

Rammelberg confirmed the identity of chitins from fungi and from crab shells based on the nature of chemical and

bacterial decomposition products by applying elemental analysis and chemical reactivity.12 Also degradation of chitin

was shown to be an important process for the activity of flora of the soil.12 In 1937, Zobell reported the presence of

chitin in some bacteria, and wide distribution of chitin was reported in marine sediments, animals, and sea weeds.13

Around this time, several researchers proposed repeated dimeric glucosamine (chitobiose) as the repeating unit of

chitin molecules analogously to the ‘cellobiose’ unit in cellulose. In spite of contamination with protein bound to the

amino group of chitin molecules to share the support of arthropod exoskeletons, chitin was believed to contain an

unspecified nitrogen compound in addition to glucosamine. Finally, the chemical structure of chitin was proposed to

be a polysaccharide ofN-acetylglucosamine by Purchase and Braun in 1946.14a,14b Thereafter many reviews have been

published to explain the role of chitin in nature. Rudall discussed the presence and structure of a chitin–protein

complex to support arthropod cuticles15 which was followed by X-ray analysis of the complex by Blackwell et al.16

Jeuniaux described the zoological importance of the chitinous structure and the meaning of chitin in the biochemical

evolution in 1971.17 Chitin in plant biochemistry was described by Goodwin and Marcer in 197218 and chitin in

bacterial cell surfaces by Glaser in 1973.19 In 1976 Whistler and BeMiller published a book on general methods in

glycosaminoglycan chemistry20 which included chapters dealing with chitin.



Table 1 Distribution and chemical features of the diversed chitinous structures of living organism

Organisms (example) Structures Minerals
Chitin
cont (%)

Other organic
constituents

Oomycota: Apodachlya
Chytridiomycota: Blastocladiella emersonii Cell walls and structural

membranes of myceliaZygomycota: Mucor rouxii, Mortierella vinacea
Trace to Glucans, mannansPhycomyces blakasleanus, Rhizopus

rhizopodiformis
Ascomycota: Neurospora crassa, Aspergillus

flavus,
Stalks and spores 45 Other

polysaccharides

Fumigatus niger, Penicillium notatum,
Candida albicans, Alternaria kikuchiana
Basidimycota: Armillaria mellea, Bolletus

edulis, Agaricus campestris, Schizophyllum
commune

Chlorophyta

Chlorophceae: Ulva lactuca, Valonia ventricosa þ Cellulose

Protozoa

Rhizopodia:

Pelomyxa Cyst wall

Plagiopyxidae Shell Silica

Allogromia Shell Iron

Vacicola ciliate Cyst wall

Cnidaria

Hydrozoa

Hydroidae Persarc

Hydrocoralliae: Millepora alcicornis Coenosteum CaCo3
Shiphonophorae Pneumatophore

Scyphozoa: Aurelia Podocyst CaCo3 þ Proteins

Anthozoa: Metridium, Pocillopora Skeleton CaCo3 þ Proteins

Endoprocta: Pedicellia cernua Cuticle (CaCo3) 2–6 Proteins

Rotifera Egg inner membrane 14 Proteins

Nematoda: Ascaris lombricoides Egg inner membrane 16 Proteins

Acanthocephala Egg capsule þ
Mollusca Caetae 20–38b Quinon-tanned pro.

Polyplacophola: Chiton Shell plates CaCo3 12 Proteins

Gastropoda: Helix pomatia Mother of pearl CaCo3 3–7 Conchiolin

Pelecypoda: Nucula nitida, Ostrea virginica Shell plate CaCo3 8 Conchiolin

Venus mercenaria
Cephalopoda:

Sepia officinalis, Nautilus pompilius Calcified shell CaCo3 3–26,b Conchiolin

Loligo paelei, Octopus vulgaris Pen 18,b Conchagen

Omnatostrephes sagittatus Jaws and radula 20,a Tanned protein

Priapuloiea: Priapulus caudatus Cuticle þ Tanned proten

Annelida

Polychaeta: Aphrodia, Amphiome Chaetate 20–38, b
Eunicidae Jaws 0.3 Proteins

Oligochaeta: Lubriculus terrestris Chaetae þb
Echiuroidea

Arthrooda

Crustacea: Euphausia uperba, Calcified cuticle CaCo3 58–85a Arthropodin þ
Sclerotin

Palinurus vulgaris, Homarus vulgaris, Intersegmental m. CaCo3 40–80a Arthropodin

Astacus fluvitilis, Cancer magister, paguru:
Carcinus maenas
Insecta: Periplaneta Americana,
Bombix mor, Musca domestica, Calliphora sp., Hardened cuticle 20–60 a Arthropodin

Sarcophaga bullata, Locusta migratoria, Unhardened cuticle 20–60 a þ Sclerotin

Tenebrio moliyor, Schistocerca gregaria

(continued)
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Arachnoidea: Galeodes
Chilopoda: Scolopendra
Ectprocta: Cristatella mucedo Cuticle (CaCo3) 2–6 Protein

Phoronidea

Brachiopod Tube 13 Protein

Inarticulata Cuticle þ Collagen

Articulata Cuticle CaCo3 4

Pogonophora: Oligobra chianivonovi Tube 33 b Protein

Table 1 (continued)

Organisms (example) Structures Minerals
Chitin
cont (%)

Other organic
constituents
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Scheme 1 Chemical structures of chitin-related polymers. There is only a slight difference in functional group at the C-2
position of glucose among cellulose, chitin and chitosan. The acetamide groups of chitin appear in the main chain

component of protein according to evolution. These polymers are the main components of supporting materials in living

things.
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Though the distribution of chitin was almost confirmed to be in the cuticle of arthropods and outer surface of fungi

as their supporting system, plants and animals including mammals secrete chitinases (chitin hydrolyzing enzymes)

and chitosanases (chitosan hydrolyzing enzymes) to protect themselves from microbial infection, although chitin is

absent in their bodies. The self-defense system exists among a wide range life forms which have induced

various applications of chitin as biomedical materials following the basic researches carried out by Masamune et al.

in 1934–55.21
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2.14.2.2 Existence of Chitosan in Nature

Chitosan was derived from chitin by treatment of chitinous material with highly concentrated potassium hydroxide

under boiling temperature in 1859 by Rouget22 and named as chitosan by Hoppe-Seyler in 1894.23 The basic

properties of chitosan were reported by von Furth and Russo in 1906: it is soluble in aqueous acid solution and

crystallizable from aqueous alkaline solution.24

As described above, the distribution of chitosan is very limited in nature. For example, it occurs in sea-weed and

mushroom, in which chitosan was produced through deacetylation of chitin by deacetylation enzymes immediately

following the biosynthesis of chitin.25,26
2.14.3 Biosynthesis of Chitin and Chitosan by Applying Microorganisms

Though chitin is distributed among fungi, insects, and crustaceans as cuticles, little chitin is found in plants. However,

plants produce chitinases with various specific functional peptide domains such as chitin-binding and catalytic

domains, respectively. The main role of the chitinase production is for the self-defense system against virus infections

in plants by breaking down of the cell wall. Plants also produce a number of chitinase analogs with domains of similar

amino acid sequences but without any chitinase-like activity.

For the biosynthesis of chitin, arthropods use several kinds of enzymes to produce chitin from blood trehalose (de

novo route) as seen in Scheme 2. Arthropods also have another chitin synthetic route to recycle the sloughed cuticles,

the so-called ‘salvage route’. Therefore, little amino sugar is released into the environment as long as arthropods

maintain active metabolism.
2.14.3.1 Biosynthesis of Arthropod Chitin

The biosynthetic route of arthropod cuticle chitin was demonstrated by means of various isotope-labeled intermedi-

ates.27,28 Among these, trehalose, one of the blood sugars of insects, was converted to N-acetylglucosamine 6-phosphate

through several intermediate stages followed by hydrolysis of trehalose to generate glucose. N-Acetylglucosamine

6-phosphate (GlcNAc-6-P) was then converted into GlcNAc-uridine di-phosphate (UDP-GlcNAc) through

GlcNAc-1-P. The UDP-GlcNAc was transferred to form chitin, poly-GlcNAc, by chitin synthetic enzyme (EC

2.4.1.16). The final step to synthesize chitin was shown by using Prodenia erida nia,29 Calinectus eridania, and

Artemia salina.30 In the de novo route, blood trehalose is supplied freshly to synthesize chitin, but in the salvage
Glucose Glucose 6-phosphate

Fructose Fructose 6-phosphate

Glucosamine Glucosamine 6-phosphate

GlcNAc 1-phosphate

UDP-GlcNAc

Salvage route

N-Acetylglucosamine GlcNAc 6-phosphate
(GlcNAc)

Chitin (cuticles)

Scheme 2 Schematic figure of de novo and salvage routes for the biosynthesis of chitin in arthropods. During the exdysis
process in arthropods, sloughed cuticles are hydrolyzed by several enzymes into GlcNAc and then GlcNAc is phosphated at

C-6 of glucosamine to form GlcNAc 6-phosphate (so-called ‘salvage route’).
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route, recycled GlcNAc is supplied following hydrolysis of sloughed arthropod cuticle,31 the mechanism for which is

not clearly shown.32–34 In this scheme, sloughed chitin is firstly hydrolyzed to GlcNAc-oligosaccharides by endo-type

chitinase (EC 3.2.1.14) and then the oligosaccharides are hydrolyzed into GlcNAc by exo-type N-acetylglucosamidase

(EC 3.2.1.30), which is then supplied to the chitin synthetic route (Salvage route).35 Thus, both hydrolytic and

synthetic enzymes of chitin and chitosan participate to maintain life on Earth.
2.14.3.2 Biosynthesis by Plant Chitinases

Plants do not produce any chitinous material, but they secrete chitinase or chitosanase in response to microbial or

insect infection. The secretion of chitinolytic enzymes is a part of a self-defense system of plants against infection by

the cleavage of the virus cell wall, because the cell wall of fungi and cuticles of insects is generally composed of chitin

or chitosan together with protein and (1-3)-b-glucan.36–38 As the secretion of chitinase and chitosanase is induced by

virus infection or contact of insects followed by the induction of phytoalexin synthetic enzymes which are the specific

inhibitor to the virus multiplication.39

Following the first discovery of chitinase from orchid bulbs as an antifungal factor in 1911,40 a number of chitinases

are now found and isolated from various organisms, such as plants, fungi, bacteria, insects, and fish.41 Since chitin

is a main constituent of insect exoskeletons and shells of crustaceans, chitinases from these organisms play an

important role in cuticle destabilization leading to ecdysis.42 Chitinases from other organisms are responsible for

chitinolytic attack toward biological targets having chitin in their exoskeletons, and host defense against fungal

pathogens.43 From the end of the 1980s, molecular structures of chitinases have been studied based on their sequences

of cloned genes.44,45 Araki et al. reported the amino acid sequence of chitinase protein.46 The classification of
f0005Figure 1 X-ray crystal structure of class III chitinase fromHevea brasiliensis complexed with an inhibitor, allosamidine. The

structure is viewed from the top of the barrel (top), and from the side of the barrel (bottom). Glu127 is proton donor, and its

carboxyl group is very close to the allosamidine moiety of the inhibitor molecule.



Glu67

Glu89

b-Strand

a-Helix

f0010Figure 2 X-ray crystal structure of class II chitinase from barley seeds, Horduem vulgae, L. Glu67 and Glu89 are the

catalytic residues. The catalytic cleft is composed of two a-helices and threshold-stranded b-sheet.
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chitinases was based on the sequence similarity resulting from amino acid sequence determination, facilitating the

elucidation of the structure–function relationship of chitinases.47–49 The three-dimensional (3-D) molecular aspect

of chitinase–substrate interaction has been discussed in detail50–52 based on X-ray crystallographic studies of

several enzymes53–56 as shown in Figures 1 and 2. Also the complex with the inhibitor allosamidine (Figure 3) is

shown.
2.14.3.3 Role and Molecular Conformation of Domains in Chitinases

According to the classification by Henrissat,57 chitinases belong to glycosyl hydrolase families 18 and 19 catalyzing the

hydrolysis of glycosidic linkages through the mechanism shown inFigure 4 for family 18 and catalyzing the hydrolysis

of glycosidic linkages following the single displacement mechanism for family 19 (Figure 5). The family 18 enzymes

are distributed among bacteria, fungi, viruses, insects, plants, mammals, and humans. The Class I, II, and IV plant

chitinases correspond to the family 19 chitinases, and the class III and V plant chitinases correspond to the family 18

chitinases.58 Class I and IV chitinases contain cystein-rich domains at their N-terminal which are substrate-binding

sites. The molecular sizes of class IV chitinases are smaller than those of class I chitinases due to the deletion of the

catalytic domain. Class II chitinases are homologous to class I and IV without the cystein-rich domain. As family 19

chitinases from bacteria have recently been discovered in Streptomyces58,59 and Aeromonas species,60 structural and

functional comparison would be conducted between the bacterial and plant family 19 chitinases to clarify the

molecular evolution of the family 19 chitinases. One of the conserved regions of family 18 chitinases is shown in

Figure 1, in which the sequences correspond to the active site region, including a glutamic acid residue as an essential

catalytic site (Chi-ci represents chitinase from Coccioides immitis,61 Chi-th from Trichoderma harzianum,62 Chi-bc from

Bacillus circulans WL-12,63 Chi-sm from Serratia marcescens,64 Chi-hb from Hevea brasiliensis,65 and Chi-nt from

Nicotiana tobacum).66 The last two sequences for the plant class III enzymes and the others are for fungal and bacterial

chitinases. The sequence number corresponds to the enzyme from Coccidioides immitis, in which Glu171 is essential

for its catalytic activity.54 One of the most striking features of the conserved sequences is that several acidic amino acids

are closely located and that hydrophobic residues intervene between the acidic amino acids. Roles of the other acidic

amino acids such as Asp167 and Asp169 remain unclear. Most of the bacterial and fungal family 18 chitinases are attached
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to a chitin-binding domain, another domain of unknown functions and a catalytic domain, while plant family 18

chitinases (class III) are only attached to a catalytic domain. The chitin-binding domain has been investigated

by applying the deletion mutants of the enzymes.67,68 The molecular function of the chitin-binding domain was

studied by applying a single peptide to probe the role of insoluble chitin powder binding, and the deletion of the

chitin-binding domain was confirmed to induce the significant loss of chitin-binding and enzymatic activity.69

The two conserved domains of amino acid sequences in family 19 chitinases have also been clarified, as

shown in Figure 1. Chi-nt(class I) represents class I chitinase from Nicotiana tabacum,70 Chi-os(class I) class

I chitinase from Oryza sativa L,71 Chi-hv(class II) class II chitinase from Hordeum vulgare L,72 Chi-sc chitinase

from Streptomyces coelicolor,73 Chi-sg chitinase from Streptomyces griseus HUT6037,58 and Chi-as chitinase from
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Aeromonas sp. N0. 10S-24.59 The first three amino acid sequences are for plant family 19 enzymes, whereas the second

three sequences are for prokaryotic family 19 enzymes. The sequence number, Glu67, corresponds to the enzyme

from barley seeds; Hordeum vulgare L is found to be essential for maintaining its enzymatic activity, suggesting Glu67

is involved in the catalytic center.74 On the sugar-binding site of barley seed chitinase, Lys165 was suggested to be

included in the binding domain which existed in the upper region of the cleft around the active site.75

The X-ray crystallographic studies of chitinase demonstrated that there are no identical polypeptide folds because

the amino acid sequences in both families of chitinases (families 18 and 19) are completely different.52,53 Both

enzymes were proposed to form (a/b)3-barrel folds with ring forms facing outside the molecule, in which eight-

stranded parallel b-sheets bend into a barrel structure with eight a-helices as shown inFigure 2. Concanavaline B from

Jack bean (Conavalia ensiformi) seeds was shown to share the (a/b)3-barrel fold with class III enzymes from

H. brasiliensis due to 40% identity of the amino acid sequence despite no manifestation of enzymatic activity.73 As

shown in Figures 1 and 2, the difference between the two proteins with respect to enzymatic activity may be

originated from the substitution of glutamine to Glu127 in concanavaline B, which acts as a proton donor in class III

chitinase from H. brasiliensis. Similar barrel folds are found in chitinases from fungal pathogen, Coccidoides immitis,54

the catalytic domain of chitinase AI from Bacillus circulansWL-12,55 human macrophage chitinase,60 and in mammali-

an lectin, Ym1, as well.75 The X-ray crystallography of mutated Serratia marcescens chitinases and the complexes with

their inhibitors showed their active site structure to suggest the molecular structure of family 18 chitinases.76,77 NMR

spectroscopy has also contributed to elucidate the 3-D structure of the chitin-binding domain and the fibronectin-type

III domain of chitinaseA1 from Bacillus circulans WL-12.55 The barley chitinase is composed of two lobes, upper and

lower domains, each of them rich in a-helical structure as shown inFigure 2. One of themost striking conformations of

barley chitinase catalytic core is composed of two a-helices and a three-stranded b-sheet. The catalytic core structure

of barley chitinase is close to those of related enzymes such as phage T4 lysozyme, goose egg white lysozyme, and

Streptomyces sp. N174 chitosanase.78,79
2.14.3.4 Mechanism of Enzymatic Reaction

The molecular mechanism of the catalytic reaction by hen egg white lysozyme has been investigated by applying

X-ray crystallography and molecular modeling studies on the cleavage of the b1-4-glycosidic linkage. According to Imoto

et al., Glu35, in the catalytic site of lysozyme, donates the proton to glycosyl oxygen forming the carbonium ion

intermediate. This is stabilized by the carboxylate of Asp52 followed by the attack of water molecules to the transition

state at the C1 carbon of the substrate from the b-side, producing a b-anomer of the oligosaccharide fragments.80

However, the proposed mechanism is still controversial and does not rule out the oxazoline intermediate or covalently

bound intermediate.81–84 Recent studies on the family 18 chitinases suggest that the catalytic reaction of the enzyme

takes place through a substrate-assisted mechanism.85 As shown in Figure 4, a putative oxocarboxonium ion

intermediate is stabilized by an anchimeric assistance of the N-acetyl group after donation of a proton from the

catalytic carboxylate to the leaving group. Such stabilization might occur either through a charge interaction between

the C1 carbon and the carbonyl oxygen of the N-acetyl group or via an oxazoline intermediate with a covalent bond

between the C1 carbon and the carbonyl oxygen. The mechanism does not require the second carboxylate and agrees

with the anomer retaining reaction of family 18 chitinase. The experimental proof for family 18 chitinases was made by

the analysis of the crystalline structure of the complex between enzyme and allosamidine, an inhibitor of chitinases

from H. brasiliensis84 as shown in Figure 1.

Allosamidine was found to inhibit family 18 chitosanases, but not hen’s egg white lysozyme. The allosamidine

structure appears to fully mimic the transition state structure as shown in Figure 3. The experimental evidence to

support the substrate-assisted mechanism of family 18 chitosanases was reported by Honda et al.86,87 The identifica-

tion of the catalytic residue of family 19 (class II) chitinase from barley seeds was achieved by site-directed

mutagenesis. Complete loss of enzymatic activity was observed by the mutation of Glu67, but detectable activity

was found by the mutation of Glu89 as shown in Figure 5. Thus, Glu67 was concluded to be proton donor and Glu89

is another carboxylate essential for catalysis.88 The distance between Glu67 and Glu89 is 9.3Å for chitinases from

barley seeds (inverting enzyme), and the distance between Glu35 and Asp52 is 4.6Å for hen’s egg white lysozyme.

The different catalytic mechanism of chitinase from barley seeds might be originated from the long distance between

both carboxylates in family 18 enzyme.89

The chitosanase (EC 3.2.1.132) is the enzyme catalyzing the endo-hydrolysis of b1-4-glycosidic linkages between
GlcNAc and GlcN residues in a partially deacetylated chitosan.

The crystal structure of Streptomyces sp. N174 chitosanase was investigated by X-ray crystallography and showed the

enzyme consisting of two lobes, which are rich in a-helices (see Figure 6).90 The catalytic core of the chitosanase is
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Figure 6 X-ray crystal structure of family 46 chitosanase from Streptomyces sp. N174. Glu22 and Asp40 are the catalytic

residues. The catalytic cleft is composed of two a-helices and a three-stranded b-sheet. Trp28 is located at the hinge

between the upper and lower domains.51
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composed of two a-helices and a three-stranded b-sheet similar to the chitinase from barley seeds. The enzyme

structure of Streptomyces sp. N174 chitosanase closely resembles that of hen’s egg white lysozyme, phage T4 lysozyme,

goose egg white lysozyme, and chitinase from barley seeds.78 The distance between the carboxyl groups of Glu22 and

Asp40, both of which are essential for catalysis, is 13.8Å.

The crystal structure of family 8 chitosanase from Bacillus sp. K17 was solved by X-ray analysis and found to be a

completely different fold from those of two family 46 chitosanases.91 The enzyme molecule is composed of a so called

‘double-a6-barrel’ structure as shown in Figure 7.

The barley chitosanase was found to produce the a-anomer (inverted product) by the hydrolysis of the b1-4-
glycosidic linkage of chitosan oligosaccharide. This type of catalytic reaction, explained generally by a single displace-

ment mechanism of the general acid, Glu67, protonates the b1-4-glycosidic oxygen atom, and immediately after the

intermediate this protonation of the water molecule is activated by general base, Glu89, and attacks the C1 atom of the

intermediate state from the a-side to complete the hydrolytic reaction. The long separation of two catalytic residues

might permit thewatermolecule to be located in between the anomeric C1 atom and the carboxyl oxygen of the general

base (Glu89). The positioning of the water molecule would result in the anomeric inversion of the reaction products.

However, Glu89 was found not only to activate the nucleophilicity of the water molecule but also to act as a stabilizer of

the carbonium ion intermediate.94 Thus, only a slight revision of the sequence seems to shift the chitosanase reaction

mechanism to family 19 type. The mechanism of the plant chitosan synthesis was proposed by Bartnicki-Garcia et al.

assuming the formation of a chitosome between intracellular vesicles and chitin molecules and adsorption of UDP-

GlcNAc to proceed with stepwise polymerization of GlcNAc residues.92 The schematic mechanism of the insect

chitin synthesis was proposed by Merzendorfer et al. in 2003 as shown in Figure 8 of domain structures.93

Chitin synthetase (EC2.4.1.16) genes have been isolated from insects, sequenced and classified into two classes,

A and B, based on relative sequence differences.93 Comparison of amino acid sequences from fungal, nematode, and

insect chitin synthetases have revealed that insect enzymes are more closely related to those of nematodes than those

of fungi. Insect chitin synthetases are large proteins (the molecular masses of which range from 160 to 180kDa) and
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f0035Figure 7 X-ray crystal structure of family 8 chitosanases from Bacillus sp. K-17. Left panel, the top view; right panel, the

side view. The enzyme has a double a6-barrel fold. Pulative catalytic residues are Glu22 and Glu309.
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Figure 8 Proposed mechanism of chitin biosynthesis. Intracellular vesicles are loaded with chitin synthases, forming a

chitosome. Elongation of the chitin chain occurs in the chitosome, which is transported and fused into the plasma
membrane to extrude the synthesized chitin chain (S. Bartnicki-Garcia, J. Ruiz-Herrera and D. M. Rast, EXS., 1999, 87, 9.)

460 Chitin and Chitosan
have several putative N-glycosylation sites. The entire amino sequence of insect chitin synthetases can be divided

into three well-identified domains, A, B, and C, as shown in Figure 9. Domain A was found in the N-terminal region

and has a varying number of transmembrane helices. Domain B is composed of around 400 amino acids and is highly

conserved. The conserved EDR and QRRRW motifs are found in this domain. Domain C comprises the C-terminal

part of the enzyme. Several transmembrane helices are present in this domain together with a smaller conserved

region in which tryptophan and threonine residues are involved in catalysis.94
2.14.3.5 Biosynthesis of Chitosan in Microbes

Chitosan synthases were shown to be regulated by several inhibitors which were closely related to the structure of

UDP-GlcNAc as shown in Figure 10.

A couple of routes were proposed for the microbial biosynthesis of chitosan: one is deacetylation of chitin and the

other is synthesis of chitosan by applying several substrates. The biosyntheses of chitin and chitosan are required for

large-scale production needed for the constant supply of chitin and chitosan for industrial applications without

enticing environmental problems which are apt to occur if chemical processing were used to prepare chitin and

chitosan from food waste.

Fungi belong to the plant kingdom but are heterotropic and unable to use carbon dioxide as a carbon source. As

long as carbohydrate and a nitrogen source are supplied, fungi can synthesize their own proteins and cell wall
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Figure 9 Schematic image of the domain structures of insect chitin synthase. Domain A is composed of varying numbers
of transmembrane a-helices, and domain B is a highly conserved region containing two unique motifs, EDR and QRRRW.

Domain C comprises seven transmembrane helices and a less conserved region in which Trp and Thr residues participate in

the catalytic reaction of chitin synthases. (H. Merzendorfer and L. Zimoch, J. Exp. Biol., 2003, 206, 4393.)
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polysaccharide.41 The fungal cell walls contain 80–90% polysaccharides, the remainder being protein and lipid.40 The

cell wall compositions can be changed upon aging and can be modified by environmental factors.87 A large amount of

carbon assimilated by fungi is used in the biosynthesis of cell wall materials. Chitin, chitosan, and glucan are the main

skeletal polysaccharides of fungal cell walls.40–42

The study of the chitin biosynthesis was started by Buenett in 197695 with the conversion of glucose into

N-acetylglucosamine 1-phosphate, which reacted with UTP to form UDP-N-acetylglucosamine. The sugar nucleotide

is transferred to the N-acetylglucosamine moiety and the extension of the chitin polymer follows with the help of

chitin synthetase.96 In zygomycetes, chitosan is synthesized by deacetylation of chitin with the action of chitin

deacetylase.97,98 The individual chains of chitin are aggregated into microfibrils by hydrogen bonding. These chitin

microfibrils are cross-linked to the b-glucan and form a major component of the walls of most fungi.99

Fungi synthesize extracellular glucan, side-chain/branched (1!3,1!6)-b-D-glucan,100 and intracellular a- and b-glu-
cans.101,102 The structure of a- and b-polysaccharides from most of fungi has been characterized.103 The (1!3)-b-D-
glucan and C-6-substituted (1!3)-b-D-glucan are known to form triple helices.104,105 These glycan chains togetherwith

hydrogen bonding among chitin chains could result in a rigid cross-linked network in the cell wall.98,43

Wessels et al. (1990) assumed that initially chitin and b-glucan chains accumulate individually in the fungal cell wall

and form the interpolymeric chain linkage.102 The formation of a chitosan–glucan complex causes a considerable

problem for the extraction of chitosan and glucan from fungal cell wall. These two polymers have many applications in

tissue engineering, medicine, and immunology.106–108 Therefore, most of the researchers tried to investigate the

linkage between the chitosan and glucan in the fungal cell wall.

In 1979, Sietsma and Wessels reported that 90% of b-glucan was released from the glucan/chitin complex by

digestion with b-1,3-glucanase, and after hydrolysis of the residue by chitinase, N-acetylglucosamine, lysine and/or

citrulline were obtained.109 Therefore, they proposed that the bridges linking the glycan chains with the chitin contain

lysine, citrulline, glucose, and (N-acetyl)glucosamine, but the mode of this linkage remains unknown. Similar

evidence was obtained by Gopal in which degradation of the chitosan–glycan complex with b-1,3- and b-1,6-glucanase,
followedby chitinase digestion, yielded glucose andN-acetylglucosamine in equivalent amounts. When the residue was

further treated with a-amylase, no additional release of glucose was detected colorimetrically.110

The presence of a glycosidic linkage between C-6 ofN-acetylglucosamine in chitin and C-1 of glucose in the (b1-6)-
glycan was suggested for the cell wall of Candida albicans.103 In 1990, Wessels et al. proposed the interpolymer linkages

in the chitin–glycan complex, a direct link between free amino groups in the glucosaminoglycan and the reducing end

of the glycan chains.91 The evidence of chemical links between the chitosan and glycan polymer chains was shown by

Roberts through infrared spectroscopic studies.104

In 2002, Nwe and Stevens extracted chitosan from the chitosan–glycan complex obtained from the fungus mycelia,

Gongronella butleri USDB 0201. It was demonstrated that the covalent linkage between chitosan and glycan could be
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cleaved with a heat-stable a-amylase as shown in Figure 11.105 It was proposed that chitosan and glycan chains are

bound by an (a1-4) glycosidic bond and the molecular level of chitosan and the chitosan–glycan complex in the fungal

cell wall was studied under different solid substrate fermentation conditions. The chitosan and glycan polymers were

cleaved from the chitosan–glycan complex by heat-stable a-amylase and the residue after extraction of chitosan and

glycan was characterized by IR spectroscopy, 13C-NMR spectroscopy, and elementary analysis. According to these

data, the linkage between chitosan and glycan in the fungal cell wall was identified well.43,106,107
2.14.4 Crystalline Structures of Chitin and Chitosan

Chitin, one of the naturally abundant polysaccharides, is thought to be the most prominent natural polymer due to

its multifunctions, such as biodegradability, low toxicity in animal body, and enabling accelerated skin recovery.

However, some application has been reported owing to its sparingly soluble property in general solvents. Chitosan, on
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the other hand, has been studied in various practical applications due to additive functions over chitin such as

biodegradability, low toxicity and acceleration of fibroblast formation in animal body, acceleration blood clotting,

antimicrobial activity, and high solubility against water following the formation of salts with various organic acids and

hydrochloric acid. According to the predominant properties of chitosan, a number of reports have been published,

including chemical modifications and biomedical applications.

Although chitin, a muco-polysaccharide of natural abundance, is hardly found in plant supporting systems, it is

popular in animal support or the tissue of lower evolutions such as crustacean, insects, and mushrooms. The yield of

chitin in nature is said to be second to that of cellulose. Chitin is also known to be biodegradable in nature and in

animal body due to the close chemical structure of sialic acid which is a component of cell wall supporting materials.

Since chitinases are contained in animal self-defense systems against bacterial infections by breaking down the cell
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wall, chitin is hydrolyzed easily in animal body. N-Acetylglucosamine (GlcNAc), the main product in the hydrolysate,

joins the nutrient pathway by Salvage route to recycle GlcNAc for chitin biosynthesis. 31 The main function of chitin is

acceleration of skin recovery with only a little immunological response. 31 The main target of recent research on chitin

has been the regeneration under mild conditions for applications to biomedical materials by employing these

important functions, although it is tough to find good solvents for chitin.

On the other hand, chitosan, the deacetylated derivative of chitin, exists in small quantities in several mushrooms

and is mainly supplied as the chemical product of chitin. The predominant functions of chitosan seem to be the

antimicrobial activity and inhibitory function toward chitinases in addition to the acceleration of fibroblast formation

in animal body. These functions have been applied for biomedical purposes, in addition to their use in food

preservation, due to the high solubility of chitosan into aqueous organic acid solutions and hydrochloric acid aqueous

solution, which is a limited solvent for chitosan, among other mineral acid aqueous solutions.

The identification of chitin was studied for more than a century to become clear. The general recognition of the

chitin chemical structure and crystalline structure was achieved first in the 1960s. Although the first report of chitin

was made by Odier in 1823, when he extracted a residue from insects whose structure was similar to that of plants

(‘cellulose’),2 there is a long history of practical applications of chitin and chitosan in biomedical and food technology

areas. It took almost 150 years until chitin was considered as one of the naturally abundant polysaccharides. According

to the description by Muzzarelli,117 there were many proposals to prove a chemical structure of chitin different from

that of cellulose. Lassaigne4 isolated the chitinous exoskeleton of the silkworm, Bombyx mori, by warm potassium

hydroxide and demonstrated the presence of nitrogen in chitinous exoskeleton to formpotassium cyanide following the

treatment of the exoskeleton with potassium hydroxide and potassium hypochloride. Finally, Ledderhose118 found

chitin composed of glucosamine and acetic acid which was later confirmed by Gilson.119 The reviews of chitin were

established by VonWieseligh,120 Wester,121 von Westein9, Leven and Lopez-Suarez,122 and Von Franciis123 in the first

stage of chitin research, in which they tried to confirm the natural occurrence of chitin in living organisms, the biological

degradations, the chemical structure, and somewhat the technologyof practical applications.Thepresence of chitin in fungi

or crustacea was identified by Rammelberg12 through its biological hydrolyzates.The presence of chitin susceptible

bacteria was reported in various marine sediments and animals by Zobell.13 In 1956, Parchase and Brawn concluded

that chitin was a polysaccharide consisting mainly of glucosamine residues following several hydrolytic reactions. 14

After the first discovery of chitosan by Rouget,22 its dissolution was studied by Von Furth and Russo24 following

the formation of salts with organic acids and precipitation of chitosan by removing acids from alkaline

reagents. Lowy124 found that the most insoluble acid salt of chitosan was the sulfate salt in spite of soluble salt with

hydrochloric acid.

The chitin molecules were found to be packed tightly by binary hydrogen bonds between the acetamide group

at the C-2 position of the GlcNAc residue and the C-6 primary hydroxyl group, and between the acetamide group and

the C-3 secondary hydroxyl group. These hydrogen bonds are formed intra- and inter-residually to fix chitin molecules

rigidly.

The conformation of chitin was first analyzed to be composed of N-acetylglucosamine (GlcNAc) residues and of

the glycosidic linkage between GlcNAc residues (chitobiose). The crystalline form of chitobiose was investigated by

X-ray diffraction analysis, because chitobiose was supposed to be the elemental unit to form the chitin crystalline

structure.

The crystalline structure of a-chitin prepared from arthropods was reported by Gonell;126 these studies were

followed by several investigations.127–130 Polymorphic forms of chitin were proposed to be a-, b-, and g-chitins.
a-Chitin is the most abundant polymorph, except for arthropods in deep seas, because b- and g-chitins were reported

to become a-chitin by physical and chemical treatments.131–133 b-Chitin is extracted from squid pen and reported

from arthropods in deep sea. b-Chitin exists in a crystalline hydrate of lower stability than the a-chitin polymorph,

since small molecules (e.g., water molecules) penetrate between chains of lattice to induce the hydration of chitin

molecules.134 g-Chitin is found in the cocoons of the beetles Ptinus tectus and Rhynchaenus fangi and has a form in which

there are two chains ‘up’ for every one ‘down’.133

The detailed analysis of the a-chitin crystalline structure was achieved by Minke and Blackwell as shown in

Figure 12. The unit cell of the chitin crystalline structure is orthorhombic with a¼0.47, b¼1.886, and c (fiber

axis)¼1.032nm with a space group of P212121. The cell contains disaccharide (chitobiose) sections of two chains

passing through the center and corner of the ab projection of the unit cell where each chitin chain takes an extended

two fold helical conformation (zigzag structure). As shown inFigure 12, the space group chitin molecules are arranged

in an antiparallel fashion due to the space group of P212121. The direction of the center and corner chains of the

unit cell is opposite along the c-axis.135
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On the analysis of the b-chitin crystal structure, found in squid pen, pogonophore tubes and spines of several

diatoms were investigated by Lotmar136 and followed by Dweltz.137 In 1975, Gardner and Blackwell proposed the

results of the X-ray diffraction analysis of the b-chitin crystalline structure as shown in Figure 12.138 According to

the report, the unit cell is monoclinic with a¼0.845, b¼0.926, c (fiber axis)¼1.038, and g¼97.5o. The conformation of

the chitin chain is an extended twofold helix similar to that of a-chitin. However, the chitin molecules with b-form are

packed in a parallel fashion, with a unit cell packed with only one chitin chain. The chains form hydrogen-bonded

sheets along the a-axis with no hydrogen bonds between sheets along the b-axis, quite a different structure from that of

a-chitin. The swelling of b-chitin has been reported to form hydrogel by mechanical agitation of b-chitin in water and

the slurry was composed of b-form. But the nonwoven fabrics from b-chitin hydrogel were shown to be of a-form.139

The natural occurrence of chitosan is limited to several organisms including Mycelia and sporangiophore of

Phycomyces blakesleeanus.129 There have also been only a few investigations of the chitosan crystalline structure. The

first report on chitosan hydrated crystalline structure was made by Clark and Smith (1936).128 Okuyama et al. (1971)140

reported that four chitosan chains and eight water molecules were packed in an orthorhombic unit cell with the

following dimensions: a¼0.894, b¼1.697, c (fiber axis)¼1.034nm, and a space group P212121. However, the crystalline

structure of chitosan is likely to analyze the specific function of chitin, because various conformations are expected

due to the distribution of an acetamide group among amino groups of glucosamine residue, such as random and block

distributions with various degrees of deacetylation.
2.14.5 Functions of Chitin and Chitosan

Chitin and chitosan are originally linked by various functions owing to their roles in living objects. Chitin has originally

been reported to show biodegradability and biocompatibility in animal body owing to susceptibility by chitinases

including lysozyme as a component of microorganisms, insects, and arthropods. Other functions were found following

isolation of chitin molecules, such as stimulation of epidermal cell recovery, adsorption of anionic compounds, etc.

A slight immunoadjuvant activity and biodegradability in animal body, antimicrobial activity, adsorption of metal ions,

and acceleration of fibroblast cell formation were found in chitosan; these were hardly shown by intact chitosan.

Additional functions have also been reported following chemical modifications such as accumulation of carboxymethyl

(CM)-chitin in granulocyte through bone marrow accumulation following intravenous injection of CM-chitin, hapten-

specific antibody production following intraperitoneal injection of hapten-bound CM-chitin to rabbits, wound healing

property, and so on.
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2.14.5.1 Original Functions of Chitin

Chitin has been prepared commercially by the alternative treatments of crustacean shells in dilute hydrochloric acid to

remove calcium carbonate and boiling in dilute alkaline solution to remove proteins as reported by Hackman.141

Though there are several methods to prepare higher-purity chitin from crustaceans than that by the method of

Hackman,142–146 the latter method has generally and commercially been applied to prepare chitin due to its simplicity.

But the preparation of chitin seems to depend on the source of chitin, because Lovell, Lafleur, and Hoskins reported

on the preparation of chitin from crayfish waste by applying hydrogen peroxide147 and Kishi prepared chitin from

silkworm in a similar way.148 The molecular weight of chitin was estimated by viscosity measurement of chitosan in

acetic acid aqueous solution following the deacetylation of chitin under concentrated sodium hydroxide aqueous

solution at boiling temperature due to the insolubility of chitin.149 The conventional viscosity equation to estimate the

molecular weight of chitin was proposed by applying N-reacetylated chitosan (chitins) with various molecular weights,

since a mild solvent system, calcium chloride dehydrate saturated methanol, was found to dissolve chitin even at room

temperature by applying mechanical stirring:150

�¼KMa fwhere K¼2:54�10�2 and a¼0:54g

As the solubility of chitin in the solvent was limited, chitin molecules precipitate even in the presence of small

amounts of other solvents, including water, alcohol, and so on. The chitin hydrogel was produced by the addition of

water and followed by extensive dialysis to remove solvents and salts. The regeneration of chitin into nonwoven

fabrics has been reported without any binder.151

Although chitin is known to be sparingly soluble in general solvents, a- and b-chitin powders have been applied to

wound healing because of stimulation of epidermal cell recovery in animal bodies.151 The hydrogel of b-chitin prepared

by vigorous mechanical agitation of b-chitin powder in water was also found to have a similar effect.151 This was also

the case with the a-chitin hydrogel, which was prepared by the addition of a large excess of water to chitin solution,

since chitin was found to dissolve in calcium chloride dehydrate saturated methanol.152 Both hydrogels were applied

successfully to prepare nonwoven chitin fabrics which shows a strong cationic property to adsorb anionic compounds

without reduction of biodegradability of chitin.152 The chemical modification of chitin has been shown to become

much easier under milder conditions than that of solid chitin powder due to solvolysis of chitin molecules.153

Chitin fine powder was first applied as a wound-healing accelerator by Balassa in 1970. A fungal mat

including Penicillium was also applied for wound healing following chemical treatments, defatted by chloroform and

sterilization.154–158
2.14.5.2 Original Functions of Chitosan

Chitosan is also reported to be prepared by boiling alkaline treatment of chitin at high alkaline concentration to

remove the acetyl groups almost completely.141 The pKa value of the amino group in chitosan was reported to be 6.4

which is relatively low as compared to general amino groups in organic compounds.147

There are various studies on the functions of chitosan, including biological functions, because chitosan becomes

water soluble following the formation of salts with various organic acids such as formic acid, acetic acid, ascorbic acid,

glutamic acid, aspartic acid, hydrochloric acid and so on.148 The most prominent originally developed functions of

chitosan are flocculant activity to collect organic compounds from aqueous systems159 and antimicrobial activity.160,161

Though several mechanisms have been proposed on antimicrobial activity by chitosan, chitosan of high molecular

weight was reported to be effective for the inhibition ofE. coli activity (Figure 13). As shown in the figure, the fraction

containing higher molecular weight of chitosan (�97kDa) suppressed E. coli activity almost completely. On the other

hand, the lower molecular fraction (�2.2kDa chitosan oligomer) showed enhancement of E. coli activity. The

molecular weight dependency on E. coli activity was further investigated by applying slightly FITC-labeled chitosan

oligomer fractions as shown in Figure 14.162 The suggested mechanism is the stacking of chitosan with higher

molecular weight fraction (�9kDa) on the cell wall of E. coli to block nutrition supply and the lower molecular weight

fraction (�2.2kDa) permeated into the cell of E. coli through the cell wall to become nutrition to accelerate the E. coli

activity.

There are various reports onwound healing for animals by chitosan.163,164 Immunogenic studies have been undertaken

to support the safe application of chitosan for biomedical materials by applying various chitin derivatives, including
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Figure 13 The molecular-weight-dependent antimicrobial activity by chitosan oligomers.162 Chitosan oligomer fraction
around 9000 molecular weight suppressed almost completely E. coli activity. Rather activation of E. coli activity was shown

by the chitosan oligomer with 2200 molecular weight.

Figure 14 Fluorescent observation of FITC-labeled chitosan oligomers. a, FITC-chitosan oligomer with around 9000

molecular weight. b, FITC-chitosan with around 2000 molecular weight.162
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chitosan with various degrees of deacetylation.165–167 As macrophage activation has been studied as a marker for

immunoadjuvant activity, which is the main route for immunogenicity by artificial materials, only chitosan was shown

to activate themacrophages.Moreover, 70% deacetylated chitosan showed the highest activation for macrophages among

chitosans with various degrees of deacetylations, which show much higher activation than pyran copolymer, a standard
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macrophage activator from the cell wall of Tubercle bacilli. It is noteworthy that combined use of chitosan and other

naturally occurring polysaccharides exhibits drastically improved potentials of chitosan hybrid materials in tissue

engineering. Recently, Minami et al. reported the feasibility of chitosan-based hyaluronic acid hybrid material for novel

scaffolds in cartilage tissue engineering.168–172 It seems likely that the strategy using a polyion complexmay become a key

to enhance the potentials of chitosan and related polysaccharide hybrid materials in the biomedical field because cell

proliferation profiles as well as initial adhesion can be modulated by choosing suitable partner polyanions.

The adsorption of heavy metals is also one of the prominent features of chitosan application, especially for mercuric

ion. Though chitosan absorbs various metal ions and organic compounds as ionic exchange resins,173,174 the highest

affinity of chitosan against mercuric ions was reported by Muzzarelli et al. in 1971 and 1974.175,176
2.14.6 Induced Functions of Chitin by Chemical Modifications

Chemical modifications of chitin have been applied to progress the solubility of chitin in various solvents, including

water; various functions have been reported mainly of biological functions for chitin derivatives, especially for

carboxymethyl (CM)-chitin and CM-chitosan due to the enhancement of susceptibility by chitinolytic enzymes,

biocompatibility for animal body, and water solubility.177 The carboxymethylation of chitin was studied by applying

alkali chitin and monochloroacetic acid under aqueous conditions at room temperature.178–182 As CM-chitin is shown

to be highly biodegradable by chitinolytic enzymes, it was applied as a hapten carrier to induce hapten-specific

antibody production. Methamphetamine, one of the antihypnotic drugs, was bound to CM-chitin as shown in

Figure 15 and immunized in rabbits with strong immunoadjuvant (Freund’s complete adjuvant) by hypodermal

injection every 2 weeks. The produced antigen, after 3-month immunization, was very sensitive to react with hapten

(methamphetamine), but reacted little with carrier CM-chitin and CM-chitin oligomer, as shown in Figure 16 by

applying ELISA (Enzyme Linked Immuno Sorbent Assay). Also the specificity of antibody was investigated by

applying various methamphetamine analogs as shown inTable 2. Antibody produced reacted only with methamphet-

amine-spacer complex, with a high reactivity ratio, suggesting high specificity of antibody.183 However, the sustained

release of the hapten-bound CM-chitin oligomer was observed, when the CM-chitin-methamphetamine complex was

injected into rabbits hypodermically without immunoadjuvant, and the blood level of the CM-chitin oligomer-hapten

complex was maintained for more than 120h as shown in Figure 17.184

Since CM-chitin was suggested to be useful for a drug delivery system in animal body and also suggested to

stimulate mitogenic activity slightly,177 the metabolic behavior of CM-chitin was investigated in animal body for more

than 72h by applying 14C-labeled CM-chitin at the carboxymethyl site of CM-chitin; the accumulation of radioactive

material was observed in bone marrow by intravenous injection into mice. Further, extracted bone marrow from the

thigh bone of mice was cultivated in the presence of FITC-labeled CM-chitin and fluorescence was observed only in

granulocytes at the early stage of cultivation followed by macrophages as shown in Figure 18. Fluorescence was

difficult to find in erythrocyte even after more than 90h as shown in the figure.185 CM-chitin was suggested

to participate in the immune system of an animal body when injected intravenously, as specific fluorescence
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Table 2 Cross-reaction ratios of methamphetamine analogs

Compound Cross-reaction (%)a

Methamphetamine 100

CH2 CH

CH3 CH3

N H

Methamphetamine

Amphetamine 6.6

Norephedrine 2

p-Hydroxymethamphetamine 0.2

p-Hydroxyamphetamine <0.1

CH2 C

CH3

CH3

H

N H

Phentermine

p-Hydroxynorephedrine <0.1

Ephedrine 13

Methylephedrine 20

N-Dimethylamphetamine 266

CH2 C

CH3 CH3

CH3

N H

Mephentermine

p-Hydroxyephedrine <0.1

Phentermine 6.1

Mephentermine 100

p-Phenethylamine 0.9

CH2 CH

CH3 CH3

CH3N

Dimethylamphetamine

Methoxyphenamine

(O-methoxymethamphetamine) 1

p-Methoxymethamphetamine 1

p-Methoxyamphetamine 0.4
CH2 CH

CH3 CH3

(CH2)4N NH
MABA(Hapten)

aCross-reaction (%) was calculated from the equation, A/B�100, where A¼MA concentration to reduce absorbance at

492 nm to 50% and B¼MA analog concentration to reduce absorbance at 492 nm to 50%.
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Figure 16 Titration curves of produced antibody by antigen, CM-chitin (hapten carrier), and CM-chitin oligomer.178
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accumulation was observed in granulocytes which is included in the immune system of animal body to control the

differentiation of lymphocytes and a higher affinity of CM-chitin for B-cell of lymphocytes than T-cell.186

Chitosan and CM-chitosan have been studied for the formation of heparinoids, analogs of the natural anticoagu-

lant polysaccharide heparin, through binary sulfation reactions such as N-sulfation and O-sulfation, because the

chemical structure of sulfated CM-chitosan is close to that of heparin.187–190 But it is hard to regulate the binding

molar ratio between anti-thrombin III (key protein to form heparin complex on the inhibition of blood clotting) and
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heparinoids to 1/1 for the 100% recovery of anticoagulant activity. Several key reactions might be required to design

the synthesis of chitin heparinoid with 100% of anticoagulant activity such as a suitable ratio between N-sulfate and

O-sulfate, molecular weight, and stabilization of sugar structure.
Glossary

immunize Make (a person or animal) immune to infection. Typically by inoculation.

immunoadjuvant Materials to induce (or assist) the immunization.

antihypnotic drug Drugs to keep awaken state such as methamphetamine.

subcutaneous injection Under skin injection.

intravenous injection Administration into veins.

macrophages A large phagocytic cell found in stationary form in the tissue or as a mobile white blood.

drug delivery system (DDS) Carrying drugs by wrapping with polymers, adsorbing to polymers, trapping in polymers,

chemical bonding to polymers.

sustained release of drug A slow release of drug from gel, capsule or beads.

heparinoids A heparin-like material to inhibit blood clotting.

anti-thrombin-III A blood protein to inhibit blood clotting with adsorbing heparine in animal body.

mitogen Substance that induces or stimulates mitosis.

lymphocytes A form of small leucocyte (white blood cell) with a single round nucleus. Occuring especially in the system.

FITC Fluorescene iso-thiocyanate.
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2.15.1 Microbial Polysaccharides

Various polymers of plant, animal, and microbial origin are indispensable tools in food formulations, among which

microbial polysaccharides received increased interest in recent years.1–4 Food polymers are long-chain, high-molecular

mass (MM) molecules that dissolve or disperse in water to give texturizing properties to food products (see Chapters

1.05, 2.16, and 2.17). Also, food polymers are used for their secondary effects which include gel formation, stabiliza-

tion, emulsification, suspension of particulates, control of crystallization, inhibition of syneresis, encapsulation, and

film formation.2,4 The majority of the food polymers that are nowadays used by the food industry are polysaccharides

from plants (e.g., starch, cellulose, pectin, locust bean gum, and guar gum) or seaweeds (e.g., alginate, carrageenan, and

agar) and animal proteins such as caseinate and gelatin. The functional properties of these polymers are determined by

quite subtle structural characteristics and may not, as native molecules, always meet the required rheological proper-

ties or quality standards. Therefore, these biothickeners are often chemically modified, which restricts their use as a

food polymer.1,5 For example, in the European Union (EU), their addition is allowed only in specific food products

that need to be labelled with an E-number).5a,5b

An alternative class of biothickeners are the microbial exopolysaccharides (EPSs). EPSs occur widely among

bacteria and microalgae and less among yeasts and fungi.3,6,7 In general, microbial EPSs can be defined as extracellular

polysaccharides that are either associated with, and often covalently bound to, the cell surface in the form of capsules,

or secreted in the environment in the form of slime. They are referred to as capsular exopolysaccharides (CPSs) or

slime EPSs.8 The term EPSs, however, may be used to describe either type of extracellular polysaccharide.8 CPSs can

be visualized microscopically, while EPSs often result in an improved viscosity of the medium. EPSs may not be

confused with cell wall polysaccharides (WPSs), which are not released into the medium but are incorporated into the

cell envelope, either covalently bound to the peptidoglycan layer or loosely associated with it.9 Also, in bacteria wall

teichoic acids, lipoteichoic acids, and lipopolysaccharides are present; they are structural components of the cell wall,

but are not considered as EPSs sensu stricto. Similarly, glucans (yeasts), chitine (fungi), and reserve material such as

glycogen (bacteria) are not EPSs sensu stricto. Finally, the terms ropiness and mucoidness need some explanation, as

they are often used when EPSs are discussed. Ropiness is phenotypically defined by viscous strings originating from

the colonies when these are touched, while mucoidness simply refers to a slimy appearance of the bacterial colonies

without any rope-forming abilities.10 A ropy or viscous texture of a food product contributes to mouthfeel, texture, and

taste perception, typically associated with certain fermented dairy products.

Examples of industrially important microbial EPSs are dextrans from the lactic acid bacterium Leuconostoc mesenter-

oides and xanthan and gellan from the phytopathogenic bacteria Xanthomonas campestris and Sphingomonas paucimobilis,

respectively.3,5,7,11,12 Although dextran was the first microbial EPS to be commercialized and approved for food use, it

is no longer used as a food additive. Dextran, a neutral polysaccharide, is the base for chromatographic media and its

solutions are commonly used as a blood plasma substitute. Xanthan (E415) and gellan (E418), which are anionic

polysaccharides, are mainly approved in the food industry because of their unique rheological properties under various

environmental conditions and the possibility of low-cost production. Also, curdlan produced by Alcaligenes faecalis var.

myxogenes, bacterial alginates secreted by Pseudomonas and Azotobacter species, bacterial cellulose fromGluconacetobacter

xylinum, hyaluronic acid from Streptococcus equi, and succinoglycan from Rhizobium species have found applications,

albeit in the nonfood sector.6 Today, bacterial EPSs represent only a small fraction of the biopolymer (food) market.

Factors limiting their use are the need for an economical production – which requires a high yield, an adapted

bioprocess technology, and unique rheological properties of the gums for application – as well as the high cost of their

recovery, and the nonfood bacterial origin of most of them.
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Food-grade bacteria that produce EPSs are an interesting alternative for food uses of EPSs, in particular lactic acid

bacteria (LAB),2,4,13–22 dairy propionibacteria,14 and bifidobacteria.23,24 These EPS-producing bacteria have a GRAS

(generally recognized as safe) status, which is definitely an advantage in today’s marketing of these polymers.2 Indeed,

consumers have an increasing awareness about the food products they consume, which is reflected by the increasing

demand for 100% natural, safe, and healthy food products that are free of additives, have a low fat or sugar content, and

have undergone minimal processing. Enzymatic treatments of (plant) polysaccharides instead of chemical modifica-

tions contribute to the natural development of modified structures with enhanced functional properties. Another

advantage of EPSs produced by LAB is the huge diversity of their structures and, therefore, they have a broad

application potential. The major disadvantage of EPSs produced by LAB is the low production yield in comparison

with xanthan. Genetic engineering strategies could increase the yield and enable the design of novel polysaccharide

structures with improved properties, but the application of genetically modified products is difficult for acceptance by

the consumer and/or food processor. Another advantage of LAB is that they can be used for the in situ production of

EPSs – particularly interesting for fermented dairy products – to improve their viscosity and rheology, texture and

body, and mouthfeel. Finally, several health claims are associated with EPSs from LAB such as immunostimulatory

and prebiotic effects. Therefore, EPSs from LAB have potential for development and exploitation as food additives or

functional food ingredients with both health and economical benefits. Hence, novel microbial biopolymers may fill

gaps in the market-available polymers or may replace traditional food products in terms of improved rheological and

stability characteristics. These developments, however, require a thorough understanding of the structure–function

relationships and the biosynthetic mechanisms.

This chapter deals with EPS produced by LAB, focusing on the research carried out till date, in particular their

structures, biosynthesis, and industrial applications. CPSs will not be dealt with separately. Many recent reviews on

homopolysaccharides (HoPSs) and heteropolysaccharides (HePSs) from LAB exist.2,4,13–17,19–22,25–28
2.15.2 Classification of Exopolysaccharides from LAB

EPSs from LAB can be subdivided into two major groups: (1) the HoPSs that are composed of one type of monosac-

charide, and (2) the HePSs composed of a repeating unit that contains two or more different monosaccharides.16 This

classification also takes into account the way of biosynthesis, that is, extracellular, enzymatic synthesis by the action of

one enzyme (a glycansucrase) with sucrose as the sole precursor in the case of HoPSs, and intracellular biosynthesis

through the assembly of building blocks by the subsequent action of different types of glycosyltransferase enzymes –

with sugar nucleotides as precursor molecules – which is followed by their polymerizaton in the case of HePSs.

2.15.2.1 Homopolysaccharides from LAB

HoPSs produced by LAB can be divided into two groups (Table 1): a-D-glucans that comprise dextrans, mutans,

alternans, and reuterans; and b-D-fructans that comprise levans and inulin-type fructans (Figure 1).13,28 HoPSs from

LAB differ in the type of glycosidic linkages, type and degree of branching, length of the glycan chains, MM, and

conformation of the polymers (see Chapters 1.02 and 1.04). All these characteristics strongly contribute to specific

polysaccharide properties such as solubility and rheology. HoPSs display a high MM (up to more than 107).

Dextrans (produced by Lactobacillus spp., Le. mesenteroides subsp. mesenteroides and Le. mesenteroides subsp. dextrani-

cum, P. pentosaceus, S. sanguinis, and S. sobrinus) are mainly composed of a1!6-linked glucose residues that display a

variable degree of branching at position 3 (resulting in a1!3-linked branches) and less frequently at positions 2 and 4,

resulting in a1!2-linked and a1!4-linked branches, respectively. Mutans (La. reuteri, Le. mesenteroides, S. mutans, and

S. sobrinus) contain a high percentage of a1!3-linked glucose residues, mainly associated with a1!6-linked linkages

and some degree of a1!3-linked branches. Alternans (Le. mesenteroides and S. gordonii) are composed of alternating

a1!6 and a1!3 glucosidic linkages, with some degree of a1!3-linked branches. Reuterans (La. reuteri) are mainly

composed of a1!4-linked glucose residues, associated with a1!6 glucosidic bonds and a1!6-linked branches.

Levans and inulin-type fructans are produced by Streptococcus spp., Leuconostoc spp., and Lactobacillus spp. Levans

(S. mutans, S. salivarius, La. reuteri, La. sanfranciscensis, La. frumenti) are mainly composed of b2!6-linked fructose

molecules, occasionally containing b2!1-linked branches. Inulin-type fructans (S. mutans and Le. citreum) are com-

posed of b2!1-linked fructose molecules with b2!6-linked branches. Also, HoPSs that result from the recombinant

expression of the corresponding glycansucrases have been characterized (Table 2; see also Section 2.15.3.1).

Polysaccharides such as b-D-glucans and polygalactan are to be considered as HoPSs from a structural point of view.

However, they are synthesized as HePSs from identical repeating units. The b-D-glucans produced by P. damnosus 2.629



Table 1 Homopolysaccharides from lactic acid bacteria produced as native molecules and classified according to their

structure

Homopolysaccharides
Native Structure Lactic acid bacteria species References

a-D-Glucans
Dextrans [a-D-Glcp-(1!6)] associated with a low

amount of a1!3 linkages and a1!3,!6,

a1!2,!6, a1!4,!6 branches

Le. mesenteroides NRRL B-512F 310

Le. mesenteroides NRRL B-1355 311

Le. mesenteroides dextranicum FPW-10 312

Le. mesenteroides dextranicum 313

Le. mesenteroides NRRL B-742 314

Le. mesenteroides NRRL B-1299 315,316

Le. mesenteroides NRRL B-1355 317

Le. mesenteroides Lcc4 318

Le. mesenteroides NRRL B-1501 319

Le. mesenteroides NRRL B-1498 319

Pediococcus pentosaceus AP-1 and AP-3 320

S. sanguinis 321

S. sobrinus 322

La. brevis G-77 30

La. reuteri 180 323

La. sakei Kg15 323

La. fermentum Kg3 323

La. parabuchneri 33 323

Mutans [a-D-Glcp-(1!3)] associated with a1!6

linkages and a1!3,!6 branches

S. sobrinus 6715 324

Le. mesenteroides NRRL B-523 325

Le. mesenteroides NRRL B-1149 325

La. reuteri ML1 323

Alternans [a-D-Glcp-(1!6)/(1!3)] associated with

a1!3,!6 branches

Le. mesenteroides NRRL B-1355 311

S. gordonii CH1 326

Reuterans [a-D-Glcp-(1!4)] associated with a1!6

linkages and a1!4,!6 branches

La. reuteri LB 121 327

La. reuteri LB BIO 91

b-D-Fructans

Levans [b-D-Fruf-(2!6)] associated with b2!1,!6

branches

La. sanfranciscensis LTH2590 83,261

La. frumenti 261

S. salivarius HHT 328

S. salivarius 51 329

S. salivarius SS2 330

S. mutans OMZ 176 331

La. reuteri LB 121 81

Inulin-type [b-D-Fruf-(2!1)] associated with b2!6,!1

branches

S. mutans Ingbritt A 332

S. mutans JC-1 328

S. mutans JC-2 333

S. mutans BHT 328

Le. citreum CW28 334

La., Lactobacillus; Le., Leuconostoc; S., Streptococcus.
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and La. brevisG-7730 are composed of a trisaccharide repeating unit that consists of two b1!3-linked glucose residues

with one b1!2-linked branch. The polygalactan produced by L. lactis subsp. cremorisH414 is composed of a branched

pentasaccharide repeating unit consisting of galactose residues.31
2.15.2.2 Heteropolysaccharides from LAB

Compared to HoPSs, HePSs from LAB are produced in a greater variety with regard to monosaccharide composition,

monosaccharide ratio, and molecular structure (monosaccharide components, ring forms, anomeric configurations, and

stereo- and region-specific linkages) of the repeating unit, as well as the conformation and MM of the polymer (see

Chapter 1.04).16
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Figure 1 Structures of homopolysaccharides from lactic acid bacteria. a-D-glucans: a, dextran; b, mutan; c, alternan;

d, reuteran. b-D-fructans: e, inulin-type; f, levan.

Exopolysaccharides from Lactic Acid Bacteria 481



Table 2 Homopolysaccharides produced through expression of glycansucrases (dsr, gtf, and ftf ) from lactic acid bacteria

in Escherichia coli (unless stated otherwise) and classified according to their structure

Homopolysaccharides
Recombinant Structure Lactic acid bacteria species References

a-D-Glucans
Dextrans [a-D-Glcp-(1!6)] associated with a low

amount of a1!3 linkages and

a1!3,!6, a1!2,!6, a1!4,!6

branches

Le. mesenteroides NRRL B-1299

dsrA 335

dsrB 336

dsrE 337

Le. mesenteroides NRRL B-512F

dsrS 87

dsrT5 338

dsrS and dsrT5 310

S. sobrinus OMZ176

gtfT 339

S. salivarius ATCC 25975

gtfM 340

S. downei MFe28

gtfS 341

S. salivarius ATCC 25975

gtfK 92

La. reuteri 180
gtf180 323

La. fermentum Kg3

gtfKg3 323

La. sakei Kg15
gtfKg15 323

La. parabuchneri 33
gtf33 323

Mutans [a-D-Glcp-(1!3)] associated with a1!6

linkages and a1!3,!6 branches

La. reuteri ML1 323

gtfML1
S. mutans GS-5

gtfB (host is S. milleri) 342

gtfC (host is S. milleri) 342

S. downei MFe28

gtfI 343

S. salivarius ATCC 25975

gtfJ 92

Alternans [a-D-Glcp-(1!3)/(1!6)] associated with

a1!3,!6 branches

S. salivarius ATCC 25975

gtfL 340

Reuterans [a-D-Glcp-(1!4)] associated with a1!6

linkages and a1!4,!6 branches

La. reuteri 121
gtfA 327

La. reuteri LB BIO

gtfO 91

b-D-Fructans
Inulin-type [b-D-Fruf-(2!1)] associated with

b2!6,!1 branches

S. mutans GS 5

ftf 344

La. reuteri LB 121

ftf 68

dsr, dextransucrase; ftf, fructosyltransferase;gtf, glucosyltransferase; La., Lactobacillus; Le., Leuconostoc; S., Streptococcus.
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2.15.2.2.1 Producing strains
HePSs are produced by mesophilic (e.g., L. lactis, La. brevis, La. casei, La. paracasei, La. rhamnosus, La. sakei) and

thermophilic (e.g., La. acidophilus, La. delbrueckii subsp. bulgaricus, La. helveticus, S. macedonicus, and S. thermophilus)

LAB (Table 3).

2.15.2.2.2 Composition and structure
HePSs are composed of an almost always branched backbone of repeating units that consist of monosaccharides,

derivatives of monosaccharides, or substituted monosaccharides (Table 3).4,16 In 1990, the first repeating unit of an



Table 3 Heteropolysaccharides produced by lactic acid bacteria classified according to the size and monosaccharide

composition (expressed as molar ratio) of the repeating unit

Size of the
repeating unit

Monosaccharide composition of the
repeating unit

Strain Glc Gal Rha Others References

Trisaccharide La. brevis G-77 3 30

Tetrasaccharide S. thermophilus STD and CH101 2 2 303

S. thermophilus Sfi39 2 2 304

S. thermophilus SY89 and SY102 2 2 46

La. paracasei 34–1 3 1 GalNAc 35

S. thermophilus LY03 1 2 1 GalNAc 303

S. thermophilus CNCMI 733, CNCMI 734 and

CNCMI 735

1 2 1 GalNAc 32

S. thermophilus Sfi6 1 2 1 GalNAc 152

S. thermophilus IMDO 01, IMDO 02, IMDO 03,

NCFB 859 and 21

1 2 1 GalNAc 46

S. thermophilus Sfi20 1 2 1 GalNAc 305

Pentasaccharide L. lactis cremoris H414 5 31

La. rhamnosus C83 2 3 292

La. rhamnosus KL37C 2 3 246

L. lactis cremoris NIZO B891 3 2 37

La. delbrueckii bulgaricus 291 3 2 293

L. lactis cremoris SBT 0495 2 2 1 33

L. lactis cremoris NIZO B40 2 2 1 36

L. lactis cremoris AHR 53 2 2 1 38

La. sakei 0–1 2 3 34

La. acidophilus LMG 9433 2 1 1 GlcNAc,

1 GlcA

294

S. thermophilus THS 3 2 306

Hexasaccharide La. helveticus NCDO 766 4 2 295

La. helveticus Lh59 3 3 296

La. helveticus TN-4 3 3 135

La. helveticus 2091 2 4 297

La. helveticus K16 4 2 232

S. macedonicus Sc136 3 2 1 GlcNAc 268

S. thermophilus SFi12 1 3 2 304

S. thermophilus S3 4 2 39

La. delbrueckii bulgaricus EU23 3 3 298

La. rhamnosus GG 4 1 1 GlcNAc 212

S. thermophilus 8S 1 2 1 GalNAc,

1 Rib, 1 Sug

307

La. helveticus NCC 2745 3 3 174

Lactobacillus sp. LM-17 3 3 221

Heptasaccharide La. helveticus Lb161 5 2 299

S. thermophilus ST111 5 2 303

S. thermophilus OR 901 5 2 308

S. thermophilus Rs and Sts 5 2 48

La. delbrueckii bulgaricus LY03, 24 and 25 1 5 1 46

La. delbrueckii bulgaricus Rr 1 5 1 345

L. lactis cremoris NIZO B39 2 3 2 302

S. thermophilus EU20 2 3 2 309

La. helveticus TY1–2 3 3 1 GlcNAc 300

S. thermophilus NCFB 2393 1 3 2 1 GalNAc 167

La. delbrueckii bulgaricus Lfi5 1 5 1 157

La. rhamnosus RW-9595M and R 2 1 4 40

La. rhamnosus ATCC 9595 and RW-6541M 2 1 4 159

La. delbrueckii bulgaricus NCFB2074 3 4 301

Octasaccharide S. thermophilus MR-1C 5 2 1 Fuc 168

Fuc, fucose; Gal, galactose; Glc, glucose; GlcA, glucuronic acid; L., Lactococcus; La., Lactobacillus; GalNAc, N-acetyl-

galactosamine; GlcNAc, N-acetylglucosamine; Rha, rhamnose; Rib, ribose; Sug, nononic acid; S., Streptococcus.
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HePS produced by S. thermophilus was determined.32 Up till now, structures of HePSs from more than 50 LAB strains

have been analyzed, yielding 34 unique HePS repeating units (Figure 2). Of all the structures published to date, an

octasaccharide (in the HePS from S. thermophilus MR-1C) is the largest repeating unit reported, indicating that LAB

may not be capable of producing larger building blocks. In general, side chains of one, two, or three monosaccharides

are part of the HePS repeating unit, resulting in (highly) branched polymers. The monosaccharides can be present as
sn-glycerol 3-phosphate

→6)-a -D-Glcp -(1→6)-a -D-Glcp -(1→
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Lactobacillus rhamnosus C83292, KL37C246
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3

1
b -D-Glcp b -D-Glcp

→

3

1

→

Lactobacillus helveticus Lb161299

Lactobacillus delbrueckii bulgaricus LY0346, Rr345, 2446, 2546

Lactobacillus helveticus TY1-2300

Lactobacillus delbrueckii bulgaricus Lfi5157

Lactobacillus rhamnosus ATCC 9595159, RW-6541M159, RW-9595M40, R40

a -D-Galp -(1→3)-a-D-Glcp a -D-Galp
1 1
↓ ↓
3 6

→4)-a -D-Glcp -(1→3)-a -D-Galp -(1→
2
↑
1

b -D-Galp -(1→4)-b -D-Glcp 

Lactobacillus delbrueckii bulgaricus NCFB2074301

Figure 2 (continued)
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→4)-b -D-Galp -(1→3)-b -D-Galp -(1→4)-a -D-Galp -(1→
3
↑
1

b -D-Galp 

3
↑
1

b -D-Galp 

(Ac)0.5

↓
6

b -D-Galp -(1→4)-b-D-Glcp 

1
↓
6

→4)-a -D-Glcp -(1→4)-b -D-Galp -(1→4)-b -D-Glcp -(1→

a -L-Rhap 

1
↓
2

→4)-b -D-Galp -(1→4)-b -D-Glcp -(1→4)-b -D-Glcp -(1→
3
|
O
|

a -D-Galp -1-O-P-O−
||
O

b -D-Galp -(1→4)-b -D-Glcp 

1
↓
4

→2)-a -L-Rhap -(1→2)-a -D-Galp -(1→3)-a -D-Glcp -(1→3)-a -D-Galp -(1→3)-a -L-Rhap -(1→

Lactococcus lactis cremoris H41431

Lactococcus lactis cremoris NIZO B89137

Lactococcus lactis cremoris NIZO B39302

Lactococcus lactis cremoris AHR 5338, NIZO B4036, SBT 049533

b -D-Galf-(1→6)-b -D-Glcp -(1→6)-b -D-GlcpNAc
1→

3
→4)-a -D-Glcp-(1→4)-b -D-Galp -(1→4)-b -D-Glcp -(1→

Streptococcus macedonicus Sc136268

b -D-Galp
1→

6
→3)-a-D-Glcp -(1→3)-b -D-Glcp -(1→3)-b -D-Galf-(1→

Streptococcus thermophilus STD303, CH101303, Sfi39304, SY8946, SY10246

Figure 2 (continued)
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→3)-b -D-Galp -(1→3)-b -D-Glcp -(1→3)-a -D-GalpNAc-(1→
6

→

1
a-D-Galp

b -D-Galp -(1→4)-b -D-Glcp -(1→6)-a -D-Glcp
1→

4
→3)-b -D-Galp -(1→4)-b -D-Glcp -(1→

b -D-Galp
1→

4
→2)-a -L-Rhap -(1→2)-a -D-Galp -(1→3)-a-D-Glcp -(1→3)-a -D-Galp -(1→3)-a -L-Rhap -(1→

b -D-Galf2Ac0.4

1→
6

→3)-b -D-Galp -(1→3)-a -D-Galp -(1→3)-a -L-Rhap -(1→2)-a -L-Rhap -(1→2)-a -D-Galp -(1→

→4)-a -D-Galp -(1→2)-b -D-Ribf-(1→4)-b -D-Galp -(1→4)-b -D-Glcp -(1→7�)-Sug-(1→4)-b -D-GalpNAc-(1→

Streptococcus thermophilus THS306

Streptococcus thermophilus SFi12304

Streptococcus thermophilus S339

Streptococcus thermophilus 8S307

Streptococcus thermophilus CNCMI 73332, CNCMI 73432, CNCMI 73532, IMDO 0146,
IMDO 0246, IMDO 0346, LY03303, NCFB 85946, 2146, Sfi6152, Sfi20305

b -D-Galp -(1→6)-b -D-Galp
1→

4
→3)-a-D-Galp -(1→3)-a-L-Rhap -(1→2)-a -L-Rhap -(1→2)-a -D-Galp -(1→3)-a-D-Galp -(1→

Streptococcus thermophilus OR901308, Rs48, Sts48, ST111303

a-L-Rhap
1→

2
→6)-b -D-Galp -(1→6)-a -D-Galp -(1→3)-b -L-Rhap -(1→4)-b -D-Glcp -(1→6)-a-D-Galf-(1→6)-b -D-Glcp-(1→

Streptococcus thermophilus EU20309

Streptococcus thermophilus MR-1C168

b -D-Galp -(1→6)-b -D-Galp L-Fuc
1→

4

1→

3
→3)-a -D-Galp -(1→3)-a-L-Rhap -(1→2)-a-L-Rhap -(1→2)-a-D-Galp -(1→3)-a-D-Galp -(1→

Figure 2 Structures of heteropolysaccharides from lactobacilli, lactococci, and streptococci. For each genus structures
are ranked according to the size of the repeating unit.
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the a- or b-anomer and can be linked in many different ways (Figure 2). Although this generates many possibilities in

composition of the repeating unit, the neutral sugars D-galactose (Gal), which occurs with the highest frequency in

both the pyranose and furanose form, D-glucose (Glc) in the pyranose form, and, to a lesser extent, L-rhamnose (Rha)

in the pyranose form, are the most frequently occurring, albeit in different ratios (Table 3). In few cases, acetylated

amino sugars, namely N-acetyl-D-glucosamine (GlcNAc) and N-acetyl-D-galactosamine (GalNAc), are present

(Table 3). Frequently occurring combinations are those of glucose and galactose in different ratios; glucose, galactose,

and N-acetyl-galactosamine in a 1:2:1 ratio, a typical repeating unit composition in HePSs from S. thermophilus; and

glucose, galactose, and rhamnose in a 2:2:1 ratio, which is characteristic of HePSs from L. lactis subsp. cremoris strains.

Exceptional compositions are the combination of glucose and rhamnose in the absence of galactose, and the high

number of rhamnose residues in the HePSs from the La. rhamnosus strains ATCC 9595, R, RW-6541M, and RW-

9595M. Interestingly, except for the HePSs from La. paracasei 34-1, the presence of GalNAc residues seems to be

reserved to HePSs from S. thermophilus. L-Fucose (Fuc), D-ribose (Rib), D-glucuronic acid (GlcA), and D-nononic acid

(Sug) have each been reported in only one HePS. Non-carbohydrate constituents such as glycerol, acetyl, pyruvyl, and

phosphate groups can also be present.33–40 They are attached to the backbone chain either as an ester (acetate and

phosphate bound to a monosaccharide or glycerate bound to a phosphate group), a diester (phosphate groups) or a

ketal (pyruvate). Consequently, HePSs from LAB are neutral to weakly negatively (in the presence of phosphate)

charged polysaccharides. In the past, small quantities of uronic acids, fructose, mannose, arabinose, and xylose have

often been reported in the monosaccharide compositions but were never found in the elucidated structures. They

were most probably present as contaminations from cell wall and/or medium components that persist during isolation

and purification.41–44
2.15.2.2.3 Classification
HePSs from mesophilic LAB have been classified according to their monomer composition.45 Three major groups

have been distinguished: (1) HePSs containing only galactose; (2) HePSs containing galactose and glucose, and (3)

HePSs containing galactose, glucose, and rhamnose. A preliminary grouping has been performed for HePSs from a

limited number of S. thermophilus strains by Marshall et al.46 Each group corresponded with an HePSs with a particular

subunit structure. Vaningelgem et al.44 divided HePSs from 26 S. thermophilus strains into six groups according to their

monomer composition. Also, distinction can be made between HePS from LAB based on different linkage patterns in

the HePS backbone.2 In silico analysis of the LAB genomes may reveal insight into the maintenance of a high genetic

diversity in polysaccharide biosynthesis as has been illustrated for S. thermophilus.47
2.15.2.2.4 Molecular mass
The MM of the HePSs produced by LAB varies from 1.0�104 to 6.0�106 as extrapolated from dextran calibration

curves.4,14 Some LAB strains produce high-MMHePSs, while others produce low-MMHePSs. Also, variability in the

MMof structurally identical HePSs produced by different strains48 as well as strains that are capable of simultaneously

producing two HePSs with different MM has been reported.49–54
2.15.2.2.5 HePS structure and texturizing properties
The relationship between HePS structure and texturizing properties is very complex, but it would be interesting to

gain more understanding of how the differences in composition, degree of branching and MM, charge, spatial arrange-

ment, rigidity, and ability to interact with proteins influence rheology.2,18,26,55 To unravel this complex structure–

function relationship, chemical, enzymatic, or genetic modifications of existing HePSs could be performed.56,57

However, many factors such as media, culture conditions, and the presence of glycohydrolases influence the yield,

MM, and structure of the polymers synthesized.16,58,59
2.15.3 Biosynthesis of Homopolysaccharides by LAB

2.15.3.1 Biosynthesis of High-MM Homopolysaccharides and Genetics
of Homopolysaccharide Biosynthesis

The production of HoPSs takes place outside the bacterial cell. It requires the presence of a specific substrate such as

sucrose or related oligosaccharides (e.g., raffinose), which serve as the glycosyl donor, and extracellularly active large

enzymes, transglycosylases (glycansucrases), that use the energy of the osidic bond of sucrose to catalyze the transfer
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of a glycosyl residue.28 Thus, unlike the majority of polysaccharides in nature, HoPSs are not produced by glycosyl-

transferases that require sugar nucleotide precursors (see also Section 2.15.5.1). This feature makes biosynthesis of

HoPSs independent of central carbohydrate metabolism. Two types of glycansucrases can be distinguished: glucan-

sucrases (transglucosylases) and fructansucrases (transfructosylases), producing glucans and fructans, respectively.60

2.15.3.1.1 Glucansucrases
Glucansucrases exclusively synthesize a-D-glucans. Distinction can be made between dextransucrases (sucrose: 1,6-a-
D-glucan 6-a-D-glucosyltransferase, E.C. 2.4.1.5), mutansucrases (sucrose: 1,3-a-D-glucan 3-a-D-glucosyltransferase,
classified as E.C. 2.4.1.5), alternansucrases (sucrose: 1,6(1,3)-a-D-glucan 6(3)-a-D-glucosyltransferase, E.C.2.4.1.140),
and reuteransucrases (sucrose: 1,4(6)-a-D-glucan 4(6)-a-D-glucosyltransferase, classified as E.C.2.4.1.5). They are large

(MM of 160000) extracellular proteins which are exclusively produced by LAB (Streptococcus spp., Leuconostoc spp.,

and Lactobacillus spp.). A large number of glucansucrase genes have been identified.60a Moreover, many HoPS-

producing LAB strains contain multiple gtf genes (Table 2) and putative genes are present in the genome of several

LAB strains.60b Efficient screening methods result in the detection of new genes and enzymes61,62 and allow

recombinant expression of several glycansucrases (Table 2).

Glucansucrases catalyze two different reactions, depending on the nature of the acceptor molecule (substrate): (1)

hydrolysis of sucrose (the acceptor molecule is water) and (2) glucosyl transfer (transferase reaction), which can be

divided into polymerization (transglucosylation, the acceptor molecule is the growing glucan chain) and oligosaccha-

ride biosynthesis (the acceptor molecules are oligosaccharides such as maltose or isomaltose). Sucrose itself is never

used by glucansucrases as an acceptor molecule; the cleaved glucose residue is the acceptor molecule for glucosyl

transfer.

The glucansucrases either catalyze formation of one type of glucosidic linkage or catalyze formation of two different

glucosidic linkages. The former results in linear glucans, while the latter results either in a (highly) branched glucan,

based on a branching type of reaction, or in a linear glucan with two different (alternating) glucosidic bonds. For

instance, a linear dextran, a branched dextran, and an alternan are synthesized according to the following reactions:

Dextran:

sucroseþ ½a-D-glucosyl-ð1 ! 6Þ�n ! D-fructoseþ ½a-D-glucosyl-ð1 ! 6Þ�nþ1

Branched dextran:
sucroseþ ½a-D-glucosyl-ð1 ! 6Þ�n ! D-fructoseþ ½a-D-glucosyl-ð1 ! 6Þ=a-D-glycosyl-ð1 ! 3; 6Þ�nþ1

Alternan:
sucroseþ ½a-D-glucosyl-ð1 ! 6Þð1 ! 3Þ�n ! D-fructoseþ ½a-D-glucosyl-ð1 ! 6Þð1 ! 3Þ�nþ1

2.15.3.1.2 Fructansucrases
Fructansucrases encompass both levansucrases (sucrose: 2,6-b-D-fructan 6-b-D-fructosyltransferase, E.C. 2.4.1.10) and
inulosucrases (sucrose: 2,1-b-D-fructan 1-b-D-fructosyltransferase, E.C. 2.4.1.9). Levansucrases synthesize levans and

inulosucrases synthesize inulins. Fructansucrases have been identified in S. salivarius,63 S. mutans,64 Le. citreum,65

Le.mesenteroides,66 La. reuteri,67,68 and La. sanfranciscensis.69 Levansucrases are widely distributed in bacteria, for

instance in the Gram-positive bacteria Paenibacillus polymyxa,70 Bacillus amyloliquefaciens,71 B. stearothermophilus,72

and B. subtilis,73 and in the Gram-negative bacteria Erwinia amylovora,74 Gluconacetobacter diazotrophicus,75 and

Zymomonas mobilis.76 In general, fructansucrases from LAB are larger than their counterparts from non-LAB. Also,

fructan biosynthesis is known to occur in plants and fungi, involving a set of enzymes that are evolutionarily related to

invertases (sucrose-hydrolyzing enzymes) and are hence different from their bacterial counterparts.

Fructansucrases catalyze two different reactions, depending on the nature of the acceptor molecule (substrate): (1)

hydrolysis of sucrose (the acceptor molecule is water) and (2) fructosyl transfer (transferase reaction), which can be

divided into polymerization (transfructosylation, the acceptor molecule is the growing fructan chain) and tri- or

tetrasaccharide biosynthesis (acceptor reactions, the acceptor molecules are sucrose or raffinose, respectively). In

each case the priming reaction of the fructansucrase is the coupling of the fructose moiety of a sucrose molecule to

another nonreducing fructose with a free primary alcohol group at position C-2 in the acceptor molecule (sucrose,

raffinose, fructan). As sucrose is used as acceptor in this initial priming reaction, bacterial fructans contain a

nonreducing glucose unit at the end of the fructan chain (GFn-type). In subsequent steps, the fructansucrase elongates

the primer. Hence, levans and inulin-type fructans are synthesized according to the following reactions:
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Levan:

sucroseþ ½b-D-fructosyl-ð2 ! 6Þ�n ! D-glucoseþ ½b-D-fructosyl-ð2 ! 6Þ�nþ1

Inulin-type fructan:
sucroseþ ½b-D-fructosyl-ð2 ! 1Þ�n ! D-glucoseþ ½b-D-fructosyl-ð2 ! 1Þ�nþ1

2.15.3.1.3 Structure–function relationships
Although the glucansucrases and fructansucrases perform very similar reactions on the same substrate, they do not

share a high amino-acid-sequence similarity, and strongly differ in their protein structures.60 Information about

structure–function relationships in the glycansucrase type of enzymes that synthesize glucan and fructan polymers

from sucrose is still limited but rapidly increasing. Most progress has been made with respect to fructansucrases, albeit

mainly for fructansucrases from non-LAB origin.75,77 However, a detailed biochemical characterization of the fruc-

tansucrase reactions is complicated as these enzymes generate new fructan molecules that in turn can be used as

acceptor molecules. The overall amino acid sequence and secondary structure similarity of glucansucrases with

a-amylase type of enzymes has allowed identification of putative acceptor substrate-binding sites.27 Moreover, mutation

studies have demonstrated that variations in glucosidic linkage specificity as observed in the products of different

glucansucrases appear to be based on relatively small differences in amino acid sequence in their acceptor sugar-

binding subsites.78 However, the catalytic mechanism of glucansucrases is complicated as various glucans as well as

oligosaccharides are synthesized, branching reactions are catalyzed, and a sucrose hydrolysis reaction may occur.

2.15.3.1.4 Production
The extracellular polymerization by transglycosylases allows cell-free biosynthesis of HoPSs and glucooligosaccha-

rides.79,80 Yields of tens of grams per liter are possible.81–83 Many factors such as temperature, incubation time, sucrose

concentration used, and the presence of polysaccharide-degrading enzymes influence the yield, MM, structure, and

physical characteristics of the polymers synthesized.
2.15.3.2 Biosynthesis of Homooligosaccharides

Besides the production of glucan and fructan polymers, glucansucrases and fructansucrases are also capable of

synthesizing oligosaccharides. The production of oligosaccharides involves the transfer of glycosyl residues to the

nonreducing end of appropriate acceptor molecules such as maltose, isomaltose, fructose, and raffinose.28

2.15.3.2.1 Glucooligosaccharides
Glucansucrases, especially dextransucrases from Le. mesenteroides, have been studied in detail with respect to oligosac-

charide biosynthesis.84–86 In the presence of sucrose as donor molecule and maltose as acceptor molecule, dextransu-

crase catalyzes the biosynthesis of the glucooligosaccharide panose. The latter can act as acceptor molecule in this

reaction, resulting in the production of a linear a1!6 glucooligosaccharide with a degree of polymerization (DP) of

four. The longest oligosaccharide synthesized during this reaction has a DP of six.87,88 Tieking et al.89 reported on the

production of glucooligosaccharides with a DP of up to 10 by strains of Lactobacillus when incubated in a medium with

both sucrose and maltose. Newly synthesized oligosaccharides cannot always act as acceptor molecules, as is the case

for leucrose, a disaccharide that is synthesized when fructose acts as an acceptor molecule.27 The synthetic potential of

dextransucrases is not limited to the use of maltose or glucooligosaccharides as acceptors, but other molecules such as

alditols can be used as acceptor as well.90 This possible use of different acceptor molecules may lead to the controlled

production of specific oligosaccharides with interesting properties. Recently, oligosaccharides produced from sucrose

with different acceptor substrates, for example, panose from maltose and isopanose from isomaltose, have been shown

with reuteransucrases from La. reuteri.91,92

2.15.3.2.2 Fructooligosaccharides
Besides glucansucrases, fructansucrases can also be involved in the biosynthesis of oligosaccharides. Some authors68,83

reported on theproductionof kestose andnystoseby a strain ofLa. sanfranciscensis and La. reuteri, respectively, which was

later on also reported for other strains of Lactobacillus.22 Levansucrases from La. sanfranciscensis are able to use raffinose

as fructosyl acceptor, leading to the formation of a range of tetra-, penta-, and hexasaccharides (GalGF2–GalGF4), in

addition to melibiose, kestose, and nystose, proving the ability of the enzyme to use raffinose not only as acceptor but

also as donor of fructose moieties.93
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2.15.4 Sugar Catabolism in LAB

2.15.4.1 Sugar Transport Mechanisms and Carbon Catabolite Control in LAB

Although dairy LAB have the capacity to use a number of mono- and disaccharides, they encounter lactose as the

major energy source. LAB have evolved three different systems for sugar uptake, which differ in their phosphorylation

states, intermediate metabolites, and bioenergetics (see also Figure 4): (1) primary transport systems (ABC transpor-

ters) or a direct coupling of sugar translocation with ATP hydrolysis via a transport-specific ATPase;94 (2) secondary

sugar transport systems (permeases) or a coupling of sugar transport with transport of ions or other solutes, as symport

and antiport transport systems;95 and (3) group translocation systems or a coupling of sugar transport with phosphory-

lation via a sugar-specific phosphoenolpyruvate (PEP)-dependent, multicomponent phosphotransferase system

(PTS).96,97 In primary and secondary transport systems lactose remains unmodified, whereas in the lactose-specific

PEP-PTS system lactose is phosphorylated during transport. Therefore, the pathway for the hydrolysis of the

internalized disaccharide lactose and the fate of the glucose and galactose moieties is largely determined by their

mode of lactose transport. In LAB strains, many sugars are transported via a sugar-specific PEP-PTS system (e.g., Lac-

PTS consisting of the general proteins Enzyme I (EI) and HPr and the two lactose-specific components enzyme

IIALac (EIIALac) and enzyme IIBCLac (EIIBCLac)), which is bioenergetically the most efficient sugar transport system.

In all cases investigated, the genes involved in sugar transport in LAB strains are organized in clusters or operons, often

located on plasmids that also code for sugar-specific catabolic reactions. While the glucose moiety of lactose, after

phosphorylation via glucokinase (Glk), is metabolized via the glycolytic (homofermentative LAB strains) or phospho-

ketolase (heterofermentative LAB strains) pathways,98 two distinct pathways, the tagatose 6-phosphate pathway and

the Leloir pathway, can be used for the degradation of the galactose moiety.97,99

To utilize carbohydrate sources in a strictly controlled hierarchical manner, bacteria have developed global control

systems that govern and coordinate carbohydrate-specific regulation. In low-guanine/cytosine Gram-positive bacteria

such as LAB this is achieved by carbon catabolite repression (CCR), which is a result of global transcriptional control

and inducer exclusion.100 The key regulatory components that exert CCR in LAB are HPr and EI, which are the two

general cytoplasmic phosphocarrier proteins that are involved in PEP-PTS transport, and the catabolite control

protein A (CcpA), which is a member of the LacI-GalR family of bacterial repressors.101 The HPr protein contains

two phosphorylation sites, one with a histidine residue (HPr-His15) at the aminoterminal side of the carrier that is

phosphorylated (HPr-His15-P) by EI in a PEP-dependent way, and the other with a serine residue (HPr-Ser46) at the

carboxyterminal side of the protein that may be phosphorylated (HPR-Ser46-P) by an ATP-dependent, metabolite-

activated protein kinase. It is the ratio of HPr-His15-P/HPr-Ser46-P that determines utilization of a particular

carbohydrate source. The balance between HPr-His15-P and HPr-Ser46-P is adjusted as follows: PEP-dependent

phosphorylation of HPr by EI yields HPr-His15-P, which transfers its phosphoryl group to various sugar-specific

EIIAs.102 This is the first step of the PTS phosphorylation cascade leading to the phosphorylation of carbohydrates

during their transport. When substrates are metabolized, the level of glycolytic intermediates such as fructose 1,6-

diphosphate (FBP) rises, which stimulates the oligomeric bifunctional enzyme HPr kinase/HPr-Ser46-P phosphatase

(HPrK/P) to generate HPr-Ser46-P, whereas dephosphorylation of HPr-Ser46-P is activated by inorganic phosphate

(Pi).
102 HPr-Ser46-P mediates CCR in concert with the pleiotropic regulator CcpA by repressing or activating

catabolite-controlled genes.103,104 The complex of CcpA with HPr-Ser46-P is required for efficient binding to a

cis-acting DNA site, called the catabolite responsive element (cre site),105 located in front of or within the CcpA-

regulated genes and operons. CcpA alone also interacts with DNA, but this binding is nonspecific and very weak.106

Depending on the position of the cre site with respect to the promoter, the CcpA binding can either stabilize the

activity of the RNA polymerase promoter complex to enhance transcription or prevent or block transcription by

preventing initiation of transcription or causing a roadblock of transcription, respectively.100 This transcriptional

control is supplemented by the protein control mechanism of inducer exclusion. Indeed, HPr-Ser46-P has been

suggested to prevent the entry of the inducer for the corresponding catabolic operon by inhibiting the activity of

several non-PTS permeases.102 In addition, HPr-Ser46-P has been suggested to regulate carbohydrate uptake via the

PTS, since it is a poor substrate for the PEP-dependent protein kinase EI that phosphorylates HPr at His15, which is

required for PTS-mediated transport of carbohydrate sources.102
2.15.4.2 Sugar Transport Mechanism and Carbon Catabolite Control in L. lactis

In L. lactis lactose is transported via a lactose-specific PEP-PTS system (LacEF) generating intracellular lactose

6-phosphate, which after hydrolysis by phospho-b-galactosidase (LacG) yields b-D-galactose 6-phosphate and a-D-
glucose (see also Figure 4).97 It has been suggested that in some cases lactose 6-phosphate can be hydrolyzed by
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glycosidases specific for b-glucoside sugars, namely by phospho-b-glucosidases.107 Also, galactose, glucose, mannose,

fructose, sucrose, and trehalose are transported via a PTS system.108 Maltose is transported by an ATP-dependent

permease and converted into glucose and b-glucose 1-phosphate via the action of a Pi-dependent maltose phosphory-

lase.109 Anomerization of b-glucose 1-phosphate into a-glucose 1-phosphate and entry into the glycolysis is catalyzed

via a specific b-phosphoglucomutase (b-Pgm).110

L. lactis strains posses two pathways for galactose catabolism: the Leloir pathway (free galactose) and the tagatose

6-phosphate pathway (galactose 6-phosphate) (see alsoFigure 4).97 The lac operon of the L. lactismini-lactose plasmid

pMG820 is the best characterized PTS in LAB and includes the genes for lactose transport (lacEF), lactose

6-phosphate hydrolysis (lacG), and the tagatose 6-phosphate pathway (lacABCD). Remarkably, all genes involved in

the lactose-specific part of this pathway are located on a single operon with the order lacABCDFEG, which is

often found on plasmids.97 There is some indirect evidence that additional lac-PTS genes can also be located in the

chromosomal DNA of several L. lactis strains.111 Expression of the lac operon genes is under control of the transcrip-

tional repressor LacR that binds to the lacA promoter. The repression of the lac gene expression can be relieved by the

inducer tagatose 6-phosphate. The tagatose 6-phosphate pathway consists of three enzymes, galactose 6-phosphate

isomerase (LacAB), tagatose 6-phosphate kinase (LacC), and tagatose 1,6-diphosphate aldolase (LacD), which convert

galactose 6-phosphate into triose-phosphate.

Besides the lactose-PTS, there is only one other type of lactose transport system that has been described for L. lactis,

namely the lactose-proton symport permease (LacY) (see also Figure 4).112 In the case of lactose entry via a lactose

permease, or in the case of galactose permease (GalP; previously called GalA) entry, galactose is not phosphorylated

directly and is degraded via the Leloir pathway. This degradation pathway includes galactokinase (GalK), galactose

1-phosphate uridylyltransferase (GalT), and UDP-glucose 4-epimerase (GalE), which convert galactose into glucose

1-phosphate.99 Galactose mutarotase (GalM) catalyzes the interconversions of the a- and b-anomers of galactose, as

cleavage of lactose by b-galactosidase (LacZ) yields glucose and b-D-galactose, while a-D-galactose is the sole

substrate for GalK.113 Glucose 1-phosphate can, after isomerization to glucose 6-phosphate via a-Pgm, enter the

glycolytic pathway. However, a-Pgm seems to be a major bottleneck in galactose catabolism.108 In addition, in L. lactis,

when glucose is the substrate, a-Pgm is required for the production of sugar nucleotides, the precursors of HePSs and

cell wall polysaccharides. The genes of the Leloir pathway in L. lactis subsp. cremoris MG1363 are organized in one

operon galPMKTE and are transcribed as one polycistronic transcript from the gal promoter that contains a consensus

cre site and is located upstream of the galP gene.114 Indeed, expression of the gal operon in L. lactis has been

demonstrated to be under control of CcpA.103 Remarkably, in other strains of L. lactis galT and galE are separated by

two inserted lac genes, lacA encoding a putative thiogalactoside acetyltransferase and lacZ encoding the b-galactosi-
dase, while galP seems to be missing in the gal gene cluster.115,116 These lac genes are thought to be recently acquired

by horizontal gene transfer or insertion sequence-mediated events to recruite the promoters of the gal operon to drive

their expression in a regulated manner.115 Thus, the gal gene cluster of L. lactisMG1363 appears to be highly specific

for galactose, containing all the structural genes needed for galactose utilization via the Leloir pathway in an

uninterrupted form at the same locus.114

Glucose uptake can bemediated by themannose/glucose-PTS system, or a permease (see alsoFigure 4). In glucose-

grown L. lactis cells CcpA acts as a repressor of transcription of the gal operon and as an activator of transcription of the

lactic acid synthesis (las) operon.103 The las operon contains the genes encoding three key glycolytic enzymes, namely

phosphofructokinase (pfk), pyruvate kinase (pyk), and L-lactate dehydrogenase (ldh). Although an internal cre site in

the ccpA gene might suggest an involvement of CcpA with its own expression, the transcription of the L. lactis ccpA

gene is found to be constitutive.103 Because of the very sensitive nature of the HPr-Ser46-P/HPr-His15-P ratio towards

glycolytic activity, the binding of CcpA to cre sites is likely to be enhanced by elevated concentrations of early

glycolytic intermediates such as glucose 6-P and FBP, which are indicators of the energy state of the cell. Although the

precise mechanism of the glycolytic flux control mechanism in L. lactis is still unknown, FBP is known to be a major

allosteric effector of pyruvate kinase (Pyk), lactate dehydrogenase (Ldh), and HPrK/P. Also, the phosphorylated pools

(FDP/Pi/ADP/ATP) and the redox balance (NADHþHþ/NADþ) are likely to play a role in its regulation.

The fruRCA operon is under catabolite repression by CcpA, whereby FruR is a dedicated regulator and involved in

fructose utilization only.117
2.15.4.3 Sugar Transport in S. thermophilus

Lactose, sucrose, and glucose are fermented by S. thermophilus. Strains of S. thermophilus are generally galactose-

negative (Gal-) and fructose-negative (Fru-). Sucrose and fructose are the only sugars that are transported by PEP-

dependent PTS sytems in S. thermophilus, but with a lower efficiency than lactose.95 Glucose is a non-PTS sugar in
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S. thermophilus and a poor substrate for growth.95 Remarkably, S. thermophilus is highly adapted to growth on lactose.

In S. thermophilus lactose is taken up via a LacS permease that has a carboxyterminal hydrophilic domain that is

homologous to the IIA protein and the protein domains of the PEP-PTS system. In S. thermophilus LacS can operate

as a lactose-galactose antiporter or as a galactoside-proton symport system (see also Figure 4).118 The exchange

reaction, which is highly favoured with an excess of galactosides on either side of the cell membrane, leads to a

galactose-negative phenotype in milk.95 The lac operon of S. thermophilus contains the genes lacS and lacZ that code for

the lactose permease and the b-galactosidase, respectively. LacZ catalyzes the intracellular hydrolysis of lactose into

glucose and b-galactose. The lac genes are induced by galactose and galactose analogues rather than lactose, while the

glucose moiety of lactose represses the lac operon by catabolite repression.

The absence of galactose utilization does not result from lack of genetic information. In S. thermophilus CNRZ 302

the lac operon is preceded by the gal gene cluster, which contains the genes for the Leloir pathway,99 forming the gal-

lac gene cluster galRKTEM-lacSZ, which is highly conserved among different strains of S. thermophilus.119 The Leloir

pathway consists of a regulator (GalR), a galactokinase (GalK), a galactose 1-phosphate uridylyltransferase (GalT), a

UDP-glucose 4-epimerase (GalE), and a galactose mutarotase (GalM), which are part of the galRKTEM gene cluster

that allows the conversion of galactose into glucose 1-phosphate that in turn can be directed to glycolyis by a-Pgm or

alternatively used in anabolic pathways.120 The galR-galK intergenic region contains the promoter of the galR gene and

the gal operon. The galR gene is divergently transcribed and the gal operon consists of galK, galT, and galE. The galM

gene has its own promoter.121 GalR has been shown to positively regulate the transcription of the two operons

encompassed by the gal-lac gene cluster, while it negatively regulates its own expression.121 Currently, the Gal-

negative phenotype of S. thermophilus has been ascribed to a defect in the induction mechanism of GalK, which seems

to be the rate-limiting enzyme of the Leloir pathway.120 However, under appropriate selective conditions, such as

limited lactose and excess galactose concentrations, Gal-positive (Galþ) derivatives of S. thermophilus can be obtained

which ferment galactose and possess Leloir enzyme activities.121–124 It has been shown that the structurally intact

genes of the Leloir pathway enzymes are weakly transcribed in the Gal� S. thermophilus strain CNRZ 302 during

growth on lactose, while independently isolated Galþ mutants contain upmutations in the gal promoter, showing

expression of galKTE at a much higher level as compared to the wild type.121 Several of these upmutations have also

been identified in naturally occurring Galþ S. thermophilus strains.119,125 In one study, a S. thermophilus strain has been

reported in which the poor translation of the galK gene transcript seems to be responsible for the Gal- phenotype.126 In

a large screening study of the galactose phenotype and genotype of S. thermophilus strains it has been shown that

although the gal promoter plays an important role in the Galþ phenotype, it does not determine the Galþ phenotype

exclusively, and hence alternative factors will be responsible for this Galþ phenotype.125 Indeed, in the study of de Vin

et al.125 GalK activity has only been detected for two out of eight Galþ strains, while GalT and GalE activities are

present in all Galþ strains. The latter suggests alternative pathways for galactose metabolism in S. thermophilus.
2.15.4.4 Carbon Catabolite Control in S. thermophilus

In contrast to most other LAB, S. thermophilus prefers lactose to glucose and uses a non-PTS transporter (LacS) for its

uptake. In addition to positive regulation by GalR, growth on lactose is mediated by CcpA, which is in agreement with

the presence of a cre-site in the lacS promoter. This exemplifies that also non-PTS sugars can trigger CcpA for

carbohydrate regulation. During growth on lactose CcpA acts as a transcriptional repressor of the lac operon and as a

transcriptional activator of the ldh gene.104 To ensure optimal growth on lactose, the fast lactose transport, mediated by

the dedicated LacS permease, needs to be attenuated to match the rate-limiting glycolytic flux.104,127 The regulation

is such that lacS transcription and LacS activity are maximal when the concentration of HPr-Ser46-P is low and HPr-

His15-P is high. HPr-Ser46-P has been found to be the dominant phosphorylated intermediate in the exponential

growth phase in the presence of excess lactose, whereas HPr-His15-P dominates in the stationary phase.128 During

growth on lactose, the lactose/galactose ratio in the medium will decrease and concomitantly the transport capacity of

the cell. The decrease in lactose transport capacity is then compensated by an increase in lacS expression levels, which

is caused by the release of HPr-Ser46-P/CcpA-mediated repression of lacS transcription. In parallel, an increase in HPr-

His15-P will increase the extent of phosphorylation of LacS. HPr-His15-P-mediated phosphorylation of the LacS IIA

domain evokes maximal activity of the lactose transport protein in vivo by increasing the maximum velocity of the

lactose/galactose exchange reaction.127

Thus, by this complex mechanism S. thermophilus can either downregulate the high transport capacity to match the

rate-limiting glycolytic flux or compensate for the diminished transport capacity by synthesizing more LacS and

phosphorylating this protein, which results in higher transport activity. Besides the regulation of the lac operon, also
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the gal operon seems to be regulated during growth on lactose. Indeed, the repressed status of the gal operon in the

presence of lactose has been demonstrated, although the mechanism of this regulation is still unknown.125

In general, CCR of the lac operon in S. thermophilus may not be so much carbohydrate source-dependent as

determined by the rate of glycolysis relative to the rate of sugar uptake, in which the FBP concentration may act as

the intracellular indicator of this glycolytic flux.104 During exponential growth, S. thermophilus has a lactose transport

capacity that exceeds the maximum glycolysis rate by at least two-fold. This is in contrast with various other bacteria

where uptake of the PTS substrate is often the principal rate-limiting factor in sugar catabolism.96 This explains why

glucose, a non-PTS sugar for S. thermophilus, is not able to repress the lac operon, and hence its activation of glycolysis

is not as strong as that induced by lactose.104 Also, galactose metabolism by the relatively slow Leloir pathway

probably yields insufficient intracellular FBP concentrations for induction of CcpA-mediated repression.104
2.15.5 Biosynthesis of Heteropolysaccharides from LAB and Genetics
of Heteropolysaccharide Biosynthesis

2.15.5.1 Production of Heteropolysaccharides by LAB

HePSs are made by the extracellular polymerization of repeating units that are formed from precursors produced and

assembled in the cytoplasm.4,13,14,16 The assembly of the growing repeating unit occurs on a membrane-linked

undecaprenyl-phosphate lipid carrier through the sequential addition of activated sugars (sugar nucleotides or

nucleoside diphosphate sugars) by glycosyltransferases. If the HePS repeating unit is finalized, it is possibly translo-

cated through the cell membrane to become polymerized into the final HePS. The complex process of HePS

biosynthesis involves enzymes that participate in eps gene regulation, membrane translocation, polymerization, and/

or chain length determination, and several enzymes that are not unique to HePS formation. The genes required for

HePS biosynthesis and export are organized in an operon or gene cluster of around 11–22kb (Figure 3).

The biosynthesis of HePS is an energy-demanding process (sugar transport, sugar nucleotide biosynthesis, phos-

phorylation of the membrane-linked lipid carrier, polymerization, and export). In contrast, LAB as fermentative

organisms are very limited in energy production, producing maximal two or three moles ATP per mole glucose through

substrate phosphorylation during glycolysis. The energy source is essential for both growth and HePS production by

LAB as it provides the energy necessary for both processes. Furthermore, only a small carbon fraction of the energy

source is used for the biosynthesis of biomass and HePS precursors. Although amino acids are not directly involved in

HePS biosynthesis, they serve as carbon and nitrogen sources that are essential for growth.

In general, LAB produce small amounts of HePSs in the range of around ten to a few hundredmilligrams per liter.129

The production is often less than 1% of the amount of the energy source. Indeed, HePSs are to be considered as minor

products diverted away from glycolysis.59 These low amounts of HePS produced can not compete with the yields that

can be obtained with dextran-producing LAB and Gram-negative HePS producers such as X. campestris.130,131
2.15.5.2 Genetic Instability of Heteropolysaccharide Production by Ropy LAB

Instability of HePS production and variability of polymer yields are well-documented problems in the dairy industry.13

The unstable characteristic is apparent at the genetic level as well as for the ropy texture itself. Repeated subculture or
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prolonged incubation at high temperatures is likely to be responsible for the loss of the HePS phenotype.132,133 Also,

sponteanous mutations can result in colony variants and lead to a weaker production or even an altered HePS

composition.134–137 Finally, the ropy texture can be destroyed by glycohydrolases that are sometimes produced by

the HePS producers themselves.58,59,129 These factors limit the number of strains that can be applied in large-scale

industrial fermentations and ropy strains in use have to be periodically re-isolated to maintain their HePS-producing

ability. Therefore, yoghurt manufacturers rely on pre-fermentation processing techniques such as increasing milk

solids or concentration of milk and addition of stabilizers.138 The cost of these techniques make in situ production of

HePSs byLAB strains a promising alternative.139–141 The exploitation of this functional characteristic of LABwill have

economical benefits, especially in yoghurts with thermophilic strains, enhancing smoothness and avoiding syneresis.

In mesophilic LAB strains the disappearance of the HePS phenotype has been attributed to the loss of the plasmids

carrying the eps genes.142–149 The latter cannot be the case for thermophilic LAB strains, as their genes for HePS

production are chromosomally located and, moreover, S. thermophilus strains have never been shown to harbour plas-

mids encoding HePS biosynthesis.13,145 In addition, when the ropy phenotype is lost in these strains, it can frequently

be recovered, for instance by their repeated passage through milk.13,134,145,150,151 Instead, the genetic instability of the

HePS phenotype can be caused by the presence of mobile genetic elements such as insertion sequences (IS) or by a

generalized genomic instability, including DNA deletions and rearrangements134,152–154 Within the different eps gene

clusters of S. thermophilus numerous IS elements and transposases are present, directly flanking or even within these

clusters. In general, copies of ISS1 and IS1193members are widespread among industrial strains of S. thermophilus and

L. lactis (see also Section 2.15.5.3). It is very likely that during coculture in dairy manufacture, horizontal gene transfer

and rearrangements, mediated by IS elements, between S. thermophilus and L. lactis, and between other species or

genera have occurred.153 Moreover, in S. thermophilus eps gene cluster diversity is probably driven through selection in

milk and not by a polyphylogenetic origin of this species.47 Despite the numerous rearrangements that may have

occurred between the different eps loci, the general organization, transcriptional direction, and deduced functions of

the genes in different eps gene clusters appear to be highly conserved (see also Section 2.15.5.3).
2.15.5.3 Molecular Organization of Genes Involved in Heteropolysaccharide
Biosynthesis by LAB

Based on homology searches, the eps/cps gene clusters contain four functional regions (Figure 3):152,155 a central region

with a variable number of glycosyltransferase genes (including the priming glycosyl 1-phosphate transferase); two

regions that flank the central region that show homology to enzymes involved in chain length determination,

polymerization, and export; and a regulatory region located at the 50 end of the gene cluster. The genes encoded at

the 50 end of the cluster display the highest level of overall conservation ranging from 95 to 100%.47,156 The eps

gene clusters in LAB are transcribed as one single mRNA transcript from a promoter upstream of the regulatory gene,

despite the frequent presence of putative promoter sequences within the operons.152,155,157–159 No transcription

terminators have been found within the eps/cps operons.

Besides the specific eps/cps genes, HePS biosynthesis also needs a number of housekeeping genes that are necessary

for lipid carrier and precursor biosynthesis. Some of the genes involved in the production of sugar nucleotides that are

required as substrates for one or more of the HePS glycosyltransferases also occur within the eps gene clusters.159

Moreover, multiple copies of galE, predicted to encode functional UDP-glucose 4-epimerases that are responsible for

the interconversion between UDP-glucose and UDP-galactose, are present.47,116 This indicates functional redundan-

cy as similar genes are present in the genome, suggesting that high-level activities of these enzymes are crucial for

HePS biosynthesis.47

2.15.5.3.1 HePS biosynthesis in S. thermophilus

In general, S. thermophilus eps gene clusters are highly diverse. Mobile genetic elements play a role in this diversity, as

is illustrated by the almost identical sequences encountered in streptococci, but also in more distant species such as

L. lactis and several lactobacilli.160 The eps gene clusters are flanked by the deoD and the orf14.9 gene, although in

some cases eps-related genes can be found downstream of the inversely oriented orf14.9 gene.153,161,162 The deoD gene

encodes a homolog to purine nucleoside phosphorylase, which is presumably involved in the biosynthesis and catabolism

of nucleotides, which makes it tempting to speculate about regulatory mechanisms between HePS biosynthesis and

nucleotide metabolism (see also Section 2.15.5.4.1). The orf14.9 gene is highly conserved in S. thermophilus strains and

encodes a hypothetical protein with unknown function. The first four genes in the 50 region, epsABCD, are highly

conserved and are involved in regulation (epsA and epsB), polymerization (epsC), and export (epsD).163 Interestingly,

these four genes are also found in many S. thermophilus strains that do not produce HePS.152,153
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The genes required for HePS biosynthesis in LAB have first been described for S. thermophilus Sfi6:152,164 the

14.5-kb eps operon consists of 13 genes, namely epsABCDEFGHIJKLM. The eps gene cluster of S. thermophilus CNRZ

1066165 appears to be identical to the one of S. thermophilus Sfi6.47 For S. thermophilus NCFB 2393 an 11.2-kb gene

cluster, namely cpsABCDEFGHIJKL, has been described.166,167 A 32.5-kb variable eps locus has been found in

S. thermophilus CNRZ 368 and seems to be highly similar to the eps locus in S. thermophilus MR-1C.153,161,162,168 This

variable locus contains 25 open reading frames (ORFs) of which 17 ORFs code for proteins that are putatively related

to enzymes involved in the biosynthesis of polysaccharides in various bacteria. Also, seven IS belonging to four

different families, ISS1, IS981, IS1193, and IS1194, have been identified. Several other genes of this eps locus are

considered as pseudogenes (i.e., genes with frameshifts or stop codons). Five ORFs of this eps locus have a mosaic

structure, which probably results from recombinations between highly divergent sequences.153 In S. thermophilus

Sfi39, the 20-kb eps gene cluster, epsABCDEFF*GHII*J, encompasses 15 ORFs and three IS elements (IS905, IS982,

and IS1167). A single copy of IS905 is present in the intergenic region between deoD and epsA. The presence of IS

elements, within or adjacent to eps gene clusters in S. thermophilus, clearly contributes to the instability of the HePS

phenotype in this species. This has been confirmed by characterization of a spontaneous, non-ropy mutant of

S. thermophilus Sfi39 that contains a single IS905 transposition in the epsF* gene.137 A general genomic instability is

also likely responsible for the loss of the HePS phenotype in S. thermophilus CNRZ 368, a strain that contains seven IS

elements in its eps locus.162 Heterologous expression of the eps gene cluster of S. thermophilus Sfi39 in a non-HePS-

producing L. lactis strain resulted in the production of a HePS with identical structure. These results indicate that all

genes required for HePS production are present in the S. thermophilus Sfi39 eps gene cluster and that heterologous

production of a HePS is possible by transfer of the complete eps gene cluster, provided that the host possesses the

required genetic information for precursor biosynthesis.137 Additional eps gene clusters have been sequenced in

S. thermophilus strains MR-2C, MTC360, MR-1C, and FI9186.169–172 Among all gene clusters for HePS biosynthesis

in S. thermophilus only four distinct ones have been characterized to date.162 Recently, the complete genome sequences

of S. thermophilus CNRZ 1066 and S. thermophilus LMG 18311 have become available and a comparative genome

analysis has revealed new insights in the HePS biosynthesis ability of this bacterium.47,165 For instance, these

S. thermophilus genomes contain a second gene cluster predicted to be involved in polysaccharide production as it

occurs in S. mutans, where these genes allow the biosynthesis of a rhamnose-glucose polysaccharide (RGP), which

plays a role in its pathogenicity. If the non-pathogenic S. thermophilus can actually produce RGP and what its functional

role could be remains to be established.47
2.15.5.3.2 HePS biosynthesis in lactobacilli
The highly similar eps gene clusters of four La. rhamnosus strains (ATCC 9595, R, RW-6541M, and RW-9595M)

encompass an 18.5-kb chromosomal DNA region encoding 17 ORFs.159 These gene clusters contain four genes that

are involved in the biosynthesis of the sugar nucleotide precursor dTDP-L-rhamnose. The presence of such genes

within the actual eps gene cluster is very uncommon for LAB. The four genes are expressed from their own promoter as

well as co-transcribed with the upstream eps genes, resulting in coordinated production of the rhamnose nucleotide

precursor with the enzymes involved in HePS repeating unit biosynthesis.159 La. delbrueckii subsp. bulgaricus Lfi5

contains an 18-kb chromosomal DNA region of 14 genes, epsABCDEFGHIJKLMN.157 The La. delbrueckii subsp.

bulgaricus CNRZ 416 eps gene cluster appears to be identical as that of La. delbrueckii subsp. bulgaricus Lfi5.173 The

partially sequenced eps gene cluster of La. helveticus NCC 2745 contains a 14-kb chromosomal DNA region encoding

11 genes, epsEFGHIJKLMNO.174 Upstream of epsE, an oppositely oriented ORF with high similarity to the transpo-

sase of IS982 is present in the latter strain.
2.15.5.3.3 HePS biosynthesis in L. lactis

HePS genes in mesophilic LAB strains are generally plasmid-encoded. While the eps gene clusters in S. thermophilus

are often flanked by the deoD gene and the orf14.9 gene, in L. lactis this is the case for IS982 and orfY at the 50 end and

the 30 end, respectively.175 The first plasmid-encoded eps gene cluster has been characterized in L. lactis subsp. cremoris

NIZO B40, which harbours a 43-kb conjugative plasmid, pNZ4000, that contains a 12-kb eps gene cluster, epsRXABC-

DEFGHIJKL, preceded by an iso-IS982 IS element.155 The organization of the other known eps genes of L. lactis

NIZOB891, epsRXABCDEF, appears to be conserved relative to L. lactisNIZOB40.45 The L. lactisNIZOB35 eps gene

cluster appears to be interrupted by an IS982 element downstream of the first gtf gene, epsD.176 The 21.8-kb eps gene

cluster, epsRXABCDEFGIJKMNOPQSTUL, located on a 58-kb plasmid (pCI658) in L. lactis subsp. cremoris HO2,

contains an IS982 element at the 50 end, while it is interrupted by similar, incomplete IS at the 30 end.175 Recently, the
13.2-kb eps operon, epsRXABCDEFGHIJKML, from the capsule-forming L. lactis subsp. cremoris strain SMQ-461 has



498 Exopolysaccharides from Lactic Acid Bacteria
been reported to be chromosomally located, and to be organized in a region consisting of 15 ORFs.158 This region is

flanked by three IS1077-related transposase genes at the 50 end, and the orfY gene, which is similar to LytR-type

regulators, along with an IS981-related transposase gene, at the 30 end. Nucleotide sequence comparison between the

eps operon of L. lactis subsp. cremoris SMQ-461 and previously identified Lactococcus eps operons reveals that the 50 end
of the eps operon, epsRXABC, is highly conserved, indicating its evolution from a common ancestor of lactococcal

strains.158
2.15.5.4 Biosynthesis of Sugar Nucleotides and Sugar Interconversions

2.15.5.4.1 Nucleotide metabolism
L. lactis and possibly other LAB have a limited capacity for the de novo biosynthesis of both purines and pyrimidines,

which is barely enough to support their growth in milk.177 SomeLAB require addition of either purines or pyrimidines to

their growth medium. Auxotrophic LAB strains utilize salvage pathways for conversion of the required nucleobases or

nucleosides into nucleotides. Activated sugars such as UDP-glucose, UDP-galactose, and dTDP-rhamnose take part in

both sugar interconversion reactions (epimerization, decarboxylation, dehydrogenation) and glycosyltransferase activities.

For the biosynthesis of activated sugars, ribonucleotides are required. Deoxyribonucleotides are generated from the

reduction of ribonucleotides. A common intermediate in bothpurine and pyrimidinemetabolism is 5-phosphoribosyl-a-1-
pyrophosphate (PRPP). PRPP is formed from ribose 5-phosphate and ATP by the PRPP synthase. It is used both in the

biosynthesis of nucleotides and the salvage of nucleobases. It has been shown that PRPP accumulates in L. lactis cells

producing HePS, confirming that biosynthesis of ribose, the precursor of nucleotide biosynthesis, occurs.178
2.15.5.4.2 Glucose 1-phosphate as a general precursor
Sugar nucleotides can be synthesized from various precursor molecules, such as glucose 1-phosphate, fructose 6-

phosphate, and galactose 1-phosphate.4,16,43,179–181 Which precursor molecule is used depends largely on the carbohy-

drate source present and the type of transport mechanism used for its uptake, as well as on the catabolic pathways

operating in the bacterium (Figure 4).

Glucose 1-phosphate can be formed from glucose 6-phosphate, an intermediate of the glycolysis, by the action of a

a-Pgm. Hence, a-Pgm is a key enzyme for and a possible controlling point in HePS biosynthesis, as it occurs at the

branch point between catabolism (glycolysis) and anabolism (cell wall biosynthesis, HePS production).4 Two forms

of Pgm exist in L. lactis. In general, a-Pgm is responsible for the conversion of glucose 6-phosphate into glucose

1-phosphate fuelling the pathways leading to sugar nucleotides; in particular cases, b-Pgm is responsible for the

conversion of b-glucose 1-phosphate into glucose 6-phosphate. In S. thermophilus LY03182 and S. thermophilus Sfi20,43

a-Pgm activity is correlated with the amount of HePSs produced, while no b-Pgm activity has been found. Knowing

that the activated sugars formed from glucose 1-phosphate are needed for both cell synthesis and HePS production,

there is competition between these two cell processes for activated sugars. The lower UDP-glucose and UDP-

galactose concentrations found in a HePS-producing L. lactis strain compared with a nonproducing strain supports

this hypothesis.178 Peculiarly, neither deletion nor overexpression of the pgmA gene encoding a-Pgm in S. thermophilus

LY03 changes the growth or HePS production on lactose; a pgmA disruption mutant is unable to grow on glucose.180

These results indicate that the HePS precursors in lactose-utilizing strains are probably formed from the galactose

moiety of lactose via the Leloir pathway, which circumvents the need of a functional a-Pgm, galactose 1-phosphate

being a precursor for sugar nucleotide biosynthesis.
2.15.5.4.3 Biosynthesis of glucose and galactose nucleotides
The sugar nucleotides UDP-glucose and UDP-galactose are readily available in the cell, as they are required for

cell wall biosynthesis.9 The biosynthesis of the glucose nucleotides UDP-glucose and dTDP-glucose from glucose

1-phosphate is catalyzed by UDP-glucose pyrophosphorylase (GalU) and dTDP-glucose pyrophosphorylase (RfbA),

respectively. Escalante et al.183 showed that GalU is associated with HePS production in a ropy S. thermophilus strain

and not in a nonropy one. Degeest and De Vuyst182 have reported a direct correlation between GalU activity and

HePS yields. It has been shown that GalU activity in wild-type L. lactis cells controls the biosynthesis of intracellular

UDP-glucose and UDP-galactose.184 Although low levels of sugar nucleotide precursors could be a bottleneck in

HePS production, overexpression of GalU, which results in eight times higher UDP-glucose and UDP-galactose

levels, does not significantly increase HePS production in a L. lactis mutant.184 Also, a combination of overexpression

of galU, glk (glucokinase), and pgm, and concomitantly a reduction of transcription of the las operon genes (pfk, pyk, and

ldh) have no effect on HePS production, indicating downregulation of the HePS enzymes.180,181,184 This idea is



Figure 4 Schematic representation of pathways involved in lactose, galactose, glucose, fructose, and sucrose catabolism
leading to the formation of sugar nucleotides that are involved in heteropolysaccharide (HePS) biosynthesis in LAB.

Lactose, galactose, glucose, and fructose transport can occur via a specific phosphotransferase system (PEP-PTS). In

addition, galactose transport can take place via a highly specific galactose permease, while lactose transport can occur via

a permease that can operate as lactose/galactose antiporter or lactose/proton symporter. FruA, fructose-PTS; FruK/FruB,
1-phophofructokinase; Fba, fructose 1,6-diphosphate aldolase; (gene unknown), galactose-PTS; LacEF, lactose-PTS;

LacG, phospho-b-galactosidase; LacAB, galactose 6-phosphate isomerase; LacC, tagatose 6-phosphate kinase; LacD,

tagatose 1,6-diphosphate aldolase; SacB/ScrA, sucrose-PTS; SacA/ScrB, sucrose 6-phosphate hydrolase; SacK/ScrK,

6-fructokinase; Pfk, 6-phosphofructokinase; Fbp, fructose 1,6-bisphosphatase; GlmS, glutamine-fructose 6-phosphate
transaminase; NagA,N-acetylglucosamine 6-phosphate deacetylase; NagM,N-acetylglucosamine phosphomutase; GlmU,

UDP-N-acetylglucosamine pyrophosphorylase; NagE, UDP-N-acetylglucosamine 4-epimerase; ManA, mannose 6-phos-

phate isomerase; ManB, phosphomannomutase; Gtp, mannose 1-phosphate guanylyltransferase; Gmd, GDP-mannose

4,6-dehydratase; (gene unknown), GDP-fucose synthase; PtnABCD, glucose-PTS; (gene unknown), glucose permease; Glk,
glucokinase; Pgi, phosphoglucose isomerase; a-Pgm, a-phosphoglucomutase; RfbA, dTDP-glucose pyrophosphorylase;

RfbB, dTDP-glucose 4,6-dehydratase; RfbCD, dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase and dTDP-4-keto-L-

rhamnose reductase; GalU, UDP-glucose pyrophosphorylase; LacY/LacS, lactose permease; LacZ, b-galactosidase; GalP,
galactose permease; GalM, galactose mutarotase; GalK, galactokinase; GalT, galactose 1-phosphate uridylyltransferase;

GalE, UDP-glucose 4-epimerase; Ugd, UDP-glucose dehydrogenase; Pyk, pyruvate kinase; Ldh, lactate dehydrogenase;

GTF, glycosyltransferase. The sugar nucleotides for incorporation into the HePS repeating unit are represented in bold.
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supported by the fact that homologous overexpression of the complete eps gene cluster in L. lactis results in a fourfold

increased HePS production level.185 These results demonstrate that in L. lactis the downregulation of the HePS

biosynthesis enzymes and not the supply of activated sugars is the limiting factor for HePS production. Indeed, in

S. thermophilus LY03 overexpression of pgmA and galU leads to a proportional increase in HePS yield during growth on

lactose.123 Increased HePS yields are also recorded in a lactose-grown, Galþ, pgmA knockout mutant123 and even

higher yields are obtained by overexpression of pgmA and galU in a Galþ mutant186 of S. thermophilus LY03. These

Galþ mutants display higher glucose 1-phosphate levels, which have a positive effect on HePS production. Further

studies are needed to unravel the complex relationship between the Galþ phenotype and HePS production levels.

UDP-galactose is derived from UDP-glucose by the action of UDP-glucose 4-epimerase (GalE). This enzyme is well

known for the conversion of galactose 1-phosphate into glucose 1-phosphate via the Leloir pathway, but apart from

that GalE, also another UDP-glucose 4-epimerase (GalE2) exists. Indeed, galE, galE2, as well as a truncated copy of

galE is present in the S. thermophilus CNRZ 1066 genome.47 While galE is located in the gal operon of the Leloir
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pathway, galE2 lies close to the cell wall biosynthesis gene murA (see Chapter 1.17) that codes for a UDP-N-acetyl-

glucosamine 1-carboxyvinyltransferase that catalyzes the first step in peptidoglycan biosynthesis. The presence of

two UDP-glucose 4-epimerases reflects the importance of this enzyme for the cell. The GalE Leloir enzyme in most

S. thermophilus strains is probably downregulated. Indeed, most S. thermophilus strains are Gal� and the genes necessary

for galactose breakdown are not fully expressed (see also Section 2.15.4.3). Interestingly, a fully functional Leloir

pathway could lead to a higher HePS production, since the sugar nucleotide precursors whose low level might be a

potential bottleneck in HePS production, may be formed from the galactose moiety of lactose.180 Also, in the genome

of L. lactis IL1403, a second gene for a UDP-glucose 4-epimerase (ycbD) is present. This gene is in close proximity of

genes possibly involved in the biosynthesis of WPS, LPS, and antigens.116 Disruption of the galE gene in L. lactis

NIZO B40 results in poor growth, undetectable levels of intracellular UDP-galactose, and abolished HePS production,

when cells are grown in media with glucose as the sole carbohydrate source. Addition of galactose to the medium

restores wild-type growth in this mutant, but only half of the HePS production.176,184 Cell division in this mutant is

also affected which highlights the importance of UDP-galactose as a precursor for cell wall biosynthesis. The

HePS biosynthesis in La. casei CRL 87 seems to be correlated with the activity of GalE for growth on glucose and

galactose.187 Also, in S. thermophilus LY03182 and S. thermophilus Sfi2043 a direct correlation between GalE activity and

HePS yield has been reported. However, the endogenous GalE activity does not seem to be limiting HePS production

in L. lactis NIZO B40.184

Finally, UDP-glucose can be converted into UDP-GlcA by UDP-glucose dehydrogenase (Ugd), while GDP-

mannose (derived from fructose 6-phosphate) can be converted into GDP-fucose by GDP-mannose 4,6 dehydratase

and a GDP-fucose synthase. Both GlcA and Fuc can be incorporated into the HePS repeating unit.

2.15.5.4.4 Biosynthesis of rhamnose and amino sugar nucleotides
The sugar nucleotide dTDP-rhamnose is not necessary for normal cell functions. Rhamnose can, however, be found in

WPS,9 RGP,47 and HePSs of LAB.4 Glucose 1-phosphate can be converted into dTDP-rhamnose by sequential

activities of the rhamnose synthetic enzymes RfbA, RfbB, and RfbCD. Provided that the HePS contains rhamnose

in its repeating unit structure, these sugar nucleotide precursor-forming enzymes are essential for HePS biosynthesis.

Lack of these enzymes will lead to a loss of HePS production or a changed HePS composition.176 Indeed, mutants of

La. sakei 0–1 lacking one of the rhamnose synthetic enzymes cannot produce HePS.188 Moreover, the activities of the

rhamnose synthetic enzymes and the HePS yield in La. sakei 0–1 are linked.189 Overproduction of the RfbA and RfbC

enzymes in L. lactis NIZO B40 results in doubled dTDP-rhamnose levels, demonstrating that the endogenous RfbA

and RfbC enzyme activities control the dTDP-rhamnose biosynthesis rate. These increased dTDP-rhamnose levels,

however, do not lead to a higher HePS production. Limiting the activities of the enzymes RfbB and RfbD results in

the production of an altered HePS. This HePS is characterized by a different ratio in monomeric composition (glucose,

galactose, and rhamnose in a molar ratio of 1:0.3:0.2), a fourfold greater MM, and changed viscosifying properties.190

These results demonstrate that enzyme activity at the level of the central carbohydrate metabolism can affect HePS

structure. Similarly, differences in HePS yield of four La. rhamnosus strains containing highly similar gene clusters

must be dependent on central carbohydrate metabolism, as the transcription of the eps genes is very similar among

these strains and does not vary with the amount of HePSs produced.159

UDP-N-acetylgalactosamine and UDP-N-acetylglucosamine can be required as precursors for HePS biosynthesis.

UDP-N-acetylgalactosamine is synthesized from the cell wall precursor UDP-N-acetylglucosamine by UDP-N-

acetylglucosamine 4-epimerase. The cell wall component UDP-N-acetylglucosamine is synthesized from fructose

6-phosphate, a third precursor for sugar nucleotide biosynthesis.9 Heterologous expression of the complete eps gene

cluster of S. thermophilus Sfi6 in the nonropy L. lactis MG1363 strain resulted in a modified HePS structure, that is,

withoutN-acetylgalactosamine.191 The requiredN-acetylgalactosamine 4-epimerase cannot probably be formed in the

L. lactis host due to the absence of the UDP-N-acetylglucosamine 4-epimerase. These results stress the importance of

accurate matching of the eps genes to the presence of the required sugar nucleotides in the host for successful

heterologous expressions. In S. thermophilus strains, the activity of UDP-N-acetylglucosamine 4-epimerase is deter-

mining for the presence of N-acetylgalactosamine in the HePS produced but it does not seem to be correlated with

HePS yields.43

2.15.5.4.5 Supply of sugar nucleotides
The supply of sugar nucleotides plays a crucial role in the formation of the HePS repeating units. Indeed, if sugar

nucleotides are not sufficiently available for the glycosyltransferases, this shortage might slow down or even abolish

HePS biosynthesis.176,184,188 During exponential growth of the cells, the demand for sugar nucleotides required for
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cell wall biosynthesis is very high, and competition for the available supply of precursors will occur (see Chapter 1.17)

between cell wall biosynthesis and HePS production. In L. lactis, the concentration of the sugar nucleotides UDP-

glucose and UDP-galactose is indeed significantly lower in a HePS-producing strain than in the corresponding

nonproducer.178 The available pool may depend on the growth phase. The concentrations of UDP-glucose and

UDP-galactose are maximal during exponential growth of a L. lactis strain, decrease towards the late-logarithmic

phase, and are absent in the stationary phase.178 In contrast, the concentrations of UDP-N-acetylglucosamine and

UDP-N-acetylmuramoyl-pentapeptide, both precursors of peptidoglycan biosynthesis, reach maximum levels during

exponential growth, but remain present at high levels in the stationary phase.178

Besides the supply of nucleotides, HePS biosynthesis can be limited by the availability of lipid carrier. Indeed, the

membrane-linked lipid carrier plays a key role not only in the biosynthesis of HePSs but also in that of peptidoglycan,

lipopolysaccharides, and teichoic acids.9 Several authors have reported higher production of HePSs at suboptimal

temperatures for growth.129 This is in agreement with the hypothesis that the availability of the lipid carrier increases

at lower growth rates.13,151,192 Higher HePS production has also been achieved by overexpressing the priming

glycosyltransferase45 which implies that the lipid carrier obeys a ‘first-come first-served’ principle.

Finally, the supply of sugar nucleotides can also be dependent on the available carbohydrate source, as it has been

shown that HePS production by L. lactis NIZO B40 is much lower when growing on fructose than on glucose or

lactose.193 As the enzyme activities for sugar nucleotide biosynthesis appear to be independent of the carbohydrate

source, the reduced HePS production must be a consequence of the low levels of HePS precursors available in

fructose-grown cells compared to glucose-grown cells.193 Due to the intrinsic low activity of fructose 1,6-bisphos-

phatase (Fbp), the metabolic flux toward the direction of the sugar nucleotides is less during growth on fructose than

during growth on glucose. Fbp catalyzes the conversion of fructose 1,6-diphosphate into fructose 6-phosphate. The

production of HePSs on fructose can indeed be increased by the overproduction of Fbp.193 Increased levels of fructose

6-phosphate, in combination with normal enzyme activities of phosphoglucose isomerase and a-Pgm, yield higher

glucose 1-phosphate levels. As we have discussed above glucose 1-phosphate is the key metabolite in HePS

production. During growth on fructose, HePS production takes place mainly during the stationary phase when

there is no need of sugar nucleotides for growth and thus stationary-phase cells have much higher concentrations of

UDP-glucose than exponential-phase cells. This ‘fructose effect’ is also reported for La. delbrueckii subsp. bulgaricus

NCFB 2772 that produces three times more HePSs with glucose than with fructose as the sole carbohydrate source.50

However, in glucose-grown cells of this strain, GalU (leading to UDP-glucose and UDP-galactose) is higher than in

fructose-grown cultures; on fructose no rhamnose synthase activity has been found.194
2.15.5.5 Glycosyltransferases and Assembly of the Heteropolysaccharide Repeating Unit

HePS repeating units are assembled on a membrane-linked lipid carrier by sequential addition of sugar residues from

activated sugar donors (sugar nucleotides) by specific glycosyltransferases (GTFs). In contrast with Gram-negative

bacteria,6,8,195 there is only preliminary evidence for the existence of this lipid carrier in LAB.45,164,188,196,197 A gene

possibly encoding for an undecaprenyl-pyrophosphate synthetase is present in the genome of L. lactis IL 1403.116 The

finding that bacitracin (a compound that blocks undecaprenyl-phosphate recycling) does not inhibit HePS production

in S. thermophilus suggests that this species either utilizes an alternative carrier molecule, or that undecaprenyl-

phosphate availability is not limiting.162,164

The first step in the biosynthesis of the repeating unit is carried out by the priming GTFs or undecaprenyl-glycosyl

1-phosphate transferase and involves the linkage of a sugar residue to the lipid carrier. In contrast with other GTFs

that show little homology, the priming GTF is very conserved among Gram-positive bacteria.152,155 The function of

the priming GTF is crucial for HePS biosynthesis as has been demonstrated by knockout of the L. lactis NIZO B40

epsD gene, resulting in the loss of HePS production.155 This deletion has been complemented with priming gtf genes

from Gram-positive bacteria with known function and substrate specificity.45 HePS production can only be restored if

a priming gtf gene with matching sugar specificity is used for transcomplementation. Additional sugar residues are

added by glycosidic linkage to the lipid-linked sugar and further to sugars connected to the lipid-linked sugar by

sequential action of other GTFs. These GTFs act in a donor- and acceptor-specific way, limiting their action potential,

which however does not appear to be 100% exclusive.191 Indeed, due to lack of the proper sugar nucleotide precursor

(donor) during heterologous expression in L. lactis MG 1363 (see also Section 2.15.5.4.4.), the N-acetyl-galactosami-

nyltransferase incorporates a galactose residue in the repeating unit instead of aN-acetylgalactosamine residue.191 The

recombinant HePS is produced in a much lower quantity, however, indicating the low affinity of this gtf for UDP-

galactose slowing down the biosynthesis of the repeating unit. Also, in this modified HePS a galactose side-chain is
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missing, indicating that proper action of the responsible GTF is affected by the lack of N-acetyl group of the

neighboring unit (acceptor) in the repeating unit.191

Also, the order of GTF activities is important,164,197 which is reflected by the position of the corresponding genes

downstream of each other. Although the gtf genes are usually located in the central region of the eps operons, gtf have

been reported isolated, downstream of a putative export gene in the eps gene clusters of the S. thermophilus strains MR-

1C,171 MR-2C,169 and MTC360.170 It is thought that in some cases glycosyl groups can be transferred consecutively to

the growing repeating unit by the same corresponding GTF.167

While clear functional assignments for LAB GTFs remain limited, the sugar specificity of many enzymes can be

postulated from protein sequence comparisons.160 The action of GTFs of LAB strains has often been studied by

heterologous and homologous expression.164,197 In S. thermophilus Sfi6, EpsE, EpsF, EpsG, and EpsI are the GTFs

responsible for the assembly of the repeating unit. EpsE exhibits phosphogalactosyltransferase activity and transfers

galactose onto the lipid carrier. The second step is carried out by EpsG, which transfers an a1!3-N-acetylgalactosa-

mine onto the first b-galactoside. The activity of EpsF has been determined by characterizing the HePS produced by

an S. thermophilus epsF deletion mutant. This HePS consists of the monosaccharides Gal, Glc, and GalNAc in an

approximately equimolar ratio, thus suggesting that epsF codes for the branching galactosyltransferase. The epsI gene

probably codes for the b-1,3-glucosyltransferase, since it is the only GTF to which no gene has been assigned and it

displays similarity to other b-glycosyltransferases.164 In S. thermophilus NCFB 2393, cpsF, cpsG, cpsH, cpsI, and cpsJ

encode putative GTFs, namely rhamnosyltransferase, N-acetylgalactosaminyltransferase, glucosyltransferase, galacto-

syl- or glucosyltransferase, and glucosyltransferase, respectively.167 CpsE possesses a glucose 1-phosphate transferase

activity and catalyzes the first step in HePS biosynthesis in S. thermophilus NCFB 2393. Besides its function as a

priming GTF, it probably also plays a role in the release of the repeating unit from the lipid carrier.167 In L. lactis the

priming GTFs seem to be encoded by epsD. In L. lactis subsp. cremoris NIZO B40, EpsD links glucose 1-phosphate

from UDP-glucose to a lipid carrier, EpsE and EpsF link glucose from UDP-glucose to the lipid-linked glucose, and

EpsG links galactose from UDP-galactose to the lipid-linked cellobiose. EpsJ appears to be a galactosyl phospho-

transferase or an enzyme that releases the backbone oligosaccharide from the lipid carrier. The function of EpsH could

not be experimentally established due to the instability of its substrate dTDP-rhamnose, but most likely it exhibits

rhamnosyltransferase activity.197 In L. lactisNIZO B891 the functions of EpsD, EpsE, and EpsF have been identified.

EpsD links glucose to a lipid carrier and simultaneous action of EpsE and EpsF links galactose to this lipid-linked

glucose.45,197 Furthermore, in L. lactisNIZO B35 that produces a HePS containing solely galactose, only the function

of the priming GTF has been identified as a galactosyltransferase.45,197 Recently, three novel GTFs have been

identified in L. lactis subsp. cremoris SMQ-461.158 Hence, the structure of the repeating unit of the HePS produced by

this strain will be different from HePS repeating unit structures known to date for Lactococcus species.

In general, it is a difficult task to unravel the function of GTFs because of their specificity towards two reactants, the

activated sugar nucleotide and the acceptor.174 However, seeing the variety of HePS structures known to date and the

specificity of a GTF, LABmust contain a large pool of specific GTFs and hence a lot of information and possibly many

new GTFs can be found by sequencing other eps gene clusters from strains that produce HePS with repeating unit

structures different fromHePSs from strains harboring known eps gene clusters. Indeed, the genetic pool of gtf genes60a

present in a particular strain determines the structure of its repeating unit. Therefore, the GTFs and the functional

expression of combinations of numerous gtf genes from different origin in an appropriate host strain suggests ways for

future HePS and oligosaccharide engineering with predictable and unique value-added food properties.45,164,174,197
2.15.5.6 Polymerization and Secretion of Heteropolysaccharides

To date, not much is known about the mechanism of polymerization, chain length determination, and membrane

translocation. Polymerization of HePS repeating units can either take place at the inside of the cytoplasmic membrane

or at the outside, after translocation of the repeating unit across the membrane by a flipping protein (flippase). In

the case of capsule biosynthesis in Escherichia coli and Neisseria meningitidis, for instance, polymerization of the

repeating units takes place at the cytoplasmic face of the cell membrane, meaning that a flipping protein is

required.152 Alternatively, the HePS biosynthesis model for La. delbrueckii subsp. bulgaricus Lfi5 assumes that a

flippase translocates the into the cytoplasm assembled repeating unit through the membrane prior to polymeriza-

tion.157 In the case of HePSs, the polymer is secreted, in the case of CPSs the polymer remains bound to the cell

envelope as a capsule. The polymerization, chain-length determination and export machinery does not seem to have

exclusive selectivity for the native repeating unit. The enzymes are able to polymerize both the native, tetrameric

branched, and the recombinant trimeric linear repeating unit into a high-MM HePS in L. lactis MG 1363.191 The

infidelity of the polymerase towards the HePS backbone provides a further degree of flexibility in creating an even
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larger structural diversity of HePSs than that made possible by the large pool of GTFs. Both polymerization and

transport may affect the size and the amount of the HePSs produced. This further provides tools for chain-length

engineering of HePSs as well, thereby influencing the rheological properties of the polymer in solution.

The 50 end of eps gene clusters (epsABCD) of LAB is very conserved and very homologous to the cps gene clusters of

the pathogenic bacteria S. pneumoniae and S. agalactiae that are involved in CPS biosynthesis.198 Functional studies on

epsABCD have not been reported in S. thermophilus, but in S. pneumoniae it has been demonstrated that CpsB, CpsC,

and CpsD are required for CPS biosynthesis while CpsA is not.199 This process is regulated by tyrosine phosphoryla-

tion and dephosphorylation of CpsD.199–201 Tyrosine phosphorylation of CpsD appears to negatively regulate CPS

production in S. pneumoniae.199 CpsB, a manganese-dependent phosphotyrosine phosphatase, is responsible for the

dephosphorylation of CpsD.199–201 CPS polymerization in S. pneumoniae involves a complex of CpsB, CpsC, CpsD,

and ATP.199,200 The interaction of CpsC and CpsD possibly induces a conformational change in CpsC, allowing ATP

to bind resulting in the polymerization of the CPS repeating unit at maximum speed. However, when CpsD autophos-

phorylates (utilizing the bound ATP), the tyrosine-phosphorylated CpsD dissociates from CpsC, thereby reducing the

polymerization to a low basal level. Finally, the phosphotyrosine-protein phosphatase (possibly CpsB) can reactivate

CpsD, allowing it again to interact with CpsC resulting in an increased rate of CPS polymerization.199,200

In streptococci, EpsA is involved in the regulation of HePS/CPS biosynthesis. This protein is homologous to

Bacillus subtilis LytR, a small, basic protein that negatively regulates transcription of the lytABC operon encoding

autolysin.202 Also, EpsB is involved in the regulation of HePS/CPS biosynthesis but via an interaction with EpsC and

EpsD.200,201 Indeed, inactivation of CpsC and CpsD in S. agalactiae reduces the MM of the polymer, thereby

confirming the role of these proteins in HePS/CPS polymerization and export.163 In S. thermophilus Sfi6, EpsJ,

EpsC, and EpsD are thought to form an enzyme complex responsible for polymerization: EpsJ would catalyze the

polymerization reaction, while EpsC and EpsD would determine the chain length through an interaction with EpsJ,

and they possibly also initiate export. Hydrolysis of the nucleotide bound to EpsD could be signalled to EpsC to halt

polymerization. EpsK would promote the translocation of the polymerized HePS by rendering it more hydrophobic by

lipid modification, supporting the hypothesis that polymerization of the repeating units takes place at the inner face of

the cytoplasmic membrane.152 Similarly, CpsC, CpsD, and CpsK are predicted to be involved in polymerization and

export of the HePS from S. thermophilus NCFB 2393.166,167
2.15.6 Physiological Role of Exopolysaccharides

The high cost in terms of energy for HePS biosynthesis makes one wonder about the physiological role of HePS

production and the benefit HePSs confer for LAB.4,16,203,204 In pathogenic bacteria, cell-surface polysaccharides

determine the antigenic properties of the cell. In their natural habitat, EPSs from the nonpathogenic LAB are thought

to have mainly a protective role for the microbial cell against a variety of external factors such as low-moisture

environments and dehydration, osmotic stress, phagocytosis and phage attack, and toxic compounds (metal ions,

antibiotics, cell wall-degrading enzymes, ethanol). Also, EPSs are involved in adhesion to surfaces, biofilm formation,

host–pathogen interactions, and in cellular recognition. Since most bacteria cannot catabolize their own EPS, it is

unlikely that EPSs have a function as a food reserve.13 However, while certain oral streptococci can degrade dextran,

S. mutans can also utilize the resultant oligosaccharides.205 Indeed, dexA, encoding a dextranase, has been identified in

the S. mutans UA159 genome.206 The variation in biodegradability of EPS implies that the physiological role of these

compounds can vary a lot.207 For instance, if EPSs have a protective function, a more resistant EPS toward biodegra-

dation is expected.

In most natural environments, association with a surface by biofilm formation is the prevailing microbial lifestyle.208

Studies on bacterial adhesion have shown that CPSs might be one of the promoters for the adherence of bacteria

to biological surfaces, thereby facilitating the colonization of various ecological niches. Surface association is an

efficient way of lingering in a favorable microenvironment rather than being swept away with the flow. In the

oral cavity, for instance, cariogenic bacteria have to tolerate significant stresses, such as mechanical forces and

rapid and substantial environmental fluctuations, particulary in pH and nutrient source availability. To survive

these harsh conditions, S. salivarius and S. mutans produce water-insoluble mutans that promote colonization by

dental plaque formation and exert a protective role.13,209 Dextranases and mutanases from S. mutans and S. salivarius

are known to be involved in the remodeling of glucan structures in dental plaque.13,210 In pathogenic bacteria,

such as S. pneumoniae and S. agalactiae, the CPS are often found to be highly immunogenic and their unusual high

diversity could have evolved to avoid antibody responses. Transient adhesion to the intestinal epithelium is a

prerequisite for probiotic LAB strains to exert beneficial health effects.211 It is thought to be promoted by the
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production of HePSs. Indeed, La. rhamnosus GG as HePS-producing strain has good adhering properties, while

the non-HePS-producing La. rhamnosus LC-705 has not.212

EPSs could be produced by LAB as a defense mechanism against phages, for instance by preventing phage

adsorption on cell surface receptors, provided the latter are present.213 The protective role of the HePS could also

be related to the structure of the HePS produced. For instance, it is known that the lactococcal phage infection process

starts by the adsorption of the phage tail to a carbohydrate component such as galactose or rhamnose on the cell wall.214

Therefore, HePS containing these sugars could serve as decoy for phage adsorption.162 Several authors have reported a

correlation between the ropy phenotype and an increased phage resistance of the producing strain.157,175,213 Other

researchers have reported phages that can infect HePS-producing LAB strains as well, the HePS not being required

for phage infection.162,215,216 It is hence clear that HePSs give no bulletproof protection against phage attack and that

the underlying mechanism of a possible protection is not completely understood.
2.15.7 Applications of Heteropolysaccharides from LAB

Due to the low production of HePSs by LAB, compared with other commercial bacterial HePSs such as xanthan, these

polysaccharides can not yet be economically produced on large-scale in purified form, to be used as natural food

additive to improve rheological properties, texture and stability, and water retention capacity of food products.129

Instead, they are used for in situHePS production by using starter cultures that are selected for their ability to produce

HePSs.18 The application of these functional starter cultures in yoghurt manufacture can increase viscosity and solve

gel fracture or syneresis problems.4 LAB have a long history of safe use and the HePSs produced by these GRAS

microorganisms are hence safe and will give the food product a more natural image than if additives are applied. Even

small amounts of HePSs produced in situ during milk fermentation in yoghurt and cheese manufacture have a strong

impact on texture and properties of these products, as they promote ropiness, mouthfeel, taste, and stability. Until

now, industrial interest has mainly resulted from the physicochemical and technological properties of these HePSs,

but recently their potential for nutritional and health applications sharpened industry interest.
2.15.7.1 Scandinavian Fermented Milks

Scandinavian fermented milk drinks such as fil, långfil, and viili are very common for breakfast or lunch in the Nordic

countries. These Nordic ropy milks are fermented with mesophilic, HePS-producing LAB.217 Fil is similar to yoghurt,

but is fermented by different bacteria which give a slightly different taste. The most common kind is filmjölk,

which is fermented with Lactococcus and Leuconostoc species responsible for a slightly sour taste. The taste of långfil is

similar to that of filmjölk but the product is characterized by a very thick and almost elastic texture. This thick

consistency is the result of the addition of a HePS-producing L. lactis strain to the regular starters used in filmjölk

production. The Finnish fermented milk product viili is made by a combination of HePS-producing lactococci and

lactose-fermenting yeasts. The homolactic fermentation leads to a very sour taste, while the concomitant HePS

production is essential for the firm, thick, slimy consistency of the product.218 Viilian, the responsible polymer, has

been isolated from a strain of L. lactis subsp. cremoris. It is a phosphorylated HePS composed of rhamnose, glucose, and

galactose in the molar ratio 1.00:1.45:1.75.33 It displays both interesting rheological196,219 and health-promoting

properties.220
2.15.7.2 Kefir

Kefir is a traditional, acidic, slightly alcoholic, fermented milk from the Caucasian regions, which is popular in Eastern

European countries. Kefir grains are used as a starter. They are gelatinous and irregular particles with a diameter of

about 8–10 mm, which are composed of a mixture of LAB (mainly lactobacilli), lactose-fermenting yeasts, and acetic

acid bacteria. The cells are embedded in kefiran, an HePS composed of glucose and galactose in equimolar propor-

tions, which is produced by La. kefiranofaciens.221 Kefiran is the matrix of the kefir grains and plays an important role in

maintaining the ecological niche. It has a protective function when the grains are recovered, dried, and re-used for

successive milk inoculations. This water-soluble branched glucogalactan confers a slimy texture to the product.

Physical contact between both La. kefiranofaciens and Saccharomyces cerevisiae seems to be responsible for stimulation

of the kefiran production by La. kefiranofaciens in mixed culture.222 Kefir could be used as a functional food, as it

suppresses increase of blood pressure, reduces serum cholesterol levels, and relieves constipation in rodents.223 For

instance, La. kefiranofaciens CYC 10058, an HePS-producing strain isolated from kefir, displays interesting probiotic
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properties.224 Moreover, the water-soluble HePS from kefir grains (KGF-C) retards tumor growth in vivo when

administrated orally.225 Furthermore, kefir biofilms and their polysaccharide compounds may be good antimicrobial,

anti-inflammatory, and cicatrizing agents for use in a variety of infections.226
2.15.7.3 Yoghurt

Currently, HePS-producing LAB strains are used in yoghurt (cf. infra), drinking yoghurt,18 sour cream,10,227 and

whipped toppings,10 to improve rheological properties, to prevent syneresis, and to replace stabilizers.18 Also, ropy

milk has been proposed as stabilizer in the production of ice cream and as source of b-galactosidase in frozen dairy

desserts.228,229 However, yoghurt manufacture remains the most important commercial application for HePS-producing

LAB strains in dairy foods.162

Traditionally, yoghurt is produced by fermentation of fortified milk using La. delbrueckii subsp. bulgaricus and

S. thermophilus as starter culture in a 1:1 ratio. HePS-producing, functional starter cultures are of interest to help

maintain good textural and visual properties of the end products.2 HePS from LAB are known to improve viscosity,

body, texture, and mouthfeel of yoghurt, as well as to decrease syneresis and gel fracture during fermentation or upon

transportation and storage of the yoghurt. As an example, the application of a HePS-producing starter culture in set-

type yoghurt increases consistency and viscosity of the product and decreases whey separation upon storage.230 The

effect of HePS on the viscosity of yoghurt is dependent on the intrinsic viscosity of the HePS produced, which is

dependent on its structure.231 For instance, a high viscosity can be obtained by using high-MM HePS with relatively

stiff chains.48,55,57,231 Stiffness is found in HePS chains with backbone linkages of the b1!4 type as compared with

a1!4 or b1!3 linkages, and b-linkages result in less flexible chains than a-linkages.57,192 Also, branches and side

groups play an important role in stiffness.57,232 Besides the HePS structure, also the nature of the HePS–protein

interactions is extremely important for the textural effects of HePS in fermented milk products. Confocal scanning

laser microscopy allows observation of HePS in fully hydrated dairy products and reveals the distribution of the HePS

within the protein network.233 Folkenberg et al.234 could observe two different types of microstructures in yoghurt, one

in which the HePSs are associated with the protein network and another where the HePSs appear to be incompatible

with the protein; as a consequence, the HePSs are situated in the void spaces in the protein network. The latter

yoghurts are less ropy and have higher serum separation than the yoghurts where HePSs are associated with the

protein, and they exhibit a significant increase in mouth thickness as a result of stirring. Yoghurts in which the HePSs

are associated with protein display high ropiness, low serum separation, and appear more resistant to stirring.

Moreover, ropy cultures have a more pronounced effect on the protein network than capsular nonropy cultures.235,236

HePS-producing starter cultures are also of economical importance, as they can reduce the amount of milk solids to be

added during yoghurt manufacture. These ropy, LAB starter cultures for yoghurt production are especially popular in

the EU because the addition of stabilizers in yoghurts is prohibited in many countries.4 In addition, nowadays low-fat

and low-calorie products are gaining popularity. While the smooth and creamy character of the yoghurt is associated

with the fat and sugar content, the consumer still demands the same full taste in the low-fat version. Although having

no taste of their own, HePSs from LAB increase the time the milk product spends in the mouth, and hence impart an

enhanced perception of taste.18 Indeed, yoghurts fermented with HePS-producing cultures show increased mouth

thickness and ropiness and tend to be creamier than yoghurts made with non-HePS producers.237

Finally, in yoghurt oligosaccharides that have only limited thickening properties could be used as bodying agents

with a high water-binding capacity and as a nondigestible food fraction.20
2.15.7.4 Cheese

HePS-producing starter cultures can be very useful in cheese manufacture where the HePSs promote water retention

in the end product. This is especially important in low-fat products as both fat and moisture content are determining

factors in the development of texture of cheese. For instance, the removal of fat in low-fat Mozzarella cheese can result

in cheese that is low in moisture because the casein fibres are tightly bound, giving the cheese poor melting and

stretching properties. HePS-producing starters (S. thermophilus, La. delbrueckii subsp. bulgaricus, La. helveticus) have

proven their usefulness in different kind of cheeses such as Mozzarella,238–242 Cheddar,156 Feta,233 and Karish,243

without loosing typical sensory and rheological characteristics.

An HePS-producing S. thermophilus strain has been shown to be responsible for an increased moisture level in (low-

fat) Mozzarella cheese.168,238–242 Both ropy and capsular HePSþ S. thermophilus strains can be utilized to significantly

increase cheese moisture content and to improve the melting properties of low-fat Mozzarella cheese, but only CPSþ
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S. thermophilus strains can change these parameters without deleteriously affecting whey viscosity or ultrafiltration

time, because only then the HePS remain in the cheese matrix and are not removed with the whey during cheese

manufacturing.161,241 Similarly, in the study of Dabour et al.156 reduced-fat Cheddar cheese made with mixed starter

cultures containing capsular or ropy strains of L. lactis subsp. cremoris or their combination retains more moisture and

results in a higher yield than the control cheese. The production of other low-fat cheeses such as low-fat Feta may

profit from the use of HePS-producing starter cultures as well. Finally, HePS-producing cultures have been shown to

improve the physical properties of Karish cheese by reducing undesirable rigidity.243

The microstructure of such cheeses displays a porous structure in which large pores are filled with HePSs.233

A compact protein matrix with fewer and small pores is seen in cheese made with HePS nonproducing cultures. HePS

and protein appear to be segregated. The HePSs form a network-like spongy texture thus mimicking the milk fat. The

spongy texture of the milk gels could be a result of decreased dominance of the structural matrix and increased water

holding in such low-fat products. Using confocal laser microscopy Hassan et al.233 observed that Feta cheese made with

HePS-producing cultures contains larger casein aggregates than those in cheese made with HePS nonproducing

cultures, and that the HePSs form thick sheets filling pores in the protein network.
2.15.7.5 Probiotics

Probiotics are live microorganisms of human origin, used as food supplements or pharmaceutical preparations, that

survive passage through the upper gastrointestinal tract (GIT), transiently colonize the gut by adhesion to the

intestinal mucosa, and are beneficial to health.244 HePSs may facilitate this adhesion as has been assumed for the

well-known probiotic strain La. rhamnosus GG, displaying prominent adhering properties, despite the small amounts

of HePS produced.212 Similarly, the phosphopolysaccharide of L. lactis subsp. cremoris ARH 74 is responsible for its

adhesion to cultured intestinal epithelial cells, making the strain a candidate probiotic. Also, La. rhamnosus KL37C, an

HePS-producing strain isolated from the feces of a newborn has potential as a probiotic strain, because of its adherence

properties to human intestinal cell lines.245,246 Thus, HePS production could be a criterion in screening for new

probiotic LAB strains. It is further speculated that the increased viscosity of HePS-containing fermented foods may

increase the residence time of the ingested food product in the GITand, coupled to a low biodegradability of HePS,

might therefore be beneficial for a transient colonization by probiotic bacteria.247
2.15.7.6 Prebiotics

Recently, some of the LABHePSs as well as levans are of interest as potential prebiotics.2,26,248 Prebiotics are defined as

nondigestible food ingredients that affect the host beneficially by selectively stimulating the growth and/or activity of one

or a limited number of bacteria in the colon, and thus improve host health (see Chapters 1.05, 2.16, and 2.17).249,250

Nondigestible carbohydrates in general, and fructooligosaccharides in particular (e.g., chicory inulin-type fructans),

are the most common prebiotics.251–256 The establishment of metabolically active bifidobacteria in the human

colon is considered to improve the gut microbiota balance, to stabilize the gut mucosal barrier, and to protect against

infections. The end-products of fructan metabolism (lactate and the short-chain fatty acid acetate) result in a lower

luminal pH and inhibit pathogens. In this respect, it has been found that some HePSs are resistant to several enzymes,

including digestive enzymes, and to passage through the GIT.204,207 Moreover, a bifidogenic property of fructans

produced by two strains of La. sanfranciscensis has been shown.257 The high-MM fructan of the levan type produced

by La. sanfranciscensis TMW1.392257,258 is metabolized by several bifidobacteria in vitro as well.259 Hence, an

EPS-containing bakery product gets additional nutritional value. While the starch and fructan fractions from wheat

and rye that also possess a bifidogenic effect per se are degraded by cereal enzymes during dough fermentation, the

EPS produced by La. sanfranciscensis is retained.259 During sourdough fermentation, an important step in bread

production from rye or mixtures of wheat and rye, not only strains of La. sanfranciscensis but also strains of La. frumenti,

La. pontis, La. panis, La. reuteri, and Weissella confusa produce EPS.258,260,261 Thus, EPSs produced by LAB in

sourdough bread are of particular nutritional importance for the consumer. Besides this nutritional value, the EPS-

containing bakery product gets also additional technological advantages. These EPSs that are formed in situ can

replace hydrocolloids, such as xanthan or modified cellulose, that are often used as additives to improve dough

rheology and bread texture. Further, in situ-produced EPSs improve the dough’s machinability and texture build-up

by softening the gluten content of the dough. Moreover, the bakery product gains increased specific volume, sensorial

properties, as well as a longer shelflife. La. sanfranciscensis LTH2590, for instance, has been shown to produce levan in

sufficient quantities to affect the rheological properties of wheat doughs.261
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Also, oligosaccharides may be of interest as possible prebiotics.262 It has been shown that glucooligosaccha-

rides display nondigestive properties and hence may be applied as feed additives or for human nutritional applica-

tions.84,85,263–267 In addition, the in situ production of these oligosaccharides can be of great importance to improve the

nutritional value of certain food products. An example of the latter is the production of kestose and other oligosac-

charides in sourdough by selected LAB starter cultures, which not only improve the bread’s nutritional value, but can

also contribute to the rheological properties of the dough.83,93,261

Interestingly, the trisaccharide sequence b-D-GlcpNAc-(1!3)-b-D-Galp-(1!4)-b-D-Glcp present in the repeating

unit of the HePS from S. macedonicus Sc136 corresponds to the internal backbone of the lacto-N-tetraose and lacto-N-

neotetraose units, which serve as a structural basis for the large majority of human milk oligosaccharides.268 Human

milk has been reported to contain several hundreds of oligosaccharides based on lactose and tetraose backbones,

substituted by fucosyl and sialic acid residues bound by several types of linkages. This provides human milk with

several nutritional and health benefits, including a bifidogenic effect and the ability to inhibit the adhesion of

pathogenic bacteria to the infant gut mucosa. In this sense, HePSs containing such structures offer an important

potential for the development of improved infant nutrition properties or consumer-specific nutrition in general. In

addition, HePSs or oligosaccharides can be modified into biologically active carbohydrates to treat and even prevent

infections by pathogenic bacteria by interfering with the binding through carbohydrate interactions of these bacteria

to receptors of the intestinal mucosa.
2.15.7.7 Biotherapeutic Agents

EPSs may contribute to human health as prebiotics (cf. supra) or other functional ingredients (for instance neu-

traceuticals), or to antitumor, antiulcer, immunomodulating or cholesterol-lowering activities.2,4 HePSs from LAB

may influence the immune system by enhancing lymphocyte proliferation, macrophage activation, and cytokine

production.26

Several studies have suggested that LAB display antitumor activity, which may be linked to their HePS

production.269–281 For instance, intraperitoneal injection of lyophilized L. lactis subsp. cremoris KVS 20 cells inhibit

tumor growth in mice. This tumor-inhibiting effect has been shown to be immune activity-mediated since the strain

does not exhibit cytotoxicity against the tumor in vitro.274 Later, the same authors discovered that the HePS

produced by this strain mediates this antitumor effect by increasing the B-cell-dependent lymphocyte mitogenic

activity.270,278,279 Similar studies have demonstrated host-mediated antitumor activity for HePSs of L. lactis subsp.

cremoris SBT 0495 and La. delbrueckii subsp. bulgaricus OLL 1073R-1.280,282 In the above-mentioned studies, the

mitogenic HePSs were all phosphopolysaccharides. Dephosphorylation of the phosphopolysaccharide produced by

La. delbrueckii subsp. bulgaricus OLL 1073R-1 reduced the mitogenic activity in lymphocytes280 which demonstrates

the importance of the HePS structure in the biological activity of the polymer. Besides B-cell-dependent lymphocyte

mitogenicity, the phosphopolysaccharide has also been shown to induce macrophage cytostaticity269 and cytokine

production such as interleukin-1 and interferon-g by macrophages in mice splenocytes.281,283 Simarily, whole cells and

cell walls of cells of different strains from the La. acidophilus group and Bifidobacterium adolescentis M101–4 display

B-cell-dependent mitogenic activity on murine spleen and Peyer’s patch cells.284,285 An acidic polysaccharide is most

probably responsible for this activity. Also, specific monosaccharide constituents such as N-acetylglucosamine in the

peptidoglycan may play a role. Alternatively, acidic moieties in bacterial polysaccharides may bind mutagens.275

Finally, Amrouche et al.286 studied the effects of bifidobacterial cytoplasm, cell wall, and HePSs on splenocyte

proliferation and production of interferon-g and interleukin-10. They found that mainly the cell wall components

have a profound effect on both cell proliferation and cytokine production, while HePSs neither stimulate lymphocyte

proliferation nor induce cytokine secretion. In contrast, the HePSs produced by B. bifidum BGN4, has been shown to

inhibit the growth of several cancer cell lines.287

The phosphopolysaccharides produced by L. lactis subsp. cremorisKVS20 and La. delbrueckii bulgaricusOLL 1073R-1

are potent enhancers of macrophage functions.269,288 The stimulation of lymphocytes and macrophages by HePSs

explains the increased production of antigen-specific antibodies in vivo when HePS from L. lactis subsp. cremoris SBT

0495 is used as an adjuvant.282 The HePS from La. rhamnosus RW-9595M appears to elicit bioactive interferon-g in
splenocytes on amurinemacrophage-like cell line as well as tumor necrosis factor, and interleukin-6 and interleukin-12

in human- and mouse-cultured immunocompetent cells.289 Finally, orally administered HePSs from various LAB, in

particular those with a high rhamnose content, have been shown to exert a healing effect on gastric ulcers.290

The effect of the cholesterol-lowering activity of fermented milk was first reported by Nakajima et al.220 They

discovered that slime materials produced by L. lactis subsp. cremoris SBT 0495 have a beneficial effect on rat

cholesterol metabolism by acting as dietary fiber and binding the cholesterol in the feed.220
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Interestingly, L. lactis shows potential as a host for the safe production of capsule antigens and as a vaccine delivery

vehicle for polysaccharide antigens.291
Glossary

exopolysaccharides Sugar polymers that are either attached to the cell surface or secreted extracellularly.

fructansucrases (transfructosylases) Extracellularly active, large enzymes that cratalyze the biosynthesis of b-D-fructans.
glucansucrases (transglucosylases) Extracellularly active, large enzymes that catalyze the biosynthesis of a-D-glucans.
glycosyltransferases Intracellularly active enzymes that are involved in the biosynthesis of the heteropolysaccharide repeating

unit, catalyzing the transfer of sugar residues from activated donor molecules (sugar nucleotides) to specific acceptor molecules.

heteropolysaccharides Polysaccharides that are made by polymerization of intracellularly synthesized repeating units that

contain two or more different monosaccharides.

homopolysaccharides Polysaccharides that are extracellularly synthesized by glycansucrases and composed of one type of

monosaccharide.

repeating unit Shortest sequence that can be found repeatedly in a polymer.

starter culture Microbial preparation of a large number of cells of at least one microorganism to be added to raw material to

produce a fermented food by accelerating and steering its fermentation process.
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125. de Vin, F.; Rådström, P.; Herman, L.; De Vuyst, L. Molecular and biochemical analysis of the galactose phenotype of dairy Streptococcus

thermophilus strains reveals four different fermentation profiles. Appl. Environ. Microbiol. 2005, 71, 3659–3667.

126. Vaillancourt, K.; Moineau, S.; Frenette, M.; Lessard, C.; Vadeboncoeur, C. Galactose and lactose genes from the galactose-positive bacterium

Streptococcus salivarius and the phylogenetically related galactose-negative bacterium Streptococcus thermophilus: Organization, sequence,

transcription, and activity of the gal gene products. J. Bacteriol. 2002, 184, 785–793.

127. Gunnewijk, M. G.; Poolman, B. HPr(His~P)-mediated phosphorylation differently affects counterflow and proton motive force-driven uptake

via the lactose transport protein of Streptococcus thermophilus. J. Biol. Chem. 2000, 275, 34080–34085.

128. Gunnewijk, M. G.; Poolman, B. Phosphorylation state of HPr determines the level of expression and the extent of phosphorylation of the

lactose transport protein of Streptococcus thermophilus. J. Biol. Chem. 2000, 275, 34073–34079.

129. Degeest, B.; Vaningelgem, F.; De Vuyst, L. Microbial physiology, fermentation kinetics, and process engineering of heteropolysaccharide

production by lactic acid bacteria. Int. Dairy J. 2001, 11, 747–757.



512 Exopolysaccharides from Lactic Acid Bacteria
130. van Geel-Schutten, I. G. H.; Flesch, F.; ten Brink, B.; Smith, M. R.; Dijkhuizen, L. Screening and characterization of Lactobacillus strains

producing large amounts of exopolysaccharides. Appl. Microbiol. Biotechnol. 1998, 50, 697–703.

131. De Vuyst, L.; Van Loo, J.; Vandamme, E. J. Two-step fermentation process for improved xanthan production by Xanthomonas campestrisNRRL

B-1459. J. Chem. Technol. Biotechnol. 1987, 39, 263–273.

132. Forsén, R.; Raunio, V.; Myllymaa, R. Studies on slime forming groupN Streptococcus strains. I: Differentiation between some lactic Streptococcus

strains by polyacrylamide gel electrophoresis of soluble cell proteins. Acta Universitatis Ouluensis A12, Biochemica 1973, 3, 1–19.

133. Macura, D.; Townsley, P. M. Scandinavian ropy milk – Identification and characterization of endogenous ropy lactic streptococci and their

extracellular excretion. J. Dairy Sci. 1984, 67, 735–744.

134. Gancel, F.; Novel, G. Exopolysaccharide production by Streptococcus salivarius ssp. thermophilus cultures. 2: Distinct modes of polymer

production and degradation among clonal variants. J. Dairy Sci. 1994, 77, 689–695.

135. Yamamoto, Y.; Nunome, T.; Yamauchi, R.; Kato, K.; Sone, Y. Structure of an exocellular polysaccharide of Lactobacillus helveticus TN-4,

a spontaneous mutant strain of Lactobacillus helveticus TY1–2. Carbohydr. Res. 1995, 275, 319–332.

136. Bouzar, F.; Cerning, J.; Desmazeaud, M. Exopolysaccharide production in milk by Lactobacillus delbrueckii ssp. bulgaricus CNRZ 1187 and by

two colonial variants. J. Dairy Sci. 1996, 79, 205–211.

137. Germond, J.-E.; Delley, M.; D’Amico, N.; Vincent, S. J. Heterologous expression and characterization of the exopolysaccharide from

Streptococcus thermophilus Sfi39. Eur. J. Biochem. 2001, 268, 5149–5156.

138. Tamime, A. Y.; Marshall, V. M. E. Microbiology and technology of fermented milks. In Microbiology and Biochemistry of Cheese and Fermented

Milk ; Law, B. A., Ed.; Blackie Academic and Professional: London, 1997; pp 57–152.

139. Bouzar, F.; Cerning, J.; Desmazeaud, M. Exopolysaccharide production and texture-promoting abilities of mixed-strain starter cultures in

yogurt production. J. Dairy Sci. 1997, 80, 2310–2317.

140. Rawson, H. L.; Marshall, V. M. Effect of ‘ropy’ strains of Lactobacillus delbrueckii ssp. bulgaricus and Streptococcus thermophilus on rheology of

stirred yoghurt. Int. J. Food Sci. Tech. 1997, 32, 213–219.

141. Marshall, V. M.; Rawson, H. L. Effects of exopolysaccharide-producing strains of thermophilic lactic acid bacteria on the texture of stirred

yoghurt. Int. J. Food Sci. Tech. 1999, 34, 137–143.

142. Vedamuthu, E. R.; Neville, J. M. Involvement of a plasmid in production of ropiness (mucoidness) in milk cultures by Streptococcus cremoris

MS. Appl. Environ. Microbiol. 1986, 51, 677–682.

143. von Wright, A.; Tynkkynen, S. Construction of Streptococcus lactis subsp. lactis strains with a single plasmid associated with mucoid phenotype.

Appl. Environ. Microbiol. 1987, 53, 1385–1386.

144. Neve, H.; Geis, A.; Teuber, M. Plasmid-encoded functions of ropy lactic acid streptococcal strains from Scandinavian fermented milk.

Biochimie 1988, 70, 437–442.

145. Vescovo, M.; Scolari, G. L.; Bottazzi, V. Plasmid-encoded ropiness production in Lactobacillus casei ssp. casei. Biotechnol. Lett. 1989, 11, 709–712.

146. Kojic, M.; Vujcic, M.; Banina, A.; Cocconcelli, P.; Cerning, J.; Topisirovic, L. Analysis of exopolysaccharide production by Lactobacillus casei

CG11, isolated from cheese. Appl. Environ. Microbiol. 1992, 58, 4086–4088.

147. Lonvaud-Funel, A.; Guilloux, Y.; Joyeux, A. Isolation of a DNA probe for identification of glucan-producing Pediococcus damnosus in wines.

J. Appl. Bacteriol. 1993, 74, 41–47.

148. van Kranenburg, R.; de Vos, W. M. Characterization of multiple regions involved in replication and mobilization of plasmid pNZ4000 coding

for exopolysaccharide production in Lactococcus lactis. J. Bacteriol. 1998, 180, 5285–5290.

149. van Kranenburg, R.; Kleerebezem, M.; de Vos, W. M. Nucleotide sequence analysis of the lactococcal EPS plasmid pNZ4000. Plasmid 2000,

43, 130–136.

150. Cerning, J.; Bouillanne, C.; Desmazeaud, M. J.; Landon, M. Exocellular polysaccharide production by Streptococcus thermophilus. Biotechnol.

Lett. 1988, 10, 255–260.

151. Cerning, J.; Bouillanne, C.; Landon, M.; Desmazeaud, M. Isolation and characterization of exopolysaccharides from slime-forming mesophilic

lactic acid bacteria. J. Dairy Sci. 1992, 75, 692–699.

152. Stingele, F.; Neeser, J.-R.; Mollet, B. Identification and characterization of the eps (exopolysaccharide) gene cluster from Streptococcus

thermophilus Sfi6. J. Bacteriol. 1996, 178, 1680–1690.
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522 Bacterial Exopolysaccharides
2.16.1 Introduction and Definition

The bacterial surface structure depends on the type of cell – the outer layers of each of the three major groups of

bacteria, Gram-positive and Gram-negative bacteria and archeae, possess intrinsically different chemical composition

and structure even though they are similar in their gross morphology. All possess a rigid wall which encloses the cell

membrane and cytoplasm. External to the rigid wall structures, the cell may secrete further material which is normally

of a polysaccharide nature. This ‘exopolysaccharide’ may either be attached to the rigid cell wall or may be excreted as

a soluble macromolecule and the capacity to synthesize and excrete these polymers is widespread among bacteria.

Exopolysaccharides are found outside the microbial cell, either in the form of distinguishable capsules or totally

dissociated from the cells as amorphous slime; a bacterial cell may possess both forms simultaneously. In electron

micrographs, some exopolysaccharides have been shown to form a network-like structure, and in others, fibrillar,

macromolecular strands have been demonstrated. Such polymers are normally highly hydrated. The exact physical

nature and indeed sometimes the chemical composition can depend on the substrate or substrates available to the

bacteria and to the growth conditions employed. The amount of material synthesized is also greatly affected by the

growth environment. Some bacteria always synthesize exopolysaccharides while others may only do so under very

limited physiological conditions. These general concepts apply whether the bacteria are human, animal, or plant

pathogens or are commensal or free-living types found in soil or water. Some bacteria may possess the genetic

information to enable them to produce more than one type of exopolysaccharide. This may require specific

physiological conditions but occasionally the microorganisms may form two exopolysaccharides simultaneously.

An example of this was Streptococcus thermophilus LY03 which yielded two polysaccharides both containing D-glucose

and D-galactose in the same molar ratio of 1:4, but differing in mass.1 A few bacteria may even be able to synthesize

three different polysaccharides. Colanic acid provides an example of a polysaccharide formed by many of the Gram-

negative Enterobacteriaceae either in addition to other exopolysaccharides or expressed under limited growth

conditions including lowered incubation temperature, high salt concentrations, or other forms of nutritional stress.

In some species, it has also been shown that synthesis of one polysaccharide suppresses that of another. Loss of the one

through mutation, etc., can lead to its replacement by the second cryptic type. Wide variations are to be found within

different genera and species of bacteria. In some bacterial genera, including many of the Gram-negative Enterobac-

teriaceae, a very wide range of exopolysaccharides are produced, whereas in a smaller number of bacterial groups a

single polysaccharide chemotype or a very limited range may be formed. An example of the latter is the plant

pathogenic group of Xanthomonas spp., the majority of which make a single type of polysaccharide – xanthan. One

cannot make generalizations although it would appear that synthesis of exopolysaccharides, often in copious amounts,

is perhaps more common in Gram-negative than in Gram-positive bacteria. Exopolysaccharides have also been

obtained from bacteria isolated from a very wide range of environments, including some which are hostile to other

biological activity.
2.16.2 Chemical Composition – Homopolysaccharides
and Heteropolysaccharides

A large number of exopolysaccharides from an extensive range of bacteria frommany different environments have now

been analyzed and an increasing number of structures of these polymers have been elucidated. These data have

shown that although most contain a limited range of common hexoses and methylpentoses, exopolysaccharides

are composed of a very wide range of carbohydrates. Additionally they may contain either organic or inorganic

substituents as integral components of their chemical structure (Table 1). The organic, noncarbohydrate constituents

include acyl groups, amino acids, and ester-linked organic acids such as succinic acid. These substituents may greatly

influence the physical, biological, and immunological properties of the macromolecules. The monosaccharides

which are most commonly present are those found in other polysaccharides of bacterial, plant, or animal origin such

as D-glucose, D-galactose, and D-mannose and the corresponding N-acetylaminosugars and the corresponding

sugar acids D-glucuronic acid, D-galacturonic acid, and D-mannuronic acid. There may also be some much rarer sugars

such as L-altrose which has only been found so far in a polysaccharide from Butyrivibrio fibrisolvens.2 Indeed, a few

monosaccharides are only found as components of bacterial exopolysaccharides, but, in general, exopolysaccharides

lack many of the exotic sugars found in the lipopolysaccharide structures which are components of the cell walls of

Gram-negative bacteria. Some bacterial genera typified by Escherichia or Klebsiella/Enterobacter species from the family

Enterobacteriaceae yield a very wide range of chemotypes and serotypes. This is also true of the Gram-positive

species, Streptococcus pneumoniae. Each of these three groups of bacteria produces a range of almost 100 chemotypes

and corresponding serotypes. Other bacterial species have been found to form either a single polymer or a more



Table 1 Some monosaccharide and noncarbohydrate constituents of exopolysaccharides

Constituent Linkage Charge conferred Occurrence

Monosaccharides
D-Glucose None Very common

D-Galactose None Very common

D-Galactofuranose None Lactobacillus rhamnosus, LAB
D-Mannose None Very common

D-Fructose None Common

D-Ribose None Relatively uncommon

L-Altrose None Very rare (Butyrivibrio fibrisolvens)
L-Fucose None Very common

L-Rhamnose None Very common

D-Rhamnose None Rare

N-Acetyl-D-glucosamine None Very common

N-Acetyl-D-galactosamine None Very common

N-Acetyl-D-mannosamine None Uncommon

N-Acetyl-L-fucosamine None Rare

N-Acetyl-L-talosamine None Rare

D-Glucosamine Positive Rare

D-Glucuronic acid Negative Very common

D-Galacturonic acid Negative Very common

D-Mannuronic acid Negative In alginates, otherwise not very common

L-Guluronic acid Negative In alginates, otherwise not very common

L-Iduronic acid Negative Rare

D-Galactosaminuronic acid Negative Pseudomonas solanacearum strain

D-Mannosaminuronic acid Negative Pseudomonas fluorescens strain
D-Glucosaminuronic acid Negative Haloferax denitrificans
2-Deoxy-D-arabino-hexuronic acid Negative Sphingomonas paucimobilis strain
D-Riburonic acid Negative Rhizobium leguminosarum
Organic acids
Acetate Ester None Very common – e.g., Klebsiella spp.; colanic acid

Glycerate Ester Negative Sphingomonas elodea
Hydroxybutanoate Ester None Rhizobium trifolii; R. leguminosarum, etc.
Malonate Ester None Escherichia coli K10
Propionate Ester None Rare – some Escherichia coli
Pyruvate Ketal Negative Very common – e.g., Klebsiella spp.; colanic acid

Succinate Half-ester Negative Rhizobium spp.; Agrobacterium spp.

Taurine Ester None Staphylococcus aureus
Amino acids
L-Glutamic acid Klebsiella aerogenes K82
L-Serine Pseudoalteromonas aliena, Escherichia coli K40
Inorganic acids
Phosphate Negative Common in some genera and Gram-positive spp.,

including LAB

Sulfate Ester Negative Cyanobacteria; Haloferax mediterranea
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limited range of chemotypes. Thus most Azotobacter vinelandii strains form a type of bacterial alginate and most

Xanthomonas strains yield xanthan. Initially many structural studies on exopolysaccharides focused on polymers from

Gram-negative species and someGram-positive pathogens, butmore recently the interest in lactic acid bacteria (LAB)3

has produced a large number of structures from this group. Quite a few of the extracellular polysaccharides from LAB

are neutral polymers. Although some of the bacteria in this group can produce homopolymers composed of a single

monosaccharide, the majority are heteropolysaccharides. Among the homopolysaccharides synthesized by LAB are

glucans and fructans, several of which are produced only when the bacteria are grown in the presence of sucrose.

Improved culture techniques have also permitted the isolation in pure culture of prokaryotic species previously

considered difficult. Thus, examination of exopolysaccharides from species of cyanobacteria (blue-green bacteria) has

shown that these tend to be much more complex than the polymers from other bacteria. They commonly contain

pentoses including D-xylose and D-arabinose, monosaccharides which are not so frequently present in exopolysaccha-

rides from other bacterial groups.
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2.16.2.1 Homopolysaccharides

Most bacterial exopolysaccharides which are homopolysaccharides are composed of either D-glucose or D-fructose.

Among such products are the dextrans and levans formed by many Gram-positive Streptococcus and Lactobacillus spp.

There are also various other D-glucans including curdlan from Agrobacterium and Rhizobium species and bacterial

cellulose from Gluconoacetobacter xylinus and others, mainly Gram-negative bacterial species. Curdlan is a neutral gel-

forming (1!3)-b-D-glucan of much lower molecular mass than most exopolysaccharides (�74000) and, unusually, is

insoluble in cold water but dissolves in alkali and dimethylsulfoxide (DMSO). It is also produced exceptionally by

Cellulomonas flavigena as an extracellular storage polymer, the only bacterial exopolysaccharide known to fit this role.

The structure of Curdlan

[→3)-b-D-Glcp-(1→3)-b-D-Glcp-(1→3)-b-D-Glcp-(1→3)-b-D-Glcp-(1→]n

Gluconoacetobacter xylinus and some other, mainly Gram-negative bacterial species, produce cellulose as an exopoly-

saccharide. Like curdlan, it too is insoluble in water. In these bacteria, the cellulose is excreted into the medium where

it rapidly aggregates as microfibrils. Bacteria differ from plants as the polysaccharide has no structural role and is not

associated with other macromolecules. The polysaccharide is thus very pure when formed by bacteria.

Dextrans are high-molecular mass (107–108Da) exopolysaccharides composed predominantly of a-D-glucosyl-
(1!6)-linked residues. In some dextrans, there may be almost no other type of linkage; alternatively, they may be

very highly branched. Up to 50% of the glucose residues may be linked 1!2, 1!3, or 1!4; the number and nature of

the branch points depend on the bacterial strain used.4 Industrial dextran production is primarily from a strain of

Leuconostoe mesenteroides, yielding a polysaccharide with about 95% 1!6 linkages and 5% 1!3 linkages and a

molecular mass of about 4–5�107. For many purposes, the molecular weight is reduced by mild acid hydrolysis. An

oral bacterial species, Streptococcus mutans, also yields a type of dextran designated mutan. This is a linear (1!3)-a-
D-glucan, insoluble in water, which plays a major role in oral biofilms and in dental decay. Another a-D-glucan
produced by some Le. mesenteroides strains is alternan. This polysaccharide is unusual in that 1!3- and 1!6-linkages

alternate on a regular basis.5 Further types of a-D-glucans contain large amounts of 1!4-glucosidic bonds as in

Lactobacillus reuteri strain 121 polymer, or large amounts of 1!2-linkages. Levans (fructans) are produced as exopo-

lysaccharides by several bacteria including many oral isolates, some plant pathogens, and LAB.6 Some bacteria are

capable of producing both levans and dextrans. One bacterial species found in soil, Azotobacter chroococcum, is unusual

in that it synthesizes a levan when grown on sucrose, but an alginate when grown on glucose.7 A strain of Lactococcus

lactis subsp. lactis yields a galactan.

Some bacteria produce exopolysaccharides that closely resemble the alginates obtained commercially from marine

algae. While these are generally linear heteropolysaccharides containing both D-mannuronic acid and L-guluronic acid,

in a few bacterial strains the product is a homopolysaccharide in which the sole sugar is D-mannuronic acid, although

O-acetyl residues are also present. Another homopolysaccharide containing solely uronic acid was obtained from a

Sinorhizobium meliloti mutant strain,8 the only monosaccharide being D-glucuronic acid. Homopolysaccharides com-

posed of other monosaccharides are rare, but recently a polysaccharide from Burkholderia gladioli pv. agaricicola, a

bacterial species infecting the edible mushroom, was identified as a linear D-rhamnan in which a- and b-linked
residues of D-rhamnose formed the structure, the first example of a homopolysaccharide with this monosaccharide

from bacteria:9

[→4)-a-D-Rhap-(1→3)-a-D-Rhap-(1→3)-a-D-Rhap-(1→3)-b-D-Rhap-(1→]n

Another uncommon type of homopolysaccharide is the poly-N-acetyl-D-glucosamine secreted by some strains of

Staphylococcus epidermidis described below.

2.16.2.2 Heteropolysaccharides

Apart from the examples given above, bacterial homopolysaccharides are less frequently found than are heteropoly-

saccharides. The latter may be formed from two or more sugars, although they rarely contain more than three or four.

Some are very simple structures and Table 2 lists several which contain only the two monosaccharides D-glucose and

D-galactose, and, in some cases, acyl substituents. They are thus neutral polymers unless charge is conferred by the

presence of pyruvate ketal groups or succinyl half esters. The variety of possible structures to be found in some of

these can be seen in Table 3.

Most exopolysaccharides are more complex and contain three or more monosaccharides; in some of the polymers,

several residues of one of these sugars may be present.Many and perhaps themajority of bacterial heteropolysaccharides



Table 3 The structures of some bacterial galactoglucans

Rhizobium meliloti

[→4)-a-D-Glcp-(1→3)-b-D-Galp-(1→]n

Ac

Ac Pyr

R. meliloti strains YE-2(S1), Rm1021

[→3)-b-D-Glcp-(1→ 3)-a-D-Galp-(1→]n

Agrobacterium radiobacter Strain II; Burkholderia cepacia

[→3)-b-D-Glcp-(1→3)-a-D-Galp-(1→]n

Pseudomonas marginalis HTO41B

[→3)-b-D-Glcp-(1→3)-a-D-Galp-(1→]n
↑

Succ

Escherichia coli K37

[→3)-b-D-Glcp-(1→3)-a-D-Galp-(1→]n

Pyr ⇒ a-D-Galp

⇑

Pyr
⇑

Pyr
⇑

Pyr
⇑

4
↑
1

6
↑

6
↑

Table 2 Galactogluco-polysaccharides

Source Glucose Galactose Pyruvate Acetate Succinate

Achromobacter sp. 1 1* 0.81–0.99

Agrobacterium radiobacter 0.9 1 0.83

Burkholderia cepacia 1 1 1

Escherichia coli K37 1 2 1 0 0

Lactobacillus helveticus K16 2 1 0 0 0

Pseudomonas fluorescens 1 1 0.5 þ
Pseudomonas marginalis 1 1* 1 0 1

Pseudomonas putida 1 1 1 þ
Rhizobium meliloti YE2 1 1 1 0.9 0

Zoogloea ramigera 1 2 1 þ (Ill defined) þ
Z. ramigera 2 11 3 1.5þþ

*Pyruvylated sugar.
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are acidic in nature due to the presence of uronic acids (in addition to pyruvate ketal groups in many such structures).

Commonest is D-glucuronic acid, while D-galacturonic acid is also relatively frequently found and D-mannuronic acid

less so, although it along with L-guluronic acid is found in bacterial alginates. In addition, increasing numbers of rarer

or unusual sugar acids have been identified, as the range of exopolysaccharides has extended from those well-

characterized and easily grown bacterial species first examined to uncommon types from exotic environments including

deep thermal vents and hot springs. Some aminouronic acids are also found in exopolysaccharides. N-Acetylamino

sugars and the corresponding sugar acids also contribute to many exopolysaccharide structures. N-Acetyl-D-glucos-

amine is probably the commonest while the corresponding galactose and mannose derivatives are also found. Some
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heteropolysaccharides may even contain severalN-acetylaminosugars. In the pentasaccharide repeat unit of Pseudomonas

aliena strain KMM3562, N-acetyl-D-glucosamine, N-acetyl-D-mannosamine, and N-acetyl-D-quinosamine are all

present.10 However, some sugars found in the walls of Gram-negative bacteria, including dideoxysugars, have not

yet been found. A very few exopolysaccharides may be polycationic due to the presence of D-glucosamine lacking

the normal N-acylation. This is exemplified by the adhesive polymer obtained from strains of Staphylococcus epider-

midis strains associated with biofilms. These bacteria produce two polymers one of which contains both N-acetyl-

D-glucosamine and D-glucosamine while the other is a homopolysaccharide containing N-acetyl-D-glucosamine as the

only monosaccharide.11

The structure of Staphylococcus epidermidis biofilm exopolysaccharides is shown below:

Exopolysaccharide I:

[→6)-b-D-GlcpNAc-(1→6)-b-D-GlcpNAc-(1→6)-b-D-GlcpN-(1→6)-b-D-
GlcpNAc-(1→6)-b-D-GlcpNAc-(1→]n

The ratio GlcpNAc:GlcpN in this polysaccharide is c. 5:1; it is cationic, and of relatively highmolecularmass (>26000).

Exopolysaccharide II:

[→6)-b-D-GlcpNAc-(1→6)-b-D-GlcpNAc-(1→6)-b-D-GlcpN-(1→6)-b-D-
GlcpNAc-(1→6)-b-D-GlcpNAc-(1→]n

In the second polymer, the ratio GlcpNAc:GlcpN is c. 16:1. As this polysaccharide also contains phosphate and succinyl

half esters, it is anionic in nature.

The great majority of bacterial extracellular heteropolysaccharides are composed of regular repeating units.

Although these vary in size, they generally range from disaccharides to octasaccharides. The presence of 1 mole of

uronic acid in the repeating structure is a common feature of polyanionic exopolysaccharides. These are most

frequently D-glucuronic acid and D-galacturonic acid. One of the first exopolysaccharide structures to be determined

from a Gram-positive bacterium was also among the simplest heteropolysaccharide repeat units elucidated. The

polymer from Streptococcus pneumoniae type 3 was composed of b1!3-linked cellobiouronic acid units. The same

structure has also been identified in the product from the unrelated Gram-negative bacterium Rhizobium sp. T1 which

is symbiotic with alfalfa.12 Another example of a disaccharide repeat unit, devoid of acyl or other substituents, was

found in the neutral exopolysaccharide from the Gram-negative bacterium Alcaligenes latus.13

Alcaligenes latus exopolysaccharide:

[→2)-a-D-ManpA-(1→3)-a-L-Fucp-(1→]n

The proposed uniformity of the repeat units is mainly based on chemical studies, and some irregularities may exist,

especially in polymers which are composed of larger and more complex repeat units. The heteropolymer repeating

units commonly possess one or more short side chains. These may vary from one to four or five sugars in length,

although examples with longer side chains are known. Most exopolysaccharides, which are composed of three or four

monosaccharides, are formed from a uniform backbone to which side chains are attached at regular intervals.

Commonly, the structure is a trisaccharide or tetrasaccharide main-chain repeat unit carrying either a single sugar or

a disaccharide side chain. A more complex structure was found in the exopolysaccharide from a Burkholderia cepacia

strain. The trisaccharide repeat unit of this polymer had three distinct side chains, a disaccharide, and two single

D-galactosyl residues.14 In a few polymers, the side chains may also be branched.

Bacterial alginates are exceptional as they are linear macromolecules composed only of uronic acids and the only

bacterial extracellular heteropolysaccharides which do not possess a regular repeat unit. They are composed of

D-mannuronic and L-guluronic acids (and O-acetyl groups) in irregular unbranched structures. D-Riburonic acid is

another uncommon uronic acid found in the structure of polymers from some Rhizobium leguminosarum strains. Rare

aminouronic acids and other unusual acid sugars have also been found in some polysaccharides. These include

mannosaminuronic acid, glucosaminuronic acid, and galactosaminuronic acid (Table 1). Very occasionally, two

different uronic acids are present in a repeat unit. Whereas a repeat unit may frequently contain several residues of

the common monosaccharides such as glucose, mannose, or galactose, the rarer sugars are usually only present as a

single molecule in the repeat unit.

A few exopolysaccharides may contain relatively large amounts of the methylpentoses rhamnose and fucose. An

example of this was found in the polymer from a plant pathogenic Erwinia sp.15 This possessed a hexasaccharide

repeat unit containing D-glucose, D-galactose, and D-glucuronic acid together with 3 mole of L-rhamnose. Another



Bacterial Exopolysaccharides 527
exopolysaccharide, from Erwinia chrysanthemi, was of fairly similar composition except that mannose replaced

galactose.16 In the heptasaccharide of each repeat unit of the polysaccharide from Lactobacillus rhamnosus

RW-9595, four rhamnose residues were present.17 Rhamnose is also very widely found as a component of the

exopolysaccharide structures produced by the Gram-positive Lactococcus, Lactobacillus, and Streptococcus species

among the LAB.18

Various acyl groups and other substituents may be found in exopolysaccharides. The commonest substituents are

O-acetyl groups which are ester linked. Therefore, they do not confer any charge on the macromolecule. Pyruvate

ketals also very frequently form components of exopolysaccharides, and they do confer a negative charge due to the

presence of a free carboxylic acid group. They are usually attached to D-glucose, D-galactose, or D-mannose residues,

but in Rhodococcus equi type 3, are attached to the O2 and O3 positions of D-glucuronic acid.19 Acetyl groups and

pyruvate ketals are more common in heteropolysaccharide structures than homopolysaccharides and both are com-

monly found in the same polymer, but bacterial alginates from Az. vinelandii or Pseudomonas aeruginosa and related

species provide one example of an exopolysaccharide in which O-acetyl groups are the only noncarbohydrate

constituent and one, moreover, in which some of the D-mannuronic acid residues carry multiple acetyl groups as

seen below. Some xanthan polysaccharides also appear to be O-acetylated, again with possible multiple acetylation

of some monosaccharide residues, but devoid of pyruvate ketal groups. Pyruvylated but nonacetylated polysac-

charides are exemplified by the Escherichia coli K50 linear tetrasaccharide repeat unit, the mannosyl residue of

which carries pyruvate ketals while no O-acetyl groups are present although N-acetyl groups are present on the

acetylaminosugars.20 The presence of acetyl and pyruvate ketals attached to the same monosaccharide is relatively

uncommon, but exopolysaccharides from Pseudomonas ‘gingeri’ and Es. coli K55 carried an acetyl group on the O2

position and a pyruvate ketal on the O4 and O6 positions of the mannose residue which forms part of the trisaccharide

repeat unit.21 The same carbohydrate structure with different acetylation was also found in the polymer from a

Klebsiella strain.

The structure of the exopolysaccharide from Ps. ‘gingeri’ strain Pf9 is shown below:

Pyr
4⇓6

[→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→3)-b-D-Manp-(1→]n

↑
2

Ac

This exopolysaccharide has the same structure as that of Es. coli K55 EPS; Klebsiella K5EPS (below) also has the same

carbohydrate structure but is acetylated on C2 of the glucopyranose residue.

Pyr
4⇓6

[→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→3)-b-D-Manp-(1→]n

↑
Ac

2

The structure of bacterial alginates depends on the bacterium studied with marked differences between those from

Az. vinelandii and those from Ps. aeruginosa.

Az. vinelandii

[→4)-a-L-GulpA-(1→4)-b-D-ManpA-(1→4)-b-D-ManpA-(1→4)-b-D-ManpA-(1
→4)-a-L-GulpA-(1→4)-a-L-GulpA-(1→4)-a-L-GulpA-(1→ ]n

Ac 
↓

Ps. aeruginosa

[→4)-b-D-ManpA-(1→4)-b-D-ManpA-(1→4)-b-D-ManpA-(1→4)-b-D-ManpA-(1
→4)-b-D-ManpA-(1→4)-b-D-ManpA-(1→4)-a-L-GulpA-(1→]n

Ac→ Ac→ Ac→

In the bacterial alginates, there is no regular structure and only D-mannuronosyl residues carry O-acetyl groups; some

of these monosaccharides are multiply acetylated. In Pseudomonas polymers, there are only single L-guluronosyl
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residues, whereas Azotobacter has block structures (contiguous sequences) of either type. The polysaccharides from

Az. vinelandii and Ps. aeruginosa are all normally high molecular mass products, but some alginates from plant

pathogenic Pseudomonas species are of much lower mass.

As well as O-acetylation, succinyl half esters are found in many of the polymers from plant symbiotic Rhizobium

species, as are hydroxybutyryl groups. Monosaccharides esterified with lactic acid have also been reported (Table 1).

A few exopolysaccharides carry amino acid substituents. Two major types of inorganic substituents are also found.

Although phosphate is absent from most of the Gram-negative bacterial polysaccharides investigated so far, including

those from genera such as Klebsiella, Rhizobium, Xanthomonas, and Pseudomonas, it has been identified in the products of

a number of E. coli strains. The phosphate-containing polysaccharides from these bacteria resemble the teichoic acids

found in the walls of Gram-positive bacteria and the teichoic acid-like exopolysaccharides from Streptococcus (Diplo-

coccus) pneumoniae strains. Phosphate groups are relatively common among polysaccharides from Gram-positive

bacteria, but are also present in some exopolysaccharides from Gram-negative bacteria including several E. coli

serotypes. One, E. coli K24, contained phosphate together with ketodeoxyoctonic acid, a monosaccharide more

commonly associated with the lipopolysaccharides of Gram-negative bacterial cell walls.22 Although pentoses are

not present in the majority of exopolysaccharide structures which have been published so far, the polymer from

Aeromonas nichidenii 5797 is composed of a trisaccharide main chain repeat consisting of the sequence a-D-mannose-b-
D-xylose-a-D-glucuronic acid, to which single residues of glucose and mannose are attached as side chains on the

mannose and uronic acid, respectively.23 The main chain mannose is also O-acetylated. Sulfate groups have been

found in exopolysaccharide products of cyanobacteria and of halophilic species from the primitive archeae as well as

isolates obtained from sampling close to deep hydrothermal vents.24 The halophile Haloferax mediterranea yielded a

viscous, high molecular weight polysaccharide containing almost 6% sulfate,25 while the polyanionic exopolysacchar-

ides from strains of the cyanobacteria, Synechocystis, contained 8% sulfate in addition to uronic acids and neutral

monosaccharides.26 The exopolysaccharide from H. mediterranea strain R4 proved to be composed of trisaccharide

repeat units to which ester-linked sulfate was attached at the 3-position of N-acetyl-D-glucosaminuronic acid.27 Both

phosphate and sulfate groups add to the polyanionic nature of exopolysaccharides.

The structure of H. mediterrane exopolysaccharide is shown below:

[→4)-b-D-GlcpNAcA-(1→6)-a-D-Manp-(1→4)-b-D-GlcpNAcA-(1→]n

↑
3

O-SO3
−

In a relatively short space of time, structural studies on bacterial exopolysaccharides have provided a rapidly increasing

list of chemically well-characterized macromolecules, although accurate determination of their molecular mass is

less easy.
2.16.2.3 Polysaccharide Families

From the extensive studies on bacterial exopolysaccharide structure, it is now clear that within some bacterial groups

and sometimes from different species, there exist polysaccharides which are structurally very similar indeed. These

can be regarded as families of polymers. Two widely studied examples of extracellular heteropolysaccharide ‘families’

from Gram-negative bacterial species are xanthan and colanic acid. Due to its commercialization, the polysaccharide

xanthan from Xanthomonas campestris is undoubtedly one of the best-known and most-studied exopolysaccharide

structures.28,29 It is composed of pentasaccharide repeat units which represent trisaccharide side chains attached to a

cellulose backbone. Attached to the side chains are O-acetyl and pyruvate ketal groups. While the monosaccharide

composition remains constant, the acyl groups vary depending on the bacterial strain used (and possibly also on the

physiological conditions used for their production). Some lack acetyl groups and others are nonpyruvylated. Mutant

X. campestris strains have also been shown to form polysaccharides lacking the terminal side chain monosaccharides

and their attached acyl substituents (vide infra). These add further to the group of closely related structures which can

provide information on structure/function relationships.30 Xanthan is not the only bacterial exopolysaccharide formed

from a cellulosic main chain. Some strains of G. xylinus are capable of producing a polymer which has been named

acetan. This resembles xanthan in having a main chain composed of cellobiose repeat units. However, instead of the

trisaccharide side chain found in xanthan, a pentasaccharide composed of D-mannose, L-rhamnose, D-glucose, and

D-glucuronic acid is present.31 Acetan does not contain pyruvate ketal groups, but, as is the case with xanthan, is also

O-acetylated.
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The structure of the exopolysaccharide from X. campestris (xanthan) is shown below:

[→4)-b-D-Glcp-(1→4)-b-D-Glcp-(1→]n
3
↑
1

2
↑
1

4
↑
1

a-D-ManpAc

b-D-GlcpA

b-D-ManpPyr

Typically, the internal a-mannosyl residue of xanthan is fully acetylated but only c. 30% of the b-mannosyl termini are

ketalated. In preparations from X. campestris pv. oryzae, the internal mannosyl residue carries two O-acetyl groups,

while pyruvate ketals are absent.

The structure of the exopolysaccharide from strains of G. xylinum (acetan) is shown below:

[→4)-b-D-Glcp-(1→4)-b-D-Glcp-(1→]n3
↑
1

2
↑
1

4
↑
1

6
↑
1

4
↑
1

a-D-Manp

b-D-GlcpA

a-D-Glcp

b-D-Glcp

a-L-Rhap

Normally the acetan polysaccharide carries two O-acetyl groups on each repeating unit, one of which is possibly on a

main-chain glucose residue.

Colanic acid, as already mentioned, is a product of many strains of Enterobacteriaceae when grown under suitable

conditions. Some variants of theE. coliK12 strain, which were used in the early studies on bacterial genetics, proved to

be stable producers of large amounts of colanic acid. The polymer is formed from hexasaccharide repeat units from

four monosaccharides L-fucose, D-glucose, D-galactose, and D-glucuronic acid but is additionally acetylated and carries

pyruvate ketal groups.32

The structure of the exopolysaccharide colanic acid from strains of E. coli, Salmonella typhimurium, and Enterobacter

cloacae is shown below:

[→3)-b-D-Glcp-(1→3)-b-L-Fucp-(1→4)-a-L-Fucp-(1→]n

b-D-Galp

b-D-GlcpA

b -D-Galp3,4Pyr

4
↑
1

3
↑
1

4
↑
1

This polymer typically carries an O-acetyl group on the 2- or 3-position of the unsubstituted fucose residue of each

hexasaccharide repeating unit. Although the same carbohydrate structure is found in colanic acid from different

bacterial species, the acyl substituents may vary. The pyruvate ketal may be linked to C4 and C6 instead of C3 and C4

as shown above, or may be replaced by other acetal groups.

Recently, Cescutti et al.33 have shown that the structure of an exopolysaccharide produced by Enterobacter amnigenus

is also formed from hexasaccharide repeat units resembling colonic acid, in which the terminal D-galactosyl residue is
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replaced by D-mannose. Although five of the monosaccharides are found in the same sequences, there are however

differences in a number of the linkages as can be seen below. It is also relatively unusual to find exopolysaccharides

containing both L-fucose and D-mannose, as mannose is an intermediate in fucose biosynthesis at the sugar nucleotide

level, although another example was seen in the disaccharide repeat of Alcaligenes latus cxopolysaccharide.13 Simila-

rities in composition to colanic acid are also seen in a polysaccharide from Er. chrysanthemi Ech6, but the trisaccharide

side chain is attached to a glucose residue rather than fucose.

The structure of the En. amnigenus polysaccharide is shown below:

[→3)-b-D-Glcp-(1→4)-a-L-Fucp-(1→4)-a-L-Fucp-(1→]n

a-D-Galp

a-D-GlcpA

a-D-Manp4,6Pyr

4
↑
1

3
↑
1

4
↑
1

Another group of polysaccharides showing many common features in composition and structure have been found in

the plant symbiont bacteria genus Rhizobium. These polymers, termed succinoglycans, are mainly formed from

octasaccharides which carry O-acetyl, pyruvate ketal, and succinyl half ester substituents.34 They are also atypical in

that most are formed of neutral sugars, although in some D-riburonic acid,35 D-glucuronic acid, or methylglucuronic

acid may be present as the terminal monosaccharide in the side chain of the repeat unit. Most are formed from a highly

conserved tetrasaccharide backbone which carries a tetrasaccharide side chain. Although this latter unit is generally

conserved, in some species, variants are found including those in which the uronic acids replace neutral monosaccha-

rides. A typical succinoglycan structure is seen in the exopolysaccharide which can be isolated from Si. meliloti,

Agrobacterium radiobacter, and other related bacterial species.

[→4)-b-D-Glcp-(1→4)-b-D-Glcp-(1→3)-b-D-Galp-(1→4)-b-D-Glcp-(1→]n

b-D-Glcp-(1→3)-b-D-Glcp-(1→3)-b-D-Glcp-(1→6)-b-D-Glcp
4⇑6
Pyr

Succ

Ac
↓
6

6
↑
1

6
↑

Sharing of structure is also seen in a group of three polysaccharides with tetrasaccharide repeat units from Klebsiella

aerogenes type 54, Enterobacter XM6, and E. coli K27.36–38 The carbohydrate structures of the first two polymers are

identical, but the K. aerogenes products are either acetylated with either acetyl groups on each repeat unit or on

alternative repeat units (i.e., on each octasaccharide). In the E. coli exopolysaccharide, a D-galactosyl residue replaces

the D-glucosyl side chain. A further group includes the commercial product gellan which is considered below.

The ability of different bacterial strains and species to synthesize exopolysaccharides structures with considerable

similarities to one another is not limited to the examples given above. Sialic acid-type polymers have been identified

from various pathogenic and nonpathogenic bacterial species. Some bacteria only secrete sialic acid, while others

include it among a range of heteropolysaccharides. All serotypes of Streptococcus agalactiae form a polymer in which a

common structural feature was N-acetylneuraminic acid a2!3-linked to D-galactose.39

Although mannans are a common feature of fungal walls and are formed by various eukaryotic microorganisms, they

are not normally products of bacteria. However, an exopolysaccharide product from P. syringae pv. ciccaronei is an

a-linked D-mannan which was both highly branched and phosphorylated.40 It thus resembled some of the fungal

products but differed in also carrying a small number of glucose residues. Some of the most complex repeat units have

been found in exopolysaccharides from cyanobacteria. One such, from Cyanospira capsulata, was composed of

octasaccharide repeat units, containing seven monosaccharides including L-arabinose and 4-O-(1-carboxyethyl)-

mannose.41 The structure had three branches attached to the main chain. An even more complex pentadecasaccharide

repeat unit structure was proposed for the exopolysaccharide from Mastigocladus laminosus, a thermophilic cyanobac-

terium.42 No doubt, as this group is examined further, it will yield other very complex polysaccharides, perhaps with

novel or rare monosaccharide components. Another group of bacterial exopolysaccharides currently yielding some

unusual monosaccharides and complex structures is the one isolated frommarine isolates, especially from hypobaric or
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hypothermal environments. In one such polysaccharide, Perepelov et al.43 reported the presence of 5,7-diacetamido-

3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic acid. Another from the deep sea isolate Alteromonas infernus has a

repeat unit with nine monosaccharides and is sulfated.44 The sulfated trisaccharide main chain has a branched

hexasaccharide side chain in which a tetrasaccharide contains two residues of D-glucuronic acid each of which carries

an a-D-glucose.
More complicated structures are increasingly being found as improved procedures for structural analysis have

become available. Klebsielle pneumoniae SK1 provides an example of a heteropolysaccharide of relatively simple

composition but possessing two side chains on each repeat unit. Another highly branched polymer with a heptasac-

charide repeating unit was identified as a product of strains of Burkholderia cepacia, a pathogen frequently associated

with cystic fibrosis patients.14 In this polymer, the trisaccharide backbone carried three side chains, two of which were

attached to the same D-glucuronosyl monosaccharide in the main chain.

Structure of the K. pneumoniae SK1 exopolysaccharide:

[→3)-b-D-Galp-(1→3)-b-D-Galp-(1→3)-a-D-Glcp-(1→]n

b-D-GlcpA a-D-Galp

2
↑
1

4
↑
1

Burkholderia cepacia polysaccharide structure:

b-D-Galp-(1→2)-a-D-Rhap

[→3)-b-D-Glcp-(1→3)-a-D-GlcpA-(1→3)-a-D-Manp-(1→]n

a-D-Galp b-D-Galp

1
↓
4

2
↑
1

6
↑
1

Increasingly, unusual sugars are also being found in polysaccharide structures which otherwise relate to recognized

families such as succinoglycan or gellan. One monosaccharide found in polymers from each of these groups is a

2-deoxy-D-arabino-hexuronic acid.45
2.16.3 Physical Properties and Structure/Function Relationships

Because of the large number of monosaccharides present in exopolysaccharides, the diversity of linkage types, and the

possible presence of noncarbohydrate constituents, bacterial exopolysaccharides present a very wide potential range of

physical properties. They differ from plant polysaccharides in that they are regular, linear structures lacking extensive

branching of side chains. Any side chains which are present are attached at regular intervals along the macromolecule

and are of constant length and composition. Atkins46 pointed out that the variety of condensation linkages in

polysaccharides, coupled with variations in monomer sequence, produced a wide range of possible shapes and

architectures. The effects which certain polysaccharide components confer on their physical properties can be seen

inTable 4. The extensive range of primary structures which have now been found in bacterial polysaccharides ensures

that the number of possible conformations or secondary structures adopted is on the increase. There are considerable
Table 4 Effect of polysaccharide composition on physical properties

Polysaccharide component Effect Properties affected Example

Neutral sugars Uncharged polymer Insoluble Cellulose, biofilms

Uronic acids Polyanionic Solubility, ion binding Xanthan, alginates

Pyruvate Polyanionic Ion binding, transition Xanthan, galactoglucans

Methylpentoses Lipophilicity Solubility Biofilm exopolysaccharides

Acetylation Solubility Gelation, reduced ion binding Alginates, gellan, etc.

Side chains Various Solubility Xanthan, gellan

1!3- or 1!4-linkages Rigidity (In)Solubility Curdlan, cellulose

1!2-linkages Flexibility Solubility, stability Dextrans
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differences in solubility and in other physical properties of these polysaccharide solutions and gels even when they are

derived from closely related chemical structures. If the rheological properties of bacterial exopolysaccharides are to be

understood, a thorough knowledge of the tertiary structure and of the potential for intermolecular interactions is

required. The association of the polymer chains, which are frequently of very highmolecularmass of the order of 0.5–2M,

results in complex entanglements which contribute greatly to the physical properties that have been observed. Studies

on families of structurally related exopolysaccharides, together with the extensive examination of the physical

properties of a more limited number of polymers, have provided considerable information on structure/function

relationships. The commercial development of xanthan and gellan has also stimulated extensive physical studies on

these and other bacterial exopolysaccharides, especially those which bear structural similarities to the commercia-

lized polymers. Information is now available on various physical properties including tertiary structures, viscosity,

crystallinity, and gel-forming capacity. It is clear that a wide range of physical attributes can be determined and that

these relate to the chemical composition and to the structural niceties of the polysaccharides. Due to their high

mass, many yield viscous aqueous solutions, while others are capable of gelation, either per se or in the presence of

specific cations, or when associated with certain other polysaccharides. The very significant role played by acyl groups

in determining or modifying the physical properties of some exopolysaccharides has also become clear. Cations and

water molecules were found to promote the association of helices, while the tendency toward helix formation was a

feature of both the solid and the liquid state. These and other physical properties were determined by the shape of the

helix, the interactions between the helices, and the interactions with cations and with ordered water molecules.47
2.16.3.1 Helix and Coil Structures

The primary conformation of the bacterial exopolysaccharides, as with all polysaccharides, is determined by their

composition and structure. In some of these bacterial polymers, the backbone composition of sequences of b1!4- or

b1!3-linkages may confer considerable rigidity as is seen in the cellulosic backbone of xanthan from X. campestris.

Where no side chains are present to influence the rigid structure, as in the a1!3-linkages of mutan or the b1!3-

linkages of curdlan, the polysaccharide can be effectively insoluble even though these particular exopolysaccharides

are of lower mass than most. Other linkages in polysaccharides may yield more flexible structures. These can be

exemplified by the a1!2- or a1!6-linkages found in many dextrans. Further, ordered secondary configuration

frequently takes the form of aggregated helices. The transition in solution from random coil to ordered helical

aggregates is often greatly influenced by the presence or absence of acyl substituents such as O-acetyl or O-succinyl

esters or pyruvate ketals.48 In those polymers such as acetan and xanthan which have cellulosic main chains, the

presence of regular side chains renders soluble macromolecules which would normally be insoluble. This may be the

case even when, as in the products of mutant strains, the side chains have been abbreviated to a single monosaccharide

(mannose) in place of the normal trisaccharide or pentasaccharide. The original structures also yield highly viscous

aqueous solutions with good salt stability and compatibility with other macromolecules. Normally, in most natural and

experimental environments, the exopolysaccharides are present in the ordered configurations which are found at lower

temperatures and in the presence of salts. The majority of exopolysaccharides are essentially very long thin molecular

chains with mass of the order of 0.5–2 million Da, but they can associate in a number of different ways. Several

polysaccharide preparations have been visualized as fine strands which are attached to the bacterial cell surface and

form a complex network surrounding the cell. Mayer et al.49 suggested that electrostatic and hydrogen bonds are the

dominant forces implicated. Ionic interactions may be involved, but more subtle chain–chain complex formation in

which one macromolecule ‘fits’ into the other may result in either floc formation or networks which are very poorly

soluble in aqueous solvents. Another result may be the formation of strong or weak gels.
2.16.3.2 Gelation

A number of water-soluble bacterial exopolysaccharides can, under appropriate conditions, form gels. This may

involve coil-to-helix transition of the type seen on cooling a heated random coil transition.50 The gel which is formed

may be either weak, brittle, or strong. Comparison of bacterial and algal alginates gives a clear indication of one aspect

of the relationship of polysaccharide structure and function. Gelation and significant changes in viscosity are usually

transitional effects. Extensive studies on several groups of exopolysaccharides have provided information on the exact

conditions necessary for transition from order to disorder and vice versa. This transition may be very sharp as

exemplified by the Enterobacter XM6 polysaccharide. This polymer is composed of tetrasaccharide repeat units

composed of D-glucose, L-fucose, and D-glucuronic acid in the molar ratio 2:1:1.38 In aqueous solution, it provides
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high viscosity, but it gels in the presence of several monovalent or divalent cations, gelation depending on the ion

concentration. Much higher concentrations of monovalent ions were required compared to divalent ions. The ionic

radius was also important with Naþ and Ca2þ giving optimal gelation. There was a very sharp transition from the

ordered gel form at about 28�C and gelation on cooling at a slightly lower temperature. In the case of xanthan,

transition is more gradual, occurring over a temperature range of 35–55�C and is greatly influenced by the presence or

absence of the acyl substituents (acetyl and pyruvate ketal groups) and by the ionic environment.51 Comparison of the

polysaccharides from K. aerogenes K54 and Enterobacter aerogenes XM6 indicated the effects of acetyl groups. The

nonacetylated XM6 polymer presented a highly crystalline structure recognizable by X-ray fiber diffraction,52 whereas

the K54 polymers carrying either 0.5 or 1 acetate group per repeat unit were amorphous. When the K54 polymers were

deacetylated by treatment with mild alkali, the fiber diffraction patterns changed to ones similar to XM6. XM6 and

deacctylated K54 formed gels in the presence of various ions while native K54 did not.53

Algal alginates lack any acylation and readily form rigid, nondeformable gels as a result of the highly specific

interaction with either Ca2þ or Sr2þ, a property which is widely used in biotechnology for the immobilization of cells

and enzymes. This is not seen in bacterial alginates from Az. vinelandii, even though these exopolysaccharides closely

resemble the algal polymers in possessing sequences of polyguluronic acid blocks producing the characteristic egg-box

structure, in addition to polymannuronic acid and mixed sequences.54 The bacterial polysaccharides are acetylated

and the acetyl groups strongly inhibit the interaction between polymer chains and cations and resultant gel formation.

Some binding of cations does occur, and there is also some limited specificity toward Ca2þ. Pseudomonas aeruginosa
alginates totally lack sequences of guluronosyl residues; they are normally incapable of gelling with divalent cations

but do still bind them to a more limited extent.55 The Ps. aeruginosa polysaccharides yield highly viscous aqueous

solutions. In both types of bacterial alginates, chemical removal of the O-acetyl residues significantly alters their

physical properties, and leads to increased binding of divalent cations. This modification also has the effect that the

aqueous solubility of the macromolecules is very much reduced or else, as is the case with high molecular mass Az.

vinelandii alginates, yields a totally insoluble product.

Many bacterial exopolysaccharides possess backbone structures in which sequences of b1!3- or b1!4-linked

hexose residues predominate. When such sequences are present, the polymers tend to be much more rigid in

structure, less deformable, and, in the case of neutral polysaccharides such as mutan from Streptococcus mutans or

those from some strains of Enterobacter agglomerans, either poorly soluble or effectively insoluble. These exopolysac-

charide molecules may be very robust; stiffer chains are also found in some of the polysaccharides from LAB, such as

that from Lactococcus lactis subsp. cremoris B40. The long chains of stiff macromolecules may be present as gels due to

the entanglements found within the long chains and also due to the ionic environment in some polymers.56,57 The

stability of the gel state will depend on the effective polysaccharide concentration, the ionic status, and the other

macromolecules present. Those exopolysaccharide molecules which are effectively in solution may well dissolve with

dilution or as ions are gradually removed. In natural environments, this may thus account in part for the observed

‘sloughing off’ of biofilm material. Another aspect, which has received relatively little study, is the possibility of

interaction of exopolysaccharides in the gel state with proteins and other excreted or surface-associated macro-

molecules. Either association or segregation may occur.

The conformation and the tendency to form gels may be very greatly affected by any substituents present. This is

clearly seen in the commercial product ‘gellan’ from a Sphingomonas elodea strain when compared with the properties of

structurally related polysaccharides (Table 5). The native, acylated gellan formed weak gels, whereas the deacylated

material yielded brittle, rigid gels. The polysaccharide adopts a double helical structure in which the duplex is

stabilized by interchain hydrogen bonds.58 It has been suggested that the O-acetyl groups on the native polysaccharide

only have a weak effect on aggregation of gullan molecules, whereas the L-glyceryl residues are detrimental to crystal

packing.59 This result agrees with the observation by Crescenzi et al.60 that through hydrogen bonding, the short side

chains of L-mannose or L-rhamnose mask the uronic acid residues in the conformation adopted in aqueous solutions.

Further confirmation of this interpretation was obtained by Lee and Chandrasekaran61 in an X-ray and computer

modeling study of gellan and three structurally related polysaccharides, in which it was concluded that although all

have the same double-helical conformations, the side chains shielded the carboxylate groups to varying degrees. The

shielding was considerable in welan and S-657 polysaccharides, but much less in rhamsan. In aqueous solutions of

welan, the polysaccharide is very highly ordered and, even on heating, fails to show the normal order–disorder

transition.62 It was suggested that the complete removal of the side chains would be required to expose the carboxylate

groups entirely, as is seen in gellan.

Picullel50 pointed out that a common type of gelation among exopolysaccharides involved a coil-to-helix transition.

This could yield various types of gel – the exact type depended on the nature of the polysaccharide and on the solvent

present. Xanthan from X. campestris formed very weak gels which dissolved in excess solvent, whereas other bacterial



Table 5 The structures of gellan and related polysaccharides

(a) Gellan gum

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Rhap-(1→]n

(g) Sphingomonas NW11

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Manp-(1→]n

(b) Welan gum (S130)

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Rhap-(1→]n
↑

Ac

a-L-Rhap  or a-L-Manp

3
↑
1

(d) Sphingomonas S657

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Rhap-(1→]n

a-L-Rhap-(1→4)-a-L-Rhap

3
↑
1

(e) Sphingomonas S88

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Rhap-(1→]n
or a-L-Manp

a-L-Rhap

3
↑
1

(f) Sphingomonas S198

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Rhap-(1→]n
or a-L-Manp

a-L-Rhap

3
↑
1

(c) Rhamsan gum (S194)

[→3)-b-D-Glcp-(1→4)-b-D-GlcpA-(1→4)-b-D-Glcp-(1→4)-a-L-Rhap-(1→]n

b-D-Glcp-(1→6)-a-D-Glcp

6
↑
1
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polysaccharides formed brittle gels unaffected in shape by the presence of excess solvent. In the case of gellan, the

nature of the gel has been shown to be highly dependent on the extent of acylation present on the polymer. Alterations

in acylation produced a range of weak or strong gels, the latter favored by removal of acyl groups.

A feature of xanthan which has been used commercially is its ability to form gels with various plant glucomannans

and galactomannans, the so-called synergistic gels. These are formed when the mixed polysaccharides are heated

above their transition temperatures, then allowed to cool. Neither the bacterial nor the plant polysaccharide can form

stable gels on their own.

The role of acyl and other groups in this type of complex formation has now been widely studied. Acetyl groups

greatly affect the interactions between the different polysaccharides, as was demonstrated for mixtures of xanthans

and plant polysaccharides.63 Acetyl groups in several of these systems weakened the gel network and reduced

gelation, while the removal of the acetyl groups reversed the effect. Although native acetan fails to form gels with

either locust bean gum (LBG) or konjac mannan (glucomannan), both these plant polysaccharides will form synergis-

tic gels with deacetylated acetan, thus providing another example of the effect of acetyl groups.64 X-ray fiber

diffraction patterns of mixtures of deacetylated acetan and glucomannans indicated that the side chains were
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sufficiently flexible to permit association of the chains with the same or opposite polarity yielding a weak gel.65

Xanthan in aqueous solution normally undergoes thermoreversible helix–coil transition. A similar transition was also

found for solutions of acetan despite the longer side chains and lack of pyruvylation in this exopolysaccharide.66 For

both polysaccharides, the ionic strength played an important role in determining the transition temperature for the

ordered form. Acetylation did not inhibit the formation of the helices. It was also clear that the pattern of acylation on

the xanthan macromolecules only had a relatively slight influence on its inherent stiffness.67 It is possible that

synergistic gelation may also be found between different bacterial exopolysaccharides as well as between these

polymers and plant or animal polysaccharides.

Most xanthan preparations formed strong thermoreversible gel networks with LBG but interact more weakly with

guar gum. The strength of the gels depended on the polysaccharide concentrations and on the degree of acylation of

the xanthan.68 Ross-Murphy et al.63 used a series of different xanthan preparations to demonstrate that the acyl groups

of xanthan played a significant role in the interactions with guar gum, LBG, and konjac mannan. Removal of the acetyl

groups from xanthan enhanced gelation. Most of the xanthan preparations tested formed relatively strong gel networks

with LBG. An exception was xanthan with high acetate and low pyruvate content. When mixed with konjac mannan,

the xanthans showed similar behavior to the interaction with LBG but higher polysaccharide concentrations were

needed. The acetylated, nonpyruvylated xanthan failed to gel, whereas the deacetylated material formed a strong gel.

This again demonstrated the inhibitory effect of the O-acetyl groups. Initially, mixtures of xanthan and LBG showed

areas enriched in xanthan. After heating above the transition temperature, these disappeared, probably due to more

uniform distribution of the two component polysaccharides and disappearance of the liquid crystal mesophases.69

Variations in the ratio of mannose to galactose in LBG also affected the properties of the mixed gels. A difference in

gelation temperature of almost 13�C was observed by Lundin and Hermansson70 when comparing mixtures of

xanthan and LBG with high and low mannose:galactose ratios. It has been suggested that within mixed gels there

is coexistence of both LBG–LBG and LBG–xanthan junction zones.71 Interaction of plant glycommannans with

partially degraded xanthan in which the side chains had been removed by mild acid hydrolysis has also been

examined. Removal of the terminal b-D-mannosyl residue did not affect the transition temperature; the modified

exopolysaccharide showed order–disorder properties very similar to the native polymer and also adopted a double-

stranded state. It has now been found that although native acetan does not form gels with LBG or konjac mannan,

deacetylation of this bacterial polysaccharide promotes synergistic interactions with both.72 Acetan resembled xanthan

in that it adopted a similar conformation in the solid state and showed the same thermally reversible transition form

order (helical form)-to-disordered coil in solution. The failure of the native, acetylated acetan to form mixed gels was

attributed to the solubility promoted by the presence of the O-acetyl groups and the resultant inhibition of intermo-

lecular association.
2.16.3.3 The Relationship of Chemical and Physical Structures

Now that many exopolysaccharide structures have been fully determined, some attempt to relate chemical structure to

function and their physical attributes can be made. This is seen both in homopolysaccharides with relatively simple

structures and more markedly when greater structural differences in heteropolysaccharides are assessed. The exis-

tence of ‘families’ of polysaccharides with closely related structures also indicates the specific role played by certain

structural components and substituents. In particular, the influence of noncarbohydrate substituents has now been

widely studied for some of the bacterial exopolysaccharide families and assists in interpreting the relationship of

structure to function. The existence within ‘families’ of polysaccharides in which single monosaccharides are altered

within a specific structure, or with varying side chains, also gives an indication of the way in which specific substituents

affect the physical properties of the polymers in aqueous solution and in other physical properties. Comparison of the

properties of bacterial exopolysaccharides with those of similar polymers from eukaryotes may also prove useful.

Curdlan is one of a group of exopolysaccharides which is capable of forming triple helices in which the strands are

very firmly held together by hydrogen bonds. Such tight bonding together of the linear molecules may effectively

exclude water molecules and consequently render the polymer insoluble.73 Heating of curdlan to 120�C or higher

temperatures alters the configuration from a single helix to the triple helical form and yields gels melting between 140

and 160�C. These gels dissolved in M NaOH compared to the 0.1M NaOH required to solubilize the original gels.74

The corresponding a-D-glucan, mutan, may behave similarly as it adopts a highly crystalline structure.75 The

conformation was stabilized by intramolecular hydrogen bonding yielding a sheet-like structure, within which there

was alternating polarity of the chain directions.

At the molecular level, the physical properties of the polysaccharides are dependent on inter- and intramolecular

interactions and may be very greatly influenced by the presence or absence of free anionic groups derived from uronic
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acids, phosphate groups, pyruvate ketals, or succinyl half esters. Exposed hydroxyl groups can also cause significant

hydrogen bonding. Localized hydrophobic regions may also exert considerable influence; these may be derived from

either O-acetyl groups, methyl groups, or 6-deoxyhexoses such as L-rhamnose or L-fucose.

The availability of improved imaging techniques, such as atomic force microscopy, has shown that a number of

exopolysaccharides, again including gellan, can form a dense network of thin fibers.76 This has also been observed in

some electron micrographs of individual, capsulated bacterial cells. X-ray fiber diffraction analysis has revealed the

three-dimensional structures of a number of exopolysaccharides. Chemical deacetylation of the polymer was some-

times necessary to obtain oriented crystalline films. Beijeran, a polymer with a trisaccharide repeat unit synthesized by

a nitrogen-fixing soil organism, adopted an extended twofold helical structure.78 The two chains were tightly packed

in an antiparallel manner by hydrogen bonding and water molecules to form thick sheets. These sheets then

associated in a network with water molecules and sodium ions.

The structure of beijeran, the exopolysaccharide from Azotobacter beijerinkia YNM1, is shown below:

[→3)-a-D-GalpA-(1→3)-b-L-Rhap-(1→3)-a-D-Glcp-(1→]n

Ac

6
↑

From the studies of Chandrasekaran et al.79,80 gellan was shown to adopt a double-helical conformation. Each chain

was translated half a pitch (p¼5–64nm) relative to the other with interchain hydrogen bonds stabilizing the structure

adopted by the polymer. Examination of other members of the gellan family of exopolysaccharides (Table 4)

indicated that they too adopted a similar double-helical conformation.81

This demonstrates that the range of side chains present in these polysaccharides do not affect the ordered

conformation. Welan, another polysaccharide structurally related to gellan, formed half-staggered, parallel double-

helical chains similar to gellan. In the calcium salt of this polymer, the side chains folded back onto the main chain and

hydrogen bonds were formed with the carboxyl groups. This enhanced the stability of the double helix. Clearly, a wide

range of possible conformations, flexibility, and configurations can be expected among the different polysaccharides,

but all do not adopt an ordered conformation. This was revealed for two Klebsiella pneumoniae exopolysaccharides. The

product from strain K40 was relatively flexible in solution and adopted a random coil conformation, while that from

strain SK1 showed a similar lack of order.82,83

Several exopolysaccharides form effective emulsifying agents. Two groups of biosurfactants are represented by

‘emulsan’ and ‘alasan’ from Acinetobacter lwofii (formerly designated calcoaceticus) and other related bacteria, respec-

tively. Some cyanobacteria, exemplified by Phormidium sp., also yield polymers with emulsifying activity. Some of

these macromolecules are similar in their structures to lipopolysaccharides and are amphipathic molecules capable of

stabilizing oil-in-water emulsions.84
2.16.4 Physiological Aspects of Exopolysaccharides Production

Most of the bacteria from which exopolysaccharides have been isolated are either aerobes or facultative anaerobes.

There has been little intensive investigation of such products from strict anaerobes. Studies on a number of bacterial

isolates from deep marine environments have been shown to produce exopolysaccharides in good yields,85 but the

effects of hypobaric conditions on growth and polymer production by these bacteria have apparently not been

investigated. The formation and excretion of exopolysaccharides is a process requiring considerable amounts of

energy. Consequently, it is favored by growth under conditions of high aeration and plentiful, readily utilizable

energy sources such as glucose or sucrose. Most exopolysaccharide-producing bacteria can synthesize polysac-

charides using a wide range of carbon substrates with the final composition being independent of the substrate

used; exceptions are the dextran- and levan-forming bacteria which require the specific substrate sucrose for polymer

production.

In early studies on production by bacteria from the facultatively anaerobic family Enterobacteriaceae, media

containing high ratios of C:N sources or of carbon sources such as glucose to limiting nutrients including phosphorus,

magnesium, or potassium yielded large amounts of polymer under highly aerobic conditions. These growth conditions

also favor the diversion of substrate into the synthesis of intracellular storage materials such as glycogen and poly-b-
hydroxyalkanoic acids but at least in the enteric bacterium K. aerogenes, conversion of substrate to exopolysaccharides

appeared to be favored rather than glycogen synthesis.86 Many nitrogen-fixing bacteria from different taxonomic
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groups are capable of forming considerable amounts of exopolysaccharides and in these species grown with high

carbohydrate substrate concentrations, the effective limitation of available nitrogen again favors polysaccharides

synthesis. Incubation of bacteria at suboptimal temperatures, leading to slower growth rates or subjection to alterna-

tive stresses such as increased osmotic pressure, may also enhance exopolysaccharide production. These factors may

also increase the availability of the specific sugar nucleotide precursors required for polysaccharide synthesis in

preference to their diversion to formation of structural polymers.

Some bacteria only produce exopolysaccharides either late in the exponential phase of growth or after cell growth

and division has effectively ceased. This may be due to utilization of shared precursors for cell growth in preference to

exopolysaccharide synthesis. In other species, production may occur throughout the growth cycle. As an example of

this, xanthan is produced throughout growth of X. campestris as well as in the stationary phase. The specific rate of

xanthan synthesis by X. campestris is closely related to the growth rate in batch culture; it is maximal during

exponential growth and minimal during the stationary phase. Although in this respect xanthan production resembles

the synthesis of several other bacterial exopolysaccharides, in some other bacteria polysaccharide synthesis is entirely

growth related. In further groups of bacteria, production may only occur extensively after cessation of cell growth and

division. The yield of an exopolysaccharide may be affected by production of other macromolecules by the bacteria.

Thus, many form intracellular storage polymers such as glycogen or poly-b-hydroxyalkanoic acids and these utilize

substrate that might otherwise be converted to exopolysaccharides. Nevertheless, Linton87 suggested that exopoly-

saccharide production by bacteria was a very efficient process. Xanthomonas campestris is unusual in that a very high

proportion of the carbohydrate substrate supplied during growth of the bacteria is converted to the exopolysaccharides

xanthan and there is negligible formation of intracellular storage materials. Typically, media for laboratory synthesis of

xanthan contain 0.1–0.2% ammonium salt and 2–3% glucose or sucrose. The quality and the final yield of xanthan

may be enhanced by the addition of small amounts of organic acids or of citric acid cycle intermediates such as

a-ketoglutaric acid. Their presence may lead to an improved metabolic balance between carbon flow from carbohy-

drate substrate through the hexose monophosphate and Entner–Doudoroff pathways and the oxidation of the

substrate through the tricarboxylic acid cycle. The energy needed for xanthan synthesis is obtained from the oxidation

of the carbon substrate, either through complete oxidation to carbon dioxide or through partial oxidation to products

such as acetate or pyruvate which are components of normal xanthan. According to Jarman and Pace,88 the proportion of

the energy derived from partial oxidation of the carbon substrate depends both on the composition of the xanthan and

on the ATP/O quotient. As X. campestris is a strict aerobe, oxygen is required both for growth and for xanthan

production. This efficient production of a marketable product from simple substrates such as glucose or sucrose has

contributed to its commercial success. In the laboratory, pure substrates such as glucose or sucrose are used whereas for

commercial production of xanthan or other polysaccharides different substrates are employed. These are plentiful and

cheap carbon sources which include starch, starch hydrolysates, corn syrup, molasses, glucose, and sucrose (derived

from either sugarbeet or from sugarcane). If less pure products are acceptable, cruder, cheaper substrates can be

employed. Some may be waste products from other industries. These include whey, cereal grain hydrolysates, and dry

milled corn starch. As the optimal synthesis of xanthan requires a balance between the utilizable carbon and nitrogen

sources, care must be taken to obtain consistency in yield and product quality when using cruder substrates which may

contain nitrogen in addition to carbohydrate. The nutritional versatility of X. campestris is clearly a major factor in favor

of its use for commercial xanthan production. However, the quality of the polymer produced from different substrates

may vary considerably – the molecular weight and hence the rheological characteristics of xanthan synthesized from

glucose or starch may differ from that formed when whey or other proteinaceous material is employed. The nitrogen

sources that have been used for industrial production of xanthan include distillers’ solubles, yeast hydrolysate, soybean

meal, cottonseed flour, and casein hydrolysate. Industrial production uses batch culture with careful control of pH and

of the aeration rate; because of the viscosity of the culture fluids, adequate oxygen transfer rates may be difficult to

achieve unless the fermentation vessel has been carefully designed to ensure that mixing is optimal. The conditions

utilized for polymer production and processing are carefully standardized to ensure that product yield and quality are

consistent.89,90

In the LAB there is a markedly different situation. Yields of exopolysaccharides are much lower than in many

aerobic bacteria, reaching 1.5 g l�1 as a maximum. In some strains polysaccharide production is entirely growth

associated, while in others greatest yields are found under conditions which are not optimal for bacterial growth.91

The reason for this is the conversion of a large proportion of their carbon substrates to lactic acid.3 Only a small amount

is therefore available for conversion to exopolysaccharide. The LAB are normally in environments in which lactose is

the major carbon and energy source but they are able to use other sugars.92 LAB also have more complex growth

requirements than do the Gram-negative exopolysaccharide-producing bacteria, and polysaccharide production in
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synthetic media is much less easily achieved than in enteric bacteria or X. campestris. Production of exopolysaccharides

in some bacteria, including LAB, is unstable and may be readily lost.
2.16.5 Biosynthesis

2.16.5.1 General Concepts of Biosynthesis

Biosynthesis of bacterial exopolysaccharides is a complex process, requiring considerable amounts of energy, available

substrates, and a large number of enzymes with very different functions. Some of the gene products are needed to

ensure substrate acquisition and entry of that substrate into the bacterial cell and finally to the cytoplasm. These

proteins are essential for cell growth and division. They are not specific to polysaccharide synthesis as their substrates

are needed for many other aspects of cell metabolism. They may also provide energy to the substrate through

phosphorylation during entry to the cytoplasm, the first step in the formation of the activated sugar nucleotides.

Other enzymes yield precursors common to both cell wall and exopolysaccharide synthesis and thus are essential for

maintaining cell viability. Finally, another group of enzymes is specifically involved in exopolysaccharide biosynthesis

and excretion from the cell, and its loss is not critical for cell viability under laboratory conditions. Three mechanisms

for exopolysaccharides’ biosynthesis have been demonstrated. Most bacterial exopolysaccharides are excreted from

the cell surface following intracellular assembly of the sugars and other components such as acyl groups, on a

specialized lipid precursor. This precursor is also involved in the biosynthesis of the polysaccharides which form

integral components of the prokaryotic wall structure. The second mechanism is that for synthesis of bacterial

alginates. Although it also involves a similar intracellular process, the excreted product is subjected to extracellular

postpolymerization modification. The third mechanism is entirely extracellular but unlike the other two, requires the

presence of a specific substrate and does not utilize any intracellular enzymes or activated, energy-rich precursor

products. This yields dextrans which are produced by an extracellular process involving lipoprotein enzymes secreted

at the cell surface of Gram-positive bacteria such as Le. mesenteroides. Sucrose is required as a specific substrate together

with an acceptor in the form of low molecular weight dextrans. The enzyme dextransucrase, synthesized in sucrose-

containing media, cleaves the substrate molecule and catalyzes transfer of the glucosyl moiety to the acceptor.

Fructose is simultaneously released from the substrate and assimilated and metabolized intracellularly by the bacteria.
2.16.5.2 Dextran and Levan Synthesis

Dextransucrases are extracellular proteins which have a dual function as they both form the initial polymer and

introduce the various types of branch point – no other enzymes are involved. This group of glucansucrases are large

molecules of average mass 160000Da.93 The energy needed for the biosynthesis is provided by the hydrolysis of the

sucrose molecule. Levans (fructans) are formed by a similar process in which the fructose residues are polymerized and

the glucose assimilated. The enzyme catalyzing their formation is levansucrase. Some bacteria are capable of both levan

and dextran synthesis and in the absence of sucrose may also produce other polysaccharides. The major difference

from synthesis of bacterial heteropolysaccharides (and other homopolysaccharides) is the lack of involvement of sugar

nucleotides and the extracellular nature of the biosynthetic process.

Glucansucrases can synthesize exopolysaccharides (glucans) with different linkage types which also differ in their

degree of branching and their mass. Most of the dextransucrases are produced by LAB and related bacterial species

and some strains may produce more than one glucansucrase. The enzymes may be produced either constitutively or

may be induced in the presence of sucrose. Synthesis of the polysaccharide involves the transfer of the glucose to form

a glucosyl enzyme intermediate from which the monosaccharide can be transferred to a series of acceptors. This can

elongate the dextran chain by one glucose residue or it may be transferred to an alternative acceptor to form an

oligosaccharide.94 The exact mechanism involving the enzyme complex in growth of the polysaccharide chain remains

unclear. There may be elongation at either the nonreducing or the reducing terminal.95 Effectively, the glucansucrase

group of enzymes in cleaving the sucrose molecule and forming the poly-D-glucan product therefore have three major

functions – transglycosylation of glucose units, hydrolysis, and acceptor function.93 Depending on the type of polymer

formed they can be regarded as dextransucrases, mutansucrases, alternansucrase, or, if the polysaccharide is mainly

composed of a1!4 glucosidic linkages, reuteransucrases.96

Levans are formed in a very similar manner. Levansucrase catalyzes the transfer of D-fructosyl residues from sucrose

to form the characteristic b2!6-bonds of the polysaccharide.94 Although levansucrases are found in both Gram-

positive Bacillus subtilis and in oral Streptococcus species, differences are found in respect of the two types of enzyme.

The group recognized as levansucrases is widely distributed but the one termed inulosucrase is only found in LAB.93

Leuconostoc mesenteroides strains may possess both levansucrase and dextransucrase.
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2.16.5.3 Heteropolysaccharide Synthesis

The synthesis of the great majority of bacterial homopolysaccharides and of all heteropolysaccharides is a complex

intracellular process in which sugar nucleotides (normally nucleoside diphosphate sugars) provide activated forms of

the monosaccharides. It also enables the bacterial cell to channel substrate either toward an intracellular storage

product glycogen which is synthesized from ADP-glucose, or to other carbohydrate-containing polymers formed from

UDP-glucose. The sugar nucleotides provide monosaccharides or, in the polysaccharides containing phosphorylated

sugars, sugar phosphates for the repeat unit structures. They also provide the bacterial cells with a means of

interconversion or synthesis of various monosaccharides, as the bacterium is often unable to utilize sugars found in

the exopolysaccharides as carbon or energy sources. Through epimerization, dehydrogenation, and decarboxylation

reactions, respectively, at the sugar nucleotide level, sugars such as D-glucose or D-mannose can be converted to

galactose, uronic acids, or pentoses. D-Mannose can also be converted to L-fucose. Acyl adornments such as acetyl and

ketal groups also require activated precursors in the form of acetyl-CoA and phosphoenolpyruvate, respectively.

The biosynthetic process comprises five distinct steps: (1) activation of sugars through the formation of specific

sugar nucleotides; (2) assembly of the repeat units on an isoprenoid lipid-phosphate (bactoprenol, C55-isoprenoid

lipid) through the sequential addition of the monomers to this carrier or scaffold; (3) addition of any acyl groups to the

oligosaccharide attached to its lipid carrier;97 (4) polymerization of the repeat units; and (5) excretion of the

polysaccharide from the cell membrane into the extracellular environment.89 The isoprenoid lipid acceptor molecule

is located in the cytoplasm membrane of prokaryotes. Thus, the repeating units of heteropolysaccharides are

synthesized as lipid-soluble components to which any acyl groups are also attached. The repeating units are then

polymerized and the polysaccharides are excreted into the extracellular environment where they may be found either

attached to the cell surface or as cell-free colloidal masses, or both. The products are usually of fairly discrete

molecular weight. Although the method by which this is controlled is unknown, genes controlling chain length

have been identified in many exopolysaccharide-synthesizing bacteria. Mutants yielding polysaccharide of increased

viscosity and thus assumedly greater mass have been obtained in some bacterial genera.98 Various possible polymeri-

zation and secretion mechanisms have been proposed. One involves the isoprenoid-linked intermediates being

flipped across the cytoplasmic (inner) membrane by a mechanism using the wzx gene product. Polymerization then

requires the action of the wzy gene product. In a second mechanism, the nascent polymer is exported across the

cytoplasmic membrane by an ATP-binding cassette (ABC)-transporter. The second mechanism appears to be that

involved in some E. coli exopolysaccharides but colanic acid synthesis involves a wzx/wzy-dependent pathway. Genes

responsible for exopolysaccharide export have been widely found (Figure 1).99 What is still uncertain is whether other

genes are responsible for binding mechanisms in those bacteria where the exopolysaccharide is mainly found as

capsular material firmly attached to the cell surface. While the sequential addition of monosaccharides is a highly

specific process requiring the correct sugar nucleotide and the appropriate transferase enzyme, the actual polymeriza-

tion process is much less specific. This was clearly demonstrated in studies on xanthan biosynthesis. It proved possible

to synthesize a series of polymers which were reduced in the length of the side chains, lacking the terminal sugar or

sugars and the acyl adornments which they would normally carry.100 A similar series of truncated polysaccharides has

been prepared from acetan-synthesizing Acetobacter xylimun strains.101 In other work using enteric bacteria, it also

proved possible to alter the polymers formed at the level of polymerization.

A modification to this type of biosynthetic mechanism is found in the production of bacterial alginates. The primary

product is thought to be an acetylated homopolymer, poly-D-mannuronic acid. This is modified in an extracellular

postpolymerization reaction by the enzymes classed as ‘polymannuronic acid epimerases’, which converts some of the

nonacetylated D-mannuronosyl residues to L-guluronic acid. Acetylation prevents this conversion and thus the extent

of the initial acetylation will determine the amount of epimerization that is possible. Acetylation may also protect

adjacent mannuronosyl residues from epimerization. The resultant exopolysaccharides may either contain single

residues of guluronic acid or sequences of varying length alternating with sequences of mannuronosyl residues.

In bacterial alginate from Pseudomonas spp., only single isolated residues of L-guluronic acid have been detected.

In contrast, Az. vinelandii possesses a family of seven Ca2þ-dependent polymer-level epimerases,102 and these yield an

alginate in which both single guluronosyl residues and blocks of contiguous residues are detectable.
2.16.6 Genetics and Regulation of Exopolysaccharides

2.16.6.1 General Aspects of Genes Involved in Polysaccharide Synthesis

Various bacteria have beenused to reveal detailed knowledge of the genetics of exopolysaccharide synthesis. Initial studies

used enteric bacteria, but much interest has centered on xanthan as an industrial product fromX. campestris, while interest

in bacterial plant and animal pathogens has prompted study of a wide range of bacteria from these groups. Rhizobium
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Figure 1 Possible mechanism for exopolysaccharide export in E. coli. (1) Glycosyltransferase reactions yield lipid-linked

repeat units of the exopolysaccharide at the cytoplasmic face of the inner membrane. (2) These lipid-linked repeat units are

flipped across the inner membrane by a process which involvesWzx. (3) The repeat units are then polymerized by a reaction

involving Wzy. (4) Wzc is essential for high-level polymerization. (5) Wzc functions in autophosphorylation and subsequent
transphosphorylation between proteins in an oligomeric form. (6) Dephosphorylation by the Wzb phosphatase is essential

for exopolysaccharide synthesis. (7) Export of the polymer requires the outer-membrane complex whichmay play the role of

an export channel. (8) The nascent polysaccharide is assembled on the cell surface and Wzi is required if the exopolysac-
charide is attached as a capsule. Adapted from Whitfield, C.; Poiment, A. Carbohydr. Res. 2003, 338, 2491–2502.
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species as well as producing some polysaccharides of potential industrial interest have received attention because of their

symbiotic relationship with leguminous plants. Alginate production by Ps. aeruginosa has been studied because of

the correlation between polysaccharide secretion and the infection of cystic fibrosis patients. The information from

these diverse polysaccharides enables us to note some common aspects in the genetic control and regulation of

exopolysaccharide synthesis. While most early work on the genetics of exopolysaccharide synthesis used Gram-negative

systems, recent interest in LAB has yielded much relevant information and shown many common features. Genes

controlling the enzymes in the early stages of polysaccharide biosynthesis and those common to other aspects of bacterial

metabolism are widely separated on the chromosome or are found in small groups with related activities. The availability

of precursors synthesized by these genes may control the amount of exopolysaccharide formed and excreted by the

bacteria. The discovery of a cassette or cluster of biosynthesis genes unique for each polysaccharide, first conceived

in E. coli, is now known to be at least partly applicable to many exopolysaccharide-synthesizing bacteria including

Gram-positive species from the LAB group. Other components which are responsible for assembly and excretion are

conservedwithin closely related bacterial species and permit geneticmanipulation of the polymer formed.The cassette of

genes appears to be very similar in size in many bacteria, even though in some of these the exopolysaccharide is much

simpler than in others.
2.16.6.2 The Genetics of Repeat Unit Synthesis and Excretion

The cassette or cluster of genes required for exopolysaccharide repeat unit and polymer formation regulates a number

of functions. These are the synthesis of the repeat units, the assembly of these to form the polymer, and finally the

transfer of that polysaccharide from the cytoplasmic membrane to the extracellular surface. In E. coli strains, similar

organization of the gene clusters controlling K antigen (exopolysaccharide) synthesis was observed in several species.
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A region of approximately 17kb of DNA formed three functional segments. A region extending to about 9kb appeared

to code for genes functioning in the translocation of the completed polysaccharide to the bacterial surface. Transposon

insertions in this region yielded cells in which the polysaccharide appeared in the periplasmic space rather than

extracellularly. A second region of 5kb provided genes responsible for the enzymes involved in biosynthesis of the

specific sugar nucleotide precursors of the polymer, as well as specific transferases and a polymerase. Mutants in this

region failed to produce any exopolysaccharide. The functions of the third region were less clearly defined. They

appeared to be involved in modification of the exopolysaccharide after it had reached the cell surface. This might

include attachment of the polymer to the cell surface through a terminal linkage including the sugar ketodeoxyoctonic

acid. Transposon mutagenesis in this region caused intracellular accumulation of the polysaccharide. Analysis of the

genes from various E. coli strains revealed sequence homology; analysis of the proteins encoded by the homologous

DNA sequence revealed sets of similar polypeptides.103 The linkage of gene clusters for different exopolysaccharides

to other markers on the bacterial chromosome in a bacterium such as E. coli was also found to be independent

of the polysaccharide composition and structure.104 On the other hand, the central cassette of genes responsible

for biosynthesis was unique to each bacterium and varied in sequence and size depending on the size of the repeat unit

and the quantity of genetic information required. In other polysaccharide-synthesizing bacteria, the genetic organiza-

tion may be different, although some homology has been demonstrated between E. coli and a related member of the

family Enterobacteriaceae, K. aerogenes. Common features were also involved in the translocation of some of the E. coli

polysaccharides and colanic acid to the bacterial surface. Genetic analysis has also made clear that while some

E. coli strains can synthesize both colanic acid and another exopolysaccharide in the form of a capsule, in other strains

of this bacterium the two types of polymer are mutually exclusive.99 There is also much in common between some of

the systems found for exopolysaccharide synthesis and excretion in E. coli strains, xanthan biosynthesis in

X. campestris, and the production of polymers by Gram-positive bacteria such as Streptococcus species.105 Whitfield105

points out that in E. coli exopolysaccharide assembly apparently utilizes a multiprotein complex which spans the cell

envelope and that this may facilitate, spatially and temporally, the coupling of the three aspects of polysaccharide

biosyntheis, export, and translocation. This mechanism operates for polysaccharides differing structurally.

As Agrobacterium tumefaciens and Si. meliloti are both capable of synthesizing succinoglycan, some common features

might be expected in the genetic control of this group of exopolysaccharides. In Si. meliloti, three loci involved in

polysaccharide production (exoA, exoB, and exoF) are carried on a plasmid, whereas in Ag. tumefaciens all the loci

identified as having roles in exopolysaccharide synthesis appear to be chromosomal. Curing (i.e., removal) of the Ti

plasmid carried in Ag. tumefaciens leaves the cells exoþ. ExoC mutants from each bacterial species were similar, each

being pleiotropic, slow growing, and partially defective in exopolysaccharide synthesis; the locus may code for a cell

surface structure affecting many surface-associated phenotypes. Despite the difference in the genotypic distribution

of the loci concerned with exopolysaccharide synthesis in the two genera, analogous complementation groups are

found in any non-exopolysaccharide-forming mutants.106
2.16.6.3 Genetics of Xanthan Synthesis by X. campestris

The xanthan system has revealed much of interest as well as providing mechanisms for the production of increased

rates and yields of polysaccharide. It has also proved possible to obtain xanthan altered in its acetylation, pyruvylation,

and side-chain oligosaccharides. In X. campestris, mutations have been found in a 13kb DNA sequence which appears

to control polysaccharide biosynthesis. Among the genes linked to this cluster are one involved in pyruvylation

and two in O-acetylation of xanthan. Plasmids containing this gene could be used to enhance the pyruvylation of

xanthan by 45%, while other genes could increase polysaccharide synthesis by about 10%. Vanderslice et al.100 have

demonstrated a cluster of 12 genes involved in xanthan production in a 16kb region of DNA. The function of most of

the gene products has been identified and the BamHI restriction map indicates the order and approximate size of the

fragments produced by the restriction enzyme. All seven transferase activities needed for the production of a fully

acylated repeat unit were identified, as was a polymerase and three enzymes possibly involved in later stages of the

synthetic process. Contrary to what might have been expected, the strains defective in adding either the side-chain

terminal b-D-mannosyl residue or the terminal disaccharide (b-D-mannosyl-b-D-glucuronic acid) yielded polymeric

products designated ‘polytetramer’ and ‘polytrimer’, respectively. This indicated that the later stages of polymeriza-

tion were of relatively low specificity. Mutants producing nonacylated and nonketalated xanthan were also obtained.

Through the use of recombinant DNA technology, strains with multiple defects were also constructed. These formed

nonacetylated trimer or nonacetylated tetramer. The yield of polytetramer was 50% of that from wild-type bacteria,

while that of polytrimer was only 1–3%. As well as the cluster of genes related to the synthesis of the repeat unit of
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xanthan, unlinked genes were found, concerned with the synthesis of the sugar nucleotides needed for xanthan

production. One gene of the main cluster (gumJ) provided a lethal mutant; it was inferred that this mutant was unable

to export the polysaccharide and that its accumulation inside the cell proved to be lethal.
2.16.6.4 Genetics of Polysaccharide Synthesis in LAB

Studies on genetic control of exopolysaccharide production in LAB have shown that the genes encoding synthesis of

the polymers may be located either on plasmids as in Lactobacillus lactis and Lactobacillus casei, or on the chromosome as

in thermophilic LAB species.3,107 As with the earlier studies on genes of Gram-negative bacteria, the loci controlling

exopolysaccharide synthesis proved to be sequences of genes with considerable homology to genes with similar

function inEs. coli. All the information essential for exopolysaccharide synthesis in Lactobacillus lactis strain NIZO B40

was coded in a 12kb gene cluster on a 40kb plasmid.108 Close similarity has also been found between the gene clusters

of other LAB with the functional sequences of the clusters controlling regulation and chain-length determination in

addition to biosynthesis of the repeating units and their polymerization and export.109 Thus, as pointed out by Laws

et al.,3 both plasmid-controlled and chromosomal gene sequences in LAB contained similar contiguous groups. In

Lactobacillus lactis, these were responsible for regulation, polymerization/export and chain-length determination, glyco-

syltransferases, and polymerization/export. The corresponding sequence in Streptococcus thermophilus was regulation,

chain-length determination, biosynthesis of the repeating unit (glycosyltransferases), and polymerization/export.107

De Vuyst et al.92 have pointed out that the four functional regions of the polysaccharide synthetic cluster in LAB are

highly conserved in their general organization, direction of transcription, and gene function. The central region

contains the genes for glycosyltransferases and is flanked by two regions, each involved in chain-length determination

and export. Finally, a regulatory region is present at one end of the gene cluster.
2.16.6.5 Genetic Engineering of Bacterial Exopolysaccharides

From all these studies, it is clear that the genes specifically involved in exopolysaccharide synthesis are normally found

as discrete regions on the bacterial chromosome or on plasmids. These regions each control certain stages of polymer

synthesis and are separate from genes involved in mechanisms common to other carbohydrate-containing bacterial

macromolecules. A surprising observation has been the lack of specificity at the level of polymerization as opposed to

the highly specific addition of each individual monosaccharide to form the repeat unit structure. This latter part of the

biosynthetic process requires both enzyme and substrate specificity. Another feature has been the discovery of cryptic

genes for exopolysaccharide synthesis. This was exemplified by the discovery of the potential for cellulose synthesis

among species of Enterobacteriaceae.110 In other species which have been studied, loss of one polysaccharide leads to

the formation of another using some or all of the same sugar nucleotide precursors. Sinorhizobium meliloti strains no

longer able to form succinoglycan may produce a galactoglucan.111

The results from xanthan clearly show that it is possible to modify polysaccharide structure and hence the physical

properties of at least some polysaccharides through mutation. The earlier work on enteric and other species indicated

the possibility of increasing mass and viscosity. The lack of specificity of the polymerase enzymes also presents the

possibility of introducing new monosaccharides into the repeat unit or changing the oligosaccharide. It should,

however, be pointed out that in the studies on xanthan and acetan, although the respective polysaccharide poly-

merases synthesized incomplete repeat units, no new sugars were introduced.112,113 The products from genetically

engineered strains may also be low in yield and lack the properties anticipated. Attempts have also been made to alter

bioemulsifying polysaccharides.
2.16.7 Natural Functions of Bacterial Exopolysaccharides

Why do bacteria produce exopolysaccharides, sometimes in very large amounts? In the case of human and animal

pathogens, they form part of the repertory of pathogenic mechanisms by which they achieve infection of the host. This

may involve masking the bacterial cell surface from the defense mechanisms of the host. They certainly protect some

bacteria which are pathogenic for humans and animals, against phagocytosis. In one of the earliest studies on the

pathogenicity of Streptococcus spp. in experimental animals, the noncapsulate strains were nonpathogenic and only

regained pathogenicity when they received genetic material responsible for capsule synthesis. The exopolysaccharides

are often poorly antigenic, or, as is the casewith hyaluronic acid in some Streptococcus spp. and other bacteria, the polymer

mimics a natural component of the host cell and thus appears to be ‘self’ as opposed to a foreign antigen. This can also

be seen in several dangerous bacterial pathogens such as E. coli K1 and Neisseria meningitides which are responsible for

many cases of meningitis. These bacteria produce capsular exopolysaccharides composed of sialic acid, varying in the
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linkages and in the presence or absence of O-acetylation and of other sugars. More than 20 pathogenic bacterial species

possess the ability to add sialyl groups to their surface polysaccharides,114 and a sialic acid O-acetyltransferase has been

demonstrated to be a conserved gene within the gene clusters responsible for sialic acid biosynthesis in 18 bacterial

species.115 Very many plant pathogenic bacteria are capable of forming large amounts of exopolysaccharides and in situ

preventing the normal flow of water within the plant structure, causing wilting and eventually in combination with

other factors such as secretion of enzymes and toxins, resulting in death of the plant host.

Leguminous plants are widely distributed throughout the world in a range of climatic habitats. Many species are of

considerable, economic significance and also play a significant ecological role because of their nitrogen-fixing

symbiosis with Sinorhizobium or Bradyrhizobium spp. Leguminous trees, shrubs, and fodder plants are widely found

in temperate, tropical, and subtropical regions where many are used for human or animal nutrition. The symbiotic

nitrogen-fixing bacteria of the Rhizobial group generally produce large amounts of exopolysaccharides although the

polysaccharides found in the bacterial species can vary very widely in their composition and structure. The role of

exopolysaccharide in the interactions involved in plant–bacterium symbiosis has been widely discussed and shown to

be crucial for the invasion of plant root nodules.116 Some exopolysaccharides may even be able to replace others of

different structure in this function.111 The polysaccharides from species of the genus Rhizobium and closely related

strains, although similar in their function of establishing plant–bacterium symbiosis, possess different chemical

structures and physical properties: they comprise a gel-forming, neutral capsular polymer and a range of other

polyanionic structures. As well as the specific interactions of the type described above, a levan from Bacillus polymyxa

has been shown to be essential for soil aggregation in the plant rhizosphere.117 In soil and other environments in which

there are either diurnal or other changes in water availability, the polysaccharides may both assist the bacterial cell in

retaining water and form a hygroscopic layer surrounding the cells.

Biofilms probably comprise the normal environment for the majority of bacterial cells in many natural and artificial

habitats. These biofilms are complex associations of cells, extracellular products, and detritus either trapped within

the biofilm or released from cells which have lysed as the biofilm ages. The main ‘cement’ for all these products,

maintaining a constantly changing structure, is the mixture of polysaccharides which are secreted by the cells

established within the biofilm. In natural conditions, monospecies biofilms are relatively rare; thus, most biofilms

are composed of mixtures of microorganisms. This adds to the interspecies and intraspecies interactions and the

general complexity of the macromolecular mixture present. In the biofilms, the bacteria are found as aggregates of

microbial cells of differing species and their extracellular products, attached to surfaces.118,119 In some examples,

adhesion can be very firm and the amount of material accumulated may be large. In other locations, attachment may

be more ephemeral and less significant. The exopolysaccharides assist in the protection of bacterial cells within the

biofilm from desiccation and from injurious biological and chemical agents. The chemical composition and the tertiary

structures of the exopolysaccharides will determine whether they form effective adhesives and they will also affect the

hydrophilic or hydrophobic nature of the surface. They may also bind essential nutrients including cations and create a

local, nutritionally rich environment in which growth of specific types of bacteria is favored. The correlation between

exopolysaccharide synthesis and biofilm formation is not absolute. Porphyromonas gingivalis is an anaerobic bacterium

associated with severe dental disease. Loss of capsule synthesis from this bacterium caused enhanced biofilm

formation.120 As exopolysaccharides are mainly highly hydrated and in some examples may absorb many times their

own weight of water, they may function in protecting free-living bacteria against desiccation in natural environments

in which there is either great variability in the presence or availability of water or water is essentially absent for long

periods. They may also protect against attack by viruses and protozoa although, as is indicated below, bacterial viruses

(bacteriophage) provide a wide range of exopolysaccharide-degrading enzymes. When biofilms or flocs are estab-

lished, the polysaccharide components of microbial origin may exhibit phenotypic differences from free-living

bacteria of the same species, and it is more probable that the bacteria secrete exopolysaccharides identical in

composition (and probably also in physical properties) with those formed by the same bacteria when grown in pure

culture. Another possibility is that the polymers formed may be of identical composition to those formed by the free-

living bacteria but, due to minor structural differences such as the degree of acylation or the molecular mass, differ in

their physical properties. These differences may result in altered viscosity or gel-forming capacity. The polysaccha-

rides may act as receptors for cell-induced adhesins through coating the cells which synthesize them as well as adjacent

microbial cells and inert surfaces, as is probably the case for the oral bacterial flora. The impetus of intercellular signals

generated within a complex biofilm or floc habitat and adaptation to some of the unique physiological conditions

prevailing might stimulate the bacteria to synthesize polymers of novel composition and physical properties totally

dissimilar from those found in the free-living state, or more probably, derepress synthesis of a polymer found only in

highly specialized environmental conditions. In wastewater treatment and purification, the flocs and other polysac-

charides formed by bacteria play a significant role.121 This may involve multivalent cations, but the hydrophobicity of

some of the polymers also plays a major role acting as a focus for the formation and propagation of flocculent particles.
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Surprisingly, a pyruvylated polysaccharide with a tetrasaccharide repeat unit, lacking any unusual monosaccharides,

was found to play an important role in the resistance of Rhodococcus sp. 33 to benzene, a substance which is normally

toxic to bacterial and other cells.122

The structure of the exopolysaccharide from benzene-tolerant Rhodococcus sp. 33 is shown below:

Pyr
4⇓6

[→4)-b-D-Galp-(1→4)-b-D-Glcp-(1→3)-b-D-Manp-(1→4)-b-D-GlcpA-(1→]n

Some bacteria exhibit gliding motility on solid surfaces, and the extracellular polymers appear to form an essential

lubricant for movement across such surfaces. In some types of Gram-negative bacteria exemplified by Azotobacter spp.

and the Myxobacteriaceae, differentiation cycles involve the formation of desiccation-resistant resting cells termed

microcysts. In Azotobacter spp., the microcysts are surrounded by large amounts of bacterial alginate, while the same

polysaccharide forms an essential part of the outer coat of the resting cells. In the second group, the process is more

complicated. They exhibit gliding motility and require the secretion of polysaccharide as an adhesive. Additionally,

fruiting bodies of varying complexity are formed enclosing the microcysts (or myxospores). In this morphogenetic

process, polysaccharide synthesis is essential. The fruiting bodies contain their myxospores surrounded by a matrix of

exopolysaccharides which presumably acts as a protective coating for the cells within. A few bacteria, including

Hyphomonas and other prosthecate species, possess small discrete patches of adhesive polysaccharides which aid

attachment of the stalked cells.123 It is even suggested that the polysaccharide adhesive formed by one of this group of

bacteria, Caulobacter crescentus, is one of the strongest natural adhesives.

In one bacterial species only,Ce. flavigena, exopolysaccharide has been clearly shown to function as a carbon and energy

reserve.124 Bacterial species do not normally degrade their own exopolysaccharides and the polymers do not have a

structural role (even in cellulose-forming species). Bacteria that have lost the ability to form their exopolysaccharides

are not at a disadvantage under laboratory conditions although the situation may be different in natural environments.
2.16.8 Biological Properties of Bacterial Exopolysaccharides

Now that the structures of a large number of bacterial exopolysaccharides have been determined, many clearly show

sufficient sharing of at least part of the structure to provide immunological cross-reactions. This can be significant in

bacterial species that are pathogenic for humans and animals. There may even be cross-reactions with components

of the lipopolysaccharide structures found in the cell walls of Gram-negative bacteria. As mentioned above, pathogen-

ic bacteria often owe some or all of their pathogenicity to the presence of exopolysaccharides at their surface.

Bacterial exopolysaccharides have not been shown to suppress tumor formation or stimulate immune responses in a

manner similar to several fungal b-D-glucans, but a polymer from Ba. polymyxa S4 containing both D-glucuronic and

D-mannuronic acids appeared to reduce cholesterol levels in experimental animals.125 Other bacterial exopolysaccha-

rides which do not in themselves show any biological activities may do so when subjected to chemical modifica-

tion. Sulfation and depolymerization of a heteropolysaccharide from Alteromonas infermus yielded fragments with

anticoagulant activity.126 Similarly, the polymer from E. coli serotype K5, which resembles the structure of desulfa-

toheparin, has been used to prepare analogs of heparin.127 This polymer is one of the several relatively simple

structures showing some similarity to hyaluronic acid or chondroitin, including one recently characterized from

Moraxella bovis, the cause of bovine keratoconjunctivitis.128 The Mo. bovis polymer is composed of a disaccharide

repeat unit analogous to unmodified chondroitin.

The structures of the exopolysaccharides from E. coli strains K4 and K5, Mo. bovis, and of bacterial hyaluronic acid

are shown below.

[→3)-b-D-GalpNAc-(1→4)-b-D-GlcpA-(1→]n

b-D-Fru

E. coli K4:

[→3)-b-D-GalpNAc-(1→4)-b-D-GlcpA-(1→]n

Mo. bovis:

[→4)-a-D-GlcpNAc-(1→4)-b-D-GlcpA-(1→]n

E. coli K5:

[→4)-b-D-GlcpNAc-(1→4)-b-D-GlcpA-(1→]n

Hyaluronic acid from Streptococcus equi and other bacteria:

3
↑
2
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2.16.9 Enzymic Degradation of Bacterial Exopolysaccharides

Two major types of enzyme degrade bacterial exopolysaccharides: polysaccharide hydrolases and polysaccharide

lyases.129,130 Both are found as intracellular products in polysaccharide-synthesizing bacteria and as extracellular

enzymes from heterologous microorganisms. Bacteriophage active against exopolysaccharide-producing bacteria

supply a wide range of both types of enzyme. As with other polysaccharide-degrading enzymes, the action of all

these enzymes may be either endolytic or exolytic leading to a rapid or relatively gradual release of reducing material,

respectively. Although exopolysaccharides may be degraded by a wide range of enzymes from bacteria, fungi,

protozoa, and other sources, commercial enzymes with such activity are rarely available and a specific search for

novel enzymes usually has to be made. It has also proved relatively rare to find a pure bacterial or other microbial

culture which is capable of degrading an exopolysaccharide following normal enrichment procedures. One successful

example of this approach was the isolation of the succinoglycan-degrading bacterial species Cytophaga arvensicola.131

More commonly, enrichment culture has led to the production of a complex mixture of polysaccharide-degrading

microorganisms. Generally speaking, such mixed cultures produce a range of both polysaccharases and glycosidases

with the result that any products are highly degraded. Another problem encountered when using the exopolysaccha-

ride as the carbon source for enrichment and isolation of degradative bacteria is the low activity of some of the

enzymes from these cultures. It may then be difficult to separate and purify any enzyme or enzymes from undegraded

polysaccharide. One of the most prolific sources of exopolysaccharide-degrading enzymes has proved to be virulent

bacteriophage (bacterial viruses) capable of lysing their host bacteria. The phages with such activity vary greatly in

their structures. Some have small icosahedral heads and small, barely visible tails. Others possess long slightly curved

tails resembling the coliphages T1 and T5. Enzyme activity from the bacterial lysates is usually found both associated

with mature phage particles and in soluble form in phage-free filtrates from the lysates. In many of the examples which

have been studied, the phage-associated enzyme has been found to be associated with small spikes attached to the

base-plate of the viral particles. Although many exopolysaccharide-producing bacteria have proved to be hosts for

polysaccharase-inducing bacteriophage, others, including X. campestris, have proved recalcitrant and viruses of this

type have been difficult to isolate. The advantage of phage-induced enzymes is that even when not completely

purified, they are usually free from other glycosidases or polysaccharide-degrading enzymes. While very few commer-

cial enzyme preparations show any activity against bacterial exopolysaccharides, they may possess enzymes that can

degrade the oligosaccharides produced from exopolysaccharides by other degradative enzymes. Polysaccharide

hydrolases or other polysaccharide-degrading enzymes must be sought from more specific sources. The polysacchar-

ides are only rarely degraded by enzymes formed by the same bacteria which synthesize the polymer. The reason for

this is that such degradative enzymes, although found as gene products from an increasing number of bacteria, play a

role in the destruction of unwanted intracellular polymer. The amounts of such enzymes are very small and are not

released into the extracellular environment where they could act on the exopolysaccharide substrates. Microbial

exopolysaccharides may be degraded either by polysaccharide hydrolases or by polysaccharide lyases. The latter

cleave the linkage between a neutral monosaccharide and the C4 of a uronic acid with simultaneous introduction of a

double bond at the C4 and C5 of the uronic acid. Both types of enzymes are commonly found to degrade exopoly-

saccharides as well as eukaryotic polymers.130 It is very rare for a microbial species to use its exopolysaccharide as a

source of carbon and energy; secretion of large amounts of enzymes or enzymes degrading their own polymers is

seldom found. An exception is the curdlan-synthesizing bacterium Ce. flavigena, which does produce an extracellular

enzyme capable of degrading the exopolysaccharide to utilizable products.124
2.16.9.1 Polysaccharide Hydrolases

Polysaccharide hydrolase enzymes may be endo- or exo-acting, leading to rapid or slow breakdown of the polymer

chain, respectively, and corresponding rapid or slow loss of solution viscosity and release of reducing material.

Homopolysaccharides are degraded by a wide range of enzymes. Mishra and Robbins132 have pointed out that

b-D-glucanases with a variety of specificities can be used to elucidate the structures of this group of betaglucans.

The linear (1!3)-b-D-glucan curdlan may be degraded by four different types of enzyme. Two distinct exoglucanases

release D-glucose and laminaribiose, respectively, while two endoglucanases differ in their modes of action. One

attacks randomly, releasing glucose, laminaribiose, laminaritriose, and other oligosaccharides in the b1!3-linked series.

The other yields the pentasaccharide laminaripentaose. Most rapid hydrolysis of homopolysaccharides is observed

when there is concerted action of endo- and exo-b-D-glucanases. In contrast to these systems, the hydrolysis of many

microbial heteropolysaccharides is commonly achieved by a single, highly specific endoacting polysaccharase, which

yields a series of oligosaccharides representing either the repeating unit structure or multiples of it. The a-D-glucans
such as dextran are also substrates for a wide range of different dextran-hydrolyzing enzymes which have been isolated
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from eukaryotic and prokaryotic microorganisms.133 These dextranases can be either endo- or exoglucanases. Some

yield relatively large oligosaccharides together with glucose, while others yield only oligosaccharides. They also vary in

the linkages cleaved. Enzymes from Flavobacterium species as well as Streptococcus mutans hydrolyze 1!2-a-D-glucose
linkages.134,135 Some of the exodextranases release glucose as the sole product, while others release isomaltose from

the nonreducing ends of the dextran chains.

The polysaccharide hydrolases from bacteriophage normally yield the repeat unit of the polysaccharide substrate or

oligomers of it and other enzymes degrading these products further are usually absent. Highly active preparations of

such enzymes can thus easily be obtained from phage lysates of the host bacteria and most appear to act randomly on

the polymer chains. They have therefore proved extremely useful in the characterization of the repeat units of

bacterial exopolysaccharides by procedures such as fast atom bombardment spectroscopy, as acyl groups and other

labile substituents are not removed. In terms of the linkages cleaved, phage-induced enzymes provide a very wide

spectrum (Table 6). Although several ‘endoglucosidases’, ‘endogalactosidases’, or ‘endorhamnosidases’ are listed,

each is distinct in its specificity. While some of the polysaccharide hydrolases act either on native, acylated substrate or

on chemically deacylated material, a few appear to be more specific and fail to act on polysaccharides from which acyl

groups have been removed or vice versa. Side chains and charged groups appear to play an important role in

determining the specificity of the phage enzymes and it is perhaps of interest that many of the phage-induced

enzymes appear to attack either a1!3- or b1!3-bonds preferentially. The residue targeted is very often adjacent

to an anionic residue such as glucuronic acid, which may be part of the main chain or attached as a side chain. Among

the polysaccharide-degrading enzymes from heterologous bacteria, one example is the b1!4-fucoside hydrolase-

degrading colanic acid which was reported by Verhoef et al.136 This endo-acting enzyme was obtained from a mixed
Table 6 Examples of phage-associated polysaccharide depolymerases

Bacterial host/polysaccharide Enzyme action (Endoglycanases) Linkage cleaved

Klebsiella type K3 Endogalactosidase

Klebsiella type K8 Endogalactosidase

Klebsiella type K13 Endogalactosidase

Klebsiella type K18 Endogalactosidase 1!4-b-D-Gal

Klebsiella type K25 Endogalactosidase

Klebsiella type K26 Endogalactosidase

Klebsiella type K34 Endogalactosidase 1!2-b-D-GlcA

Klebsiella type K36 Endogalactosidase 1!3-b-L-Rha
Klebsiella type K51 Endogalactosidase 1!3-a-D-Gal

Klebsiella type K74 Endogalactosidase 1!2-b-D-Man

Erwinia amylovora Endogalactosidase 1!3-b-D-Gal

Escherichia coli K103 Endogalactosidase 1!4-a-D-Gal

Klebsiella serotype K11 Endoglucosidase 1!3-b-D-GlcA

Klebsiella serotype K25 Endoglucosidase

Klebsiella serotype K39 Endoglucosidase 1!3-b-D-Glc

Klebsiella serotype K60 Endoglucosidase

Klebsiella serotype K63 Endoglucosidase

E. coli serotype 29 Endoglucosidase 1!3-b-D-GlcA

Klebsiella pneumoniae SK1 Endoglucanase (endoglucosidase) 1!3-b-D-Glc

Klebsiella serotype K2 Endoglucosidase 1!4-b-D-Glc

E. coli type 8 Endomannosidase

Klebsiella serotype K30 Endomannosidase

E. coli type 44 Endo-N-acetyl-b-D-galactosaminidase

Acetobacter methanolicus Endorhamnosidase

Klebsiella serotype K17 Endorhamnosidase 1!4-b-D-Glc

Klebsiella serotype K19 Endorhamnosidase 1!2-a-D-Glc

Pseudomonas syringae pv. morsprunorum Endorhamnosidase

E. coli Neuraminidase

E. coli Endo-N-acetylneuraminidase

E. coli K1 phage E Endosialidase

E. coli Kdo-Kdo glycanase

Almost all enzymes listed are highly specific and only degrade one exopolysaccharide structure or a small number of closel

structures. Adapted from reference ( ).
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Figure 2 Degradation of succinoglycan exopolysaccharides by the enzyme activities from Cytophuga arvensicola.125
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culture grown by enrichment on colanic acid as carbon source and extensively purified. It liberated repeating units of

theE. coli polysaccharide with varying degrees of acetylation. Removal of the O-acetyl groups caused greatly increased

catalytic activity from the enzyme although the affinity for colanic acid modified through removal of pyruvate was

lower than for the native polysaccharide. The enzymes from heterologous microorganisms tend to provide a complex

mix of activities, degrading the polymer substrate either to its component monosaccharides or at least to a spectrum of

different-sized and partially degraded products rather than the repeat units and oligomers of them. Thus, they tend to

be of less value in structural studies unless they are extensively purified, as was the case for this fucosidase. It also

provides an example of an exopolysaccharide for which more than one type of enzyme with differing degradative

patterns has been isolated.

In the case of the succinoglycan polysaccharide secreted by Agrobacterium and Rhizobium spp., two distinct enzymes

from the same bacterial isolate have contributed to elucidation of the structures. An enzyme preparation from

Cytophaga arvensicola yielded both succinoglycan depolymerase (endo-b-D-glucanase) and 1,6-endo-b-D-glucanase
activities.131 It was thus capable of degrading the exopolysaccharide to its repeating unit (and oligomers of it) and

then degrading the octasaccharides further to two distinct tetrasaccharides, one derived from the main chain of the

polymer and the other from the side chains, without loss of the acyl substituents (Figure 2). These enzymes also

appeared to be largely unaffected by the presence or absence of the various acyl adornments found on this group of

exopolysaccharides.
2.16.9.2 Polysaccharide Lyases

Polysaccharide lyases all cleave anionic polysaccharide possessing a . . .hexose-1!4-a- or b-uronic acid. . . sequence by
base-catalyzed b-elimination yielding products in which the nonreducing terminus is modified to form an unsaturated

uronic acid. This action can be easily followed through the increase in UVabsorption at 230nm on product release, or

through the use of the thiobarbituric acid assay following periodate oxidation of the double bond. Very fewmembers of

this group of enzymes have been characterized at the molecular level; a small number of amino acid sequences have

been published, primarily for enzymes acting on eukaryotic polymers. The lyases are in some examples the only

known type of enzymes degrading their bacterial exopolysaccharide substrates. This is the case for bacterial alginates.

Although a few of the bacterial exopolysaccharides are degraded by both hydrolases and lyases, this has only been

noted relatively rarely. Most of the lyases are randomly endolytic in their action and, with the exception of xanthan

lyases, cleave the main chain of polysaccharide structures. In xanthan, the side chain is cleaved at the subterminal

uronic acid residue by a xanthan lyase, while the main chain is cleaved by enzymes with endoglucanase activity.

Despite the cellulosic nature of its main chain, xanthan is not normally degraded by cellulases. Three groups of

bacteria which synthesize polyanionic exopolysaccharides also yield lyases as constitutive enzymes. These are

alginate-, gellan-, and hyaluronan-synthesizing bacterial species. Alginases (alginate lyases) are widely distributed in

nature, and most of the bacterial species which form alginates, including Azotobacter and Pseudomonas spp., also

produce lyases. Apparent exceptions are some plant pathogenic Pseudomonas spp.
2.16.9.2.1 Alginate lyases
Alginases (alginate lyases) are of widespread occurrence, having been isolated from marine gastropods, bacteriophage,

various marine prokaryotic and eukaryotic microorganisms, and some soil Bacillus spp. When compared to other
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polysaccharide lyases, the mode of action of enzymes degrading alginate is complicated by the differences in

distribution of monosaccharide residues in different substrates. These polysaccharides are not of uniform composition.

Thus, alginates with the same or very similar mannuronate: guluronate ratios can have very great differences in

monosaccharide sequence and in the frequency of adjacent residues. Bacterial alginates used as substrates provide

further complexity due to the random distribution of O-acetyl groups on the 2- and 3-positions of mannuronate

residues. The products of alginate lyase action have generally been characterized as oligosaccharides of degree of

polymerization (DP) 2 or 3, in which the terminal nonreducing residue has been converted to O-(4-deoxy-a-L-erythro-
hex-4-enolpyranosyluronic acid. This unsaturated uronic acid is formed from cleavage of either guluronic or man-

nuronic acid sequences. Although few of these enzymes have been fully purified, they have been shown to be endo- or

exo-enzymes with specificity toward b-D-mannuronosyl or a-L-guluronosyl linkages. ‘Guluronic-specific’ enzymes

appear to be less common. But some have been described from K. aerogenes and from Pseudomonas alginovora. The

acetyl groups present on bacterial alginates greatly influence the susceptibility of these polysaccharides to the action

of alginases, and the majority of the alginate lyases, which have been described, show relatively slight activity against

native acetylated alginates from either Az. vinelandii or Pseudomonas spp. An exception was the enzyme from

Pseudomonas maltophilia which was active against acetylated and nonacetylated substrates.137 The alginate lyases

from strains of Az. vinelandii and Az. chroococcum were located in the periplasm. Although several bacterial and algal

alginate preparations were degraded by the enzymes, highest activity was found on poly-D-mannuronate or on algal

alginates with high mannuronate content. Deacetylation of a preparation of Ps. aeruginosa alginate increased its

susceptibility to enzyme action 15-fold. The mass of alginates from Pseudomonas fluorescens and Pseudomonas putida

fell approximately 50% in shaken cultures through the action of endogenous poly-D-mannuronate-specific lyases after

cell growth had ceased. This might be due to release of the enzymes following bacterial lysis. In the case of some of

the alginate-degrading enzymes, it is also unclear whether some of the activities reported are only found after

oligosaccharides have been released from the initial polysaccharide. An example of this is an oligoalginate lyase

enzyme from Haliotis, releasing disaccharides from alginate.138 The same marine organism also yielded an alginase

showing preferential activity against mannuronic-rich alginate substrates.132 Whether these two enzymes are also

active against bacterial exopolysaccharide alginates and their degradation products is not clear.
2.16.9.2.2 Emulsan lyase
Emulsan, the exopolysaccharide with emulsifying activity obtained from a strain of Acinetobacter lwoffii, is the substrate

for a lyase from another bacterium. The enzyme was inducible and its endolytic action rapidly reduced both the

viscosity and the emulsifying activity of emulsan. Cleavage of 0.5% of the glycosidic linkages reduced emulsifying

activity by �75% and yielded oligosaccharides of �2000–6000Da, eluting as four major peaks by size-exclusion

chromatography. The enzyme was less active against the de-esterified polymer than against the native material.140

It appeared that the specificity of the enzyme was related both to the degree of esterification of the polymer and to the

distribution of the ester groups. Although, as indicated in Table 1, exopolysaccharides may have various organic or

nonorganic substituents, enzymic removal of these has been seldom demonstrated. Shabtai and Gutnick141 did

demonstrate esterase activity against emulsan, the surface-active lipopolysaccharide-like exopolysaccharide synthe-

sized by Acinetobacter lwoffii strain RAG-1. The emulsan esterase appeared to show specificity for this unusual polymer

but also cleaved nitrophenyl esters. Further studies may yet reveal more esterases acting on exopolysaccharide

substrates.
2.16.9.2.3 Gellan lyase
A number of bacterial strains capable of degrading the bacterial exopolysaccharide gellan have been isolated by

standard enrichment procedures. They include several pink-pigmented Gram-negative rod-shaped bacteria. A red-

pigmented Gram-positive bacillus earlier found to degrade the exopolysaccharide xanthan from X. campestris also

showed slight gellanase activity. All the Gram-negative bacteria are nonfermentative, motile, and amylase producing.

The gellan degradation in each case is due to eliminase-type enzymes (lyases) which appear to be extracellular

enzymes cleaving the sequence . . .b-D-glucosyl-(1! 4)-b-D-glucuronosyl. . . in the tetrasaccharide repeat unit of the

substrate polysaccharides. Although in some isolates these enzymes appeared to be exo-acting, it appeared from the

loss in viscosity of the alternative substrate deacetylated rhamsan that they are predominantly endo-enzymes. The

enzyme activity was inducible and was almost absent from glucose-grown cells. Associated with the ‘gellanase’ activity

all the Gram-negative bacterial isolates possess intracellular a-L-rhamnosidase and b-D-glucosidase activities appa-

rently located in the periplasm.142 The enzymes were highly specific and failed to cause significant degradation of

most of the other bacterial exopolysaccharides which have been shown to be structurally related to gellan (Table 5).
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The related polysaccharides from these bacterial strains, all now considered to be Sphingomonas paucimobilis isolates,

possess similar linear structures in which there is at least an identical-(D-glucose-D-glucuronic acid-D-glucose)-

trisaccharide sequence with the same anomeric configurations as gellan. However, the differing configurations

adopted and the presence of other acyl or glycosyl residues appear to inhibit enzyme activity. As well as their lyase

activity on gellan, the enzymes only exert similar degradative activity against the chemically deacylated form of

polysaccharide S194 (rhamsan gum), which is effectively a form of gellan carrying gentiobiosyl substituents. The

action of the lyases on deacetylated rhamsan, in which there is a gentiobiosyl side chain attached to the glucose residue

distal to the uronic acid, indicated that the ordered structure resulting from this substituent was still available for

enzyme attack provided all acyl groups had been removed. However, polymers in which the glucosyl residue attached

to the reducing terminus of the uronic acid was substituted by a side chain were not attacked. The side chains clearly

inhibited enzyme–substrate binding. The binding or cleavage site must therefore extend to the glucose residues on

either side of the glucuronic acid. Crescenzi et al.143 reported that short side chains of L-mannose or L-rhamnose in

these exopolysaccharides mask the uronic acid residues in the conformation adopted in aqueous solutions through

hydrogen bonding and this would also appear to affect the enzyme action. While the enzymes only have relatively

slight activity against the natural, acylated gellan-like polysaccharides from the bacteria now designated as strains of

Sp. paucimobilis, their specificity is unusual in that only the polysaccharides which have been modified by chemical

deacetylation are substrates. Even the native gellan is not degraded. Hashimoto et al.144,145 also isolated enzymes

degrading gellan from a Bacillus species. In addition to the polymer-degrading lyase, an enzyme degrading the

oligosaccharides containing unsaturated glucuronosyl residues was present in the crude mixture. It has been suggested

that the use of such specific enzymes in combination with other methods might be suitable for determination of the

concentration of gellan in food or other complex mixtures.146
2.16.9.2.4 Xanthan lyase
Despite its cellulosic main-chain structure, commercial cellulase preparations generally lack activity against xanthan.

Most enzyme preparations capable of degrading xanthan are impure preparations containing several different enzyme

activities. Many have been prepared from mixed bacterial cultures. Usually the enzyme activities include both

1,4-b-D-glucanases (cellulases) which cleave the cellulosic main chain and xanthan lyases which are unusual in that

unlike the other lyases mentioned above, they cleave a side-chain sequence of sugars and the linkage targeted is not

on the exopolysaccharide backbone. Also, because the xanthan lyases which have been studied are always associated

with 1,4-endo-b-D-glucanases, the same problem arises as with other mixed enzyme preparations acting on exopoly-

saccharides in that glycosidases may also be present and cause degradation of the initial oligosaccharides liberated. It is

not certain to what extent the polymer or products from endoglucanase action are the primary targets for xanthanase

action. Most xanthan lyases act on xanthan whether or not either acetyl or pyruvate ketal groups are present, although

acetan, a polysaccharide with a pentasaccharide side chain and structural similarities to xanthan, was not degraded

unless the acetyl groups present on the main-chain glucose residues were first removed. A xanthan lyase from a heat-

stable, salt-tolerant bacterium, purified to homogeneity,147 was a protein consisting of a single subunit which had anMr

of 33kDa and was specific for mannose residues carrying the pyruvate ketal. It apparently lacked activity against

unsubstituted residues and thus differed in its substrate specificity from most of the other xanthan lyases which have

been described. Another xanthan lyase from the Gram-positive bacterium Paenobacillus alginolyticus also showed

specificity for pyruvylated mannose side chains.148 A lyase isolated from a Bacillus sp. had a similar molecular mass

(30–33kDa), but was capable of cleaving either pyruvylated or nonacylated mannose residues on the xanthan side

chains and was not affected by the presence or absence of O-acetyl residues on the internal a-D-mannosyl group. The

optimal substrates appeared to be oligosaccharides of DP 25–35, representing five to seven repeat units of

the polysaccharide, but fragments of DP>90 were still degraded with high efficiency. This indicated that the bacterial

polysaccharide must first be cleaved by endo-b-glucanases to yield lower-molecular mass material, which then acts as

substrate for this particular lyase. The enzyme did not degrade Klebsiella K5 exopolysaccharide in which the same

linkage is present in the main chain of the structure.149
2.16.9.3 Glycosidases

Very few glycosidases show activity against exopolysaccharides. However, a polymer from a Rhizobium species has

been shown to be susceptible to an a-D-galactosidase.150 The glycosidic linkage cleaved is found on the terminus of a

side chain and loss of the galactosyl residue altered the physical properties of the polymer. Prolonged incubation is

usually necessary and removal of the monosaccharide residues is seldom complete.
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2.16.10 Commercialization

2.16.10.1 Manufacture and Usage of Bacterial Exopolysaccharides

Despite the large number which have now been chemically characterized, the physical properties of some of which

have also been determined, only a small number of bacterial exopolysaccharides have found commercial applications

(Table 7). The bacteria may be pathogenic, yields may be low, costs of production may be high, maintenance of

product quality may be difficult, or there may simply be no appropriate market niche. Several of these which have

been developed including dextran, gellan, and xanthan have been marketed as commercial products of considerable

importance and are produced on a large scale. Xanthan in particular is manufactured on a scale of several thousand

tonnes per annum. The amount of other polysaccharides marketed commercially is difficult to determine. Usage for

some other polysaccharides which at one time appeared to be suitable candidates for commercialization has now

lapsed. Bacterial exopolysaccharides have been developed either because of their unique properties or because they

provide a cheaper and superior alternative to other materials derived from plant, animal, or synthetic sources. The

range of industries using bacterial exopolysaccharides is diverse.89,151 It includes oil extraction, printing, food proces-

sing, cosmetics, and healthcare. The polysaccharides represent valuable renewable resources but their development

and evaluation requires considerable investment in time, money, and technology. Many bacterial exopolysaccharides

for which potential industrial applications have been claimed have not proved to be of commercial value. They have to

compete against established plant and algal polysaccharides and against synthetic materials which may have long-

established acceptability and uses as well as possible economic advantages.

Xanthan and gellan were originally developed as potential ingredients for processed foods but they have now found

many other applications. The acceptability of all these microbial products depends on their properties, quality, and

price. The products intended for food use must conform to the appropriate regulatory requirements in respect of the

substrates, equipment, and processing procedures used. A small number of other microbial polysaccharide products

have also been commercialized. These usually have very specific properties and applications and include bacterial

cellulose and also bacterial hyaluronic acid, both of which depend for their commercial value on their very high quality.

Some are employed either because of their unique physical properties or because their physical properties are superior

to other agents which are currently used. Some of the exopolysaccharides must be modified chemically before they

find applications. The uses and value of the polysaccharides vary widely; one represents a very high value product

while others are essentially bulk chemicals. The usage of the polysaccharides may be based on either their biological

or physical properties and falls into three distinct areas: food applications, nonfood applications, and medical or other
Table 7 Some applications of bacterial exopolysaccharides

Usage Polymer

Biological properties Eye and joint surgery Hyaluronic acid (Streptococcus EPS)
Heparin analogs E. coli K5 EPS

Wound dressings Bacterial cellulose

Chemical properties
Enzyme substrates E. coli K4 and K5 EPS

Oligosaccharide preparation Curdlan

Physical properties
Emulsion stabilization Foods, thixotrophic paints Xanthan

Fiber strength Acoustic membranes Bacterial cellulose

Flocculant Water clarification, ore extraction Various

Foam stabilization Beer, fire-fighting fluids Xanthan

Gelling agents Cell and enzyme technology Gellan

Foods Curdlan, gellan

Oil recovery (blockage of permeable zones) Xanthan

Hydrating agent Cosmetics, pharmaceuticals Hyaluronic acid

Inhibitor (crystal formation) Frozen foods, pastilles, and sugar syrups Xanthan

Shear thinning/viscosity control Oil-drilling ‘muds’ Xanthan

Suspending agent Food Xanthan

Paper coatings Various

Agrochemical pesticides and sprays Xanthan

Viscosity control Jet printing Xanthan
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biological purposes. Among those found in the third group, some are used in very small quantities as components of

antibacterial vaccines. Thus, several polysaccharides from strains of Streptococcus pneumoniae are incorporated into

vaccines used to prevent diseases caused by these bacteria in the very young and the elderly. As the polymers are

poorly antigenic, they are also coupled to proteins to form protective vaccines against some of the causal agents of

meningitis and related infections. As this type of usage is very specialized and only small amounts of material are

manufactured, it will not be discussed further.
2.16.10.2 Bacterial Cellulose

Bacterial cellulose has proved to be a high-value exopolysaccharides product. This is perhaps surprising as plant

cellulose is so widely available and inexpensive. Cellulose is produced as an exopolysaccharide by G. xylinum and

other, mainly Gram-negative, bacterial species, and selected strains have been used for industrial production. The

polymer is excreted into the medium where it rapidly aggregates as microfibrils and forms a surface pellicle in shallow

unshaken cultures. The design of the fermenter and the degree of aeration are important factors in optimizing

cellulose yield. The bacterial cellulose is essentially a high-value, speciality chemical with highly specific applications

and usage. It can be produced commercially as a source of highly pure polymer. This is in the so-called cellulose I form

(60% Ia:40% Ib) and is free from lignin and other noncellulosic material. The fibrils form a unique ribbon 3–8nm thick

and c. 100nm wide, which differs in morphology from other native celluloses.152 A commercial product named BioFill

has various potential uses and has been marketed in Brazil in the form of wound dressings for patients with burns,

chronic skin ulcers, or other extensive loss of tissue. The bacterial cellulose acts as a temporary skin substitute; it

possesses high mechanical strength in the wet state, and the high water capacity (c. 150gg�1) of the oxygen-permeable

film appears to stimulate regrowth of the skin tissue. It also appears to assist in preventing infection.153 Bacterial

cellulose has also been used to form high-quality, acoustic diaphragm membranes. In these, the distribution of the

fibrils containing parallel orientation of the glucan chains results in fibers possessing high tensile strength. In addition

to these technical applications using highly purified material, bacterial cellulose forms part of the traditional fermen-

ted food ‘Nata de Coco’ to which it gives texture and structure.
2.16.10.3 Dextran

Industrial dextran production is mainly from a strain of Le. mesenteroides, which yields a polysaccharide with about 95%

1!6 linkages and 5% 1!3 linkages and has a molecular mass of about 4–5�107. For the production of dextrans of

medium molecular weight, the initial high molecular weight product must be hydrolyzed with acid or with enzymes

and fractionated under carefully controlled conditions. Dextran was originally approved for food use, but this

application has lapsed. It is, however, the base material for the preparation of the range of Sephadex® gel filtration

and ion-exchange materials which are widely used in the separation and purification of biological macromolecules. For

these applications, the dextran must be chemically modified to introduce the active groups responsible for their ion-

exchange properties, while they must be also cross-linked chemically to provide gels which swell in aqueous media to

yield the required macromolecular permeability. Another modified form of dextran, coupled to a blue dye, provides a

convenient test material for determination of void volume of gel permeation columns. Dextrans are of low antigenicity

and saline solutions are of low viscosity. Consequently, dextran solutions also have potential use as a plasma substitute

but again require to be partially hydrolyzed to ensure the correct mass. Further applications may be found in

photography and in cosmetic preparations.
2.16.10.4 Bacterial Hyaluronic Acid

Bacterial hyaluronic acid154 has two very useful properties – its very high capacity for regaining water and its

compatibility with the human immune systems. It can be used as a replacement for hyaluronic acid in human fluids

during joint replacement or eye surgery or as an effective moisturizing agent in high-quality cosmetics. The bacterial

hyaluronic acid, apparently identical in chemical structure to that obtained from eukaryotic material, can be isolated

from cultures of group A and group C streptococci. The polysaccharide is composed of repeating units of b1!4-linked

disaccharides of D-glucuronosyl-(1!3)-b-N-acetyl-D-glucosamine. One group C streptococcal strain forms both a high

molecular mass, cell-bound product and a soluble exopolysaccharide of average molecular mass 2�106. A potential

problem with the bacterial hyaluronic acid can be the variability in molecular mass due to enzymic degradation by



552 Bacterial Exopolysaccharides
endogenous hyaluronidases during bacterial culture and product isolation. Despite this, strains of Streptococcus equi

and Streptococcus zooepidemicus have been used in the commercial production of hyaluronic acid yielding a high-quality

(and high-cost) polysaccharide for use in surgery as well as in cosmetic preparations. This provides an alternative

material from renewable resources to replace the use of material from human or animal sources. Mutant strains lacking

hyaluronidase have also been developed to ensure that no degradation of the high molecular weight polymer

occurs. The bacterial exopolysaccharide offers advantages over the traditional sources in terms of cost, purity, and

molecular mass.

Aqueous solutions of hyaluronic acid molecules display very limited configurational flexibility and thus show very

marked stiffness. The two major applications for bacterial hyaluronic acid are very different. Its use to replace the

natural product in humans in surgery of the eye or of joints simply replaces one natural product with another which is

nonantigenic in the human body. The polymer has the additional unique property of very high water-binding and

water-retention capacity. For this reason, it has been incorporated into cosmetic preparations. Water-binding capacity

correlates with the molecular weight. Products with very high molecular mass can retain up to 6l of water per gram of

polysaccharide. Hyaluronic acid is also used in veterinary applications and as a biocompatible coating material for

prostheses. It is nonpyrogenic, thus making it ideal as a sheath for such implants. For therapeutic applications, the

hyaluronic acid has to be of high purity and high molecular mass if its benefit is to be long-lasting. Other potential use

of hyaluronic acid lies in the development of cross-linked polymer and its application as viscosurgical implants to

control scarification and to prevent postoperative adhesions. Ester derivatives of hyaluronic acid in the form of

microspheres have also been proposed as vehicles for drug delivery.155
2.16.10.5 Xanthan

A very small number of bacterial exopolysaccharides have unique properties which have led to their commercial

production. One product in particular, xanthan from X. campestris, is widely available commercially from various

producers and has found an extensive range of applications, especially in the food field. It provides an example of a

bacterial exopolysaccharide which is now manufactured in large quantities and can be found in an extensive range of

food and other products.89 Xanthan was granted approval for food use by regulatory agencies a number of years ago,

and is to be seen on the contents lists of many processed and semiprocessed foods found on supermarket shelves. Most

industrial applications of xanthan derive from its ability to dissolve in hot or cold water to yield high-viscosity,

pseudoplastic solutions, even at low polysaccharide concentrations. Most foodstuffs already contain polysaccharides

such as starch or pectin as well as proteins and lipids and it is important that when a polysaccharide such as xanthan is

added, it should be totally compatible with them. Some of the foodstuffs, including salad dressings, relishes, and

yoghurts, are of low pH. There is therefore an added requirement that any polysaccharide which is incorporated into

foods of these types must be acid stable. The xanthan solutions are compatible with acids, bases, and salts and can

remain stable for long periods at ambient temperatures. Xanthan also withstands higher temperatures used in food

processing. In nonfood applications, such as oil-drilling muds, it must also withstand high temperatures and be

compatible with the other chemicals used in the oil-extraction process. As detailed above, xanthan shows synergistic

interaction with plant galactomannans and glucomannans such as guar gum and LBG which are widely used in the

food processing industry. The mixed polysaccharides show enhanced viscosity or gelation and these properties are

widely employed in food processing. Although neither of the components forms gels on its own, when xanthan and

LBG are mixed they produce elastic, cohesive gels above total polysaccharide concentrations of �0.03%. As the

interactions between the bacterial and plant polysaccharides are highly dependent both on the acylation of the

xanthan molecules and on the extent and distribution of D-galactosyl side chains present on the galactomannans,

xanthan for food use employs a polysaccharide with 1 mole of acetate per repeat unit and approximately 0.3mole of

pyruvate. The mixed gels are opaque but clarity is not necessarily needed for many food uses. Synergistic gels of this

type are employed in a range of foods including spreads, cream cheeses, etc.

Xanthan has many other industrial applications unrelated to foods and beverages. It is of value in the pharmaceutical

and cosmetic industries where its applications employ the same physical attributes that are used as in foods. An

example is in the formulation of toothpastes, where the pseudoplastic behavior of xanthan allows the product to flow

freely when pressure is applied, but viscosity is regained immediately after the shear stress is removed. The role

played by acyl groups in polysaccharide–polysaccharide interactions and the frequent need for their removal to reveal

useful properties49 suggests that genetic manipulation of several bacterial strains to delete the polysaccharide

acetylase genes might prove a useful approach although such modification might not be permissible for food

applications.
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2.16.10.6 Emulsan

Several exopolysaccharides possess emulsifying activity and one of these, designated emulsan, was obtained from a

strain of Acinetobacter lwoffii. It has been proposed for use as a biological surfactant with applications in cleanup of oil

spills or cleaning of tanks contaminated with oil.
2.16.10.7 Gellan

Gellan, is the exopolysaccharide produced commercially as a chemically deacylated gelling agent and product from a

bacterium designated originally as Auromonas (Pseudomonas) elodea, but now termed Sp. paucimobilis. The polysaccha-

ride is one of a series of eight, structurally closely related bacterial products listed in Table 5. These polymers share

much of their backbone structure but differ in the nature and location of their side chains and in the presence or

absence of acyl groups. In its native form, gellan carries both O-acetyl and glyceryl substituents on a linear polymer and

these are chemically removed by mild alkaline treatment to yield the commercial product. After polysaccharide

production is complete in submerged culture, the viscous broth is pasteurized then treated with mild alkali to remove

acyl groups. It is then hot filtered to remove bacterial cell debris. The native, acylated gellan polysaccharide does not

form gels, whereas after chemical deacylation, gellan forms gels with divalent cations. The gellan gels are thermo-

reversible and form at concentrations as low as 0.75%. They provide high gel strength. Marketed as Kelcogel® or

Gelrite® gellan has received approval in the US and EU for food use as a gelling, stabilizing, and suspending agent for

a wide range of foods, either on its own or in combination with other hydrocolloids. Gels prepared from gellan

resemble xanthan in that they give good flavor release. The gellan gels are stable over the wide pH range found in food

products. This property has found commercial applications as a gelling agent in food and in plant cell biotechnology.

The gels have very good clarity when compared with many other gels formed from plant or algal polysaccharides. The

strong, optically clear gels have a difference between melting and setting temperatures of 45–60�C.157 Gellan also has

the advantage that the concentrations required to provide a specific gel strength are much lower than those needed for

many other polysaccharides. The other polymers in the gellan series yield highly viscous aqueous solutions some of

which show a high degree of thermal stability, but, as yet, none appear to have been developed commercially.

As well as its approval for food use, gellan has found applications in plant biotechnology. It is marketed as Phytogel®.

It has some intriguing gelation properties, as Donor and Douds158 found that after removal of multivalent cations from

the commercial product, solutions of gellan in monovalent cation form such as Naþ, Liþ, or NH4
þ could be used to form

beads with calcium ions in a manner similar to alginate bead preparation. In the form of the pure potassium salt, gellan

also forms gels at a much lower concentration.159 Among potential industrial applications for gellan are its use as a

gelling agent in dental and personal-care toiletries. Deodorant gel products can also use much lower levels of gellan

than those of the polysaccharides (carrageenan/LBG mixtures) currently used. Gellan can be incorporated into

microbiological and cell culture media as a replacement for agar. It has been suggested that it may even lead to

some growth enhancement when compared to the corresponding agar-based bacterial culture media. Tests on the

growth of a wide range of bacterial species have indicated that media solidified with gellan compare favorably with

agar-based preparations, while the high clarity of the gels may have some distinct advantages. The high thermostabil-

ity of gellan also makes it potentially useful for the culture of thermophilic microbial species. Similar gellan-based

plant cell culture media may also avoid the problems caused by impurities in agar.
2.16.10.8 Other Potential Exopolysaccharide Products

A few other products have been developed, some specifically replacing plant or animal products. Additionally, some

bacterial exopolysaccharides are incorporated as components of conjugate vaccines to protect against a range of

bacterial infections. Until recently, no bacteria were known to produce heparin but since investigation of several

strains of Pasteurella multocida showed that they yielded several different exopolysaccharides this may provide a

bacterial source of the product.160 Types D and F strains synthesized unmodified heparin and chondroitin, respec-

tively, while the type A strain formed hyaluronic acid. A strain of E. coli serotype K5 forms a capsular polysaccharide in

which the disaccharide repeat unit is essentially a form of desulphatoheparin.161 The polymer, composed of a

repeating unit of !4)-b-D-glucuronosyl-(1!4)-a-N-acetyl-D-glucosamine-(1!, is similar to N-acetylheparosan, a

biosynthetic precursor of heparin. As it is structurally similar to heparin, this bacterial polysaccharide may prove

useful in medical research and in determination of the specificity of heparinases and related enzymes. It is of relatively

low molecular mass, �50kDa. Another polysaccharide of this general type from E. coli K4 possesses a chondroitin

backbone to which b-D-fructofuranosyl residues are attached at the C-3 position of the D-glucuronic acid. After removal



554 Bacterial Exopolysaccharides
of the fructosyl residues by mild acid treatment, the polysaccharide is a substrate for both hyaluronidase and chondroi-

tinase. Although neither of these polysaccharides is used commercially, they can provide sources of oligosaccharide

fragments for use in the study of the biological activities of heparin and chondroitin.

Although many other uses for bacterial exopolysaccharides have been suggested in preliminary papers, few of these

have been realized yet. It should be remembered that any bacterial product has to undergo stringent safety testing as

well as possessing suitable rheological or other properties. It must also be cost effective in competition against

established polymers from other natural sources and against those produced synthetically. The bacterial products

always have to compete against other natural or synthetic polymers which may be inferior in their physical or

ecological properties but are nevertheless much cheaper to produce and market! It is therefore unlikely that, despite

the search in ever more exotic environments for polysaccharide-producing bacteria, more products will be developed

from such sources. Research and development costs are high and there are probably few market niches waiting to be

filled. It is possible that some effective new gelling agents for nonfood use might be discovered and the poly-

D-glucuronic acid from a Rhizobium strain may have potential uses in this field.162 It resembles alginate in forming

thermostable gels in the presence of Ca2þ. Alteration of the chemical properties of the original exopolysaccharide as

exemplified by the dextran-derived Sephadex products may greatly enhance the value and extend the range of

applications for other bacterial exopolysaccharides. As opposed to chemical modifications, biological treatments may

become available. One possibility might be the use of polymer-level mannuron epimerases to enhance the guluronic

acid content of alginates and thus modify their characteristics.77 Although we now have a much better idea of the

relationships that exist between structure and function, it is still difficult to predict which bacterial exopolysaccharides

may justify the expense of development. Many initial reports in the literature have proved wildly overoptimistic. If there

is a clear market niche for which no satisfactory product is currently available, the time and effort might be rewarded.
Glossary

archae Primitive bacteria many of which are found in extreme environments such as deep thermal vents, acid springs, etc.

cyanobacteria Previously termed blue green algae, a group of photosynthetic Gram-negative bacteria.

exopolysaccharides Microbial polysaccharides secreted outside the cell wall.

Gram-negative bacteria Prokaryotic cells in which the cytoplasmic contents are bounded by an inner and an outer membrane

between which lies the periplasm.

Gram-positive bacteria Prokaryotic cells in which a single membrane surrounds the cytoplasm and is protected by a rigid wall

complex.

LAB Lactic acid bacteria belonging to the Gram-positive genera Lactobacillus, Lactococcus, or Streptococcus.
phage A bacterial virus which may be either virulent, resulting in death of the bacterial host cell, or temperate, integrating its

genetic material with that of the host.

prokaryote Microorganisms belonging to one of the three major groups of bacteria.

xanthan The exopolysaccharide produced by the Gram-negative bacterial species Xanthomonas campestris.
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2.17.1 Taxonomy of Eukaryotic Microorganisms

The present microorganism classification originates in the ‘five kingdoms’ concept proposed by Whittaker in 1969, in

which the difference between prokaryotic and eukaryotic cells is considered to be important.1 Yeast and mushroom

belong to ‘eukaryotic cell’ and are called ‘fungi’ or ‘true fungi’ generically. Although they are microorganisms, their

basic cellular structures are similar to those of animal or plant. The fungus classification system was revised by

Ainsworth in 1973 based on the ‘five kingdoms’.2 Further, with the rapid advances in molecular biology, molecular

systematics was recently established, which was distinct from the classification system based on traditional ‘morpho-

logical characteristics’. The analysis of various microorganisms with molecular systematics showed that the eukaryote

domain consisted of several tens of families that branched simultaneously (many kingdoms).3–5 Molecular phylogeny

is progressing rapidly, and the number of the microorganisms whose genome structures were elucidated is increasing

rapidly year after year. More time is needed to realize a comprehensive classification system based on molecular

systematics and other approaches.

Currently, there are approximately 80000 known fungal species in the world.6–10 It is surmised that approximately

1500000 species exist, including undiscovered species. These fungi are classified by kingdom, phylum/division, class,

genus, and species. Many fungi are classified into Basidiomycota or Ascomycota. It is supposed that some fungi are

classified also into the kingdom Protozoa or the kingdom Chromista. Fungi include mushrooms, molds, and yeasts,

which have significantly different appearance and sizes. As mushrooms are too large to be considered microorganisms,

they are referred to as ‘macrofungi’. Lichens with which two or more microorganisms live in a symbiotic relationship

are also included.
559



560 Yeast and Fungal Polysaccharides
Fungi exhibit both the sexual form (e.g., morphology of mushroom) and the asexual form for regeneration

(e.g., morphology of mycelium), and either form is used depending on surrounding environmental changes. However,

the existence of both forms (holomorph) is not known for all fungi. Their nomenclature is also characteristic. The

background of the discovery of a fungus is reflected in its name, and different names may be given depending on

whether the fungus exhibits the sexual form (teleomorph) or the asexual form (anamorph) of regeneration.

Some natural fruit bodies weigh as much as several tens of kilograms per piece. These fruit bodies are formed by the

accumulation of mycelia. Considering the whole fruit bodies and how deep mycelia grow in the ground, they can be

thought of as infinite living things. Eukaryotic microorganisms in the form of mycelia have cell walls that consist

mainly of polysaccharides. Cell wall degradation is necessary for fungal growth, and many polysaccharide-degrading

enzymes exist for this purpose. Fungi take up various nutrients for growth and efficiently utilize dead trees or dry

grass, as exemplified by mushrooms. Many kinds of enzymes, including polysaccharide-degrading enzymes, are also

produced in the process. Thus, fungal species vary widely. Much remains to be analyzed and there is great possibility

that various structures and activities will be discovered in the future.
2.17.2 Fungal/Yeast Polysaccharides

Fungal polysaccharides not only demonstrate particular biological functions but also play various roles in organisms,

such as stimulating the biodefense system. They are also industrially important substances.11–22 There are many

scientific papers, reports, and patents on them in various fields. Although many of their structures were analyzed, the

structural details differed slightly. They are derived from microorganisms, and it cannot be easily concluded how

significant these differences really are when one takes into consideration the variation in microbial strains, culture

conditions, individual differences, differences in extraction methods (including partial degradation during the extrac-

tion process), and analytical methods with their accuracy. In the case of yeast with an egg-shaped morphology,

constructed by a delicately controlled network, it is difficult to imagine that the structure of polysaccharide (one of

the representative cell wall components) is only a repetition of sugar units. Yeast reproduces by budding, and a bud

scar is known to remain after growth. Therefore, the structure of this portion is also expected to be characteristic.

Assuming that the morphology of microorganisms itself is a result of network formation of the primary structures of

polysaccharides, changes might occur related to the specific conditions of the extraction and purification process that

are characteristic of the polysaccharides. For example, b-glucan (BG), one of the main cell wall components, forms a

functionally and physically strong cell wall, but has low solubility in water. Therefore, partial degradation is necessary

prior to purification, and this gives rise to subtle differences in its structure. Moreover, in crude or low-purity

commercial polysaccharides, the measured biological activity can be sometimes due to impurities. It is dangerous to

accept all results only because they are published in major journals. Compared with low molecular weight natural

organic compounds, such as enzymes and lipids, it is difficult to estimate the uniformity and homogeneity of

polysaccharides. Compared to other substances, large variations in results can therefore be expected. On the other

hand, some soluble polysaccharides are secreted by fungi. Similar to the above-mentioned compounds, they are

difficult to purify as well because their molecular weights could not be determined accurately. Nevertheless, it seems

that they are simple compared with insoluble cell wall components because they are secreted as soluble substances.

However, there are still many unknown factors for polysaccharides. The analysis of fungal polysaccharides, which has

hitherto been performed by conventional polysaccharide chemistry, seems not to have profited from the advances in

molecular biology. This is because the polysaccharides are secondary metabolites with large and complicated

structures, their solubilities are low, and the progress of the analytical methods was slow compared with other fields.

Meanwhile, the number of young researchers has significantly decreased. As a result, we strongly feel that the progress

in this field has been significantly delayed.

In the twenty-first century, as various receptors involved in natural immunity were analyzed and the receptors for

fungal polysaccharides were found, the number of researchers rapidly increased recently. It is expected that the

progress in receptor research will contribute to the development of polysaccharide chemistry itself. However, the

structures of polysaccharides are very complicated and special techniques are needed, as mentioned above. Never-

theless, changes have begun.

In addition, whole genome analysis of a variety of eukaryotic microorganisms has been completed or is in progress.

Such information is quite useful for analyzing fungal polysaccharides, especially in relation to morphology of fungi/

yeast, that is, induction of phenotypic changes by targeting genes gives various clues. Recently, many of the disease-

related eukaryotic microorganisms and their metabolites are being analyzed by these modern technologies.



Table 1 Classification and properties of yeast and fungal polysaccharides

Name Note

b-Glucan b1-3- and b1-6-linked glucan present in cell walls of yeast and fungi

b1-3- and b1-6-linked glucan produced as soluble form

Branching as well as length of side-chain glucose vary significantly

Applied to medical use for immunostimulation. Also present in cell wall of pathogenic fungi, Candida,
Aspergillus, Pneumocystis, and so on, and released into patients’ sera

Lentinan from Lentinus edodes, sonifilan from Schizophyllum commune are used for cancer therapy. Similar

glucans were obtained from various fungi, such as sclerotan, isosclerotan, pachyman, Grifolan, CSBG,

ASBG, OX-CA, SSG, OL-2, BBG, and BGG

Pustulan from Umbilicaria, Lasallia, Gyrophora is b1-6-glucan. O-Acetylation is mentioned

Islandic acid and luteic acid from Penicillium sp. is b1-6-glucan associated with malonate

b1-6-Glucan was also prepared from Agaricus braziliensis (Agaricus blazei)
Lichenan from lichen was composed of b1-3 and b1-4-linkages

a-Glucan a1-3-Glucan was present as major cell wall component of fungal cell wall

Pullulan from Aureobasidium pullulans having structure of a1-4- and a1-6-linkages
Nigeran from Aspergillus niger is a1-3- and a1-4-glucan
Isolichenan from lichen was composed of a1-3- and a1-4-linkages

Galactan b1-5-Galactan, galactocarolose, was from Penicillium charlesii
Heterogalactan compsed of galactose, mannose, and fucose was extracted from Armillaria mellea
Heterogalactan composed of galactose and glucuronic acid was extracted from Inonotus levis
Malonogalactan was extracted from Penicillium citrinum
Phospho-a1-6-; a1-3-galactan was from Sparebolomyces sp.

Mannan Mannoprotein is major antigenic glycan on pathogenic yeasts, Candida sp. Linkage of mannan region

significantly varied among species. Structure is also significantly regulated by culture conditions

Mannocarolose from Penicillium charlesii is a1-6-mannan with a1-4-branches
b1-3 and b1-4-linked mannan was from Rhodotorula glutinis
Phospho-a1-6-; b1-2-; a1-2-mannan was from Hansenula capsulate and Hansenula hostii

Galactomannan Product of pathogenic Aspergillus and Penicillium. Main chain was composed of a1-6-mannan. Side chain

was composed of 1-2- or 1-3-linked galactose

Galactomannan was also extracted from Schizosaccharomyces pombe
Xylomannan Present in cell wall of Trichosporon cutaneum and Cryptococcus neoformans
Polygalactosaminide Partially N-acetylated a1-4-linked polygalactosamine was from the culture filtrate of Aspergillus

parasiticus
Chitin, chitosan b1-4-Linked N-acetylated glucosamine present in animals, plants, as well as fungi. Chitin and chitosan

were present as components of fungal cell wall

Polyuronide Mucoric acid is polymer of b1-4-linked glucuronic adic present in Mucor species
Protuberic acid is a polymer of glucuronic acid and iduronic acid present in Kobayasia nipponica
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Structure of fungal/yeast polysaccharides vary significantly (Table 1). Analysis of these polysaccharides was started

over 50years ago. It is impossible to review all this information. Our laboratory is mainly working on fungal BGs and

mannans from edible/medicinal mushrooms and pathogenic fungi. The focus here is mainly on these glycans. Glycans

with pathogenic interest, such as a-glucan, chitin, and capsular polysaccharides, are also included.
2.17.3 b-Glucan

2.17.3.1 BG of Candida albicans

Zymosan, which is prepared from baker’s yeast (Saccharomyces cerevisiae), is a reagent that has been widely used for

many years in inflammation and immunology researches.23–25 Many parameters concerning those functions have been

clarified by these studies. Since the main component of yeast cell wall is BG, it was thought that the activity of

zymosan might be due to the receptor of BG, or to the activation of the complement system by BG. After zymocel,

which is pure BG derived from zymosan, was marketed in the 1980s, researchers were even more convinced that BG

plays a role in the activity of the crude zymosan.26 Since rapid progress was made with the analyses of natural

immunity, such as the discovery of Toll-like receptors (TLRs), in the late 1990s, it was logical that the receptor of

zymosan received attention in major journals.27–31 However, it should be noted that some of the data showing in these
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major journals contain overestimation of the molecular mechanism of zymosan that all of the activities were induced

by the major component, BG.

There are soluble and insoluble (particulate) BGs, both of which show significantly different biological activities.

One notable example is the production of reactive oxygen species from neutrophil and macrophage.32,33 Although

particulate BG showed this activity, soluble BG showed no such (or weak) activity. The similar tendency appeared in

some other activities tested. However, these conclusions were conducted by analyzing the data using substances

having different primary structures. An attempt was made to confirm the concept by comparing soluble and particulate

BGs with the same primary structure. After various trials, it was found that oxidation with hypochlorous acid was the

most appropriate method to remove and/or degrade impurities (Figure 1). Hypochlorous acid is a strong oxidant that

can oxidize and decompose all substances, including proteins, lipids, and nucleic acids. Fortunately, BG is relatively

resistant to such treatment. As a result, by applying this method, purified, particulate BG was obtained and its

dissolution in alkali or DMSO yielded soluble BG (hereafter referred to as the hypochlorous acid–DMSO method);

that is, soluble (solubilized Candida b-glucan, CSBG) and particulate (hypochlorous acid-oxidized Candida albicans,

refered to OX-CA). BGs with the same primary structure were prepared by using this method. Although this is a classic

method, it can be widely used and so we applied it to baker’s yeast, Candida, and Aspergillus.34 CSBG prepared from

Candida using this method had a b1-6-chain with a degree of polymerization of approximately 10–50, which was

attached to a long b1-3-backbone. The b1-6-chain was slightly branched (Figure 2). This structure does not contradict

the biosynthesis route of yeast cell wall.35–37

Candida shows dimorphism and mycelium-like growth. When BG was prepared from mycelium-like Candida, its

basic structure was similar.38 However, the most characteristic result was its yield. As the content of BG in mycelium-

like Candida cell wall was low, the amount of BG prepared was also quite low.

BG has a high molecular weight, which was estimated to be approximately 1 million by size-exclusion chromatog-

raphy and a large molecular weight distribution. One reason for this is that CSBG was obtained by hypochlorous acid

oxidation, which is a severe treatment, and partially disrupts cell wall to enable solubilization followed by an alkali

treatment step for the extraction process which may cause partial chain scission. Once CSBG is dissolved in alkaline

solution, it is water soluble even after neutralization. From these procedures, it is clear that CSBG was obtained by

partial decomposition of an originally large and insoluble substance.

Sizofiran (SPG) derived from Schizophyllum commune is also used as a drug. It is obtained by an ultrasonication

treatment during the manufacturing process which causes a decrease in the molecular weight and the formation of a

rod-like triple helix. Without such a treatment, the molecular weight distribution is expected to be quite large.
2.17.3.2 BG of Edible and Medicinal Mushroom

The analysis of the polysaccharides of mushrooms that form fruit bodies is complicated. The procedure and the

fundamental structure will be discussed using Grifola frondosa as an example.39–41 In G. frondosa, the fruit body, the
Acetone-dried yeast

NaClO-oxidized yeast 
(particle glucan:OX-CA)

Soluble glucan (CSBG)

Suspended in 0.1 M NaOH

Added, NaClO solution (various conc.)

4 �C overnight

Collect ppt.

Dried, EtOH and acetone

Suspended in DMSO

Occasional sonication

Collect extract

Dried, EtOH and acetone

Figure 1 Outline of NaClO–DMSO method.
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b1-3-gluco

b1-6-gluco

b1-3;1-6-branch

Figure 2 Outline of the structure of fungal/yeast BGs. a, b1-6-glucan chains attached to backbone of b1-3-glucan. This
type of structure was found in a medicinal fungus, Agaricus brasiliensis. b, highly branched b1-6-glucan segment.

This type of segment was found in the cell wall of fission yeast, Schizosaccharomyces pombe. c, long b1-6-glucan linked

to b1-3-glucan backbone. This type of structure was found in the cell wall of Saccharomyces cerevisiae and Candida
albicans (OX-CA, CSBG). d, 6-branched b1-3-glucan. Ratio of branch varies depend on species and strains. This type of

structure was found in various medicinal mushrooms, that is, Grifola frondosa (grifolan, GRN), Lentinus edodes (lentinan),

Hypsizigus marmoreus, Sparassis crispa (SCG), Peziza vesiculosa (PVG), Omphalia lapidescens (OL-2), and Sclerotinia

sclerotiorum (SSG).
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surface pad of the fungus (root portion of fruit body), and the fraction that was released by the fungus upon

fermentation of mycelium were analyzed. For the fruit body and the surface pad of the fungus, hot water extraction,

cold alkali extraction, and hot alkali extraction were performed in this order, and the polysaccharide fractions obtained

were purified. Six branched b1-3-glucans having similar basic structures were obtained and named grifolan (GRN)

(Figure 2). Due to the simplicity of purification, GRN obtained by the fermentation process is mainly in use. Its

structure was identified as a b1-3-glucan carrying single b-glucopyranose residues as side chains. This basic structure is

similar to that of Lentinus edodes, named lentinan (LNT) and SPG. BGs having this basic structure were also found in

Sparassis crispa,42–45 Sclerotinia sclerotiorum,46–48 Omphalia lapidescens,49,50 Hypsizigusmarmoreus, and Peziza vesiculosa.51–53

However, the degree of branching and the ratio of side chains and main chains differed from fungus to fungus. OL-2

derived from O. lapidescens Schroet showed two branched points per three residues of the main chain, which was the

highest degree of branching, whereas PVG derived from P. vesiculosa showed approximately one branched point per

five residues. On the other hand, the main BG of Agaricus contained a large amount of b1-6-chains and a small amount

of b1-3-chains.54 Since this structure was resistant to enzymolysis, it is presumed to be highly branched. The fruit

bodies of edible and medicinal mushrooms have characteristic morphologies and BG seems to participate in the

morphogenesis as a representative framework material. As the detailed structures are expected to differ in each

mushroom, careful analysis should be conducted in the future.
2.17.3.3 Higher-Order Structures of BGs

Neutral aqueous solutions of BGs form a gel. Concentrated mushroom extracts may also become agar-like when stored

for a long period of time. This is evidence of their molecular interaction; the presence of a triple-helix structure has

been suggested by X-ray analysis and other methods. In reality, however, all BGs in nature do not always exist in the

form of triple helices; some form a single helix by coordinating with water molecules, whereas others exist in the form

of random coils. These higher-order structures have considerable effects on the biological activity. We examined this

aspect in detail by using a coagulation factor (factor G) found in horseshoe crab, and clearly demonstrated that BGs are

active in the form of single helices or random coils.55–57 The dependence on the higher-order structure has also been

observed in analyses using immunocompetent cells, and it is necessary to control the higher-order structure in order to

evaluate the activity of BGs.58–60
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2.17.3.4 Molecular Biology of BG Biosynthesis

In line with the advances in genome analysis in various microorganisms, eukaryotic microorganisms, such as Sa. cerevisiae,

Ca. albicans, and Aspergillus fumigatus, were analyzed. In the early 1980s, research on the biosynthesis of cell wall BG

was conducted intensively. Cabib et al. suggested that BG was synthesized inside the cell membrane using UDP-

glucose as the starting material by the b1-3-glucan synthase gene (FKS), then gradually transported through the cell

membrane with the progress of the synthesis, and finally reaching the cell wall.61–63 It is known that Fksp, which has a

catalytic site of FKS, and Rho1p, which is a regulatory factor of FKS having low guanosine triphosphatase activity, are

involved in this reaction.64,65 FKS-related genes were found in Candida, Cryptococcus, Paracoccidioides, Pneumocystis,

Aspergillus, Coccidioides, etc. Thus, BG biosynthesis appears to take place in these fungi by a relative similar

fundamental mechanism. However, as mentioned above, an extremely wide variety of structures are formed, and,

therefore, detailed analysis should be conducted in the future.66–70 Recently, echinocandins, antifungal drugs having

BG synthetase inhibitory activity, were marketed for the treatment of mycosis.71–74 We expect that research in this

field will be performed from a new viewpoint and increasingly accelerate.
2.17.3.5 Early Diagnosis of Deep Mycosis and BG

The number of deep mycosis patients tends to increase with time. It seems that several high-risk factors, such as an

increase in the number of patients with an impaired immune system accompanying aging and the spread of highly

advanced medical care, are involved. Therefore, the availability of early diagnostic methods is important. The typical

causes of deep mycoses are Candida and Aspergillus. Since b1-3-glucan is present in their cell walls, it is useful for early

diagnosis to measure trace amounts of BG in the blood. BG can be measured at trace level by the limulus test, in which

the biodefense mechanism in limulus specifically reacts with b1-3-glucan in the patient’s blood (Figure 3).75–80

A positive reaction in the limulus test indicates that b1-3-glucan is actually released into the blood. However, as the

substance released could not be isolated, its real structure is unknown. When Ca. albicans was grown in a complete

synthetic medium, the soluble macromolecular fraction, named CAWS, was released into the medium. CAWS was

subjected to the limulus test, and a positive result was obtained.81 Interestingly, this fraction consisted not only of BG;

rather, its main component was a mannoprotein complex. Further analysis revealed that CAWS has a large molecular

weight distribution and was not a single population. When the biological activity of CAWS was examined, various

activities were found, including acute lethal toxicity and angiitis-inducing effect. The question arises then if this is

indeed the substance present in blood. No conclusions have been drawn yet at this stage.
Endotoxin

Factor C === Activated factor C

Factor B === Activated factor B

Proclotting enzyme === Clotting enzyme

Activated factor G === Factor G

Coagulogen === Coagulin === Gel

b1-3-Glucan

Boc-Leu-Gly-Arg-CONH-pNA

pNA (A405)

Figure 3 Outline of coagulation cascades of endotoxin and b1-3-glucan in limulus lysate. Limulus lysate contained
specific recognition proteins for bacterial endotoxin (factor C) and b1-3-glucan (factor G). Binding of endotoxin or b1-3-
glucan to these proteins activates coagulation cascade of the lysate and produces ‘clot’. The coagulation cascade include

several specific proteinases showing very restricted substrate specificity. For the quantitative determination of clinical

materials, synthetic substates are applied, as shown in this figure.
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2.17.3.6 Immunopharmacological Action and BG

In the beginning, BG attracted attention as an ‘antitumor polysaccharide’, and various evaluation systems were

examined. The most interesting result we obtained was the relationship between the degree of branching and activity.

The in vivo antitumor activity of highly branched OL-2 (degree of branching: 2/3) against Sarcoma 180 solid tumor was

weak; the activity was strong in BG having an intermediate degree of branching and weak in BG having no branching.

An appropriate degree of branching seems to be needed to induce the antitumor activity. However, when OL-2 was

administered with a chemotherapeutic drug, it exhibited antitumor activity and accelerated recovery from leukopenia.

Therefore, OL-2 seems to exhibit some degree of activity, although the mode of action may be slightly different from

that by the other immunomodulating BGs. It was reported that the cytokine mRNA expression pattern was also

different. In addition, a linear b1-3-glucan, named curdlan (CRD), showed antitumor activity when a carboxymethyl or

a hydroxyethyl group was chemically introduced to free hydroxyl groups, or when CRD was oxidized by hydrogen

peroxide or by hypochlorous acid. At a moderate degree of substitution, lower than c. 0.5 substitution per glucose

residue, CRD still showed the activity. Although it had been suggested that the triple-helix structure was necessary

for activity expression, the result obtained by such chemical modification did not agree with this idea. On the other

hand, there are reports that the optimum concentration for activity expression differed significantly in SPG when its

higher-order structure was changed. That the triple-helix structure is important for expressing the antitumor activity is

a well-accepted fact. However, the results mentioned here are in contradiction with this. We have been studying the

effects of higher-order structure, such as triple helix, single helix, and random coil, through in vivo and in vitro analyses

of laboratory animal and human peripheral blood leukocytes and cell strains. It was clarified that various activities,

such as NO production of macrophage and interleukin-8 (IL-8) production, depended on the higher-order structure

and produced higher concentration of mediators by the single helical conformation.

Further, as mentioned above, we developed the hypochlorous acid–DMSO method for the preparation of Candida

cell wall BG, and particulate (OX-CA) and soluble (CSBG) BGs having the same primary structure were obtained using

this method. When their activities were compared using human peripheral white blood cells, activity of CSBG was

strongly dependent on the presence of complement activation. Furthermore, when gene expression in stimulated

human peripheral bloodmononuclear cells was compared using theDNAmicro-arraymethod, it was found that therewas

not only a difference in the intensity of activity, but also a qualitative difference, between soluble and particulate BGs.

For activity evaluation, the evaluation systems themselves, such as those related to species or strain difference, are

interesting. Type II collagen-induced arthritis, which is known as a rheumatism model, is mostly limited to the DBA/1

strain.82 In addition, the adjuvant activity of BG against antibody production differs significantly depending on the

strain. Not only the strength but also the class of the antibody produced was different. Furthermore, high cytokine

production by BG in an in vitro culture system of spleen cells was noted in the DBA/2 strain. It was clarified recently

that GM-CSF production played a key role in this reaction.42,44 Significant individual difference was also observed in

humans. When we administered a branched b1-3-glucan, named SCG, derived from Sp. crispa to leukocytes from

several volunteers and measured cytokine production, a significant difference in quantity was observed.83 Thus, in

activity evaluation, it is necessary to consider not only the structural factor but also information of the host.

Comparison of in vivo and in vitro biological activities indicated that the extent of activity differed considerably from

individual to individual and from fungus to fungus. As we made sure that all samples had the same level of purity prior

to analysis, we realized the difficulty of generalizing the structures and activities of BG. In vivo activity was built up by

adding the various factors, such as the absorption, distribution, metabolic, and excretory systems, and the histocom-

patibility antigen. Since all the elements involved in each activity evaluation system have not been analyzed at the

molecular level, further development of these systems in future is required.
2.17.3.7 Action of BGs toward Mucosal Immune System

There are high expectations regarding the utility of orally administered BGs, particularly in the mushroom-processing

industry. Strictly speaking, as mushrooms contain various biologically active compounds in addition to BGs, for

making an evaluation, it is necessary to evaluate the effects by using purified BGs. This seems logical; however,

there are several obstacles in achieving this. One question is of what is meant by useful effects and the other question

is whether the structures of the BGs having a repeat structure which demonstrate effects can be completely specified.

An obstacle is the extraction efficiency.

We reported in 1986 the isolation of a highly branched BG, named SSG, from the culture medium of the Ascomycetes

strain Sclerotinia sclerotiorum IF09395. During the course of analyzing SSG, we found that it demonstrated antitumor

activity even when administered orally. Therefore a systematic study of the oral immunomodulation by SSG was
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conducted in the mid-1990s, which clearly showed that (1) SSG is effective against multiple solid tumors of the

allogeneic as well as syngeneic systems, (2) SSG demonstrates metastasis inhibitory effect, (3) SSG increases the

responsiveness of spleen cells to ConA and LPS, (4) SSG causes an increase in NK activity, (5) SSG exhibits peritoneal

and alveolar macrophage-activating action (acid phosphatase, phagocytosis, bactericidal action, hydrogen peroxide,

IL-1), and (6) SSG enhances IgA production. Moreover, these effects were clearly demonstrated to be involved with

an increase in Peyer’s patch function.84–88 Although these effects appear to be similar to the effects of intraperitoneal

or intravenous administration, the optimum dosage is a factor of 10 higher than that of intraperitoneal administration,

and there may be considerable differences in the mechanisms underlying the expression of the pharmacological

effects between oral and nonoral administration. In addition, the oral administration of SCG from Sp. crispa clearly

produced hematopoiesis-promoting effects in a leukopenia model.89 Also, this research demonstrated that BGs are

able to exhibit useful effects even when orally administered. Moreover, orally administered SSG was not absorbed at a

detectable level; namely, it is unlikely that BGs demonstrate activity as a result of their being absorbed. Although it is

presumed that BGs exert multiple actions that are mediated by the activation of immunocompetent cells in the

digestive tract mucosa, further analyses will be required to examine the details of this.
2.17.3.8 Metabolism of BG

It is difficult to comprehend that BG is absorbed by the body under normal physiological conditions and there is also

little knowledge of its metabolism and accumulation. Its metabolism and accumulation should be taken into

consideration when a large amount of fungi grow inside the body of a deep mycosis patient, or when LNT and

SPG, which are known as antitumor agents, are administered. Further, it is not known if and to what extent various

drugs or medical devices are contaminated by BG. If its toxicity was as well known as that of endotoxin, measurement

and proof of no contamination for all products and devices would be required. However, the toxicity of BG is not

emphasized strongly. Because of this, there is little knowledge on the accumulation and metabolism of BG in the body.

To understand the mechanism of action of BG, we conducted an analysis from two viewpoints: one is the

elimination of BG from blood, and the other is the accumulation of BG in organs. The former was mainly performed

using the limulus test. The half-life differed significantly depending on the BGs used. It was as long as approximately

6h for SPG. By contrast, the elimination was relatively rapid for CSBG. Moreover, the elimination rate depended on

the higher-order structure; the half-life for the triple-helix structure appeared to be longer than that for the single-helix

structure.

Accumulation kinetics were investigated by using the limulus reagent for detection of BG and isotope-labeled BG

administered to mice.90–96 It was found that BG injected into mice was accumulated mainly in the liver and spleen for

an extremely long time with little decomposition (Figure 4). Here, ‘extremely long’ indicates a period as long as half a

year or 1year, which corresponds to the survival time of mice.
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Figure 4 Organ/tissue distribution of metabolically 3H-labeled SSG (a highly branched 1-3-glucan from Sclerotinia

sclerotiorum) in mice. Metabolically tritium-labeled SSG (3H-SSG) was administered intraperitoneally and after 1, 2, 3,
and 4 weeks, mice were sacrificed and 3H-SSG was quantified by monitoring 3H content. sup; soluble fraction of the

peritoneal exudate.
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We can conclude that BG administered orally is hardly absorbed. If a large amount of BG were absorbed in the body,

the risk of its accumulation inside the body without being metabolized throughout life would emerge. Although

conclusions cannot be drawn, detailed analyses of the absorption, accumulation, metabolism, and excretion of orally

administered BG should be improved and continued.
2.17.3.9 Progress Related to the Recognition Mechanism of BGs

TLRs have been determined to play a central role in natural immunity, and various ligand molecules have been

identified for these TLRs.97–101 Although the involvement of TLRs cannot be ruled out for BGs as well, analyses of

BG-specific receptors, such as surfactant protein D, lactosylceramide, scavenger receptor, and dectin-1, are under way.102

Starting in the latter half of the 1980s, reports indicating that the complement receptor CR3 is one of these receptors

have been systematically published by Ross et al.103–107 In addition, in the end of the 1990s, dectin-1 began attracting

attention as a new receptor.108–112 We have also prepared a recombinant dectin-1 and determined that BG binds to

it.113 Analysis of the signal transduction mechanisms mediated by these receptors is attracting attention throughout

the world, and it is likely that the details of the activation mechanism will be elucidated in the near future.
2.17.3.10 Antibody to BG

The production of antibodies against BGs is being studied. BGs have previously been associated with low antigenicity,

making it unlikely for them to induce antibody production. It is quite true that production of monoclonal antibodies

against SPG was difficult. Similar attempts have been made to produce monoclonal antibodies against GRN obtained

from G. frondosa, but they have met with little success. However, anti-BG antibody was produced when mice were

administered yeast cells.114 These findings suggest that not all BGs have difficulty in inducing antibody production

but it is particularly difficult for SPG-type polysaccharides. When antibody titers against CSBG obtained from Candida

were actually measured using human globulin preparations, an IgG class antibody was determined to be present.115,116

Moreover, these antibodies were specific for the side-chain portion of the glucan. When the antibody titers were

measured in healthy volunteers, the antibodies were confirmed to be present in all the volunteers. Moreover, when the

anti-CSBG antibody titers in blood were measured in cancer patients, autoimmune disease patients, and mycosis

patients, the antibody titers were observed to fluctuate depending on the disease (Figure 5).117 Similar antibodies

were also observed in pigs and cows. In addition, antibodies against BGs were observed in mice albeit only in specific

strains.118 These findings indicate that humans and animals are spontaneously sensitized to BGs which occur in food
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Figure 5 Anti-BG antibody in human sera. CSBG-coated enzyme-linked immunosorbent assay (ELISA) plate was used

for determination. A, normal human (n¼22); B, rheumatoid arthritis patients (N¼77); C, antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitis patients before therapy (n¼14); D, ANCA-associated vasculitis patients after therapy,

early phase (n¼24); E, ANCA-associated vasculitis patients after therapy long phase (n¼11); F, patients with fungal

infection (n¼5); and G, cancer patients (N¼26). **, P<0.01 vs normal human.
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and the environment and react in the form of acquired immunity as well as innate immunity. Activation of the immune

system mediated by antibodies, complement, and platelets is also important in discussing the immunoactivation

mechanism of BG.
2.17.4 a-Glucan

a-1-3-Glucan is a major glycan in various fungi with pathophysiological interest, such as Aspergillus fumigatus,

Histoplasma capsulatum, Paracoccidioides brasiliensis, and Blastomyces dermatitidis.119–124 The synthesis of a1-3-glucan
has also been studied in a fission yeast, Schizosaccharomyces pombe. Hochstenbach demonstrated a1-3-glucan synthase,

ags1, to be present in Schizosaccharomyces pombe. He also made a deletion mutant and found that this exhibited

morphological change.120 Beauvais et al. prepared various strains of A. fumigatus having deficiency on a1-3-glucan
synthetase, AGS1 and AGS2.122 Morphological differences in hyphae and conidia were seen. Analysis of a-glucan is

developing very fast, but compared with the research fields of BG, it is still very limited.
2.17.4.1 Glycans of Aspergillus

Since candidiasis and aspergillosis are representative forms of deep mycosis, it is important to compare these phenom-

ena from various perspectives. The structure of the cell wall of Aspergillus sp. have been extensively examined,123–125

using the hypochlorous acid–DMSOmethod.34 Although a DMSO-soluble cell wall fraction could be prepared, a large

amount of a-glucan was contained in it. This is an example where the variability of the composition of the fungal cell

wall was clearly demonstrated. In our examination of the various methods to purify BG, we found that a- and b-glucans
could be separated relatively effectively by urea treatment.34 Thus, this method was used to prepare BG from

Aspergillus cell wall (ASBG). Comparison of the specific activities of Candida and Aspergillus BGs is important in the

limulus test, which is used for the early diagnosis of mycosis. The limulus test revealed that CSBG and ASBG

activities were almost the same. On the other hand, when various Aspergillus species were compared, it was found that

the ratios of a-glucan to b-glucan in the cell wall were considerably different (Figure 6).
2.17.4.2 Glycans of Schizosaccharomyces pombe

Similar to baker’s yeast, fission yeast is important as a model organism and has been analyzed from various perspec-

tives.126–130 Although it is known that a1-3-, b1-3-, and b1-6-glucans are contained in its cell wall, their detailed

structures are not known. Partial enzymolysis and two-dimensional NMR after gradual extraction revealed the
A. niger IFO 6342

A. fumigatus IFO 30870

A. fumigatus IFO 4400

A. oryzae IFO 30103

(a)

(b)

(c)

(d)

Figure 6 13C NMR spectra of NaClO-oxidized Aspergillus spp. (OX-Asp) in Me2SO-d6. Each oxidized Aspergillus cell wall
glucan (OX-Asp) was dissolved in dimethylsulfoxide and measured by 13C NMR. Only anomeric regions were shown. Left

signal shows b1-3-glucan and right signal shows a1-3-glucan in each spectrum. a, A. niger IFO 6342; b, A. fumigatus IFO

30870; c, A. fumigatus IFO 4400; d, A. oryzae IFO 30103 (Institute for Fermentation, Osaka (IFO)).
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existence of a highly branched b1-6-glucan. Candida has b1-6-glucan in the form of a relatively long chain;

Schizosaccharomyces pombe, by contrast, possesses a b1-6-glucan with a highly branched structure (Figure 2).131

Cell walls form a rigid structure in order to defend the cell against various stresses.132 However, during the growth

phase, at least a part of the cell wall should be degraded by own hydrolases.133,134 In Sa. cerevisiae, an endochitinase,

named ScCts1p, is involved in hydrolysis of the primary septum, and also an endo-b-1,3-glucanase, named ScEng1p,

has been shown to be involved in septum hydrolysis. Expression of both hydrolases is regulated by a cascade of

transcription factors, including two members of the genes HNF-3/forkhead family, ScFkh1p, and ScFkh2p, in

addition to the C2H2-type zinc-finger transcription factor ScAce2p. In Schizosaccharomyces pombe, a homolog of

ScFkh1p and ScFkh2p, as well as a homolog of ScAce2p, have been identified. Schizosaccharomyces pombe contained

a1-3-glucan and a-1,3-glucanase, named Agn1p, which also functions in septum hydrolysis.
2.17.5 Yeast Mannan

The surface of pathogenic microorganisms consists of various components that serve as resistance factors of the

host defense system.135–139 Candida sp. are typical pathogenic fungi and mannan is present on its surface. Mannan is

present in the form of a glycoprotein that consists of mainly mannose residues. The sugar chains contain various

linkages, such as a1-2-, a1-3-, a1-6-, and b1-2-linkages. Mannan also contains both N- and O-glycoside sugar chains,

and some phosphodiester linkages. Biosynthesis of mannoprotein from Sa. cerevisiae as well as Ca. albicans have been

extensively analyzed in relation to the routes of animal glycoprotein synthesis, briefly shown in Figure 7. Comparing

animal and fungi, animals link a variety of sugar residues to the core oligosaccharides, whereas the sugar residues

linked by fungi are limited to mannose. Thus, the later part of the glycoprotein synthesis is rather simple in fungi. In

addition to the inter part of the mannoprotein synthesis, genes for outer part of the mannan linkages specific for fungi

have also been extensively analyzed by varieties of mutants.

It has also been found that mannan structures not only differ depending on the kind and strain of fungus, but also on

the growth environment. For example, the number of b1-2-linked sugar chains is significantly decreased when the

fungus growths under acid conditions or at 37�C.140–144 It is believed that the changes in sugar chain structures by the

growth environment cause considerable changes in host response and are closely related to pathogenicity. It is

recommended that the readers look into the many publications on this topic.145–147
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Figure 7 Biosynthesis of the N-linked core oligosaccharide and yeast mannoprotein. Synthesis starts on the cytosolic

surface of the ER membrane by the addition of sugars, one by one, to dolichylphosphate. When two N-acetylglucosamines
and five mannoses have been added, the oligosaccharide is flipped to the lumenal side of the membrane (a), and seven

further sugars are added from lipid precursors. After the last of the three glucoses have been added, the oligosaccharyl-

transferase enzyme complex catalyzes the transfer of the core oligosaccharide to the asparagine residues of nascent,
growing polypeptide chains (b). The three glucoses are trimmed away, and upon arrival in the Golgi all N-glycans receive a

single a1-6-mannose from the transferase named Och1p. On a subset of proteins this mannose is then extended by the

sequential action of two enzyme complexes (mannan polymerasesM-Pol I andM-Pol II) to form the longmannan backbone.

The branches are then made by the sequential action of Mnn2p, Mnn5p, and Mnn1p. Phosphomannose and b-mannose
linkages are also transferred (c).
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2.17.5.1 Effect of Mannan on Host Defense System

Mannose is present also in various sugar chains inside the bodies of hosts and research on receptors specific for mannose

has been actively conducted for many years. Detailed analyses were performed on the representative mannose receptors,

such as collectin family. Complement lectin pathway activation is also related. As there are many reviews on this topic,

readers are recommended to read them.148–150

We prepared extracellular mannoprotein from Ca. albicans, named CAWS and analyzed it from various points of

view.151–155 In the beginning, we were interested in the activation of limulus factor G by CAWS. It was found that

CAWS contained b1-3-linked glucan structures responsible for limulus factor G activation. CAWS is an extracellular

polysaccharide and was not purified. However, immunochemical as well as spectrometric analyses strongly suggested

that the mannan structures of CAWS are similar to those of the cell wall of Ca. albicans. When we analyzed the blood

clearance of CAWS in mice, the majority of mice died by acute anaphylactic shock. It is most likely that this shock is

induced by the mannan moiety of CAWS by activating the lectin complement pathway. Using human sera, CAWS

almost selectively consumes components of lectin pathway. By screening immunotoxicological activity of CAWS, we

found that at low concentrations it promotes the production of cytokines such as IL-6 and interferon-g (IFN-g) in
mouse spleen cells. At high concentrations, it exhibited cytotoxic activity and suppressed the mitogen activities of

bacterial lipopolysaccharide (LPS) and the plant lectin, concanavalin A. Moreover, it also inhibited growth and

cytokine production of the macrophage cell line, named RAW264.7. When human peripheral blood mononuclear

cells (PBMCs) were cultured in the presence of autoplasma and reacted with CAWS, the production of IL-8, tumor

necrosis factor-a (TNF-a) and other cytokines was promoted. When aggregation activity was investigated using

platelet-enriched plasma, platelet aggregation was exhibited, albeit weak. When human umbilical vein endothelial

cells (HUVECs) were cultured, thrombomodulin production decreased, and this was further decreased when TNF-a
was used concomitantly.

The most interesting activity of CAWS is the induction of severe arteritis in mice shown in Figure 8. Severity of

CAWS-arteritis significantly depends on the strains and it was more pronounced in C3H, DBA/2, and C57B1mice, and

less pronounced in CBA/j mice. Moreover, larger part of the DBA/2 mice died during the observation period,

suggesting the possibility of a strong manifestation of heart disease. On the basis of these findings, CAWS-arteritis

is considered to be a good model for the pathology of angiitis as well as the development of treatment methods.

Kawasaki disease (KD) is a pediatric disease accompanied by arteritis, and its underlying cause remains unknown to

date. This disease results occasionally in fatal sequelae such as the formation of aneurysms in the coronary arteries.

Although the current standard treatment regimen consists of administration of large doses of globulin preparations,

this approach is not always satisfactory. CAWS-arteritis might be a useful model for KD. Molecular mechanism of this

model is underway.
2.17.6 Chitin

Chitin, a b1-4-linked homopolymer of N-acetylglucosamine residues, is an essential component of the cell wall of

fungi, comprising approximately 10% of the cell wall components.156–158 Chitin is also present in many organisms
Figure 8 Representative histology of CAWS-induced coronary arteritis. Left, control; right, CAWS-treated DBA/2 mice

after 4weeks. HE stain.
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other than fungi, and has been studied from various perspectives including industrial applications. Chitin is generally a

minor component in the yeast cell wall, accounting for only 1–2% of the cell wall dry mass, whereas filamentous fungi

contain higher levels of chitin, up to 10–30% of the cell wall dry weight. In both yeasts and filamentous fungi, chitin

contributes to the mechanical strength of the cell wall. Without chitin synthesis, growing hyphae tend to lyse and form

pronounced bulges unless the osmolarity of the medium is increased. Genes encoding chitin synthases have been

isolated from many yeasts and filamentous fungi and have been classified into six classes according to their sequence

similarity. Most yeasts and filamentous fungi contain multiple chitin synthase-encoding genes. Chitin synthesis has

also been shown to be essential in the compensatory response to cell wall stress. Cell wall damage caused by mutations

in cell wall-related genes results in hyperaccumulation of chitin. Inability of the cells to respond to cell wall damage

induced lysis, indicating the importance of the chitin response to prevent cell death.

Chitosan, the deacetylated derivative of chitin, is also an important constituent of the cell wall at various stages of

the life cycle of some fungal species.158 However, it is also not clear how prevalent chitosan is among fungi. Chitosan is

not directly synthesized. Instead, secreted enzymes, the chitin deacetylases (EC 3.5.1.41), modify the chitin to

chitosan during biosynthesis. Chitosan is a polycation, which is much more soluble than neutrally charged chitin. Of

the few fungal species able to synthesize chitosan, those belonging to the Mucorales have been shown to generate

chitosan during vegetative growth, whereas Sa. cerevisiae only produces chitosan during sporulation.
2.17.7 Cryptococcal Capsular Polysaccharide

Cryptococcus neoformans is an opportunistic pathogenic yeast. Cryptococcus neoformans produces a well-developed

polysaccharide capsule.159–162 The major capsular polysaccharide is glucuronoxylomannan, named GXM, which is

an important contributor to the virulence of Cr. neoformans. GXM is antiphagocytic and poorly immunogenic, and

acapsular strains have diminished virulence. In vitro, GXM inhibits leukocyte migration, enhances human immuno-

deficiency virus (HIV) infection in human lymphocytes, induces the release of TNF-a by PBMCs, and promotes

L-selectin shedding from neutrophils. Two distinct varieties of Cr. neoformans have been described: Cr. neoformans var.

neoformans and Cr. neoformans var. gattii. The two varieties were subdivided serologically into four serotypes based on

the reactivities of whole yeast cells to polyclonal sera that were prepared by selective absorption with whole yeast

cells. The variety neoformans consist of serotypes A, D, and A/D, and the variety gattii consists of serotypes B and C.

The presence of at least eight antigenic factors, distributed among the serotypes of Cr. neoformans, has been proposed

based on the reactivities of factor sera in yeast cell agglutination reactions. The typical GXM consists of a linear

a1-3-mannopyranan bearing b-xylopyranosyl, b-glucopyranosyluronic acid, and 6-O-acetyl substituents. The disposi-

tion of the O-acetyl substituents is the major determinant of the antigenic activity observed among GXMs. In recent

years, genetic tools have been applied to dissect the capsular phenotype. Four genes essential for capsule formation

have been identified.
2.17.8 Summary

The structures and biological activities of fungal polysaccharides were reviewed. The progress in this field seems to

be slow compared with the rapid progress in molecular biology. This is because of specific characteristics of the

polysaccharides. Unlike proteins, polysaccharides are not directly translated from genes. Also, the specific conforma-

tions that show bioactivity are not known. Moreover, unlike proteins, there is no N- or C-terminus, and unlike the lipid

A portion of bacterial lipopolysaccharides, there is no localized active center. Fungal polysaccharides, such as b-glucan
and mannan, contain many complicated linkages, making it difficult to systematize them even at the primary structure

level. The difficulty to elucidate their whole structure is largely due to the multiple genes involved in glycan

synthesis. Recent molecular biological techniques give much information on the genome of various yeasts and

fungi but even in the case of a very simple polymer, chitin, each organism possesses multiple genes for chitin synthesis

and these are regulated precisely. For other glycans, similar mechanisms exist. Considering such complexity, chemical

analysis or purification of such glycans are truly difficult to perform with success. In our case, we used sodium

hypochlorous acid to partially degrade Candida and Aspergillus cell wall to solubilize b1-3-glucan. There are many other

methods to extract glycans often accompanied with specific as well as nonspecific degradation of the whole glycan

molecules. Molecular biological techniques are progressing very fast but traditional techniques are still useful from

various points of view, such as analyzing host–parasite relationship.
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2.18.1 Biosynthesis of Starch in Plants

Starch, a glucose-reserve polysaccharide, is a common constituent of higher plants and is found in leaves, roots, shoots,

fruits, tubers, and seeds. Starch is deposited as granules of varying shapes, sizes, and composition (Figure 1).
2.18.1.1 Polysaccharides of Starch

Starch in all plants is made up of two types of polysaccharides. They consist exclusively of D-glucopyranosyl

monomers which are linked either by a1-4 or by a1-6 linkage units to form the macromolecular structures. The two

different types of glucan polymers building up the starch granules are amylose and amylopectin. Amylopectin, the

major glucan of most starches (70–80%), is composed of a highly branched molecular structure. Individual linear

subchains are formed from anhydroglucose monomers joined by a1-4 bonds, terminating in a nonreducing end. Branch

points (4–5%) are induced at position O-6 of glucose units by formation of an additional a1-6-linked glucose monomer

in a chain, which is elongated again by a1-4-linked glucan chains in pre-existing chains. The average chain length in

amylopectin is 20–30 monomers and the degree of polymerization (DP) is around 10000–100000. Due to formation

of molecular aggregates between individual amylopectin molecules, it is still difficult to obtain accurate molecular

weights of amylopectins found in starches from different botanical origin.Mw values range between 200 and 700�106
depending on the source and method of determination.1–3 Mn values are much lower. Due to the highly branched

structure, it is not possible to represent amylopectin by a single structural model. Amylopectin molecules are large flat

disks. Short-unit chains are clustered together, while cluster units are interconnected by longer chains.

The nomenclature developed to describe the structure differentiates between three types of structure-building

(1!4)-a-D-glucan chains: A-chains are unsubstituted chains linked to the molecule by their reducing ends, B-chains

are linked by their reducing end to the molecule and are substituted at one or more of glucose units at position O-6.

B-chains may be further subdivided into subtypes depending on special structural details of the branching chains.

C-chains are those chains terminating in a reducing group.4–6
2.18.1.1.1 Amylose
Amylose is essentially a linear (1!4)-a-D-glucan build up by polymerization of a-D-glucopyranosyl monomers. Most

starches also contain some amylose molecules that are branched to a small extent (0.1%) via a-D-glucopyranose-(1!6)

substituents. Amylose typically forms a left-handed a-helical structure, in which six anhydroglucose units make up one

turn of the helix. Themolecular weight (Mw) of amylose is around 0.15–0.4�106. It should be always kept in mind that



Figure 1 Scanning electron micrograph of starch granules from smooth pea.
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Figure 2 Chemical structure of amylose.
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any value or range of values indicated for the molecular weight of polysaccharides is critically dependent on the source

of the polymer and the physical method of determination. Thus, values for amylose and amylopectin should always be

taken as approximate values (Figures 2 and 3).7,8
2.18.1.1.2 Enzymatic synthesis of amylose and amylopectin
Starch is stored temporarily in chloroplasts of leaves and for long periods in plastids of storage tissues like tubers, fruits,

and seeds. As the starch-forming polysaccharides, amylose and amylopectin, are mainly build from glucose, the plastids

must either be capable of synthesizing hexoses and their activated derivatives suitable for polymerization or hexoses

must be imported from the cytosol into the plastid. In chloroplasts, hexosemonophosphates ((O-(1)- or O-(6)-phosphate)

can be synthesized from C-3 precursors by light-driven processes.9,10 Pigmentless plastids do not dispose of these

pathways. Thus, monosaccharide precursors for glucan biosynthesis need to be imported into the plastids via

specialized transporters. Radiolabeling experiments with wheat seedlings have demonstrated unambiguously that

hexoses can enter plastids directly.11 Like in animal cells, where glycogen is an important storage glucan synthesized

in the cytosol from UDP-glucose, plants use activated hexose derivatives as precursor for glucan synthesis. In plants as

in bacterial cells the activated hexose-nucleotide is ADP-glucose which is utilized as precursor for the synthesis of a1-4
and a1-6 glucosidic linkages of amylose and amylopectin or glycogen, respectively.
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Three enzymes are responsible for the synthesis of amylose and amylopectin in the plastid starting from glucose

6-phosphate:

� ADP-glucose pyrophosphorylase (E.C. 2.7.7.27),

� starch synthase (E.C. 2.4.1.21), and

� starch-branching enzyme (E.C. 2.4.1.18).

In plastids, the reaction product pyrophosphate, generated in the first reaction, will be cleaved by a plastid-specific

isoform of pyrophosphatase (E.C. 3.6.1.1) into two molecules of phosphate, thereby favoring starch synthesis.

The first enzyme, ADP-glucose pyrophosphorylase, catalyzes the following reaction:

ATPþ a-Glucose-1-P! ADP-glucoseþ PPi ½1�

Plastid pyrophosphatase cleaves pyrophosphate according to the following scheme:

PPi ! 2Pi

ADP-glucose pyrophosphorylase has been purified from several sources. It is a tetrameric enzyme build up of two

smaller and two larger subunits.12 Multiple isoforms exist in different tissues.13 The maize endosperm enzyme has a

molecular mass of 230kDa and is composed of subunits of 55 and 60kDa. Both subunits are coded by different genes.

While the smaller subunit confers the catalytic activity, although with lower affinity than the complete enzyme, the

larger subunit has a regulatory function and binds allosteric effectors. The enzyme is activated by 3-phosphoglycerate

and inhibited by phosphate. The Pi/3-phosphoglycerate ratio is the main regulator of starch synthesis. By chemical

modification studies it has been detected that the effector binding sites are located on the larger subunits, while the

two substrates, ATP and glucose-1-phosphate, bind to the smaller subunit. This has also been shown by expressing

cDNAs of the potato tuber small and large units in Escherichia coli. The potato tuber large subunits alone had only

negligible enzymatic activity while the small units possessed high catalytic activity albeit in the presence of a high and

non-physiological concentration of the allosteric activator 3-phosphoglycerate.14

ADP-glucose can, at least in maize, also be synthesized outside the plastid in the cytosol. The process begins with

the cleavage of sucrose into UDP-glucose and fructose by the enzyme sucrose synthase (E.C. 2.4.1.13). UPD-glucose

is then converted into glucose-1-phosphate by the action of UDP-glucose pyrophosphorylase (E.C. 2.7.7.9).

A cytosolic isoform of ADP-glucose pyrophosphorylase synthesizes ADP-glucose which is imported into the plastid

to provide the substrate for starch biosynthesis. Evidence that sucrose is an important substrate for starch synthesis was

shown in the maize mutant shrunken (sh).10 In grains of this maize mutant, starch content was reduced to 40% of the

normal rate and concomitantly sucrose synthase activity was also significantly reduced.
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Starch synthase transfers glucose moieties from ADP-glucose to the nonreducing end of an existing amylose chain

or to the chains of a preformed amylopectin structure, forming an a1-4 bond:

ADP-glucoseþ a1-4-GlucanðnÞ ! a1-4-Glucanðnþ1Þ þ ADP ½2�

Starch synthase exists in several isoforms. Two groups of enzymes have been identified. The first contains

the completely starch granule-bound enzyme (designated ‘GBSS’). The second group contains various forms of starch

synthases distributed between granule-bound isoforms and soluble stromal forms of the plastid (designated ‘SS’).15,16

The roles different starch synthase isoforms play in the synthesis of starch were elucidated from investigations of

mutants found in several plant species. For example, waxy maize mutants defective in activity of granule-bound starch

synthase produced wild-type amounts of starch that virtually contained no amylose, but amylopectin production is

not hindered. Further investigations revealed that the mutants were deficient for GBSS activity, caused by a

translation defect of the responsible GBSS gene.17 Further evidence for a role of GBSS in amylose synthesis was

also provided by antisense-RNA experiments silencing the expression of the enzyme in potato leading to a cease in

amylose synthesis.18 That additional factors are necessary for amylose biosynthesis was shown when starches from log-

phase cultures of plant leaves or of the monocellular alga Chlamydomonas reinhardtii were found to contain no amylose,

despite activity of GBSS was present.19,20 Amylopectin from these starches contained noticeably long chains. That

GBSS also plays a role in amylopectin synthesis has been discovered in C. reinhardtii mutants. A double mutant

defective in GBSS and SSS II had only a starch content of 2–16% of the wild type.21 This points to a dual role of GBSS

in starch biosynthesis. The experiments suggest that GBSS is not only required for the assembly of amylose but is also

needed for the development of the basic internal structure of amylopectin. These mutants served also to detect

several functions of soluble starch synthases. There are multiple isoforms of soluble starch synthase found in a variety

of plants. The studies with mutants proved that besides GBSS also at least one of the two major forms of the enzyme,

SSS II, has a function in the synthesis of the intermediate chains of amylopectin. An SSS I-deficient mutant could be

isolated that contained only 20–40% starch seen in the wild-type organism and the amylose content was increased to

55%. The amylopectin had several distinct features from the wild type. It possessed a greater amount of short glucan

chains (DP 2–7) and a reduced amount of medium-length (DP 8–60) chains than the wild-type amylopectin. This

underpins the important role of SSS II in the formation of amylopectin.

Starch branching enzymes catalyze the following reaction:

Linear a1-4-glucan! Branched a1-4; a1-6-glucan ½3�

The enzymes cleave an a1-4 linkage in a glucan chain and rejoin the reducing free ends of the cleaved chain to

atom O-(6) of anhydroglucose units in amylose or amylopectin. Based on analysis of their amino acid sequences, two

classes of branching enzymes exist in plants: branching enzyme I (‘BE I’) and branching enzyme IIwith subtypes (‘BE IIa

and BE IIb’).21–23 The different branching enzymes are independently expressed in different tissues of the plant and

compartments of the amyloplast, whereby expression level is also regulated developmentally. While BE I has

preferentially but not exclusively a high affinity for unbranched amylose chains, BE II isoforms in contrast have

preference for branched amylopectin twice the rate of branched amylose.21,24

In vitro studies have revealed that different specifities exist with respect to transferred chain length: BE I transfers

longer glucan chains (DP 40–100) and BE IIa and BE IIb transfer shorter chains (DP 6–14).25 In vivo, this different

transfer specificity may result in a cooperative action of the branching enzymes insofar as BE I produces slightly

branched a-glucans from amylose which serve as substrates for BE IIa and BE IIb and starch synthase to synthesize

amylopectin. Support for the purported role of BE II isoforms in the amylopectin synthesis stems from investigations

on maize mutants amylose extender (ae).26–28 These mutants produce starches containing 55–70% amylose and the

amylose is characterized by fewer branch points and longer branches as in the wild-type form. The ae-mutants are

deficient in BE IIb activity, BE I activity being not affected.
2.18.1.1.3 Initiation of starch biosynthesis
In animal cells glycogen synthesis requires a primer molecule, usually an a1-4-linear glucan chain of 6–8 anhydroglu-

cose residues. The protein glycogenin is the primer on which new a1-4-glucan chains are assembled from UDP-

glucose, the first glucose unit being covalently bound to a tyrosine residue of the protein.29 Glycogenin also possesses

enzymatic activity to catalyze the assembly process. Initiation of starch biosynthesis is assumed to proceed via a

glucosylated protein, similar in function to glycogenin.30 But information regarding the existence of such a primer

protein for starch synthesis is still scarce and the protein has not been detected unequivocally.
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2.18.1.1.4 Synopsis of starch biosynthesis
On the basis of the affinities and specifities of the enzymes functionally involved in starch biosynthesis and on studies

of several enzyme-deficient mutants, the following simplified model of starch biosynthesis has been proposed. The

biosynthetic pathway begins with the transfer of D-glucose from UDP-glucose to a special, glycogenin-analogous,

protein forming a monoglucosylated acceptor protein. This primer protein is elongated at the D-glucose anchor

forming a maltodextrin-primer protein.

Formation of branched a-D-glucan on the surface of the developing starch granule propagates by the sequential

action of GBSS – the glucose donor APD-glucose provided by ADP-glucose pyrophosphorylase-SSS II and BE I.

Subsequently, the joint action of SSS I and BE II leads to the synthesis of a more and more branched amylopectin-like

structure of high molecular weight. This amylopectin precursor, termed pro-amylopectin, is water soluble and not

crystalline. A debranching enzyme now trims the pro-amylopectin-forming crystalline amylopectin and liberates

(1!4)-a-D-glucans, which serve as primers for pro-amylose-synthesis. This pro-amylose molecule is elongated by

GBSS within the interior of the starch granule-forming amylose.
2.18.2 Characteristics of Starch Structure

2.18.2.1 Introduction

Starch, a polymer of D-glucose, is synthesized and stored in plastids as highly ordered particles (‘granules’). Chloro-

plasts serve as short time store where starch is synthesized during the light period of the day.

Being degraded in the dark, it provides glucose as energy reserve or as a building block for synthesis of D-glucose-

containing polymers. Amyloplasts, as in seeds or grains or tubers, serve as long-time store providing glucose during

germination for the growth and development of the seedling or sprouting of roots. Storing many single glucose

molecules in a single macromolecule protects the plastids from osmotic disruption. Starch is deposited in plastids as

granules. In granules starch is semicrystalline and water insoluble and is densely packed in a small volume. Despite its

water insolubility starch is accessible for enzymatic depolymerization and can be degraded by enzymes of the plant

metabolism like a-amylases or b-amylases. Starch granules of different plants differ in shape and particle and particle

size distribution (unimodal, bimodal, or trimodal). Table 1 lists the geometric characteristics of starch granules

isolated from selected different plant sources.

Granules from different parts of the same plant may present in different shapes and sizes, indicating that besides

genetics environment also exerts control over the geometric characteristics of the granule.
2.18.2.2 Starch Granule Structure

2.18.2.2.1 Macromolecular composition
Starch is composed of two different fractions of polysaccharides, amylose and amylopectin, which share the common-

ality that they are both a-D-glucans. Both biopolymers differ in size, chain length, number of side chains, and

molecular weight. Amylose, the minor polysaccharide (25% in nonmutant starches) of the granule, is essentially a

linear polymer of a1-4-linked glucopyranosyl units with only few (<0.1%) a1-6 linkages. It has a number average

degree of polymerization (DPn) of 500–5000, with chain length of between 4 and 100 glucose units. Due to the

abundance of hydroxyl groups, amylose is a very hydrophilic polymer.
Table 1 Granule size and shape of starches of different botanical origin

Plant source Granule median diameter (mm) Particle size distribution Shape

Wheat 2–8(‘B-type’) 20–25 (‘A-type’) Bimodal Spherical

Sweet potato 35–40 Unimodal Oval

Maize 12–15 Unimodal Polyhedral

Rice 5–8 Unimodal Polyhedral

Oat 5–10 Unimodal Irregular

Amaranth 1–2 Unimodal Polyhedral

Smooth pea 25–30 Unimodal Oval
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Amylose is build from anhydroglucose units in the 4C1 chair conformation. Therefore, the conformation of the

macromolecule is not linear but helical. Six monosaccharide units are present in one turn of a left-handed helix. The

hydroxy groups are oriented toward the exterior of the helices allowing interaction with polar and/or hydrogen-

bonding solutes water or, what is important for the structure of starch granules, with neighboring amylose helices.

Thus, amylose molecules have a tendency to orient themselves in parallel associating via hydrogen bonding between

separate helices. The interior of the amylose helices is hydrophobic. This allows incorporation of free fatty acids,

monoglycerides, or lysophospholipids, or aliphatic alcohols, forming inclusion complexes. A common method of

amylose isolation is the addition of n-butanol to dispersed starch.

Amylose precipitates as insoluble inclusion complex with the alcohol, allowing separation from amylopectin. The

ability of amylose to form deep blue iodine–amylose complexes has been exploited for the development of qualitative

(blue value-test: absorbance at 680nm for iodine–starch complex)31 or quantitative (iodine-affinity potentiometry or

amperometry; 100mg of pure amylose have an affinity of 19.5–21.0mg iodine)32,33 tests for the quantification of

amylose in starches. The wavelength of absorbance and the intensity of the complex are correlated with the degree of

polymerization of amylose. At DP 15 the complex has a brown color, amylose of DP 20–35 is red, above DP 35 the

color shifts to purple.

Amylose chains ofDP 45 and higher reflect the deep blue color typical for the iodine–amylose inclusion complex. Pure

amylopectin forms a red iodine complex due to the shorter chain length of the individual a1-4 helical glucan chains.

Amylopectin, the larger polysaccharide fraction of starch, is a highly branched glucan with 5–6% a1-6 bonds.

Amylopectin is a very large biological macromolecule, having molecular weights in the range of 107–108. Current

models developed for amylopectin architecture are based on the experimental identification of three different

populations of D-glucan chains, A-, B-, and C-chains, in the amylopectin molecule.34 The shortest A-chains possess

no branch points and are attached through their reducing end to B-chains by a single a1-6 bond; A-chains are the outer
chains. The B-chains (the population of B-chains being further classified into B1, B2, and B3) are branched and

connected to two or more A- or B-chains. The single C-chain of the amylopectin molecule carries B-chains and

contains the sole reducing D-glucose terminal residue. The A-chains are the shortest (DP 6–15), B1-chains have DPs

of 15–25, B2-chains span DPs of 40–50 and B3-chains being even longer. The ratio of A- to B-chains of amylopectin

varies with the botanical origin of the starches. Several models of amylopectin structure have been developed. The so-

called ‘cluster model’ is widely accepted today.35 Individual subchains of the amylopectin molecule are packed into

densely grouped branches (‘clusters’). Figure 4 depicts schematically the distribution of subchains within an amylo-

pectin molecule.

The cartoon shows that B1-chains are confined to one cluster, while B2-chains span two clusters and accordingly B3-

chains span three clusters. The C-chain as the longest glucan chain spans the complete molecule radially. The

vertically oriented A and B left-handed helical chains can arrange due to the chemical interactions among the stiff

and rigid helices in adjacent positions, forming in a crystalline structure. The branch points on the other side cannot

interact in a way to establish a crystalline structure and form amorphous regions. Some structural features of amylose

and amylopectin are given in Table 2.36
2.18.2.2.2 Starch granule structure
Starch is found in nature as particles (granules). Every variety of starch has its own characteristic shape ranging from

spherical to ellipsoidal, lenticular to polyhedral, and average size. Viewed under polarized light with crossed polarizers,
Figure 4 Amylopectin model structure illustrating the different types of subchains of an amylopectin molecule.



Table 2 Structural features of amylose and amylopectin

Features Amylose Amylopectin

Weight percentage in the granule 15–25% 65–85%

Percentage of a1-6 branches <0.1% 4–6%

Molecular mass 104–105 107– 109

DP 102–103 103–104

Chain length 3–1000 3–50

Figure 5 Scanning electron micrograph of a fractured wheat starch granule, showing growth rings.
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granules show birefringence. The regions of the granule refracting polarized light resulting in the appearance of cross-

like structures called ‘Maltese Cross’ suggest a high molecular or crystalline order within the granule. Various methods

have been used to study morphological details of granules. Optical microscopy combined with special staining

techniques can reveal only gross morphological details due to its limited resolution. Transmission electron microscopy

(TEM), scanning electron microscopy (SEM), in combination with special etching techniques, and atomic force

microscopy provide more information with respect to the internal packing of the granule’s constituting macromole-

cules. All microscopic images have revealed the existence of concentric amorphous and crystalline rings with variable

spacings, so-called ‘growth rings’, being between 120 and 400nm thick, on the fractured surface of starch granules from

different botanical sources.

The rings represent concentric shells of alternating high and low density, crystallinity, and resistance/susceptibility

to enzymatic attack. The origin of the rings is still not entirely clear. They are supposed to be a consequence of a

periodical growth of the granule dependent on diurnal rhythms of biosynthesis or substrate supply (Figure 5).37

Native starch granules are semicrystalline, containing between 15% and 45% of crystallinity. Wide-angle-X-ray

scattering (WAXS) provides distinctive X-ray scattering diffractometer traces for different crystal structures of starch.

Three different types of crystal structures have been identified.38 The A-type is characteristic of most cereal starches,

the B-type is found in tuber starches (e.g. potato), and the C-type is characteristic of legume starches. The latter

C-type has been found to originate from a mixture of A- and B-type-diffracting crystallites within a granule. The X-ray

diffraction pattern of granules can be altered by physical treatment. For example, the B-type diffraction of potato

starch can be changed to the A-type pattern by treating the starch by heat and moisture. The X-ray diffraction of starch

granules is caused by the regular crystalline arrangement of ordered, tightly packed parallel glucan helices of

amylopectin molecules. That amylopectin helices are responsible for the diffraction of X-rays was inferred from the

WAXS analysis of starch granules isolated from waxy mutants of maize. This mutant contained virtually no amylose,

but X-ray analysis showed essentially the same crystal structure as the wild-type maize starch based on the diffraction

patterns.



Figure 6 The orientation of amylose helices in the unit cells of crystalline A-starch (left) and B-starches (right), view down
helices.
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A more detailed analysis of the structure of the granule crystallites was successful when using a combination of data

from powder and fiber X-ray diffraction techniques and electron diffraction studies on microcrystals of A and

B starches, neutron diffraction, and solid-state NMR. It revealed more fine-structure details of the granules. In both

the A-type and the B-type structures, pairs of double helices of glucan chains with a1-4-linked glucose residues in

the 4C1 pyranose conformation are packed in parallel-stranded arrays, stabilized by hydrogen bonding and van der

Waals forces. The structural differences between the two types are caused by the difference in water content. While

the A-starch is only slightly hydrated, the B-starch is extensively hydrated. A-type starches have a face-centered

monoclinic unit cell incorporating 12 residues located in two left-handed helices with eight water molecules between

the chains. The parallel-stranded glucan helices are very densely packed leaving no voids between the helices. B-type

starches have a hexagonal unit cell with two left-handed double helices, arrayed in parallel, with 36 water molecules

per unit cell. Half of the water is bound to the helical strands and the other half is centered around a screw axis,

oriented in parallel to the helix axis.39 The A-type starch is the more stable structure and the thermally induced

transition from B starch of low moisture content to A starch is accompanied by an egression of water molecules from

the large void leading to the more compact and stable structure of the A-starch (Figure 6).

What determines whether a starch is of the A-, B-, or C-type? One determinant of the crystalline polymorphism is

the length of the amylopectin side chains. Amylopectins of B-type starches have longer chains than A-type amylo-

pectins as found by Hizukuri et al.34 Amylopectins from starches with A-crystalline type were found to have a higher

amount of AþB1 chains (90–93% by mole) than starches with B-type (68–87%).

Molar ratios of (AþB1)/(B2þB3) were 8.9–12.9 for the A-type starches and 2.1–6.5 for the B-type starches. This

suggested that amylopectins of A-type starches had 1.5–2 times more branches per cluster than B-type.
2.18.2.2.3 Models of starch granule architecture
Starch granules consist of amorphous and semicrystalline concentric rings (‘growth rings’), which are subdivided into

alternating amorphous and semicrystalline lamellae.

The lamellae of a semicrystalline ring, as detected by small-angle X-ray scattering, are approximately 9–10nm thick,

representing the amorphous and crystalline regions of amylopectin.40 One growth ring consists of alternating packs of

crystalline (5–6nm thick) and amorphous (2–5nm thick) lamellae. While the amorphous lamellae contain the a1-6
branch regions of the amylopectin molecules, the crystalline lamellae are believed to contain the left-handed helical

side chains of amylopectin. The amorphous lamellae are supposed to contain amylose. It is suggested that the first

growth ring is initiated at the center (‘hilum’) of the granule, which contains a large proportion of the reducing ends of

starch molecules.

The nonreducing ends of amylose radiate toward the granule surface allowing amylopectin side-chain elongation by

the biosynthetic enzyme machinery adding additional glucose units to the nonreducing ends. The radial growth of the

granules is accomplished by synthesis of new amylopectin molecules on the surface of the granule, thus forming a new

shell on the surface of the shell deposited below. After controlled a-amylase hydrolysis of granules, electron

microscopy has revealed the presence of small, spherical, closely packed crystalline blocks (‘blocklets’), which are

arranged tangentially to the granule surface.41 These blocklets are found in different starches. Interestingly, blocklets

were detected in semicrystalline as well as in amorphous growth rings, raising the question, why crystalline sub-

structures of the granule are present in amorphous regions. Without pretreatment, Ridout et al.42 using atomic force
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microscopy, have also confirmed the existence of growth rings and blocklets in maize starch granules. Gallant et al.41

proposed that the amorphous and crystalline lamellae of amylopectin are organized in the blocklets, with diameters

from 20 to 500nm depending on the botanical origin of the starch and the location within the granule (Figure 7).

The following scheme depicts the hierarchy of the different levels of structural organization from the

gross morphology revealed by microscopy to the molecular order revealed by X-ray diffraction, according to

Ball et al.36 Figure 7a shows a schematic diagram of a starch granule with concentric growth rings, consisting of

alternating amorphous and crystalline lamellae. Figure 7b shows a magnified section from the granule, presenting a

succession of layers of amorphous and crystalline lamellae. Figure 7c shows the succession of seven lamellae and the

corresponding structural elements of an amylopectin molecule. Sections numbered (1) represent crystalline lamellae,

while sections numbered (2) represent amorphous lamellae. Figure 7d shows a magnified section of an amylopectin

cluster in molecular details showing the helical conformation of a1-4-linked glucan chains arranged in parallel in the

crystalline lamellae. The a1-6 branches of the amylopectin cluster cannot arrange in an ordered structure and form

the amorphous lamellae (1).
2.18.2.2.4 Liquid-crystalline model of starch structure
A more recent model for starch structure is the side-chain liquid-crystalline model proposed by Waigh et al.43

In synthetic liquid-crystalline polymers, there are three distinctive structural elements which determine liquid-

crystalline properties. To a flexible backbone are attached rigid units (‘mesogens’) via a flexible spacer, allowing an

uncoupling of the interactions of backbone and mesogen. According to Donald and co-workers, starch structure has

analogous structural elements and properties with synthetic liquid-crystalline polymers. The three structural elements

are (1) the amylopectin backbone, (2) the amylopectin double helices as rigid mesogens, and (3) the a1-6 branches

connecting the helices to the backbone as flexible spacers. Mesogens can arrange in two different liquid-crystalline

mesophases. In the less-ordered nematic phase mesogens can form a parallel array with no effective lining up into

layers. In the smectic mesophase, mesogens are arranged in parallel array and in layers. The following schematic

illustrates the different arrangements of smectic or nematic mesogens of a liquid-crystalline polymer (Figure 8).

Small-angle X-ray scattering (SAXS) provides a good tool for studying the influence of the water content of the

structure of a starch granule. The main feature of SAXS pattern of hydrated starches from various varieties and

cultivars is a peak that revealed a constant 9nm periodical repeat within amorphous and crystalline lamellae.44 That

repeat is not present in dried starches. Figure 9 illustrates the relationship between morphological details and

amylopectin structure.

This phenomenon has been rationalized using the concept of side-chain liquid-crystalline polymers.45 In the

hydrated state of the granules the a1-4-glucan helical side of amylopectins is able to align in a stable highly ordered

double helical array, forming smectic layers. This helical arrangement can only be accomplished if the branch points

(‘spacers’) are flexible enough to allow ordering of the helices. The flexibility of the spacer regions is high when
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they are hydrated. Thus, water molecules must be able to penetrate the granules and reach the branch points breaking

up the association of adjacent glucans and thereby enhancing the mobility of chains. In the dry granule this mobility

and flexibility of the branch point glucans is lost, disturbing the long-range smectic ordering of the helices and favoring

only the nematic type aligning, leading to the loss of 9nm spacing. Hizukuri34 in 1986 has shown that in B-starches

(e.g., from potato), the double-helical length of amylopectin is longer than in A-starches (e.g., from wheat), but that the
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length of the branch point regions (spacers) is shorter than in A-starches. Daniels and Donald46 using SAXS found that

in accordance with expectations with regard to the role of spacer length, B-starches have a much more distorted

lamellar structure than A-starches.
2.18.2.2.5 Mechanism of starch gelatinization
The mechanism of starch gelatinization, the break up of starch’s structure by heat and water treatment, has been

studied for a long time. During gelatinization in excess water the granules swell, absorb water, lose crystallinity, and

leach amylose. Many techniques have been used including DSC, light-, and X-ray scattering and NMR to understand

the structural changes during the gelatinization process. Waigh et al.47 have provided a liquid-crystalline approach to

explain the structural changes taking place during the gelatinization process.

In dry starch granules (water contents,<5% w/w), the amylopectin helices are arranged in a nematic structure. Upon

heating, the nematic order transits via a helix–coil transition to an amorphous state. A corresponding DSC thermogram

shows a single endotherm peak. At intermediate water content (>5–40%, w/w), upon heating the granule suspension

passes through a two-step process transforming the semicrystalline granule to a amorphous gel: the first step is the

rearrangement of the amylopectin helices from the smectic to a nematic arrangement followed by a helix–coil

transition, whereby the helices are unwound irreversibly to a random coil conformation. This is schematically

illustrated in Figure 10. This biphasic process reflects in two endotherm transitions in DSC analysis of amylopectin.

In excess water (>40%, w/w) the smectic layer of amylopectin helices dissociate followed by an unwinding of the

helices (helix–coil transition), as free unassociated helices are unstable and unwind. DSC analysis shows again only

one single endotherm.
2.18.2.2.6 The role of amylose
The gross appearance of the starch granule and the structural details revealed by employing WAXS and SAXS, have

been mainly discussed in terms of amylopectin. Although wild-type starches contain 25–30% of amylose, the role of

this polysaccharide remains unclear.

The amylose does not participate in the formation of the crystalline zones of the granule, which is characterized by a

highly ordered arrangement of helical glucan chains of the amylopectin. Although amylose in solution crystallizes

readily, amylose molecules within the granules seem to be distributed between amylopectin molecules. Potato plants

in which the GBSS expression was inhibited via antisense-RNA showed a reduced content of amylose synthesis.48

Iodine-stained granules, viewed microscopically, revealed that amylose was confined to a blue-staining core near

the amorphous center of the granule confirming that amylose is predominantly located in amorphous regions of the

granule. A more detailed role for amylose will be revealed when techniques for the differentiation of amylose and

amylopectin within the starch granule will be available.
2.18.2.2.7 Minor components of starch
The major minor components of starch are lipids, proteins, phosphorous, and trace elements. Starches usually contain

�1% lipids. Lipids can be present on the surface of the granule or can form amylose–lipid complexes. The main surface

lipids are triglycerides, free fatty acids, glycolipids, and phospholipids. The phospholipids of cereal starches complex
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with amylose and long-branch chains of amylopectin.49 Lipid–amylose complexes have no affinity for iodine. Tuber

starches have very low lipid contents, preventing the development of off-flavors under long-time storage conditions.

More than 10 starch granule-associated proteins have been extracted from many starches having molecular weights

in the range of 5–149kDa. A substantial number of these proteins are located on the starch granule surface, where their

presence in association with that of other minor granule components (such as lipids) appears to influence the overall

properties of both starch granules and starchy products significantly.

The majority of the starch granule-associated proteins are believed to be starch biosynthetic enzymes, a proportion

of which remain trapped within the growing granule structure. The identity and quantities of the biosynthetic

enzymes vary with botanical source, genetic variety, and even with time.50

Phosphorous in starch is mainly present in the form of phosphate-monoesters or phospholipids. In potato starch

phosphorous is esterified either to C6 or to C3 of D-anhydroglucose units.51 Phosphate monoester groups

carry negative charges and have a strong impact on starch properties like paste clarity and paste viscosity. While

cereal starches contain more protein than potato starches, the content of phosphorous is higher in potato than in cereal

starches.
2.18.3 Starch Modification and Applications

2.18.3.1 Introduction

Native starches have several shortcomings like insolubility in water, loss of viscosity after gelatinization, lack of

smooth and stable paste or gel of high clarity retrogradation, low stability toward higher temperatures, and low stability

against acidity or mechanical shear. For utilizing starch in the manufacture of food products or for industrial

applications, many techniques have been developed for optimizing the properties of starches for special purposes

circumventing unwanted properties of the raw starches. Mainly, the properties of starches can be modified either by

application of physical or by application of chemical treatment. Starch can be modified physically by treating native

starch granules under different moisture/temperature conditions, by applying pressure or shear or by mechanical

attrition. Chemical modifications involve oxidation, esterification, and etherification.

Starch modifications are performed to modify the gelatinization and cooking characteristics, to increase the water-

holding capacity of starch granule dispersions, to enhance the hydrophilic character, to introduce ionic substituents or

render starch granules more hydrophobic than their native counterparts.

The application of modified starches for the manufacture of food products is regulated globally by various

organizations. There are various regulations to obey depending on the chemicals used for preparing the derivatives,

on the country of preparation and of use.

The term ‘starch derivative’ relates to all those modified starches that no longer possess the properties of the native

unmodified starch. Included in this definition are those modifications that change the chemical structure of the

D-glucopyranosyl units in the molecule.
2.18.3.2 Physical Modification

Physical modification of starches can be applied alone or in combination with chemical modification. Physical

modification comprises pregelatinization, heat-moisture treatment, extrusion, or annealing.
2.18.3.2.1 Pregelatinization
Pregelatinization is process whereby native granular starch is converted from a cold water (at room temperature) starch

slurry into a fully dispersible form. Pregelatinized starch can be produced by drum drying or by extrusion cooking.52,53

Another recent technique for producing pregelatinized starch is spray-cooking.54 The most important property of

pregelatinized starch is its capacity to hydrate instantly and swell in water at room temperature. Pregelatinized starch

possesses a high water-binding capacity of 8–20g of water per gram of modified starch. In order to avoid the formation

of lumps when small granular pregelatinized starch is hydrated, the admixture of additional ingredients is helpful.

Pregelatinized starch is used as thickening agent for puddings, sauces, creams, or diary products. Technical applica-

tions range from utilization in the metal industry to the manufacture of paper and water-soluble colors. Addition of

chemicals like sodium or potassium hydroxide during the gelatinization process provides starches for special purposes.
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2.18.3.2.2 Heat-moisture treatment
A hydrothermal treatment of starch not altering the granular structure but having an influence on the physicochemical

properties is the heat-moisture treatment. This comprises the incubation of the starch granules at a certain moisture

level (<35%) for a certain period of time at a certain temperature. The temperature chosen should be above the glass

transition temperature and below the gelatinization temperature.55 The temperature often exceeds the gelatinization

temperature. The heat-moisture treatment has impacts on the starch granule morphology, on starch gelatinization and

pasting characteristics, on the starch swelling power and water solubility, and on the acid stability, and on the enzyme

susceptibility.

Heat-moisture-treated potato starch can be used to improve baking quality. Heat-moisture treatment of high

amylose corn starches leads to the formation a-amylase-resistant starch type 3 (RS 3). Consumption of resistant starch

is supposed to have beneficial prebiotic health effects in humans due to its fermentability in the colon thereby

producing short-chain fatty acids like butyrate. Butyrate is one of the several substances that might protect the colon

from developing cancer.56
2.18.3.2.3 Annealing
Another hydrothermal treatment procedure of modifying starch, which is nondestructive to the granules, is annealing.

Annealing is defined as ‘‘a physical treatment that involves incubation of starch granules in excess water or at

intermediate water content, that is, at or above 40% (w/w), during a certain period of time, at a temperature above

the glass transition temperature but below the gelatinization temperature.’’55 Annealing has no impact on granule

morphology or size. It increases starch gelatinization temperature and enthalpies and decreases the range of gelatini-

zation temperature.

This indicates a better local packing of amylopectin side chains with a concomitant improvement in local order. The

effect of annealing on the pasting curve depends on the botanical source of the starch, but is also dependent on the

measuring instrument. The acid stability of annealed starches is slightly increased as is the susceptibility to a-amylase

hydrolysis. Annealing is not exploited for any commercial products.
2.18.3.2.4 Extrusion
Extruding granular starch encompasses compressing starch with different moisture content into a dense compact mass

and forcing it to pass a restricted opening at predetermined rate.

The modification of the granular starch is accomplished by the combined action of pressure, temperature, and shear.

Starch is degradedduring extrusion into smallermolecules.Thegranules are partially or completely destroyed, depending

on the relative proportions of amylose and amylopectin and the extrusion process variables like pressure, moisture, or

temperature. Extruded starches show an increased water solubility, but a decreased water absorption capacity. The

pasting properties of extruded starches are characteristically different from properties of the native starches. Extruded

starches, in contrast to native starches, lack a gelatinization peak during heating inwater, while viscoamylograms of native

starches show a rapidly rising viscosity peak during heating. The initial uncooked paste viscosity of extruded starches is

higher. At room temperature extruded starches absorb water and form a paste.57 Pregelatinized starches have been

produced mainly by extrusion cooking. Extruders have been used for the chemical modification of starches, such as

the synthesis of cationic potato starch,58 starch phosphates,59 anionic starches,60 oxidized starches’61 and of starch

esters of fatty acids.62
2.18.3.3 Chemical Modification

Mainly, there are three ways of chemically modifying starches. Modification of starches can be carried out in aqueous

solution or slurry. After completion of the reaction, starch is filtered off, washed, and dried. A second method is heating

the starch until gelatinization sets in and then adding the chemicals in a small volume of a solvent. After completion of

the reaction starch is dried. A third possibility is to moisturize the dry starch with chemicals, dry it, and heat the starch

until the reaction is finished.
2.18.3.3.1 Oxidation
Starch oxidation can be carried out by using oxidants like hypochlorite, hydrogen peroxide, periodate, permanganate,

or persulfate.63 Hypochlorite oxidation has found widespread commercial application due to the low price of this

oxidant. Hypochlorite oxidations of starch show a strong dependence on pH: the reaction is rapid at pH 7 and very slow
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above pH 10 or at acidic conditions.63 Hypochlorite oxidizes randomly unsubstituted primary and secondary hydroxyl

groups of the anhydroglucose units of starch, leading to carbonyl and carboxyl group formation. Glucosidic bond

scission may occur as well, leading to fragmentation of a-glucan chains. Formation of carbonyl and carboxyl groups

reduces gelatinization temperature, Brabender peak viscosities decrease, and aqueous starch dispersions are of greater

clarity and lower viscosity. Oxidized starches find application as binding agents in food.
2.18.3.3.2 Esterification
Starch esters are starches in which some of the free hydroxyl groups are substituted by ester groups. The extent of

hydroxyl group esterification is expressed as average degree of substitution (DS). The average DS is the moles of ester

group per mole of anhydroglucose unit.

Three types of starch esters – starch acetates, prepared from starches by reaction with acetic anhydride; starch

succinate and starch alkenylsuccinate, produced by reaction of starch with succinic anhydride or alkenyl-substituted

succinic anhydride; and starch phosphate, produced from starch and tripolyphosphate or trimetaphosphate – have

found widespread commercial applications.

Starch acetates are produced by adding acetanhydride to an aqueous suspension of starch at alkaline pH. Acetylated

starches of low DS has found wide commercial applications. Gelatinization temperature of starch acetate is reduced

with regard to the native starch. Starch acetates are used as thickeners in baked or frozen foods, in fruit and cream pie

fillings, or dressings. Pregelatinized acetylated starches are used in pie fillings.63 Starch succinate is produced from

starch and succinic anhydride by similar procedures like starch acetate. Due to the introduction of free carboxylate

groups by the succinylation, the water holding capacity of such modified starches increases and the Brabender

viscosity shows a strong pH dependence.64 Starch succinate has been applied as thickener in soups, snacks, frozen

foods, or as tablet disintegrants in pharmaceutical products. Starch alkenylsuccinate is prepared in a similar way as

starch acetate from starch and decenyl or octenyl sucinic acid anhydride. Starch alkenylsuccinates contain hydrophilic

carboxylate and lipophilic alkenyl substituents which render the modified starches suitable for application as emulsion

stabilizers or as flavor-encapsulating biopolymers. Starch monophosphate esters are prepared from blends of 10%

moisture starch and sodium monophosphate at 120–160�C at pH 5–6. Distarch phosphate esters are produced by

treatment of native starches with sodium trimetaphosphate or phosphorous oxychloride in aqueous suspensions. The

latter ester derivatives consist of cross-linked starch molecules. Starch phosphates are strongly anionic polymers. Their

aqueous dispersions possess high viscosities, can form stable aqueous dispersions of good freeze–thaw stability and are

resistant to retrogradation and can stand high mechanical stress. Starch phosphates are used as emulsion stabilizers and

thickening agents. Starch phosphates have been successfully applied for improving bread baking.65
2.18.3.3.3 Etherification
One disadvantage of esterified starch derivatives is their inherent chemical instability in alkaline media. Etherification

of starches leads to products of high pH stability. Hydroxyalkyl starches are commercially important starch derivatives.

Especially, hydroxypropyl starch is marketed for food-application purposes. Hydroxypropyl starch can be produced by

reacting starch in aqueous alkaline dispersions with propylene oxide at 50�C. The introduction of hydroxypropyl

substituents provide starches with a reduced tendency to retrogradation, a low susceptibility to acid degradation, and

low a-amylase digestibility. Pasting viscosity and temperature are higher than in native starches.66 Hydroxypropyl

starches are used in food products that need to have a good freeze–thaw stability. Due to their viscosity stability and

water-holding capacity, they are applied as thickeners in (frozen) pie fillings, puddings, sauces, and salad dressings.

Hydroxyethyl starches of low DS are used in the paper industry as binder for paper coatings.
2.18.3.3.4 Cationization
Introducing tertiary amino or quaternary ammonium groups into starch provide cationic derivatives of starches with

special applications of high commercial importance. Tertiary aminoalkyl starch ethers are produced by reaction of

dialkylaminoalkyl chloride reagents with starch in aqueous alkaline solution.63 Quaternary ammonium starch ethers

can be prepared by reaction of epichlorohydrin with tertiary amines and starch in alkaline water at pH 10–12.63 The

gelatinization temperature of cationic starches falls with increasing number of alkyl substituents.65 The dispersions of

cationic starches show improved stability and clarity.65 Cationic starches are used as additive for the manufacture of

paper, where they are applied as wet-end additives or as coating binders.

They are also manufactured for binders in laundry detergents, as flocculants for aqueous suspensions for removing

clay, titanium dioxide, coal, carbon, or iron.63
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2.18.4 Technology of Starch Production

2.18.4.1 Introduction

World starch production depends almost entirely on the use of cereals as raw materials. Corn (maize) is the main crop

that supplies more than 80% of global starch markets, the largest industry of which is situated in the US. A much

smaller starch production (>8%) comes from wheat. With two-thirds, its industry concentrates actually in the

European Union (EU). Typical for these crops is the significant contribution of by-product credits to the economics

of their processing. Next to the substrates mentioned so far comes tubers (potatoes) and roots (cassava) as raw

materials. While the importance of cassava (about 5% of world starch output in 2000) is climbing with impressive

rates due to rising production in Thailand, in particular, the historically important producing of starch on the basis of

potatoes fell into the fourth place due to a system of fixed starch quotas in countries of the EU, which is still the main

potato starch production area. Further raw materials, summarized under the category ‘others’, are rice, sweet potato,

barley, oats, and sago.67

What else is remarkable when speaking about the different raw materials for starch production? It is, of course, the

difference in the functionality of their starches and, on the other hand, the variety of differences in processes needed

or developed for isolation. Even those processes alter partially quality and functionality with respect to future

applications, for example, by ion exchange as result of washing potato starch with inadequate freshwater quality68

or by annealing effects induced by steeping at approximately 50�C as the initial production step of corn wet milling. In

any way, it is interesting that with every kind of raw material industry had to find and develop the most applicable and

even more significant the most economic way of separation and recovery of starch and all the other valuable

components of the respective substrate. Preservation of the specific entire value of components, for example, corn

germs for high-quality food oils or vital dry gluten as wheat flour improver, was the driving force in developing today’s

generally used technologies.
2.18.4.2 Corn/Maize (Zea mays L.)

2.18.4.2.1 General remarks
Selection of corn or synonymously maize for purposes of starch manufacture led over centuries to various types that

can be successfully processed in industry. The most part of corn is coming from hybrids with characteristics adapted to

specific environments and forms of agronomic production. Standard corn for wet milling is yellow dent, although

specialty corn including flint types and others containing starches with deviating, but advantageous functionality may

be processed, too. With respect to deviating starch structure/composition various native mutants were produced

through traditional plant breeding methods. Waxy maize and amylomaize should be mentioned here. The starch of

waxy maize consists essentially of 100% amylopectin, while in amylomaize starch the amylose content may come up to

70% or even more.6 In certain regions, in particular, in Central and South America and Africa also a white corn type is

used for wet milling. In contrast to all yellow corn-based starches, the starch from white corn does not possess the

creamy color coming at most from zeaxanthine.69 However, from a by-products point of view all yellow-colored

varieties are more attractive.

Morphologically and rather simply seen, a corn kernel consists of three main parts: pericarp (hull), endosperm, and

germ. The endosperm may be separated into two distinct sections of different structures. In the horny endosperm-

storage cells are close-packed and filled with angular starch granules embedded in a thick protein matrix. Larger cells

containing starch granules with thin protein matrix strands around them characterize the floury endosperm. Air

pockets appearing during kernel drying make a porous texture and opaque appearance.4,70

From a technological point of view corn has to be healthy and undamaged with high germinating activity. This

requirement is of particular importance with European maize, where fully mature and sun-dried grain get scarcely

harvested. Careful artificial drying is frequently necessary to guarantee sufficient germinating activity, absence of

cracks, and acceptable processing ability. Inadequate drying regimes, however, may produce protein denaturation as

well as swelling of starch granules, which effects not only separation efficiency seriously but damages starch quality

the same way.71,72 Irrespective of drying of locally grown corn starch factories process also freshly harvested grain with

moisture contents up to 30%, which reduces steeping time considerably. Such a material is extremely unstable during

storage and transportation, which should not exceed 72h, since metabolism switches from respiration (aerobic

dissimilation) to fermentation (anaerobic dissimilation) as soon as a critical carbon dioxide concentration is reached

in the stack, which is reached much earlier as result of postharvest behavior.73



Starch 595
2.18.4.2.2 Technology
The principle of corn starch manufacture is well known since 1842. Nevertheless, many improvements were

introduced to increase efficiency. Coming from an almost open process it has become nowadays a fully closed

continuous one guaranteeing modern concepts of safe production of high-quality products. The process is oriented

first toward high-quality starch and germs and furthermore an at least complete recovery of all valuable constituents.

This target together with maximum achievement of high recovery rates and the orientation toward a minimized

specific freshwater supply produced complex and sophisticated machinery installations.

Characteristic for corn wet milling is the multiple-stage treatment of process streams aiming finally in optimization

of yields. After intensive cleaning and removal of broken grains an initial steeping process lasting at most 2 days is the

basis to soften the corn’s structure and make germs and hulls elastic. Especially, the germs should remain intact while

kernels get cracked and become disintegrated in several milling steps. A well-managed steeping regime is the most

important requisite for a well-functioning corn wet milling process since it prepares for complete separation. A time

schedule of 30–50h soaking in 48–53�C water/process water is necessary. To suppress uncontrolled microbial growth,

0.1–0.3% sulfur dioxide is added to produce steep acid, which limits microbial development at most to thermophilic

strains of lactobacillus. In the produced environment also protein matrices get swollen and softened by splitting off

disulfide bridges. Minerals, organic matter, and, in particular, different nitrogen-containing compounds dissolute in

the steep acid and form what is called the steeping liquor at the very end with about 6.5% dry matter. Correctly

steeped corn is soft to an extent that individual kernels can be easily squeezed.4,69,70 As an alternative, high-pressure

steeping can be used with some benefit. By applying a pressure of 16 bar, steeping time can be reduced to 3h. Also

sulfur dioxide may be avoided.

Appropriately steeped corn is then ground in several stages. In two initial milling stages, the intention is to liberate

germs with minimum damage by passing attrition mills. Otherwise, starch dispersed in milling stages may be

irreversibly penetrated by oil secreted from damaged germs. Germs released in both milling stages are then removed

bymeans of size-adapted hydrocyclones and washed to remove adhering starch. Dewatered germs are finally dried in a

way that guarantees suitability for use in production of high-quality vegetable oil.

Free starch and insoluble protein particles, in general called gluten, leave the germ cyclone as underflow. Both

components come of the floury endosperm and represent so-called prime mill starch. For further disintegration of

coarse endosperm particles (resulting from braking of horny endosperm) by means of attrition and/or impact mills,

they are separated together with hulls and fibers via vertical sieve bends with slit width of 50mm. After grinding hulls

and fibers, which resist disintegration because of their flexibility, are washed free of starch in a series of fiber wash

units equipped with bend screens (slit width 50mm). The combined fiber-free suspensions of starch and gluten carry

5–8% insoluble proteins. This mixture is known as ‘mill starch’ and gets concentrated by centrifugation to prepare it

for final starch washing and separation of almost all protein (approximately 0.3%) and minerals (approximately 0.1%).4

This is done by a series of washing and concentration steps, for which nozzle separators of different construction,

eventually in combination with hydrocyclone washing, are in use. Freshwater is flowing in a counter-current stream to

transport away solubles, gluten residues, the very fine fibers, as well as small-sized and damaged starch granules as

middlings. The refined starch suspension leaves the process having a concentration of about 22�Bé, that is, a dry

substance concentration of 40–42%, for immediate production of commercial native or modified starch. The suspen-

sion may be used also for production of a wide spectrum of important hydrolysis products and their derivatives.74,75
2.18.4.3 Cassava or Tapioca (Manihot esculenta Crantz)

2.18.4.3.1 General remarks
Production of cassava starch is from a sturdy perennial crop grown in many tropical countries, most of them situated in

Asia, Africa, and South America. Wherever possible, planting of this drought-tolerant crop occurs twice a year, but the

tuberous starch-containing roots are harvested annually after a vegetation period lasting 10–12 months, in general.

Nevertheless, cultivation and harvesting, in particular, depend mostly on root supply.76,77 Processing takes place in

campaigns similar to potatoes. Despite the economic importance of cassava starch, the plant has yet not been adapted

as much as that of potatoes. Breeding activities concentrated mainly on root yield and starch and cyanogenic glycoside

content of roots.77 Besides, it is the bitter type that is cultivated for starch extraction because the roots are generally

higher in starch content. Bitterness goes back to the cyanide-releasing glycoside ‘Linamarin’. In starch manufacture

the cyanide, however, gets solubilized in process water after high-intensity tissue disruption and decomposition of the

glycoside by endogenous enzymes. At the very end it is evaporated by drying and is out of importance then.4,78 With

respect to amylose/amylopectin ratio and starch granule size no serious variation by variety or cultivation time seems to
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exist according to Moorthy.76 Swelling and solubility of starch, in contrast, demonstrated varietal variability over

cultivation time, but environmental as well as associated physiological changes were considered as responsible.

Respective effects on amylose content, crystallinity, and general starch functionality were indicated in connection

with water stress, drought, and soil temperature prior to harvest.76,79
2.18.4.3.2 Technology
Because of the limited storage stability of roots only quantities representing the daily crushing capacity are purchased.

Cassava starch manufacturing itself resembles in many instances that of potato processing. An important difference

concerns the much thicker peel (0.3–0.5mm thick, 3–4% of weight) together with a skin-like 2–3mm thick layer that is

poor in starch but rich in the cyanogenic glycoside. According to Tegge4 cassava roots require therefore peeling prior to

breaking to reduce root size and then rasping. By peeling one can get rid of an important part of potential cyanide

formation. Sriroth et al.77 in contrast, described rasping of unpeeled roots after chopping with a cutting blade. Another

difference to potatoes is related to the tissue character. Roots, even tuberous roots, owe a more fibrous storage tissue,

which offers significantly more resistance against rupture. This results approximately in a 50% reduction in efficiency.

As with potatoes rasping makes starch accessible to extraction by a series of extractors with, however, different screen

apertures: 355–425mm in extraction and 105–125mm in fine fiber removal. With respect to a generally narrow

distribution in granule size of about 20mm also a much smaller slit width of 80mm is sometimes suggested for fine

fiber separation and washing by jet extractors. Another difference deals with removal of fruit juice. Since protein

recovery does not compensate, fruit juice is separated occasionally to simplify starch washing. Sometimes it is used for

root washing or it is discharged into waste water. Sulfur dioxide is also used in cassava starch manufacture for

prevention of microbial growth as well as suppression of oxidation reactions, thus guaranteeing higher product quality.

The following processes of refining of starch slurries, their dewatering and drying, resemble in many instances the

technology used in potato starch industry; however, differences exist due to granule size distribution. Presently used

multicyclone units are equipped with hydrocyclones of 10mm diameter, but nozzle separators of two- or three-phase

type are more commonly installed; therefore, freshwater supply could be drastically reduced from 8m3 in the past

to 1m3 now.4 For dewatering horizontal peeler centrifuges are mainly used, but those will be in future replaced by

high-pressure filtration units in factories engaged with starch modification.
2.18.4.4 Wheat (Triticum aestivum L.)

2.18.4.4.1 General remarks
The highest number of wet milling processes has been developed for production of wheat starch. A total of 15 of them

were transmitted, but only five of them, all based on wheat flour (Figure 11), were used by the industry.80 Concerning

suitable raw material for wheat starch production Maningat and Bassi,81 Bergthaller et al.82,83 and Lindhauer and

Bergthaller84 described catalogs of wheat flour properties typical for main composition and further physical and

technological characteristics. Dealing with wheat flour, more detailed requirements besides general statements have

not been made available in literature, yet.85 This applies, in general, also for specialty starches having varying

composition (amylopectin/amylose ratio) or starch granule size (large/small granule ratio). But also in this respect

the main prerequisites for future production and utilization of specialty wheat were meanwhile elaborated by means of

genetic engineering and conventional breeding, as well.

Similar to corn, waxy lines as well as high amylose starch (�40% amylose) containing lines exist so far.86–88 Of

specific technological interest for industrial purposes will be also wheat showing a higher fraction of large-size A-type

granules.86,89
2.18.4.4.2 Technology
Wheat wet milling is closely connected with the most important co-product of this process – vital dry gluten.

In particular this product represents the most part of the business and contributes significantly to the economical

success of wheat starch plants. The demand for dry gluten of satisfying quality, which implicates the potential to

recover viscoelastic protein structures typical for wheat flour dough, was starting point for the development of

processes based on wheat flour instead of wheat kernels.80 The process dominating wheat starch production for

many decades was the Martin process, which required protein-rich and strong gluten producing flours to form a dough

suitable for washing out the starch in dough extractors.90 These intensive and water-consuming washing procedures,

which contributed finally to a total water volume of 15 times the flour weight for dough formation, starch extraction

and refinement, as well as gluten washing. Drastically rising water and waste water costs, but also improvement of



Figure 11 Scanning electronic microscope feature of a wheat flour particle (soft winter wheat) demonstrating small-size

and big-size starch granules (Source: D. Meyer) embedded in protein bodies (Source: D. Meyer). Adapted from (82)

Bergthaller, W. J.; Witt, W.; Seiler, M. Wheat, wet milling. In Encyclopedia of Grain Science; Elsevier: Oxford, UK, 2004;
pp 383–391.
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efficiency, yields, and product quality forced industry to develop alternatives, which were able to replace the formerly

popular Martin process. By that way water consumption was reduced to levels characteristic to the individual

processes, but in any way significant.82,83,91 In the Americas and the Asia/Pacific region a modernized version of the

Martin process, theModifiedMartin process, as well as the hydrocyclone process and the Alfa-Laval/Raisio process are

dominating, while the Westfalia Centrifuge/HD or the Tricanter process are the popular ones in Europe. While the

mentioned processes are similar with respect to wheat flour as substrate, the decisive difference is given by the way of

water/flour mixing and the way to separate the developed gluten from starch-containing suspensions.82,91
2.18.4.4.2.1 Modified Martin process

Flour is mixed with water of 32�C in a continuous dough mixer in a typical ratio of 1.2:1. For complete hydration of

flour particles/endosperm proteins the dough has to undergo a rest after which it is vigorously mixed with further water

and treated with turbulent agitation for quick gluten and starch separation. This occurs in a long, slanted, hollow,

rotating cylinder equipped with a 40-mesh stainless steel screen. The starch slurry passing the screen gets purified by

sieving, centrifugation for B-type starch (small size granules) separation, and hydrocyclone washing. The concentrated

starch stream is finally dewatered and the starch cake flash dried. After washing off excess starch gluten is further

processed to vital gluten by flash drying.
2.18.4.4.2.2 Hydrocyclone process

The process represents a further modernization by the application of hydrocyclones for gluten/starch separation. After

continuous mixing the dough is allowed to mature for 10–20min and is then diluted under mixing to a homogeneous

suspension. Via a multistage hydrocyclone system, where spontaneous gluten aggregation occurs, starch and gluten are

separated according to their density differences. B-type starch and fibers are washed off gluten prior to flash drying.

The starch slurry then passes another multistage hydrocyclone system for refining and concentration and is finally

flash-dried after passing screens (75 and 50mm for fine fiber removal) and dewatering.
2.18.4.4.2.3 Alfa-Laval/Raisio process

In contrast to above-described procedures this process uses a thick batter made from flour and water that passes a

special disk type disintegrator for homogenization. Starch and protein/gluten containing streams are separated then in

a decanter-type centrifuge. The starch stream containing still about 1% protein is purified over screens for fine fiber

removal. A two-stage washing, a concentration over decanters, dewatering, and conventional flash drying, succeeds

this. In the stream containing the protein fraction (about 40% protein) gluten is developed by maturation supported
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with low-speed agitation. Maturation improves gluten recovery (>90% of available insoluble proteins) significantly.92

Final aggregation of gluten particles to clots or threats initialized in another disk-type disintegrator. Ongoing gluten

aggregation allows separation from starch and fiber material over vibration screens. Isolated gluten then gets dried to

achieve vital gluten. From the filtrate of gluten screening the B-type starch together with residues of A-type starch is

recovered by decanting and dried.
2.18.4.4.2.4 Westfalia centrifuge/HD or TricanterW process

The principal technology of continuous separation of the flour components starch, gluten, fibers, and viscosity-causing

arabinoxylans (pentosans) starts from batter/dough-like water-flour systems by centrifugation in a decanter soon after

their formation.83,93 Over the time existed various designs, that is, Westfalia Centrifuge/HD process, Flottweg Tricanter

process, Barr & Murphy process, Decanter-based Weipro process.82,94,95 Decisive in these processes was a substantial

improvement in initial flour hydration and the subsequent separation of the flour components from each other. Their

effective segregation occurred under the high shear while passing a valve of a homogenizer.93 The extrication of starch

granules as well as soluble proteins and arabinoxylans from the treated flour particles produced the prerequisite

for following aggregation of protein bodies to voluminous gluten lumps. Because of their lower density (approximately

1.1kgl–1) they leave three-phase decanters with the middle phase of the developed three distinct phases. The

concentrate consists almost entirely of A-type starch that contains less than 1% protein. This stream gets refined to

commercial quality wheat starch in multistage hydrocyclone units or in multistage three-phase nozzle separators.

Dewatering and conventional flash drying of the isolated starch then follows. The middle phase that consists of gluten,

B-type starch, and some fiber, as well as the light phase that contains mainly arabinoxylans and solubles are further

separated, concentrated as stated byManingat and Bassi81 or Bergthaller et al.82 Occasionally, the recovery of so-called

A minus-type starch from filtrates from the gluten screen and washer is proposed. The fraction is added to the A-type

starch stream to achieve maximum yield.82,95
2.18.4.4.2.5 Gluten drying

With respect to the contribution of gluten to economy of wheat starch manufacture and for the maximummaintenance

of gluten quality, some principal effects influencing its functionality in drying need to be dealt with in brief. Leaving

the gluten washer, wet gluten clots get extremely sticky with drying of their surface.

For rapid size reduction into pieces with diameters less than 1cm prior to flash drying and to enhance water

evaporation in the hot-air stream, wet gluten is coated with dry material as add-back. As result of this admixing gluten

particles pass a flash dryer on average more than three times. In case of dryer mills up to seven passages were

occasionally observed. As result of hot air temperature, the mixing ratio of wet to dry material, and the average number

of add-back cycles viscoelasticity can differ significantly. As soon as product temperature surpasses 60�C, gluten
proteins undergo denaturation accompanied by detrimental effects on viscoelasticity. The observed differences

between production plants can be explained well as a result of more or less unfavorable or unbalanced conditions

in drying.96
2.18.4.5 Potatoes (Solanum tuberosum L.)

2.18.4.5.1 General remarks
Farmers select potatoes for starch production primarily based not only on local agronomic needs, but also with respect

to quality and composition. In the long term average starch concentrations varied between 17 to 19%, while general

regulations established for the EU fixed payment for a range of 13 to 23% starch in substance. From starch producer’s

views, however, the medium starch content should range from 16 to 20%. Although starch producers have not yet

established preferences for utilization of specific potato varieties, the existing range of listed national and international

cultivars offers a wide spectrum of differences in starch quality.68

Several characteristics of the property profile of potato starch are unique and in some instances outstanding as

compared to other starches. There is to be mentioned the extremely low level of impurities (protein, minerals except

phosphorous, and lipids), the granule particle size distribution, the presence of phosphate ester groups, the rheology of

aqueous dispersions, the high transparency of formed pastes and gels, and, finally, the low tendency toward formation

of new structures and retrogradation. The most remarkable property of potato starch is its reaction toward changes in

the load of the phosphate ester groups by monovalent (Naþ, Kþ) and divalent cations (Ca2þ, Mg2þ). The presence and

ratio of the indicated cations affects drastically the dispersion characteristics when partial exchange, especially under
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unfavorable conditions, of starch refining in production is induced.68,97 With respect to the decisive importance of

phosphate ester groups for gelatinization, paste formation and viscosity of aqueous dispersions of potato starch and the

well-known interaction with starch granule particle size concepts were developed to select potato lines and varieties

with a potential towards elevated concentration of phosphate ester groups and to utilize them in conventional

breeding.98 On the other hand, the increasing knowledge in the mechanisms of starch assembly offers suitable

tools to affect in plant starch phosphorylation together with composition (amylose/amylopectin). By now different

strategies elucidated for engineering phosphate concentration or amylopectin content can be used, in particular, in

genetic engineering or even in conventional breeding programs.99,100 Because of incidental opposition against genetic

engineering in Europe and despite the tedious way of conventional breeding breeders developed finally potatoes

producing a ‘waxy’-type (amylose-free) starch with exceptional new functionality.101
2.18.4.5.2 Technology
The process of starch production is rather simple in comparison to wet milling of corn and wheat. This is due to the

general tissue structure of potato tubers as well as the fact that starch is deposited in parenchyma tissue cells filled with

fruit juice (Figure 12).

Starch isolation begins with disintegration of carefully washed tubers, for instance, by rasping, followed either by

immediate removal of the concentrated potato juice and subsequent washing out of accessible starch or in other

concepts by extracting the cell content with different amounts of water.68,102 Tuber disintegration is limited by the fact

that the greater part of cell wall residues should remain at a size separable by wet sieving mill starch streams.

Nevertheless, the economical success depends on the almost complete rupture of potato tissue and the opening of

all individual cells to achieve maximum yield. During rasping sulfur dioxide (120–144g SO2 per tonne of potatoes) is

added either as sodium hydrogensulphite or as aqueous sodium disulphite solution to exclude oxidation and prevent

discoloration of rasps and juice which is important for both, quality of starch and recovered protein. Starch gets then

extracted from rasps in jet extractors with apertures of 125mm for extraction of starch and afterwards cleared from fine

fibers over centrifugal sieves equipped with screens of 60–80mm aperture size. A block diagram elucidating the

process of potato starch production is presented in Figure 13.

Mill starch streams contain still many soluble (i.e., proteins, minerals, and sulfur dioxide) and insoluble (i.e. sand

and fine fibers) impurities to be removed in several washing stages with a counter-current stream of soft fresh water to

meet finally general quality requirements including sensorial properties.68,97 The use of demineralized/softened fresh

water is required because of the well-known capability of phosphate ester groups of potato starch towards ion

exchange as illustrated recently by Bergthaller et al.68 Washing is done with two-phase nozzle separators or hydro-

cyclone units in several stages or at reduced expenditure of fresh water with modern three-phase nozzle separators. At

the very end the purified starch slurry is dewatered and the resulting starch cake is dried in flash dryers to final

moisture content below equilibrium moisture content, preferably 20%.
Figure 12 Scanning electronic microscope feature of starch in raw potato tissue cells, cultivar Granola (Source: D. Meyer

and N.U. Haase, Detmold). Adapted from Haase, N.U.; Putz, B. Die Kälte und Klimatechnik 1996, 49, 310–313.
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In the present-day commercial potato starch production both protein recovery and improvement of protein

quality play an important role because of the contribution to economy. Isoelectric precipitation together with a

heat shock produces a commercially available potato protein having a protein content of 83–85%. The reported

level of glycoalkaloids (‘solanin’) of 700–2500mgkg–1 remained critical for feeding purposes, in principle. Recent

developments, however, led finally to substantial reduction of glycoalkaloids (90–200mgkg–1) by mild coagulation

combined with acidic aqueous extraction. The potato protein reaches then food-grade quality with good sensorial

characteristics.68,103
2.18.4.6 Rice (Oryza sp. L.)

2.18.4.6.1 General remarks
Production of rice starch is by far not on the scale of corn, wheat, or potato starch production. Several facts are

responsible for this. One reason is of course the higher cost of rice compared to the other raw materials. However,

usually broken rice (brewer’s rice) is used for starch production.104

But even this kind of rice is meanwhile high in costs because of its use as carbohydrate source in brewing or

nowadays potential ethanol production for fuel end-uses. Secondly as limitative comes the small contribution of
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co-products to the economy of the production process. This is connected with the generally applied alkaline steeping

and grinding that is required to make soluble the high-molecular weight glutelins that embed tightly the compound

starch granules within endosperm cells.105 The production costs are further connected with the use of chemicals

together with long-term soaking of rice kernels, intensive washing procedures needed to remove residual sodium

hydroxide/sodium chloride in starch refining and with measures to handle environmental problems connected with

produced waste water effluents. Also the slow sedimentation rate of the tiny rice starch granules contributes to

isolation costs because of resulting losses during separation and purification operations.
2.18.4.6.2 Technology
As mentioned previously, industrial preparation of rice starch takes place, in general, on the basis of broken rice that

results from abrasive milling and classifying. Starting material for broken rice can be nonwaxy or waxy types of the two

subspecies indica and japonica rice. The starchy endosperm consists of thin-walled cells filled completely with

compound starch granules of 3–10mm in size and spherical protein bodies of 0.5–4mm. Additionally, some matrix

protein is present. Since the most part of the storage protein of milled rice consists of the alkali-soluble glutelins,104–106

the process of starch isolation that underwent only few changes since it has been generally described in the late 1960s

by Hogan107 starts with steeping broken rice in solutions of 0.3–0.5% sodium hydroxide as steeping aid to isolate rice

starch with good recovery and low residual protein content in the starch. Temperature for steeping may vary between

room temperature and 50�C. To soften the grain for minimizing starch damage (0.07–2.6%) in wet grinding and to

extract proteins steeping last usually 18–24h. The steeped broken rice or rice grain is then ground in presence of the

steeping solution/fresh sodium hydroxide solution to further dissolve proteins. A following 10–24h lasting storage

period for the ground material is intended to finally complete protein extraction and result in starch that contains less

than 0.5%, preferably 0.07–0.42% residual proteins. Fibers suspended in the mill starch suspension get removed by

screening over vertical or horizontal fiber screens. The resulting starch suspension is washed carefully in a counter-

current fresh-water stream in 9–12 stages comprising multicyclone unit or alternatively in a washing station built of

two- or three-phase separators to reduce sodium hydroxide to minimum residues. At the very end the dewatered rice

starch cake is dried in flash dryers to moisture content below equilibrium moisture content, preferably 14%. Starch

isolated by alkaline steeping yielded 73–85% starch (d.b.).104,107 Concerning further quality aspects of rice starch (i.e.,

starch damage) one should have in mind that due to swelling of starch under alkaline conditions starch damage cannot

be avoided and reaches levels of approximately 3%. Also the fine structure of the starch gets damaged which affects

finally the functionality.108,109

The rice proteins solved in the brine of alkaline steeping and further process effluents can be recovered by

neutralization to the isoelectric pH (in general 6.4), filtering and washing the precipitate, and drying it. It is used

generally as animal feed constituent.104

The environmental issues connected with alkaline steeping induced studies to replace alkaline brine by measures

ranging from detergents via different proteases to mechanical means.104,108,110–112

In more recent time Puchongkavarin et al.113 demonstrated on pilot-scale level that rice starch of comparable yield

and quality (composition, functionality) could be isolated by application of neutral proteases, too.
2.18.4.7 Other Tropical Substrates

Aside from traditional industrial starches described in previous sections, further starch substrates gained significance,

in particular in tropical regions of Asia, Africa, and South America: sweet potatoes and sago palms. Locally, also many

other raw materials may be used for starch extraction because of interesting functional characteristics; however, their

economic importance remains limited. Based on selected characteristics and properties, an overview about the

potential existing in the diversity of tropical, but also subtropical crops has been presented recently by Moorthy.76
2.18.4.7.1 Sweet potatoes
The source for starch is the tuberous roots of Ipomoea batatas Poir., a herbaceous perennial plant grown extensively in

tropical countries, but also cultivated for its tubers in southern regions of China and Japan as well as in some

Mediterranean countries and parts of the USA. Industrial starch production exists in Japan for manufacture of

harusame (a special type of Japanese noodles), for glucose and glucose syrup,114 and in China. Compared to potato

or even tapioca, starch extraction is described as being more difficult because of the fibrous tissue, the latex exuded

from the tissue, and the content of sugars, that may be easily fermented. Deterioration and off-colors coming from
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phenolic compounds together with carotenes diminish starch quality frequently. Starch isolation follows processes,

as they are known from potatoes and cassava. Starch properties resemble in some instances (in particular in viscosity

and swelling) cassava starch.77
2.18.4.7.2 Sago palm tree
A less typical source for starch production is the pith of the sago palm tree (Metroxylon sagu). The trees reaching a

height of 9–15m at maturity are harvested from wild forests or managed cultivation of sago gardens in southeastern

Asia or South America. Depending on time of harvest and, of course, other factors one trunk can give 90–250kg of

starch.77,115 The palm trees are transported to processing as whole or cut into sections. For isolation of starch debarking

and rasping follows cutting. Traditional extraction of starch itself is made from rasped pith tissue by manual kneading

or trampling. Small-scale industry uses mechanical washing. The large-sized starch (20–60mm) is recovered by

sedimentation and refined by resuspending and settling. Also large-scale production exists. There, purification is

carried out by separation in nozzle separators and further treatment may resemble general industrial standard.116
2.18.5 Hydrolysis Products of Starch

2.18.5.1 Historical and Economical Background

Since the discoveries that starch can be hydrolyzed by strong acids to its basic building block D-glucose and to higher

homologs, as well, and that those more or less sweet-tasting compounds can be recovered either in pure crystalline

form or as syrups; nowadays predominant use of starch is in the manufacture of hydrolysis products.

This dominance becomes evident in different ways all over the world and depends highly on the level of economic

development, available resources, and local cultural habits. As an example, the differences between the European and

the US American production of starch-based hydrolysis products may be seen in Figure 14.117 Isoglucose/HFCS is an

important ingredient of US American soft-drink industry, while in Europe beet sugar is still the more important sweet

component. The category ‘Other syrup-based starch products’ combines glucose syrups and further processed

sweeteners, including crystalline dextrose (synonymous for D-glucose), high-dextrose syrups, maltodextrins, and

sorbitol. These compounds are also basis for many modern processes to build a wide range of organic chemicals.67

Important changes were connected with the development of enzymatic hydrolysis, which allowed the production of

many tailor-made products. An example of the potential of developments one could not expect without enzyme

technology is given with the success of maltodextrins. While maltodextrins were produced and utilized first in

developing countries to overcome deficits in lipids used for human consumption, one can scarcely think of life
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Figure 14 Comparison of the starch output (106t) by products/product groups manufactured in 2000 in USA and the

European Community on the basis of starch. Adapted fromBergthaller,W. J. The status of wheat starch and gluten production
and uses in Europe. In Starch. Progress in Structural Studies, Modifications and Applications; Tomasik, P., Yuryev, V. P.,

Bertoft, E., Eds.; Polish Society of Food Technologists’, Małopolska Branch: Kraków, 2004; Chap. 31, pp 417–436.
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without this type of starch derivative, today. Both, food and nonfood sector as well are utilizing the benefit of this type

of enzyme-processed starch hydrolysis product.

The beginning of starch hydrolysis dates back to developments of the late eighteenth and the nineteenth century.

The principle of acidic conversion of starch into saccharides was developed towards sophisticated processes that were

in use in industrial production until the sixth decade of the last century.

Although acidic hydrolysis was predominant at that time, the limitations connected with this technique – the

reproducible/invariable saccharide composition for any given degree of hydrolysis and as a result of fixed process

conditions, the tendency to produce a cloudy appearance by retrogradation or reassociation (formation of insoluble

starch particles) with syrups having a low dextrose equivalent (DE<30), the tendency of increasing formation of so-

called reversion products and glucose decomposition products (i.e., 5-hydroxymethylfurfural as a precursor of yellow-

ish to brownish discoloration) with rising starch concentration and degree of hydrolysis – were reasons to develop the

variability of amylolytic enzyme preparations that impresses today’s starch hydrolyzing industry and allows to satisfy

the manifold demands of modern food and technical industry. Nevertheless, acidic conversion of starch has still

justification as such to supply for example confectionary industry with syrups that provide property profiles requested

to achieve specific end-product properties and in hybrid (acid–enzyme) techniques.75 Because of today’s dominance

of enzyme-based procedures respective principles will be explained, however, in more detail.
2.18.5.2 Acid-Catalyzed Conversion of Starch

In the acid-catalyzed process the parameters type and concentration of the acid, applied temperature and residence

time as well as starch type together with minor components that affect the buffering capacity of the system are

responsible for the saccharide composition. Hydrochloric acid was the preferred catalyst in this type of hydrolysis

because of the bright, clear appearance of this type of syrup. Also the application properties were superior. But,

corrosion problems caused constraints concerning material of construction. Stainless steel vessels and tubes were the

only solution to overcome problems.

Following the initial batch-type processes continuous converters were developed.118 The most modern converters

allow operating temperatures up to 160�C and produce hydrolysates in a few minutes.

Feedstock for continuous conversion were preacidified starch slurries of concentrations up to 40% w/w. Acid was

adjusted to 0.02–0.04moll–1 resulting in pH values of 1–2. Because of the random mechanism of hydrolytic attack the

carbohydrate composition is constant at given conditions. As a result also functional properties of syrups (e.g., viscosity,

sweetness, hygroscopicity, color formation, flavor enhancement, fermentability, and crystallization control) were well

predictable.75 In connection with appropriate property profiles and typical dextrose equivalents (DE) a small number

of syrups became established in practice. Their DE values ranged from about 30–55, with 42 DE being the traditional

syrup. When achieving the required degree of hydrolysis (DE) the ‘crude’ hydrolysate is cooled down and the pH is

adjusted to approximately 5 by the addition of alkali. By reaching this point, indicated as isoelectric point, protein

impurities flocculate together with lipids and will be removed by filtering over precoated rotary vacuum filters. The

fully refined hydrolysates get finally concentrated to 80–85% dry substance by gentle-working evaporation procedures.
2.18.5.3 Enzymatic Starch Conversion

The developments in industrial enzymology brought progress in intensified use of amylolytic enzymes in hydrolyzing

starch. It was not only the access to more tailor-made or even new saccharification products (e.g., maltodextrins and

HFCSs/high-fructose corn syrups), but also the possibility of reaching higher degradation of starch with less pro-

nounced production of reversion and decomposition products that made enzymatic processes much more attractive to

industry. Not only food industry, but also pharmaceutical and chemical industry could gain profit from these

developments. To get insight into the broadness in commercially available enzyme products and the diversity of

organisms (fungi and bacilli) used in enzyme production one should go over lists presented by Teague and Brumm74 in

1992 or Tegge4 in 2004. And, no doubt, this development made further progress since then with upcoming challenges.

The principal enzyme types/commercial products and actions were listed as follows: bacterial a-amylases for starch

liquefaction, glucoamylases for starch saccharification, mixed systems for glucose production, fungal a-amylases for

glucose and maltose production, b-amylases for maltose syrups production, debranching and transferase enzymes

for glucose and maltose production, glucose isomerases for high-fructose corn syrup production, and some other

enzymes used in this area. The major steps used in enzymatic conversion of starch are liquefaction, saccharification,
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purification, isomerization, and refining. The sweetness of conversion products achieved, in general, will depend

on the steps, enzymes, and conditions (temperature, pH, substrate concentration, residence time, and enzyme-

protecting/activating minerals) applied.74,75

The first step to make starch easily accessible to amylolytic enzymes, in particular, to a-amylase in liquefaction is

starch gelatinization. For liquefaction of 30–40% dry matter starch suspensions, good gelatinization systems, for

example, stirred tank reactors, continuous stirred tank reactors (CSTR) or a jet cooker with a tubular or tank-based

system guaranteeing sufficient residence time are necessary. A suitable thermostable a-amylase is metered after pH

adjustment and addition of Ca2þ. Gelatinization is induced by injection of life steam and a temperature rise to 105�C
(eventually also higher, depending on the enzyme type) and completed during sufficient residence time, in general

5min. After temperature reduction degradation to DE 8–12 is allowed for further processing (maltodextrin production

and saccharification).75
2.18.5.3.1 Maltodextrin production
According to Alexander119 and Kennedy et al.120 maltodextrins are defined as nonsweet, nutritive starch hydrolysates

(consisting of glucose units linked primarily by a1-4 bonds) with DE values less than 20. As spray-dried products, they

are, in general, fully soluble carbohydrates of low bulk density and can be metabolized in a similar way to starch. Due

to their bland, not starchy flavor they do not mask other flavors. Corn starch, waxy corn starch, potato starch, and

tapioca starch are basis materials in production.

In principle, there exist two basic process variants in production of maltodextrins. The single-stage process uses, at

relatively high temperatures, gelatinization and acid or enzyme conversion with temperatures depending on starch

type. Then, hydrolysis is employed with a-amylase in holding tanks until an appropriate DE is achieved. Hydrolysis is

terminated by either pH adjustment or heat deactivation. For getting commercial products the hydrolysate is finally

purified, concentrated, and spray-dried. The dual-stage production uses high-temperature gelatinization/liquefaction

with either acid or enzyme to a low DE (<3). A high-temperature treatment (e.g., with a jet cooker) follows to

guarantee full gelatinization and to prevent haze formation with aqueous solutions as result of retrogradation

phenomena. The production is then continued as described previously. To overcome haze formation, when acid

hydrolysis was used and typically too much free glucose and greater proportions of high-molecular weight dextrins

were produced, several process improvements were proposed, at most by using modified starches.

Although many maltodextrins differing in the DE range, starch base, and applied process are listed, in general, only

two types are indicated to dominate the market having ranges of 10–14 DE and the other 15–19 DE. Nevertheless,

properties may differ widely because of deviating profiles in saccharide components. For example, gelling maltodex-

trins were obtained by hydrolysis of potato starch with bacterial a-amylase.119,120 So far nine (or even more) functional

properties make maltodextrins important ingredients in modern food formulation. They are able to affect sweetness,

browning reactions, depression of freezing points, crystal growth, solubility, osmolality, hygroscopicity, viscosity/body

forming, cohesiveness, and help to mimic fat, to reduce energy (calorie).119
2.18.5.3.2 Glucose syrups and other hydrolysis products

2.18.5.3.2.1 Glucose syrups

Except the described acid hydrolysis for glucose syrup production with DE values between 30 and 50 a variety of

processes exists for saccharification utilizing specific enzymes (amyloglucosidase/glucoamylases for breakdown of

oligosaccharides including the production of 95% D-glucose, isoamylase and pullulanase for debranching, fungal

a-amylases for maltose contents from 50 to 90%) and adapted conversion conditions (pH, temperature regimes,

residence times, and addition of enzyme-stabilizing calcium ions) to meet composition needed for applications of

end users. A condensed overview about the state of art in enzymatic production of glucose syrups and derived products

is presented by Olsen75 while Teague and Brumm74 provide more details about enzymes including immobilized

enzymes. In addition, Reeve121 informs about processes and equipment used in liquefaction and saccharification

of starch.
2.18.5.3.2.2 Glucose isomerization/High-fructose syrups

The enzymatic isomerization of glucose to fructose was an alternative reaction providing more sweetness as with all

other starch hydrolysis products. Theoretically, glucose can be transformed into fructose on a 50% level at equilibrium.

Practical levels, however, are slightly lower. Starting with glucose concentrations of 94% a fructose concentration of

42% will be reached finally because of limitations in activity and stability of the enzyme, even under optimum
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conditions of pH 7–8 and a temperature of 60�C and the use of activating cations (magnesium, cobalt, and manga-

nese). The enzymes used by now are of microbial origin, at most from bacteria. Highest productivity is reached with

immobilized isomerases.

The interest in fructose concentrations higher (>50%) than in the commercial standard product of HFS (high-

fructose syrup) 42 could be reached only by applying enrichment processes, for example, by chromatographic

separation techniques using cation-exchange resins.122,123 Efficiently working chromatographic systems opened the

door to a series of additional HFS products containing 55, 80, 90, and 95% fructose.
2.18.5.3.2.3 Crystalline and liquid dextrose products

A common name for purified and crystallized D-glucose is dextrose.124 Dry and liquid D-glucose-rich products are

manufactured from an enzyme–enzyme starch hydrolysate process. Typically these products contain 95–96% d.b.

D-glucose. High-dextrose syrups are used as starting material (feedstock). This saccharide can be crystallized as pure

solid products in both anhydrous (anhydrous a- and b-D-glucose) and monohydrate (a-D-glucose monohydrate) form.

Dextrose monohydrate crystallizes over a temperature range of 30–50�C and a solids range of 60–80% at less than 10%

supersaturation. Anhydrous a-D-glucose crystals grow at about 65�C and needs higher dry substance levels to reach

saturation. For crystallization of anhydrous b-D-glucose much higher solids and temperatures are necessary (90%

solids, temperature >100�C). The crystals are separated from the ‘mother liquor’ by centrifugation. Then they

get washed and dried in a flesh or rotary steam tube dryer. The crystal forms of these dextrose products differ

significantly.125

With respect to food application it is of interest that the monohydrate form gives the most pronounced cooling effect

in the mouth because of the high endothermic value in the heat of solution.

Aside of D-glucose-rich syrups also liquid D-glucose solutions exist (liquid dextrose). Their physical properties vary

alongside ongoing mutarotation reaction until equilibrium of a- and b-forms is reached.125
2.18.6 Uses of Starch and Starch Derivatives

2.18.6.1 Chemical Composition of Starch

As an ingredient in food industry or as a material in technical applications native starch is by ISO definition the

commercially available carbohydrate obtained by a wet milling process (alternatively by a wet extraction process),

which causes the least possible modification or alteration of the product.124 Their composition varies not only by

botanical source and agronomical production measures, but also as industrial products by the isolation processes

applied. Cereal starches are higher in proteins and lipids, while the higher mineral levels are observed in tuber and root

starches. For general information about lipids, proteins, minerals, and phosphorous, in particular, refer to Swinkels126

and Galliard and Bowler.127

Moisture content depends on the relative humidity of the surrounding atmosphere in storage, but varies under

normal conditions between 10 and 20% (w/w).
2.18.6.2 Functional Behavior of Starch

2.18.6.2.1 Swelling and gelatinization
Starch granules are insoluble in water below a critical temperature named gelatinization temperature. This is due to

the many hydrogen bonds formed directly between neighboring alcoholic OH groups or indirectly by water bridges.

Nevertheless, swell starch granules in cold water with 10–15% increase in diameter. When a starch-water suspension is

heated beyond gelatinization temperature rapid extension of the granule takes place by irreversible swelling. With

ongoing temperature rise and in combination with agitation the swollen granules form finally a viscous colloidal

dispersion consisting of granule fragments, hydrated starch aggregates, and dissolved starch. This behavior is of

technological interest and therefore frequently followed in viscosity-measuring instruments. Empirically working

instruments like the Brabender Viscoamylograph or the Visco Analyzer allow recording continuously such viscosity

changes including phases of maintained temperature below cooking (i.e., 90–95�C) as well as cooling. The viscosity

curves are characteristic for each starch type. Besides measuring the thickening power of starches also their potential

paste collapse and the association of starch molecules while cooling (‘set back’ as a measure of retrogradation) may

be followed.126
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2.18.6.2.2 Retrogradation
In the context of starch dispersions the term ‘retrogradation’ is used for a return of aggregated or crystalline structures.

This includes the formation of insoluble white precipitates in case of diluted starch systems or the setting to an elastic

gel at higher concentrations, for example, with a 7% (w/w) corn starch paste. Retrogradation is favored by low-

temperature, high starch concentrations, and pH values between 5 and 7. Both fractions of starch, amylose and

amylopectin, are involved in retrogradation processes, but amylose is considered primarily responsible. Chain length

plays, nevertheless, an important role. At a degree of polymerization (DP) laying between 100 and 200 the rate of

retrogradation exhibits a maximum. Amylopectin is said to be less prone to retrogradation. The highly branched

structure inhibits association. The rate of retrogradation differs with the types of starch. Regular cereal starches

retrograde more quickly than tuber and root starches. Waxy starch types or modified starches (with ether or ester

groups) demonstrate low or no tendency towards retrogradation.126 If retrogradation proceeds beyond gel formation,

shrinkage occurs under unfavorable conditions (cold storage, freeze–thaw cycles) connected with exudation of

liberated liquid. The phenomenon known as syneresis is typical for starch gels and often reason for quality reduction.
2.18.6.3 Application

2.18.6.3.1 Native and modified starches
Both, native and modified starches are important natural hydrocolloids to be used in food and technical industry. They

find application as binders/thickeners and texture forming or influencing ingredients in food and feed preparation. In

technical fields of application the ability to be degraded easily in natural environments after passing their life cycle

plays more and more an important role in decision-making.

To satisfy the demands of modern technology the property profiles of native starches have to be adapted frequently.

Physical, chemical, and enzymatic modification or combinations of these techniques are nowadays tools one cannot

renounce to achieve the properties that suit the envisaged purposes. Details about potential modification techniques

and their advantages have already been presented in Section 2.18.3. Although the importance of modification

developed continuously, native starch serves still more than 60% of the market. Production shares of the US and

EU markets in 2000 (see Figure 14) presented for both product categories reach impressive shares even when

compared with the use of starch for starch-based sweeteners, other hydrolysates, and ethanol.117

Before going into more details it is worth to look upon Figure 15 to see the percent distribution of starch utilized in

main industrial sections of the EU under condition of former 15 member states.117 Surprisingly the distribution did not
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change significantly in between 1996 and 2002, although total production of starch grew within a period of 6 years by

approximately 40%. Food dominated nonfood uses with ‘other food’ and ‘sweets’ as major sections. ‘Paper/cardboard’

and ‘corrugated board’ were overwhelming as allied sections in nonfood uses. Growing future importance can be

ascribed of course the section ‘fermentation’, where glucose syrups played a role as feedstock for lactic, citric, fumaric,

propionic, and gluconic acid. Glucose syrups are also raw material for L-ascorbic acid in a combined chemical/

fermentative process. The brewing industry that follows British brewing rules uses adjuncts on basis of glucose syrups

high in maltose.128

For granular native starches only few applications are known. An example can be seen in the use as molding starches

in confectionery production. The suitability depends on repeated use. Furthermore, native starches are components of

baking (to isolate components) and pudding powders. Concerning bakery products native wheat starch is used to

produce a sandy-type crumb structure.

The most important use of native starches is given by its addition to sauces, soups, puddings, and cake fillings,

where they function at most as thickener/bodying agent. As soon as clarity of pastes and gels is required, tapioca starch

offers advantages. On the other hand, waxy-starch types (i.e., waxy corn starch) play a role, if high water-binding

capacity, weak gel formation, and restricted retrogradation are required.

As compared to native starches, the different types of modified starches reached a much higher importance in food

production, in particular, in food industry, where requirements towards specific property profiles are much more

pronounced because of modern processing techniques (high-energy stirring, homogenization, pasteurization, sterili-

zation, and freezing) and prolonged storage and handling times. Here, adapted modification can assist to produce and

maintain the desired viscosity/consistency/texture of products. However, because of the even low level of chemical

treatment (DS<0.5) these starches have to be regarded as additives, which underlie regulations of labeling (E-numbers).

The most challenging requirements are again swelling and pasting properties, gel formation and stability, and

freeze/thaw stability. For details and examples refer to Tegge,4 Bergthaller97 and Taggart.129

As mentioned previously paper industry is the most important user of starch in native or modified form. While

native starches function as binders and filler, they contribute cationic starches to additional binding sites with their

positive load.

Their charges are absorbed by the negatively charged cellulose fibers. They promote also retention of negatively

charged fillers and pigments (calcium carbonate and china clay) in coating paper surfaces. Another important outlet for

starch can be found in preparation of glues and adhesives. In production or corrugated paper and board native and

gelatinized starch are main components of glues prepared with mineral additives (alum and borax).

Many alkaline chemicals or other modifiers can be used to produce suitable and efficient starch-based adhesives.

Other examples are dextrins produced in a roasting process (from white dextrins to British gums) and used in

remoistening adhesive formulations. Textile industry is one of the oldest section in using starch and starch products.

Besides other applications, sizing of yarn is still a technique, where modified starches are used. The range of

modification reaction starts with cross-linked thin-boiling starches and ends with cationic starches. The latter may

be also applied in wastewater clarification as flocculation aids. As further areas of application of highly sophisticated

modified starches the following may be indicated: detergent formulations, fillers in tires, flocculants in ore processing,

binder in casting molds and in building materials, and stabilizer of drilling mud. Finally, one should not miss to

mention uses in chemical industry, in cosmetics, and pharmacy as well as highly specified applications in medicine

(e.g., hydroxethyl starches as blood plasma expanders).4
2.18.6.3.2 Starch hydrolysates
Maltodextrins are involved in many technical and/or food applications (carrier and bulking agent, oil well drilling fluids,

spray-drying aids, medical/nutritional products, food coatings, icings/fondants, frozen desserts, dairy/nondairy products,

salad dressings, and fat replacers). Their main function there is to regulate hygroscopicity and give viscosity/body to food

products.120 The use of glucose syrups in food products is widespread. The list of addressed properties or functional

uses comprises among others (Jackson130 listed 24 in total) sweetness, viscosity, browning reaction, crystallization

control, and humectancy. The requirements concerning the syrup/sugar type are oriented towards the products needs.

Confectionery (prevent crystallization in high-boiling sweets, creaminess in caramels, chewiness in chewing gums),

preserves, ice cream (balancing flavor, control body, and texture), bakery products (regulate sweetness and color

formation), sauces and dressings (viscosity), and coffee whitener are exemplary product groups, were glucose syrup

products display their beneficial effects.130 Beverage applications (in particular, soft drinks), baking and snack foods,

animal feed, canning, as well as chemicals, drugs, and pharmaceuticals are important outlets for HFS products.130
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Glossary

amylose A linear polymer found in starch granules of plants. It is formed by condensation of D-glucose units linked by a1-4
bonds. The number of a-D-glucopyranosyl units can be 500–20000 depending on the source. It is one of the two polysaccharide

components of starch. The a1-4 bonds promote a left-handed helical structure of amylose. Amylose binds iodine and forms blue

complexes.

amylopectin A highly branched D-glucose polymer found in plants. It derives structurally from the linear a1-4-glucan structure

of amylose by nonrandom a1-6 branching. Branching occurs at every 10th to 20th glucose unit. It is one of the two polysaccharide

components of starch, the other being amylose. Branch points in amylopectin are separated by an average of 20–30 D-glucose

residues.

glucose syrups Highly purified, concentrated aqueous solutions of nutritive saccharides obtained exclusively from starch

irrespective of the predominant saccharide. Nevertheless, there exist also terms used to designate specific types of syrups

(maltose/high-maltose syrup, high-fructose syrup, high-fructose corn syrup/HFCS).

native starch It is obtained as commercial product by a wet milling process which causes the least possible modification or

alteration of the in situ product. Native starch contains typically residues of certain minor components as they are proteins, lipids,

and minerals.

plastids Organelles found only in plants and algae. Plastids are responsible for photosynthesis, storage of products like starch,

and for the synthesis of many classes of molecules such as fatty acids and terpenes, which are needed as cellular building blocks

and/or for the function of the plant. Depending on their morphology and function, plastids are commonly classified as

chloroplasts, amyloplasts, or chromoplasts.

polymer liquid crystals A class of materials that combine the properties of polymers with those of liquid crystals. Polymer

liquid crystals have mesophases like ordinary liquid crystals (smectic and nematic) and retain properties of polymers. In order to

possess liquid crystal characteristics, rod-like or disk-like elements (called mesogens) must be incorporated into the polymer.

In main-chain polymer liquid crystals the mesogens are part of the main chain. In side-chain polymer liquid crystals, mesogens are

connected as side chains to the polymer by a flexible ‘bridge’ (called spacer). Side-chain polymer liquid crystals have three major

structural components: the backbone, the spacer, and the mesogen.

retrogradation A property of starch in diluted and concentrated aqueous dispersion. The term denotes the irreversible

transition of a highly swollen starch suspension to an insoluble, shrunken, and microcrystalline state. Retrogradation can also

take place in slowly cooled starch pastes or certain starch hydrolysates.

saccharification The hydrolysis of starch that results ultimately in the formation of D-glucose. The hydrolysates are obtained

by acid, enzyme, or combined hydrolysis of starch and consist of lower-molecular mass polysaccharides, oligosaccharides, and/or

monosaccharides.

starch gelatinization A process that starts when starch suspensions are heated (in water at 50–70�C). Starch absorbs water and

swells. Water penetrates starch increasing randomness in the general structure and decreasing the number and the size of

crystalline regions. Hydrogen bonds between glucan chains of amylopectin are disrupted and the crystalline regions melt. The

course of gelatinization depends on the botanical origin of starch, starch moisture content, and temperature used.

wet milling The process of separation by using water or aqueous solutions as process media for grinding the substrate and

separating it from accompanying components. Originally, the term was applied only for the process of corn starch isolation, but

later on it was applied to all industrial starch-isolation processes.
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2.19.1 Introduction

The production, structure, properties, functions, and applications of three polysaccharides (galactomannans, konjac

glucomannans (KGMs), and xyloglucans) are reviewed in this chapter.

Xyloglucans are linear plant polysaccharides with side chains and are present as a storage polysaccharide in the cell

walls of higher plants. The backbone structure is (b1!4)-linked D-glucan. A part of glucose unit is substituted with

a-D-xylose at the O6 position. This structure is common for all the xyloglucans, but additional residues are attached

depending on the source, and the physicochemical properties and functionality are governed by the number and

position of these residues. Most widely studied xyloglucan is tamarind seed xyloglucan (TSX), because only TSX

existing in the seed of tamarind tree (Tamarindus indica) as a storage polysaccharide has been commercially available.

Hence, TSX is most extensively studied, and the study of TSX especially on the rheological behavior is mainly

introduced here. TSX has four types of repeating units that differ in the number and the position of galactose

substituting the xylose. TSX is widely used in food industries, for instance, as thickener, stabilizer, and/or gelling

agent. Aqueous solutions of TSX usually show almost a Newtonian behavior although this depends on the concentra-

tion and the molar mass. By adding sugar or alcohol, the viscosity of TSX solution is significantly affected, and in the

presence of a large amount of these substances TSX can form a gel. Although aqueous solutions of native TSX alone

cannot form a gel, synergistic gel can be formed by mixing with other polysaccharides, or with a dye such as Congo red,

or polyphenol, such as epigallocatechin gallate (EGCG).

Galactomannans are widely distributed in nature and have attracted considerable academic attention as well as

industrial interest due to their thickening and gelling properties in aqueous media. They are generally heterogeneous,

linearly branched polysaccharides based on a backbone of (b1!4)-linked D-mannopyranose (Man) residues to which

are attached (1!6)-linked D-galactopyranose (Gal) residues. The rheological properties of dispersions of galacto-

mannans depend on the molar mass and the degree of substitution: locust bean gum, Gal/Man¼ 1/4; in taragum, Gal/

Man¼ 1/3; in guar gum, Gal/Man¼ 1/2; and in fenugreek gum, Gal/Man¼ 1/1. Mixtures of galactomannans with

xanthan and carrageenan have been studied extensively. Recent advances in the understanding of conformation,

rheological behavior of dispersions of galactomannans, and gelation of galactomannans with other polysaccharides and

with borax are described.

KGM is derived from the tuber of Amorphophallus konjac C. Koch, and its gels have been important food materials in

Asia especially in Japan and China. The glucomannan backbone possesses 5–10% acetyl-substituted residues, and it is

widely accepted that the presence of substituted group confers solubility to the glucomannan in aqueous solution. If

the molecules of KGM lose their acetyl groups with the aid of alkalis, the aqueous solution of KGM is transformed into

a thermally stable gel. This gelation process is promoted by heating. The addition of alkali to KGMdispersion not only

enhances their solubilization but also facilitates the deacetylation of the chain. The physicochemical properties,

however, have not been fully elucidated mainly because of the difficulty in obtaining easily soluble and well-

fractionated KGM samples. Recent studies on the effect of molar mass and the acetyl group content in KGMmolecule

on the gelation mechanism of KGM dispersions are described.

As is always the case with natural polysaccharides, the structure of these storage polysaccharides is complicated in

the sense that the arrangement and distribution of repeating units is not homogeneous and the chemical formula of

repeating unit shown in papers and textbooks is only an idealized or averaged one and does not represent a specific

structure of the experimental sample described there. Ratio of sugar units constituting each polysaccharide is reported

as glucose:xylose:galactose¼ 0.46:0.36:0.17 in TSX; locust bean gum (Gal/Man¼ 1/4), tara gum (Gal/Man¼ 1/3), guar

gum (Gal/Man¼ 1/2), fenugreek gum (Gal/Man¼ 1/1) in galactomannans; and Man/Glc¼ 3/2 in KGM. Not only the

ratio of these sugar units but also the arrangement and the distribution of these sugar units are not so well established

and depend on the origin of these polysaccharides: the distribution of side groups is not homogeneous; galactose

residues on the mannose main chain is not evenly distributed in galactomannans; some regions are sparsely substituted

while the others are densely substituted.
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2.19.2 Sources and Production of Xyloglucan, Galactomannan, and KGM

2.19.2.1 Xyloglucan

Xyloglucan is a generic name of linear polysaccharides consisting of (b1!4)-linked D-glucan substituted with xylose,

and generally can be found in plant cell walls. The primary cell wall consists of cellulose microfibrills embedded in a

matrix which is made from pectins and hemicelluloses. Xyloglucan is the most abundant hemicellulosic polysaccha-

ride in the primary cell wall of most vascular plants. The network structure made of cellulose and xyloglucan network

is believed to be the major load-bearing structure in the primary cell wall.21 It is proposed that the xyloglucan

transglucosylhydrolases cut the backbone of xyloglucan, and this induces the reformation of the network structure,

and thus expansion and growth keeping the mechanical strength.

In some seeds of trees (such as Tamarindus, Impatiens, Annona, Tropaeolum, Hymenaea, and Detarium), xyloglucan

polymer also exists as a storage polysaccharide.1,13

The backbone of xyloglucan is (b1!4)-linked D-glucan, which is the same as cellulose, and three out of four glucose

residues are substituted with a-D-xylose at the O6 position. This is the common structure for all the xyloglucans, but

additional residues are attached to xylose, depending on the source of xyloglucan. This variation of the structure

dominates the detail of the functionality and physicochemical properties. For instance, the galactose substituted to the

xylose dominates the water solubility in the case of xyloglucan extracted from tamarind seed.

It is known that there are different sources of xyloglucan used as food additives, such as detarium xyloglucan from

Detarium senegalense J. Gmelin, Afzelia africana, and Jatoba. As far as we know, for the solution and rheological

properties of xyloglucan polymer, the most widely studied xyloglucan is TSX, because only TSX is commercially

available at present.22,23 The difference in the degree of galactose substitution largely affects the solubility in water

and the degree of association between xyloglucan molecules, so the effect of the galactose substitution ratio and

the composition of the repeating units is important when considering the properties of the aqueous solutions of

xyloglucan.

The effect of the type of xyloglucan on the physicochemical properties has also been reported. Some xyloglucans

have an additional residue, fucose or arabinose, attached to the galactose residues at the end of side chain, but the

above-mentioned storage xyloglucans do not, probably suggesting that the chemical structure is optimized for the

raison d’être.

York et al. performed an exhaustive study of the branching pattern of xyloglucan in relation to the plant species.

They found that a branching pattern strongly depends on species.21 For example, the repeating unit of Lactuca sativa,

Tanacetum ptarmiciflorum, and Daucus carota is XXXG-type (see Figure 1 for the abbreviation such as X and G)

branching pattern, which is a typical xyloglucan repeating unit, but these contain a-D-Xylp, b-D-Galp-(1!2)-a-D-Xylp,
and a-L-Fucp-(1!2)-b-D-Galp-(1!2)-a-D-Xylp side chains. However, there are atypical species, such as Capsicum

annuum (pepper) and Lycopersicon esculentum (tomato), which preclude atypical branching patterns. These have
1
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Figure 1 The chemical structure of the repeating unit of xyloglucan.
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XXGG-type, less-branched type, repeating unit. On the other hand, species such as Ipomoea purpurea (morning glory,

order Solanales), Ocimum basilicum (basil, order Lamiales), and Plantago major (plantain, order Lamiales) have an

unusual XXGGG-type branching pattern. They have five glucoses in the backbone, although the number of glucose

in backbone of the repeating unit is four for most xyloglucans. According to their study, the appearance of this

intermediate xyloglucan structure in oleander has implications regarding the evolutionary development of xyloglucan

structure and its role in primary plant cell walls.

In the case of xyloglucan as the storage polysaccharide, xyloglucan exists as a polymer in the seeds. The reported

molar mass of TSX is 650 000 (gel permeation chromatography; GPC)22 or 880 000 g/mol (light scattering).12 TSXs are

used as food additives as a thickener, a gelling agent in the presence of other additives, a starch modifier, an emulsion

stabilizer, an ice-crystal stabilizer, etc. exploiting the characteristics, such as Newtonian flow behavior in the wide

range of shear rate, water-holding ability, and their resistance against heat, salt, and pH regimes used in the processing

of foods.

2.19.2.2 Galactomannans

Seed galactomannans are mostly obtained from the endosperms of the seeds of leguminous plants.24–26 Some seed

galactomannans from nonleguminous sources are found in Cocos nucifera, Coffea arabica, Elaies guineensis, Phoenix

dactylifera, Phytelephas macrocarpa, etc. In a few exceptional cases, for example, in Glycine max, Gymnocladus dioica, or

Mucuna, galactomannans occur in the hull, the inner side of the seed coat, and kernel, respectively (Table 1).

The genes encoding the enzymes that add sugar residues to the polymannose backbones in galactomannan have

been isolated by enzyme purification and protein sequencing or by functional expression in a heterologous system.33

In 2004, Dhugga et al.34 isolated a complementary deoxyribonucleic acid (cDNA) encoding mannan synthase. Seed

galactomannans are made by the combined action of two enzymes: mannan synthase, which makes (b1!4)-linked

mannan backbone, and a-galactosyltransferase, which adds galactosyl residues to the mannan backbone.35,36 Both

enzymes can be assayed in vitro in the particulate preparations derived from developing fenugreek, guar, or senna

endosperm.

Screening gum from a single source verifies that it is not a single substance but contains molecules with different

degrees of polymerization. The degree of galactose substitution varies from one botanical source to the next as well as

between molecular species of one gum. Consequently, the chain lengths and Man/Gal ratios differ from gum to gum.

Enzymatic synthesis by transglucosylation is also investigated for xyloglucan. Reid et al. reported that b-D-glucosidase
from the cotyledons of nasturtium (Tropaeolum majus L.) seedlings has an activity of transglycosylation.37

2.19.2.2.1 Locust bean gum
Locust bean, also known as carob or Saint John’s bread, has dark, evergreen, pinnate leaves. The small, red flowers

have no petals. The fruit is a brown, leathery pod about 10–30 cm long and contains 10–15 seeds of about 0.2 g each.

The seeds are remarkably uniform in size and weight. The pods are edible and are often used for livestock feed. The

tree, Ceratonia siliqua, grows to 15m in height, with roots penetrating the soil to depths of up to 30m, enabling

production with just 250mm rainfall per year. They complement other shrubs and trees which can be included in

farming systems for dry areas such as saltbush, olives, and honey locusts as well as bush tucker, timber, and woodlot

species. The tree originally belonged to Mediterranean regions, and has been known to be a pioneer source of seed

galactomannans. It has been cultivated for over 4000 years. Locust bean gum is now also grown in Australia, the US,

and other countries. It grows productively up to an altitude of 1200m, with a life span of more than 100 years. A mature

female locust bean tree can produce up to 100 kg of beans per year. The carob fruit, typically produced on female and

hermaphrodite trees older than 6 years, is valued for a range of products derived from the seed and the pod. Its pods

have been used as human and animal food stuff. From the seeds, the endosperm is extracted for a galactomannan.
Table 1 Sources of typical seed galactomannans

Common name Species Man/Gal a Typical locality Habitat

Fenugreek Trigonella foenum-graecum 1.08–1.225–28 Mediterranean region Annual

Guar Cyamopsis tetragonoloba 1.37–2.029–31 Northwest India, Pakistan Annual

Locust bean Ceratonia siliqua 3.7532 Mediterranean region Tree

Tara Caesalpinia spinosa Ecuador, Peru, Kenya Tree

aMan/Gal refers to the ratio of D-mannopyranosyl to D-galactopyranosyl residues.
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2.19.2.2.2 Guar gum
This gum is extracted from the seeds of an annual legume plant Cyamopsis tetragonoloba or Cyamopsis psoraloides. Its

common name hints at its origins. The term ‘guar’ is thought to be derived from the Sanskrit word ‘go’ or ‘gav’,

meaning cow. The plant was first cultivated in India and Pakistan and first used as cattle feed and an occasional snack

for humans. Although some researchers suspect that the plant was originally domesticated in India and grown there

for centuries, its first definite mention in the Sanskrit language appears only in the 1800s. Guar gum got its big break in

the 1940s, when supplies of another seed galactomannan, the locust bean gum, slowed to a trickle duringWorldWar II.

At the time, locust bean gum was used primarily to coat and stiffen paper, but guar proved to be an excellent and less-

expensive substitute. Since the 1950s, guar has been grown primarily as a commercial crop for gum production, with

cattle feed now coming as a distant second. About 150 000 tons of guar are produced each year, and Pakistan produces

about 70% of the total. More bush than tree, Cyamopsis tetragonoloba, thrives in hot, dry climates and sandy soils. In

India, there are several varieties of guar that differ from each other in plant height, shape, and pod size. Most of the

world’s guar is grown in northwestern India, Pakistan, and the US. Today, guar is also grown in small amounts in the

Arabian Peninsula and in African countries such as Malawi, the Sudan, and South Africa.
2.19.2.2.3 Fenugreek gum
Fenugreek, Trigonella foenum graecum, is an annual legume native to theMediterranean region. It has been grown in the

Middle and Near East, Africa, and India and used for food and medicinal purposes. It grows straight up to 60 cm in

height branching off with trefoil leaves and little white flowers. Sickle-shaped pods contain 10–20 brownish diamond-

shaped seeds which have a diameter of 3–4mm and a deep groove in the middle.
2.19.2.2.4 Tara gum
Tara gum is derived from the tara bush, Caesalpinia spinosa, which is a wild perennial grown for commercial purposes

exclusively in Ecuador, Peru, and also in tropical East Africa. The shrub is grown up to 5m in height. The fruits, the

tara pods, are collected and threshed on the spot. The tara pods contain seeds that are about 10mm long and weigh

about 0.25 g each. The threshing process separates the seeds from the husk.
2.19.2.3 Konjac glucomannan (KGM)

KGM is extracted from the tuber of the A. konjac plant C. Koch.38 There are many species of konjac plants in the Far

East and Southeast Asia, for example, A. konjac K. Koch (Japan, China, and Indonesia), A. bulbifer B1. (Indonesia),

A. oncophyllus Prain ex Hook. F. (Indonesia), A. variabilis Blume (Philippines, Indonesia, and Malaysia), etc.39,40 KGM

which constitutes 60–80% of the tuber is obtained by pulverizing thin slices of the dried tubers into a powder and is

separated usually by wind sifting.

KGM is a neutral polysaccharide that consists of (b1!4)-linked D-mannose and D-glucose with about one in 19 units

being acetylated. KGM forms a thermally stable gel upon addition of alkaline coagulant and the gelation of KGM is

promoted by heating, in contrast to many other thermoreversible gels. The gelation occurs through the formation of a

network structure of junction zones, which are considered to be stabilized by hydrogen bonding.41
2.19.3 Chemical Structure

2.19.3.1 Xyloglucan

York et al. determined the chemical structure of TSX for a digested oligosaccharide with b-galactosidase by the com-

bined use of nuclear magnetic resonance (NMR) (both 1H and 13C) and fast-atom bombardment mass spectrometry

(FABMS).42,43

The backbone of TSX consists of (b1!4)-linked D-glucose, and the glucose in the backbone is partially substituted

at the O6 position of glucopyranosyl residues with a-D-xylopyranose. Some of the xylose residues are b-D-galactosy-
lated at O2.42 In more detail, the substitution pattern of xylose and galactose is not random, and only several types of

oligosaccharides as shown in Figure 1 were mainly found.

The compositions of these oligosaccharides depend on the source of xyloglucan, as shown in Table 2. Xyloglucans

from different sources (Tamarind, Detarium, or Afzelia africana) consist of repeating units with different ratios such as



Table 2 The ratio of each repeating unit of xyloglucan and monosaccharides

XXXG XLXG XXLG XLLG Glc Xyl Gal

Tamarind12,13 13.0 39.0 48.0 0.46 0.37 0.17

Tamarind16 15.5 5.7 31.9 46.9 0.47 0.35 0.18

Detarium19 7.6 2.3 42.7 47.3 0.48 0.36 0.16

Afzelia7 17.6 3.7 49.2 29.5 0.47 0.35 0.18
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Figure 2 Structure of guar and locust bean gum.
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Figure 3 Structure of fenugreek gum.
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XXXG, XLXG, XXLG, XLLG (where X is a xylose-substituted glucose residue, G is an unsubstituted glucose

residue, and L is a galactosylxylose-substituted glucose residue) as shown in Figure 1, although the fraction of each

polysaccharide component is almost the same.

Nutritional and therapeutic benefits in the treatment of metabolic disorders and the reduction in postprandial rise in

blood glucose and insulin concentrations have been reported for detarium xyloglucan, but no such benefit was

reported for TSX, which indicates that the difference in the composition is important for biological activities.44

Based on xyloglucanase hydrolysis and ‘matrix-assisted laser-desorption ionization time of the flight mass spectros-

copy’ (MALDI-TOF-MS), Kato et al. concluded that a xyloglucan from immature barley plants has regions consisting

of two, three, four, and five contiguous glucose residues which are not xylosylated at O6 in the (b1!4) D-glucan

backbone.45
2.19.3.2 Galactomannans

Typical seed galactomannans contain a (b1!4)-linked D-mannan backbone to which are attached single a-D-galactose
at the O6-position of D-mannose residues. The main chain is structurally similar to that of cellulose, a (b1!4)-linked

D-glucan backbone. Mannose is the epimer of glucose at the 2-position. Cellulose is insoluble in water because of

inter-chain association. Substitution of the mannan chain by more than 12wt.% of galactose makes the galactoman-

nans water soluble. Analytical studies based on methylation, periodate oxidation and partial hydrolysis suggested the

structure for guar and locust bean gum as shown in Figure 2, where a¼ b¼ 1 for guar gum46,47 and a¼ 1, b¼ 3 for

locust bean gum.48,49 Fenugreek gum is categorized as a highly branched galactomannan, and best represented by the

formula shown inFigure 3, where aþ d¼ 3 and c¼ 1.26 Few seed galactomannans have been reported to deviate from

these basic structures, mainly differing in the main chain and the branching arrangement. Seed galactomannans,

although sharing similar basic structures, may have different local structures regarding the distribution pattern of side

chains. Three types of patterns of symmetric, random, and block, are generally observed. The main-chain mannan

backbone forms flat two-fold helix: with a pitch of 1.038 nm (guar),50,51 1.035 nm (Fenugreek),28 and 1.034 nm

(Lucerne),28 as determined from X-ray diffraction.
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2.19.3.2.1 Modification of galactomannans
To improve and diversify its commercial applications, seed galactomannans have been modified by introducing

changes in its chain structure or by lowering the molar mass. Degradation is possible through chemical, enzymatic,

mechanical, and radiative means. Low-molar-mass galactomannan is not suitable as a thickener, but available as water-

soluble dietary fiber. Lower-molar-mass oligo- to polysaccharides are fermented in the lower intestine, producing

short-chain fatty acids. They also provide roughage, laxation, and lower cholesterol and blood glucose levels. Also

polymer degradation finds use in applications including drug delivery devices and oil/gas exploitation and in alter-

natives to fossil fuels for energy sources.52–54

Acid hydrolysis is a rapid, nonexpensive procedure to achieve successive degradation of seed galactomannans.8

Solid-state degradation leads to a broadening of the molar mass distribution due to the nonhomogeneous distribu-

tion of Hþ ion in the system. On the contrary, dilute solution state degradation follows the random scission mecha-

nism; however, it is not practical for processing large quantities. Enzymatic degradation results in broad molar

mass distribution. The degradation mechanisms of enzymatic hydrolysis have been studied for guar53 and its

derivatives.55

Heat treatment is also effective to reduce the molar mass of seed galactomannans. If the test solutions are heated

at or above 100 �C, both the weight average molar massMw and intrinsic viscosity [�] are decreased.3,56 This technique

is valid for the operating temperature range of 100–160 �C under no external pressure. To avoid degradation

while sterilization process is running, a small amount of sodium sulfite or propyl gallate is added and the pH kept

above 7.

Chemical modifications of galactomannans by etherification, esterification, oxidation, and hydroxypropylation are

generally done for preparing custom-made derivatives having desirable functionality attributes. Industrial derivatives

of galactomannans include cationic, carboxymethyl, hydroxylpropyl, and carboxymethylhydroxypropyl galactoman-

nans. These derivatives have increased solubility in liquid mixtures containing alcohol and enhanced viscosity.

When guar gum is modified to the hydroxypropyl form, the added hydroxypropyl groups sterically block the

hydrogen-bonding sites on the guar backbone and reduce the intermolecular association.57 At lower molar degree of

substitution of hydroxypropyl groups (MSHP< 0.4), the Huggins coefficient, obtained from simple capillary viscome-

try, is a decreasing function of molar degree of substitution (MS); the Huggins coefficient reflects the molecular

association level (see Section 2.19.4). In the range of 0.4 < MSHP< 1, interactions become independent of MS of

hydroxypropyl group. For the highly substituted guar (MSHP> 1), temperature-dependent inter- and intramolecular

hydrophobic interactions appear.

Carboxymethylation generally increases the hydrophilicity and solution clarity of the galactomannans and makes

them better soluble in aqueous solvents. In the majority of the reported methods, carboxymethylation is done using

strong NaOH and monochloroacetic acid in aqueous medium at elevated temperature. Inadvertent molecular as well

as reagent degradations induced by strong alkaline pH at elevated temperatures cannot be underestimated under such

conditions. Parvathy et al.58 developed a simple nonaqueous method for the preparation of carboxymethyl derivatives

of galactomannans. Guar, tara, and locust bean gums were subjected to carboxymethylation using monochloroacetic

acid under the catalytic influence of NaHCO3 in dry state. The reaction carried out in the presence of a small amount

(<0.01%) of EtOH gave carboxymethyl derivatives of galactomannans having a higher viscosity than the unmodified

gum. Since NaHCO3 is a mild alkali, it could easily be removed, and the possibility of alkaline degradation caused by

strong NaOH and also the effect of elevated temperature could be minimized.
2.19.3.2.2 Purification of galactomannans
Most galactomannan-containing leguminous plants are dicotyledonous, and endosperm is the desirable part for the

extraction. On a commercial scale, seeds are first roasted to loosen the seed coat from the endosperms, followed by

crushing the seed. Because crude gum obtained by dry milling contains lignin, hemicellulose, protein, phenolics, lipid,

ash, or other materials as impurities, purification must be done before any physicochemical measurements are carried

out. First, the crude gum is dissolved into water, and regenerated by reprecipitation with an appropriate precipitant.

Usually, acetone, methanol, or ethanol is used for research purpose, and isopropanol for industrial use. Purification is

affected by means of complex formation with multivalent ions such as Cu2þ, Ba2þ, or Al3þ, and fractionation of the

complexes is possible. Fractionation is achieved by conventional methods, such as fractional precipitation and size

exclusion, normal/reversed phase, or ion-exchange chromatography. Locust bean gum can be fractionated by means of

temperature-dependent differential solubilization.31,59,60 In this scheme, locust bean gum is divided by the Gal

content rather than molar mass. Ion-exchange treatment is effective to remove polyelectrolytes. Dialysis and

membrane filtration are useful to remove small- and large-sized impurities.
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2.19.3.2.3 Composition analysis of galactomannans
The mannose-to-galactose ratio is determined by common purity test, such as gas and ion-exchange chromatography

after enzymatic degradation. The following relationship based on optical rotation measurements proposed byMorris61

can also be used to establish the Man/Gal ratio

Man

Gal
¼ 235� ½a�D

50þ ½a�D
and

½a�D ¼ a

cl

where [a]D is the specific rotation measured at the wavelength of 589 nm (sodium D-line), a the optical rotation in

degrees, c the galactomannan concentration in g cm�3, and l is pathlength in dm.

This relationship was derived initially from studies of a range of galactomannans by vacuum ultraviolet circular

dichroism, but was found to agree well with published data from conventional measurements of sodiumD-line optical

rotation.

The mannose to galactose ratio can also be determined from the integrated peak areas from 1H NMR spectrum for

the anomeric protons of mannose and galactose units.62,63
2.19.3.3 Konjac Glucomannans

The determination of the chemical structure of KGM has a long history.35,36 As early as in 1895, it was reported that the

tubers of A. konjac had a very large amount of mannan; the mannan was classified into two types, one soluble and the

other insoluble in water. It was suggested that KGM is formed with a certain ratio of mannose to glucose. Different

values of the ratio of mannose to glucose were reported. Smith and Srivasta64 used paper chromatography of the acid

hydrolysate to determine the ratio of mannose to glucose in KGM and found it to be 3:2. Kato and Matsuda65 reported

that the ratio of D-mannose to D-glucose in purified KGM was 1.6:1. Maeda et al.66 reported that the molar ratio of

D-mannose and D-glucose is 1.6:1 in KGM by using paper chromatography. By using gas chromatogram, they

estimated the ratio to be 1.55:1. The result of Cescutti et al.66 using 1H NMR also confirmed the ratio 1.6:1. Recently,

Katsuraya et al.67 determined the ratio of terminal glucosyl units to mannosyl units to be c. 2 by using methylation

analysis and 13C NMR spectroscopy.

Kato and Matsuda65 suggested that the repeating unit of the main chain of KGM is Glc-Glc-Man-Man-Man-Man-

Glc-Man or Glc-Glc-Man-Glc-Man-Man-Man-Man. Maeda et al. concluded that the main chain of KGM is composed

of (1!4)-linked D-mannose and D-glucose.68 Okimasu and Kishida69 studied the kinetics of acid hydrolysis using

0.5M sulfuric acid and found that the activation energy of hydrolysis is 33.6 and 35.5 kcalmol�1. They drew the

conclusion that there are two or more kinds of glycosidic linkages and proposed the chemical structure of KGM as

shown in Figure 4. Katsuraya et al.67 determined the constitution to be (b1!4)-linked D-glucosyl and D-mannosyl

residues as the main chain with branches through (b1!6)-glucosyl units. The degree of branching was estimated as

about 8%.

It has been suggested that the main chain of KGM consists not only of glucose and mannose, but also contains small

amount of acetyl group, glucuronic acid, and phosphoric acid groups, and that the removal of these groups induced the

insolubility and/or gelation of KGM. Maekaji41 observed the acetyl groups in the infrared absorption spectra of KGM

film, which shows a weak absorption band at 1720 cm�1. By using liquid chromatography, he determined the content

of acetyl group in KGM as one per 19 sugar residues, and concluded that the acetyl groups are linked by an ester bond.

Williams et al.70 used high-resolution proton NMR to study the role of acetate group in KGM and found more than one

acetate signal (approximate 2.2 ppm), reflecting the distribution over the two sugar residues on the KGM backbone.

Integration of the relative areas of the acetate peak to the anomeric proton peaks (approximately 4.8 ppm) suggested

that there was around 1 acetate group per 20 sugar residues. Cescutti et al. using 1H NMR, found a degree of

acetylation (DA) of 0.07 per sugar residue.67

Smith and Srivasta64 suggested that the main chain of KGM consisted of glucose and mannose connected through

(b1!4) linkages, and there was no (1!6) linkage. The branching occurred through (1!3) linkages. Maeda et al.66
[→4)-b -D-Manp-(1→4)-b -D-Manp-(1→4)-b -D-Manp-(1→4)-b -D-Glcp-(1→4)-b -D-Glcp-(1→]n

Figure 4 Chemical structure of konjac glucomannan.66



Figure 5 X-ray fiber diffraction patterns for 100% stretched native (acetylated) KGM: X-ray wavelength 0.154nm.73
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confirmed branched points at C3 of both D-mannose and D-glucose by gas chromatography-mass spectrometry

(GC-MS) analysis of partially methylated sugars from permethylated KGM. In contrast, Katsuraya et al.67 reported

that the branching point was at the C6 carbon of glucosyl units, on the basis of 13C NMR (1D and distortionless

enhancement by polarization transfer (DEPT)) spectrum.

Chanzy et al.71 used electron diffraction to study glucomannan samples, which had varying mannose-to-glucose

ratios from 1.6 to 4.2 and varying molecular masses. They classified crystals obtained from dilute solutions into two

polymorphs: mannan I and mannan II, and because the electron diffraction diagram illustrated strong- and medium-

intensity rings at 4.5 and 4.0 Å, they suggested that KGM crystallized only as mannan II. The formation of mannan II

polymorph with long ribbon-like elements was persistently obtained in the temperature range from 50 to 140 �C, and
in no case mannan I polymorph existed. However, after using mild acid hydrolysis to reduce the molar mass of KGM,

it formed a mannan I polymorph, which indicated that the polymorphism of glucomannan was influenced by the

molar mass.

Millane et al.72 also using X-ray diffraction, reported that KGM adopted the mannan II structure. They pointed out

that the packing between the glucomannan chains did not accommodate the acetate groups present along the chain,

approximately one per 15 sugar residues. This result of molecular modeling indicated that the crystal structure

incorporates only acetate-free segments of the glucomannan. They also suggested that such structures might play a

role in junction zones of KGM gels. Ridout et al.73 agreed with the suggestion of Millane et al.72 The crystalline

structure was indexed onto the mannan II lattice (monoclinic: a¼ 1.88, b¼ 1.87, c (fiber axis)¼ 1.02 nm, Y¼ 57.5).

Figure 5 shows the X-ray fiber diffraction patterns for KGM.73
2.19.4 Solution Properties

To understand and to control the macroscopic properties of polysaccharide aqueous solutions, fundamental solution

properties of isolated chain of polysaccharide are essential at first. The second step is the interaction among

polysaccharide molecules, and the third one the higher-order structure resulted in the interaction among polysacchar-

ides or interaction with the other chemicals.

For example, the chain flexibility is one of the important factors dominating the rheology of polymer solution in the

semidilute region, because relatively stiff chain causes more viscous solutions. It was reported that self-association of

polysaccharide molecules occurs, and significantly increases the viscosity, which is also one of the important factors

responsible for the overall properties.

For polysaccharides, such as carrageenan, gellan gum (GG), and xanthan gum, it is well known that temperature-

induced conformational transition occurs. This affects some important properties, such as the size, flexibility, and

charge density of the chain, and thus the macroscopic properties are also changed, such as the change in the viscosity,

and the formation of gels. As can be seen in these examples, the conformation of the chain is one of the essential

factors dominating the overall properties.

Themolar mass of the storage polysaccharide has a wide distribution, and therefore the molar masses determined by

various techniques are very different; the weight-average molar mass is determined by light scattering, the number-

average molar mass by osmotic pressure measurement, z-average and weight average molar mass by ultracentrifuge,

etc. Gel-permeation chromatography has been widely used to determine the molar mass distribution.
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The difficulty in determining the molar mass of these polysaccharides lies in poor solubility. Some polysaccharides

such as pullulan and dextran are soluble but other polysaccharides are generally not so soluble, and show some

aggregation. This largely affects the molar mass distribution, and thus the averaged molar mass will be sometimes

totally different from that of isolated chains. To avoid this situation, various techniques, physical methods such as

heating, sonication, and pressure, and chemical methods such as choosing a strong solvent, have been used to get

molecularly dispersed solutions. Both chemical and physical methods are not omnipotent: if these are too strong, they

break the covalent bond in the main chain or the linkage between the main chain and side chains; however, if these

methods are not strong enough, then the solution may contain some aggregates and the molar mass and the size of the

polysaccharides determined experimentally are not the ones for the isolated single polysaccharide but for dimers,

trimers, etc. Enormous efforts have been done for estimating the conformation and the molar mass of polysaccharides

in dilute solutions, but unfortunately the information obtained is of limited value because of the difficulties

mentioned above, especially because of the poor solubility. When a special method is applied to get the molecularly

dispersed solution in which no aggregates exist, the obtained systems are far from the real concentrated solution or

gel state. These are generally more important in natural state or industrial applications. This disadvantage is not only

limited to the study of dilute solutions but also related to the structural observation by microscopy, namely atomic

force microscopy (AFM). It is extremely difficult at present to observe the structure of concentrated solutions or gels,

and most of such observations were made for molecules fixed on a solid surface of mica. In most cases, dilute solutions

are put on mica surface and then dried for getting the images. During drying, the molecular arrangement may be

changed into another state which was not the same as in the dilute solution. It is urgently required to develop a method

that permits us to get images in solutions and in gels in combination with CryoTEM and AFM observation in liquids.
2.19.4.1 Xyloglucan

There is evidence for the tendency for self-association of xyloglucans in aqueous solutions. The plot of specific

viscosity against the product of concentration and intrinsic viscosity (so-called space occupancy or volume-filling

parameter c[�]) is used to determine the critical concentration, c*, characterizing the boundary of ‘dilute and

semidilute’ region. The dependence in the dilute region for xyloglucan was similar to that for other stiff neutral

polysaccharide systems, but at higher concentrations, the slope is greater compared with the other polymer systems.12

Similar behavior was reported for galactomannans,74 locust bean gum and guar gum, and KGM.38,75 For these

polysaccharide systems, it is believed that the self-association of polysaccharides causes this phenomenon. These kinds

of specific attractive forces or so-called ‘hyper-entanglements’ make the analysis of the real properties of the solution

difficult, because the degree of association largely varies depending on many factors, such as the state of the dried

sample, molar mass, concentration, temperature, shear rate, and stirring time.

Ross-Murphy and co-workers investigated the isolated chains of xyloglucan using pressure cell, and reported some

physicochemical properties, such as intrinsic viscosity, steady shear viscosity, shear moduli, and molar characteristic

parameters, such as the radius of gyration Rg and persistence length Lp by combining light-scattering measurements of

xyloglucan from different sources, such as tamarind seed, Detarium, and Afzelia africana.7,16

Figure 6 shows the Mark–Houwink–Sakurada plots of xyloglucans from different sources.7 The slope is 0.62� 0.04

(SE: standard error) for tamarind seed, 0.76� 0.07 for detarium, and 0.66� 0.05 for afzelia xyloglucan, as listed in

Table 3. The overall slope for all three samples is about 0.7, which is within the range of 0.5–0.8 for a linear flexible

polymer chain with excluded volume. Linear conformation is also supported by the Flory plot of Rg against Mw.
7

These values are almost the same, and do not depend remarkably on the type of xyloglucan. Ross-Murphy and

co-workers7 argued that these results reflect only the stiffness of the backbone of the xyloglucan, (b1!4)-linked

D-glucose, because the values of Flory exponent of xyloglucan are consequently closer to that of cellulose

in nonaqueous solutions. Compared with galactomannans which are relatively unsubstituted polysaccharides (Lp¼ 3

�5 nm), Lp of xyloglucans are a little bit high,56 but much lower than those of the stiff polysaccharides in the helix

state, such as xanthan (Lp¼ 120 nm76) and schizophyllan (Lp� 180 nm).77

In summary, in aqueous solutions xyloglucan molecules behave as almost flexible random-coil polymers, and do

not show any conformational change such as coil–helix transition, as seen in some other polysaccharides. Relatively

higher viscosity can be expected due to the self-aggregation of xyloglucan compared to polymers with the same

contour length.

The solution properties of the polymer, especially the characteristics of the isolated chains, do not largely depend on

the type of xyloglucan, such as tamarind seed, detarium, and afzelia africana xyloglucan, indicating that the sequence

of saccharides (in this case galactose-substitution pattern) and the ratio of each repeating unit seem to be less

important for solution properties of isolated chains. However, it was reported that the degree of self-association of
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Figure 6 Mark–Houwink–Sakurada plot for xyloglucans from tamarind (filled inverted triangles), detarium (open triangles),
and afzelia (open circles).7

Table 3 Estimated molecular characteristic parameters, MHS exponent, Flory exponent, characteristic ratio C1,

and chain persistence length Lp
7

Source of xyloglucan Residue MHS exponent Flory exponent C1 Lp(nm)

Afzelia 422 0.66 � 0.05 0.56 � 0.1 18 � 2 4–6

Detarium 434 0.62 � 0.04 0.49 � 0.09 25 � 4 4–6

Tamarind 445 0.76 � 0.07 0.54 � 0.07 19 � 4 5–8
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xyloglucan depends on the source, and TSX has a strong tendency to aggregate. This suggests that the ability to

interact with other xyloglucans or other molecules depends on the ratio of each repeating unit or galactose-substitution

patterns. Although the latter factor is not easy to investigate, because there is no way to analyze the polysaccharide

sequence of each polysaccharide molecule and to make a certain polysaccharide sequence, especially for the poly-

saccharides with higher degree of polymerization, the former one is possible with enzymatically degraded xyloglucans.

Yuguchi et al. performed small-angle X-ray scattering (SAXS) measurements for the repeating unit of xyloglucan,

such as XXXG, XLXG, XXLG, and XLLG, (seeFigure 1 for the definition of the nomenclature, such as X, L, and G)

and suggested that self-association is favorable for heptasaccharides rather than octa- and nonasaccharides;44,78 that is,

the self-aggregation was suggested for heptasaccharide (XXXG) and octasaccharide (XXLG or XLXG) units of

xyloglucan by SAXS, but for nonasaccharide (XLLG) no such an aggregation was observed.44 This coincides with

the results that more self-aggregation is formed for TSX with the higher ratio of heptasaccahrides rather than detarium

xyloglucan (Table 2).
2.19.4.2 Galactomannans

Figure 7 shows the Mark–Houwink–Sakurada plots, and Table 4 summarizes the MHS exponent a and other

molecular characteristics. As is seen from Figure 7 and Table 4, values of the exponent a range from 0.70 to 1.05.

Whether this scatter is due to the difference in the method of sample preparation or is due to the difference in the

experimental methods is difficult to conclude. It is desirable to prepare monodispersed identical samples and

distribute them to different laboratories to reach conclusions.

Seed galactomannans sometimes are not dissolved in water. This means, in this case, a part of galactomannan

molecules is not hydrated either completely or partly; namely, at the molecular level they are dispersions of

undissolved material. As a result, large Huggins constants for the galactomannan aqueous dispersions are often

observed, typically larger than 0.6. In aqueous solutions of water-soluble polysaccharides, microgels and/or aggregates
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Figure 7 Mark–Houwink–Sakurada plots for galactomannan solutions.

Table 4 Mark–Houwink–Sakurada exponents a for seed galactomannans

Gum
a-
value

Mw range
(g mol �1) Method*

Man/
Gal Solvent Temp. Reference

Guar 0.80 3.5–800 SE þ CV 1.75 Water 20 Maynard et al.79

Guar 0.723 440–1650 SLS þ CV 1.56 Water 25 Robinson et al.15

Guar 0.70 60–1786 SEC�MALS þ CV 1.54 Water 25 Picout et al.3

Guar 0.72 46–212 SEC�RALS 1.57 0.1 M NaNO3 40 Beer et al.80

Guar 0.747 185–1230 SEC þ CV — Water 40 Cheng et al.8

Guar 1.05 350–1048 SEC�MALS þ CV 1.59 — Not

specified

Wientjes et al.14

Guar 0.98 380–2021 SLS þ CV — Water —? Doublier and

Launay17

HPGuar

(MS¼ 0.6)

0.775 680–1928 SEC þ CV — Water 40 Cheng et al.57

Tara 0.79 1060–2250 SLS þ CV — Water 25 Picout and Ross-

Murphy56

Locust bean 0.77 330–1050 SEC�MALS þ CV — Water 25 Picout and Ross-

Murphy56

SE, sedimentation equilibrium; SLS, conventional static light scattering; CV, capillary viscometry; SEC–MALS, multiangle

light scattering equipped with size-exclusion chromatograph; SEC–RALS, right angle (90�) light scattering equipped with
size-exclusion chromatograph and differential capillary viscometer.
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may exist. Generally, as the concentration decreases, the amount of undissolved supermolecular particles forming

clusters will decrease. The Huggins constants usually range between 0.3 and 0.6 if the polysaccharides are dispersed in

good solvents. Even at the infinite dilution state, undissolved particles probably exist, in the case when the Huggins

constant is larger than 1.0. Because the particle sizes of the materials are often smaller than 100 nm, filtration is not

effective for purification; using smaller-pore filter traps the dissolved materials also, and results in a large decrease in

the concentration. Probably, centrifugation works well for the purpose of intrinsic viscosity determination of poly-

saccharides which are not very soluble.81

Aggregates strongly affect weight- and z-averaged physical quantities obtained from X-ray and light scattering,

sedimentation equilibrium, and rheology measurements. Therefore, to study solution properties of seed galactoman-

nans, we must pay special attention to supermolecular particles that form clusters. Ross-Murphy and co-workers3,56

have claimed that the ‘pressure cell’ solubilization technique16 enables to achieve complete dissolution by reducing

time-dependent aggregation phenomena.

According to their papers, the persistence length Lp is insensitive to the degree of galactose substitution. They

concluded that the persistence lengths for guar, tara, and locust bean gum were all 4� 1nm. This fact means that the
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degree of side group galactose substitution does not affect the chain stiffness. Guar gum molecules behave stiffer if

hydroxypropyl groups are introduced.57 Petkowicz et al.82,83 calculated the Lp values of galactomannans with different

Man/Gal ratios: Lp¼ 9.6 nm (Man/Gal¼ 1), 8.5 nm (Man/Gal¼ 2), 9.1 nm (Man/Gal¼ 3), 10.0 nm (Man/Gal¼ 4),

11.3 nm (Man/Gal¼ 5), and 14.5 nm (mannan). The predicted persistence lengths clearly depend on the substitution

degrees. Values for samples with different distribution patterns of galactose are available in the original papers and a

review by Mazeau and Rinaudo.84

In aqueous solutions, seed galactomannans behave as disordered mobile coils; however, galactomannans have been

shown to depart from typical random coil characteristics and exhibit intermolecular and sometimes also intramolecular

associations between unsubstituted regions of the mannan chain. To use galactomannan effectively as a thickener, its

concentration should lie within the entanglement domain. For this reason, high-molar-mass galactomannan is

preferable as a thickener. Recent investigations demonstrate that associative polymer systems generally show strong

scaling behavior. Guar gum shows very strong scaling behavior with increasing molar mass and gum concentration.85

To investigate the viscoelastic behavior of semidilute and concentrated solutions of seed galactomannans, special

attention should be paid to the contribution of a small-volume fraction of aggregated particles to the solution

(dispersion).3
2.19.4.3 Konjac Glucomannans

Dave et al.86 used differential scanning calorimetry (DSC), circular dichroism (CD), polarized optical microscopy,

rheometry, and wide-angle X-ray scattering to study the liquid crystalline behavior of KGM in aqueous solutions.

They found that KGM formed a lyotropic phase at the concentration of 7wt.% in aqueous solutions, and became

completely liquid crystalline above 10wt.% concentration. From the CD spectra, a positive band at 300 nm appeared,

which tails into the visible wavelength region for the liquid crystalline samples. The rheological properties of the

concentrated liquid crystalline solutions of KGM exhibited pseudoplastic behavior.

Figure 8A shows the CD spectra (ellipticity) of KGM samples recorded in thewavelength range from 190 to 450 nm,

as a function of concentration at room temperature. Solutions at concentrations of 1, 5, and 7wt.% did not exhibit a

notable CD signal. When the concentration increased up to 10wt.%, two positive CD bands appeared at approxi-

mately 210 and 290 nm, and the intensity of bands increased with further increase in the concentration (12wt.%).

From Figure 8, it is suggested that KGM forms a mesophase above 7wt.% concentration. Figure 8B shows the CD

measurements performed at different angles (relative to the beam axis) for 10wt.% KGM solutions. These measure-

ments were done to verify the influence of linear dichroism. The CD band at 290 nm disappeared when the sample

cell was rotated by 45� and 90�, but the intensity of the band at 210 nm remained constant. This difference

demonstrated that liquid crystalline birefringence and linear dichroism contributed to the CDbands at 210 and 290 nm.

As far as the Mw is concerned, Kishida et al.88 determined the Mw of methylated KGM to be 1.0� 106 g/mol. Clegg

et al.89 studied two different konjac flours, a regular one and a hydroprocessed one. Mw measured by gel-permeation

chromatography were 4.90� 105, 4.77� 105, and those measured by light scattering methods were 4.38� 105,

4.54� 105, respectively. This result showed that the molar mass distribution was not influenced by the preparation

method. Kohyama et al.90,91 measured Mw of native KGM to be 6.89� 105. They used enzyme to degrade KGM, and

the Mw of the degraded KGM samples are listed in Table 5. Ratcliffe et al.92 determined the Mw for KGM and yeast

glucomannan in aqueous solutions to be (9.0� 1.0)� 105 g mol�1 and (1.3� 0.4)� 105 g mol�1, respectively, which

were in line with the values reported for KGM in cadoxen solutions. They also developed a procedure to facilitate

reproducible determination of the molar mass distribution of KGM in aqueous solution. The method comprised using

microwave bombs to pretreat the solutions, and selecting an appropriate exposure time to prevent degradation of the

polysaccharide. It was proposed that such treatment disaggregated materials existing in sample aqueous solutions.

A number of researchers reported that enzymatic or bacterial degradation, sonication, and autoclaving degraded

KGM.89,90,92 Clegg et al.89 pointed out that sonication of KGM solutions significantly reduced their viscosities, which

indicated the presence of aggregates of only partially dissolved material in unsonicated samples. They attributed the

large variations in molar masses to the existence of such aggregates. Recently, Ratcliffe et al.92 pointed out that

autoclaving treatment successfully degraded KGM, and both the Mw and intrinsic viscosity were reduced by

successive treatments (Figure 9).

Kishida et al.88 measured the intrinsic viscosity of methylated KGM to be 19 dl g�1.Figure 10 shows the good linear

relationship between log [�] and logMw as [�]¼ 6.37� 10�4 Mw
0.74. This means that the [�] versusMw relationship was

in good conformity with the Mark–Houwink–Sakurada equation for linear polymer. Methylated KGM seemed to be

semirigid in aqueous solutions, and it was strongly hydrated.
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Table 5 Molar mass of different KGM fractions90,91

Samples Mw � 105 Mw/Mn Mz/Mw

Native 6.89 8.02 4.44

KGM1 2.56 6.50 5.04

KGM2 4.38 7.72 5.06

KGM3 4.44 7.09 4.30

KGM4 5.96 5.68 3.85

Measurements performed in cadoxen solutions at 23�C.
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Clegg et al.89 found that intrinsic viscosities of a regular and a hydroprocessed KGM were approximately similar

7.6–7.3 dl g�1. Jacon et al.75 characterized the aqueous extract from konjac flour by viscometry and rheometry and

determined the intrinsic viscosity of KGM to be 1.32 dl g�1. The essential of the high viscosity of KGM is believed to

be attributed to the polymer–polymer interaction.

Huang et al.93,94 used acetic anhydride in the presence of zinc chloride as a catalyst to produce five acetylated KGM

fractions with DA from 1.6% to 5.3%, and measured their characters in cadoxen. Table 6 shows their results. It was

clear that the molar masses of the samples reduced to half of the native KGM after acetylation, due to the degradation.

Then in 2004, Gao and Nishinari95,96 changed the acetylation reaction condition by using pyridine as a catalyst under

different temperatures and obtained acetylated KGM fractions with DA from 1.38% to 10.1%. The molecular

characteristics are shown in Table 7.
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Maekaji96 reported that the viscosity of KGM solutions decreased with increasing temperature. As shown in

Figure 10, he observed that the viscosity after one heat and cool cycle (II) was smaller than the initial value (I),

and this phenomenon did not disappear even when the solution was left for a long time. He attributed this change to

an irreversible change induced by heating, not to hysteresis. Judging from the facts that this change was not found for

solutions once heated in the presence of urea, he suggested that this phenomenon was related to the hydration of

KGM molecules. Using solutions which showed the same viscosity value during heating and cooling, he determined

the activation energy of flow from the temperature dependence of viscosity as 6.4–6.6 kcalmol�1, which is close to the

energy required for hydrogen-bonding disruption.
2.19.5 Gelation of a Single Polysaccharide with and without Small Molecules

2.19.5.1 Gelation of Xyloglucan

Generally, to form macroscopic gels, the number of cross-link points per molecule should be larger than two or more,

depending on the cross-link structure. If this number is too small, the system cannot form a gel, and the formation of

the association just increases the viscosity. Precipitation will occur if too many aggregations are formed, and only the

increase of the viscosity will occur if the aggregation is not enough. By controlling the way and the probability of the

association with other molecules, TSX can form a gel in various ways as shown below.



Table 6 Molecular characteristics of acetylated KGM samples93,94

Samples Native Ac20 Ac21 Ac26 Ac27 Ac32

DA(%) 1.6 2.2 2.6 2.9 4.0 5.3

DS 0.06 0.09 0.10 0.11 0.16 0.21

10�2[� ] (cm3 g�1)a 2.83 2.00 2.12 2.07 2.08 2.11

Ka 0.50 0.45 0.40 0.38 0.42 0.41

10�3Mw
b 608 327 317 341 346 295

RG,Z (nm)b 48.5 44.4 42.8 44.9 44.5 42.9

104A2 (mol cm3 g�2)b 0.97 1.11 0.67 1.02 0.94 0.70

aMeasurement by Ubbelohde-type viscometer in cadoxen at 25 �C.
bMeasurement by static light scattering in cadoxen at 25 �C.

Table 7 Molecular characteristics of acetylated KGM samples95,96

Samples Native Ac1 Ac2 Ac3 Ac4 Ac5 Ac6 Ac-D

DA(%) 1.38 4.13 4.47 4.82 5.85 7.40 7.57 10.15

DS 0.05 0.16 0.18 0.19 0.23 0.30 0.31 0.42

10�2[�] (cm3 g�1)a 5.57 4.93 5.20 4.86 5.00 5.24 4.87 4.80

Mw
b � 103 12.0 10.1 10.9 9.88 10.3 11.0 9.91 9.70

aMeasurement by Ubbelohde-type viscometer in cadoxen at 25 � 0.02 �C.
bCalculation according to the Mark–Houwink–Sakurada equation [�] ¼ (3.55 � 10�2)M 0.69.
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Although TSX has an ability to self-aggregate, as mentioned above, the aqueous solutions of native TSX cannot

form a gel by itself. However, by adding sugar or alcohol, the viscosity of TSX is significantly increased, and with a

large amount of these substances TSX can form a gel as shown in this section. Furthermore, a synergistic gel can be

formed by mixing with other polysaccharides, or with a dye such as Congo red, or with a polyphenol such as EGCG.

These additives cause a similar result, forming gels, but the mechanism of gelation, and the origins of the interaction

are different from each other. This is important not only for fundamental science on how the degree of interaction

between TSX and the other cross-linkers can be controlled, and how the sequence of the four types of the xyloglucan

repeating units affects the interaction, but also for application in industry with respect to controlling physicochemical

properties such as rheological properties and thermal properties.

2.19.5.1.1 Gelation of xyloglucan by addition of alcohol or sugar
By adding a large amount of alcohol or sugar, the aqueous solution of xyloglucan forms a thermoreversible gel.1,23,97,98

For example, the solution forms a gel in the presence of 40–70% sugar as shown in Figure 11.

Based on small-angle X-ray scattering measurements, Yamanaka et al. reported that the gel formed by addition

of ethanol consists of a randomly cross-linked xyloglucan network, and that the gelation is induced by the self-aggregation

of xyloglucan chains due to the poor solubility in ethanol.98 This is different from the gelation by the removal of galactose

residues in which an ordered structure, a flat plate-like structure is observed. The investigation of the effect of different

types of the added alcohol showed that different structures were formed by adding monohydric or polyhydric alcohol.97

Yuguchi et al. concluded that a gel formed in the presence of monohydric alcohol (such as methanol, ethanol, and

propanol) consists of random network, while the gelation in the presence of polyhydric alcohol is caused by weaker

side by side associations of a few chains, which is similar to gelation by addition of a large amount of sugar alcohol.

To form a gel, the minimum concentration of alcohol or sugar is related to each other,1 and the relation can be

expressed by 2CaþCs¼ 55, where Ca is the alcohol concentration (wt.%), and Cs the sugar concentration (wt.%).1

2.19.5.1.2 Gelation of xyloglucan by removing galactose residues
As described earlier, the degree of self-association of xyloglucan depends on the source of xyloglucan and the

repeating unit of xyloglucan. The backbone of xyloglucan is a (b1!4) glucan as in cellulose, and insoluble in water.

The side chain of xyloglucan, especially the galactose, has an important role for the water solubility, and it is expected

that the chemical modification of xyloglucan, such as removal of galactose, affects the solubility of xyloglucan, which is

also related to the ability of xyloglucans to associate, and induces the gelation without addition of other chemicals.6,99
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Reid et al. found that xyloglucan forms a gel by removing a part of galactose using b-galactosidase.100 Shirakawa et al.
reported a rare feature of this kind of gel. For example, in the case of removal of 35% galactose residues from

xyloglucan, the solution forms a thermoreversible gel only in the limited temperature range from 40 to 80 �C, and the

solution becomes sol not only at high temperatures, but also at low temperatures, as shown in Figure 12.

Figure 13 shows a typical result of the rheology and DSC of heat-set gelation of xyloglucan with a 43% galactose-

removal ratio.4 An endothermic DSC peak appeared around 32 �C at which the storage modulus G 0 significantly
increased.

Most of polysaccharides forming thermoreversible gels, such as agarose, carrageenan, and gellan gum (GG), form a

gel at low temperatures. Some polysaccharides do at high temperatures, such as curdlan, methylcellulose, and some

other cellulose derivatives. As far as we know, only this system, tamarind xyloglucan from which galactose residues are

partly removed shows a gel state at intermediate temperatures, and the sol state at low and high temperatures.
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As described above, xyloglucan chains consisting of nonasaccharides do not aggregate, and those consisting of

heptasaccharides do. Therefore, the fact that the removal of galactose promotes the gelation is consistent with the

characteristics of the repeating unit, because the removal of galactose increases the ratio of hepta- and octasacchardes,

and decreases the ratio of nonasaccharides. It is believed that this gelation is caused by the association of main chains

by hydrophobic interaction.1 Small-angle X-ray scattering investigations101 suggested that a flat plate-like structure of

the thickness of about 3 nm was formed in the gel state. Four or five xyloglucan main chains stacked laterally, and

constituted the cross-linking domain.
2.19.5.1.3 Gelation of xyloglucan by addition of polyphenols
It was reported that xyloglucan aqueous solution can form a thermoreversible gel by mixing with polyphenols such as

EGCG.78 The investigations by SAXS suggested that the gel was formed by random aggregation, which is similar to

the gelation mechanism for the mixture with alcohol.9,78 The results of rheological and DSC measurements9 showed

that the solution forms a gel even at low xyloglucan concentrations, or precipitates depending on the EGCG and

xyloglucan concentrations.

Figure 14 shows the rheological and DSC curves on cooling and subsequent heating of 2.0wt.% TSX aqueous

solution in the presence of 0.1wt.% EGCG. On cooling, both G0 and G00 increased significantly at temperatures below

20 �C, and around 18 �C G0 exceeded G00. On subsequent heating, G0 and G00 decreased with increasing temperature,

and above 30 �C both G0 and G00 showed similar values observed on cooling, which means that the solution formed a

thermoreversible gel on cooling and melted on subsequent heating. A large thermal hysteresis was observed, and it

was confirmed that this thermal hysteresis is not an artifact caused by a high scanning rate.9 An exothermic DSC peak

appeared around 17 �C where G0 and G00 steeply increased on cooling, and an endothermic peak appeared when G0 and
G00 steeply decreased on subsequent heating. In the case of xyloglucan or EGCG alone, no such characteristic changes

were observed in this temperature range. Hence, the appearance of DSC peaks and the drastic changes of shear

moduli can be attributed to the synergistic interaction between xyloglucan and EGCG, and probably caused by

intermolecular association.

Direct evidence for the intermolecular association between xyloglucan and EGCGwas obtained fromNMRmeasure-

ments.Figure 15 shows the nuclear Overhauser effect spectroscopy (NOESY) spectrum of a mixture of xyloglucan and

EGCG. Only at low temperatures in the gel state, the nuclear Overhauser effect (NOE) cross-peaks appeared between

xyloglucan and EGCG. NOE is a magnetization transfer through the space, and the NOE is inversely proportional to r 6

where r is the distance between two protons. Normally, NOE peaks can be observed for the protons whose distance is
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less than 5 Å due to the limitation of the sensitivity. Hence, the appearance of NOE cross-peaks between different

kinds of molecules, xyloglucan and EGCG, directly means that there is a heterotypic association between them.

The shear modulus of 1% xyloglucan–EGCG gels as a function of EGCG concentration showed a maximum at

around EGCG¼ 0.6%, and beyond this EGCG concentration the gel became opaque and the modulus decreased.
2.19.5.1.4 Gelation of xyloglucan by addition of iodide solution
The color of aqueous solution of xyloglucan is changed from transparent to light blue or purple by the addition of

potassium iodide. This is a similar phenomenon as that appearing for amylose/iodide complex, and that is why

xyloglucans have been called ‘amyloids’.102 If the amount of added potassium chloride is enough, the mixture solution

forms a gel, and SAXS results78 suggested that the inclusion structure is formed by two xyloglucan molecules

surrounding iodide, which is a similar structure to that of amylose/iodide complex.
2.19.5.1.5 Gelation of xyloglucan by addition of Congo red
Yuguchi et al. reported that aqueous xyloglucan solutions form a gel by addition of Congo red.2,97,103 SAXS

investigations showed that the nanoscale structure is largely affected as a result of interaction between xyloglucan

and Congo red as shown in Figure 16.

The significant change in the Kratky plot suggests the formation of a characteristic structure. The broad peak

appeared at high Congo red concentrations. These peaks are much broader than those observed in the xyloglucan/

alcohol system, suggesting a different gelation mechanism. The existence of the linear region in the thickness Guinier
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plot suggests the formation of flat particles with a thickness of approximately 0.4 nm. Yuguchi et al. proposed that

rod-like xyloglucan chains associate in a side-by-side way to build up a plate structure.2

At high xyloglucan concentrations, a clear shoulder, and clearer peaks appeared in the Kratky plot as shown in

Figure 16. They argued that the cylindrical shell model in which the diameter is 3.5 nm and the thickness of the shell

is 0.8 nm can reproduce these data, and a novel phase appeared constructed by bundles of xyloglucans, which is caused

by the moderate electrostatic repulsion between domains from Congo red ions on their surface.2
2.19.5.2 Gelation of Galactomannan

Man/Gal ratio affects solubility and viscosity, and more importantly, the ability of galactomannans to interact with

itself and other polysaccharides. In general, highly galactose-substituted mannans are more water soluble, but have a

less tendency to gel. The high solubility of guar gum is attributed to the presence of more side chains, keeping the

main chain of mannan backbone far enough apart to prevent covalent interactions. On the other hand, locust bean gum

has the tendency to interact with other hydrocolloids, especially with helix-forming polysaccharides. After freeze–

thaw treatment, locust bean gum forms cohesive gels. Gelation ability of locust bean gum originates from its block

sequence, which allows smooth regions to aggregate in order to form junction zones.59 The hairy regions are

responsible for the dispersibility of the network via hydrogen bonding.

According to McCleary et al.,104 the side-chain Gal residues of locust bean gum are distributed in a closely random

fashion, with a large proportion of galactose-substituted couplets, two consecutive mannose residues in the mannan

backbone substituted with galactose. Fewer triples were found. For gels formed through a freeze–thaw cycle, cross-

link formation results from association of galactose-free mannan regions, where the average mannan block length is

greater than six monomer units.105 Tanaka et al. reported gel formation induced by repeating cycles of freezing and

thawing.106 Cryo-structural gel formation of hydrogels had been known only for poly(vinyl alcohol) (PVA) solutions107

in which the elastic modulus increases with repeating cycles of freezing and thawing. Elastic modulus of locust bean

gum (LBG) cryogels was also found to increase with increasing number of cycles of freezing and thawing revealed

earlier for PVA cryotropic gelation.108

A slow gelation109 of a 1.85wt.% locust bean gum solution at 20 �C is similar to the renaturing process in semidilute

solutions observed by Morris.61 At high locust bean gum concentrations, a gel is formed in a low-water activity

environment such as in a concentrated sucrose solution.

In concentrated sucrose solutions, locust bean gum has a critical gelling concentration of approximately 1.0wt.% and

a maximum gelation rate close to �5 �C.110 This maximum in gelation rate with temperature is characteristic of an

equilibrium process, and it is proposed that the gelation mechanism of locust bean gum is governed by a frustrated

crystallization process with nucleation and growth stages. The driving force for association in the initial stage is driven

by enthalpic association between galactose-free mannan regions of the galactomannan backbone and possibly by a

reduction in solvent quality upon cooling to the gelling temperature.
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On the contrary, guar gum does not gel under natural conditions because of its ordered Gal-substitution structure.59

But when multivalent ions such as Cu2þ, Ba2þ, and Al3þ are added to the alkaline guar solution, guar forms a complex

with multivalent ion and forms a gel.

In the oil and gas industry, cross-linked guar gels are used to transport sand into artificially created fractures in oil-

bearing rock in order to enhance petroleum productivity. Subsequently, the gels need to be degraded to flush out the

fluid.111 If multivalent ions such as Cu2þ, Ba2þ, and Al3þ are added to the alkaline guar solution, two cis-diol pairs on

different guar molecules are connected by an ion to form an interchain cross-link. The presence of several such cross-

links gives rise to gel-like properties. Figure 17 shows the mechanical spectra of a guar solution and a guar–borax gel

at the same guar concentration of 0.5%w/v and a borax concentration of 0.05%w/v for the gel. The solution shows a

typical rheological behavior of a concentrated solution of flexible polymers, that is, the loss modulus is more

predominant than the storage modulus in the lower frequencies while in the higher frequencies the situation is

reversed. The guar–borax gel shows a distinct plateau of the storage modulus which is larger than the loss modulus at

0.5–50 rad s�1. The guar–borax system has been the subject of several investigations. NMR spectroscopy has been

used to obtain information on the complexation mechanism and complexation equilibrium constants for dilute guar–

borax gels.112 The effect of variables such as temperature, solution pH, and guar and borax concentrations on elastic

moduli of gels has been examined by rheological studies.111–113 It was suggested that the lifetime of cross-links (in

other words, the complexation kinetics) is affected by pH. The storage shear modulus of guar–borax system was shown

to depend strongly on the frequency at pH 8.7, and the frequency dependence became weaker with increasing pH.113

Enzymatic degradation of borax gels of guar showed that a side-chain-cleaving a-galactosidase does not decrease as

much the elastic modulus as compared to a backbone-cleaving b-mannanase.53 It was found that a combination of

these enzymes decreases the modulus far more effectively because the mannanase activity was enhanced by the

removal of the sterically hindering galactose side chains. The enzymatic degradation was compared for borax gels and

solutions of guar, and it was concluded that although the rates of chain scission are similar for both borax gel and

solution of guar, the change in the rheological properties displays contrasting trends.
2.19.5.3 Gelation of KGMs

2.19.5.3.1 Gelation of KGM in the presence of alkali
One of the most important properties of KGM is that it forms a gel. Not only alkaline compounds such as calcium

hydroxide and sodium carbonate make KGM form a gel upon heating, but some neutral salts also have the same

influence on it. Maekaji41 pointed out that KGM consumes 0.33 mmol alkali per 1 g KGM during gelation. The

consumption of alkali was proportional to the intensity of the absorption band at 1720 cm�1 in the infrared absorption

spectra. The activation energy was estimated to be 11.6 kcalmol�1 from the Arrhenius plot. This value was nearly
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Table 8 Absorption regions of fragments in KGM molecules116

Wave number (cm�1) Fragment

3396 OH

2933 CH2

1730 C¼O

1434 CH, OH

1374 CH

1312 CH

1242 CH2OH, C(¼O)O

1154 C–O

1069 CH

1032 C–O, C–OH
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equal to the activation energy for deacetylation, which is 11.8 kcalmol�1 and was almost constant irrespective of the

gelling conditions. He attributed the induction reaction to deacetylation. The same result was obtained by many other

research groups.75,93,94,96,114–116 Figure 18 shows the fourier-transform infrared (FT-IR) spectrum,116 which is in

agreement with that of Maekaji.41 Table 8 lists the main components displayed in Figure 18. Williams et al.70 proved

by high-resolution proton NMR that the removal of acetyl groups induced the gelation. From the spectrum of NMR,

the only observed difference with the addition of alkali was a reduction of the acetate group signal at 2.2 ppm, and the

corresponding increase in free acetate group at 1.9 ppm. Figure 19 shows the process of the ratio of intensities from

the bound to free acetate signals, and successfully indicated the progress of deacetylation in the presence of alkali.
2.19.5.3.2 The cross-links in KGM gels
Since KGM gels were easily re-dissolved by certain reagents, which are hydrogen-bond breakers and have ‘salting in’

effects on proteins, Maekaji96 suggested that the molecular forces responsible for cross-links, which formed the

junction zones within the gel structure, were hydrogen bonding. This suggestion was in agreement with Case et al.117

The effects of inorganic salts to disrupt the gel network were found to obey the lyotropic series for both anions and

cations. Table 9 lists some dissociating agents and their dissociating ability to gel network.

The intrinsic viscosity of KGM in 4M urea solution was 22.4 dl g�1, and Huggins coefficient was 0.54 in the same

solution. These two values did not change even after the treatment of alkali, when Maekaji suggested that the

junction zones of KGM gels are formed by hydrogen bonding after deacetylation with alkali treatment.

Based on studies of the effect of lyotropic series of salts on the gelation kinetics, Case et al.118 suggested that

hydrophobic interactions also played an important role. They found that the addition of Na2SO4 increased, while
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Table 9 Classification of dissociating agents and their dissociating ability of reagents38

Classification Active reagents Weak reagents Inactive reagents

Salts KSCN LiCl

NH4SCN LiCl

CaBr2 NaCl

Ca(SCN)2 NaCl

CaCl2 KI

MgCl2 KI

MnCl2 Ca(H2PO4)2
BaCl2 Ca(H2PO4)2

Bases Ethylene diamine Ethylamine

Propylene diamine Propylamine

Isopropylene diamine Ethanolamine

NaOH Ca(OH)2
KOH Ba(OH)2

Hydrogen-bond breakers Urea N-Methyl urea N,N-Dimethyl urea

Thiourea 1,3-Dimethyl urea

Sodium salicylate 4-Hydroxysalicylate Guanidinium

Hydrochloride

Organic solvents Dimethyl sulfoxide

Dioxan

Dimethyl sulfamide

Glycol

Glycerol
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NaNO3 and NaSCN decreased the gelation rate. Accordingly, they concluded that hydrophobic interactions were

occurring among KGM polymer chains.

In 2005, Gidley et al.119 used 13C solid-state NMR to study hydrated powders and gels of KGM and LBG. The gels

of KGM were prepared in the presence of NaOH. They pointed out that although the dynamics of KGM hydration

was similar to that of LBG, the gels of KGM are significantly more rigid than those of LBG. Based on the NMR spectra

and relaxation times, they considered that the glucose residues in KGM gels were particularly immobile, and

attributed this to their preferential involvement in chain aggregation.

2.19.5.3.3 The gelation process of konjac glucomannan
Maekaji39,120 used an Amylograph to detect the changes of rheological properties of KGM flour accompanying

gelation. Figure 20 shows the result. He observed that the gelation in the presence of alkali occurred after a certain

induction period. By using different kinds of coagulants, he indicated that hydroxide ions govern the induction
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reaction. This result was in agreement with subsequent experiment121 in which six kinds of coagulants (Na3PO4,

Na2CO3, K2CO3, NaOH, Ba(OH)2, and Ca(OH)2) were used to study the gelation of KGM. It was found that the

rheological properties of KGM gel depended on the concentration of hydroxide ion regardless of the kind or the

concentration of coagulants. The hydroxide ion played the role of both coagulant and dissociating agent.Williams et al. 70

proposed that the induction period following alkali addition was not simply the retardation of deacetylation but was

also related to the aggregation kinetics of the deacetylated polymer.

Yoshimura et al.116 studied the gelation kinetics of KGM with various molar masses in the presence of alkali. They

pointed out that increasing the concentration or molar mass of KGM shortened the gelation time and increased the

rate constant of gelation. The plateau values of the storage shear moduli also increased.

Huang et al.93,94 studied the gelation of acetylated KGM by dynamic viscoelastic measurements. The results

showed that the deacetylation reaction and subsequent aggregation process of acetylated KGM took a longer time

than that of native KGM, but acetylated KGM formed more elastic gels. Figure 21 shows that increasing DA delayed

the gelation time for KGM at a constant concentration of the alkali. This implied that deacetylation led to the

aggregation of stiffened molecular chains. They also suggested that the gelation rate, an important factor that

determines the elastic modulus of a gel, depended on the concentration of alkali and gelation temperature. Further

experiments were reported by Gao and Nishinari95,96 on the influence of the DA on gelation within a DA range of

1.38–10.1%. At a fixed alkaline concentration (CNa), both the critical gelation time (tcr) and the plateau values of

storage moduli (G0
sat) of the KGM gels increased with increasing DA, while tcr and G0

sat values were independent of DA

when the ratio of alkaline concentrations to values of DA (CNa/DA) was fixed.
2.19.6 Interactions with Other Polysaccharides

2.19.6.1 Interactions of a Polysaccharide with Another Polysaccharide

Morris classified binary polysaccharide systems showing synergistic interaction into two categories122 in terms of

gelling abilities of each component alone. Class I: One polysaccharide has an ability to form a gel. Class II:

Both components do not have an ability to form a gel. For example, agarose and k-carrageenan are both able to
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form a gel under certain conditions. By mixing with galactomannan or glucomannan, the aqueous solution of these

polysaccharides forms a gel. If the addition of another type of polysaccharides promotes phase separation, thermody-

namic incompatibility can induce gelation. For example, when galactomannan is added to an aqueous carrageenan

solution, phase separation occurs, and the concentration of carrageenan (and the cations)-rich phase becomes high

enough to form aggregates of helices, and the system becomes a gel. The mechanism of gelation is a generic and

difficult problem to consider.

The gelation mechanism of the mixture of gellan and xyloglucan classified into class I is difficult to elucidate. The

microscopic images obtained by AFM did not show any sign of the formation of heterotypic junction zones,123 and

illustrate the necessity to consider another possibility, such as the phase-separation model. However, AFM images

were obtained not from the aqueous solutions but from the dried polysaccharides, and the structure observed may not

be the same as that in the aqueous solution. The possibility for the heterotypic junction zones cannot be ruled out.
2.19.6.2 Interaction of Xyloglucan with Other Polysaccharides

TSX forms gels in various ways, for example, by mixing with other chemicals or polysaccharides. TSX can form a gel

by addition of other polysaccharides, such as gellan gum (GG) or xanthan gum.5 GG is a charged linear polysaccharide

produced by a microorganism, Sphingomonas elodea. The repeating unit consists of tetrasaccharides, composed of a

D-glucose residue (b1!4)-linked to a D-glucuronic acid residue, which is (b1!4)-linked to a D-glucose residue, to

which an L-rhamnose residue is (a1!4)-linked.124,125 Although TSX alone cannot form a gel, GG forms a transparent

gel under sufficient cation concentration.

Figure 22 shows the frequency dependence of G0 and G00 of a 1.0wt.% TSX solution and a 1.0wt.% sodium-form

GG (Na-G) solution, respectively. Both the TSX and GG solutions behave as a viscoelastic fluid. In the case of TSX

solutions, G0 was smaller than G00 in all the frequency range explored, from 1 to 100 rad s�1. The GG solutions also

showed a solution-like behavior. It is known that GG aqueous solutions undergo the coil–helix conformational

transition. At higher temperatures a GG solution shows almost the same behavior as a TSX solution. At lower

temperatures at which gellan gum is in the helix state, the values of moduli increased as shown in Figure 23.

However, still G00 >G0 and the GG aqueous solution is in the sol state.

Figure 23 shows the temperature dependence of G0and G00 of 1wt.% mixtures of TSX and GG (total polysaccharide

concentration is 1.0wt.% with various mixing ratios).10 A steep increase of the storage and the loss moduli was

observed around 25 �C on cooling. Further, G0 exceeds G00, and G0 became much larger than G00 at low temperatures.

These suggest that gel formation occurs by mixing TSX and GG, although each component cannot form a gel at this

concentration, 1.0wt.%.
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On subsequent heating G0 and G00 decreased gradually and then decreased steeply around 30 �C; that is, the

characteristic temperatures at which moduli steeply increase or decrease are different. Thermal hysteresis was

found even if the scan rate was as low as 0.1 �Cmin�1.

Other polysaccharide gels showing thermal hysteresis, such as agarose, k-carrageenan, GG alone, show a similar

thermal hysteresis. The appearance of the thermal hysteresis means that the structure formed on cooling is not a

reversible binding on thermal equilibrium and is thermally stabilized. Therefore, to destroy the formed structure, the

cross-link structure in this case, higher temperature is necessary. It is believed that the thermal hysteresis is due to

thermally stabilized structures formed through aggregation of helices.45 Such thermal hysteresis has sometimes

been observed for physically cross-linked polysaccharide gels, such as agarose, k-carrageenan, and gellan. As for

k-carrageenan, the salt can control the degree of aggregation among helices, which is believed to form the cross-link

structure of the gel. In the presence of NaI, no aggregates were formed, and no thermal hysteresis was observed. This

indicates that the thermal hysteresis is caused by the aggregation of helices, and that the aggregated helices are stable.126

Both the storage and loss moduli of the mixture of TSX andNa-G as a function of frequency showed a plateau at low

temperatures and tan d was much smaller than 0.1 (data not shown) indicating the formation of an elastic gel. The

viscoelastic behavior of the mixture showed that gel formation of TSX and Na-G was induced by synergistic

interaction. This synergistic interaction was also revealed by DSC and circular dichroism.10 Although TSX alone

and low concentrations of GG (at 0.1%) did not show any peak in DSC curves, the mixture showed a single peak. With

increasing Na-G content another peak began to appear at the same temperature at which the peak in Na-G alone

appeared, ascribed to the coil–helix transition temperature. The appearance of the first peak at a different temperature

from the coil–helix transition of GG and the fact that this peak was observed even at very low GG concentrations

suggests that the first peak is caused by synergistic interaction, probably caused by the intermolecular binding.

However, as will be discussed later, it is not easy to judge whether heterotypic junction zones are formed, based on this
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result. G0 showed a maximum not at the highest GG concentration, but at a GG/TSX ratio of 3/1. This also supports the

view that a synergistic interaction occurred in the mixture of TSX and GG.

Recently, Kim et al. showed that synergistic gelation occurs in the mixture of TSX and xanthan gum (Figure 24).5

Xanthan gum is also a bacterial polysaccharide. The main chain consists of (b1!4)-linked D-glucose. The backbone
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structure is the same to those of xyloglucan and cellulose. A trisaccharide side chain, consisting of a-D-mannose, b-D-
glucuronic acid, and b-D-mannose, is attached to every second glucose residue of the main chain.127 Xanthan also

undergoes a temperature-induced conformational transition,128,129 which is also seen in GG.

Since xanthan alone cannot form a gel in contrast to GG, the formation of a gel by strongly mixing the mixture

suggests the intermolecular association between two different polysaccharides.
2.19.6.3 Interaction of Galactomannan with Other Polysaccharides

The extra galactose branches are key to galactomannans’ commercial usefulness and unique properties because they

limit the amount of hydrogen bonding between mannose backbones. Baker and co-workers130 and Duel and co-

workers,131 when investigating the effect of locust bean gum on the mechanical properties of carrageenan and agar

gels, found that even a small addition of locust bean gum makes these gels firmer, less brittle, and more elastic.

Similarly guar, tara, fenugreek, and other seed galactomannan gums increase the gel strength of carrageenan and agar

gels. The industrial importance of these galactomannans is also due to the fact that raw materials for these gums are

produced year by year by plants and therefore much less expensive than the majority of other thickening and gelling

food additives.

Specific combinations of mixtures of two different polysaccharides can form a gel even if each aqueous solution of

the polysaccharides alone cannot form a gel.132 The mixture of xanthan and galactomannan is one of the oldest and

most extensively studied systems of this kind. The origin of the gelation mechanism has been in dispute over the

past 30 years.61 Experimental findings obtained by using high-performance liquid chromatography (HPLC),133,134

NMR,135,136 X-ray diffraction,137 and rheology,138–141 suggest an intermolecular binding. When hot 1:1 solutions of

locust bean gum and xanthan gum are mixed together and then cooled, the mixture forms a firm, rubbery, thermo-

reversible gel with a distinctive texture and mouth feel. The effect, which cannot be achieved using either hydrocol-

loid alone, is presumably the result of junction zone formation between the galactose-deficient segments of the locust

bean gum and the xanthan gum as proposed first by a Unilever group.59,142 It was also proposed that galactomannan

sections with all the galactose residues on the same side of the chain could interact with xanthan to form junction

zones.143 Support of this putative mechanism is the fact that an increase in galactose content results in decreased

interaction. Pai and Khan examined the rheology of blends of xanthan and enzyme-modified guar, and found that the

elastic modulus increases with increasing extent of enzymatic modification, that is, with decreasing galactose content

(Figure 25).141 The aspects of the mixed gels have been studied mainly by rheology.144–146 The most commonly

accepted model is that the binding region for galactomannan is an unsubstituted mannan region, the so-called ‘smooth

region’, since galactomannan with lower galactose content, locust bean gum, has higher gelling abilities than

galactomannans with higher galactose content, guar gum.

Morris and his co-workers in Norwich found that the mixed solution of xanthan and galactomannan formed a gel only

after heated above the helix–coil transition temperature of xanthan and then cooled based on X-ray diffraction and creep

measurements.137,147 The proposal that the junction zone is only formed between disordered xanthan and galacto-

mannans with lower galactose content was supported by conformational studies using chiroptical methods.148,149

Recently, Takemasa et al.150 performed NMR, differential scanning calorimetry, and rheological measurements

using different molar mass galactomannans, and analyzed the effect of molar mass in terms of the number of smooth

regions. They concluded that the hypothesis that the smooth region is the binding site for galactomannans was not

correct.

Chandrasekaran et al. obtained the fiber diffraction pattern for the mixture of guar gum and acetan, whose structure

is similar to xanthan, but the side chain is longer.160 The obtained diffraction pattern is clearer than that obtained

previously for xanthan galactomannan mixtures.137 They constructed the model, so-called hybrid helix, which

involves both galactomannan and acetan in the junction zone as double helix of them. They concluded that this

model is valid for xanthan/galactomannan mixutre.

Recently, Takemasa et al. reported that the structure of xanthan/galactomannan mixture determined by NMR does

not agree with the model, proposed by Chandrasekaran et al., and suggested that the the structure of heterotipic junc-

tion zones in the aqueous solution is different from that obtained by X-ray for the stretched fiber, almost solid state.161
2.19.6.4 Interaction of KGM with Other Polysaccharides

KGM interacts with many other polysaccharides, which attractedmuch interest of many researchers.Tables 10 and 11

list the viscosity and the gel strength, respectively, of somemixtures. Recently, the synergistic gels prepared by mixing

of KGM and other hydrocolloids are major products for food industry.
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Table 10 Viscosity of mixtures of KGM and other gums with various compositions40

KGM
concentration
(%)

Other gums
concentration
(%)

Viscosity (cP)

Xanthan
gum LBG Gelatin Pectin k-carrageenan Agar

Guar
gum CMC

0.0 1.0 8250 225 0 0 300 0 4250 75

0.2 0.8 8800 650 125 75 12 750 60 6800 225

0.4 0.6 12 000 2700 1525 600 17 500 725 10 000 1065

0.6 0.4 13 250 7500 5860 2750 51 000 3740 14 750 4075

0.8 0.2 1 61 000 15 750 14 700 11 640 1 13 600 12 500 20 750 12 200

1.0 0.0 29 500

LBG, Locust bean gum; CMC, carboxymethyl cellulose.

Table 11 Gel strengths of mixtures of KGM and other gums with various compositions40

KGM concentration (%) Other gums concentration (%)

Gel strength (g f cm�2)

Xanthan gum k-carrageenan Agar

0.0 1.0 24.1 21.4

0.2 0.8 7.8 118.7 25.7

0.4 0.6 161.7 185.3 20.3

0.6 0.4 84.3 129.0 11.7

0.8 0.2 34.7 4.0

1.0 0.0

642 Storage Plant Polysaccharides: Xyloglucans, Galactomannans, Glucomannans
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2.19.6.4.1 KGM/xanthan
Dea59,151 and co-workers reported that mixing KGM and xanthan gum formed thermoreversible gels and further

researchers showed that the gels could be formed at total polysaccharide concentrations as low as 0.02wt.%. X-ray fiber

diffraction patterns observed by Cairns et al.137,152 also proved the intermolecular binding existing in mixed KGM/

Xanthan gels. Dea et al. concluded that the interaction between KGM and xanthan was stronger than that of LBG and

xanthan because the melt temperature of KGM/xanthan was nearly 20 �C higher than that of LBG/xanthan, and that

the gel strengths were dependent on the DA of xanthan.

Cairns et al.137 and Brownsey et al.152 suggested that intermolecular binding between KGM or galactomannan and

xanthan only occurred when the xanthan helix were denatured (i.e., helix-to-coil transition). It means that KGM/

xanthan mixed solutions should be heated above 95 �C (above the order–disorder transition temperature for xanthan)

and then cooled to obtain a gel. They pointed out that gelation did not occur at all in 0.5M CaCl2 solutions, because

under such ionic condition, the order–disorder transition temperature for xanthan was higher than 100 �C. Their

suggestion that the synergistic interaction occurred between disordered xanthan chains and KGM was in agreement

with Williams et al. in 1991.153

These authors reported that the strongest gel was formed when the ratio of xanthan/KGM was 45/55� 10, but

Toba et al.,154 found that the best mixing ratio of KGM/xanthan was 70/30 in water. The ratio at which the strongest gel

is formed should depend on molar mass and other structural details of each polysaccharide. In 2002, Paradossi et al.155

used CD and DSC to study the interaction in aqueous solution and the gel phase. They found that a preferred

stoichiometry of the interaction in solution is 0.55 by weight for xanthan, and this result is in agreement with the result

obtained for the gel phase by DSC.

Williams et al. also studied the interaction between KGM and xanthan in NaCl solutions. They determined the

optimum ratio of xanthan/KGM in 0.04MNaCl solution to be approximately 55/45� 5, at which the strongest gel was

formed. However, these gels were a little weaker than those formed in aqueous solution. They measured the midpoint

temperature for gelation to be 57 �C in aqueous solution and to be c. 43 �C in 0.04M NaCl solution, respectively, by

DSC and rheometry. They concluded that, in NaCl solution the interaction also occurred between ordered xanthan

chains and KGM, and the difference in the gelation temperature in water and 0.4M NaCl was attributed to two

different interactions that had occurred in these two solutions. In 1992, Dalbe156 using small-deformation oscillation

measurements to study the gelation of KGM/xanthan 70/30 mixture in water found that this occurred at 60.8 �C, which
is defined as the point where storage and loss shear moduli are equivalent. By using a Stevens Texture Analyser, he

found that, the gel strength increased as the total polysaccharide concentrations increased from 0.3% to 1.0%, and then

remained constant even when the total polysaccharide concentration was increased up to 2.0%. The effect of adding

NaCl was in agreement with the report of Williams et al. that the gelation temperature was reduced to c. 40 �C, and the

gel strength also decreased with increasing amount of NaCl.

In 1992, Tako157 measured the non-Newtonian behavior of a series of aqueous mixtures of KGM and xanthan

(native, deacetylated, depyruvated, and deacylated). It was observed that gelation occurred at room temperature when

the total polysaccharide concentration was at 0.1%. He suggested that the side chains of xanthan might play

an important role in the KGM/xanthan interactions. In 1994, Annable et al.158 used DSC and electron spin reson-

ance (ESR) methods and indicated that the interaction between KGM and xanthan occurred in water immedi-

ately following xanthan side chain–backbone association. The rheological data showed that, the reduction in storage

and loss shear moduli, and Tgel followed the lyotropic series with increasing effects in the order Kþ� Csþ<Naþ�
þ<Naþ�NH4

þ�Ba2þ�Mg2þ � Ca2þ. They concluded that the electrolyte promotes xanthan self-association at

the expense of KGM/xanthan interaction.

Goycoolea et al.159 suggested a structural rearrangement after the initial formation (maxima in the temperature

dependence of loss shear moduli; shoulders in tand and in DSC curves) of KGM/xanthan gels. But this did not occur in

xanthan/LBG gels. Figure 26 showed their proposition. Based on X-ray diffraction measurements, they suggested

that the initial gelation involved heterotypic junctions between KGM or LBG and xanthan or deacetylated xanthan,

but the junctions involving KGM converted to a more compact sixfold arrangement at lower temperatures.

Paradossi et al.155 showed two models formulated in terms of KGM/xanthan at the ratio of 1/1 and 2/1 on the basis of

CD and DSC data, and suggested that ordered portions of the macromolecular complex in solution act in the gel phase

as junction zones.
2.19.6.4.2 KGM/k-carrageenan
Dea162 reported that KGM induced k-carrageenan at the nongelling concentration (1wt.%) to form a thermoreversible

gel. Based on optical rotation tests, he concluded that KGM gelled with k-carrageenan inducing double-helix

formation. Cairns et al.150 used X-ray fiber diffraction to study the interactions between KGM and k-carrageenan.
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Figure 27 DSC cooling curves for k-carrageenan–glucomannan mixtures (0.6% total polysaccharide concentration) in

0.05 M KCI. Carrageenan:glucomannan ratios are (A) 0:0.6; (B) 0.1:05; (C) 0.15:0.45; (D) 0.3:0.3; (E) 0.36:0.24; (F) 0.42:0.18;

(G) 0.45:0.15; and (H) 0.6:0.163
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Figure 26 Proposed interaction of xanthan with galactomannan of glucomannan chains (GM): a, ‘Unilever’ model;
b, ‘Norwich’ model; c, proposal from Goycoolea et al.160
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The diffraction patterns obtained for a film, which was prepared from KGM and k-carrageenan mixed at the weight

ratio of 1:1 in aqueous solutions (the total polysaccharide concentration is at 2wt.%), was characteristic of pure

k-carrageenan alone and the unit cell dimensions were unchanged. There were no meridional reflections due to

KGM. They pointed out that, if intermolecular binding had occurred between the two polymers, the mixed junction

zones would have given rise to a diffraction pattern distinct from either of these two pure polymers. Since this did not

occur in this test, they disagreed with the model suggested by Dea,163 and proposed an alternative model; that is, the

KGM molecules were not directly involved in the three-dimensional structure, but only distributed within the gel

network of k-carrageenan.
Williams et al.163 studied the interactions between KGM and k-carrageenan by using DSC, ESR, spectroscopy, and

small-deformation oscillation measurements.Figure 27 shows the DSC cooling curves obtained for k-carrageenan and

KGM mixtures at a total polysaccharide concentration of 0.6% in 0.05M KCI solutions. Curve A for KGM alone did

not show an exothermic peak since KGM did not gel under such conditions. Curve H for k-carrageenan alone showed
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an exothermic peak due to gelation as expected, with the midpoint transition temperature Tg at 40
�C. Curves B–G for

the mixed systems with various mixing ratios showed an exothermic peak with Tg (43–44
�C) higher than for carragee-

nan alone, which corresponded to the gelation temperature measured rheologically. In the systems where carrageenan

was in excess, a second peak appeared at 40 �C. It was concluded that the setting peak at higher temperature was

indicative of an interaction between carrageenan and glucomannan and that the peak at lower temperature was due

to gelation of the excess carrageenan. They also pointed out that the interaction temperature depended on solution

ionic strength, and that the gels formed with KGM and k-carrageenan had stronger gel strength than those formed

with locust bean and k-carrageenan. In addition to this, mixed aggregates of KGM and k-carrageenan helices might

involve bundles of self-aggregated k-carrageenan helices covered with surface-adsorbed KGM chains.

Day et al.164 studied k-carrageenan and KGMmixtures in water, KOH, K2CO3, and KCl solutions and found that the

elasticity and break force of such mixed gels were much greater than those of the gels prepared by these two

polysaccharides individually. It was also reported that there was no interaction betweenKGMand i- and l-carrageenan.
The break force of KGM–k-carrageenan gels was twice as large as that of locust bean–k-carrageenan. Compared with

the gels formed by carrageenan alone, the gel is more elastic and suffered less syneresis.

Piculell et al.167 found an enhanced line-broadening in k-carrageenan gels containing KGM or carob galactomannan

in the NMR parameters. They attributed this to the association between mannans and (aggregated) k-carrageenan
helices in the synergistic gel mixtures. They also pointed out that the ordered conformation of k-carrageenan and its

degree of specific ion binding was the same with or without the addition of mannans.

Penroj et al.166 reported that k-carrageenan promoted alkali gel formation of KGM and attributed this to a

segregative interaction between KGM and k-carrageenan. They proposed that, the mixed system is single phase

but the gelation of KGM is enhanced since this reduces thermodynamically unfavorable contacts between these two

polysaccharides. Both deacetylated and nondeacetylated KGM promoted the formation of k-carrageenan helix on

cooling. The extent of segregatively induced self-association and the degree of subsequent association between KGM

and k-carrageenan increased with the degree of deacetylation of KGM and hence the gel strength increased with

deacetylation.
2.19.7 Applications

2.19.7.1 Galactomannans

The different chemical and physical properties of seed galactomannans make them versatile materials for many

different applications. Seed galactomannans are used in food, cosmetics, pharmaceutics, textile, paper, oil-drilling, and

explosives industries. Thickening, gelling, binding, suspending, emulsifying, synergy, as well as film formation and

water-retention capacities are important properties of galactomannans. The locust bean gum is used extensively as a

thickening or binding agent, particularly for canned pet food products. BeforeWorldWar II, seed gum production from

locust bean was basically the monopoly of some western countries. During the war, gum production was reduced due

to difficulties in seed supply. After the war, locust bean gum was replaced with a new seed galactomannan, guar gum.

In the Near and Middle East, Africa, and India, they eat fenugreek in many ways. Fenugreek is mostly used as beans

for curry spice and also used in popular Indian condiment, chutney. Traditionally, fenugreek has been used in folk

medicine as a tonic, in nutrition, and as an appetizer. The tannin powder of the tara husks is used for tanning leather.

Only the endosperm of the tara seeds is used for this purpose. Seed germ is used as a source of protein in animal feeds

once separated from the hull and endosperm. Seed endosperm contains tara galactomannan.

Some of the same physicochemical properties that put galactomannans on the food industry’s favorites list account

for its wide use in paper, mining, oil recovery, and a host of other industries. Storage plant polysaccharides such as

galactomannans, glucomannans, and xyloglucans are mostly used as thickeners or gels because they become extremely

viscous when dissolved in water. One of galactomannans’ characteristic properties, however, is its ability to prevent ice

crystals from forming in ice cream and other frozen products. Galactomannans can also be used in boosting soluble

dietary fiber content. For this purpose, the molar mass, number of mannose-backbone residue, should be reduced

because the highly viscous nature of galactomannans is not preferable. The viscosity of galactomannans, along with its

other physicochemical properties, depends on the size or length of the polymer as well as the temperature of the

dissolving liquid. Longer polymer chains take longer to hydrate but become more viscous as a result. Several studies

suggest that daily intake of fenugreek galactomannan can decrease levels of low-density lipoprotein (LDL) and trigylcer-

ides in blood.169 Ingestion of guar gum was shown effective to reduce glycemic index in type-2 diabetes.170,171 Guar

gum was also reported to improve the irritable bowel syndrome in which diarrhea and constipation cause a serious
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problem in patients.172 The ability of galactomannans to lock up water also makes them useful in mixtures of oils, fats,

proteins, and water-like salad dressings, yogurt, pudding, or other foods that need the separation of water and fats to

maintain their texture. In fracturing, galactomannans mixed with sand creates a slurry that can be injected into rock at

high pressures, carrying the sand in suspension to help break apart rock and release trapped oil. Galactomannans are

also added to water to help push oil out of one well into another pumping area. In this case, galactomannans reduce the

friction of the water-based solution as it flows through the cracks in the rock.173
2.19.7.2 Konjac Glucomannans

KGM is regarded as noncalorie food in Japan, and one of the primary benefits of traditional Japanese foods made with

konjac flour is the content of indigestible dietary fiber, the role of which has been demonstrated in weight reduction,

modification of carbohydrate metabolism in diabetics, and cholesterol reduction. There is a long history of konjac

tubers being used as a cure for certain diseases in China and Japan. The introduction of KGM fiber in a diet may

improve metabolic control in human beings and even a low level of KGM exhibits to lower plasma cholesterol in rats.

In addition, KGM can be extruded into films or form blend membranes for coating and packaging applications and

KGM gels have promising applications as a controlled release matrix.

KGM has already been accepted as a food additive by the US and Europe. KGM in aqueous dispersion has very high

viscosity; thus, it has potential use as a thickener for soups, gravies, and sauces. In addition, KGM interacts

synergistically with some other polysaccharides, such as xanthan gum, k-carrageenan, acetan, and starches, which

provides many more choices for application.

KGM has been used as an important food ingredient for more than a thousand years. The alkali-treated konjac gels

is a popular traditional food in China and Japan. In Japan it is called Kon-nyaku and widely produced into low-calorie

foods to help people lose weight. Recently, the synergistic gels prepared by mixing of other hydrocolloids are

becoming popular dessert jellies with various textures. Clinical studies indicated that KGM solutions have the ability

to reduce serum cholesterol and serum triglyceride. KGM also has an influence on glucose tolerance and glucose

absorption. However, the alkali-treated gel food does not have such effects. KGM was shown to be effective for the

treatment of type-2 diabetes.174,175 The Food chemicals Codex lists the uses in the US as a gelling agent, thickener,

film former, emulsifier, water-holding agent, and texture improver, used in confectionary, meat, jelly, pasta, pudding,

yoghurt, beverage, edible films, and other foods.

Further uses are constantly being developed. Perols et al.176 prepared spherical konjac beads (50–500 mm diameter)

to encapsulate proteolytic enzymes inside. This method enhanced proteolysis during cheese production. As KGM

becomes insoluble in water upon drying after aqueous processing, it therefore shows the potential to be used as a

packaging and coating material for drug and food industry. In 1995, Yue et al.177 prepared transparent films made of

konjac/pullulan blends containing glycerol. Zhang et al.178,179 prepared many kinds of transparent blend films of KGM

with cellulose, chitosan, sodium alginate, gelatin, sodium carboxymethyl-cellulose, polyacrylamide, and polyvinyl-

pyrrolidone, respectively. These films were formed through intermolecular interactions between KGM and these

substances, which primarily are hydrogen-bonded. The thermal stability and mechanical properties of the films were

improved by blending KGM with these substances. Zhang et al. 178–182 also reported some semi-interpenetrating

polymer networks (semi-IPNs) formed by KGM derivatives and other polymers.

Chen et al.181 used soy dreg to prepare biodegradable plastics and the obtained soy dreg sheets were covered with

thermoplastic benzyl-KGM (B-KGM) films in order to enhance water resistance. Yang et al.183 applied a patent of a

coating material to preserve fresh products, which contain KGM inside. This coatingmaterial was effective in controlling

respiratory exchange, that is, the passage of gases, particularly oxygen, ethylene, carbon dioxide, and water vapor, into

and out of the product (e.g., apples and cantaloupes), thereby controlling maturation and ripening of the product.

As a neutral polysaccharide, KGM can be widely used in drug delivery due to its biodegradability and gelling ability.

One kind of KGM capsule for chronic stomach disease was prepared from KGM, 0.4% vitamin B6, and 5% silicophos-

phate buffer. This capsule is gastric soluble. Wang and He184 invented a kind of alginate–KGM–chitosan beads that

could be used as a controlled release matrix. They observed that KGM was contained within the beads and the use of

KGM increased the payload of the drug. Hermelin and Grimshaw185 applied a patent about the invention of

composition and methods to enhance the iron intake or the treatment of iron deficiency. The composition contained

at least two iron-providing materials in a single dosage. Then KGM was used as a matrix, which was necessary to

be present in one of these iron-providing materials. Following administration to animals, the iron-providing

materials were released in the gastrointestinal tract for as long as 24 h. Pathak et al.186 invented gel-forming macromers

including KGM as a hydrophilic block, which have combined properties including lipophilicity and thermosensi-

tivity. These gels have various medical applications including drug delivery and tissue coating. It has been reported
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by Dettmar et al.187 that a pharmaceutical composition, which combined alginate, xanthan and/or carrageenan,

glucomannan, and/or a galactomannan, improved bioadhesive properties. The composition provides both protecting

and healing effects on mucosal surface for treating the disorder of the esophagus.

In the patent of Slepian et al.,188 a method was invented to provide a synthetic barrier made of biocompatible

polymeric materials. The polymeric materials composed of KGM are characterized by a fluent state which allows

application to and, preferably adhesion to, tissue lumen surfaces, which can be increased or altered to a second less-

fluent state in suit: controlled permeability and degradability; and, in the preferred embodiments, incorporation of

bioactive materials for release in vivo, either to the tissue lumen surface or to the interior of the lumen, which alter cell-

to-cell interactions.

Ita and Clarke189 applied a patent for invention of a gel filler material. The material was composed of biocompatible

KGM and other hydrocolloids, producing a natural look and feel for the prosthetic implants, especially reconstructive

prostheses such as breast implants.

Nussinovitch190 invented a temperature-stable droplet containing a temperature-stable hydrocolloid membrane in

which KGM was used as one of the hydrocolloid materials. The hydrocolloid membrane encapsulating the liquid was

capable of holding the liquid without bursting through the temperature range from �20 to 90 �C. This membrane is

used to encapsulate a liquid such as a pharmaceutical agent, an immunological agent, a biological agent, even one

enzyme or a cell, or mixtures thereof.

Besides its use in cosmetics, KGM and its derivatives can be used as biodegradable resin compositions, soil modifier,

soil amendment, and surface size composition for the surface sizing of paper, board, etc. KGM powder can be fixed

with powdery or granular charcoal and water and press-molded to charcoal-shaped products having excellent proper-

ties in dehumidification, deodorization, sound absorption, and electromagnetic shielding and are suitable for building

materials, water treatment, pet care products, health products, etc.
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2.20.1 Introduction

Polysaccharides of the xylan family are the cell wall polymers most abundant after cellulose in the majority of higher

plants. They are mainly present in the lignified secondary walls, where they account for 20--30% of the mass of tissues.

This chapter focuses on xylan-type polysaccharides, frequently called arabinoxylans (AXs) found in cereal grains.

Xylans are also found in other grains (pea, rapeseed, etc.) or other storage organs (potato tubers, beet roots, etc.) but

their role in food is very limited or poorly understood and the literature is scarce.

In cereal grains, AXs are major components of the cell walls, which are of immense importance in utilization. In

wheat, barley, and rye, they affect particularly the processing properties of grain and form an important source of

human dietary fiber.

This chapter gathers the most recent information concerning the role of cereal grain AX in food application and as

dietary fiber. However, grain is a very complex organ, and it is important to understand the diversity of tissues that

partially reflects the diversity of AX structures, and in a first part the different tissues that composed the grain are

reviewed. Then, the chemical structure of AXs of cereal grains and their interactions with other cell wall components

are presented, prior to a part dedicated to the biosynthesis of AX polysaccharides. The physicochemical characteristics

of AX, which are the basis of their functional properties in different processes and food systems, are then presented.

Finally, this chapter summarizes the recent knowledge on the role of AXs in food application and grain processing, and

as dietary fiber. AXs and more generally nonstarch polysaccharides of cereal grains have also detrimental effects in

poultry feeding. The role of AXs in feed is not reviewed in this chapter, but detailed information can be found in some

recent papers.1--6
2.20.2 Histology of the Grain

The cereal grain, botanically the caryopsis, is composed of the pericarp (fruit coat) that originates as component of the

ovary walls, enclosing the seed. The seed comprises in addition to the embryo and the endosperm, the nucellus

epidermis, remnant of the nucellus, a seed coat (testa), and a cuticle. The grain can be enclosed in a husk that

corresponds to modified leaves and consists of empty cells with lignified secondary walls. In wheat, the caryopses are

shed from the plant free from it. In contrast, in rice, oat, and barley, the husk remains in close contact with the

caryopsis, cemented by a substance of unknown composition secreted by the pericarp epidermis. In naked barley, rice,

and oat, the husk can be dislodged on milling. A scheme of wheat grain tissues is presented in Figure 1.7
2.20.2.1 Grain Morphology

The grain shape and form are characteristics of individual cereal species. Within species, morphology and weight can

vary considerably and the morphological features (grain size, shape, and uniformity of their morphology) are associated



Figure 1 Wheat grain, showing component tissues. Reprinted from Surget, A.; Barron, C. Industries des Céréales 2005,
145, 3--7, with permission from Industries des Céréales.
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with quality (starch type being present, proportions of storage proteins, cooking quality, milling efficiency, malting

performance). Caryopses of the members of Triticae (wheat, rye, barley, and triticale) and Avaneae (oats) include

a longitudinal furrow (crease) on the ventral side of the grain. It is more marked in wheat (e.g., Triticum aestivum).

In the wheat-milling process, the crease shows higher resistance for separation of starchy endosperm from

other tissues.
2.20.2.2 Maternal Tissues

2.20.2.2.1 Pericarp
The pericarp is generally composed of dry empty cells, being more or less shrunken or distorted. It can vary

considerably among species.

2.20.2.2.1.1 Outer pericarp

It comprises the epidermis with its fine cuticle, the hypodermis, and the intermediate layer. The epidermis covers the

entire perimeter of the grain except for the transfer cell region.8 It is composed of elongated cells (running in the

direction of embryo axis, except in rice, i.e., in the cross-orientation). The longitudinal cell walls appear straight and

thick while transverse cell walls are thinner. It is thought to limit water movement. The hypodermis comprises one or

more layers of cells with morphological features very close to the epidermis cells. The hypodermis adheres strongly to

the epidermis. The intermediate cells correspond to crushed parenchyma cells and form generally a discontinuous

layer below the hypodermis. They occur principally at both ends of the grain. In sorghum immature grain, it is several

layers thick and remains at maturity.8 The outer pericarp in mature wheat is easily detached at milling and represents

the beeswing fraction from the roller mill.

2.20.2.2.1.2 Inner pericarp

The inner pericarp comprises the cross cells and tube cells. The cross cells are arranged with their axis at right angles

to the long axis of the grain. In immature grains, they contain chloroplasts as tube cells do, giving the green colour to

the grain. Cell shapes vary among species and according to their position in the grain. In wheat, barley, triticale, and

rye, they are 6 times as long as their width and are aligned over most of the grain surface so that they form a fence.8,9 At

the grain tips, they are square-like. The tube cells have their long axis parallel to the long axis of the grain. They form

an incomplete layer that is stretched and torn apart by the growth of the endosperm. In the transverse section of wheat

grain, they show a small cross section.8 Because of the discontinuity of the tube cell layer, it is the cross cells that

adhere to the underlying cuticle of the testa. In oats, the tube and cross cells could not be distinguished from the

remnants of parenchyma cells.
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2.20.2.2.2 Seed
The seed coat has its inner face adjacent to the cuticle of nucellus epidermis. It develops from the integuments of the

ovary. Each integument consists of two layers of cells. The outer integument degenerates and becomes completely

disorganized. The cell content of the outer layer of the inner integument disappears. This layer develops a semiper-

meable cuticle on the outside and its cells collapse. At maturity in wheat, the seed coat consists of two layers of

compressed cells arising from the inner layer of the integuments with its outer side being cuticularized. Pigmented

corky substances can accumulate late in development.10

The cells of the first layer lie at right angles to the cells of the second layer forming a characteristic grid pattern.

When present, the cuticle of testa is thought to account for the relative impermeability of the grain to water. The seed

coat is modified at the micropyle, allowing the entry of water.
2.20.2.2.3 Nucellus epidermis
The nucellus epidermis or hyaline layer is a single crushed nonlignified layer of empty cells between the endosperm

and the seed coat. A cuticle that impregnates the adjacent cell wall overlies it. Between the aleurone layer and the

nucellus epidermis, an amorphous layer thought to be remnants of the nucellar cells can be distinguished. It is all that

remains from the nucellus that is digested over the entire grain except in the region of the crease. At maturity, it is

prominent in sorghum but absent from mature oat grains and only the cuticle remains in maize.10

In the crease region, the nucellar cells survive and develop complex thickened walls that are rich in acidic,

noncellulosic polysaccharides.
2.20.2.3 Endosperm

Endosperm consists of two tissues, the outermost layer that differentiates into highly specialized tissue, the aleurone

tissue (�7% of the dry grain weight), and the starchy endosperm that is the largest morphological component in all

cereals (�80% of the dry grain weight).
2.20.2.3.1 Aleurone tissue
The aleurone tissue consists of one layer, as in most cereal or as many as three layers in barley. The aleurone cells are

cuboid in shape when viewed in cross section and polygonal when viewed on its top surface. Aleurone cell size varies

according to cereal; cell size, for example, being smaller in maize than in wheat. In mature grains, aleurone cells are

characterized by a prominent nucleus and thick cell walls. In wheat, barley, rye, and oat, the cells walls are described as

two layered. The cytoplasm is densely packed with aleurone grains (considered as protein bodies, storage protein)

and lipid droplets (spherosomes). Lipid droplets are also present at the inner surface of plasmalemma. Different types

of inclusions in aleurone grains have been described, such as phytin, protein, lipid, and protein-carbohydrates bodies.

According to cereal, aleurone protein bodies can differ in their size, internal structure, and types of inclusion. The

aleurone tissue is also rich in minerals. The aleurone tissue remains alive at grain maturity. Upon imbibition with

water, the aleurone tissue uses its stored reserves to synthesize and secrete the digestive enzymes that solubilize

storage components accumulated in the starchy endosperm to support the embryo’s early growth. Production of these

enzymes is stimulated by gibberelic acid released by the embryo. At the end of the germination phase, aleurone

undergoes programmed cell death.

The size and shape of the aleurone cells are uniform for the majority of the cells. However, distinct morphological

types have been described. In wheat, the cells in the ventral region referred as modified aleurone cells,8 or groove

aleurone cells,10 are generally crushed and distorted and appear to be more than one layered. In Japanese millet,

maize, and foxtail millet, cells called transfer aleurone cells are columnar in shape and may participate in the transfer of

substances from the developing embryo and endosperm.
2.20.2.3.2 Starchy endosperm
The starchy endosperm consists of large cells in which starch granules are embedded in a storage protein matrix.

The cells have thin cell walls (2--3% of the dry matter) and are subdivided into three populations, according to

their position in the grain and their morphological features (size and shape).10 With a size close to those of the

aleurone cells to which they are adjacent, the subaleurone cells that show a cuboid shape are about 60mm in

diameter. Then, in the dorsal part, the prismatic cells radiate in column. These cells are about 150mm long and
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about 50mm wide. The central cells in the center of the cheeks are more heterogeneous in shape and size; they

exhibit rounded or polygonal shape with dimensions 72--144mm long and 69--120mm. The outer layer of the

starchy endosperm has lower content of storage protein than the inner ones.10
2.20.2.4 Embryo

It comprises an embryonic axis and the scutellum. The scutellum, which is considered to be homologous of cotyledon,

is pressed against the endosperm.8 It consists of thin walled parenchyma cells. The embryonic axis consists of the

shoot protected by the coleoptile, the mesocotyl, and the root, protected by the coleorhiza. The embryo has the

highest content in lipid and hence lipid-soluble vitamins.
2.20.3 Chemical Structure of AX in Cereal Grains

Numerous papers are devoted to the structural investigation of cereal AX and three major reviews have collected

information in the past.9,11,12 This chapter summarizes the current knowledge on the structure of AX and focuses on

some of the recent advances in this area.
2.20.3.1 Composition of Cell Walls in the Different Tissues

Cereal grains are composed of different tissues exhibiting cells walls with different properties and composition.

Tissues from maternal origin form the outer part of the kernel and have primarily a role of protection. Cell walls in

these tissues are thick, hydrophobic, and essentially formed of cellulose and complex xylans but also generally contain

a significant amount of lignin. In endosperm tissues, cell walls represent 2--7% of the tissue, they are thin and

hydrophilic, and essentially formed of the two polymers, AX and (1!3),(1!4)-b-D-glucans, whose proportions can

significantly vary according to cereal species -- for example, rye, wheat, and sorghum are rich in AX, whereas barley and

oat exhibit high levels of beta-glucans. Besides, low amounts of other polymers such as glucomannan (2--7%) and

cellulose (2--4%) are consistently reported in these walls. In addition, rice exhibits the presence of pectic polysaccha-

rides and xyloglucans in endospermic cell walls.13,14

Hence, AXs are the major polymers of grain cell walls, but their structures show large differences according to not

only tissue but also cereal species. According to cereal uses, wheat, rye, and barley AXs were extensively examined,

whereas literature is relatively scarce for rice, maize, and other cereals.
2.20.3.2 AX Composition and Nature of Linkage

Xylans found in cereal grains are formed of a linear backbone of (1!4)-linked b-D-xylopyranosyl units. The xylose

represents generally more than 50% of the constitutive sugars and a great diversity of side chains are present on the

main chain on the position O2, O3, or both. Single units of a-L-arabinofuranose and a-D-glucuronic acid (and its methyl

ether, 4-O-methyl-glucuronic acid) are the most frequent side chains, although xylopyranosyl and galactopyranosyl

residues associated with arabinofuranosyl residues are also found as short side chains of 2--3 sugar units. In addition,

acetic acid and hydroxycinnamic acids, ferulic and p-coumaric acids, are found as esters. Ferulic and p-coumaric esters

are linked to the O5 of the arabinofuranosyl units.

This general description actually masks a large diversity of composition and structure associated with the different

cellular types encountered in the various tissues of cereal grains. From a structural as well as a botanical point of view,

it is essential to distinguish the AXs from endosperm tissues (starchy endosperm and aleurone layer) from those found

in the outer part of the kernel. This distinction is also based on the fact that the polymers derived from the different

tissues have a very different impact on the processing of cereal grains. Furthermore, although the correspondence

between the histological origin and the milling fractions is not strictly defined and may vary to a large extent,

endosperm tissues are essentially recovered in the flour whereas the outer part of the kernel is associated with the

bran fraction.
2.20.3.2.1 AX from endosperm tissues
Since the pioneer work of Perlin in 1951,15 a huge number of studies have described the structure of AXs from

the flour or endosperm tissues of the different cereal grains, especially of wheat, rye, and barley. They are found as



Table 1 AX content of the endosperm (or white flour) of some cereal grains and structural features of WE-AX fraction

Tot. AX
WE-AX Structural features of WE-AX

Cult.a (g/100g) (g/100g) (A/X) (uXyl) (mXyl)3 (mXyl)2 (dXyl)

Wheat 2018 1.7--2.9 0.3--0.8 0.47--0.58 65b 16 19

2036 nd 0.4--0.8 nd 60--70 16--29 8--15

Barley 1619 nd 0.4--0.9 nd 51--62 12--20 6--16 18--23

421 1.2--1.5 0.15--0.3 0.55--0.63 59--65 6--11 8--10 18--23

Ry e 1 9 23 nd 2.7--4 nd nd nd nd nd

122 3.2 2.4 nd nd nd nd nd

117 nd 2.1 0.5 57 37 7.5

Triticale 117 nd 0.5 0.6 61 15 24

122 2.5 0.54 nd nd nd nd nd

Rice 104 25 0.2--0.6 0.7--1.3c nd nd nd nd

Maize 2525 0.7--1.4 1--1.3c nd nd nd nd

aNumber of cultivars in the study.
bMean value for the 20 samples.
cA/X ratio measured on total AX.

In all studies AX content was calculated as the sum of arabinose and xylose, and arabinose content was corrected for the

presence of arabinogalactan.

Tot. AX ¼ sum of WE-AX þ WU-AX in white flour or endosperm; WE-AX, Water-extractable AX; uXyl, unsubstituted xylose
residue; mXyl3, xylose residue monosubstituted on position O3, mXyl2, xylose residue monosubstituted on position O2,

dXyl, xylose residue disubstituted on position O3 and O2.

nd, not determined.
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water-extractable (WE-AX) and water-unextractable (WU-AX) fractions. In wheat, the amount of WE-AX may

vary from 0.3% up to 0.8% with an average value of 0.5%.16--18 Similar WE-AX content has been reported for

barley,19--21 whereas a higher amount, typically around 2% but up to 4%, is found for rye.22--24 Total AX content in

endosperm tissues is about 2% in wheat endosperm18 and slightly lower for barley.21 In wheat endosperm, approxi-

mately 25--30% of the AXs are WE-AXs, whereas this proportion is lower (15--20%) in barley.21 Rice and maize

endosperms have lower content in AX.25 Typical structural features and contents of AX in the endosperm of various

cereals are reported in Table 1.
2.20.3.2.1.1 General structure of AX in endosperm of cereal grain

The primary structure of the AX found in the endosperm of wheat, rye, and barley is closely related (see Figure 2).

They are only constituted of arabinose and xylose and for this reason are often referred to as pentosans. Arabinose

is mainly present as a single side-chain unit as monosubstitution on position O3 (mXyl3) or disubstitution on positions

O2 and O3 (dXyl) of the xylosyl residues of the backbone. Monosubstitution on O2 (mXyl2) is rare in wheat and rye,

but represents a significant proportion in barley. On average, 50--60% of xylosyl residues of the backbone are

unsubstituted (uXyl). Arabinose to xylose ratio (A/X) is often used to characterize the structure of AX, and in wheat

a typical average value is 0.5--0.6. However, this parameter has to be used carefully as it is a rough characterization of

AX structure and substitution. As a matter of fact, rye AXs that exhibit the lowest A/X ratio are more substituted than

wheat and barley AXs due to a higher proportion of mXyl (Table 1). In addition to these major structural features, the

presence of minor amounts of short arabinose side chains are suggested from methylation analysis.26,27

The structure of triticale AX is similar to wheat and rye,17 but AXs from the endosperm of rice28,29 and

sorghum30,31 exhibit a very high level of substitution (A/X�1), the presence of glucuronic acid and its 4-O-methyl

ether, and significant amount of short side chains of arabinose.32 Finally, little information is available on AXs from the

endosperm of maize kernels, which seem to have relatively high level of substitution (A/X¼0.8),33 but detailed

information on their structures is not available. WU-AX seems to be the main form of AX in the endosperm of rice,

sorghum, and maize.
2.20.3.2.1.2 Structural heterogeneity of WE-AX and WU-AX

Numerous studies have revealed the chemical heterogeneity ofWE-AX fromwheat, rye, and barley endosperm. Using

ethanol fractionation, graded ammonium sulfate precipitation, or diethylaminoethyl (DEAE)-cellulose chromatography,
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different authors have evidenced the presence of a range of polymers exhibiting different A/X ratios in the AX

population initially extracted by water from flours.9,11,12

The mechanisms of the fractionation are generally not fully understood although based on the solubility behavior of

AX, which is driven both by the structure and the molecular weight of the polymer. Comparison of the fractions

obtained by the different methods is therefore not straightforward; furthermore, single procedures of fractionation

(e.g., ethanol or ammonium sulfate precipitation) generally gave a mixture of polymers. As an example, size exclusion

chromatography of the AX population isolated by graded ethanol precipitation gave rise to a range of polymers with

different A/X ratios and molecular weights -- 48 subfractions with an A/X ratio ranging from 0.31 up to 1.06 were

isolated from wheat WE-AX exhibiting an initial A/X ratio of 0.56.34,35

Besides, large variations in structure exist among wheat, rye, or barley varieties, evidenced by variation in the

relative proportion of the main structural elements uXyl, mXyl, and dXyl.11,18,19,36--39 Linear relationships are found

between A/X ratio and mXyl, dXyl, and uXyl, on WE-AX populations obtained by graded fractionation11,34 originating

from different parts of the kernel38 or isolated from different varieties.18 For wheat, positive correlation is observed

between A/X ratio and dXyl, whereas mXyl and uXyl are negatively correlated (see Figure 3); similar trends

are observed for rye and barley WE-AX, although in addition to dXyl, mXyl2 is also positively correlated to A/X

ratio.12 Although, environmental conditions are likely to affect the amount of AX in cereal endosperm, structural

variation seems to be mainly genetically determined. As a matter of fact, genetic analyses of crosses between

wheat cultivars differing in their AX content and composition have allowed us to identify one major quantitative trait

locus (QTL) for A/X ratio on the long arm of chromosome 1B for two independent populations (ITMI and Courtot x

Chinese Spring).40,41

The structural features of WE-AXs have been well documented, especially in the case of wheat flour, but

less information is available for WU-AXs, which represent the major part of AX in cell walls of the endosperm.

In wheat flour, WU-AXs have been studied after alkaline extraction (AE-AX).26,42--44 The structure of AE-AX is

basically the same as WE-AX but average molecular weight and A/X ratio are slightly higher for AE-AX than for

WE-AX.11 Recently, WU-AXs were investigated using xylanase extraction (XE-AX)18 and the structural variations of

WE-AX and XE-AX were studied in a collection of flours from 20 wheat cultivars. The A/X ratios were statistically

different and varied from 0.47 to 0.58 and from 0.51 to 0.67, for WE-AXs and XE-AXs, respectively. The average

proportions of uXyl and mXyl for both populations were significantly different; XE-AX had more mXyl and

consequently less uXyl than WE-AX, but the proportions of dXyl were similar. Furthermore, A/X ratios of WE-AX

and XE-AX were correlated (r ¼ 0.78), showing that although WE-AX and WU-AX had different structures, the

variations of structures observed among wheat varieties for WE-AX were similarly observed for WU-AX.

Ferulic acid is an important structural element of endosperm AX that is esterified on position O5 acid of arabinose

residues. WE-AX with low A/X ratio contains a higher amount of ferulic acid,34 which suggests that feruloylated

arabinose residues might be mainly found as a single side chain of xylose residues (mXyl). This hypothesis is further
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90 wheat flours (Synthetic-Opata descendants).25
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sustained by the fact that up-to-date feruloylated arabinose is always found on mXyl residues in feruloylated

oligosaccharides derived from AX.45--47 The amount of ferulic acid linked to AX is very low and represents 0.2--

0.4% of WE-AX (w/w) and 0.6--0.9% of WU-AX in wheat.48 This corresponds to about 2--4 ferulic acid residues for

1000 xylose residues in WE-AX (6--10 for WU-AX). Similar proportions are observed for rye and barley WE-AXs.17

Dehydrodiferulic acids were also detected in low amount (10--15 times less than ferulic acid) in WE-AXs from wheat,

barley, rye, and triticale.17 For wheat endosperm WU-AX, the amount of dehydrodiferulic acids is only 4 times lower

than ferulic acid.49

The aleurone layer is a specific tissue of cereal endosperm, which due to milling procedures and tissue properties is

mainly associated with bran fractions. In wheat, AXs of the aleurone layer, although structurally closely related to

starchy endosperm AXs, exhibit specific features. First, aleurone AXs are not water extractable and have a lower A/X

ratio (0.3--0.4) than starchy endosperm AX.50 Furthermore, aleurone AXs are heavily esterified compared to those of

the starchy endosperm, and ferulic acid and dehydrodiferulic acids represent about 3.2% and 0.45% of their WU-AXs,

respectively.50,51 Some p-coumaric acid is also associated with aleurone cell walls.47,52 In addition, acetyl groups

probably esterified to the xylose backbone of AX were also detected in aleurone cell walls.47
2.20.3.2.1.3 Models for AX structure in wheat and other cereals

The presence and the variation of structural elements of cereal endosperm AX is well documented, but the information

on the distribution of arabinose residues on the xylan backbone is scarcer, and discussion is still open on the subject.

A random distribution of the arabinosyl units on the xylan backbone for different A/X ratios was computed and

compared with the actual levels of mXyl and dXyl units in WE-AX fractions with different A/X ratio53 (see Figure 4).

The proportion of mXyl is significantly higher from simulation than from experiment, and consequently the

proportion of dXyl is lower than indicated by experiment. In both cases, dXyl levels clearly increase with A/X ratio,

but a random distribution of arabinosyl units along the xylan backbone gave a higher weight to monosubstitution than

experimentally observed, which suggests that regulation occurred during the biosynthesis of the polymer.
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Experimental approaches, based on specific chemical degradation (periodate oxidation and Smith’s degradation)

and degradation with purified xylanase, have been used to obtain insight into the distribution of arabinose. In addition,

random distributions of arabinosyl residues were simulated for comparison with the experimental distributions of

oligosaccharides obtained after periodate oxidation53 or enzymatic degradation.54,55

Periodate oxidation allows the determination of the distribution of substituted and unsubstituted residues without

any idea of mono- and disubstitution within substituted blocks. Contiguous blocks of three,54 four,56 and up to six53

substituted residues have been observed in wheat flour WE-AX. Blocks that contained five to eight substituted

xylosyl residues were revealed in WE-AX from rye.57 The proportion of contiguous blocks increases with the A/X

ratio; however, significant proportions of substituted blocks of DP3 are observed even for AXs with a low A/X ratio

(0.37), while blocks of DP higher than six are observed for AXs of high A/X ratio (1.2).53

Using endoxylanase, the distribution of mono- and disubstituted residues is theoretically possible to attain, but in

practice enzymes have a limited access to the most-substituted AX molecules. As a matter of fact, oligosaccharides

presenting at mainly two contiguous substituted xylose residues have been isolated and identified from endoxylanase

digests and used to build structural models,44,58,59 whereas periodate oxidation showed that blocks made at least of six

consecutive substituted xylosyl residues are present in wheat AX. This limits the validity of the different structural

models deduced from xylanase degradation, especially for highly substituted AXs.32,54--56,60 These models suggest on

one hand that the distribution of the type of substitution (mono- or disubstitution) on the xylan backbone is not the

result of a random process. On the other hand, these models propose the presence of highly substituted regions and

low substituted regions in AX, whose proportions could vary in the AX molecule. The presence of clusters with high

substitution and low substitution patterns is compatible with a random distribution of substitution53 (see Figure 5).

Populations of AX with low substitution and high substitution have been actually isolated by various means, which

suggests that a range of polymer structures exists, in contrast with the suggestions of different regions or classes of AX.

Actually, structural studies on WE-AX or WU-AX have been carried out on bulk populations isolated from flours, and

the range of polymer structures observed probably reflects a structural heterogeneity within wheat endosperm. This

structural heterogeneity was revealed by recent FT-IR microspectroscopy studies61,62 and by structural studies on

milling fractions obtained from wheat38 and barley.63

In conclusion, the different models proposed for AX from wheat flour support an irregular distribution of

arabinosyl residues along the chain. However, biosynthetic mechanisms favor disubstitution, and the arrangement

of the type of substitution within contiguous substituted xylosyl residues is also probably controlled by the biosyn-

thetic mechanism.
Figure 5 Random distribution of substituted xylosyl residues in AX fraction exhibiting different substitution degrees.

Clusters of lowly substituted and highly substituted areas are depicted in bold for F30.9 and F70.5, respectively.

0, un-substituted xylose; 1, monosubstituted xylose; 2, disubstituted xylose. Reprinted with permission from Dervilly-Pinel, G.;
Tran, V.; Saulnier, L. Carbohydr. Polym. 2004, 55, 171--177.
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2.20.3.2.2 AXs from maternal tissues
Numerous studies have been dedicated to AXs from the bran of wheat, rye, barley, or maize. However, bran is a

multilayered composite isolated during the milling process, which is composed of the different tissues of maternal

origin found in the outer part of cereal grains. Furthermore, the aleurone layer that is part of the endosperm is

generally associated with the bran fraction. Therefore, bran reflects a diversity of tissues and associated polymers,

especially in the case of wheat.50,51,64 Table 2 clearly shows that nucellar epidermis and testa are characterized by a

very low A/X ratio (0.13), whereas cross cells and pericarp (also known as beeswing bran) are characterized by a very

high A/X ratio (1.2). Besides, glucuronic acid (or its 4-O-methyl ether) and galactose are also found in bran AXs, which

are also described as glucuronoarabinoxylans or heteroxylans (HXs; seeFigure 2). The diversity of the structure is also

well illustrated by the degradation of isolated layers or total bran fractions with endoxylanases.64--66 Nucellar layers (as

well as aleurone) are completely degraded by endoxylanase whereas pericarp is resistant.

The heterogeneity of bran tissues is reflected by the different AX fractions isolated after alkaline extraction.

Fractions of low A/X ratio found in wheat67,68 and rye69 bran that precipitate upon neutralization, also described

as ‘hemicellulose A’, clearly originate from the nucellar epidermis tissues. Low-substituted AXs have not been

reported for maize, sorghum, and rice brans. The main part of HX from the bran is derived from pericarp. These

polymers are soluble at neutral pH after alkaline extraction and are sometimes referred to as ‘hemicellulose B’. They

are characterized by a highly branched and complex structure very similar in wheat,67,68 rye,70 maize,71,72 sorghum,73

and rice.29,74 The level of substitution of the xylan backbone is very high (80%) with a high proportion of dXyl

(25--35%). The A/X ratio is around 0.8--1, and arabinose residues are mainly found as terminal side chains. Glucuronic

acid and xylose residues are also found as terminal side chains; in addition, short side chains constituted by arabinose,

xylose, and galactose have been isolated from these heteroxylans75 (seeFigure 2). In some barley cultivars, the husk is

very strongly attached to the grain. Grains from hull-less barley cultivars have a significantly lower total AX content.20

In addition, husk is a highly lignified tissue and contains lowly substituted glucuronoarabinoxylans76 in contrast to

the highly substituted HX encountered in pericarp tissues.

A high level of hydroxycinnamic acids characterizes outer tissues of the kernel. Feruloylated oligosaccharides

derived from AX,45 and feruloylated AX,77,78 have been isolated from bran tissues. Large amounts of dehydrodiferulic

acid are also found in outer tissues,50,51,79 and dehydrodimers linked to arabinose have been isolated from maize

pericarp.80,81 A ferulic acid dehydrotrimer was also identified in maize pericarp.82,83 The amount of ferulic acid linked

to AX represents 0.9% (w/w) of HX in the pericarp from wheat and up to 5% in the pericarp of maize, and very similar

amounts are observed for dehydrodimers.50,79 This corresponds to about 30 and 60 ferulic acid residues for 1000 xylose

residues, in wheat and maize bran, respectively. In addition, acetic acid is generally associated to the different tissues

of the bran72,84,85 and is probably linked to the xylan backbone in the cell walls.
2.20.3.3 Molecular Weight and Conformation of AX

2.20.3.3.1 Molecular weight
Numerous studies have reported an estimation of the weight average molecular weight (Mw) of AX from cereal grains

by size exclusion chromatography, using calibration of the column with pullulan or dextran. However, these two

polymers exhibit a different conformation in solution, for example, lower hydrodynamic volume at equivalentMw than
Table 2 Composition of the outer tissues of wheat grain (adapted from Antoine et al.50 and Parker et al.51)

AX Glc Uronic A. Ferulic A. DHD

g/100ga A/X mg/g b

Outer pericarp50 44.1 29.3 nd 1.14 3.7 4.1

Inner pericarp þ testa þ NE50 38.0 17.6 nd 0.36 5.0 0.91

Inner pericarp51 49.0 15.8 9.5 1.06 �1 �0.5

Testa þ NE51 55.0 3.8 3.2 0.13 �5 �0.3

Aleurone50 20.8 15.0 nd 0.39 6.7 0.95

AX, sum of arabinose and xylose; A/X: arabinose/xylose ratio; Glc: glucose mainly present as mixed linked b-glucan in

aleurone, and cellulose in other tissues.
aIn g/100g of tissue.
bIn mg/g of tissue.
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AX so that these calibrations give strongly overestimated results. Light-scattering methods give a direct access to

average molecular masses of polymers. In addition, the development of size exclusion chromatography with online

multi-angle laser light-scattering detectors (HPSEC--MALLS) during the last 10 years gave easy access to other

average mass parameters such as the number average molecular weight (Mn) and the polydispersity index (I¼Mw/Mn).

However, light-scattering techniques are sensitive to aggregates, which are sometimes experimentally very difficult to

get rid of and are the cause of marked discrepancies between results.

Mw of WE-AX of wheat, barley, and rye is in the range of 200000--300000 Dalton (d) with a relatively high

polydispersity index of 1.7--2. Rye exhibits the highest range of Mw.
17,86 This high polydispersity actually reflects a

range of polymers exhibiting different mass and structure (polymolecularity). For example, it was isolated from a

population of WE-AXs exhibiting anMw of 280000 (I¼1.8), a range of polymers withMw varying between 655 000 and

70000 and A/X ratios between 0.4 and 1.2; no simple relation was observed between the Mw and the structure of

the polymers.34,35 Similar trends were observed for barley87 or rye WE-AXs.24

Determination of the Mw of water-insoluble AXs needs an extraction procedure, which can lead to possible

degradation of the polymer chain. Nevertheless, WU-AXs solubilized with BaOH2 from wheat42 or barley88 endo-

sperm exhibit higherMw than WE-AX and still a high polydispersity index. TheMw of AXs extracted from maize bran

by alkaline treatment is about 280000 with a polydispersity index of 2.89 In the case of maize bran, the Mw of AX is

little affected by the extraction conditions (time, range of pH, and T �). Highly substituted AXs isolated from bran or

cereal endosperm are generally well soluble in aqueous media and do not tend to form aggregates. On the contrary,

low-substituted AXs isolated from the outer part of the grain have a strong tendency to form aggregates, so that the

determination of theMw of individual chains is almost impossible to reach in aqueous systems. As an example, theMw

of water-insoluble AXs isolated from rye bran has been estimated to be 62600 using chemical modification and

dioxane as solvent; starting from this value, an aggregation number varying from 3 to 200 was estimated in other

solvents.90

Radius of gyration depends on the molar mass of the polymer and the value of exponent n of the gyration-molecular

weight relationship (Rg�Mw
n) depends on chain flexibility; obviously n¼1 for fully extended rigid chain, 1/3 for

compact sphere, and 0.5 for Gaussian chains;91 this latter value is very close to the value of 0.47 determined for a series

of monodisperse WE-AXs35 and indicates a random coil behavior for AXs.

Dynamic light scattering allows measurement of the hydrodynamic radius Rh of macromolecules that differs from

the radius of gyration Rg in taking into account hydrodynamic interactions. The structural ratio r¼Rg/Rh is typical of

the molecular architecture and has been determined for maize bran HX between 1.6 and 2.1. These values are

attributed to a random coil behavior in good solvent for linear or branched polydisperse polymers.89,92
2.20.3.3.2 Conformation of xylan chains
The conformations adopted by a polysaccharide chain mainly depend on the relative orientation of the contiguous

carbohydrate units apart from the glycosidic linkages. Molecular modeling of xylan chains predicts different low

energy conformers for the b1!4 linkage between the xylosyl residues.93--95 The different ordered conformation built

from these low-energy conformers is shown in Figure 6. Importantly, helices generated from the geometries of the

predicted folded conformers of the disaccharides are not stable, while the left-handed threefold and twofold helices

are the most stable; in the crystalline state, only the threefold helices occur.93 As a matter of fact, according to X-ray

fiber diffraction studies, xylans are generally described as extended chains forming twisted ribbon-like strands, with

threefold symmetry.96 This extended conformation is often compared to that of b1!4-linked polysaccharides such as

cellulose and mannan chains, but actually the threefold screw symmetry of xylans differs quite largely from the

twofold symmetry of cellulose and is not favorable for association with it.97,98 Furthermore, the (1!4)-b-xylan chain is

more flexible than the conformationally restricted (1!4)-b-cellulose or mannan chains.98 This is generally explained

by the fact that only one hydrogen bond is present between adjacent xylosyl residues,99 whereas two hydrogen bonds

between adjacent glucosyl residues are present in cellulose.98 Indeed, the single hydrogen substituent at position 5 on

the xylose ring, compared with the hydroxymethyl group in cellulose and mannan, has a significant effect on the intra-

and interchain hydrogen bonding interactions. Using dynamic molecular simulation of b1!4-linked chains in the

presence of explicit water solvent, different behaviors have also been observed for xylan on one side, and cellulose,

mannan, and chitin on the other side. Cellulose, mannan, and chitin favor relatively static intramolecular hydrogen

bonds, whereas xylan prefers dynamic water bridges.98

Despite the range of conformers predicted for xylans and the intrinsic flexibility of the xylan chain, AXs

are generally described as rigid molecules because the extended conformation observed in the crystalline state is

generally wrongly assimilated to a rigidity of the polymer chain. Actually, polymer chain rigidity is directly measured
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by the persistence length (Lp), which represents an estimation of the length through which the propagation of the

chain in a given direction is preserved. Lp values of about 3--5nm (6--10 xylose residues) are predicted for xylan chains

from molecular modeling.93 Lp’s have been experimentally evaluated for AXs in solution.35,100 Depending on the

method used to calculate Lp, different absolute values were obtained: 7.8�1.4nm35 or 3.1�0.6nm.100 A direct

determination of Lp has to be carried out for AX using small angle neutron or small angle X-ray scattering experi-

ments. However, compared with those of very flexible 1!6-linked polymers such as pullulans (2nm)101 or very stiff

polysaccharides present in solution as double or triple helix complex such as xanthan (100--150nm)102,103 or schizo-

phillan (145nm),92 this persistence length compares very well with semiflexible polysaccharides such as galactoman-

nans (4.5--9nm) described as random coils.92 The range of values obtained for the persistence length of AX, together

with hydrodynamic parameters ‘n ’ or Mark--Houwink exponent ‘ a’ (see Section 2.20.6.2), confirmed that AXs can be

described as random coils in solution35,100 and not as extended rigid rods (as frequently reported).11,104

2.20.3.3.3 Influence of arabinose side chains
The conformational properties of xylobiose units substituted by arabinose have been studied using molecular model-

ing.94,95 Monosubstitution in positions O2 or O3 had no significant effect on the conformational behavior of the b1!4

linkage between xylose residues. In the case of fully disubstituted xylobiose, only one of the four low-energy

conformers observed for unsubstituted xylobiose is hardly represented because of steric conflicts between arabinose

residue linked at O2 at the nonreducing end and the arabinose residue linked at O3 at the reducing end; other low-

energy conformers are not affected by the fully disubstituted pattern. Thus it is assumed from these results that the

conformational behavior of the xylan chain is not significantly affected by arabinose substitution, knowing that a very

large zone of contiguous disubstituted xyloses is not predicted to occur even in highly substituted AXs (A/X>1).53

AXs isolated from rice endosperm and highly substituted at O3 exhibited an X-ray diffraction pattern compatible

with the threefold helix found for pure xylans.97 The conformation of WE-AX from wheat exhibiting different A/X

ratios was examined in aqueous solution.35,100 As shown on Figure 7, Lp is not significantly affected by A/X ratio

within the range observed, so that it can be concluded that arabinose substitution had no real influence on the

conformational behavior of AX in solution.
2.20.4 Interactions of AX with Cell Wall Components

Cell walls of the cereal grains are mainly constituted of AX and mixed-linked b-glucans in the endosperm and

AX, cellulose, and a variable amount of lignin in the outer tissues. The close association of the different polymers in



Figure 7 Persistence length (Lp) of the xylan backbone of WE-AX as a function of the arabinose/xylose ratio (A/X). Values

are from Dervilly-Pinel et al.35

Figure 8 Double labeling of AX and b-glucans in aleurone cell walls from wheat grain. Polyclonal antixylan106 and
monoclonal anti-beta-glucan105 antibodies were used with a second-stage goat antirabbit (orange-red fluorescence) and

a second-stage goat antimouse (green fluorescence) antibody, respectively. Yellow fluorescence indicates the presence of

both b-glucans and AX.
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the wall is well shown in Figure 8. The aleurone cell wall was specifically labeled with antibodies directed against

mixed-linked beta-glucans (green in Figure 8)105 and AX (red in Figure 8).95,106 The wall appeared as a multilayered

system, AXs are more abundant at the interface between cells and cell corners, whereas mixed-linked b-glucans
are concentrated close to the plasma membrane. However, both polymers are distributed across the wall giving the

yellow color and suggesting close interactions. Similar co-localization of the polymers is also observed in central

endosperm cell walls. Interactions of AX with the different polymers of the wall are likely to occur through hydrogen

bonds, covalent bonds, or mechanical entanglement.
2.20.4.1 Interaction with Mixed-Linked b-Glucans and Cellulose

The two main polysaccharides associated with AX are mixed-linked b-glucans in endosperm tissues and cellulose in

outer tissues. Although both AX and beta-glucans are co-localized in the wall of grain and in cereals in general,107 the

nature of the interactions had never been studied in model systems using WE-AX and soluble b-glucans. Indirect
evidence of possible noncovalent interaction between AX and b-glucan was reported in barley for the fraction
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recovered after alkaline extraction.108 A xylan/b-glucan complex with unusual low substitution for AX and high

proportion of b1!4 linkages for b-glucan was recovered, suggesting possible chain--chain interactions. However,

alkaline extraction used to isolated AX and b-glucans from the cell walls creates serious artifacts by removing

alkali labile groups such as hydroxycinnamic acids but also acetyl groups, which are generally present on low-

substituted AXs. As a matter of fact, the presence of acetyl groups strongly affects the crystallization behavior of

hardwood xylans.109 Therefore, this fraction might also reflect a co-precipitation rather than real chain--chain associa-

tion in the wall.

Cellulose--hemicellulose interactions through hydrogen bonding are well demonstrated in the case of xyloglucan,110

but such interactions are less clear for xylans. The xylan retention phenomenon on to cellulose has been explained by

co-crystallization of xylan segments with cellulose and by the formation of strong xylan--cellulose hydrogen bonds.111

However, the conformation adopted by xylans and cellulose in the crystalline state is not favorable to establish

hydrogen bonding. A different mechanism that is not based on cellulose--xylan chain interaction has been proposed to

explain the retention of low-substituted glucuronoxylans from birchwood on cellulose surfaces under conditions

similar to those found in wood pulping:111 the xylan molecules could associate together through interactions between

the unsubstituted, linear regions of the chains or hydrophobic interaction promoted by lignin residues covalently

associated to xylans. Preformed xylan aggregate structures could then diffuse and interact with cellulose surfaces.

Furthermore, hydrogen bonding is clearly restricted by the presence of arabinose side chains that hamper chain--

chain interactions in the case of highly substituted AXs found in endosperm or outer pericarp cell walls of cereal grains.

This is experimentally evidenced by coating xyloglucan and AX with different degrees of substitution to cellulose

microfibrils in the same conditions.94 As shown in Figure 9, the binding of AX to cellulose is very limited compared

to xyloglucan. Little difference is obtained between WE-AXs exhibiting substitution degrees varying from 25%

(A/X¼0.4) up to 50% (A/X¼0.8), attesting that large blocks of unsubstituted xylose, which are supposed to facilitate

chain--chain association, are not likely to occur even in low-substituted WE-AXs. Very highly substituted AXs isolated

from maize pericarp did not bind at all to cellulose in the same conditions, showing that hydrogen bonding of AX to

cellulose is not likely to occur in pericarp tissue as previously reported.72
2.20.4.2 AX--AX Interactions through Phenolic Acid Bridge

Phenolic acids are incorporated into plant cell walls of various monocots.45 Ferulic acid is most predominant within

species of the Gramineae, where it is ester-linked at the O5 position to a-L-arabinosyl residues of AX. Because they

can act as cross-linking agents between polysaccharides, or between polysaccharides and lignin, ferulic acids are not



HO

HO

HO

HO

HO

HO

HO

HO

HO
H

H

OH OH

OH

OHOH

OH

OH

OH

OH

OH

OH
OH

OH

OH

O

O

O

O

O

O

O

O

O

O O

O

O

O

O

OMe

OMe
OMe

OMe

OMe
OMe

5-5�

8-5�

8-8�

8-O-4�

4-O-8�5�-5��

OMe
OMe

OMe

MeO

MeO

MeO

MeO

O

Figure 10 Structure of dehydrodimers and dehydrotrimers of ferulic acid identified in cereal grains.
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only contributing to wall assembly, promoting tissue cohesion, restricting cell expansion,112 but also controlling the

mechanical properties of mature tissues.50 The different dehydrodimers113 and -trimers82,114,115 found in plant tissues

(see Figure 10) indicate that the cross-linking reaction is an oxidative mechanism probably mediated by peroxidase

in vivo. 116 In vitro , numerous studies have shown peroxidase gelation of WE-AX from different cereals (see Section

2.20.6.4)17,77,1 17 and the effect of oxidative enzymes on the mechanical properties of outer tissues of wheat grain. 118

Besides, the feruloylation degree of AX has also been shown to control the properties of AX gels.119

Feruloylation of AX is therefore an essential aspect of cell wall development and tissue properties. The amount and

type of hydroxycinnamic acids vary greatly according to the different tissues in cereal grains. Clearly the outer tissues

of the kernel and the aleurone layer are very rich in ferulic acid and dehydrodimers.50,51 Whatever the tissue, 8-O-40

and 5-80 benzofuran dehydrodimers were mainly encountered, but the 5-50, 8-50, and 8-80 forms were also detected in

durum wheat and bread wheat,66,118 maize pericarp,79 rye,120 barley,121,122 rice, and oat.122 Coumaric acid is mainly

located in aleurone while dehydrotrimer has been detected only in the pericarp tissue of wheat and maize.52,82,115

Most of the studies are limited to the identification of dehydrodiferulic acids released following saponification. The

structural evidence that dehydrodimers cross-link polysaccharide chains in the cell wall polysaccharides are more

limited and provided by the isolation of 5-50 and 8-O-40 saccharide fragments following acidic hydrolysis of cell walls

from maize bran.80,81

The formation of phenolic cyclobutane dicarboxylic acids (truxillic and truxinic acids) under ultraviolet (UV)

irradiation is also a coupling mechanism of AX in plant cell walls.123,124 However, such dimers have never been

detected in grain tissues.
2.20.4.3 Other Covalent Interactions

Dehydrodiferulic bridges are likely to be the dominant parameter that explains differences between WE-AXs and

WU-AXs in endosperm and aleurone cell walls of cereal grains. Rhodes et al.47 have suggested that such associations

occur to only a very limited extent in wheat aleurone walls; however, they have clearly underestimated the content in

dehydrodimers by measuring only the 5-50 isomer, which represents 25--30% of total dehydrodimers. However, the

same authors have proposed that protein--polysaccharide cross-linking through tyrosine-hydroxycinnamic acid dimer-

ization could occur in aleurone cell wall.125 As a matter of fact, alkaline treatment used to cut ester linkage between
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hydroxycinnamic acids and AX are generally not able to release completely the polysaccharide from the cell walls,

especially in outer tissues;72 protein--polysaccharide linkages have been suggested in maize pericarp to explain

heteroxylan extraction.72 Dehydrodiferulic acid-tyrosine has been isolated in rye and wheat flour dough,126 but this

cross-link between AX and proteins might be the result of the processing conditions.

In addition, the outer tissues of the grain generally contain lignin. Different cross-linkings of AX to lignin have been

suggested.112 First, hydroxycinnamic acid is known to be directly esterified or etherified to lignin surface,127,128 and it

is likely that all ferulic acid etherified to lignin is also esterified to AX.112 Direct ester links between uronic acid on

glucuronoxylans and hydroxyl groups of lignin surfaces and direct ether linkage between AX and lignin involving, for

example, primary hydroxyl of arabinose side chains are also possible.112 However, such linkage has never been directly

demonstrated. In the case of cereal grains, a tight association of typical lignin structure was evidenced for maize

pericarp heteroxylan extracted by alkali and extensively purified.129
2.20.5 Biosynthesis of AX

The biosynthesis of feruloylated AX in cereal cell wall grain requires the orchestration in defined order of several

enzymes in the presence of the right substrates. The spatial and temporal heterogeneity of AX will probably imply an

heterogeneity of biosynthetic machinery (i.e., different set of enzymes could be implicated for the synthesis of a

poorly substituted AX and/or a highly substituted one).
2.20.5.1 The Synthesis of the Building Blocks of Feruloylated AX

Preliminarily to the biosynthesis of AX, the presence of the right building blocks is required, that is, specific

nucleotide sugars and ferulic acid. These molecules must be synthesized and channeled to the right location within

the cell for polymer assembly. Two pathways are required, part of the nucleotide sugar interconversion pathway (for

review, see Seifert),130 and part of the lignin pathway that leads to ferulic acid (for review, see Barrière and Ralph).131

The two major nucleotide sugars are UDP-D-xylose (pyranose form) and UDP-L-arabinose (furanose form). The

UDP-D-xylose units are made from UDP-D-glucuronic acid by possibly two types of decarboxylase, the UDP-xylose-

synthase (UXS) or UDP-apiose/UDP-xylose-synthase (AXS). The UXS gene family (six members in arabidopsis)

encodes both soluble and membrane-bound enzymes with synthesis of UDP-xylose occurring both in the cytosol and

in the endomembrane system.132 Two Arabidopsis genes distantly related to the UXS genes encode AXS.130

The UDP-L-arabinose is made from UDP-D-xylose by a UDP-D-xylose-4-epimerase in the endomembrane

system.130 An epimerase could be necessary for the catalysis of the furanose form (less stable than the pyranose). In

Arabidopsis thaliana, the mur4mutant has enabled identification of a small gene family of three other potential xylose-

epimerase genes.133

Several other nucleotide sugars might be required for AX biosynthesis but in minor amounts, such as UDP-D-

glucuronic acid (UDP-D-GlcA), and UDP-D-Galactose (UDP-D-Gal).9

The lignin pathway has been mostly studied in maize and in Arabidopsis.134,135 The part of the pathway that leads to

ferulic acid within the cell is still controversial. However, the biosynthesis of ferulic acid in wheat seedlings seems to

be correlated with the activity of O-methyltransferases.136 The work done onmaize mutant131 suggests the presence of

a CCoAOMT hub that leads to Feruloyl CoA (Figure 11). The transfer of ferulic acid from Feruloyl-CoA to AX is also

supported by work on rice suspension cells.137 However, another group suggested that feruloyl-glucose (1-O-feruloyl-

b-glucose) was the precursor for intracellular feruloylation of AX in wheat suspension culture, and that Feruloyl CoA

was required for feruloylation of proteins.138 Another pathway described using an Arabidopsis mutant suggests that

accumulation of soluble ferulic acid could come from the oxidation of coniferaldehyde by coniferaldehyde-dehydro-

genase.139
2.20.5.2 The formation of the linkages found in feruloylated AX

The variety of linkages found in AX (see Section 2.20.3.2 and Figure 2 ) requires at least six different enzyme activities

to be formed. Four classes of enzyme are needed for AX assembly: glycosyltransferases (for the glycosidic bonds),

feruloyltransferase (ferulic acid), oxidative enzymes (ferulic acid dimerization), and acetylesterases (xylose acetylation).

In plant, glycosyltransferases represent a very largemultigene familywith several hundredmembers found inmonocots

and dicots (for review, see Coutinho et al.).140 The presence of motifs and the conservation of these genes allow the

classifications in subfamilies, some of which have been extensively studied and had their function assigned.141
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Figure 11 Schematic representation of AX biosynthesis. The building blocks are synthesized or channeled in the Golgi

apparatus to be assembled. The xylan backbone is synthesized by a xylan synthase (XS), then substituted by arabinose

residues by possibly several arabinosyltransferases (ATs). Others transferases add in minor amounts residues and side
chains made of galactose (Gal) and glucuronic acid (GlcA). Ferulic acid molecules are linked to some arabinosyl residue to

form feruloylated AXs (F-AX) that are then exported to the wall. The ferulic acid is further reticulated in the wall by

peroxidases. Other modifying enzymes (MEs) are possibly involved to obtain the final AX found in muro. The precursors

and the different enzymes (circular boxes) involved in AX biosynthesis are indicated. Sugar and ferulic acid transferases
are indicated in red. The hypothesis for ferulic acid synthesis and incorporation in AX are also shown. The sugar

building blocks: UDP-D-Glc (glucose); UDP-D-GlcA (glucuronic acid); UDP-D-Xyl (xylose); UDP-D-Api (apiose); UDP-L-Ara

(arabinose); and UDP-D-Gal (galactose). The enzymes: UGD, UDP-D-glucose dehydrogenase; UXS, UDP-D-xylose

synthase; AXS, UDP-D-apiose/UDP-D-xylose synthase; UXE, UDP-D-xylose 4-epimerase; GAE, UDP-D-glucuronic acid
4-epimerase; FcoApSFt, feruloyl-CoA:polysaccharide feruloyltransferase; CCR, cinnamoyl CoA reductase; CCoAOMT,

caffeoyl coenzyme A O-methyltransferase; XS, xylan synthase; AT, arabinosyltransferases; and ?, unknown enzymes.
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Although most of the glycosyltransferases have been identified by motifs and sequence homology or other bioinfor-

matics tools142 and inserted in the CAZy database,143 relatively few of them have been assigned to a particular

function, especially for glycosyltransferases involved in cell wall polysaccharide biosynthesis.

Different glycosyltransferase activities are required for the formation of the three main glycosidic bonds found in

AX, namely the b1!4-linked xylose backbone and the a1!2- and a1!3-linked arabinose side chains.

2.20.5.2.1 b-1,4-Xylosyltransferase or xylan synthase EC 2.4.2.24
Thebiosynthesis of (1!4)-b-xylan backbones ofAX is catalyzedbyUDP-D-xylose:1,4-b-D-xylan 4-b-D-xylosyltransferase
(EC 2.4.2.24 ), commonly named xylan synthase, using uridine 50-diphosphoxylose (UDP-Xyl) as the donor substrate.144

The evidence that the xylan backbone of AX is made first comes from the fact that arabinosyltransferase activity is

dependent on the synthesis of unsubstituted xylan as an acceptor molecule,145 but the size of these acceptor molecules

is not known. Thus it is possible that small xylan molecules are linked end-to-end to form the final xylan backbone

that could be up to several thousand residues long.9 The enzyme activity for xylan biosynthesis has been detected in

tissues undergoing secondary wall formation in various plants,146 but also in wheat seedlings147,148 and most interest-

ingly in barley endosperm.144
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Two potential xylosyltransferases were partially purified and characterized (Mr 38000 and 40000) from French

bean.149 The presence of one of these enzymes seems to correlate with a peak of activity during the period of

maximum secondary wall synthesis.149 However, the structural features of the synthesized xylan have not been

characterized in detail.

Studies in wheat seedlings indicate that b-1,4-xylosyltransferase activity can be detected with exogenous acceptor

substrates such as xylooligosaccharides148 or with endogenous acceptors, in which case xylan molecules (>500kDa or

more than 3300 residues) are synthesized.147 In the last conditions, UDP-arabinose had no effect on the incorporation

of xylose into xylan (in wheat seedlings) and this suggests that xylosyltransferase is independent of the availability of

UDP-arabinose.147

Recent work in developing barley endosperm shows that the maximal activity for a b-1,4-xylosyltransferase
occurred between 13 and 14 days after flowering,144 a stage at which deposition of AX is very active. However, the

increased deposition of AX continued after the xylosyltransferase activity ceased (after 25 days), suggesting the

presence of other b-1,4-xylosyltransferase not detected in this assay.144

As yet, only an a-xylosyltransferase activity has been identified at the molecular level. A small gene family of

glycosyltransferase encodes this enzyme (seven members in Arabidopsis, GT34). Some of these members may be

implicated in xyloglucan biosynthesis.150

We could speculate that xylan-synthase belongs to a multigene family with several isoforms implicated in the

biosynthesis of different types of xylans (arabinoxylans, heteroxylans, and xylan) and in the different walls (primary,

secondary, type I, type II). This multigene family may share features with other backbone synthesizing enzymes such

as cellulose synthase (chain of (1!4)-b-glucosyl residues, CesA, GT2), mannose synthase (chain of (1!4)-b-mannosyl

residues, CslA, GT2), or callose synthase (chain of (1!3)-b-glucosyl residues, GT48). These enzymes have high Mw

(>500 amino acids) with several predicted membrane spanning domains (4--17).

However, neither the enzyme nor its gene have been characterized at the molecular level and so they remain to be

identified. The catalytic mechanism for b-1,4-xylosyltransferase is presumably, by analogy with glycosidases, the

inverting type (as opposed to retaining) and most likely follows a single-displacement mechanism where the acceptor

performs a nucleophilic attack at carbon C1 of the sugar donor.151 Xylan synthase is likely to be a processive enzyme,

meaning that it remains attached to its substrate and performs multiple rounds of catalysis before dissociating, and it

may form a complex with arabinosyltransferase.145
2.20.5.2.2 Arabinosyltransferase (a-1,2- and/or a-1,3)
The xylan backbone of cereal AX is decorated with mainly mono- and disubstitution of a-L-arabinosyl residue
attached through 1!3 and 1!2 linkages.9 As for xylan activity, arabinosyltransferase activity has been detected in

secondary wall-forming tissues of several plants,149 and in monocot seedlings.145 A putative arabinosyltransferase of

Mw 70000 (corresponding to about 630 amino acids) was partially purified from the Golgi-bound fraction in French

bean.149 The arabinosyltransferase activity identified in the microsomal fraction of wheat seedlings is described, from

the product characterization, as an AX arabinosyltransferase.145

Interestingly an Arabidopsis mutant ARAD1 has recently been characterized and presents a reduced amount of

arabinose in the wall of leaves and stems, and thus could be the first arabinosyltransferase gene identified.152 This

mutant is part of a large glycosyltransferase family in plant (GT47) with 39 and 25 members in Arabidopsis and rice,

respectively. Three members of this family involved in cell wall biosynthesis have been previously identified. There

are two galactosyltransferases for xyloglucan biosynthesis153 and glucuronosyltransferase for pectic rhamnogalactur-

onan II biosynthesis.154
2.20.5.2.3 Other glycosyltransferases
Other enzymes are required for adding the minor components of AX (short side chains, galactose and glucuronic acid).

Several other glycosyltransferase activities are probably implicated for the minor substitutions found on the xylan

backbone. These activities have not been studied for AX biosynthesis but galactosyltransferases, for example, have

been identified for xyloglucan biosynthesis,153 that could be used to identify related enzymes.
2.20.5.2.4 AX feruloylation
The feruloylation of arabinosyl residues of AX has been described in monocot wheat and rice cell suspension

culture.137,138 An enzyme (Feruloyl-CoA: arabinoxylan-trisaccharide O-hydroxcinnamoyltransferase) activity has

been isolated from rice that suggest the implication of feruloyl-CoA as a substrate.137 The enzymatic nature of AX
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feruloylation has been demonstrated.137 However, another group suggests that AX feruloylation uses feruloyl-

glucose as substrate.138 In any case, the enzyme implicated in the feruloylation and its gene remains to be identified

clearly.

The oxidative coupling could be catalyzed by peroxidases, oxidases, or a nonenzymic system involving active

oxygen species. Recently, a group using maize suspension cells has suggested that the coupling feruloyl residues was

done by peroxidases rather than oxidases.155
2.20.5.3 The Different Location of AX Biosynthesis

Like other noncellulosic polysaccharides, AX biosynthesis takes place in the Golgi apparatus and is then exported to

the wall by vesicular transport. Direct evidence of this comes from immunolocalization of AX in Golgi vesicle156 and

the localization of xylan synthase146,147,157 and arabinosyltransferase145 activites in the Golgi. The feruloylation of AX

has not been localized to such a level but seems to occurs inside the cell,116,137,138 and therefore most likely in the

Golgi apparatus.

Experiments using labeled 3H arabinose and 14C ferulic acid have indicated the intracellular location of AX

feruloylation, in cell suspension cultures of Festuca, maize, and wheat.116,138,158 Dimerization of ferulic acid has long

been believed to only take place in the cell wall but the most recent studies116,138 support that dimerization also takes

place intracellularly at least for some of the 8-50 dehydrodimers.138

One of the limits of the study of AX biosynthesis comes from the fact that the harvest of the AX from the wall might

not entirely reflect its biosynthesis inside the cell. Indeed, important structural modifications of the polymer could

occur in muro and that would also be part of its biosynthesis, that is, (1) reticulation by laccases and peroxidases of the

ferulic acid residues; and (2) removal of certain arabinose residue by an arabinosylfuranosidase.

The presence in the Golgi or in the wall of glycosylhydrolase (CAZy, GH) implicated in the biosynthesis of AX is

not excluded. In cellulose, for instance, an endoglucanase (Korrigan) has been found to be involved in its biosynthesis,

together with the glycosyltransferases known as the cellulose synthases (CesA) from the GT2 family.159

The biochemical characterization of only half a dozen enzymes implicated in cell wall biosynthesis has been carried

out among the hundreds of plant glycosyltransferases. To date, less than 20 genes identified in mutant screens are

likely to play a direct role in polysaccharide synthesis. The number of enzymes identified by mutant screen compared

with biochemical data shows the importance of genetics for unraveling complex biosynthetic pathways such as

polysaccharide biosynthesis. It is also not surprising that all the enzymes implicated in AX biosynthesis remain to

be identified and characterized at the molecular level. A synthetic view of the biosynthetic pathways for AX is

proposed in Figure 11.
2.20.6 Physicochemical Properties of AX

AX exhibits different physicochemical characteristics such as water solubility, viscosity, gelling, and hydration proper-

ties, which are the basis of its functional properties in different processes and food systems.
2.20.6.1 Water Solubility

The water solubility of AX and of polysaccharide in general depends on the delicate balance between chain--chain and

chain--solvent interactions. Structural factors such as chain length, presence of side-chain groups, and their distribution

will modify this balance and the solubility behavior of the polymers. Generally, the presence of side chains that

prevent chain--chain interactions favors water solubility of the polymers. In the case of AX, water solubility is not only

related to structural features of the polymer chain but also to covalent linkage to other cell wall polymers. As an

example in endosperm,WU-AXs have an higher A/X ratio thanWE-Axs, which should lead to a better water solubility,

but the presence of a high proportion of chain--chain cross-linking through covalent ‘diferulic bridges’ renders WU-

AXs insoluble. Similar trends are observed for highly branched HXs found in pericarp tissues.

Cereal grains AX are generally soluble in water at neutral pH, naturally or after alkaline extraction, provided that

substitution degree is higher than 30%. Small changes in ionic strength or ionic composition, and limited shifts of

temperature, can induce a change in the physical nature of polysaccharide system, for example, a transition from the

state of a macromolecular solution to that of a gel.91 Such transitions are not observed for AX, and, for example, gel

formation is the result of the formation of covalent linkage under the action of oxidative systems that couple ferulic

acid residues. However, arabinose side chains are an important parameter of AX solubility. Different studies have
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shown that removal of arabinose residues by controlled acid hydrolysis160 or using arabinofuranosidase104 changes

the solubility behavior of AX and gives rise to aggregation and precipitation of the polymer. However, the

mechanism of the aggregation is not clear, although generally described as an interaction between regular zones of

the polymer chain.
2.20.6.2 Viscosity

The viscosity of polymer solution is directly related to the fundamental molecular properties (molecular conformation,

molecular weight, and molecular weight distribution) and concentration of the polymer. The main information that

can be extracted from viscosity measurements on dilute macromolecular solutions is contained in the intrinsic

viscosity of the macromolecule. Intrinsic viscosity is not a viscosity at all, but actually a measure of the hydrodynamic

volume of the coil in the case of noncharged polymeric chains, or of the asymmetry of the particle in the case of rigid

macromolecules.91

Intrinsic viscosities of WE-AX from cereal endosperm were determined in a large number of studies. Large

variations exist between studies, due to different extraction procedures including inactivation or not of endogenous

enzymes, but clearly variations of the intrinsic viscosities are observed between varieties; for example, intrinsic

viscosities reported for WE-AX are in the range 200--600mlg--1 for wheat with an average value of 400mlg--1.16,161

RyeWE-AX intrinsic viscosity also exhibits variation between 400 and 1000mlg--1, but values are generally larger than

those observed for wheat.17,24 Values reported for WE-AXs of barley, oat, and triticale are generally similar to those

reported for wheat.17

The relation between intrinsic viscosity and molecular weight of polymer-like macromolecules is usually expressed

in the form of the empirical Mark--Houwink--Sakurada equation: [�]¼K.Mw
a, where K and a are empirical parameters

which depend on the polymer--solvent pair and on the temperature, and are both related to chain stiffness. The value

of the exponenta gives indication about the general conformation of the polymer. For flexible linear chains 0.5� a� 1,

whereas stiff chains display larger values of a (values as high as 1.8 are reported for rod-like chain conformations).91

The values of coefficient a determined for wheat (a¼0.74)35 and rye (a¼0.94)162 WE-AXs are well within the range of

flexible chain although in the upper limit for rye AX, which suggest a slightly different behavior compared to wheat

AX. The conformational behavior of AX in solution is in fact remarkably similar to that of galactomannans and is

characteristic of semiflexible polysaccharides.35,100 As pointed out earlier, the conformation of AX chain is not affected

by the degree of branching of the xylan backbone. The viscosity of AX solution is therefore mainly dependent on

change in concentration and Mw of the polymer, and contrary to the generally admitted assumption11 structural

features such as A/X ratio have probably very limited effect on the viscosity of AX solution. However, the formation of

dehydrodiferulic bridges that have been detected in WE-AX17 might strongly affect the viscosity behavior of AX

solution by increasing dramatically the Mw of AX. The viscosity generated by WE-AX has a strong influence on the

functional, technological, and nutritional properties of AX. Udy163 had shown very early that 95% of the intrinsic

viscosity of wheat flour water extract was due to WE-AX, and he pointed out that the average size of the soluble

molecules was a specific varietal characteristic as well as the amount of water-soluble polysaccharide.
2.20.6.3 Hydration Properties

The components of wheat flour (starch, AX, gluten proteins, gliadins) are incompatible with one another and therefore

compete for the available water forming separate aqueous phases, each with a peculiar composition.164

The hydration properties (water absorption or retention properties) of insoluble AX have a strong impact on

functional properties of AX, as fiber can modify the distribution of water among the different components of food

which is very critical in cereal products and especially during bread-making. Insoluble fiber can absorb, swell, and

entrap water within its porous matrix. Definition of hydration properties has been proposed for dietary fiber:165 water-

retention capacity (water holding, water binding) is defined as the amount of water retained by a known weight of fiber

under the conditions used, for example, application of centrifugation. Besides ‘water-retention’ capacity, hydration

properties can be also assessed by ‘swelling’ (the volume occupied by a known weight of fiber under the conditions

used) and ‘water absorption’ (kinetics of water movement under defined conditions). It is important to keep in mind

that the hydration properties of an insoluble fiber depends on the chemical (polymers nature) and physical (porosity,

particle size) structure and are influenced by a number of extrinsic parameters such as pH, T �, ionic strength, and by

the history of the product (drying, etc.).

The literature concerning hydration properties of AX is rather confusing and all the results reported as ‘water-

binding capacity’ do not actually reflect the same measurements. On one hand, WU-AX can be assimilated to dietary



674 Plant Cell Wall Polysaccharides in Storage Organs: Xylans (Food Applications)
fiber; the water-holding capacity of water-unextractable solids (WUSs) containing about 50% (w/w) of WU-AX is about

7.6g/g, and treatment of WUS with a xylanase reduces it.166 The swelling property of WUS with similar composition

was evaluated to 26g/g.44 On the other hand, many studies have used the Farinograph as an indirect tool to evaluate

the hydration properties of AX by measuring changes in dough consistency after addition of WE-AX or WU-AX to

flour. Based on this method, researchers determined that WU-AX can hold 6.7 times their weight of water,167

compared to 6.3 for WE-AX. Using the same method, more pronounced differences were observed between WU-

AX and WE-AX, with values of 9.0 and 3.5 times their weight of water.168 Based on studies concerning the water

distribution in dough, it was calculated that approximately 22.5% of water in dough was associated with AX.169

Finally, a ‘water binding capacity’ has been determined for WE-AX, which actually is the amount of nonfreezable

water. This amount of water has been determined by differential scanning calorimetry170 or NMR,104 and it should be

pointed out that the conditions of measurement, such as speed of cooling, should can greatly affect the values

obtained. A value of about 0.40g/g was measured whatever the origin of WE-AX (wheat, rye, barley) or the A/X ratio.
2.20.6.4 Gelation

2.20.6.4.1 Mechanisms
The capacity of flour water extracts to thicken and gel in certain oxidizing conditions has been recognized for a long

time.171 This unique property is related to the reaction of the solution of feruloylated AX with free radical-generating

agents like chemicals (ferric chloride, ammonium persulfate) or enzymatic systems (hydrogen peroxide/peroxidase,

linoleic acid/lipoxygenase, laccase/oxygen).78,172--176 The gelation primarily results from the formation of three-

dimensional networks of AX chains anchored by dehydrodimers of ferulic acids, as showed by the report of the

presence of 5-50 dehydrodimers in gelled AX fractions.172 The aqueous phase is retained in the network.

The dimerization of ferulic acids linked to AX derives from a radical mechanism and occurs in two steps. First, the

parent radical is generated from the attack of the hydrogen of the hydroxyl group at the phenolic position and results in

a phenoxy radical. This radical is stabilized by delocalization of the unpaired electron onto the whole molecule. In a

second step, the radical monomers are coupled, two unpaired electrons bore by two different monomers forming a

covalent linkage,113 which will then strongly connect two AX chains. The structures of the dehydrodimers that are

formed during this coupling step depend on the distribution of the unpaired electrons. Coupling will occur at the

positions of highest electron density. In the case of ferulic acid, these positions are at C4-O and C5 on the ring and

at C8 on the propenoic side chain.177 In AX gels, the 8-50 (normal and benzofuran forms), 8-O-40, 5-50, and 8-80

dehydrodiferulates have been detected, the 8-50 and 8-O-40 being the most abundant. Higher oligomers of ferulic acids

have been found in maize pericarp cell walls.82,83 They are coupling products of further oxidized dimers and

monomers. The 4-O-80, 50-50 0 dehydrotrimer was also detected in gelled wheat AX but in lower concentrations than

dehydrodimers.119
2.20.6.4.2 Properties of AX gels
Apart from the observation of solidification in test tubes or the measurement of the viscosity of solution, a relevant

method to study the gelation of AX is small-amplitude shear oscillatory rheometry. Before addition of a suitable

oxidizing agent, the mechanical spectrum of the sample is typical of a true viscous solution with the loss modulus (G0 0

dominating over the storage modulus (G0). After addition of the oxidant, G0 values rise rapidly over G0 0 and then reach a

plateau region. The mechanical spectrum at the plateau is typical of a solid-like material with high G0 values

independent of frequency and much lower G0 0 values dependent on frequency. Upon a few days of storage,

enzymatically induced AX gels exhibit a significant decrease of their G0 values. This effect was the result of a loss

of ferulic acid coupling products and a depolymerization of AX chains by cleavage of some glycosidic bonds. It was

attributed to radical reactions catalyzed by the still-active enzymatic system and can be overcome by thermal

inactivation of the enzyme.178

The structural characteristics of AX play a determinant role in their gelation ability. The comparison of AX from

different sources has shown that a high content in ferulic acid, a high molecular weight/hydrodynamic volume, and a

lowly substituted xylan backbone are favorable features to form strong gels.11,17,161,179 A positive correlation has been

thus established between gel rigidity and intrinsic viscosity of AX. The better gelling ability of poorly arabinose-

substituted chains would be due to easier contacts between adjacent feruloyl groups of neighboring chains. The

distribution of the feruloyl groups along the xylan chain could also influence the gelling ability.119,179

During the gelation process, the monomers of ferulic acid esters disappear since they are converted into dimers

or higher oligomers. The apparition of dimers and trimers is however far from compensating monomer consumption.



Plant Cell Wall Polysaccharides in Storage Organs: Xylans (Food Applications) 675
The formation of higher oligomers has been suggested although they have not been detected so far. The super-

imposition of G0 and ferulate compound evolutions along the gelation process shows that detectable ferulate cross-

linking was terminated while the gel stiffness still continued to increase. This suggested that additional linkages might

be responsible for gel formation. The combination of swelling and rheological measurements has shown that weak

linkages (hydrogen bonding, Van der Waals interactions, chain entanglements) play a role in the gel structure.

However, covalent linkages were found dominant but involved probably ferulate oligomers higher than trimer.

From the swelling experiments, average mesh sizes between 200 and 400 nm have been calculated for 1% AX gels,

which are in the same range as for ‘physical’ (noncovalent) gels like alginate, amylose, or gellan.119
2.20.6.4.3 Applications
AX gels are neutral, transparent, and odorless. Due to their covalent nature, they resist thermal, pH, and ionic stresses.

AX gels can be dried once formed, then rehydrated. They exhibit high water absorption and retention capacity (more

than 100g of water per gram of polymer) and this property appears insensitive to electrolytes. The capacity to absorb

water increases with cross-linking density up to an optimum level. Beyond, the possibility to swell is impeded and the

absorption decreases. The use of AX gel-based wound dressing for burns has been proposed.180

The cross-linking of AX was reported to occur and to play a determinant role during flour dough processing,

especially in the case of oxidant supplementation, or in other processes involving grains of flours. This aspect is

discussed further on.

With the aim to create gels with novel and modulable properties, attempts have been made to cross-link covalently

feruloylated arabinoxylans and proteins. The potential sites of proteins for connections to a ferulate are the phenolic

amino acid tyrosine and the thiol group of cystein. The direct bonding of ferulate to cysteinyl residues by laccase or

peroxidase cannot be obtained because the initially generated feruloyl radicals transferred their electrons onto the

amino acids which preferentially self-di(poly)merized. Only once all of the amino acids were di(poly)merized, ferulate

started to di(ploy)merize.181 With polysaccharides and protein, this mechanism resulted in the formation of two

distinct networks, interpenetrated but not covalently connected. However, model studies have proved that low

molecular weight adducts of tyrosine or tyrosine-rich peptides and ferulate can be produced in specific conditions

with regard to enzymes or substrates.181--183 AX/casein adducts have thus been obtained.184

The use of AX gels has been suggested for the transport of macromolecules or cells and their controlled release in

the gastrointestinal tract. Model studies have shown that bovine serum albumin embedded in an AX gel can be

protected from pepsin proteolysis.185 Other experiments have demonstrated that high concentrations of proteins can

be charged in the gels and that their rate of release can be modulated by playing on gel characteristics through ferulic

acid content and AX chain concentrations.186

Due to their interesting properties, cross-linked AXs could certainly be used as food additives in a number of

preparations where texturization and stabilization are desired. They could be used also in nonfood applications where

high water absorption, protection, and stability are required. The main limitating factor for their use is the absence of

an economically viable source of soluble high molecular weight feruloylated AX. Cereal milling by-products are rich in

AX but they are generally hardly extractable by mild processes and becomemostly ungellable after alkaline extraction,

which is the only quantitative extraction method. Effluents from gluten/starch separation contain appreciable levels of

soluble AX but they are generally depolymerized during the process and have therefore lost their gelling ability.
2.20.7 AX in Food Applications

2.20.7.1 Milling

Milling is a generic designation for the first processing stage of cereal (wheat) grains. The general aim of milling is

to dissociate and separate the starchy endosperm (rich in starch and gluten proteins) from the peripheral grain

layers (rich in cell wall material) and to recover it as flour (common wheat) or semolina (durum wheat) with the

highest possible yield and purity. Flour and semolina are mostly used for the manufacture of mass-market cereal food

products like bread, biscuits, cakes, pastas, and couscous. The main by-product of flour or semolina is called bran

and comprises the aleurone layer, the seed coats (testa and hyaline layer), and the pericarp. Apart from some specialty

food products for human consumption, bran is generally used for animal feeding. There exists an important variability

for the milling or semolina value character within grain varieties. The milling flour or semolina values depend on three

main properties of the grains: endosperm friability, endosperm/envelopes ratio, and endosperm/bran separability.

The latter property is governed both by the extent of endosperm/aleurone layer adhesion (in relation with yield) and
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the bran friability (in relation with purity).187 Recently, the debranning technology based on peeling or abrasion of the

grain has attracted a renewed attention from technologists for the production of flours with lower microbial contami-

nation and with higher incorporation of nutritionally beneficial compounds (fibers, micronutrients, phytochemicals)

from the peripheral layers. Also, the possibility to crack the miller’s bran as a source of nutritional and functional

ingredients has stimulated research on the bases of grain fractionability.

AXs are the main cell wall components in cereal grains and as such play a determinant role in the mechanical

properties of the grain tissues that in turn determine the fractionability behavior. AX amounts and structures vary in

the different tissues of the grain (see Section 2.20.3.2) but keep the presence of a (1! 4)-b-xylan main chain and

phenolic ester side chains as a general structural feature. Total AXs and ferulic acid sharply increase in milling products

for extraction rates above 60%. This is a reason why methods based on ferulic acid concentration or on its autofluor-

escence properties have been proposed to assess flour or semolina purity instead of the traditional ash content

method.188 The complex distribution patterns of phenolic acids within grain tissues and substructures constitute a

promising starting point for their use as biochemical markers. Thus, sinapic acid and diferulic acid were used as

markers of aleurone layer and pericarp, respectively, in durum grains.189 A dehydrotrimer of ferulic acid was identified

as specific marker of the outer pericarp in common wheat, and p-coumaric acid was also taken as a marker of aleurone

layer cell walls.52 These markers allowed following the fate of the different parts of the grains upon fractionation

processes.

The natural extent of AX cross-linking by ferulate dehydrodimers in aleurone cell wall was found correlated to

durum wheat bran extensibility and related also to semolina purity.190 In situ oxidation of durum bran or of its

constitutive tissues induced by peroxidases/hydrogen peroxide systems or UV light resulted in the formation of

covalent linkages involving phenolic moieties in cell walls or at tissue interfaces.118,191 These structural changes

corresponded with dramatic modifications of the mechanical properties of the tissues: induced AX ester-linked ferulic

acid dehydrodimers in aleurone layer cell walls and increased bran extensibility, whereas the establishment of linkages

involving phenolic monomers and dimers resistant to mild saponification were related to increases of stress and

strain to rupture, resulting in an increased friability during grinding, that is, a decrease in the size of generated bran

particles.118,191 In common wheat, among the different bran tissues, it was shown that the higher the degree of AX

cross-linking by ferulate dehydodimers, the lower the extensibility, that is, a decreasing extensiblity from aleurone

layer through intermediate layer (including testa) up to outer pericarp. It must be kept in mind, however, that these

different tissues have different microstructures and different cell wall polymer compositions (beta-glucan, cellulose,

lignin). These results point out that grain tissue mechanical properties result in a complex manner not only from the

polymer cross-linking but also from their relative abundance, individual properties, interactions and environment in

the walls.

Wheat hardness is an important milling factor that affects the energy required to reduce the endosperm kernel into a

flour of suitable particle size.192 Although not totally elucidated, the hardness character seems to be related primarily

to the quality of adhesion between starch granules and the endosperm protein matrix.193 However, the behavior of

hard and soft wheat at the first break suggests that cell walls and hence AX could play a role in kernel hardness: fissures

follow cell walls in hard varieties but propagate across the cells in soft varieties. Positive correlations have been

obtained between AX content and wheat hardness.194,195 Differences in the endosperm/aleurone layer interface

separation between hard and soft varieties have been observed at milling and resulted in differences in flour

compositions.196 The subaleurone layer of soft varieties appeared more concentrated in soluble AX-like polysaccha-

rides than hard wheat as revealed by FT-IR imaging.62 This could be related to the higher levels of contamination of

soft wheat brans by residual endosperm and the difficulty to ‘finish’ (purify) these brans.

Debranning significantly reduces the level of xylanase activities in flours (endogenous and/or microbial xylanases)

but has much less effect on xylanase inhibitor levels in flours. As a result, flours obtained after debranning give frozen

doughs that aremuch less sensitive to the ‘syruping phenomenon’, a release of water due to a slow hydrolysis of AX.197,198

AXs are clearly involved in the mechanical properties of grain tissues and therefore contribute undeniably to their

fractionability. Further investigations will be necessary, however, to better understand their exact contributions to

kernel and hull mechanical properties. In particular, emphasis should be put on the mechanisms of cohesion/adhesion

at the levels of tissue and cellular interfaces. To this aim, the use and development of methods for the determination of

local compositions/structures/properties will be necessary.
2.20.7.2 Bread Making

Bread and pasta are the major food products made from wheat, with many recipes existing around the world. In

Western countries, yeast-leavened and sourdough-developed breads are the most widely consumed. Although breads
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can be produced with flours of high extraction rates, including bran fractions, white (endosperm) wheat flour is

generally the main ingredient of common breads. The bread-making process includes the essential steps of mixing,

fermentation, and baking.

Pentosans, the main nonstarch polysaccharides of wheat flours, have been reported to have a marked influence on

dough and bread qualities. AXs constitute the major components of this so-called pentosan fraction that many older

studies refer to. In the past, the use of ill-defined fractions in certain studies has made difficult the comparison of the

observed results and has impeded the access to a synthetic view on the exact role of AX in bread making. Several

reviews on AX with descriptions of their role in the bread-making process and the impact of added xylanases have

been published.11,199,200 It appears that both WU-AX and WE-AX and the enzymes that modify them play an

important role at different steps of the dough and bread processing.

WU-AXs may be regarded as discrete particles with irregular edges resulting from cell wall disruption and

breakdown at the milling stage and with high water-absorption capacity. Addition of WU-AXs leads to higher dough

consistencies or increased dough water absorptions and mixing times, at constant consistency.167,201,202 A negative

correlation has been observed between dough quality and native WU-AX ratio to total AX content. Both bread loaf

volume and crumb texture are also negatively correlated to the amount of added WU-AXs.203 WU-AXs are thought to

destabilize dough structure. They would play a role of physical barrier, limiting glutenin aggregation during gluten

formation and development. They also compete with gluten for water that they retain punctually in swollen particles,

which is an additional factor of dough foam destabilization. During fermentation and oven rise, WU-AXs intrude in gas

cells and provoke their coalescence and gas release.204 Breads with coarser and stiffer crumbs are obtained together

with lower loaf volumes.

WE-AXs also increase dough consistencies or baking absorptions at given consistencies; they tend to enhance dough

resistance to extension.167,202,205 The importance of WE-AX molecular weight has been noted, with high molecular

weight fractions being the more active.206 The ratio of WE-AXs to total AXs in flours is positively correlated to dough

characteristics.203 During fermentation, WE-AXs reduce the rate of carbon dioxide diffusion, thereby improving gas

retention. WE-AXs were reported to increase dough foam stability because of their viscosity-forming properties in the

dough aqueous phase and their ability to stabilize the film surrounding the gas cells.207 This stabilization of dough

allows to prolonge the oven rise and results in breads with larger loaf volumes and thinner and softer crumbs when

compared to doughs with low WE-AX contents or hydrolyzed WE-AX. The occurrence of WE-AX gelation during

bread-making has been hypothesized, with development of a secondary network superimposed to gluten, playing a

role in dough rheology.208 The extensive setting up of such a network has not been demonstrated in normal dough.209

The addition of oxidizing enzymes generating free radicals in the dough may result however in partial AX polymeri-

zation by diferulate cross-linking, which plays at least a role in enhancing dough liquid-phase viscosity. Interactive

effects between added xylanases and oxidizing enzymes were observed on bread doughs.210,211

AXs interfere also with bread staling. Staling primarily results from amylopectin retrogradation, that is, a partial

reorganization of starch into pseudo-crystal structures. This phenomenon is related to molecular mobility and hence

much depends on water content and water distribution in breads. Although AXs tend to decrease the amount of

available water due to their high water-binding capacity, in fact it has been observed that staling rate was increased in

AX fortified breads.205,212,213 This seems to be related to the higher water content in these breads with corresponding

higher starch mobility. Other results suggest that AXs lower retrogradation by sterically interfering with starch

intermolecular associations.168 A full comprehension of the role of AX during bread aging, including mechanisms of

water distribution, water losses, molecular mobility, and interactions, remains to be reached.

Microbial endoxylanases are widely used as processing aids in bread making. Their effects depend on their

concentration, specificity (preferences for specific structural features of AX chain), and substrate selectivity (prefer-

ences for WU-AX or for WE-AX).199,200 Endoxylanases that are beneficial in bread making (in general from family 11)

preferentially attack WU-AX from which they solubilize high molecular weight AX. The positive effects are related to

both increase in dough liquid-phase viscosity and degradation of WU-AX with concomitant reduction in water-holding

capacity, allowing water to be redistributed toward gluten which gains in extensibility.203,214 When excessive levels of

enzymes are added, the extensive release of water from hydrolyzed WU-AX and the depolymerization of WE-AX and

solubilized AX led to slack and sticky dough. This effect can be counteracted by lower water addition at the mixing

step. Endoxylanases that prefer WE-AX may be initially slightly positive but turn to negative as the fermentation

proceeds, in relation to extensive hydrolysis of liquid-phase AX. Bread-making positive endoxylanases allow the

production of breads with improved loaf volumes and crumb structure. Overdosages of these enzymes or uses of WE-

AX degrading endoxylanases may lead to underdeveloped or collapsed breads.

Low endogenous endoxylanase activities exist in flours.215 The use of xylanase inhibitors has suggested that they

could have a positive effect on bread loaf volume.216
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The sensitivity of endoxylanases toward xylanases inhibitors217,218 is susceptible to deeply impact their func-

tionality.219 The levels of triticum aestivum xylanase inhibitor (TAXI) and xylanase inhibitor protein (XIP) are

generally high in flours and can vary appreciably depending on varieties.220 They are in concentrations that can

reduce significantly the activity of sensitive added endoxylanases, and a mutant endoxylanase resistant to inhibition

exhibits improved bread-making functionality.221 It has also been suggested that inhibitors can influence enzyme

selectivity in a positive manner for bread-making, by selective adsorption to WU-AX which then favors WU-AX

solubilization and preservation of WEAX/solubilized AX.222,223

AXs, in spite of their low concentrations in wheat flours, are major actors in a bread-making process together with

the enzymes able to transform them and inhibitors able in turn to modify enzyme action. The effects of AXs, as they

are described in literature dealing with bread-making, appear to be mostly indirect and result from viscosity-forming,

gelling, water-holding, and mechanical properties. However, other types of mechanisms implying AX-bound ferulate

esters and reactive groups in gluten cannot be excluded, in particular in the case of oxidoreductase additions. Such

mechanisms would be similar to those described for gluten agglomeration.
2.20.7.3 Biscuits, Pasta, Beer Production

2.20.7.3.1 Biscuits
In contrast with other cereal foodstuffs, biscuit recipes are characterized by a low water ratio and the presence of

numerous ingredients, with flour, fat, sugar, and baking powder as the major ones. Flours from soft wheat cultivars are

preferred for biscuit manufacture for their low level of starch damage and weaker gluten. Dough is generally mixed,

laminated, cut up, then baked. One of the major processing quality attributes of biscuits is their dimensional stability,

with retraction and excessive spreading being the two opposite main flaws.224 WU-AXs have been recognized for a

long time as detrimental to normal biscuit spreading because of their high water-absorption capacity.225,226 The role of

WE-AXs has been more disputed.195,225,227 The extensive degradation of AXs leads to excessive dough spreading but

the controlled enzymatic solubilization of WU-AXs appears beneficial, provided that solubilized AXs were sufficiently

depolymerized to avoid dough retraction. Therefore, the characteristics of endoxylanases used for biscuit-making

should differ from those used for bread-making. Water absorption and retention and viscosity-forming effects appear

as the main properties of arabinoxylans which impact biscuit processing. These properties related to water availability

in the dough will strongly interfere with the level of gluten network development that is the primary determinant

parameter of biscuit dough processability.224

2.20.7.3.2 Pasta
Durum wheat semolina serves commonly as the starting material for pasta manufacture. Pasta processing includes the

steps of mixing, extrusion, and drying. The hydration level at the mixing and extrusion steps is much lower than in a

bread-making process. AXs are partly solubilized during pasta production, leading to higher levels of WE-AXs in the

final product than in semolina.228--230 This solubilization seems to result more from the processing mechanical

constraints (shear stress) than from endogenous enzymes. Experimental studies have shown that the addition of

microbial endoxylanases has profound effects in pasta processing.230 Despite the low water level, endoxylanases

convert efficiently WU-AX into WE-AX during the process, with a concomitant redistribution of WU-AX-bound

water. As a consequence, extrusion pressure is decreased, or, reciprocally, a lower amount of water is needed with

xylanase addition to reach the extrusion pressure of the control. However, the expected energy savings at the drying

step were not observed in this case. Sometimes, the use of endoxylanases provoked checking problems on the end-

product. The main benefit of endoxylanase addition seems to lie rather in the increase of soluble dietary fiber content

of pasta than in processing advantages. Solubilized AX fragments, even of low molecular weight, are particularly well

retained within the pasta and hence not lost in the cooking water.231

2.20.7.3.3 Beer
Owing to their lower concentration than b-glucans in barley grain cell walls (20% AX, 75% b-glucan in barley cell wall

polysaccharides), AXs have received in the past minor attention in relation to malting/brewing industry. The

developing use of cereals with higher AX content than barley for brewing, such as wheat and rye, together with

the observation that AX concentration is generally higher than b-glucan concentration in beers produced from

barley,232 have stimulated the research on the influence of AXs in brewing. The enzymes that degrade AXs are

produced at late stages in the germination process.233,234 Therefore, appreciable amounts of AXs survive the malting

step better than b-glucans do.235 It appears that several problems formerly attributed to the presence of b-glucans
(reduced filtration efficiency, haze formation) could in fact result from the presence of AXs.87 Both WU-AXs
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(as substrate for the release of WE-AX) and WE-AXs are detrimental in brewing technology. These effects could be

corrected for by addition of exogenous microbial xylanases. However, brewers are not very favorable to the use of

additives in the process, in relation with possible consumer concerns. They would prefer the development of adapted

varieties for brewing, with low levels of soluble arabinoxylans or high levels of endogenous endoxylanases. Another

reason to avoid the use of added xylanases is the role that arabinoxylans play in the quality of the final product. AXs

were reported indeed to determine in part beer texture and mouth feel and also foam stability, which represents a

crucial attribute for consumer’s satisfaction.236 On the other hand, unwanted flavors may develop, in particular in beers

made with wheat, from the thermal or enzymatic conversion of ferulic acid.237 The main by-product of brewing is

called the brewer’s spent grains (BSG; 20kg/100 l beer produced). AXs, mostly WU-AXs, represent more than 20% of

BSG weight. Due to their high nutritional value (protein, minerals, vitamins, fibers, etc.) and low cost, BSG could be

used in human or animal nutrition. Other applications have been suggested, such as energy production, charcoal

production, brick component, paper manufacture, absorbent, and substrate for biotechnological processes.238
2.20.7.4 Starch and Gluten Production

Wheat is being increasingly employed as a source of gluten and starch, which are used as-is or as derivatives for food

and nonfood applications. The processes of starch/gluten separation are numerous and start fromwheat grains or wheat

flours. The processes starting from grains follow generally the steps of steeping, milling of wet grains, then separation

of the different fractions including prime starch, gluten, and fibers. The processes starting from flour are classified on

the basis of degree of gluten protein agglomeration as dough, dough-batter, and batter methods.239 Whereas dough,

dough-batter, and batter systems are of widespread use all over the world, in Europe, processes based on diluted batter

limiting gluten protein agglomeration before prime starch separation are generally preferred. Starch is recovered by

dough lixiviation and centrifugation or decantation from batters.

Nonstarch polysaccharides and in particular AXs are detrimental to protein agglomeration in starch/gluten separa-

tion.166,240--247 The high water-binding capacity of AXs makes them competitors of the proteins for gluten formation

when a limited amount of water is available during a dough-making step. BothWU-AXs andWE-AXs were reported to

play a negative role in gluten/starch separation. WUSs, whose major part is WU-AXs, exist as discrete particles which

can act as a physical barrier limiting contacts and interactions between protein particles.166,243--247

WE-AXs or water-extractable pentosans (WEPs) have been reported to exert their negative effects through three

different mechanisms:246,247 (1) viscosity, (2) depletion/attraction, and (3) ferulic acid-mediated reactions. The high

viscosity related to the concentration and molecular weight of AX is a nonspecific effect that limits protein agglomer-

ation rate and gluten yield. Similar effects can be obtained by addition of other viscous hydrocolloids. A partial cross-

linking of AX through oxidative gelation will amplify this phenomenon. This effect can be corrected for by dilution

(water addition) or by addition of xylanase that degrades the viscosity-forming capacity of WE-AX. A striking effect of

WE-AX and WUS is to impair gluten agglomeration while favoring the formation of larger glutenin macropolymer

(GMP) insoluble in sodium dodecylsulfate solutions. A depletion/attraction mechanism would account for this

phenomenon.246 AX macromolecules would be excluded from the shell of glutenin particles having a larger size (by

1 order of magnitude), forming an AX-free region, resulting in an uncompensated osmotic AX pressure pushing the

gluten particles together.166,245--248 Again, the degradation of AX with xylanases can correct this effect. A third effect

was suggested, qualified of ‘direct effect’ and related to the ferulic acid bound to AX. On the one hand, cross-linking of

WE-AX could occur and reinforce the viscosity (indirect) effect. On the other hand, direct linkages between ferulate

groups of AX and gluten proteins could form, modifying the aggregation capacity of particles and decreasing gluten

extensibility. This effect, which could also occur with WU-AX or AX solubilized fromWU-AX, could not be corrected

by dilution but by free ferulic acid addition which should thus compete with AX-bound ferulic acid.

However, the latter effect is still being discussed. Although tyrosine-rich peptides/ferulic acid adducts and AX/

casein complexes have been obtained in vitro in selected enzyme and substrate conditions,183,184 covalent AX--gluten

complexes failed to be detected in overmixed dough or WE-AX/gluten/starch mixtures.249 Alternative explanations

have been proposed on the role of soluble bound ferulic acid where it acts as a redox compound able to shift thiol/

disulfide interchanges between gluten proteins.250 In this respect, the redox status of the medium, the production of

free radicals by homolytic disruptions of glutenin disulfide bonds during mixing, the reactivity of the different forms of

ferulate (free, soluble bound, insoluble bound) and other flour phenolics and the presence of oxidizing enzymatic

activities acting on ferulate, tyrosine, or thiol would be determinant factors. Further work is clearly needed to fully

understand the role of phenolics in dough and gluten formation and properties.

Gluten yields, protein recovery, and gluten protein agglomeration index of wheat varieties with low processing

quality can be increased using xylanase.251,252 The use of xylanase with different selectivities toward WU-AX and
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WE-AX allowed to demonstrate the negative impact of both of them.242,244 The enzyme that degrades WE-AX but

had very low effect on WU-AX improved gluten protein agglomeration. On the other hand, moderate dosages of the

enzyme that had high selectivity toward WU-AX increased strongly batter viscosity in liberating high-Mw AX from

WU-AX and had a clear negative effect on the agglomeration process. Finally, high dosages of the latter enzyme

further depolymerized AX in the batter solution, counteracting the viscosity effect. An additional positive effect could

result from the partial degradation of WU-AX particles by this enzyme.

The amount of water retained in recovered gluten depends to a large extent on AX content.253 Therefore the

residual AX concentration in gluten will determine not only the elastic properties but also the energy required for

drying.
2.20.8 AX in Human Nutrition and Health

2.20.8.1 AX as Dietary Fiber

Cereal grains represent a main component of our diet. It is a natural source of dietary fiber. They comprise both

insoluble and soluble fibers, the proportion of which will depend on the cereal, cultivar, origin, and processing. To

date, most attention has been paid to wheat, barley, rye, and oat.
2.20.8.1.1 Dietary fiber in the small intestine
In the small intestine, the effects of dietary fibers are predominantly due to their intrinsic properties that unbalance

nutrient absorption in the intestinal lumen. Several mechanisms that can be cumulated could be involved, including

the ability of soluble fiber to delay gastric emptying, to impair peristaltic mixing process, to retard transport of

digestive enzymes to their substrates, and to delay the diffusion of nutrient across the unstirred layer. The properties

of some fibers able to bind or trap bile acids may have an important role in the interference with the absorption of

dietary cholesterol and lipids or possibly may alter their rate and site of absorption.254--256 A part form viscous soluble

fiber, nonfractionated food with intact cell walls, preserved during cooking and chewing, can protect starch/lipid from

digestion until physical action of stomach or even microbial activity in the large intestine.

In cereal, the soluble fiber effect has been mainly reported for b-glucans (particularly in oat bran; see review by

Mälkki and Virtanen).257 However, AX soluble fibers may have the potential to reduce glucose and lipid absorption. It

will depend on their molecular weight and concentration (in some way related to the amount ingested), two

parameters that influence viscosity. AX-rich fibers extracted as by-product from wheat flour processing with a ratio

of soluble to insoluble fiber equal to 1.6 were shown to be effective in improving metabolic control in people with

type 2 diabetes when ingested at a level of 15g/day.258 No effect was observed on plasma lipid concentration but the

subjects were normolipidemic and had a habitual diet relatively low in total and saturated fat. In another study with

AX fiber derived from maize, ingested at a level of 10g/day for 6 months, the effect was less obvious and depended on

the status of the subject.259 AX fiber was efficient to decline HbA1c levels in obese subjects with impaired glucose

tolerance but not in nonobese ones. In rats fed a diet containing cholesterol, soluble AX extracted frommaize bran was

found to reduce the cholesterol absorption.260 They were effective in lowering plasma cholesterol and triglyceride-rich

lipoprotein. Soluble AXs decreased the accumulation of cholesterol in the liver.

Among cereals, rye has a higher content of soluble AXs. In pigs, diets based on rye breads (DF; 230--235g/kg dry

matter), although they introduced a significantly higher luminal viscosity in the small intestine than did the wheat

diets, have no influence on starch digestibility and/or the plasma concentration of glucose and insulin.261 For Finnish

women with elevated serum cholesterol, the consumption of rye bread was found to decrease serum total and LDL

cholesterol.

An alternative way by which cereal fiber can ameliorate or prevent the development of atherosclerosis is the

antioxidant activity of phenolic compounds. Feruloylated oligosaccharides prepared from wheat flour AX showed

potent antioxidant activity and inhibit LDL oxidation.262 Antioxidant property in the LDL oxidation system was also

demonstrated for chemically hydrolyzed corn bran cell wall fragments.263
2.20.8.1.2 Dietary fiber in the large intestine
In the large intestine, nondigestible carbohydrates, which to a large extent consist of dietary fibers, are a major source

of energy for bacteria inhabiting the colon.264 They are fermented to short-chain fatty acids, mainly acetic, propionic,

and n-butyric, and gases. Short-chain fatty acids can have effects on colonic mucosa and colonic function as well as

postabsorptive action on the liver and other tissues. The availability of fermentable carbohydrate in the large intestine
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can have a positive effect of health colon through decreasing pH and diluting the colonic content of potentially

carcinogenic substances. Insoluble fiber such as in cereal bran has direct in the colon by increasing fecal bulk,

decreasing transit time, and binding bile acids and carcinogens.

In vitro studies using human/pig fecal inoculates and in vivo studies in rats or pigs agree with the fact that digestibility

of outer bran AXs is low whereas endosperm AXs are extensively degraded.261,265--271 In pigs, starchy endosperm AXs

are degraded more proximally than aleurone AXs, whose degradation continues between cecum and proximal

colon.267 The A/X ratio of aleurone and endosperm AXs increases on the course of fermentation, suggesting a faster

fermentation of AXs of low branching degree.269,271 Soluble AXs, native or alkali extracted, are fermented more

rapidly than their unsoluble counterpart found in cell walls,33 and ferulic acid cross-linking reduces the rate of AX

fermentation.272 It should be stressed that degradability of AX is not determined solely by their structure. Other

factors such as physical entrapment or cross-linking to lignin, for example, are also believed to be important.

The genus Bacteroides has been shown to be particularly active in AXmetabolism.273--275 AXs are fermented to short-

chain fatty acids, acetic, propionic, n-butyric, and gases. Acetate is produced in the highest amount, but propionate and

butyrate proportions seem to be slightly above average compared to other DF sources.269,271,272,276 Of the short chain

fatty acid, butyrate has been attracting the most attention; it is the principal source of energy for colonic mucosa and

exhibits chemopreventive activity.277,278

A range of probiotic bacteria were examined for their ability to ferment AXs, and derived oligosaccharides.273,275,279,280

Bifidobacteria species are able to grow well using AX-derived oligosaccharides and xylo-oligosaccharides as the sole

source of carbon. Feruloyl oligosaccharides are also well used, suggesting that ferulic acid moiety does not inhibit

bifidobacteria growth.279 In contrast, growth on unsubstituted xylans is rare among bifidobacteria.275,281 However,

further studies will be needed to evaluate whether arabinoxylo-oligosaccharides selectively stimulate the growth and

activity of some beneficial bacteria in the colon.
2.20.8.2 Antitumoral Properties

Only a few heteroxylans occur among the numerous polysaccharides exhibiting immunomodulatory and antitumor

activities in various biological tests. Glucuronic acid-containing (acidic) xylans isolated from annual plant residues

such as bamboo leaves, corn stalks, corn cobs, and wheat straw have been reported to inhibit markedly the growth of

sarcoma-180 and other tumors, probably due to the indirect stimulation of the nonspecific immunological host

defense.282--284 However, the structural principle responsible for the biological response of the different acidic xylan

types remains unknown.284 Ghoneum reported that modified AX from rice bran, of about 3--5kDa molecular weight,

enhances anti-HIV activity.285 Furthermore, it was shown that the AX from rice bran has a potent ability to activate

human NK cell function in vivo and in vitro.286 AX extracted by alkaline treatment from corn husk and partially

hydrolyzed with endoxylanase has been shown to have significant immunopotentiating activity after oral administra-

tion in mice.287 This suggests that besides their role as dietary fiber, some AXs or AX fractions derived from cereal

grains, and especially from rice and maize bran, might have other potential benefits for human health.
2.20.9 Conclusion

Cereals are the core of human nutrition and their incorporation into a wide range of products is of great economic

importance. The major components of the grain are starch (�60--70% of grain, 70--80% of flour) and protein (�10--

15%), with nonstarch polysaccharides derived from the cell walls only accounting for about 3--8% of the total.

Nevertheless, these components have major effects on grain processing, due to the their viscosity and hydration

properties, and on nutrition, due to their role as dietary fiber. AXs are the major polymers of grain cell walls and their

structures show large differences according to tissue but also to cereal species. Wheat, rye, and barley are very largely

used in human food (bread, beer, biscuits, etc.) and their AXs have been extensively examined. Although rice and

maize are also largely used in human foods (tortillas, popcorn, noodles, etc.), very little work has been dedicated to the

possible role of AXs or cell walls in their processing. Obviously, these differences lie in the lower content of AXs in the

endosperm of rice and maize grain compared to wheat, barley, and rye, and to the lack of WE-AX fractions that induce

high viscosity in solution.

As a matter of fact, the impact of WE-AX on the viscosity of aqueous solution is without any doubt one of the major

factors of AX action in different uses of cereal grain, as it modifies the rheology of solutions and of complex system

(dough, intestinal tract, etc.). Besides, the hydration properties of WU-AX can affect the water distribution and have

important impact on food system. The role of WE-AX andWU-AX as individual components in different food systems
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and processes is better understood nowadays, which allows, for example, to better control the use of enzymes to

rebalance the ratio between WE-AX and WU-AX in bread-making.

The structural diversity of AXs has been very extensively studied with the aim to relate the structure to specific

functional properties. Obviously, major differences occur in the structure of AXs according to their tissue of origin,

especially in the outer part of the grain. The endosperm also exhibits relatively large variation in the amount and the

structure of AXs, not only within the tissue but also between different varieties. However, the relation between these

structural variation and the so-called ‘functional properties’ of AXs is not straightforward, especially for the level of

substitution by arabinose side chains. The presence of ferulic acid is better related to the formation of firmer gels upon

oxidative conditions and to the modification of mechanical properties of outer layers. The biological significance of

this structural diversity is not better understood. AXs and cell walls are involved in water transport or diffusion during

the different physiological states of the grain: development, desiccation, germination. One might speculate that

structural variation might be involved in the modulation of the hydration properties of the cells walls that might

affect the water content of the grain. Similarly, arabinose substitution might play a role in controlling possible

interactions with other cell wall components, but up to now the mechanisms of xylan aggregation are poorly

understood and need further study.

The structural diversity of AXs observed in cereal endosperm among wheat, rye, and barley varieties, although not

fully understood or explained in terms of functional properties, indicates that plant breeding could be used to produce

new types of wheat with potentially improved nutritional quality and processing properties. The elucidation of the

mechanisms that control their synthesis in the endosperm is a challenge for the future that will need to better

understand the deposition of AXs during grain development, the local diversity of AXs at the endosperm level, the

identification of main enzymes and genes involved in the biosynthesis mechanisms. The development of a new

screening method based on enzymatic fingerprinting64 and IR and Raman microspectroscopy,61,62,288 together with

genetic and molecular biology tools, should allow significant progress in this area.

The use of endoxylanases in many fields of cereal usage has become essential, not only because they have a positive

impact on processing, but also because they improve the quality of the final product. Up to now, relatively little

research has focused on the interaction between the enzyme and its substrate, that, owing to the structural diversity of

AX in cereal grains, is very important for not only the development of new enzymes (endoxylanases and other enzymes

modifying AX) for food applications but also other use of the grain such as production of bio-ethanol.

Both approaches based on control of biosynthesis and uses of exogenous enzymes will probably open new

opportunities of product development and quality enhancement for cereal grains in the future.
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2.21.1 Introduction

Polysaccharides are now recognized as valuable polymers for industrial applications and for their biological properties.

They are renewable materials with a very large variety of chemical structure and as a consequence a variety of physical

and biological properties. Polysaccharides have some general characteristics which are important: they are rich in –OH

groups that make them hydrophilic; they are often water soluble; this allows one to establish an intra H-bond network

implying the local stiffness of the molecules; from this rigidity, they get a high thickener character. The regularity of

the structure also favors cooperative interactions with counterions or interchain H-bonds involved in physical gelation.

In general, plants consist of a large source of polymeric materials; among plants, the seaweeds are interesting to

investigate. This chapter presents the different seaweeds usually exploited over the world and describes the structure

and properties of the main polysaccharides extracted from algae.
2.21.1.1 Generalities on Seaweeds

Phycologists consider seaweed as any of a large number of marine benthic algae that are multicellular and macrothallic

(large body). Seaweeds are marine algae included in the general category of ‘plants’. Most of them are green (1200

species), brown (2000 species), or red (6000 species). They are very important ecologically: they dominated the rocky

intertidal in most oceans, and in temperate and polar regions dominate rocky surfaces in the shallow subtidal. Some are

found to depths of 250m in particularly clear waters.1a,1b

Algae, which are the sources of many important polysaccharides from the point of view of applications, are among

the oldest known living organisms.2 Morphologically, they are very primitive and the evolution was very slow over the

ages. The blue-green algae (Cyanophyta) appeared first, then, the red algae (Rhodophyta), the green algae (Chlor-

ophyta), and finally the brown algae (Phaeophyta).
2.21.1.2 Classification and Production

Different classifications were proposed for seaweeds, but the most relevant follows the biochemical character based

on pigmentation and food reserve.3 A classification of the different algae is given in Table 1, in which the most

important species used for extraction of the commercially valuable polysaccharides and studied in this chapter are

indicated in bold. In Table 2, the main types of algae with their morphology, food reserve, and other producing

polysaccharides are given.2 Food reserve components are mainly floridean glycogen, starch, and laminaran; cell walls

and envelopes have cellulose and other usual glycans as found in plants; especially from blue-green algae, a slimy gel

develops as a capsule around unicellular forms or as intercellular substance in multicellular forms which has been

described as pectin-like.

In red algae (Rhodophyta), the glycans mentioned are glycogen-like food, a primitive form of cellulose, mannans,

and xylans looking like hemicelluloses in terrestrial plants, and also sulfated glycans together with a variety of

O-methylated sugar residues from which carrageenans and agars are described in this chapter. They are pigmented

with chlorophyll and various proteins called phycobilins giving the color.

In brown algae (Phaephyta), the color comes from the dominance of the xanthophyll pigment fucoxanthin, which

masks the other pigments chlorophyll a and c, b-carotene, and other xanthophylls. The glycans are cellulose,

laminaran, lichenan, fucoidan, sulfated hexouronoxylofucans, and alginates; laminaran, fucoidan, and alginates are

described in here.

Concerning the structure, there is also evidence that many algal glycans in their native state exist, at least partly as

proteoglycans; an example mentioned should be fucoidan extracted from Fucales.

The seaweeds were for a long time first used for food in Eastern countries: they can be traced back to the fourth

century in Japan and the sixth century in China. These two countries and Korea are the largest consumers of seaweeds:

the harvest is 6�106ton of wet seaweeds per year; with the demand increasing continuously, the development of



Table 1 Classification of algae

Division Cyanophyta (blue-green algae)

Order Chroococcales

Order Nostocales

Order Stigonematales

Division Rhodophyta (red algae)

Class Bangiophyceae

Order Bangiales

Family Bangiaceae: Porphyra
Class Florideophyceae

Order Nemalionales

Order Bonnemaisoniales

Order Gelidiales

Family Gelidiaceae: Acanthopeltis, Gelidium, Gelidiella, Pterocladia
Order Cryptonemiales

Family Endocladiaceae

Order Gigartinales

Family Gracilariaceae: Gracilaria,
Family Furcellariaceae: Furcellaria, Halachnion
Family Solieriaceae: Euchema

Family Hypneaceae: Hypnea
Family Gigartinaceae: Chondrus, Girgatina, Iridea, (¼Iridophycus), Rhodoglossum
Family Phyllophoraceae: Phyllophora

Order Rhodymeniales

Order Ceramiales

Family Rhodomelaceae: Laurencia, Polysiphonia
Division Cryptophyta

Division Pyrrophyta (predominantly dinoflagellates)

Division Bacillariophyta (diatoms)

Division Phaephyta (brown algae)

Order Ectocarpales: Pylaiella
Order Sphacelariales: Sphacelaria bipinnata
Order Dictyotales: Dictyota dichoma
Order Chordariales: Chordaria flagelliformis
Order Desmarestiales: Desmarestia aculeata
Order Dictyosiphonales: Dictyosiphon lomentaria
Order Laminariales

Family Chordaceae

Family Laminariaceae: Costaria, Laminaria
Family Lessoniaceae: Macrocystis, Nereocystis, Pelagophycus
Family Alariaceae: Ecklonia, Undaria

Order Fucales

Family Notheiaceae

Family Fucaceae: Ascophyllum, Fucus, Pelvetia, Durvillaea
Family Himanthaliaceae

Family Cystoseiraceae

Family Sargassaceae: Sargassum, Coccophora
Division Chrysophyta

Division Xanthophyta

Division Euglenophyta

Division Chlorophyta (green algae)
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aquacultures represents now more than 90% of the market demand. In Asia, cultivation of Porphyra (red algae) and

Laminaria and Undaria (brown algae) has become a major industry, especially in China, Korea, and Japan.4

China is the first producer (5�106tonyr–1) of seaweeds (more than 50% of the world production) growing on

suspended ropes in the ocean; they producemainlyLaminaria japonica (brown seaweed); Korea produces 8�105tonyr–1

from Undaria pinnatifida (brown seaweed); Japan produces 6�105tonyr–1 from Porphyra species (red seaweed).

Between 1981 and 1994, world production of seaweed increased from 3.2 million ton (fresh weight) to nearly

7 million ton, with the brown algae representing 75% followed by red algae (25%); a very small amount is green algae

(0.5%).1a,1b,5 In Table 3, the relative world production of seaweeds is given, as established for the year 1997.



Table 2 Habitat, morphology and principal food reserve and other glycans of the recognized algal phyla2

Phylum Food reserve Habitat Morphology Other glycans

Rhodophyta (red) Floridean

glycogen

Mostly SW,

benthic

OCT, unicells

(rare)

True cellulose doubtful; mannans, xylans,

sulfated galactans, complex extracellular

mucilages

Chlorophyta and

Charophyta (green)

Starch, inulin,

possibly

laminaran

FW (90%),

SW (10%)

Unicells,

colonies,

OCT

True cellulose, modified cellulose, mannans,

glucomannans, xylans, pectic acid, complex

hemicelluloses and sulfated mucilages

Phaeophyta (brown) Laminaran SW, mostly

benthic

OCT Cellulose, lichenan, alginate, fucoidan,

sulfated hexuronoxylofucans, complex

sulfated heteroglycans

FW, fresh water; SW, salt or brackish water.

OCT, organized cellular tissue implying intercellular connection and dependence.

Reproduced from Painter, T.J. Algal polysaccharides. In The Polysaccharides; Aspinall, G.O., Eds.; Academic Press: New

York, 1983; Vol. 2, pp 195–285, with permission from Elsevier.

Table 3 Seaweed world productiona

Countries Percent share Growth rate per year (1993–97)

China 52.23 99.37

Korea DP Rep. 10.22 99.75

Korea Rep. 8.94 96.57

Japan 8.66 94.18

Philippines 6.56 92

Chile 3.27 96.03

Norway 2.58 100

Indonesia 1.61 91.29

USA 1.16 99.99

India 1.13 95.06

Others 3.64 97.84

awww.da.gov.ph/agribiz/seaweeds.html from FAO statistics.
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2.21.1.3 Algae Composition

The composition of algae and especially the structure of polysaccharides extracted is under the control of enzymes and

therefore often depends on the phase of their life cycle at the point of harvesting, on the environmental conditions,

seasons, irradiation, etc. Algae are in fact rich in nonessential and essential amino acids such as proline, glycine, and

lysine in addition to many other molecules. The following composition is described for two examples. Fucus is also

called antifat herb; it contains vitamin C, provitamin A (fucoxanthin, carotenoids), and trace elements, mainly iodine

partially bound to proteins, polyphenols, sterols, polar lipids, sulfated C18–C30 aliphatic alcohols, etc. Dried seaweeds

still contain 10–12% water, 15% mineral salts (iodine, potassium), 1–2% fatty acids and fucosterol, 4–5% proteins, and

65% condensed carbohydrates (basically algin, and a small amount of cellulose in Fucus vesiculosus). Laminaria digitata

contains calcium, potassium, iodine, mannitol, proteins, carbohydrates, vitamins E, C, B12, B6, B3, A, and Zn, F, Cr,

Co, Mn, Na, Fe, P, and Mg. Dried Laminaria seaweed contains less than 1% lipids, 5% proteins, 65% sugars: mannitol

(12–15%), soluble condensed glycosides (15–40%), and particularly fucoidin and laminaran (up to 35% depending on

the time of the year they are collected); algin 15–40%.
2.21.1.4 Uses of Algae

The main use, especially in Eastern countries, is in foods representing 90% of the total production.4 The three most

important seaweeds used for human food are species of Porphyra (nori in Japan), Laminaria (kombu in China), and

Undaria (wakame in Korea) for salad-type preparations, soups, pickles, or tea sold on local markets.

A commercial product is used inWestern countries as food additive known as E 407 in the EU; it is processedEucheuma

seaweed (PES), containing carrageenan and 8–15% of insoluble materials. It is used for human food and pet food.

http://www.algaebase.org
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Algae (Fucus and Laminaria) are used in cosmetics because of certain peptides they contain which have good

interaction with skin and keep the skin hydrated. Fucose acts as a hydrating agent, and ursolic acid (a pentacyclic

triterpenoid compound) helps to form a protective barrier for the skin. They are used also in preparations against

cellulite and obesity; the iodine stimulates the general metabolism. Fucus vesiculosus and Laminaria digitata are used in

‘herbal cellulite gels’.

After the use as food, it was recognized that algae can be extracted to give three main polysaccharides (agar, alginate,

and carrageenan) which can be used for their thickening and gelling properties. They will be further described in this

chapter. Today, approximately 1�106ton of wet seaweeds are harvested to extract these polymers and produce an

amount in the range of 55000ton. The main groups exploited are based on their color, the brown algae (Phaephyceae),

and the red algae (Rhodophyceae). The brown algae are usually large and thick while the red algae are smaller (few

centimeters to 1m in length).4

Seaweeds have been used extensively in European agriculture, particularly as animal fodder and fertilizer. But

these applications have been declining. Nevertheless, seaweeds are still employed as additives for animal feeds in

Europe and Canada.

Now, new applications of algae develop as for the production of drugs and pharmaceuticals;6a–8b genetically engi-

neered Laminaria have been employed for specific products. The development of pharmaceuticals and other high

added value products requires a high-quality macrophyte supply, which is only possible when the efficiency of

seaweed farming methods is improved. India has an active research program for selective breeding for higher agar

yields.

The use of seaweeds as a means of processing polluted and effluent waters has been tested; the integrated culture of

fish, mollusks, and seaweeds has been proposed as a means of minimizing environmental impacts of aquaculture.9

Also, ethanol production, using different microorganisms, by fermentation of mannitol and laminaran from seaweeds

harvested in autumn has been explored.10
2.21.1.5 Polysaccharides of Industrial Importance

The cell walls of seaweeds contain polysaccharides which give the flexibility to the algae and allow them to adapt to a

variety of water movements in which they grow. They also swell in seawater and preserve algae hydration. They are

usually extracted from these algae by water in different conditions of temperature and have relatively high molecular

weight. These polymers were often named phycocolloids; being water soluble, they are also called ‘hydrocolloids’, as

they have dimensions in the colloidal range.

The three main commercial polysaccharides are agars, alginates, and carrageenans;11–14 they are used mainly for

their thickening and gelling properties depending on the thermodynamic conditions and on their molecular structures;

this behavior is discussed further on. Red seaweeds contain agar, carrageenans, and few other polysaccharides

belonging to the category of sulfated polysaccharides. Brown algae produce alginates, a carboxylic polymer, initially

under different ionic forms and few other polysaccharides like fucoidans (Table 4).
2.21.2 Polysaccharides from Brown Seaweeds

2.21.2.1 Alginates

Brown algae contain large amounts of anionic polysaccharides in their cell walls. These are principally the alginates

and heterogeneous glycans rich in sulfated L-fucose, the fucans. They are described later.

Alginates, also named alginic acid or algin, were discovered in 1880; they are extracted from brown seaweeds, nearly

all of which are harvested in their wild state; cultivation is too expensive to provide alginates at a reasonable price for

industrial applications. The quantity and quality of the alginates extracted depend on the algae species and on the

season of harvest. For feasible commercial exploitation, the seaweed needs to contain at least 20% alginate based on

dry weight. It was shown that brown algae growing in cold water produce generally higher molecular weight alginates

than those growing in temperate to tropical waters. About 26000ton of the brown algae Macrocystis pyrifera are

harvested each year off the coasts of California, Mexico, and Chile to give alginates. About 16000ton of Ascophyllum

nodosum is harvested in Ireland. Laminaria hyperborea stipes are harvested in Norway, Scotland, and Ireland. These

seaweeds of the cold waters mainly belong to the species in the orders Laminariales and Fucales.

Alginic contents of some algae based on dry weight are: As. nodosum 22–30%, Laminaria digitata fronds 25–44%,

Laminaria digita stipes 35–47%, Laminaria hyperborea fronds 17–33%, Laminaria hyperborea stipes 25–38%. They are



Table 4 Main sources used for the production of polysaccharides

Polymers and production Algae Production Country

From brown algae Alginate E 400–405a (40000tyr�1) Ascophyllum nodosum (Ireland) Europe

Ecklonia
Durvillea South America

Macrocystis pyrifera South Africa

Fucus serratus Australia and Chile

Fucus vesiculosus California, Mexico, Chile

Laminaria japonica China

Undaria pinnatifida Korea

Laminaria hyperborea Norway, Scotland, Ireland

Laminaria digitata
Porphyra Japan

From red algae Agar E 406a (25000tyr�1) Gelidium Spain, Portugal, Morocco,

Japan, Republic of

Korea, China, Chile, South Africa

Hypnea Chile, Argentina, South Africa,

Gracilaria Japan, Indonesia, Philippines, China, India

Pterocladia Azores, New Zealand

Petocladiella India, Egypt, Madagascar

Gelidiella
Carrageenan E 407a (30000tyr�1) Chondrus crispus Ireland, France, Canada (Nova Scotia),

Spain, Portugal, Republic of Korea

Kappaphycus
alvarezzi (cottonii)

Philippines, Indonesia, Canada, Republic

of Tanzania, India, Africa, Pacific

islands, Chile, Spain

Euchema denticulatum
(spinosum)

Philippines

Porphyra yezirgatina Japan

Girgatina pistillata
Hypnea
Soleria
Furcellaria

aFood additive reference in the EU.

Table 5 Composition of alginate treated by the epimerase16

Alginate FG Acetyl (%)

Native bacterial 0.45 22

Epimerized native 0.51 22

Epimerase deacetylated 0.67 0

696 Seaweed Polysaccharides
mainly produced in California, British Isles, Norway, France, Chile, Japan, and China. The total production of alginate

is around 40000tonyr–1, from which 30% are used in the food industry.

Alginates are also produced by soil bacteria (Azotobacter vinelandii and Pseudomonas species), and they have been

investigated particularly by Skjåk-Braek.15a,15b These alginates have O-acetyl groups on HO2 and/or HO3 of M units.

Azotobacter vinelandii also produces the important enzyme, mannuronan C5 epimerase, which is responsible for the

in-chain conversion of M (mannuronic acid) into G (guluronic acid) residues. The enzyme has been isolated and was

found to be able to transform bacterial as well as algal alginates.16 It was shown that O-acetyl substituents inhibit the

epimerase activity. Some results are given in Table 5; it is shown that FG, the molar ratio of guluronic acid units,

increases upon epimerase action.
2.21.2.1.1 Extraction of alginates
Brown algae are washed, macerated, and then extracted by sodium carbonate. The extract is then filtrated and, to the

filtrate, sodium or calcium chloride is added, which forms a fibrous precipitate of sodium or calcium alginate.17 This
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alginate salt can be transformed to alginic acid by treatment with dilute HCl. After a series of purifications, the alginate

is dried and powdered. It can be isolated in different ionic forms and used especially for foods as acid (E 400), sodium

(E 401), potassium (E 402), ammonium (E 403), or calcium form (E 404) (E is the code for food additives in the EU

regulation).
2.21.2.1.2 Molecular structure
Alginates are linear block co-polymers composed of (1-4)-linked b-D-mannuronic acid (M) with 4C1 ring conformation

and a-L-guluronic acid (G) with 1C4 conformation, both in the pyranosic conformation and present in varying

proportions. After partial hydrolysis, Haug et al.18–21 established that they are formed of three types of blocks: blocks

composed of alternating M and G resistant to acid hydrolysis and the most flexible part of the chain, blocks of GG and

blocks of MM with a degree of polymerization (DP)�20 (Figures 1 and 2). In the solid state, on extended fibers,

Atkins performed X-ray analysis and proposed helical conformation for the different types of blocks.22–24 The

conformation of the two types of blocks are given in Figure 3: a twofold helix is obtained for the mannuronic block

(Figure 3a), a threefold helix for guluronic blocks when present as sodium salt (Figure 3b), and a twofold helix for the

guluronic block when present as calcium salt (Figure 3c) giving a specific ion complex formation.23

It was demonstrated that the physical properties in aqueous medium for these polymers depend not only on the

M/G ratio but also on the distribution of M and G units along the chain. The GG blocks in which axial–axial linkage is
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Figure 3 Computer-drawn chain conformation of: (a) the twofold poly(mannuronic acid) helix, in directions parallel and

perpendicular to the chain axis; (b) threefold sodium salt form; and (c) twofold poly(guluronic acid) helix. Reproduced from

Atkins, E. D. T.; Isaac, D. H.; Nieduszynski, I. A.; Phelps, C. F. The polyuronides: Their molecular architecture. Polymer 1974,
15, 263–271, with permission from Elsevier.

Table 6 Ratio of D-mannuronic acid (M) to L-guluronic acid (G) in some commercial alginates

Species M/G

Macrocystis pyrifera 1.56

Ascophyllum nodosum 1.0–1.85a

Laminaria digitata 1.16–1.63a

Laminaria longicruris 2.03

Laminaria hyperborea (fronds) 1.28–1.35a

Laminaria hyperborea (stipes) 0.37–0.65a

Ecklonia cava and Eisenia bicyclis 1.60

Fucus serratus 1.06

Pelvetia canaliculata 1.28

Pylaiella 0.60

Sphacelaria bipinnata 0.40

Dictyota dichotoma 1.05

Desmarestia aculeata 0.58

Chordaria flagelliformis 0.63

Dictyosiphon lomentaria 0.90

aIt depends on the culture conditions.
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involved are more rigid than the diequatorially linked MM blocks; then, the stiffness of the alginate chains as well as

calcium complex formation depend on the composition (M/G ratio) and distribution of M and G units in the chains as

discussed by Smidsr�d.25 The average composition of some commercial alginates is given in Table 6.

G-blocks of more than 6–10 residues each form stable cross-linked junctions (and gels) with divalent counterions

(Ca, Ba, Sr, etc.) but not with Mg as was also found with pectins with low degree of methylation; in Figure 4, it is

shown that the relative viscosity increases rapidly over a critical amount of divalent counterions (Ca, Ba, Sr) when the

chains interact.26,27

At low pH, alginates form acidic gels stabilized by H bonds. The homopolymeric blocks form the junctions, and the

stability of the gels is determined by the relative content and length of the G-blocks. The gelation and properties of

alginates are described in this chapter.
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corresponds to H1 M þ H5 of isolated G units. This signal allows to determine the M content.
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2.21.2.1.3 Methods for characterization

2.21.2.1.3.1 (i) NMR spectroscopy

Before their characterization, alginates have to be purified and isolated in the sodium form; the method used was

described previously.28 The heterogeneity of alginates is well described after partial hydrolysis as developed by the

Trondheim team.18,20,29,30 Nuclear magnetic resonance (NMR) is the most powerful technique to characterize the

chemical composition and the microstructure of the alginate.31–34 For this analysis, the conditions are usually

the following: 5mg of the purified alginate in the sodium salt form is dissolved in D2O; 1H NMR spectrum is obtained

on a 300MHz spectrometer at 85�C. A statistical model was developed to analyze the NMR spectra, and the two

monad frequencies (FG, FM), the four diads (FGG, FMM, FMG, FGM), and eight triads (FGGG, FGGM, FGMM, FGMG,

FMGG, FMGM, FMMM, FMMG) were calculated and deduced from 1H and 13C NMR. Figure 5 gives a proton NMR

spectrum allowing to determine the M/G composition of alginates.35,36
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The following relations for diads can be used to establish the proportions of the different sequences:

FGG þ FMM þ FMG þ FGM ¼ 1

FGG þ FGM ¼ FG

FMM þ FMG ¼ FM

This model was extended by Grasdalen37 and also used to demonstrate the influence of epimerase on the micro-

structure of different alginates.38 From these analyses, they deduce M/G ratio and the average length of the G blocks

NG>1. Some values are given in Table 7. The ratio M/G depends on the location and harvest time in the year.
2.21.2.1.3.2 (ii) Size-exclusion chromatography

Purified alginates isolated in the sodium salt form were characterized by size-exclusion chromatography (SEC) using a

Waters Alliance GPCV2000 (USA) equipped with three detectors in line: a differential refractometer, a viscometric

detector, and a multi-angle laser light scattering (MALLS) detector from Wyatt (USA). The concentration injected

was in the range of 0.5–5gl–1 (depending on the range of molecular weights), with an injection volume of 108ml using
two columns in series (Shodex OH-pack 805 and 806 for the native commercial purified alginates). All the samples

were filtrated on a 0.2mm pore membrane (Sartorius AG; cellulose acetate filter) before injection, in order to retain

large aggregates. The eluent used was 0.1M NaNO3, elution temperature was 30�C and the flow rate of 0.5mlmin–1;

the molecular weight distribution, weight-average molecular weight (Mw), polydispersity index (Mw/Mn, where Mn is

the number-average molecular weight), and intrinsic viscosity of the eluted polymers were obtained as characteristics

of the biopolymers (Figure 6). For this example, Mw¼275000 and [�]¼650mlg–1 in 0.1M NaNO3 at 30
�C using a

specific refractive index increment, dn/dc¼0.165. For commercial products, molecular weight may range between

32000 and 400000.

Purified alginates in sodium form are also characterized by viscometry allowing to determine their intrinsic viscosity

and molecular weight using the Mark Houwink relation:

½�� ¼ KMa ½1�

with K¼2�10–3 and a¼0.97 in 0.1M NaCl solvent at 25�C.40 Previously, Smidsr�d et al. gave the following

parameters K¼2.44�10–3 and a¼0.982 from a series of light scattering experiments on Laminaria digitata (38.5%

G units).41 Mackie et al.42 showed that the parameters K and a depend on theM/G, a increasing and K decreasing when

G content increases. This dependence is discussed later.43
2.21.2.1.4 Stiffness of alginates
The dimensions of alginate chains (radius of gyration and intrinsic viscosity) in aqueous solutions depend on the

external salt concentration; the expansion is directly related to the thickening performance of a polymer. But it seems

that the expansion of polysaccharides, even in external salt excess, is larger than that of a random coil in absence of

electrostatic repulsion. Smidsr�d first introduced a procedure to characterize the stiffness of polysaccharides and

especially that of alginates. The analysis is as follows:44,45 the intrinsic viscosity of alginate in solution is determined at

different monovalent salt concentrations (Cs); the values of [�] are plotted as a function of Cs–1/2 giving a straight line

with a slope S. S is proportional to the molecular weight Mw and in a log–log plot of S–Mw, a linear curve is obtained

with a slope 1.37. S is then related to B, a characteristic of the stiffness as proposed by Smidsr�d. Synthetic polymers

were compared with polysaccharides and DNA, and the following expression was considered:

S ¼ Bð½��0:1Þn ½2�
Table 7 Compositional characteristics of some alginates39

Monad frequency Diad frequency Trial frequency Mean blocklength
(FG) (FGG) (FGGG) NG>1

L. hyperborea (outer cortex) 0.75 0.66 0.62 17.5

L. hyperborea (LF-10/60) 0.70 0.60 0.56 15.0

L. hyperborea (leaf) 0.55 0.38 0.32 7.3

L. digitata (whole plant) 0.41 0.25 0.20 6.0

M. pyrifera 0.43 0.21 0.16 6.3

Durvillea antarctica (whole plant) 0.34 0.13 0.10 5.3

Reproduced from Martinsen, A.; Skjåk-Braek, G.; Smidsr�d, O. Biotechnol. Bioeng. 1989, 33, 79–89, Copyright © (1989,
Wiley). Reprinted with permission of John Wiley & Sons, Inc.
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Here, n is nearly independent of the polymer stiffness (S¼1.2 for Na polyphosphate and 1.4 for DNA); an average

value of 1.3 is adopted and B calculated for each polysaccharide from relation [2] after determination of S and the

intrinsic viscosity at 0.1M monovalent salt. The lower the B value, the larger is the stiffness; in Table 8, B values are

given and in a few cases the values for the intrinsic persistence length Lp are added.

The relative extension of the three types of blocks increases in the following order:45

MG<MM<GG

Later, the worm-like chain model was applied to analyze the behavior of polysaccharides and their local stiffness

characterized by the intrinsic persistence length Lp; Lp corresponds to the value of the total persistence length Lt

determined at various ionic concentrations and extrapolated to infinite salt concentration to screen the electrostatic

contribution (Le is the electrostatic persistence length; it decreases when the ionic concentration increases). In these

conditions, it is assumed that the y-conditions are approached.46 The Lp value was also calculated for few poly-

saccharides by molecular modeling and found to be in good agreement with the experimental values.47–50 For

alginates rich in G units, Lp was found experimentally to be 9nm while for a sample rich in M units, Lp¼4nm.46,51

The proposed treatment allows one to predict the dimensions of the chain (and particularly the radius of gyration,

Rg) and the intrinsic viscosity ([�]).The main relation to analyze the radius of gyration at a given ionic concentration is

the following:

Rg2 ¼ a2s ðLLtÞ=3; Lt ¼ Lpþ Le ½3�

This relation is valid when the contour length L (proportional to M) is large compared with Lt; otherwise, it is

necessary to use the development proposed for the y-state by Benoit and Doty based on the assumption that in salt

excess the y-conditions are approached.52 as is the excluded volume which contains a large contribution of the

electrostatic interaction. The model of worm-like chain polyelectrolyte is exposed in details by Reed.53



Table 8 Charasteristic B parameter for different types of polymer

Polymers B parameter44 Lp (nm)

Polyphosphate 0.44

Polyacrylate 0.23 1

Carboxymethylamylose 0.20

Carboxymethylcellulose 0.065 5

Alginate 0.04 4 (M/G¼1.92)

9 (M/G¼0.28)

DNA 0.0055 90

Reproduced from Smidsr�d, O.; Haug, A. Biopolymers 1971, 10, 1213–1227, Copyright © (1971, Wiley). Reprinted with

permission of John Wiley & Sons, Inc.
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The local stiffness of the polysaccharides explains the high viscosity obtained at a given molecular weight compared

to flexible polymers and the relative low sensitivity to external salt concentration. This value is obtained experimen-

tally from the curve Rg(M) established from size-exclusion chromatography (SEC) experiments using a multidetection

equipment in which three detectors are on line: a differential refractometer, a multiangle light scattering detector, and

a viscometer, as described before. These data allow one to determine Lt when the ionic concentration of elution is

known, that is, 0.1M in our work, which gives a negligible value for Le (around 5Å) and from which Lp can be

determined.50
2.21.2.1.5 Mechanism of gelation in relation with the chemical structure
Alginates are able to form gels in the presence of divalent counterions such as Ba, Sr, Ca, while Mg does not form a gel.

There are two methods to form gels: dialysis against a CaCl2 solution which give some heterogeneity in calcium and

alginate distributions inside the gel volume or homogeneous formation by slow hydrolysis of D-glucono-d-lactone in

the presence of Ca-EDTA, resulting in a mixed Hþ, Ca2þ gel (pH�3.5), which is then converted to the calcium form

by dialysis against a calcium chloride solution (EDTA¼ethylenediamine tetraacetic acid).26,43,54,57 A specific cooper-

ative Ca interaction forms on G blocks, which is the basis of the formation of junction zones in an ionic network as soon

as DP is larger than 20 (Figure 7); this interaction is not observed for M unit blocks.56,57–60

The conformation of acidic polysaccharides and interactionswith calciumwas approachedbymolecular simulation.61,62

The authors demonstrated the specific calcium binding with poly-a-L-guluronate. From Figure 4, it is seen that the

viscosity of alginate in dilute solution first decreases due to the reduction of the net charge of the polymer and then

increases strongly when dilute solutions of Ca, Ba, and Sr chlorides are progressively added (q¼[X2þ]/2[–COO–]) due
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to the formation of interchain junctions.26 It can be seen that Mg does not induce cross-linking, just as observed for

sodium polygalacturonate.27 This ionic selectivity was used to fractionate alginates: the precipitate obtained with Ca

in the presence of MgCl2 is enriched in guluronic acid.63 The selectivity observed, Sr>Ca, is related to the larger

dimension of Sr which fits better than Ca in the cavity.64 The mechanism of complex formation involves calcium

interaction with different oxygen atoms of two adjacent guluronic acid units in both chains involved in the interchain

binding of Ca as it is adopted in the egg-box model (Figure 8). The mechanism of gelation is described in Figure 9:

the first step is a dimer formation followed by precipitation for small chains or gelation for long chains formed with

different types of blocks.

The properties of the gels obtained depend on the molecular characteristics of the alginates; the stability of the gels

and their physical properties depend directly on theG content and on the length of theG blocks; inFigures 10 and 11,

the role of the composition is shown.39 From these curves, it is clear that the stiffness of the gels increases with the

G content (FG) and with the length of the G blocks reflected by the value of NG>1. The gel strength is determined in

this work by measuring the load that is required to compress small gel beads (diameter 3–4mm) by 1mm at a constant

rate of 0.2mms–1. The contraction observed when gels are formed in the presence of CaCl2 is lower for the stiffer gel.

In Figure 12, it is shown that the gel strength increases for a given molar structure when the molecular weight

increases up to a limit around M¼3�105.39 It is a behavior which seems similar to the behavior obtained with

k-carrageenan. In a separate work, the gel strength was determined by compression of an alginate gel (M/G¼0.56)

formed at 10gl–1 against 0.1M CaCl2; the elastic modulus was found equal to 4.74�104Pa in the same order of

magnitude as found for k-carrageenan.26
2.21.2.1.6 Physical properties in solution
The most important technical properties of alginates are their thickening character (increase of the solvent viscos-

ity upon dissolution), their ionic exchange properties, and their gel-forming ability in the presence of multivalent

counterions.

An alginate molecule is a polyelectrolyte; alginates in monovalent salt form are water soluble whatever the

temperature. Its ionic properties (electrostatic short- and long-range interactions) as well as their conformation and

molecular weight are important and control the viscometric behavior. The viscosity of aqueous alginate solution

depends as usually for polyelectrolytes on the polymer concentration, molecular weight, and external salt concentra-

tion (due to screening effect on electrostatic interactions); this behavior is typical.28 In addition, the viscosity of

alginate solution is nearly constant between pH 6 and 8 but, in moderate concentration, after a slow decrease below

pH 6, it increases below pH 4.5 and reaches a maximum around 3–3.5 and then decreases; in fact, alginic acids form

gels. In this range of pH, H-bond attractions overdominate the electrostatic repulsions, as was observed recently on

hyaluronan.65 In dilute solution, the viscosity decreases when pH decreases from pH�6. In the range of pH 1–4,
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Figure 9 Mechanism of cooperative interaction between calcium and alginate. a, Egg-box model:calcium interaction
with a-L-guluronic–box block. b, Chain association going to gelation induced by calcium involving specific a-L-guluronic–
box block.
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alginic acid is hydrolyzed. Then, the solutions are stable in the range of pH 5–10. The intrinsic pK for alginic acid is

around 3 as found for many polyuronic acids.66

The characteristics of alginates are their ability to retain water, in addition to gelling and stabilizing properties.

Because of the linear structure and high molecular weight, alginates form strong films and good fibers in the solid state.
2.21.2.1.7 Polyelectrolyte complex formation
When an anionic polymer, such as alginate, is mixed with a cationic polymer (like chitosan in acidic condition), an

electrostatic complex is formed whose stability depends on the pH and salt concentration.66–68 The mechanism of

complex formation was derived from conductimetric measurements; it can be expressed by the following equilibrium:

�COO�Naþ þ Cl� þNH3�$�COO�þNH3�þNaþ þ Cl� ½4�

At stoichiometric ratio, the complex is usually insoluble and allows one to obtain fibers, films, or capsules.

Chitosan–alginate complex formation was examined for alginate with different M/G ratios.69 In fact, many applica-

tions are proposed based on this chitosan–alginate complex, which is the polyelectrolyte complex mostly investigated,

especially for biomedical applications.70,71
2.21.2.1.8 Ion-exchange properties
Alginates have interesting ion-exchange properties; most monovalent counterions (except Agþ) form soluble alginate

salts, while the divalent and multivalent (except Mg2þ) ones form gels or precipitates. The affinity was found

following the order:43,72–74

Mn<Zn;Co;Ni<Ca< Sr<Ba<Cd<Cu<Pb
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Figure 11 Volume reduction as a function of the CaCl2 concentration used for gelation for Laminaria digitata, FG¼0.41,

NG>1¼6.0 (solid circles) and Laminaria hyperborea, FG¼0.70, NG>1¼17.5 (open circles). Reproduced from Martinsen, A.;
Skjåk-Braek, G.; Smidsr�d, O. Alginate as immobilization material. I: Correlation between chemical and physical properties

of alginate gel beads. Biotechnol. Bioeng. 1989, 33, 79–89. Copyright © (2006, Wiley). Reprinted with permission of John

Wiley & Sons, Inc.
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The amount of salt to induce gelation was found with a selectivity:75,76

Ba<Pb<Cu< Sr<Cd<Ca<Zn<Ni<Co<Mn;Fe<Mg

The efficiency of a divalent ion as a precipitant for alginate depends not only upon its affinity for the alginate, but also

upon the amount of ion whichmust be bound to the alginate for gel formation. So the sequences are not exactly the same.
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Figure 12 Influence of the molar mass, intrinsic viscosity, and polymer concentration on the gel strength. Alginate from
Laminaria hyperborea (outer cortex), FG¼0.75, NG>1¼17.5. Concentration: 1% (solid circles), 0.8% (open circles), 0.6%
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zation material. I: Correlation between chemical and physical properties of alginate gel beads.Biotechnol. Bioeng. 1989, 33,
79–89. Copyright © (2006, Wiley). Reprinted with permission of John Wiley & Sons, Inc.
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2.21.2.1.9 Chemical modifications

2.21.2.1.9.1 (i) Periodate oxidation

Upon oxidation of Laminaria digitata alginate with sodium metaperiodate and reduction with sodium borohydride, the

cyclic osidic unit structure turns to segments of single bonds after ring opening between C2 and C3 positions which

carry vicinal secondary hydroxyl groups.77 The mechanism of chain modification due to oxidation of a block of

mannuronic units is shown in Figure 13; in this reaction, the relatively rigid pyranoid ring is converted into a segment

of the polymer chain containing three continuous single bonds; some values obtained for the stiffness parameter B are

given in Table 9 for progressive oxidation.

This reaction decreases considerably the stiffness of the chain; this was confirmed recently onM. pyrifera alginate.78

At the same time, it was demonstrated that a large effect of depolymerization occurs and that G units were modified

first. The evolution of stiffness of polyguluronate during oxidation has also been described.78,79
2.21.2.1.9.2 (ii) Propylene glycol alginic acid

This derivative has been produced already for many years in large amounts. The ester is prepared by reaction with

propylene oxide under moderate pressure on a partially neutralized alginic acid in fibrous form. Due to its amphilic

character, it is a good emulsifier with thickening properties associated with protective-colloid properties. The

advantage of this derivative is that it remains perfectly soluble in a large range of acidic pH; it is hydrolyzed at

pH< 2. The reference of this derivative is E 405 as food additive.
2.21.2.1.10 Uses of alginate
Purified alginates are produced in different salt forms: Na, K, NH4, Ca, and/or propylene glycol derivative as food

additives for thickening soups and jellies. They are used as antiacid preparation such as Gaviscon®, for making molds



Table 9 B parameter as a function of the oxidation degree on alginate77

Percent oxidation B parameter
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Figure 13 Periodate oxidation of mannuronic unit block. Reproduced from Smidsr�d, O.; Painter, T. Effect of periodate

oxidation upon the stiffness of the alginate molecule in solution. Carbohydr. Res. 1973, 26, 125–132, with permission from
Elsevier.
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in dentistry (in the presence of slow release calcium salt to control the delay of gelation), prosthetics, and in textiles.

Different food applications, pharmaceutical, cosmetics, and other industrial domains are cited in previous reviews on

alginates.17,29,30,80

In the following, only few examples are given due to the large number of applications found in the literature.

Alginates can be processed as fibers or films which are commercialized as hemostatic material or also as wound

dressing. An example, AlgiDERM® or Sorbsan® are calcium alginate dressings, made of sterile purified alginate

fibers.81 It absorbs on contact with exudate into a web-like gel up to 20 times its weight. It is removed easily without

damaging healthy tissue. The films resist oil penetration due to the presence of –OH and carboxylic groups.

Calcium gels are often used in bead form as an immobilization matrix for animal cells or plant protoplast.82a–82c It

was claimed that encapsulation enhanced the stability of plasmids and enzymatic expression.83 Microparticles were

also obtained by emulsion; this method allows one to get beads with smaller pores.84,85 Calcium alginate gels have

been used to encapsulate enzymes;86 in these conditions, the enzyme remained active in organic solvents.87

The polyelectrolyte complexes are often used in biomedical applications; chitosan–alginate beads were evaluated as

an immobilization matrix for lipase-catalyzed hydrolysis of olive oil.88 The complex is also convenient in tissue

engineering89 and wound dressing.90 It was demonstrated that beads of alginates encapsulated in chitosan are superior

to drug-loaded chitosan as well as alginate beads for sustained release.91
2.21.2.2 Fucans/Fucoidans

Fucans or fucoidans constitute a complex series of sulfated polysaccharides found in the cell wall matrix of brown algae

(often together with alginate); the molecular weight was determined in the range of 100000.92

Fucoidan is mainly intercellular but it seems that a fraction may be in the cell walls.2,92 Fucoidans are present in all

brown algae that grow in the intertidal zone but mainly in Fucales. They play a role in the algal cell organization and
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may be involved in the cross-linkage of alginate and cellulose.93 Sulfated a-L-fucans (also known as fucoidan or

fucoidin) have complex and heterogeneous structures, but recent studies reveal the occurrence of ordered repeat units

in the sulfated fucans from several species. But the presence of highly branched regions and the complex distributions

of sulfates and acetyl groups still highlight the heterogeneity of algal fucans.94 A recent review clarifies the nomencla-

ture and the chemical structure of fucoidans;95only a small amount of fucoidan is extracted from brown algae – in the

range of 0.8gper1kg of brown seaweed. Extraction processes are designed to preserve the mineral content and also the

content in antioxidant (fucoxanthin, a natural carotenoid).

Fucoidan or fucan has recognized physiological and biological activities as an anticoagulant, antithrombin, anti-

tumor agent, and anti-human immunodeficiency virus (HIV) infection agent.96 As already reported 90 years ago, these

are polysaccharides composed of L-fucose residues.97 Products range from essentially pure fucan sulfate in Fucus

distichus to ascophyllan from As. nodosum. Fucose-containing polysaccharides comprise a spectrum of molecules

ranging from molecules rich in uronic acid and poor in fucose sulfate to relatively pure sulfated fucans containing

little uronic acid. The principal sources of fucoidans are mentioned in Table 1.95 The complexity of the fucan sulfate

varies with the algal source. Fucans were arbitrarily divided into three main families: homofucans, xylofucoglycur-

onans, and glycuronofucoglycans.98a–98d Homofucans are primarily composed of (a1-2)-linked units of 4-sulfuryl-L-

fucose with branching or sulfate at position 3. The first fucoidan studied was ascophyllan or xylofucoglycuronan, which

has a backbone of uronic acid (mainly poly-(b1-4)-D-mannuronic acid) with fucose-containing branches (3-O-D-

xylosyl-L-fucose 4-sulfate). The other family isolated was sargassan or glycuronofucoglycan with a linear chain of

(1-4)-linked D-galactose with branches of L-fucose 3-sulfate at C5 or occasionally uronic acid (probably D-glucuronic

acid).95 This type of structure is in agreement with findings from Larsen et al.98a–98d for one fraction of As. nodosum

extracts where they found L-fucose, D-xylose, uronic acid (mainly D-glucuronic), and sulfate half ester; a polypeptide is

also attached to the side chain in an unknown manner.

Fucoidans, extracted from F. vesiculosus, are often used as crude extract; they can also be extracted frommany orders

in the brown algae (Phaeophyceae): Fucales, Laminariales, Chordariales, Dictyotales, Dictyosiphonales, and Ecto-

carpales.95,99 The extract from Laminaria japonica, after fractionation and mild acid hydrolysis, demonstrated anti-

oxidative properties against low-density lipoprotein oxidation.100 The only other source of fucoidans are marine

invertebrates; they are obtained from eggs of sea urchin and from the body wall of sea cucumber Ludwigothurea grisea.

Their structure is usually more regular than that of the fucoidans from algae. It has been proposed to reserve the name

‘fucoidan’, the fucans from algae, while the name ‘sulfated fucan’ (sulfated L-fucose with less than 10% other

monosaccharides) should be used for the marine invertebrates. We will limit here to the algal fucans containing

20–60% fucose. These fucoidans are usually heterogeneous, branched, and contain other sugars and O-acetyl groups;

in addition, the sulfation pattern is irregular.99

Fucoidans are water-soluble polysaccharide made of units of L-fucose (fucopyranoside) with one to two links and

with groups of sulfuric esters at C4. In some studies, a backbone in (a1-3) instead of (a1-2) is proposed and also (a1-4)
links have been found; in As. nodosum, a repeat unit of alternating (a1-3) and (a1-4) glycosidic bonds was found. Two
models representing fucoidans are shown in Figure 14.101a,101b
2.21.2.2.1 Extraction of fucoidans
Fucoidans are extracted from algae in dilute acid conditions; at least partly, they consist of proteoglycans. They are

fractionated by DEAE ion-exchange chromatography. They contain mainly L-fucose residues, but some fractions also

contain galactose, xylose, hexouronic acids, and mannose as well. A result of a fractionation of fucoidans extracted from

Fucus evanescens is given in Table 10.99
2.21.2.2.2 Molecular structure
The fucoidans extracted from As. nodosum, F. vesiculosus, and F. evanescens have the repeat unit given in Figure 14.

Fucoidan is made of fucose in the backbone with branches and a large amounts of acetyl groups.101a,101b Another

repeat unit has been proposed:101a

½!3Þ-a-L-Fucpð2SO�
3 Þ-ð1!4Þ-a-L-Fucpð2; 3diSO�

3 Þ-ð1!�n
An acetyl fucoidan was isolated from Cladosiphon okamuramus (together with alginate); it is commercially cultured at

18500tyr–1 off Okinawa Islands (Japan in 2000);96 the yield is 2.3% based on wet algae. The composition was

estimated to be L-fucose:D-xylose:D-glucuronic acid:acetic acid:sulfuric acid 4:0.03:1:2:2.96 This alga is widespread

in Japan. A glucuronoxylofucan was also found in As. nodosum.102a,102b



Table 10 Yields and composition of fucoidan fractions from Fucus evanescens obtained by ion-exchange
chromatography of crude fucoidan (F)99

Fraction
Yield

Neutral monosaccharides
SO3Na Uronic acids

(% of F) Fuc Xyl Gal Man Glc (%) (%)

F1 3.9 35.4 6.1 0.8 4.0 n.d. n.d.

F2 2.6 10.7 7.4 3.0 3.7 1.1 19.6 15.6

F3 21.4 33.2 8.1 4.5 3.5 28.9 11.4

F4 47.4 58.7 1.6 1.6 46.5

F5 4.5 34.0 3.8 5.4 32.5
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Figure 14 Two structural models proposed for fucoidans. Reproduced from Chevelot, L.; Foucault, A.; Chaubet, F.;

Kervarec, N.; Sinquin, C.; Fisher, A.-M.; Boisson-Vidal, C. Further data on the structure of brown seaweed fucans:
Relationship with anticoagulant activity. Carbohydr. Res. 1999, 319, 154–165, with permission from Elsevier.
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2.21.2.2.3 Uses of fucoidans
Fucoidan is a water-soluble polysaccharide; it gives highly viscous solutions.103 The most important application

of fucoidan is in food – fucoidan containing food and supplements are very popular on the Japanese market.

Raw fucoidan materials are also used for cosmetics because the product is directly adsorbed by the human skin

with the following effects: whitening, preserving moisture, removing freckles (e.g., Fucoidan Premium Gold®,

Arabino fucoidan®, Sea fucoidan® from Natureza Co.).

Fucoidan has also important medical applications. The higher the sulfation, the higher its therapeutic potential.

The role of fucoidan is as modulator of coagulation, as an alternative to the anticoagulant heparin,104,105 and many

other biological activities such as anti-inflammation, anticell proliferation, and antiadhesion and antiviral infection, as

fertilizer,95 anticoagulant, antitumor, antiviral agents.106a,106b In addition, they act as ligands for selectins, protect

gastric mucosa against proteolytic activity of gastric juice, block mammalian fertilization,107 etc.
2.21.2.3 Food Reserve in Brown Algae: Laminaran

2.21.2.3.1 Molecular structure
Laminaran is a glucan which exists in two forms, one soluble in cold form and the other insoluble; it is a neutral

polysaccharide with a relatively small size (it contains approximately 20–30 glucosyl residues). The two forms are

made up of (1-3)-linked D-glucose with a proportion of (1-6)-linked-glucose and mannitol. It may represent 35% of the

dried weight of the algae.108 Its solubility increases when the degree of branching increases.

Laminaran (also named laminarin) was first discovered in Laminaria species. It appears to be the food reserve of all

brown algae; it is often present in the same sources as alginates and fucoidans.109a,109b It is absent during the period of
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fast growth in spring, but in autumn and winter it may represent up to 35% of the dried weight of the fronds.

Laminarans from several species of Laminaria are water insoluble and contain only linear (b1-3)-linked D-glucose.

Laminaran from Laminaria digitata is water soluble. Its structure as established by NMR spectroscopy is a linear

backbone of (b1-3)-linked D-glucose with (b1-6)-linked side chains.110 There are two types of terminal units: one with

mannitol (M-series with a nonreducing 1-linked D-mannitol residue) and the other terminated by a reducing glucosyl

unit (G-series) present in about a 3:1 ratio.111 The number of glycosyl units in the side chains is also heterogeneous.110

The degree of branching was given as 0.07111 and 0.05:112 75% of the branches were single glucosyl residues. M-series

molecules show an average of 1.3 branches per molecule.

Forty to seventy-five percent of the reducing end groups are linked to one of the primary hydroxyl groups of

D-mannitol in Laminaria and Fucus species. Laminaran fromEisenia bicyclis is a linear chain of (1-3) and (1-6) linkage in

a ratio 2:1.

2.21.2.3.2 Uses of laminaran
(b1-3,1-6)-linked D-glucans have the ability of enhancing and stimulating the immune system of humans and are thus

called biological response modifiers;113a it has an inhibitory effect against putrefactive compounds produced by

intestinal microflora in vitro and in rats;112 laminaran from Alaria praelonga or Laminaria coriacea promote adhesion

of human skin fibroblast cells, and enhance proliferation of human osteoblast cells.113b Also, antitumor and hypolipid

effects of different fractions of laminaran were claimed.114 Laminaran was proposed as elicitors (with a larger activity

than pectic acid) of phytoalexins and flavonoids in alfalfa cotyledons.115a,115b
2.21.3 Polysaccharides from Red Seaweeds

Sulfated polysaccharides occur in the structural elements of animals and plants (limited to algae polysaccharides)

where they may constitute up to 70% of the dry matter of some red seaweeds. Usually, ester sulfates are associated

with galactans in the Rhodophyceae and fucans in the Phaeophyceae.11,13,116

Carrageenans are linear sulfated polysaccharides extracted from red algae; the color results in the dominance of

phycoerythrin and phycocyanin pigments which mask the other pigments. Other main polysaccharides present in

these algae are floridean starch as a storage polysaccharide and, in their walls, cellulose. Agar and carrageenans were

first produced from wild-type species, an especially Irish moss growing in cold water. It was first extracted in 1844 but

it lasted until after 1970, when its production developed rapidly through the availability of other seaweeds cultivated

in warm-water countries with low labor costs.

In Red algae, agar and carrageenans are the most important (Table 4). Only recently has agar been fractionated in

neutral and anionic fractions; it appeared that there is a continuous spectrum of molecules. It was proposed for

Laurencia pinnatifida and Polysiphonia lanosa to classify them as agars, porphyran, funoran, and sulfated galactans.11

Many rhodophycean galactans from different species have been described. With a few exceptions, the structure is a

linear chain of b-D-galactopyranose residues linked through positions 1 and 3 (A units) and a-D/L-galactopyranose
residue linked through positions 1 and 4 (B units) arranged in an alternated sequence (AB)n:

� Units A may carry methyl ether groups on position 6, sulfate hemiester groups on position 2, 4, or 6; few A units may

carry pyruvic acid, linked as a cyclic ketal bridging O4 and O6 (1-carboxyethylidene groups).

� Units B can occur in either D or L form, they can carry methyl groups on position 2, 4-O-methyl-a-L-galactopyranosyl
groups on position 6, and sulfate hemiester groups on position 2 or 6 or both; B units can be wholly or partly

converted to 3,6-anhydro forms by elimination of sulfate from 6-position (by enzymatic elimination or alkaline

treatment).2 The different structures for agar and carrageenans are given in Tables 11 and 12, respectively. The

ideal composition of the polysaccharides obtained depends on the species, habitat, season of harvesting, and the

extraction conditions.
2.21.3.1 Agar/Agarose

Agar, also previously named agar-agar, is extracted from red seaweed. It is known from the seventeenth century in

Japan for its gelling properties. Farming now develops in Indonesia and the Caribbean. The total production of agar is

around 25000tyr–1. Agar is extracted for commercial production mainly from Gelidium, Pterocladia, Petrocladiella

(giving the best quality), and Gracilaria and Hypnea species; Gelidium gives the better commercial quality of agar

(especially the higher gel strength), only available from wild type. Gracilaria is cultivated and produces 65% of the

produced agar. Gelidium cartaligineum is harvested in Mexico, and Gelidium spinulosum and Gelidium sesquipedale in



Table 12 Idealized repeating units in carrageenans2

Identifying letter A units (b-D-Galp) B units (a-D-Galp)

k 4-Sulfate 3,6-Anhydro

l 2-Sulfate (70%) 2,6-Disulfate

Unsulfated (30%)

m 4-Sulfate 6-Sulfate

n 4-Sulfate 2,6-Disulfate

i 4-Sulfate 3,6-Anhydro

2-Sulfate

x 2-Sulfate 2-Sulfate

Reproduced from Painter, T. J. Algal polysaccharides. In The Polysaccharides; Aspinall, G. O., Eds.; Academic Press:

New York, 1983; Vol. 2, pp 195–285, with permission from Elsevier.

Table 13 Chemical structure and physical parameters of agars from Chinese Gracilaria spp.13

Species
Gel strength Gelling temp. Melting temp. 3.6-AG SO4

(gcm�2) (�C) (�C) (%) (%)

Gracilaria asiatica 187 35.3 84.5 32.5 4.5

Gracilaria tenuistipitata 36 29.3 76.5 23.9 10.1

Gracilaria blodgettii 258 42.0 94.5 28.2 4.2

Gracilaria sjeostedtii 153 29.5 88.8 31.7 5.3

Gracilaria chorda 15 29.4 76.2 21.9 7.1

Gracilaria eucheumatoides 12 34.5 57.0 20.7 8.8

Table 11 Compositionsa of typical agaroses2

Species

A units B units

D-Gal 6-O-Me-D-Ga L-Gal 3,6-anhydro-L-Gal Sulfate

Gelidium amansii 49 1.2 1.9 48 0.05

Gelidium subcostatum 44 6.5 1.6 48 0.06

Gelidium japonicum 49 1.4 1.9 48 0.05

Pterocladia tenuis 50 0.7 1.3 48 0.06

Acanthopeltis japonica 47 2.8 1.9 48 0.05

Campylaephora hypnaeoides 48 0.7 3.9 47 0.06

Gracilaria verrucosa 35 14.6 2.0 48 0.05

Ceramium boydenii 31 18.8 1.0 49 0.03

aExpressed as mole percent.
Reproduced from Painter, T. J. Algal polysaccharides. In The Polysaccharides; Aspinall, G. O., Eds.; Academic Press:

New York, 1983; Vol. 2, pp 195–285, with permission from Elsevier.

Seaweed Polysaccharides 711
Spain.13,116 Temperature of gelation, gel strength, composition, and the yield of polysaccharide extracted depend on

the season, solar irradiation, etc., and on the algae species (Table 13).

The best quality is harvested in Spain, Portugal, Morocco, the Azores, California, Mexico, New Zealand, South

Africa, India, Chile, and Japan; at present, it is not yet cultured and still harvested by hand which makes it an

expensive polysaccharide. At present, 50% of all agar is produced for food grade and extracted from Gracillaria gracilis

(Atlantic) and Gracillaria chilensis (Chile). The other qualities are produced also by Canada, USA, China, Peru,

Thailand, Madagascar, and Argentina.
2.21.3.1.1 Extraction of agar
Agar is soluble in boiling water but insoluble in cold water. The extraction of agar is performed from boiled seaweed;

the extract is then frozen and thawed. During this last step, water separates from agar, carrying with it soluble

impurities. Washing, bleaching, sterilization, and drying are performed depending on the applications. Treatment in

the presence of alkali increases the gel strength by formation of the 3,6-anhydrogalactose.80,117a–117c
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2.21.3.1.2 Molecular structure
Agar is built up of alternating D- and L-galactopyranose units; the name comes from a Malaysian name ‘agar-agar’,

which means ‘seaweed’. The neutral fraction is named agarose (Figure 15); it is obtained by precipitation of the

anionic agaropectins by quaternary ammonium salt and separation by centrifugation. Agaropectin is used for poly-

saccharides having the same backbone as agarose but containing many acid groups such as sulfate, pyruvate, and

glycuronate. The structure of the different types of molecules (agaropectins) is difficult to establish due to the

presence of substituents such as methyl ether and 1-carboxyethylidene groups on the A unit and the B units are

L enantiomers.118a,118b,119

The better gel-forming polysaccharide is agarose: the B unit is a 3,6-anhydro-L-galactose with low sulfate content

but methyl groups may be present at up to 20% of the A units (Table 11). Three extreme types of agar are recognized:

agarose (also named agaran), pyruvated agarose with low sulfate and high 3,6-anhydrogalactose content, and galactan

with high sulfate and low pyruvate content.

2.21.3.1.3 Characterization and properties
Agar melts c. 85�C and solidifies in the range from 30 to 40�C (Table 13); the hysteresis observed between melting

temperature, a gel–sol transition observed on heating, and the gelling temperature corresponding to a sol–gel phase

transition observed on cooling, is characteristic of the chemical structure (nature and quantity of substituents). The

chemical structure of the different fractions of agaroids can be established by NMR in D2O. Agarose is also soluble in

DMSO under the coil conformation and allows easy analysis with not too high viscosity.

2.21.3.1.3.1 (i) Chemical structure

Complete analysis of 13C NMR spectrummeasured at 80–90�C could be obtained with the help of oligomers prepared

by enzymic degradation and dissolved in D2O.120a,120b,121 An NMR spectrum for pure agarose is given in Figure 16

and the chemical shifts are given inTable 14a; the anomeric C1 signals for agarose and carrageenans identification are

given in Figure 17.

The spectra obtained for oligomers with different types of substituents were also analyzed.122 The 1H NMR is also

interesting to identify substituents and compare agarose and carrageenan, as seen in Figure 18 (Table 14b).

Chemical methods for analysis of sulfated galactans were also reviewed and they include methylation, hydrolysis,

and alditol acetate preparation for gas chromatography (GC) analysis.123 Infrared spectroscopy of dried films is also

useful; agars are characterized by the presence of a peak at approximately 936cm–1 due to 3,6-anhydrogalactose, a peak

at 890cm–1 due to unsubstituted galactose; diminution or absence of sulfate peaks at 805, 820, 830, 845, and 1250cm–1

is also characteristic.

2.21.3.1.3.2 (ii) Molecular weight determination

Different agaroses were analyzed by size-exclusion chromatography using a differential refractometer and a low-angle

laser light scattering detector; the samples are first heated at 90–95�C (to get the coil conformation for agarose) and

injected in the equipment stabilized at 45�C. The eluent was 0.1M NaNO3 at the flow rate 1mlmin–1. The dn/dc

adopted was 0.140.124

The intrinsic viscosity and the Mark–Houwink parameters were determined in 0.75M NaSCN at 35�C; it was

demonstrated that under these conditions agarose is in the coil conformation.124 The following relation was established:

½�� ¼ 0:07M0:72 ½5�

From this relation, the viscometric average molecular weight can be determined for other agaroses.
HO
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Figure 15 Structure of agarose.



100.0 90.0 80.0 70.0 60.0
ppm

Figure 16 13C NMR spectrum for agarose in D2O at 85�C recorded at 300MHz. The signals are identified in Table 14a.

Table 14a NMR signal attributions in D2O at 80�C for agarose and carrageenans (reference TMS): chemical shifts of
13C signals

C1 C2 C3 C4 C5 C6 Reference

k G unit 102.2 69.35 78.64 73.83 74.50 60.99 144

k AG unit 94.98 69.69 78.90 77.97 76.50 69.21 144

i G unit 102.20 69.30 77.40 72.20 74.90 61.30 144

i AG unit 92.10 74.90 77.80 78.20 77.90 69.70 144

Agarose G unit 102.44 70.27 82.24 68.79 75.55 61.43 121

Agarose AG unit 98.24 69.92 80.13 77.36 74.67 69.43 121
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2.21.3.1.4 Conformation and mechanism of gelation
Agarose adopts a double-helix conformation in the solid state;125a,125b different types of helical structure were

predicted by molecular modeling.126 It was shown that the double helix is the basis of gel formation, the main

characteristic of agarose. Different techniques can be used for investigating this, among which optical rotation is

one.127a,127b The gelation occurs from aggregation of double helices.

The gelation temperature is related to the methoxyl and sulfate contents which can prevent gelation. At 1.5%

weight in aqueous solution, agar gels melt between 60 and 97�C. Agarose is the neutral fraction which gives the

stronger gels. The three-dimensional (3-D) network based on association of double helices is a physical gel stabilized

by cooperative H bonds. In addition, these gels undergo a long time syneresis phenomenon. When agarose is

solubilized over the melting temperature TF, the agarose turns to the coil conformation; the solution remains stable

when it is cooled down to a temperature in the range of the gelling temperature TG. At that temperature, double

helices are formed and gelation occurs. Some evidence for a sol–sol transition (spinodal decomposition) depending on

the temperature (temperature fixed in the interval TF – TG) was discussed based on photon correlation spectroscopy in

a range of concentrations of 0.005–1%. This phenomenon is observed at low polymer concentration and seems to

precede the gelation.128 A more recent study interpreted the behavior near the sol–gel transition in terms of percola-

tion.129 The role of alkaline treatment on the reinforcement of the gel strength of agar is clear fromTable 15; it decreases

the yield in sulfate, increases the 3,6-anhydrogalactose, but does not change significantly the O-methyl and pyruvic

acid contents. The conditions for the alkaline treatment are on the average: NaOH 6–10% concentration, temperature

50–90�C, time of treatment 0.5–1h.

The mechanism of gel formation and essential properties are described in comparison with the gelation of k- and
i-carrageenans. The basis of gelation is the formation of double helices which phase-separate to form a gel; the gels are

turbid due to the high degree of helix aggregation and the width of the hysteresis. Stronger gel corresponds with purer

agarose; these gels show syneresis (separation of water on aging) corresponding to the slow organization of the double
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Figure 17 13C NMR spectra of anomeric carbons in agarose and carrageenans in D2O at 90�C; chemical shifts in

ppm. a, agar; b, k-carrageenan; c, partially desulfated k-carrageenan; d, i-carrageenan. Reproduced from Bhattacharjee,

S. S.; Yaphe, W. 13C-NMR spectroscopic analysis of agar, k-carrageenan and i-carrageenan. Carbohydr. Res. 1978, 60,
C1–C3, with permission from Elsevier.
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helices. This gelation and conformational change may be characterized by calorimetry (Table 16).130 The enthalpy for

conformational change (and dissociation of helix aggregates), DH, was found to be nearly independent of the polymer

concentration.

Water plays an important role in structure stabilization, as was examined by NMR and also by swelling–deswelling

experiments in hydro-organic solvents (Figure 19).131,132 These results showed that gels of agarose formed in water do

not shrink in acetone or methanol (two nonsolvents for polysaccharides) in contradiction to covalently chemically

cross-linked synthetic gels.133a,133b This behavior is in direct relation with the stiffness of the junction zones.

Agarose gels are nearly uncharged but there is some sensitivity to external salts following the Hofmeister series for

lyotropic effects. The effect occurs in the 0.01–1M range of salt concentration; NaCl weakly stabilizes the gel

(increase of TF) while the others destabilize in the order:

NaBr � NaNO3 <NaSCN

There is no selective effect of cation, but anions seem to be preferentially adsorbed.134a,134b,135
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Figure 18 1H NMR spectra in D2O at 85�C for (a) agarose, (b) k-carrageenan, and (c) i-carrageenan (chemical shifts of
anomeric protons are given in Table 14b).
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Table 15 Influence of alkali treatment on chemical compositiona and gel properties of Gracilaria agars13

Alga Gel strength
Total D-galactose Pyruvic acid

3,6-anhydro-
L-galactose Sulfate SO4

2� Total L-galactose
(%) (%) (%) (%) (%)

Before treatment with alkali
G. damaecornis 10 42.7 0.17 35.6 6.0 47.6

G. compressa 41 43.5 2.92 37.0 4.1 45.2

G. debilis 140 45.6 0.18 36.1 3.4 42.9

G. foliifera 20 42.5 0.13 37.6 2.5 42.6

After treatment with alkali
G. damaecornis 50 36.7 0.15 37.5 5.5 48.5

G. compressa 80 38.5 2.50 40.6 1.3 43.2

G. debilis 315 42.9 0.12 47.3 0.8 48.9

G. foliifera 220 39.0 0.10 40.8 1.1 43.0

aWeight % in the polysaccharide.

Table 16 Enthalpy of helix–coil transition of galactans

DH
(kJ/dimer) Conc. (g l�l) Solvent Reference

Agarose 5.5	0.5 4.6-35 Water 130

i-Carrageenan 4	0.2 24 0.1M NO3K 130

5	0.3 0.1M KCl 159

k-Carrageenan (K form) 12.1 4 Water 158

k-Carrageenan (K form) 15.9 32 Water 158

12.6	0.5 40.4 0.1M KCl 159

Table 14b NMR signal attributions in D2O at 80�C for agarose and carrageenans (reference TMS): chemical shifts of
1H anomeric signals

H1 A unit H1 B unit

Agarose 4.53 5.00

k-Carrageenan 4.69–4.68 4.96

i-Carrageeanan 4.70–4.75 5.18–5.21
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2.21.3.1.5 Polymeric complexes
Different blends of polysaccharides were tested for compatibility. Synergy was observed with galactomannans (locust

bean gum); carboxymethylcellulose has a smaller effect but sodium alginate and starch were found to decrease the gel

strength.117a–117c Agar, near neutrality, is compatible with most proteins and other polysaccharides.136 When agarose is

mixed with k-carrageenan, it was shown that the two polymers form independent gels (interpenetrated network); the

gelling temperatures of the two polymers observed by differential scanning calorimetry (DSC) are perfectly separated

on cooling (see Figure 20) and correspond to those of the isolated polymers.137
2.21.3.1.6 Chemical modification
The main modification of agar is the alkaline treatment to increase the 3,6-anhydrogalactose content, which enhances

the gel properties and increases the melting temperature (Table 15 ). When other chemical modifications are per-

formed on this linear (AB) co-polymer, there is a disruption of the homogeneous microstructure with a loss of

regularity; the ability to form double helices is rapidly lost and the performance of the polymer as thickening polymer

decreases. This was demonstrated for the progressive acetylation of agarose under heterogeneous conditions.138



dQ
dT 2

30

0

1

50 70 T (�C)

Figure 20 Calorimetric data: derivative of heat (dQ/dT) in arbitrary units vs temperature for cooling of an agarose/

k-carrageenan mixture (50/50; 10gl–1 of each in 0.1M KNO3). Peak 1 is the gelation of agarose and peak 2 that

of k-carrageenan. Mixture data superimposed with the signals obtained for the isolated polysaccharides in the same
thermodynamic conditions. Reproduced from Zhang, J.; Rochas, C. Interactions between agarose and k-carrageenans in

aqueous solutions. Carbohydr. Polym. 1990, 13, 257–271, with permission from Elsevier.
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Figure 19 Dependence of the ratio (V/V*) with the solvent composition at equilibrium. Agarose gel formed at 5gl–1 in water

open circles, stars), k-carrageenan formed at 5gl–1 in 0.1M KCl (solid squares, solid triangles), i-carrageenan formed

at 20gl–1 in 0.25M KNO3 (open triangle). V is the initial gel volume and V* the volume after equilibrium in hydro-organic
solvent mixtures. Reproduced fromRinaudo,M.; Landry, S. On the volume change on noncovalent gels in solvent–nonsolvent

mixtures. Polym. Bull. 1987, 17, 563–565. Copyright 2006, with kind permission of Springer Science and Business Media.
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2.21.3.1.7 Uses of agar
Many applications of agarose and agar are described in the literature:13,117a–117c pharmaceutics, separation and

purification media (gel electrophoresis, gel-bead chromatography, size-exclusion chromatography) for fine chemicals,

hormones, enzymes, vaccines, suspending barium meals for X-ray of the gastrointestinal tract, sustained-release
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devices, production of intricate casts used in dentistry, criminology, dye making, vegetarian gelatin substitute,

thickener for soups, additive for jellies, ice cream. As food additive, agar has the reference E 406 in the EU. Agarose

is also widely used as growth medium for microorganisms (bacteria and fungi) and for biotechnological applications.

Agarose is used as macroporous support for gel electrophoresis and immobilization of enzymes and cells. In food

industry, soft gels are preferred (agar with some substituents), while pharmaceutical and microbiological industries

prefer a harder gel (best agarose).
2.21.3.2 Sulfated Polysaccharides: Carrageenans

Irish moss (Chondrus crispus) was the original source of carrageenan until 1960. Then, Kappaphycus alvarezzi (also

named cottonii), Betaphycus, and Euchema denticulatum (also spinosum) were cultivated and became the main raw

material used for carrageenan production (85% of the production). It is estimated that 50% of all carrageenans are

derived from cultivated sources and principally from the genus Euchema produced by the Philippines, the major

producer (around 80% of the world production), followed by Indonesia and Zanzibar. The most commonly used are

cottonii (Eucheuma cottonii) and spinosum (Eucheuma spinosum), representing three-fourths of the world production.

Cottonii variety has been reclassified as Kappaphycus cottonii introducing the genus Kappaphycus, on the basis of the

production of kappa carrageenans. The main species used are of Gigartina, Chondrus, Euchema, and Furcellaria; the

producers are the Philippines, Indonesia, Canada, Denmark, Chile, Spain, Japan, and France (Tables 3 and 4).

General papers are available giving an overview on carrageenans covering topics ranging from production to

characterization and properties.2,139–141 Two families can be recognized: the k-family esterified at the 4-position and

those which are not (the l-family); the k-family includes i- and k-carrageenans which contain as B unit a 3,6-anhydro-

D-galactose forming gels in the presence of Kþ (see later) as well as the m- and n-carrageenans (without

the anhydrogalactose, also named the precursors) (Figure 21); the l-family includes l- and x-carrageenans and the

pyruvate containing p-carrageenans, with no anhydrogalactose or gelling properties (Table 12). In this chapter, the

properties and characterization of i- and k-carrageenans are mainly described and compared with agarose, because

they are the three main gelling polysaccharides from red seaweeds.
2.21.3.2.1 Extraction of carrageenans
Extraction of commercial products is normally performed under strong alkaline conditions (to form the 3,6-anhydro-

bridge) at a temperature near the boiling point for several hours; the extract is filtrered to get a clear solution directly

precipitated by addition of isopropanol. To obtain k-carrageenans, another method can be used, the ‘gel press

technology’, in which the carrageenan solution is extruded in a concentrated KCl solution followed by removing

the liquid phase. The k-carrageenans form the gel phase.
2.21.3.2.2 Molecular structure
Carrageenans are composed of alternating units of modified galactose, as given in Table 12. The structures of k- and
i-carrageenans are given in Figure 21. l-Carrageenan has no anhydrogalactose but sulfate in the 2- and 6-positions of

the B unit and sulfate on the 2-position of the A unit. The different idealized structures were named by Rees.142 In the

algae, m and n forms appear as ‘precursors’ of k- and i-structures, respectively, and have no anhydrogalactose. The

3,6-anhydrogalactose is important for the gelling properties of carrageenans.
−O3 SO
CH2OHO

O

O
O

OR
OH n

(k)  →3)-b -D-galactose-4-sulfate-(1→4)-3,6-anhydro-a -D-galactose-(1→

(i) →3)-b -D-galactose-4-sulfate-(1→4)-3,6-anhydro-a -D-galactose-2-sulfate-(1→

(a) (b)

Figure 21 Structure of k-carrageenan (R= –OH) and i-carrageenan (R= –SO–
3).
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There are three classes of carrageenans based on their physical properties:

� kappa – strong and rigid gels (from K. cottonii, Chondrus, Hypnea, Furcellaria);

� iota – soft gels (Euchema spinosum, Hypnea, Gigartina); and

� lambda – thickening polymer (Girgatina pistilata, Ch. crispus).

They are soluble in hot water but form gels on cooling; only lambda remains water soluble. Recently, an intermedi-

ate structure between k- and i-carrageenan, named kappa-2 carrageenan, was suggested.143a–143c
2.21.3.2.3 Methods of characterization

2.21.3.2.3.1 (i) NMR spectroscopy

This technique is the most powerful to identify the type of carrageenan, but preferentially the samples need

purification and transformation to the sodium salt form to be sure that the polymer is in the coiled conformation in

dilute solution at ambient temperature. 1H NMR spectra for purified samples of k- and i-carrageenans dissolved in

D2O, at 85�C, are given in Figure 18 and the assignment of the different signals for these AB co-polymers is given

in Table 14b. All the protons were identified previously taking into account the work of Welti.144,145 Usually, in the

spectrum, traces of impurities corresponding to some heterogeneity of the polymers are present (small signals

corresponding to H1 of k form appear in the i spectrum and vice versa). This indicates some heterogeneities in the

microstructure, which is difficult to avoid even after serious purification. The 13C NMR is also very suitable to identify

the type of carrageenans, as shown in Figure 17 (Table 14a ). 146a–151 In the research described in these papers,

oligomers were prepared using specific enzymes able to split the oligomers corresponding to different n values for

(AB)n or (BA)n series allowing better data and better interpretation of results.146a,146b,151 The assignment of the

signals obtained by 13C NMR of the different carrageenans together with infrared identification are reported in

Tables 1 and  2.141 13C NMR is also very useful to identify substituents in the polysaccharides.

To conclude, 1H NMR allows getting rapidly a quantitative determination of the different substituents when they

exist and also gives information on the degree of purity of the sample tested. This point is important, because it also

controls the physical properties, as discussed later.
2.21.3.2.3.2 (ii) Infrared spectroscopy

Infrared spectroscopy is also often used for the characterization of carrageenans, and the spectra obtained allow the

identification of the structure as well as the presence of substituents. The spectra are realized on thin films casted from

solution. The anhydrogalactose and sulfation are clearly identified.142,152
2.21.3.2.3.3 (iii) Size-exclusion chromatography

The application of steric exclusion chromatography was adopted to determine the molecular weight distribution. The

equipment used was the same as described for alginate (Section 2.1.3(ii)) and includes a Waters chromatograph GPCV

Alliance 2000 connected to three detectors on line (differential refractometer giving the polymer concentration;

viscometer giving the relative viscosity; MALLS detector giving the molecular weight and the radius of gyration).

The molecular weight distribution can be calculated from these data without the necessity of any standard for

calibration, as well as the average molecular weights, the intrinsic viscosity, and the Mark–Houwink parameters. An

example of results is given in Figure 22 for a k-carrageenan purified and isolated in the sodium form. From these

results, the intrinsic viscosity was calculated to be [�]¼319mlg–1 in 0.1M NaNO3 and the weight-average molecular

weight Mw¼215000.

This technique has been used before by various authors;154–157 dn/dc as determined by the different teams was

found to be ranging between 0.095 and 0.150mlg–1 for k-carrageenan and between 0.113 and 0.154mlg–1 for

i-carrageenan. In pure water, the following values were obtained: 0.127 for iota- and 0.140 for kappa-carrageenan.156

In 0.1M NaCl, dn/dc¼0.123 is obtained for kappa-carrageenan, and in 0.05M LiCl 0.129 for iota144 at 30�C, values of
0.113 and 0.118 were obtained for i-carrageenans in 0.1M LiCl at 60�C,154 and 0.126 in 5�10–3M NaCl and KCl at

25�C for k-carrageenan.155

For k-carrageenan at 25�C in 0.1M NaCl, the intrinsic viscosity allows the determination of the molecular weight

using the following relation:

½�� ¼ 3:1� 10�3M0:95 ½6�

This relation was obtained on fractions obtained by preparative gel chromatography.154
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2.21.3.2.4 Conformation of k-carrageenan and ionic selectivity
For stereoregular charged polysaccharides, the formation of a helical conformation and eventually gelation depends on

the ionic concentration, nature of electrolyte, and temperature. The helix–coil transition for k-carrageenan was

demonstrated by different techniques: conductivity, optical rotation, NMR, and DSC.157–159 First, it was demon-

strated that the stability of the ordered conformation depends on the DP of k-carrageenan. Samples with different DPs

were obtained from enzymic hydrolysis and the optical rotation (then, the conformation) of aqueous solution in 0.1

M KCl goes to the same limit at low temperature but the melting temperature (corresponding to the helix–coil

transition) increases when the DP increases up to 45; the behavior is then the same as for a light molecular weight

polymer.149 This seems to indicate that the helical structure involves all the polymeric chains without any disorder.149

From optical rotation as shown in Figure 23, an ordered conformation is stabilized at low temperature and goes to a

disordered conformation when temperature increases. This conformational transition is characterized by Tm, the

temperature for conformational helix–coil change determined at half transition. In fact, the helix–coil transition is

perfectly reversible (no hysteresis) at low ionic concentration (Figure 23a), but hysteresis appears when the ionic

concentration increases. The hysteresis modifies after aging corresponding to an increase of the degree of aggregation,

which is fact related to the syneresis phenomenon discussed later (Figure 23b), but the temperature for coil–helix

transition on the cooling part remains unchanged.

At the same time, at lower temperature, the molecular weight is doubled and the activity coefficient g of

monovalent counterions is changed. This is clearly demonstrated in Figure 24. In the figure, the activity of sodium

and potassium counterions were determined in salt-free solution but as a function of the polymer concentration

(corresponding to an increase of the ionic concentration causing screening of electrostatic repulsions).

At 15 and 35�C, the activity of Naþ is nearly not influenced by temperature or polymer concentration, and it tends

to a value of 0.71 at infinite dilution. This value is in good agreement with the prediction from the polyelectrolyte

theories and corresponds to a single linear chain. The same values are obtained for Naþ and Kþ at 35�C, but at 15�C, a
transition is observed in the Kþ activity coefficient which goes to 0.37 and corresponds to a double charge parameter l.
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Figure 23 Temperature dependence of the specific optical rotation at 300 nm for k-carrageenan under K salt form (a) in

absence of external salt. Concentration 1.05�10–2 equiv. l–1; b, in the presence of KCl. Concentration 0.179�10–2 equiv.l–1;
salt concentration 0.9�10–2 equiv.l–1 with A, the cooling curve, followed directly by B, the heating curve; C depicts the

heating curve after 15h aging at 21�C. Reprinted with permission from Rinaudo, M.; Rochas, C. Investigations on aqueous

solution properties of kappa carrageenans. In Solution Properties of Polysaccharides; Brant, D. A., Ed.; ACS Symposium

Series 150; American Chemical Society: Washington, DC, 1981; pp 367–378. Copyright 2006, American Chemical Society.
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The interpretation of these data is unambiguous; particularly, in the presence of Kþ, two chains associate (molecular

weight and l double) to form a double-helical conformation (shown by optical rotation).160,161 Kinetic studies also

allow one to conclude for the dimer formation.162 On i-carrageenan, a doubling of the molecular weight was also found

in nonaggregating conditions.156 In the solid state, X-ray diffraction also demonstrated that double helices are formed

in k- and i-carrageenans.163a–163c The transition in k-carrageenans was characterized by an enthalpy of conformational

change DH much larger than for agarose or i-carrageenan (Table 16).57,159 The experimental values were compared

with predicted values obtained by application of the Manning treatment for polyelectrolyte without good agreement

in fact.164,165 This point was also discussed from a more theoretical approach.166

The different values of Tm, TF, and TG can be determined from heating and cooling curves obtained by optical

rotation or DSC on aqueous solutions of k-carrageenan and plotted in a log–log representation of these characteristic
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Figure 24 Activity coefficient of counterions as a function of the root squareof the polymer concentration (withCp in equiv.l–1)
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temperatures (T –1), as a function of the total ionic concentration CT. The helix–coil transition is perfectly reversible

(no hysteresis) at low ionic concentration (CT lower than a critical value CT* around 7.5�10–3M in KCl and 2�10–1M

in NaCl), but hysteresis appears when the ionic concentration increases as shown inFigure 23.160Figure 25 gives the

phase diagram for k-carrageenan in presence of Kþ and Naþ counterions and salt excess.

Figure 25 introduces the evidence of ionic selectivity which appears in the coil conformation first and this was a

little surprising because, according to the Manning model, it was expected that selectivity occurs when the charge

parameter, a characteristic for a polyelectrolyte, is larger than 1, as was found previously for carboxymethylcellulose.167

The ionic selectivity was associated with ion pair formation, and this could be demonstrated using ultrasound

absorption.168 With k-carrageenan, under coil conformation, the charge parameter l is equal to 0.68. Nevertheless,

ultrasound absorption showed an ionic selectivity with potassium forming more ion pairs (at least more dehydration)

than sodium.169 The ion pair formation with Kþ reduces the net charge of the polymer and favors the helical dimer

formation, as shown in Figure 25.

The phase diagram relating the total ionic concentration and the inverse of the temperature for conformational (helix–

coil) or phase (sol–gel) transition was established for the different monovalent and divalent counterions. For k-carrageen-
an, the ionic selectivity among monovalent cations is very important while it is low among divalent counterions; the Tm

values were determined at a constant ionic concentration (0.1M) and Tm was varying following the sequence:161

Rbþ>Kþ;Csþ>Naþ>Liþ;NHþ
4 >R4N

þ

For divalent counterions, a small selectivity is observed with the sequence:

Ba2þ>Sr2þ�Ca2þ>Mg2þ�Zn2þ>Co2þ

No selectivity was observed among the monovalent anions with the exception of I–, which stabilizes the helix but

prevents gelation, as discussed later.170–174 The phase diagrams for the helix–coil transition of k- and i-carrageenans
in different ionic salt forms have been established, and the stability of the different conformation discussed by

Rinaudo et al.175

2.21.3.2.5 Properties in solution
k-, i-, and l-carrageenans are polyelectrolytes characterized by a charge parameter (l), which depends on the

conformation (helix formation). For such polymers, l controls the activity coefficient of counterions (g). The
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Figure 25 Phase diagramobtained by plotting the inverse of the temperature for conformational change Tm (crosses, open

circles) when CT<CT* and TF (crosses) and TG (open circles) when CT>CT* with the logarithm of the total concentration of
counterions CT (including external salt and free counterions from the polymer). The phase diagram is established for

potassium and sodium salt. Reprinted with permission from Rinaudo, M.; Rochas, C. Investigations on aqueous solution

properties of kappa carrageenans. In Solution Properties of Polysaccharides; Brant, D. A., Ed.; ACS Symposium Series 150;
American Chemical Society: Washington, DC, 1981; pp 367–378. Copyright 2006, American Chemical Society.
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properties of these polysaccharides can be related to their chemical structure, as can be deduced from their sequence

in solubility,

Agarose< k-carrageenan< i-carrageenan< l-carrageenan

and the order of sulfate density (and charge density),

No sulfate< 1 sulfate< 2 sulfates< 3 sulfates

With the exception of l-carrageenan, these polysaccharides involve 3,6-anhydrogalactose units and form physical

gels at moderate temperature with some hysteresis between heating and cooling, as discussed later; only l-carrageenan
remains water soluble in all conditions and increases the viscosity of the solvent.

2.21.3.2.6 Mechansim of gelation
Agarose, k-carrageenans, and i-carrageenans are recognized as gelling polymers but their properties depend on the

chemical structure; the conditions of gelation as well as the mechanism of gelation have been abundantly discussed in

the literature.



724 Seaweed Polysaccharides
For these polymers, the physical thermoreversible gel formed is stabilized by H bonds between double helices.

From Figure 25, it can be seen that when the ionic concentration increases over CT*, the helix–coil transition is no

more reversible, and that some hysteresis in relation with aggregation of double helices occurs. The aggregates are

more stable when temperature increases than the isolated helices. Then, the hysteresis is characterized by two

temperatures: TF, the melting temperature of the gel, and TG, the temperature for gel formation (with TF>TG). It

must be pointed out that Tm, the temperature for helix formation, is identical to TG over CT*; this implies that the

helices form in the same time as the gel is formed on cooling. The aggregates or junction zones are the basis of the

network formation: gelation proceeds in a two-step process as it has been clearly demonstrated for thermodynamic

conditions around CT* and a polymer concentration larger than the overlap concentration (see Figure 23b).160 The

width of the hysteresis in temperature is directly related to the degree of aggregation of double helices and the charge

density of the polymers (width of this hysteresis decreases from agarose to k-carrageenan to i-carrageenan). The

related rigidity of the gels follows the same trend. The stiffness of the gels formed in presence of Kþ counterions varies

in the following order:

Agarose > k-carrageenan > i-carrageenan

For k-carrageenan, the mechanism was described in detail and related to the solution behavior. The ionic

selectivity observed for the double-helix induction is also recognized for the gelation; the ion pairs which reduce

the net charge of the single coil play a role in the double-helix stabilization but also in the aggregation of the double

helix.176 In this process, the electrostatic repulsion is counterbalanced by cooperative H-bond attractions. The

mechanical properties of the gels formed in the presence of different counterions follow the same order as for the

stability of the double helices: potassium-k-carrageenan gels form at a lower polymer and ionic concentrations and

have a higher modulus and a higher melting temperature than tetramethylammonium-k-carrageenan gels, which only

form at much higher ionic concentrations and have a much lower modulus as determined in dynamic rheological

experiments. For example, in 0.1M salt, at 0.5Hz and 20�C, 1gl–1 potassium-k-carrageenan gives a strong gel with

an elastic modulus G0¼57.45Pa, while the tetramethylammonium form even at 10 gl–1 gives no gel at 20�C. It was
shown that i-carrageenan exhibits only very low ionic selectivity and when gelation occurs it may be due to k-type
impurities.

The role of I– is very important;170,172–174 this anion stabilizes the double helix but prevents gelation; the me-

chanism of its interaction with k-carrageenan is not clearly established. Nevertheless, the stiff double helices are

dispersed in solution, and in absence of aggregation they form a cholesteric liquid crystalline phase.174

The mechanical properties of the k-carrageenan gels formed were investigated by compression measurements, and

it was demonstrated that during gel formation at a given KCl concentration the elastic modulus increases when the

molecular weight increases up to M � 300000 and that the modulus is directly related to the polymer concentration

(Figure 26).153 For the same polymer concentration, the modulus depends on the molecular weight but also on the

ionic KCl concentration (causing the screening of the electrostatic repulsion) and goes to a limit for the same range of

molecular weight (Figure 27). The yield stress for gel rupture however increases linearly with the molecular weight in

the range covered.

When the gels are formed from k-carrageenan, they present the syneresis phenomenon corresponding to a slow

evolution with reorganization of the gel and water expulsion; at the same salt concentration, this mechanism is stronger

at lower polymer concentration (Figure 28).144

The gels from i-carrageenan are less strong with less syneresis and need larger salt excess to be formed; in direct

relation with these differences, a polymer fractionation can be performed by gel-phase separation in the presence of

KCl based on the different gel points for the k- and i-polymers.177

The properties of different samples of i-carrageenan often depend on the presence of k impurities.178

The elastic modulus increases when the ionic concentration increases up to 0.25M and, at higher concentrations, it

decreases due to a salting out effect. A 10gl–1 gel formed in 0.25M KCl has an elastic modulus of 0.32�104Pa, while

for a k-carrageenan gel in 0.25M KCl it is 6.6�104Pa. To conclude, as also displayed in Figure 19, the stiffness of

i-carrageenan is low due to shorter junction zones with lower stability (larger charge density) and they shrink strongly

in nonsolvents.

From a general point of view, for all these physical gels, it was found that the elastic modulus varies according to the

following equation:179

E ¼ KC2	 0:1 ½7�

C is expressed in gl–1; in 0.25 M KCl, K¼745 and 43 for k- and i-carrageenans, respectively.144
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Figure 26 Elastic modulus (104 Pa) obtained in compression measurement as a function of the molecular weight of
different fractions of k-carrageenan in 0.1M KCl for 5gl–1 (stars), 10gl–1 (open squares), and 20gl–1 (solid squares).

Reproduced from Rochas, C.; Rinaudo, M.; Landry, S. Role of the molecular weight on the mechanical properties of kappa

carrageenan gels. Carbohydr. Polym. 1990, 12, 255–266, with permission from Elsevier.
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Figure 27 Elastic modulus (104 Pa) obtained in compression measurement as a function of the molecular weight of

different fractions of k-carrageenan at 10gl–1 in different KCl concentrations: 0.05M (solid squares); 0.1M (open triangles);
0.5M (solid triangles). Reproduced from Rochas, C.; Rinaudo, M.; Landry, S. Role of the molecular weight on the mechani-

cal properties of kappa carrageenan gels. Carbohydr. Polym. 1990, 12, 255–266, with permission from Elsevier.
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The gels are more or less stable in the presence of organic solvent (Figure 19); nevertheless, the nonsolvents are

more efficient when the charge density increases and the stiffness and the degree of helicity decrease.
2.21.3.2.7 Polymer complexes
Synergy exists when k-carrageenan is mixed with locust bean gum (galactomannan);180 the resulting gel is reinforced

but the syneresis effect decreases. Different mixtures were investigated with other galactomannans136,181,182 or other
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Figure 28 Syneresis (in % of volume change) and elastic modulus (104Pa) as a function of time obtained on a
k-carrageenan prepared at different concentrations in 0.1M KCl. (a) Polymer concentrations: 5gl–1 (solid squares); 2.5gl–1

(solid triangles); 1gl–1 (solid stars). (b) Polymer concentrations: 20 gl–1 (solid squares); 10gl–1 (solid triangles); 5gl–1 (open

triangles.)144
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polysaccharides.137,183–187 Mixtures of k- and i-carrageenans were also investigated within a large range of composi-

tions.144,147 Lambda carrageenans form gels when mixed with proteins; many papers are also concerned with the role

of carrageenans in milk.188–190 Carrageenans, negatively charged polymers, interact with proteins (especially with the

milk components); at pH lower than the isoelectic point of the protein, the protein is positively charged and interacts

strongly with carrageenan and the complex precipitates. Above the isoelectric point, the two polymers are negatively

charged and Ca2þ ions make a bridge between the two polyelectrolytes.

2.21.3.2.8 Uses of carrageenans
Industrial applications are the most important uses; 30000tyr–1 of carrageenan of the three types are produ-

ced.13,80,117c,139–141 When used for food products, carrageenans have an EU additive number E 407. Their essential

characteristic induces their use as thickening and stabilizing agents. Carrageenan is also used to solidify and emulsify

solutions. Carrageenans are used to prevent chocolate milk from creaming and sedimenting and to permit solidifica-

tion of flans, custards, yoghurts, chocolate milk, ice creams, and milk puddings. Toothpastes and canned and frozen

pet foods contains carrageenans to allow solidification. Beers are clarified with carrageenans used to complex and

precipitate proteinaceous impurities. As agarose and alginates, carrageenans are used for encapsulation.191 The

behavior observed depends directly on the composition of the systems in which carrageenans are incorporated. It

seems that it is recognized now, that degraded carrageenans might cause ulcerations in the gastrointestinal tract and

gastrointestinal cancer.
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2.21.3.3 Other Sulfated Polysaccharides from Red Seaweeds

Agar, alginates, and carrageenans constitute certainly the more developed production of algae polysaccharides. There

are also several other less-known seaweed species with potential applications. Many different names were introduced

in the past related to the name of the algae source.117c Hypnean was suggested for agar-like extract from Hypnea

musciformis and other Hypnea; iridophycan is extracted from Iridaea (previously named Iridophycus), porphyran is

extracted from Porphyra, and dulsan from Rhodymenia.
2.21.3.3.1 Hypneans

2.21.3.3.1.1 (i) Structure and properties

Hypneans are produced from Hypnea seaweed species; their main value is a strong ability to form gels.117c They are

extracted in water between 50 and 121�C; KCl is added to reduce the viscosity of this extract. The extract is filtrated

and the polysaccharide is recovered by freeze–thawing, which separates KCl and other water-soluble carbohydrates.

The chemical structure of this polysaccharide looks like that of agar and carrageenan with a high percentage of

3,6-anhydrogalactose forming strong thermoreversible gels. The gel strength depends on the presence of electrolytes

with some ionic selectivity (lyotropic series) mainly among the cations; for chloride salts, the sequence in decreasing

order is

Csþ>Rbþ>Kþ>NHþ
4 
Naþ

and for potassium salt, the anions rank as follows:

AcO�>Cl�>SO2�
4 >Br�>HPO2�

4 >NO�
3

Just as for k-carrageenan, KCl is known to influence the gel strength, the gelling temperature, and the melting

temperature. Hypnean gels also show syneresis depending on the salt used.
2.21.3.3.1.2 (ii) Uses of hypneans

These polysaccharides are mainly used for their gelling properties for food applications; they are known as a vermifuge

in Indonesia, Greece, and Turkey. In the north of Brazil, they use the algae (H. musciformis) as fertilizer for young

coconut palms in the arid, sandy soil (the palm roots are covered with seaweeds to keep them humid).
2.21.3.3.2 Porphyran

2.21.3.3.2.1 (i) Structure and properties

Porphyran is a highly substituted agarose-type polysaccharide from the red alga of the Porphyra genus such as Porphyra

umbilicalis mainly produced in Japan. It is constituted of 4-linked 6-O-sulfo-a-L-galactopyranose residues (the

biological precursor of the 3,6-anhydro residue) and 3-linked 6-O-methyl-b-D-galactopyranose residue.192 After

enzymatic fragmentation, NMR studies on oligosaccharides demonstrated that a neutral fraction is constituted of

6(3)-O-methyl-neoagarotetraose and 6(3),6(5)-di-O-methyl-neoagarohexaose; the anionic fraction reveals 6-O-sulfato-

a-L-galactopyranosyl-(1!3)-b-D-galactopyranosyl-(1!4)-3,6-anhydro-a-L-galactopyranosyl-(1!3)-D-galactopyranose

and its 6(3)-O-methylated derivative. The polymer was described as being composed for 49% of sulfated disaccharide

units. The extract from Porphyra capensis (Rhodophyta) has a linear backbone of alternating 3-linked b-D-galactose and
4-linked a-L-galactose 6-sulfate or 3,6-anhydro-a-L-galactose units. The ratio of a-L-galactose 6-sulfate and the 3,6-

anhydrogalactose is 1.2:1 (fromNMR data). A high degree of sulfation occurred at the C6 position of D-galactose units.

The degree of methylation of the galactose residues was 0.64.193

The polymer extracted from Porphyra haitanensis shows a typical porphyran structure with a linear backbone made of

alternating 3-linked b-D-galactopyranosyl units and 4-linked a-L-galactosyl 6-sulfate and a minor amount of 3,6-

anhydrogalactosyl units. Partial methylation occurs at C6 position of the D-galactosyl unit and at C2 position of the

3,6-anhydro-a-L-galactosyl units.194a,194b

Similar types of polysaccharides were also extracted from different species of Laurencia (Laurencia papillosa,

Laurencia cruciata, Laurencia pedicularioides, Laurencia majuscula).195 From Porphyra yezoensis, a polysaccharide with the

following constituent units was found: galactose, 3,6-anhydrogalactose, 6-OSO3-galactose, xylose in ratio 25:15:10:1;

the proposed repeat unit is [(1!3)-b-D-Gal-(1!4)-3,6-anhydro-a-L-Gal-]3-[(1!3)-b-D-Gal-(1!4)-a-L-6-OSO3-Gal-]2
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with a xylose moiety at the C6 of 1 of every 25 b-D-Gal residues. The authors claimed that it is the first porphyran

possessing occasional xylose branches.196

Porphyran can be treated by alkali to increase the gelling ability.197 After alkaline treatment, the polysaccharides

have the properties of agarose.

2.21.3.3.2.2 (ii) Uses of porphyran

Porphyran is a gelling polysaccharide;117c it was fractionated and two fractions were tested for their ability to activate

macrophages in vitro and in vivo.198 It was also used as a nutrition complement; it is claimed to improve immunity of

humans with stress. After fractionation, it was shown that porphyran has a high emulsifying activity index and high

emulsion stability over a wide pH and temperature range.199 Fractions of porphyran were proved to have antioxidant

activities. They have a strong effect on the superoxide radical and/or hydroxyl radical and lipid peroxide.194a,194b

2.21.3.3.3 Furcellaran
Furcellaran is produced by Furcellaria lumbricalis, from the class of Rhodophyceae, a red seaweed.200 Its most

important property is to form gels used in the food and pharmaceutical industry to obtain water- or milk-based gels;

it is produced in Denmark and Estonia.201 It is currently considered to be a type of k-carrageenan. The chemical

structure is based on (1-3)-linked b-D-galactopyranose, (1-4)-linked 3,6-anhydro-a-D-galactopyranose, and (1-3)-linked

b-D-galactopyranose 4-sulfate.202 The 13C NMR characteristics are given in Table 17.

Alkaline treatment removed the sulfate precursor sequences with formation of 3,6-anhydrogalactose. This transfor-

mation increases the gelling ability of furcellaran. Its composition for native, processed, and commercial preparations

are given in Table 18.202

Furcellaran can be considered as a low-sulfated polysaccharide of the carrageenan family. A coil–helix transition is

promoted by potassium and rubidium counterions, followed by gelation. Under comparable conditions, the conforma-

tional transition temperature for furcellaran was found to be higher than that of k-carrageenans.203

2.21.3.3.4 Funoran
Funoran is extracted with water at c. 100�C from red algae such as Gloiopeltis complanata or Gloiopeltis furcata (Postels

and Ruprecht) (Cryptonemiales, Rhodophyta).204,205 They consist of a heterogeneous series of polysaccharides,
Table 17 Chemical shift assignments for 13C NMR spectra of furcellaran (G: (1-3)-linked b-D-galactopyranose; AG: (1-4)-
linked 3,6-anhydro-a-D-galactopyranose; G4S: (1-3)-linked b-D-galactopyranose 4-sulfate202

Unit

Chemical shifts
(ppm)

C1 C2 C3 C4 C5 C6

G 102.5 69.5 80.4 66.4 75.3 61.3

AG 94.6 70.2 79.4 78.1 76.8 69.5

G4S 102.5 69.5 78.8 74.1 74.8 61.3

Reproduced from Laos, K.; Ring, S. G. J. Appl. Phycol. 2005, 17, 461–464, Copyright 2005, with kind permission of Springer

Science and Business Media.

Table 18 Characteristics of the furcellarans202

Sample

Neutral sugar a composition

Sulfate
(% w/w carbohydrate)

Gal 3,6-AGal 6-O-MeGal Glc Xyl Man (%w/w)

Native 64–65 25–26 3.9–4.4 2.7–2.8 1.1–1.7 1.1–1.7 17.5–18.3

Alkali modified 59–60 31–32 4.7–4.8 1.8–1.9 1.1–1.2 1.1–1.2 16.2–17

Commercial 55–57 36–37 4.7–4.8 1.8–1.9 0.52–0.53 0.52–0.53 17.6–18.3

aGal, galactose; 3,6-AGal, 3,6-anhydrogalactose, 6-O-MeGal, 6-O-methylgalactose; Glc, glucose; Xyl, xylose, Man,

mannose.
Reproduced from Laos, K.; Ring, S. G. J. Appl. Phycol. 2005, 17, 461–464, Copyright 2005, with kind permission of Springer

Science and Business Media.
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sulfated galactans, with a basic structure similar to sulfated agarose, a precursor moiety, and carrageenan-type

molecules.117c Two fractions at least are separated from G. complanata; one forms gels (PS2) in the presence of KCl

and the other does not (PS1).204 The fraction PS2 was again separated in two fractions, PS2G and PS2S; each of them

was alkali-treated; their compositions are given in Table 19. From G. furcata, three fractions were isolated in four

different KCl concentrations at room temperature. Eighty-six percent of the material was in PS4 extracted with

4M KCl at 100�C.205This fraction is constituted of 6-sulfated agarose (also named agaroid) recognized by a negative

optical rotation, while the other fractions showed positive optical rotation. The compostion of the fraction PS3 was

examined and is given in Table 20. Table 21 represents the main di- and trisaccharides obtained by hydrolysis.

The main properties described in the literature for funoran from G. furcata is that it inhibits the adherence and

colonization of oral bacteria;206 it was found to decrease caries in rat studies. It was also mentioned to reduce the blood

pressure and lower cholesterol.207 The funoran from Gloiopeltis tenax inhibits the growth of Ehrlich ascites carcinoma

and other solid tumors in mice. It is suggested that the antitumor effect of funoran is related to the augmentation of

T-helper, T-cytotoxic, and NK cells.208
Table 19 Yield and compositiona of funoran fractions PS1, PS2G, and PS2S from the red algae, Gloiopeltis complanata

and their derivatives after alkali treatment (-A)204

Yield
D-Gal 6M-D-Galc L-Gal 2M-L-Galc L-AGald SO�

3(%) b

PS1 0.9 87.7 12.3 4.3 1.7 3.6 158.8

PS2G 4.8 97.4 2.6 8.9 1.3 76.0 109.0

PS2G-A 98.0 2.0 0.1 0 85.9 89.0

PS2S 1.4 95.8 4.2 54.5 2.0 33.4 139.7

PS2S-A 96.5 3.5 25.5 0 52.4 77.5

aMolar ratio. Total of D-series galactoses is taken as 100.
bBased on the dry seaweed.
c6M-D-Gal¼6-O-methyl-D-galactose, etc.
d3,6-Anhydro-L-galactose.

Table 20 Compositionsa of funoran fraction PS3 before and after alkali treatment (PS3A) from Gloiopeltis furcata205

PS3 PS3A

D-Gal 30.1 (100) 30.7 (100)

6-O-Methyl-D-Gal 2.3 (7) 2.9 (8)

3,6-Anhydro-D-Gal 0 (0) 6.1 (22)

L-Gal 5.4 (18) 0 (0)

3,6-Anhydro-L-Gal 2.7 (10) 10.0 (36)

Sulfate (as SO3K) 39.7 (179) 34.9 (155)

aExpressed as wt.%. The calculated values for the sugars are based on molecular weight of anhydro sugar unit. The
numbers in the parentheses express molar ratio (the value for D-Gal is taken as 100).

Table 21 Disaccharides and trisaccharides isolated from partial hydrolysis product of funoran PS3 fraction205

1 b-D-Gal-(l!4)-L-Gal

2 b-D-Gal-(l!4)-D-Gal

3 a-L-Gal-(l!3)-D-Gal

4 a-D-Gal-(l!3)-D-Gal

5 b-D-Gal-(l!4)-3,6-anhydro-L-Gal

6 6-O-Methyl-D-Gal-(1!3)-D-Gal

7 a-L-Gal-(l!3)-b-Gal-(1!4)-L-Gal

8 a-D-Gal-(l!3)-b-D-Gal-(1!4)-D-Gal

9 b-D-Gal-(l!4)-a-L-Gal-(1!3)-D-Gal

10 b-D-Gal-(l!4)-a-D-Gal-(1!3)-D-Gal
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2.21.3.3.5 Dulsan
Dulsan is extracted from Rhodymenia palmata, a red alga known as dulse; this alga is completely digestible by man and

was mainly used for food. It does not form gels and it is water soluble; acid hydrolysis gives principally D-xylose, but

also galactose and glucose with (1-3) and (1-4) linkages.117c
2.21.3.3.6 Iridophycan
Iridophycan is extracted from Iridaea or Iridophycus genera. It is extracted with boiling water and filtrated before

isolation. It was shown that it is a sulfated galactan giving only D-galactose after hydrolysis. Some authors consider that

the extract from alga is a mixture of fucan and galactan. In general, the properties look like that of carrageenan or

funoran, but no studies of these properties are published. It is used as a cold-mix stabilizer, for its adhesive properties,

and it prevents blood coagulation.117c
2.21.4 Conclusion

The main seaweeds exploited for industrial applications are described. They are directly consumed, especially in the

Eastern countries. Seaweeds are a source of many valuable molecules, and today more and more pharmaceuticals are

isolated from them. Seaweeds are recognized to have many biomedical applications and these developments are in

progress in many countries. The industrially important species are more and more cultivated. The polysaccharides

extracted from some of the selected seaweeds are important from a commercial point of view. These polymers are

often water soluble and have very different chemical structures, which also means different physical properties and

interactions; they are good thickeners but also depending on the thermodynamic conditions they can form physical

gels; two main types of gelation mechanisms are recognized and discussed in this chapter: alginates form gel in the

presence of divalent counterions (Ba, Sr, Ca) in relation with the existence of guluronic acid blocks. k- and

i-carrageenans are sulfated galactans forming gels by association of double helices when they contain anhydrogalactose

units; the same mechanism is valid for agarose.

Ionic selectivity is discussed, and it is shown that the nature of the counterions (and also the co-ion) is important in

all these polysaccharide systems; it plays a role not only on the conformation of the polymers even in dilute solution

(helical or coiled conformation) but also on the net charge of the polymers and intermolecular interactions going to

gelation.
Glossary

copolymer A polymer formed with a least two different monomeric units included in the same polymeric chain.

DPn number-average polymerization degree = Mn/m0.

homopolymer A polymer formed with a single type of monomeric unit.

intrinsic viscosity [�] Represents the specific hydrodynamic volume of a polymer in solution; it is related to the molecular

weight of the polymer (in mlg–1).

m0 The molecular weight of the repeat unit.

persistence length Characterizes the local stiffness of a polymeric chain (in nm).

polyelectrolyte A polymer with ionic sites regularly disposed along the backbone.

SEC Size-exclusion chromatography; fractionates the polymeric chains following their hydrodynamic volume.

syneresis Aging of a gel which shrinks with expulsion of free solvent.

u-state Characterizes a polymer–solvent system at a given temperature y in which the solution is ideal; for a given polymer, it

includes well-defined solvent and temperature.
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2.22.1 Cellulose, A Sophisticated Macromolecule

2.22.1.1 Cellulose Is Ubiquitous

Cellulose is the most abundant biopolymer. Cellulose is found in both prokaryotes (Acetobacter xylinus, Agrobacterium

tumefaciens, Rhizobium spp., Escherichia coli, cyanobacteria, etc.) and eukaryotes (oomycetes, algae, terrestrial plants and

animals, such as tunicates).1Photosynthetic organisms such as plants, algae, and certain bacteria produce more than

100 billion tons of organic matter each year coming from the fixation of carbon nitrogen and half of this biomass is

cellulose. Cellulose is of enormous economic interest for the wood, paper, and textile industry and will also be the

major source for biofuel in the future.
2.22.1.2 Cellulose Structure

The primary structure of cellulose is a linear homopolymer of (b1-4)-linked D-glucose residues (Figure 1a). The

repeating unit of the glucan chain is cellobiose since every glucose residue is rotated 180� with respect to its neighbors.

In nature, cellulose never occurs as a single chain but as a paracrystalline microfibril composed of many glucan chains.

The free hydroxyl groups present in the cellulose macromolecule are involved in a number of intra- and intermolecu-

lar hydrogen bonds that may give rise to various ordered crystalline arrangements. The conformation of the cellulose

chain can be determined by various physical methods and in particular X-ray diffraction. Four cellulose allomorphs

with characteristic X-ray diffraction patterns have been identified (I, II, III, and IV).1a Cellulose I, also referred to

as native cellulose, is the natural allomorph. X-ray diffraction analysis along individual microfibrils showed that

cellulose I is in most cases a mixture of two crystalline allomorphs a and b (Figure 1b). Ia and Ib have indistinguish-

able backbone conformations but that differ in their hydrogen-bonding patterns.2,3 Ia/Ib ratios can vary depending on

the origin of the cellulose. For instance, cellulose from bacterial and algal origin is mainly of type Ia. Ib predominates

in terrestrial plants (Ia/Ib<0.25), whereas cellulose of the outer membrane of tunicates consists of pure Ib.4

Cellulose II is obtained by regeneration of cellulose from solution or mercerization of native cellulose, a process that

involves swelling and partial dissolution in alkali and conversion to a thermodynamically more stable configuration.

This allomorph is known by the term ‘regenerated’ cellulose. Treatment with liquid ammonia or with certain amines

allows the preparation of cellulose III either from cellulose I (IIII) or from cellulose II (IIIII). Cellulose III treated at

high temperature in glycerol is transformed into cellulose IV, IVI, and IVII. It is generally accepted that cellulose IVI is

a disordered form of cellulose I and this could explain the reported occurrence of this form in the native state in some

plants as determined by X-ray diffraction.

Most structural information about the bulk structure of the cellulose crystal has been obtained from X-ray and

electron diffractions techniques or spectroscopic methods such as Fourier transform infrared microspectroscopy

(FTIR) and 13C-NMR. In addition, atomic force microscopy (AFM) is now increasingly used to study the surface of

cellulose microcrystals since measurements can be made in nearly in vivo physiological conditions with an atomic

resolution.5–7

A long-term controversy concerning the directionality of the glucan chains within the microfibril was resolved by

Hieta et al.8 who used silver labeling to show that all the reducing groups were at the same end of the microfibril in the

algae Valonia. In addition, Chanzy and Henrissat9 showed that only one end of the large microfibril of this alga became

pointed following digestion with a cellobiohydrolase, which degrades only from the nonreducing end. These observa-

tions are compatible with a simple model in which all chains are synthesized by the same mechanism leading to a

parallel structure. Cellulose II would instead have an antiparallel structure. Koyama et al.10 demonstrated using a

combination of direct staining of the reducing ends and microdiffraction-tilting electron crystallographic analysis that

the reducing end of the growing bacterial cellulose chains pointed away from the bacterium. This provided direct

evidence that polymerization by the cellulose synthase takes place at the nonreducing end of the growing cellulose

chains. Because plant cellulose synthases are homologous to their Acetobacter counterpart, it is likely that plant

cellulose synthesis also occurs from the nonreducing ends of the glucan chains.
2.22.1.3 Degree of Polymerization

The degree of polymerization (DP) of glucan chains of native celluloses varies according to species and tissues and is

not well established. Values of DP ranging from hundreds and several tens of thousands have been reported. In

Acetobacter, a mean DP of 5700 has been proposed and in cotton fibers, the DP ranges between 2000 and 6000 in early

growth stages to reach later 13000–14000.11 It is not known what controls the DP of glucan chains.
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Figure 1 Cellulose microfibril structure and crystalline organization. a, Cellulose microfibrils are paracrystalline

assemblies of numerous parallel (1!4)-b-D-glucan chains tightly linked by hydrogen bonds. In the primary unit named

cellobiose, the (b1-4) linkage inverts the glucosyl units about 180� with respect to each neighbor. b, Two crystalline phases

Ia and Ib occur in various proportions according to the source of cellulose. Cellulose Ia has a triclinic unit cell, consisting of a
single chain, whereas cellulose Ib has a larger monoclinic unit cell corresponding to two chains. It is not known what

determines the two crystalline phases, but it may be related to differences in the synthesis mode. Alternating Ia and Ib
phases exist along the microfibrils of highly crystalline algal cellulose. a, Adapted from http://carnegiedpb.stanford.edu/
research/research_csomerville.php; b, adapted from http://www.cermav.cnrs.fr/glyco3d/lessons/cellulose/.
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2.22.1.4 The Cellulose Synthesizing Complex

Large membrane localized complexes, named terminal complexes (TCs), have been identified by electron microsco-

py (EM) in freeze fractured plasma membranes frommany cellulose synthesizing organisms. The frequent association

of these membrane complexes with one end of cellulose microfibrils, which are visible as impressions in the

membrane, suggested that the cellulose synthesis occurred in these complexes. Kimura et al.12 finally demonstrated

that TCs contain the cellulose synthase catalytic subunit by immunogold labeling of rosettes in the vascular plant

Vigna angularis with an antibody directed against a cellulose synthase catalytic subunit from cotton fibers (Figure 2).

Tsekos13 reviewed the large natural variation in shape and organization of TCs and correlated this with the shape

and size of the cellulose microfibrils in different organisms (Figure 3). Linearly arranged TCs in single or multiple

rows are observed in bacteria, Dyctostelium discoidum, and some algae. The cellulosic alga Valonia, for example, has

highly ordered and very large terminal complexes and synthesizes large and highly crystalline cellulosic microfibrils

made out of more than 1000 glucan chains. Charophycean algae – which are closely related to land plants, mosses,

ferns, and vascular plants – contain in the plasma membrane hexagonal TCs of �25nm diameter and produce mostly

small square crystallites of around 4–8nm wide which may contain around 20–40 glucan chains. From these data, is has

been proposed that the architecture of cellulose microfibrils (size, shape, crystallinity, and intramicrofibrillar associa-

tions) is directly related to the geometry of TCs. It should be noted however that the textile cellulose fibers from

cotton14 and flax have larger, around 10nm wide, crystallites containing around 80 glucan chains. To our knowledge,

TCs have never been reported in these cell types, so it is not excluded that they are organized in some higher-order

structure.

In addition to the size of the microfibril, the relationship between crystalline allomorph and the shape of the TC has

to be taken into consideration. Organisms with linear TCs such as A. xylinum or most algae tend to synthesize a much

higher proportion of the Ia allomorph of cellulose, whereas organisms containing rosettes synthesize more Ib with the

exception of tunicates which produce pure Ib with linear TCs. So it remains to be seen what exactly determines the

Ia/Ib ratio in microfibrils. Several models for the organization of TCs in plants have been proposed7,15 and will be

described in more detail in Section 2.22.4.
Figure 2 Freeze fracture replicas of hexagonal rosettes. Rosettes or terminal complexes (TCs) are responsible for

cellulose microfibril biogenesis in higher plants (shown here is a tracheary element of Zinnia elegans). Inset a shows one
Zinnia elegans rosette at higher magnification and inset b immunogold labeling of rosettes of Vigna angularis using

antibodies directed against cotton CESA.12 Reproduced from Delmer, D. P. Annu. Rev. Plant Physiol. Plant Mol. Biol.

1999, 50, 245–276. With permission, from the Annual Review of Plant Physiol. Plant Mol. Biol. Volume 50 ã 1999 by Annual

Reviews.
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Figure 3 Schematic representation of terminal complexes (TCs). Relationships between the organization of the cellulose

synthase TCs and the shape and size of the microfibrils. Linearly arranged TCs in single or multiple rows are observed in

bacteria and some algae (Oocystis, Valonia), whereas hexagonal structures are observed in charophycean algae (Spirogyra,
Micrasterias, Nitella) and land plants. Linear TCs of the alga Valonia synthesize the largest and most highly crystalline

cellulosic microfibrils. Adapted with permission from Tsekos, I. J. Phycol. 1999, 35, 635–655.
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2.22.1.5 Orientation of Cellulose Microfibrils

Advances in field emission scanning electron microscopy (FESEM) and atomic field microscopy(AFM) simplified the

direct observation of microfibrils at the plant cell wall surface. For a detailed description of the cell wall architecture.

In short, the following cell wall textures can be distinguished: randomly deposited cellulose microfibrils as observed in

the tips of roothairs or regenerating tobacco protoplasts; transversely oriented cellulose microfibrils with respect to the

cell elongation axis as observed in elongating cells; a helicoidal structures resulting from the deposition of successive

layers with progressively changing microfibril angles, observed in secondary walls or in certain primary walls before

growth acceleration; and a helical organization as in wood fibers or axial orientation observed in root hairs or in cells

after growth cessation.16 So, microfibrils form highly organized networks that depend on the way the cellulose is

deposited but also on the rearrangement of the polymers during cell expansion as described by the multinet growth

theory proposed by Roelofsen and Houwink.17 A recent example was described in Refrégier et al.18 who studied

growth and wall deposition in epidermal cells of dark-grown Arabidopsis thaliana hypocotyls. The authors showed that

innermost cellulose microfibrils which were originally deposited transversally to the growth axis, reoriented during

hypocotyl elongation to adopt a mainly longitudinal orientation. Such a massive reorganization of the wall involves

wall remodeling agents such as expansins and most likely hydrolases such as xyloglucan endotransglucosylase/

hydrolases (XTH).19,20
2.22.1.6 Critical Role of Orientation of Microfibrils in Growth Control

Plant cell shape is a key determinant in plant morphogenesis and is in turn strongly influenced by the organization and

plastic extensibility of the cell wall. Within the wall, cellulose microfibrils constitute the major load-bearing structures.

The anisotropy of cellulose microfibrils contributes to the differential extensibility of the wall.21,22

Wrapped around a cell in parallel hoops, the microfibrils are thought to efficiently restrict cell expansion to a single

dimension (Figure 4).23–25 Upon inhibition of cellulose synthesis, one observes a randomization of the remaining

microfibrils and the loss of growth anisotropy.26 These and other observations support the view that cellulose

deposition plays a key role in the control of the growth direction in coordination with microtubules.27,28 Recent

observations on rsw4 and rsw7 mutants with a temperature-sensitive radial expansion phenotype while maintaining a

normal transverse microfibril orientation show that the orientation of microfibrils is not sufficient for the control of

growth anisotropy.29 Other controlling factors, such as targeted secretion of cell wall material, need to be considered.



Figure 4 GFP-CESA trajectories correlate with the orientation of innermost cellulose microfibrils and cortical microtubules
in elongating cells. a,The innermost layer of cellulose microfibrils visualized by FESEM is deposited transversely to the axis

of elongation in growing cells (represented at the left hand of the panel). b, Distribution of GFP-CESA6 at the hypocotyls cell

surface of etiolated seedlings expressing CESA6prom:GFPCESA6 in a cesA6 mutant (procuste1). It reveals fluorescent

dots that are organized in linear arrays perpendicular to the axis of elongation. c, Cortical microtubules are observed to lie
parallel to cellulose fibrils in elongating cells using antibodies raised against b-tubulin. Images (b) and (c) are acquired by

confocal laser scanning microscopy.
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2.22.2 Discovery and Evolution of the Cellulose Synthesis Machinery

2.22.2.1 Cellulose Biosynthesis in Bacteria

Two bacteria Gluconacetobacter xylinus (formerly called A. xylinus) and A. tumefaciens have been studied in detail to

elucidate the basic features of cellulose biosynthesis.30,31 Bacteria generally produce cellulose as an extracellular

component which has been shown to be important for their development and their interactions with hosts. A. xylinus

synthesizes ribbons of cellulose which protrude from one side of the cell and coalesce to form a raft of cellulose which

supports the bacteria floating at an air–water interface. In A. tumefaciens, cellulose fibrils appear to emerge at random

from all sides of the cell surface. These fibrils play a role in pathogenesis and serve to bind the bacteria tightly to the

plant host cell.

Together, these studies of cellulose biosynthesis in bacteria reveal a common enzymatic pathway and regulation. In

most of the species studied, at least one operon containing genes involved in cellulose biosynthesis is present on the

chromosome. Two genes are present throughout all cellulose-producing species: a gene encoding a cellulose synthase

(BSCA (bacterial cellulose synthesis), also named ACSA (Acetobacter cellulose synthesis) or CELA (cellulose)) and a

gene (BCSB, ACSB, or CELB) encoding a bis-(30,50) cyclic diguanylic acid (c-di-GMP) binding protein (Figure 5).32

BCSA has been experimentally shown to bind the substrate UDP-glucose (UDP-Glc).33 Another gene present

upstream of the operon containing the cellulose synthase genes in A. xylinus34 or present within the operon of

A. tumefaciens35 encodes a cellulase (CELC), which is a membrane-associated member of glycosyl hydrolase (GH)

family 8. Its disruption by transposon insertion showed that CELC is required for cellulose synthesis35 (Figure 5).

Although the function of this cellulase is not known, it was proposed to participate in the transfer of lipid-linked glucan

oligosaccharides to cellulose chains. In the case of A. xylinus, CELC appears to be secreted into the periplasmic space

rather than being membrane anchored.34 Genomic sequences show that many bacterial genomes contain cellulases.36

Other genes are present in the cellulose synthase operons such as CELD and CELE but their functions are still

unclear. Genomic sequencing shows the presence of putative cellulose synthesis operons in many, often unsuspected,

bacterial species such as Rhizobium leguminosarum, Sarcina ventriculi, Salmonella spp., Escherichia coli, Klebsiella pneu-

moniae and several species of cyanobacteria Anabaena and Nostoc,37 indicating that the ability to synthesize cellulose is

much more widespread than was previously thought.
2.22.2.2 Structure–Function, Characterization of the Cellulose Synthases

So far two classes of proteins required for cellulose synthesis in bacteria are also present and required for cellulose

synthesis in plants: the cellulose synthases catalytic subunits (CESAs)38 and membrane-bound cellulases.39 Cellulose

synthases are glycosyl transferases that use UDP-Glc as the substrate. The catalytic mechanism of glycosyltransferases

involves a general acid–base catalysis mechanism for formation of a glycosyl–enzyme intermediate. Enzymes that
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Figure 5 Operons CELABC and CELDE of Agrobacterium tumefaciens C58 involved in cellulose synthesis. Filled triangles

indicate the positions of transposon insertions which result in a cellulose-minus phenotype. CELA: cellulose synthase;

CELB: c-di-GMP binding protein; CELC: endoglucanase; CELD, CELE: unidentified function, are required for the synthesis
of lipid-linked intermediates in cellulose synthesis. Reproduced from Matthysse, A. G.; Thomas, D. L.; White, A. R.

J. Bacteriol. 1995, 177, 1076–1081, with permission from American Society for Microbiology.31,35
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catalyze the different glycosyl transfer reactions and that use NDP–sugar as substrates are now classified into

47 families.39a Cellulose synthases belong to family 2, which comprise both processive and nonprocessive enzymes.

Nonprocessive enzymes transfer a single sugar residue from a nucleotide–diphospho–sugar donor to a specific

acceptor.40 Processive enzymes, such as CESA, chitin synthase, and hyaluronan synthase, are generally membrane

proteins that synthesize a polysaccharide/oligosaccharide chain and stay attached to the growing end of a glucan chain.

The spore coat polysaccharide biosynthesis protein (SpsA) from Bacillus subtilis was the first representative from

glycosyltransferase family 2 to be crystallized at a resolution of 2Å. This structure permits a comparison of the catalytic

center of this enzyme with those from related sequence families.41 CESAs share the following structural features with

SpsA: the presence of a UDP-Glc binding pocket, with three conserved aspartic acid residues.42 These motifs are

present in a large region, which is predicted to form a loop exposed to the cytoplasm. In addition, processive

b-glycosyltransferases share a QXXRW domain, which may play a role in the processivity of the enzymes.43,44

Site-directed mutagenesis experiments in bacteria validate the role in the activity and substrate binding of

conserved residues in cellulose synthase and other glycosyltransferases.33,44 Moreover, UDP-Glc-binding experiments

performed with the large cytoplasmic region of the cellulose synthase from plants are also consistent with the model.38
2.22.2.3 Possible Enzymatic Mechanisms for Synthesis of Cellulose

The problem with synthesizing a (1!4)-b-D-glucan glucan is that each glucose residue rotates 180� with respect to its

neighbor. This would require that either the nascent glucan chain rotates during synthesis or the cellulose synthase

contains two active sites with opposite orientations that synthesize together a cellobiose unit. Saxena et al.42 proposed a

model in which each catalytic subunit contains two UDP-Glc binding sites at a 180� orientation. An alternative model

proposes that two distinct glycosyltransferases operate cooperatively from opposite sites to add cellobiosyl units to the

chain.45 Resolution of this controversy will require further research into the enzymatic reaction mechanism and the

structure of the cellulose synthase complex.
2.22.2.4 Plant Cellulose Synthases

The CESA family comprises 10 genes in Arabidopsis and at least 21 genes in rice. All CESA synthases described to date

have a number of conserved structural features (Figure 6). CESA contain eight predicted membrane-spanning helices

and an N-terminal cystein-rich ring-finger domain. This domain plays a role in the dimerization of CESAs through the

formation of intermolecular disulfide bridges.46 Within the cytosolic amino terminus is a region of about 150 amino

acids, rich in acidic residues, which is hypervariable between CESA isoforms and highly conserved between orthologs

in different plant species. This region may be involved in isoform-specific functions.

Between transmembrane domains 2 and 3 is a large predicted cytosolic domain of around 540 amino acids. This

domain, much larger than the equivalent domain of about 285 amino acids in bacteria, contains two motifs A and B,

characteristic for processive glycolsyltransferase (D, D, D35QXXRW0 domains). In plants, this region contains a large

insertion between the first and the second conserved aspartic acid, identified as plant-conserved region (PCR) and a

hypervariable region (HVR) between the second and the third conserved aspartic acid.38,43 The phylogenetic tree of

the CESAs shows that 10 Arabidopsis genes cluster into six groups with orthologs in other species suggesting a

functional specialization of the corresponding isoforms (Figure 7). CESA4, 7, and 8, which are specifically expressed
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Figure 6 Overall structural organization of Arabidopsis cellulose synthases. All plant CESA are integral membrane proteins
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helices thought to form a pore in the plasma membrane. At the amino terminus of the protein is a cystein-rich region that

displays similarity to ring finger domains. The N-term variable region is rich in acidic amino acids. The twomotifs A and B are
proposed to be involved in the catalytic activity: the aspartic acid residues in the A motif are thought to bind the UDP-Glc

substrate and the conservedD andQxxRWamino acids of the Bmotif are found only in processive enzymes and are thought

to be part of the catalytic site. Reproduced from Richmond, T. Genome Biol. 2000, 1, Reviews 3001, with permission.
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during secondary wall synthesis (see below), are unique in Arabidopsis with at least one ortholog in other species.

CESA3 is also unique with a single ortholog in rice and two in maize. CESA1 and CESA10 form a single branch with

cotton, medicago, and soybean sequences. Finally, CESA2, 5, 6, and 9 form one branch with three maize and two rice

sequences. This subclass of CESA genes has therefore been duplicated independently in different species.

Mutations in three Oryza sativa OsCESA genes orthologous to Arabidopsis secondary cell wall CESAs induce a ‘brittle

culm’ phenotype47 resulting from a reduced amount of secondary wall cellulose. A detailed analysis of the CESA

expression pattern in poplar,48 eucalyptus,49 and barley50 also differentiate two triplets of orthologous CESA50

specialized for primary and secondary walls. Finally, orthologs for secondary wall CESAs were also found in loblolly

pine indicating that the functional differentiation of the CESA family members predated the angiosperm–

gymnosperm divergence.51
2.22.3 Lessons from Cellulose-Deficient Mutants

The basis of forward genetics is the identification of mutants for a given trait, to analyze phenotypical alterations in

order to assign a biological function to a gene. With proper molecular tools or strategies, the corresponding gene can be

cloned. During the past decade, large collections of mutants have been generated in Arabidopsis upon mutagenesis by

EMS or T-DNA insertions.52 Arabidopsis is a plant model for genetic analysis and the genome of this small crucifer has

been completely sequenced (Arabidopsis Genome Initiative, 2000). Different screening methods have led to the

identification of cell wall mutants, which frequently show developmental phenotypes and reveal critical roles for the

cell wall during cytokinesis, cell expansion, and differentiation.53 Among these mutants, cellulose-deficient mutants

were found, which allowed the identification of a set of genes required for cellulose synthesis summarized inTable 1.
2.22.3.1 A New Strategy to Identify Cellulose-Deficient Mutants: FTIR Spectroscopy

A limiting factor in the identification of cell wall mutants is our capacity to analyze the cell wall defect. Chemical

analysis is time-consuming, requires relatively large amounts of material and most importantly, does not provide

information on the microheterogeneity of the tissue. Spectroscopic methods (FTIR, FT-Raman, UV) combined with a

microscope accessory allow the study of the cell wall composition at a quasi-cellular level. Carpita et al.54 and

Mackinnon et al.55 have used FTIR microspectroscopyto screen for cell wall mutants among a collection of short

hypocotyl mutants.56 The Arabidopsis hypocotyl has a simple anatomy:57 the cross section shows four cell layers around
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unrooted tree of the CESA family. Different species are boxed and shaded in the same color. At, Arabidopsis thaliana; Gh,
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Pt/Pa, Populus alba x Populus tremula; Zm, Zea mays. From http://cellwall.stanford.edu/.
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a central cylinder, and only around 20 cells make up for the total length. Most cells are preformed in the embryo and

cell elongation is in particular dramatic for dark-grown seedlings with a length increase from 10mm to up to 1mm.

(Figure 8).

FTIR spectroscopy is based on the ability of chemical bonds to absorb IR light at well-defined frequencies.58

Complex mixtures of molecules such as cell wall components produce characteristic spectra which reflect both the

composition and the architecture of the material. These spectra are in general too complex to directly interpret the

observed differences. However, they can be used as fingerprints to classify cell wall mutants. In this way, we identified

a cluster of mutants with cellulose defects in the cell walls (Figure 9). Comparing the average spectra of the cellulose-

deficient cluster with that of wild-type controls led to the identification of wave numbers that are diagnostic for altered

cellulose content in the context of an intact cell wall. This technique is also powerful to identify other classes of

cell wall mutants56 (Figure 9) and to analyze various tissue types for instance on cross sections of stems59 and roots

(G. Mouille, personal communication).
2.22.3.2 Developmental Function of CESA Genes

Arabidopsis mutants have been identified for eight out of 10 CESA genes (Table 1). Mutants in CESA4, 7, and 8 all

show a collapsed xylem phenotype due to the absence of secondary cell wall thickenings in xylem cells.60–62 All three

genes are therefore required for the synthesis of cellulose during secondary wall formation. As discussed below, the

requirement of three nonredundant genes suggests that the encoded proteins are part of the same protein complex

(see Section 2.22.4).61,62 A mutant allele of CESA7 gene (fragile fiber ( fra)5 mutant) causes a semidominant phenotype

http://cellwall.stanford.edu/.


Table 1 Loci directly or indirectly involved in cellulose biosynthesis in Arabidopsis

Gene and species Gene product activity (or similar to) Mutant alleles Phenotype

CESA1 CESA (homolog to CelA from

bacteria*)

rsw1-167 Ts, dwarf, radially expanded cells, disorganized microfibrils at restrictive t
�147

At4g32410 rsw1-266 Late embryonic, radially expanded cells, dwarf, normal division planes

rsw1-2065

rsw1-1053 Postembryonic, radially expanded cells, dwarf

CESA3 CESA eli1-1; eli1-268 Postembryonic, cell expansion and xylem development defects, ectopic lignification

At5g05170 cev170 Stunted root growth, increased production of jasmonic acid and ethylene

ixr1-1; ixr1-274 Semidominant resistant to isoxaben, no cellulose reduction

CESA4 CESA irx562 Irregular xylem vessels

At5g44030

CESA6

At5g64740

CESA prc171 Postembryonic, reduced growth of dark grown hypocotyls and roots, radially expanded

cells, normal microfibril orientation 18

ixr2-175 Semidominant resistance to isoxaben, no cellulose deficiency

CESA7 CESA irx360 Collapsed xylem, weak stem

At5g17420 fra563 Semidominant, fragile fibers, weak stem

CESA8 CESA irx161 Weak stem, collapsed xylem vessels

At4g18780 fra663 Reduced fiber wall thickness

lew2-1; lew2-264 Leaf-wilting phenotype, more tolerant to drought and osmotic stress, dwarf with dark

green leaves, collapsed xylem

KOR1 Membrane-bound kor1-139 Postembryonic, dwarf, radially expanded cells, increased pectin content 56 collapsed

xylem 98

At5g49720 EGase kor1-290 Late-embryonic, dwarf, randomized division planes

Activity against rsw2-1 to 2-497 Ts, radially expanded cells, dwarf, randomized division planes, aborted cell plates

CMC and non-crystalline cellulose not

against xyloglucan, Ca2þ dep.

acw196¼rsw2

tsd195
Ts, altered cellulose bundles in petiole mesophyll cells

Randomized division planes, callus formation on meristem

irx2-1; irx2-298 Collapsed xylem

KOB1

At3g08550

Novel protein

Plant specific

kob1-1; kob1-2106

eld1-1 107 eld1-2109
Dwarf, sterile, radially expanded cells, disorganized microfibrils in elongation zone,

ectopic callose and lignin

Dwarf, sterile, precocious accumulation of suberin, incomplete vascular differentiation,

loss of root meristematic activity (eld1-1), partial photomorphogenesis in dark grown

conditions

abi8108 Dwarf, ABA-resistant germination, defects in cell division and root apical meristem,

partial rescue by supplying glucose, no stomatal closure in response to ABA or darkness
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POM1

At1g05850

Putative secreted basic chitinase-like- pom1-1 to 11111

elp1115
CORE mutant, stunted ro t and dark-grown hypocotyls, radially expanded cells, normal

microfibril orientation

Ectopic lignification, inco plete cell walls in some pith cells

COB

At5g60920

GPI-anchored protein cob-1114 CORE mutant, radially e anded cells, reduced growth at restrictive conditions (4.5%

sucrose), normal aerial gans

cob-4112 Absence of inflorescence em, sterile, severe reduced growth on 0.3% and 4.5% sucrose,

radially expanded cells maller cotyledons

Disorganization of CMF i the elongation zone of cob mutants

CYT1

At2g39770

Mannose(1-2) phosphate

guanyltransferase

cyt1-1 and -2117 Late embryonic, from hea stage on, increased expanded cells, incomplete cell walls,

excessive callus accumu ation

GCS/KNF a-Glucosidase I gcs1-1, 1-2118 Late embryonic, from hea stage on, increased cell expansion and incomplete cell walls

At1g67490 knf-11 to 2066

RSW3 a-Glucosidase II rsw3-1119 Ts, radially expanded cell dwarf, no mucilage

At5g63840

HYD1

At1g20050

C-8, 7 isomerase

Complementation of erg2 yeast

mutant (Grebenok et al., 1998)

hyd1-1, 1-2148

hyd1-E58, hyd1-R216121
Early-embryonic, multipl cotyledons, cell division and expansion defects, vascular

defects, seedling lethal

Idem and affected in stero biosynthesis (accumulation of D8,14 sterols, severe reduction
of campesterol and sito erol, accumulation of a specific intermediate)130 correct PIN

trafficking, perturbation of auxin and ethylene signalling143

FK

At3g52940

C-14 reductase

Complementation of erg24 yeast

mutant

fk120,149; hyd2143 Early-embryonic, cell div on and expansion defects, seedling lethal, multiple

cotyledons patterning d fects, severe reduction in both sitosterol and campesterol,

accumulation of a speci c intermediate130 correct PIN trafficking, perturbation of

auxin and ethylene sign lling143

SMT1/CPH/ORC C-24 methyltransferase smt1150 Early-embryonic, cell div on and expansion defects, patterning defects,

At5g13710 cph-G213/T357/GXIII121

orc144
Idem and affected in ster biosynthesis (an abnormal accumulation of cholesterol and

24-methylenecholester )

Idem and affected in cell olarity and mislocalization of PIN1 and PIN3, normal

localization of AUX1

The analysis of mutants isolated from several screens led to the identification of several loci involved in cellulose biosynt esis. Most of thesemutants are affected in cytokinesis or in

cell elongation during the deposition of the primary cell walls. Mutants affected in cell elongation often display radially xpanded cells.

CESA4, 7, and 8 are only required for secondary cell wall deposition. Mutations at two loci confer resistance to isoxa n without reduction of cellulose content.

Names of the mutants: abi: acid abscisic insensitive; acw: abnormal cell wall; cev: constitutive expression of VSP; c h: cephalopod; cyt: cytokinesis defective; edl: elongation
defective; elp1: ectopic lignin in pith; eli: ectopic lignin; fk: fackel; gcs: glucosidase; hyd: hydra; irx: irregular xylem; ixr soxaben resistant; knf: knopf; kor: korrigan; prc: procuste;

smt: sterol methyl transferase; tsd: tumorous shoot development; rsw: root swelling. Ts: thermosensitive; CORE: Cond onal Root Expansion,* All the CESA genes are homologous

to bacterial CELA gene. EGase: endoglucanase.
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Figure 8 Arabidopsis hypocotyl as model system for cell elongation. a, Cell elongation defect in 7-day-old dark grown

hypocotyl of a cellulose deficient mutant (korrigan) (two seedlings, right side) compared with the wild type (two seedlings,

left side). Scale bars represent 0.5cm. Scanning electron micrographs (SEMs) of hypocotyls of 7-day-old dark grown wild-

type (b) and korrigan (e) seedlings. Transverse sections of 7-day-old dark grown wild-type (c) and korrigan (d) hypocotyls.
Scale bars represent 100mm.
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in the reduction of fiber cell wall thickness and cellulose content63 and interestingly, overexpression of the fra5mutant

cDNA in wild-type plants not only reduced secondary wall thickness and cellulose content but also decreased primary

wall thickness and cell elongation. This indicates that fra5 mutant protein can also interfere with the activity of

primary wall-specific CESA proteins. In contrast, the overexpression of the fra6mutant form of CESA8 did not cause

any changes in the elongation of cells and organs. For CESA8, two allelic mutants lew2-1 and lew2-2 were isolated in a

screen for plants with reduced sensitivity to drought stress.64 It is not clear what the exact relationship is between

these mutations and the stress response.

Several mutant alleles have been identified for CESA1 with varying phenotypes (Table 1). Recessive alleles rsw1-2

and rsw1-20 show an embryonic phenotype with elongation arrest and increased radial expansion from the heart stage

on, and dramatically altered cell walls with a strong cellulose deficiency.65,66 It is not clear whether these alleles are

complete nulls or that even stronger phenotypes may be found. rsw1-1 is a temperature-sensitive allele, which shows,

upon transfer to 30�C, strong inhibition of the synthesis of crystalline cellulose, randomization of the remaining

microfibrils and increased radial cell expansion in roots and other organs.67 rsw1-10 is a weak constitutive allele which

is dwarf but fully fertile. For CESA3, several allelic mutants have been described as well; ectopic lignin (eli) 1-1 and 1-2

were found in a screen for mutants that accumulate ectopic lignin.68 Both mutants are severely dwarfed and over-

express PR proteins. A mutant allele for CESA3, constitutive expression of vegetative storage protein (cev)1, was isolated

from a screen for mutants that constitutively express a luciferase reporter from the jasmonate-responsive promoter

from the vegetative storage proteins (VSPs). This mutant is dwarfed, presents constitutive expression of defense-

related genes such as pathogenesis-related (PR) proteins and is more resistant to powdery mildew diseases.69,70 cesA6

mutants were found in a screen for short, radially expanded hypocotyl mutants in the dark.71 CESA1, 3, and 6 are all

three required for normal cellulose synthesis in dark-grown hypocotyls and roots and are expressed in the same cell

types at least in these organs. The absence of redundancy among these three genes again suggests that they may be

part of the same cellulose synthase complex (see Section 2.22.4). Finally, ixr1 and ixr2 do not show an observable

phenotype but are resistant to the cellulose synthesis inhibitor isoxaben.72,73 ixr1 and ixr2 carry mutations respectively

in CESA3 and CESA6.74,75 These mutations are close to the C-terminus of the proteins, far away from the catalytic

domain suggesting that isoxaben does not act directly on the cellulose synthesis activity of the protein. The existence

of isoxaben-resistant alleles for both CESA3 and CESA6 suggests that isoxaben interacts with a protein complex

containing the two proteins.

The function of the remaining four isoforms (CESA2, 5, 9, and 10) still remains to be determined. None of the

T-DNA insertion line mutants for these genes showed a clearly observable phenotype when examined in ambient

conditions. No alteration of the cellulose content or cell wall defects could be detected in insertion lines for CESA2

and CESA5, which are the isoforms most similar to CESA6 (Figure 7) (Mouille and Gonneau, unpublished). Similarly,
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Figure 9 FTIR microspectroscopy-based classification of cell wall mutants. Dendrogram representing the hierarchical

cluster analysis of Arabidopsis mutants based on their FTIR spectra.123 Growth and sampling conditions and statistical
analysis were carried out as described by Mouille et al.56 Allelic mutants (in italics) or wild type treated with the same

chemical have the same color. Abbreviations of the mutant names are as in Mouille et al.56 thax50, thax200 flu4 are wild-

type seedlings treated with 50, 200nM thaxtomin and 4nM flupoxam, respectively. Cell wall mutants are classified into

several groups with different cell wall defects. The cellulose-deficient mutants are listed in Table 1. Cob was grown at
permissive temperature and did not show a cellulose defect.
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antisense suppression of CESA2 caused a minor reduction of the stem elongation rate but with no reduction of the final

plant height.76 Interestingly, besides ixr2-1, all cesA6mutants appear to be null alleles. Nevertheless, they do not show

an observable phenotype in aerial parts when grown in the light, suggesting functional redundancy with other CESA

genes in the light. Given the high-sequence similarity, CESA2, 5, or 9 may correspond to such redundant genes.

CESA9 is not expressed in adult plants. CESA2 and CESA5 however are expressed in light grown plants and CESA2 is

highly co-expressed with CESA1, 3, and 6 indicating a potential role for this gene in primary cell wall deposition77

Double mutant combinations respectively between cesA6 and cesA5 and cesA6 and cesA2 indeed reveal additive

phenotypes (Juraniec and Gonneau, unpublished).

Beeckman et al.65 used semiquantitative RT-PCR and in situ hybridization to investigate the expression of all

10 CESA genes during embryo development in Arabidopsis. Transcripts for all 10 genes could be detected in the three

postembryonic tissues; however, only CESA1, 2, 3, and 9mRNAwas detected in the embryo at the heart and torpedo

stages and diminished toward the bent-cotyledon stages. In contrast to CESA1 null alleles, for CESA2 or 9 did not show

an observable phenotype. It will be interesting to analyze the embryo of the double mutant combination.
2.22.3.3 The CSL Superfamily

Besides the CESA genes, the Arabidopsis genome contains 29 more distantly related genes (7% to 35% identity with

CESA), referred to as cellulose synthase-like or CSL genes.77a The most distinguishing feature of these CSL as

compared to CESA proteins is the absence of the ring finger in the N-terminal domain. The encoded putative glycosyl

transferases can be grouped in eight classes and may be involved in the synthesis of cellulose or other b-linked
glycans.78 Heterologous expression in insect cells showed that CSLA family members (CSLA2, CSLA7, and CSLA9)

have (gluco-) mannan synthase activity.79 Interestingly, a CSLA7 transposon insertion mutant shows perturbed pollen-

tube growth and embryo lethality80 indicating that mannan has an unsuspected role in primary walls. In Arabidopsis

kojak mutants for CSLD3, root hair tips burst suggesting a fragilized cell wall. The nature of the cell wall defect,

however, remains to be determined.81

CSLF genes are only present in the commelinoid monocotyledon group of land plants. Recent evidence demon-

strates a role for CSLF in the synthesis of 1-3:1-4-b-linked glucan. Using comparative genomic analysis, a major

quantitative trait locus (QTL) for 1-3:1-4-b-linked glucan content in barley endosperm appeared to be linked to a

cluster of CSLF in rice.82 The heterologous expression of one of these CSLF rice genes in Arabidopsis led to the

accumulation of 1-3:1-4-b-linked glucan in the cell walls of the transformants. The involvement of OsCSLF7 in pollen

germination and tube growth has been recently shown by proteomic analyses of O. sativa mature pollen.83

In Arabidopsis, subcellular localization of proteins by isotope tagging (LOPIT) allowed the identification of

three CSL proteins in Golgi apparatus (CLSD6, CLSD2, CSLD3) as expected for noncellulosic polysaccharide

synthases84and one in endoplasmic reticulum (ER) (CSLE1) suggesting an alternative role for this protein.85 More

genes need to be expressed in heterologous systems, loss of function mutants need to be isolated, and multiple

mutants need to be constructed to unequivocally assign a role to each of the CSL family members.
2.22.3.4 The Role of a Cellulase in Cellulose Synthesis

The Arabidopsis genome encodes 25 putative endo-b-1,4-D-glucanases (EGase) or cellulases,36 which belong to the

glycosyl hydrolase family 9 (GH9).86 All of those have secretory signal peptides except for the three-member KOR

subfamily. KOR1 is the most studied and is a 72kDa integral membrane protein with an N-terminal membrane anchor

and a short cytoplasmic tail. Interestingly, as shown below, this cellulase is required for cellulose synthesis and

therefore needs to be discussed in this review.

2.22.3.4.1 Structure and post-translational modifications of KOR1
The catalytic domain faces away from the cytoplasm as shown by protease treatments on microsomes87 and the

presence of N-linked glycans on this domain in plant cells.88 The residues (D198/201, H516, and E555) that have been

shown by mutation to be crucial for enzymatic activity in the bacterial EGase CELD89 are also conserved in KOR1.39

A stretch of 23 hydrophobic amino acids presumably serves as membrane anchor. The cytosolic domain contains two

putative polarized targeting motifs LL and YVDL90 and is phosphorylated on at least two serine residues in vivo in a

plasma membrane-enriched fraction of Arabidopsis cell cultures (see below).

KOR1 and its ortholog CEL3 in tomato39,87 both behave as integral membrane proteins in microsomal

fractions prepared respectively from suspension cultures and roots. Fractionation of the microsomes on a linear

sucrose gradient revealed CEL3 as three distinct bands (93, 88, and 53kDa) in fractions respectively enriched for
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the plasma membrane and the Golgi apparatus.87 The 93 and 88kDa proteins may be glycosylated versions of the

protein and the 53kDa protein a degradation product. KOR1 was also found in a plasma membrane-enriched fraction

obtained by free flow electrophoresis of microsomes from Arabidopsis cell cultures, with a minor band in a

tonoplast enriched fraction. The C-terminus is highly enriched for prolines (10/16 amino acids), which might be

modified post-translationally.91

2.22.3.4.2 Substrate specificity of KOR1
Cellulases of the GH9 family have an inverting mechanism of (b1-4)-glucosidic bond hydrolysis, and a cleft-type active

site topology.92 The catalytic site of KOR1 presumably also contains a loop that blocks the nonreducing end of the

(b1-4)-glucan.91 The enzyme activity was measured on recombinant proteins from Brassica93 and poplar91 expressed

in Pichia pastoris. Both proteins hydrolyze (b1-4)-glucosyl linkages of carboxymethyl cellulose (CMC) and amorphous

cellulose,94 but not of crystalline cellulose. They cause the release of cellobiose and/or oligosaccharides from swollen

cellulose indicating that internal linkages of long chains were preferentially hydrolyzed. The hydrolase activity is Ca2þ

dependent. Interestingly, in contrast to most other plant cellulases, the protein does not hydrolyze xyloglucans.

2.22.3.4.3 Developmental role of KOR1
Mutant phenotypes for KOR1 range from seedling lethal with cytokinesis defects (kor1-2, tsd1),90,95 dwarf (kor1-1,

acw1-1 and -2),39,96 temperature-sensitive dwarf (rsw2 alleles)97 to normal size plants with collapsed xylem (irx2-1

and -2)98 (Table 1 and Figure 8). Decreased cellulose and increased pectin content were observed for kor1-1, acw1,

rsw2, and irx2.56,96,97,99,100 The simplest explanation of the allelic differences is that increasing residual levels of

KOR1 are present in mutants with increasingly weaker phenotypes, with sufficiently high levels of KOR1 in irx2

alleles to sustain normal growth, but insufficient to produce the secondary wall thickenings. The fact that single amino

acid mutations such as rsw2-1, rsw2-4, and rsw2-2/acw1 are present at the surface of KOR1 proteins101 suggests that

they prevent interactions with other protein partners, which may be required for cellulose synthesis.
2.22.3.4.4 Other KOR1-related genes
Arabidopsis contains two more KOR1-related genes, KOR2 (At1g65610) and KOR3 (At4g24260). KOR1, like its oilseed

rape ortholog CEL16 is expressed in all plant organs investigated.102,103 Using Affymetrix data, it has been shown that

it is stably expressed throughout Arabidopsis development and in numerous environmental conditions.104 The

expression pattern of KOR2 and 3 is more restricted.105 KOR2promoter-GUS fusions were expressed in developing

root hairs, at junctions between leaf petioles and stems and between flower petioles and the receptacle. KOR2

therefore may be involved in strengthening the cell wall at these tension points. KOR3promoter-GUS fusions were

expressed in cells that surround the vascular bundle within the leaf mesophyl and in the cells that form a ring at the

base of each trichome. These restricted patterns are also confirmed by Affymetrix data.105a
2.22.3.5 Other Actors Involved in Cellulose Synthesis

kobito (kob) 1 is a severely dwarfed mutant deficient for cellulose106 allelic to elongation defective (eld) 1107 and acid

abscisic insensitive (abi) 8.108 FESEM on root tips showed that in the cell division zone of kob1-1, microfibrils were

transversely oriented like in the wild type. In the rudimentary elongation zone of kob 1-1 however, one observed an

amorphous innermost wall layer. Pectate lyase treatment removed this layer and uncovered a network of randomly

organized microfibrils. In more differentiated cells, microfibrils appeared normal again. These observations suggest a

role for KOB1 in the deposition of microfibrils specifically in elongating cells. The mutated gene encodes a predicted

type II membrane protein. The protein is plant specific, highly conserved among higher plants and does not show

sequence homology to proteins of known function. In the abi8 mutant isolated on the basis of ABA-resistant

germination, Glc treatment but not sucrose restores growth and vascular differentiation in the root but not in the

aerial parts.108 It is also resistant to high concentration of Glc suggesting a defect in sugar signalling and/or transport

important for cellulose synthesis. The two KOB1-related genes (At3g57200 and At2g41450) are also induced by Glc.108

Interestingly, the ABA signaling is also impaired in this mutant (in germination, stomatal regulation, regulation of

ABA-regulated genes). The fact that it is also Glc dependent renders it different from other ABA response or

biosynthetic mutants. The link between ABA/Glc and cellulose synthesis is still unclear.

A GFP-KOB1 functional fusion protein was observed in the plasma membrane in elongated root cells and in

intracellular structures in dividing cells in 4-day dark grown seedlings106 whereas Lertpiriyapong and Sung109 showed

that ELD1-GFP was localized to the cell wall/extracellular matrix in plasmolyzed cells of 15-day-old light grown
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seedlings. Brocard-Gifford et al.108 showed that ABI8:ABI8GUS was concentrated in punctate patches in cytoplasm

(similar to those described for KOB1) limited to the root elongation zone and the more terminal portions of the zone

differentiation in 2-week-old seedlings. These contradictory results may be related to the use of the promoter

(endogenous for ABI8::GFP vs. 35S-promoter for ELD1::GFP and GFP::KOB1) or the position of the GFP-fusion

(N-terminal to KOB1 and C-terminal to ABI8 and ELD1). The different localization of ABI8/ELD1/KOB1 at

different growth stages suggests that the intracellular targeting of the protein is developmentally regulated.

cobra (cob) and pom1 mutants were isolated in a screen for ‘conditional root expansion (CORE)’ mutants, which

show increased radial expansion in the root only in the presence of high sucrose concentrations (4.5%) or high

temperature.110,111 A strong cob4 allele is constitutively seedling lethal and cellulose deficient with randomized

innermost microfibrils in the root elongation zone.112 In rice, the brittle culm1 mutation is the result of a mutation in

a COBRA homolog.113

COB is a plant-specific, extracellular glycosyl-phosphatidyl-inositol (GPI) anchored protein. Immunolocalization

shows that COB overlays the cortical microtubules.112 This suggests that COB may be involved in the control of the

orientation of the movement of the cellulose synthase complexes (see below). Linking COB, which is inserted into the

outer membrane leaflet, to the microtubules on the inside, would require a membrane spanning protein or at least an

interaction between the two lipid bilayers.112,114 pom1 is represented by over 20 alleles with a CORE phenotype. In

contrast to kob1, rsw1, and cobra, the reduced cellulose content in pom1 hypocotyl and root was not accompanied by a

perturbation of the microfibril alignment.106 pom1 is allelic to ectopic lignin in pith, elp1 56,115 a mutant which was, like

other cellulose-deficient mutants, characterized by an accumulation of ectopic lignin in parenchyma cells of inflores-

cence stems. The encoded chitinase-like protein CTL1 has the characteristics of a secreted basic chitinase, an enzyme

that cleaves (b1-4) linkages between GlcNAc residues that make up chitin; however, crucial catalytic residues are

missing from the sequence and so far no chitinase activity has been reported for this protein. Higher plants do not

contain chitin, but GlcNAc is found in glycoproteins and Arabino-galactan proteins (AGPs).116 It is therefore

conceivable that POM1 interacts with a particular glycoprotein or an AGP and that this interaction is required for

normal cellulose synthesis.

Other classes of cellulose-deficient mutants are affected in enzymes involved in protein N-glycosylation (Table 1).

The cyt1,117 knf/ gcs1,66,118 and rsw3119 mutants are dwarf or affected in late embryogenesis as shown by the radially

expanded mature embryos. The strong developmental phenotypes of these mutants are probably caused by defects in

the quality control of key processing glycoproteins as discussed below (see Section 2.22.6.2).

Mutants affected in enzymes involved in the sterol biosynthesis were also found to be cellulose deficient. fk, hyd1,

and smt1/cph mutants display obvious cell expansion and division defects visible by light microscopy in postglobular

stage embryos.120,121 These mutants have incomplete cell walls, which show a specific reduction in cellulose (50–70%

of the wild-type level) coupled with ectopic callose and lignin deposits. As discussed below, it is conceivable that the

presence of sterol-enriched detergent-insoluble membrane microdomains, called lipid rafts, is required for normal

cellulose synthesis.
2.22.3.6 Identification of Novel Genes Involved in Cell Wall Formation through
Expression Profiling

Other novel genes potentially involved in the synthesis of cellulose were recently identified by searching for genes

that are co-regulated at the transcript level with CESAs in publicly available Affymetrix microarray data.77,122

Persson et al.77 identified genes previously implicated in cellulose synthesis as well as a vast number of previously

uncharacterized genes. First the three CESA subunits involved either in primary or in secondary cell wall biosynthesis

are highly co-expressed consistent with the idea that three CESAs are required to assemble in a functional CESA

complex.

COB and CTL1/POM1 are also co-expressed with CESA1, 3, and 6. Similarly, the COB homolog COBL4, which has

been implicated in cellulose biosynthesis and control of mechanical strength of the tissues of rice, is highly co-

regulated with secondary cell wall CESA isoforms. Thus, it appears that the two types of CESA complexes contain

specialized homologs of other proteins that are involved in synthesis and assembly of the cell wall.

These results also revealed complex patterns indicating that cell wall biosynthesis is coordinated with several other

biological processes. A number of genes involved in various metabolic pathways (gluconeogenesis or galactose,

galactoside and glucose catabolism) are co-regulated to varying degrees with the respective CESA triplets. Instead,

enzymes of other cell wall-related biosynthetic pathways such as lignin biosynthesis were not co-regulated with

primary or secondary CESA genes. Moreover, several uncharacterized genes have closely correlated expression

patterns showing that this approach is useful for the identification of new elements of such a complex multicomponent
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process. Using a different method of analysis, Brown et al.122 also identified a set of genes co-expressed with genes

encoding CESA involved in secondary cell walls and some genes were common with the studies of Persson et al.77

They selected 16 genes for reverse genetics and showed that five of them are indeed necessary for secondary cell wall

formation such as a transcription factor of the HD1 class and members of glycosyltransferase families GT47, GT43,

and GT8.122
2.22.4 Mechanism of Cellulose Synthesis

2.22.4.1 Organization of the Terminal Complex

As shown above, the comparable mutant phenotypes for CESA4, 7, and 8 on the one hand, and those of CESA1, 3, and

6 on the other hand, combined with the expression profiles, indicated that the distinct isoforms are not redundant and

suggested that the respective CESA triplets were part of the same complex. This was confirmed by Taylor et al.62 who

showed using co-immunoprecipitation experiments that CESA4, 7, and 8 indeed interact with each other. We also

showed that primary cell wall CESA1, 3, and 6 belong to the same complex (Gonneau, unpublished). Doblin et al. 15

proposed a model for the organization of cellulose synthase subunits within the rosette. At least three subunits are

necessary for the spontaneous assembly of a rosette (Figure 10a): a1, a2, and b. The relative amounts of the

corresponding transcripts suggest a 1:2:3 stoichiometry for the three respective subunits. The model proposes that

a1 interacts with two b isoforms only and a2 with either two b isoforms or another a2 isoform between two globules.
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Figure 10 Model for the structure of the rosette and organization of the CESA subunits. a, Six CESA polypeptides are

organized in hexagonal globules (or rosette subunits) which interact to form the rosette, the cellulosemicrofibril synthesizing
catalytic complex. Each CESA polypeptide is thought to synthesize one (1!4)-b-D-glucan chain. Once the 36 nascent

chains emerge from the plasmamembrane, they coalesce to form an elementary cellulose microfibril. b, Schematic represen-

tation of the organization of the different CESA subunits within a rosette. Three types of CESA subunits are required for
assembly of a functional rosette. One a1, two a2, and three b, but there are no direct indications on the type of protein–protein

interaction. In the Doblin model, four types of interactions are needed (a1–b, a2–b, a2–a2 to form the rosette and a1–a1 for a

rosette array), whereas in the Ding et al.7 model only three types of interactions (a1–b, a2–b, and b–b) would be required for

the assembly of honeycomb array of rosettes in the plasma membrane. a, Reproduced from Doblin, M. S., et al. Plant Cell
Physiol. 2002, 43, 1407–1420, with permission from The Japanese Society of Plant Physiologists. b, Reprinted with

permission from Ding, S. Y.; Himmel, M. E. J. Agric. Food Chem. 2006, 54, 597–606. Copyright (2006) American Chemical

Society.
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In this model, three types of protein–protein interactions may be involved in the assembly of the cellulose synthase

complex: a1–b, a2–b, and a2–a2. Ding and Himmel7 proposed a simplified model taking into account the honeycomb

array of the rosette in the plasma membrane, in which each subunit in the previous model was rotated by 180� to create
b–b interactions (Figure 10b).

These models are consistent with the analysis of the isoxaben-resistant mutants described previously, ixr174 and

ixr2.75 The simplest interpretation for the existence of two nonredundant resistance loci is that the herbicide directly

or indirectly recognizes a binding site associated with a complex containing both isoforms. Interestingly, despite the

large scale of the screen, no ixrmutants were found for CesA1, suggesting that this protein is probably not a target for

the herbicide.123

The biochemical analysis of cellulose synthesis has been hampered by the difficulty to produce cellulose in vitro.

Solubilization of microsomes invariably led to the production of (b1-3)-linked glucan or callose, rather than cellulose.

A major breakthrough was obtained by Bulone et al.124 who succeeded in producing substantial amounts of cellulose

(about 20% of the total glucan produced) from solubilized microsomal fractions from cultured blackberry cells. The

structure of in vitro and in vivo products was similar except for the higher crystallinity of the in vitro product. This will

open the way to the biochemical dissection of the different steps in cellulose synthesis and the analysis of the role of

the genetically defined actors in these steps.
2.22.4.2 A Sitosterol-Glucoside Primer for Cellulose Synthesis?

Hydrophobic glycosides often function as primers for other glycosyltransferases.125,126 Also for cellulose, evidence

exists for a role of sitosterol-b-glucosides (SGs) as a primer for glucan chain elongation. SG is present at the inner face

of plant plasma membranes127 where cellulose synthesis occurs.

In vitro studies in cotton fibers suggest the requirement for SG primers for the synthesis of cellulose.128 Supplying a

combination of 14C SG with unlabeled UDP-Glc to fiber membranes results in the conversion of some of the SGs to

sitosterol-cellodextrins (SCDs) indicating that a glycosyltransferase can use UDP-Glc to form SCDs from SG.

Additional evidence that the generation of SCDs is related to cellulose production comes from the observation that

DCB, a cellulose synthase inhibitor, inhibits SG synthesis in vivo and addition of SG reverses the effect of DCB

suggesting that its target is the UDP-Glc:sterol glycosyltransferase (SGT) enzyme. CDs are cleaved from the SCD

primer by a Ca2þ-activated membrane-bound cellulose (Figure 11).

Given the Ca2þ dependence of KOR1 activity93 and the presence of a KOR1 ortholog in cotton fiber microsomes,

the protein levels of which increased during secondary wall deposition, the authors hypothesized that KOR1 could

release the nascent (b1-4)-glucan chain from the SG primer. It should be noted in this context that the topology of

KOR1, with the EGase domain facing the outside, is difficult to reconcile with such a role. Indeed, the catalytic

domain of the cellulose synthases and hence any primer should be facing the cytosol. Cleavage of the nascent chain

from the primer would require that the catalytic domain of KOR1 transiently moves toward the inside of the

membrane, which is rather unlikely.

To test a potential role for KOR1 in cleaving a SG primer in Arabidopsis, we analyzed the levels of SG and SCD in

wild-type and kor1-1 plants. If the cellulose deficiency in the kor1-1mutant is due to the reduced ability to cleave the

nascent chain from the primer, we would expect to see a smaller amount of sitosterol-glucosides in the mutant, which

was not the case.123 It is therefore unlikely that the cellulose deficiency observed in kor1-1 is a mere result of a change

in the recycling capacity of a SG primer. SG is produced from UDP-Glc and sitosterol by the enzyme SGT, which is

encoded by two genes (SGT1 and SGT2) in Arabidopsis. sgt1sgt2 double knockout mutants showed as expected a strong
Figure 11 Model for the recycling of the SG primer in the cellulose biosynthesis. UDP-Glc: UDP-glucose; S: sitosterol;

SGT: UDP-glucose:sterolglycosyltransferase; SG: sitosterol-b-glucoside; S(G)n: sterol cellodextrins (SCD) such as SG2

S-cellobiose, SG3 S-cellotetraose; CESA: catalytic subunit of cellulose synthase; DCB: 2,6-dichlorobenzonitrile; KOR1:

endo-b1,4-D-glucanase. Adapted from Peng, L., et al. Science 2002, 295, 147–150.
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reduction in SG.129 However, this reduction did not affect cellulose synthesis or cell elongation. These observations

may indicate that, in contrast to cotton fibers, SGs are not used as primers in Arabidopsis, or that alternatively, in the

absence of SG, (an)other primer(s) can be used. The analysis of several mutants affected in sterol biosynthesis

indicates that sterols are indeed required for cellulose synthesis.130 It remains to be seen whether this is due to the

absence of a primer in the mutants or some other effect for instance on the intracellular trafficking of the cellulose

synthase complexes.
2.22.5 Regulation of Cellulose Deposition

Cellulose deposition is highly regulated and coordinated with cellular differentiation. This is illustrated, for instance,

by the changes in microfibril orientation observed upon growth cessation in root cells26 during primordia formation in

the meristem131 or the massive deposition of secondary wall material after growth cessation of vascular cells or cotton

fibers. This regulation occurs at multiple levels. As shown above, members of the CESA gene family vary in their

transcript profiles, with isoforms specifically expressed during embryogenesis,65 in elongating cells67,68,71 or in vascular

cells during the formation of secondary wall thickenings.62 The same is true for other gene families involved in

cellulose synthesis such as COB, POM, KOR, and KOB families. In addition to the transcriptional regulation, cellulose

synthesis is also regulated at the post-translational level. Evidence exists so far for a regulation by redox-regulated

dimerization and at the level of the intracellular localization. In addition, at least KOR1 and several CESAs are

phosphorylated and glycosylated, which may also play a regulatory role. The existence of the N-terminal ring-finger

domain in all CESAs also suggests the involvement of ubiquitin-mediated degradation.
2.22.6 Redox-Regulated Dimerization of CESA Subunits

The N-terminal ring-finger domain in CESA is of the type C3HC4, which has been defined as a series of conserved

Cys and His residues (CX2CX9–39CX1–3HX2–3C/HX2CX4–48CX2C) that binds two zinc atoms. Ring-finger

domains are key features of ubiquitin E3 ligases, which are involved in protein degradation, but also can mediate

dimerization through the formation of intermolecular disulfide bridges. In a yeast two-hybrid system, the N-terminal

domains of cotton CESAs, GhCESA1 and GhCESA2, can interact with themselves or with each other. Using isolated

recombinant proteins, these interactions were verified in vitro. Upon reduction of the disulfide bridges by DTT, the

GhCESA1 Zn domain existed preferentially in the monomeric state.46 Under oxidative conditions induced by

physiological levels of H2O2 or by treatment with strong oxidizing agents that promote disulfide formation, the

zinc-binding domain existed as a dimer (Figure 12).

These observations suggest that the redox state of the cell controls the formation of CESA dimers and perhaps

cellulose synthesis. Interestingly, the authors showed that the action of the cellulose synthesis inhibitor CGA 325’615

on root elongation was inhibited in the presence of H2O2. This suggests that this herbicide may interfere with the

oxidative CESA dimer formation. The authors further suggest that under reduced conditions, the ring-finger domain

may act as an E3 ligase and promote the degradation of the CESA.
2.22.6.1 The Role of Phosphorylation in Cellulose Synthesis

A phophoproteomics study of the cytoplasmic domains of plasma membrane proteins isolated from suspension

cultured Arabidopsis cells, identified phosphopeptides from the N-terminal cytosolic domains of CESA3, CESA5,

and KOR1.132 These phosphorylation sites are unique among the CESA paralogs but highly conserved among

orthologs in dicots and monocots suggesting a key regulatory role for phosphorylation.133 Taylor et al.134 used

immunostaining with anti-phosphoserine antibodies or phosphopeptide specific staining to show that immunopurified

CESA7 is also phosphorylated. The functional role of these phosphorylation sites remains to be determined.
2.22.6.2 Glycosylation and Quality Control in the ER

N-linked glycosylation is one of the most common post-translational modifications in eukaryotes. After synthesis and

transfer of an oligosaccharide precursor onto specific Asn residues of proteins, N-linked glycans are processed in the

ER by a glucosidases I and II and modified in the Golgi apparatus into complex glycans.135 Interestingly, so far, all

N-glycosylation mutants exhibiting cell wall defects are altered in enzymes involved in N-glycan assembly or in

N-glycan processing in the ER. The cyt1 mutant is impaired in N-glycosylation due to the absence of GDP-Man



Figure 12 Proposed model of regulation of the CESA activity at the protein level. Under oxidized conditions, the CESA

protein can dimerize with itself or another CESA subunit. Under reduced conditions this domain coordinates two zinc ions

and can act as E3 ubiquitin protein ligase and promotes its own degradation through the ubiquitin–proteasome pathway.
Red star indicates phosphorylation sites that have been identified on various CESA subunits. The herbicide CGA325’615

might inhibit the oxidation and consequently the dimerization of CESA via di-sulfide bridges. The DDD, QXXXRW signature

of the glycosyltransferase family 2 is shown. Adapted with permission from Kurek, I., et al. Proc. Natl. Acad. Sci. USA 2002,
99, 11109–11114.
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synthesis, which is required for the assembly of the precursor oligosaccharide,117 whereas the mutants knf/ gcs166,118

and rsw3119 are respectively altered in the a-glucosidase I and II. These two enzymes respectively remove the two

terminal glucose residues from N-linked glycans. In the absence of these enzymes, glucosylated glycoproteins remain

attached to the chaperonin calreticulin136 and remain stuck in the ER.

Most of the mutants present a cellulose deficiency with minor changes in the matrix composition.118 One notable

exception is the mutant defective glycosylation(dgl)1, mutated in a subunit of the oligosaccharyltransferase complex,

which shows no cellulose deficiency and major changes in the matrix composition.88 This discrepancy is not

understood, but one possibility is a quantitative effect. The stronger glycosylation defects in cyt1, knf/gcs1, and rsw3

cause an embryonic phenotype and the inhibition of cellulose synthesis, whereas the weaker defects in dgl1-1 only

affect matrix polysaccharide synthesis during post-embryonic development. The strong developmental phenotypes of

these mutants are probably caused by defects in the quality control of key processing glycoproteins in the ER rather

than by the absence of complex N-linked glycans, as no phenotype was observed for the cgl1mutant, which is mutated

in GlcNAc-transferase and entirely lacks complex glycans137 or for the fucosyl- and xylosyltransferase knockouts,138

which have altered complex N-glycan structures. It is unclear why early N-glycan processing defects should affect

cellulose synthesis more than the synthesis of Golgi-derived polysaccharides. Moreover, Gillmor et al.66 showed that

the amount of CESA is not altered in the N-glycosylation knf mutant. It has been proposed that the deficiency in

cellulose in these mutants is related to the inactivation of other proteins involved in cellulose processing, such as

KOR1.66,119 However, evidence for alterations in N-glycosylation of KOR1 in knf, cyt1, and rsw3mutants has not been

established so far.
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2.22.6.3 Regulated Intracellular Trafficking of CESA6 and KOR1

The subcellular localization has been studied recently for CESA6 and KOR1 using immunolabeling and GFP-fusions

that complement the respective mutant phenotypes. Both proteins were detected in a heterogeneous population of

intracellular organelles. Only CESA6 was detected in the plasma membrane.139 The localization of YFP-CESA6 was

studied in the epidermis of dark-grown hypocotyls. YFP-CESA6 was present in large intracellular organelles that co-

localized with the Golgi marker and in smaller objects, which frequently formed rows in the plasma membrane.

Interestingly, these smaller objects moved at constant rates in linear tracks above cortical microtubules (Figure 4b).

This movement was transverse to the elongation axis and bidirectional. These objects most likely correspond to

individual cellulose synthase complexes that are propelled by the polymerization of the glucan chains. The rates of

movement corresponded to the addition of approximately 300–1000 glucose residues per min, values that were

roughly one-third of those previously predicted for in vivo synthetic rates in algal cells.140 The localization of GFP-

KOR1 was studied in small epidermis cells within the root meristem. The fusion protein was observed in the Golgi

apparatus and tonoplast.102 It also co-localized with early endosomal marker FM4-64 within 10min after its addition

and in a Brefeldin A (BFA) compartment 30min upon BFA treatment. This suggests that, although the protein does

not accumulate in the plasma membrane, it presumably cycles through it. The intracellular distribution of GFP-KOR1

changed during cellular development and under the influence of the cellulose synthesis inhibitor isoxaben. YFP-

CESA6 was also observed in the Golgi apparatus and in other smaller organelles (Figure 4b). EM microscopy had

shown previously that rosettes already may be assembled in the Golgi apparatus.141 This may reflect an intracellular

store of cellulose synthase complexes before insertion into the plasma membrane or complexes that constantly cycle

between the cells interior and the plasma membrane. Interestingly, isoxaben caused within 5min a decrease in particle

density and within 20min the complete loss of YFP-CESA6 from the plasma membrane. It is not clear at this stage

whether isoxaben promotes endocytosis or inhibits secretion of the complexes. However, if endocytosis is involved, a

mechanism must exist to remove the complexes from the growing microfibril. KOR1 might play a role in this process.

Together, these results suggest that the intracellular trafficking of the enzymes involved in cellulose synthesis plays a

key role in the developmental and environmental regulation of cellulose synthesis.
2.22.6.4 Role of Microtubules in Cellulose Synthesis

Observations of the movement of YFP-GFP particles provide important new insights into the role of the cortical

microtubules in orienting microfibrils. These particles moved in linear arrays above the cortical microtubules. The

reorientation of microtubules, for instance upon illuminating cells in the apical hook of dark-grown seedlings with blue

laser light or after treatment with microtubule inhibitor oryzalin, also caused a reorientation of the movement of the

particle arrays, indicating a close interaction between cellulose synthase complexes and the microtubules.139 Interest-

ingly, complete removal of microtubules upon longer treatments with oryzalin did not abolish the linear movement of

the particles, which indicates the ability of the complexes to self-organize in the absence of the microtubules. This

resolves a long-standing debate around conflicting evidence in favor and against a role for microtubules in the

orientation of microfibrils. In short the orientation of microfibrils is regulated at, at least, two levels: self-organization

in the absence of microtubules and guidance by cortical microtubules through direct interaction with cellulose

synthase complexes. Interestingly, oryzalin treatment also abolished within 10min the motility of GFP-KOR1-

containing compartments. This indicates that the intracellular movement of GFP-KOR1 also depended on micro-

tubules in contrast to the Golgi apparatus or early endosomes, the motility of which depends on actin. It is conceivable

that microtubule-dependent GFP-KOR1-containing compartments deliver KOR1 to the plasma membrane in prox-

imity to cellulose synthase complexes for instance to facilitate the clearance of the complexes from the membrane.

As mentioned above the GPI-anchored COB protein may also play a role in the interaction between cellulose

synthase complexes and microtubules for instance by controlling the microtubule-dependent movement of the

complexes.112
2.22.6.5 Role of Lipids in Intracellular Trafficking

The sterol composition of animal and yeast membranes influences the polar localization of proteins.142

Lipid rafts are thought to provide platforms that anchor polar proteins at the plasma membrane and mediate their

biosynthetic or endocytic transport. Arabidopsis sterols follow an endocytic pathway that is similar to that followed by

polarized PIN2 protein and raises the possibility that lipid rafts play a role during the endocytic recycling of polarly

localized proteins in plants. However, functional evidence in support of this view is lacking. fk and hyd1 which are
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defective in enzymes of the sterol biosynthetic pathway display normal PIN1, PIN2, and PIN3 localizations,143

whereas PIN1 and PIN3 localizations are disturbed in the mutant smt1allele, orc.144 Perhaps the SMT1-specific side

chain modification in the sterol biosynthetic pathway which is associated with the high accumulation of cholesterol

only detected in smt1 alleles to date is similarly responsible for defects in protein localization. The fact that several

mutants such as fk, hyd1, and smt 1affected in sterol biosynthesis are also cellulose deficient without other changes in

cell wall sugars suggests that sterols are important for the intracellular regulated transport of proteins involved

in cellulose synthesis and argues against a general defect in cell wall biogenesis. This idea is reinforced by the

recent demonstration of the presence of KOR1 ortholog in lipid raft domains prepared from tobacco Bright Yellow-2

(BY2) cells.145
2.22.7 Future Prospects

Major progress has been made over the last 5 years in our understanding of the molecular basis of cellulose synthesis.

With recent advances in proteomics and life cell imaging, we are entering a new exciting period in this research area.

Main challenges for the coming years will be as follows:

1. the purification of active cellulose synthase complexes, the identification and the determination of the stoichio-

metry of all the protein partners, and the resolution of the three dimensional structure of the complex;

2. the elucidation of the various steps in the synthesis such as elongation, deposition, and crystallization as well as the

determination of the roles of all the novel actors in this process;

3. the dissection of the control mechanisms at various levels, including the intracellular trafficking, the role of

phosphorylation, redox-regulation and ubiquitinylation;

4. the precise quantification of cellulose synthesis and the forces involved in the process using life-cell imaging and

the development of mathematical models for the movement of the complexes;

5. the understanding of the levels of control of the movement of complexes in the presence and absence of

microtubules and the developmental role of the regulation by microtubules;

6. the coordination between the synthesis of cellulose at the plasma membrane with the synthesis and deposition of

the other cell wall polymers; and

7. the points of control and the sensors that coordinate cellulose biosynthesis and cell expansion.

Cellulose research is indeed facing a bright future!
Glossary

Arabidopsis thaliana Plant model for genetic studies. The genome is entirely sequenced. Col0 (Columbia) is a commonly used

ecotype of Arabidopsis. Several databases provide large Arabidopsis-related data sets, such as genomic ressources, collection of

mutants, transcriptomic data.18a

cellulose Biopolymer of crystalline assemblies of (b1-4)-linked glucan chains.Four cellulose allomorphs with characteristic

X-ray diffraction patterns have been identified. Native cellulose is referred to as cellulose I.

cell wall Extracellular matrix that surrounds prokaryote and plant cells, consisting primarily of the polysaccharides cellulose,

hemicelluloses, and pectins and of lignin, a network of phenolic components. These polysaccharides form dynamic networks in

primary cell walls in growing cells. After growth arrest the cell walls rigidify with a massive deposition of successive layers of

cellulose microfibrils and lignin. This cell wall is referred to as the secondary cell wall.

cellulose synthase The enzyme that polymerizes (b1-4)-linked glucan chains. The Arabidopsis genome encodes 10 family

members, which have specialized roles in cellulose biosynthesis.

isoxaben Chemical inhibitor of cellulose synthesis. Other commonly used inhibitors are 2,6-dichlorobenzonitrile (DCB) and

CGA325’615.

oryzalin Another herbicide which depolymerizes microtubules.

FM4-64 Is a fluorescent styryl dye, which is known to follow the endocytic pathway, from the plasma membrane via endosomes

to the vacuole, when exogenously added to yeast or plant cells.

fluorescent proteins The green fluorescent protein of Aequoria victoria (avGFP) which is used to tag proteins for their

visualization in living cells. In this way the intracellular localization, the movement, and interactions with other cellular proteins

can be studied for instance by using confocal laser scanning microscopy.

b-glucuronidase (GUS) An enzyme which catalyzes the cleavage of b-linked glucuronides. The enzyme, when expressed in

plants, transforms added substrates into colored or fluorescent products. GUS is used as a reporter system, to analyze promoter

activity, either quantitatively in cell extracts or through visualization of its activity in different tissues.

microarray A DNA microarray or DNA chip is an array of microscopic DNA spots attached to a solid surface, such as glass,

plastic, or silicon for the purpose of monitoring the expression levels of thousands of transcripts simultaneously.
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Vaucheret (INRA-Versailles), she joined the group of
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2.23.1 Introduction

Starch, a primary carbohydrate polymer of higher plants, comprises two D-glucose homopolysaccharides, amylose and

amylopectin. Amylose is essentially a linear molecule with approximately 102–104 glucosyl monomers mostly joined

by (a1-4) linkages, whereas amylopectin is a very large (approximately 104–105 glucosyl monomers), highly branched

polymer abundant in (a1-6) linkages attaching clustered glucan chains. The importance of starch and its derivatives

for agricultural and food systems is well recognized. Starch is a primary constituent of major crops, an important

starting material in industry applications, and a major component of the human diet. Principal outlets of starch

materials include food, feed, carbohydrate derivatives (dextrose, corn syrup, maltodextrin, and modified starches), and

ethanol. These outlets account for a multibillion dollar industry whose sustained growth would benefit from advanced

knowledge of the biosynthesis of starch.

Starch is found in photosynthetic eukaryotes. Two different kinds of starches exist. The first kind is the floridean

starch in the cytoplasm of rhodoplast-carrying organisms. The second kind of starch is made by the green algae and

higher plants from ADP-glucose within the plastid.1 In higher plants, starch can be found in seed endosperms, tubers,

bulbs, and roots, as well as pollens, leaves, stems, fruits, flowers, and embryo. Blue-green algae and many bacteria

produce a reserve polysaccharide similar to the glycogen found in animals. In some sweet corns, both starch and a

water-soluble polysaccharide (WSP), phytoglycogen, is accumulated. Figure 1 illustrates starch granules in sorghum

leaf and their reduction under water stress.2

In higher plants, starch granules are classified as transitory and reserve. In the chloroplasts of leaf, transitory granules

accumulated for a short period of time before they are degraded and transported to other plant parts in the form of

sugar. Figure 1 shows starch in a sorghum leaf. Reserve starch, such as commercial starch from corn, wheat, rice,

tapioca, and potato, is extracted from amyloplasts of cereal seeds, roots, or tubers.
2.23.2 Starch Structure

The unique structural complexity and functional versatility of starch polymers has long attracted researchers in a quest

to elucidate starch structures and functions. Generally, starch structure can be described at morphological and

molecular levels. The morphology of starch includes the starch granule surface and internal structures, growth
Figure 1 a, Unstressedbundle sheath chloroplasts containing starch, and chloroplasts’ neighboringmesophyll cell;�12500.

b, Bundle sheath chloroplasts at c1 –14 bars (leaf water potential) showing a marked reduction in starch content; �15000.

Reproduced from Giles, K. L.; Cohen, D.; Beardsell, M. F. Effects of water stress on ultrastructure of leaf cells of Sorghum

bicolor. Plant Physiol. 1976, 57, 11–14.
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rings, blocklets, crystalline and amorphous lamellae, and X-ray crystallinity patterns. The molecular structure of starch

includes molecular weight, amylose content, and amylopectin branching pattern. In terms of starch functional

properties, swelling factor, gelatinization and retrogradation, rheological properties, and in vitro and in vivo digestibili-

ty are among the most important parameters governing starch applications.
2.23.2.1 Granular Structure

Figure 2 describes the growth ring of potato starch, common corn starch, and waxy corn starch. Figure 3 describes the

structures of starch granules3 at levels from starch granule to amylopectin clusters.
2.23.2.2 Cluster Structure of Amylopectin

The characterization of starch molecular structure has been related to the chain length distribution of amylopectin.3a

The branching pattern of amylopectin4–8 has been characterized to understand the distribution of branch points.

Figure 4 illustrates the branching pattern of amylopectin clusters of maize multiple mutants, ae wx and sbe1 ae wx.7
Figure 2 Laser differential interference contrast (DIC) micrographs of native (a, c, e) and lintnerized starch granules
hydrolyzed for 48 h at 37 �C (b, d, f). a and b, potato starch; c and d, normal maize starch; e and f, waxy maize starch.

Scale¼ 10mm for (a), (c), and (e), and 5mm for (b), (d), and (f). Arrowheads indicate central cavity with internal channels/

cracks. Reproduced from Li, J. H.; Guiltinan, M. J.; Thompson, D. B. The use of laser differential interference contrast

microscopy for the characterization of starch granule ring structure. Starch-Starke 2006, 58, 1–5, with permission from
Wiley-VCH.
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Polym. 1997, 32, 177–191.
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2.23.3 Starch Biosynthesis Pathway, An Overview

Figure 5 illustrates the starch biosynthesis pathway in maize endosperm. In the endosperm cell, the sucrose in cytosol

is converted to ADP-Glc, the committed substrate for starch assembly. The reaction is catalyzed by sucrose synthase in

the presence of UDP to produce fructose and UDP-Glc. Both fructose and UDP-Glc are converted to Glc-1-P,

catalyzed by phosphoglucomutase and UPD-Glc pyrophosphorylase, respectively. In the presence of ATP, ADP-Glc
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136, 3515–3523.
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pyrophosphorylase in cytosol catalyzes the conversion from Glc-1-P to ADP-Glc. The ADP-Glc is then transported to

amyloplasts by an ADP-Glc transporter (adenylate translocator),9 BT1 protein. The action of an ADP-Glc transporter

in transferring ADP-Glc to amyloplasts is unique for most cereal endosperms, and for these tissues the activity of

AGPase is mainly extraplastidial.9,10

In amyloplasts, at least three types of starch biosynthetic enzymes function synergistically (Figure 5). Starch

synthases (SS) elongate glucan chains from their nonreducing ends, using ADP-Glc imported from cytosol. Granule-

bound starch synthases (GBSS) are responsible for synthesis of amylose, whereas soluble starch synthases (SSS) are

responsible for amylopectin. External glucan chains with their length exceeding a certain length are subjected to

starch branching enzymes (SBE), which cleave linear glucan chains at the (a1-4) glucosidic linkages and reattach the

glucan chains to other chains via (a1-6) glucosidic bonds, thus forming branches. In addition, the branches formed

may be subjected to starch debranching enzymes (DBE), which, according to most theories, are responsible for

forming ordered molecular structure allowing for crystallization among glucan chains. The crystallization leads to the

condensed nonsoluble starch granules. Figure 6 shows a group of zymograms depicting the activity pattern of SS,

SBE, and DBE.7 It is advised that the functions of D-enzyme (disproportionating enzyme, EC 2.4.1.25) and the

identity of glucosyl primer in the amyloplast are largely unknown.

Figure 6 shows zymograms depicting the specificities of SS, SBEs, and a DBE. To prepare a zymogram, protein

extracts are separated using native-polyacrylamide gel electrophoresis (PAGE) and electroblotted to a gel containing

glucan substrates. Since individual enzymes are specific to substrates with different structure, their activity bands can

be highlighted by substrate structure changes, which can be detected by iodine staining. Generally, blue to dark blue

color after iodine staining indicates the presence of amylose and other linear glucan chains, and lighter colors indicate

the presence of branches and very short linear chains and the absence of amylose. In a zymogram gel containing potato

starch (Figure 6a), SBEs create branches from amylose and long amylopectin external chains, thus resulting in lighter
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starch, and glycogen and ADP-Glc were used as substrates in (a), (b), and (c), respectively.7 SBEIa, SBEIIa, and SBEIIb are
labeled in (a) and (b). The blue band in B is a pullulanase-type DBE, and SU1 band locating follows a comparison with the

work of Dinges et al.92 Six SS activities were identified (SS-1 to SS-6). SS-1 and SS-3 were considered as SSIII (DU1) and

SSIIa (SU2), respectively, after a comparison with the work by Zhang et al.64 ‘� 1/2’ denotes a half loading amount of

protein. Modified from Yao, Y.; Thompson, D. B.; Guiltinan, M, J. Maize starch-branching enzyme isoforms and amylopectin
structure. In the absence of starch-branching enzyme IIb, the further absence of starch-branching enzyme Ia leads to

increased branching. Plant Physiol. 2004, 136, 3515–3523.
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Figure 5 Starch biosynthesis pathway in a maize endosperm cell. Sucrose in cytosol is converted to ADP-Glc, the

dedicated substrate of starch synthesis, by a series of enzymes, including sucrose synthase, UDP-Glc pyrophosphorylase,
phosphoglucomutase, and ADP-Glc pyrophosphorylase. In maize endosperm, ADP-Glc pyrophosphorylase is extraplas-

tidial, and the ADP-Glc produced in cytosol is transported to amyloplast by an ADP-Glc transporter, BT1 protein. In the

storage organs of some other higher plants, ADP-Glc pyrophosphorylase can be plastidial. In this case, hexose phosphate,

instead of ADP-Glc, is transported to amyloplast for ADP-Glc production. In amyloplast, ADP-Glc is used to synthesize
starch molecules by starch synthases, starch branching enzymes, and starch debranching enzymes. The role of D-enzyme

and the initiation of starch molecules are not clear. Figure modified fromMyers A. M.; Morell, M. K.; James, M. G.; Ball, S. G.

Recent progress toward understanding the amylopectin crystal. Plant Physiology, 2000, 122, 989–997. and James, M. G.;

Denyer, K.; Myers, A. M. Starch synthesis in the cereal endosperm. Curr. Opin. Plant Biol. 2003, 6, 215–222.
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color. In a gel containing waxy starch (Figure 6b), SBEs further branch the side chains of amylopectin. Meanwhile,

DBE releases linear chains from amylopectin and shows dark blue bands. In a gel containing glycogen and incubated

with ADP-Glc (Figure 6c), long linear chains are generated by SS, showing clear dark blue bands.
2.23.4 ADP-Glc Pyrophosphorylase (AGPase, EC 2.7.7.27)

2.23.4.1 Overview

The allosteric enzyme AGPase catalyzes the synthesis of ADP-Glc, a rate-limiting step in starch biosynthesis. ADP-Glc,

an activateddonor of glucosyl units to glucan chains catalyzedbySS, is a dedicated substrate of starch synthesis.Generally,

plant AGPases are heterotetramers, most of which are activated by 3-phosphoglyceric acid (3-PGA) and inhibited by

phosphate. Other regulations have been identified recently, including post-translational redoxmodifications. Usually the

deficiency of AGPase or its subunits lead to starch reduction and sugar accumulation, as in the Shrunken-2 and Brittle-2

mutants in maize with lesions of the large (SH2) and small (BT2) subunits of the cytosolic AGPase.

2.23.4.2 Localization of AGPase in Cell

The localization of AGPase in the cells differs between species and tissues.1 In chloroplasts of green algae and higher

plants, a plastid-located AGPase utilizes Glc-1-P produced from photosynthesis to synthesize ADP-Glc.11 In contrast,

the localization of AGPase in nonphotosynthetic cells of higher plants is specific with species and tissues. Studies

showed that in the cells of developing potato tuber, wheat endosperm, and pea embryo, AGPase is exclusively

plastidial.12–14 In maize endosperm,15 it was reported that proteins recognized by antibodies to spinach leaf AGPase

were confined to amyloplasts. It was observed that the antibodies to the peptide subunits of maize endosperm

AGPase, BT2 and SH2, most heavily immunolabeled the amyloplasts and cell walls, with lighter labeling of the

cytosol. Similarly, Brangeon et al.16 indicated that antibodies to maize BT2 and SH2 immunolabeled both the

amyloplasts and surrounding cytosol in pericarp cells, and the immunolabel in endosperm cells was closely associated

with the amyloplasts. It was thus suggested that the AGPase localized in the amyloplast stroma of maize. However,

using plastids isolated from maize, Denyer et al.10 reported that more than 95% of the ACPase activity in maize

endosperm is extraplastidial. Using two nonaqueous procedures to isolate maize amyloplasts, Shannon et al.9 reported

that in the linear phase of maize endosperm starch accumulation, 90% or more of the cellular AGPase is extraplastidial.

It was indicated that in maize the Brittle-1 protein (BT1), an adenylate translocator, functions in the transfer of

ADP-Glc into the amyloplast stroma. In addition, a comparison between cultivated and noncultivated barley indicated

that a cytosolic AGPase is a feature of graminaceous endosperms, but not of other starch-storing organs.17

2.23.4.3 Subunits of AGPase

AGPase from eukaryotes are composed of small and large subunits to form a heterotetrameric structure.18 For example,

analysis of spinach, potato tuber, and Arabidopsis leaves indicated that AGPase of the higher plant consist of two

subunits,19–21 with the small subunit of 51 kDa and the large subunit of 54 kDa. For maize, using an anti-spinach

leaf AGPase antibody, it was shown that the fastest protein in sodium dodecylsulfate-polyacrylamide gel electropho-

resis (SDS-PAGE) is 54 kDa, and the native enzyme was estimated around 230 kDa.22 Usually, small units range

in 50–54 kDa and large units range in 51–60 kDa.18 Both subunits of AGPase are required for the activity of the

native enzyme. In Arabidopsis, the lack of one of the subunits reduced the activity of the AGPase and the synthesis of

starch.20,23 It was found that the large subunit alone had no detectable activity,24,25 whereas the small subunit may

form a homotetramer that is as active as the native AGPase.25 It was thus suggested that the small subunit is a fully

catalytic subunit with poor regulation, whereas the large subunit has a modulatory function.18 Enhanced stability of

AGPase can be achieved by altering interactions among subunits. For example, Escherichia coli cells expressing wild

type (WT) Sh2 and Bt2 exhibit a reduced capacity to produce glycogen at 42 �C. Mutagenesis of Sh2 and its

coexpression with WT Bt2 resulted in multiple mutants capable of synthesizing abundant glycogen at 42 �C. It was
considered that a replacement of WT SH2 with the heat-stable SH2HS33 enhanced the interaction between the SH2

and BT2 subunits.26
2.23.4.4 Regulations of AGPase

In a review by Ballicora et al.,18 the regulation by 3-PGA and phosphate (Pi) of AGPase were divided to four patterns.

The first pattern is observed for most enzymes, in which 3-PGA and Pi affect the enzyme separately, and increasing
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the concentration of 3-PGA can reverse or overcome the Pi inhibition. In the second pattern, AGPase is relatively

insensitive to activation by 3-PGA. These AGPase enzymes include those from pea embryos, barley endosperm, bean

cotyledon, and wheat endosperm. For wheat endosperm, it was shown that the enzyme is allosterically inhibited by Pi,

ADP, and Fru-1,6-bi-P. The inhibition is reversed by 3-PGA and Fru-6-P, which individually have no effect on the

enzyme activity in the absence of the inhibitors.18,27 In the third pattern, as observed in CAM plant leaf of Hoya

carnosa and Xerosicyos danguyi28 and of maize endosperm,22 the enzymes are activated by 3-PGA but in the absence of

3-PGA are insensitive to Pi inhibition. However, at subsaturating concentrations of 3-PGA (0.15–0.25mM), the

enzyme becomes more sensitive to Pi inhibition and becomes totally inhibited at 0.5–2mM Pi. Higher 3-PGA

concentrations reverse the Pi inhibition.18 In the fourth pattern, AGPase of barley endosperm is poorly activated by

3-PGA or inhibited by Pi. However, 3-PGA increases the apparent affinity of ATP, and Pi reverses the effect,

suggesting that in barley endosperm the important effect of 3-PGA or Pi is either increasing or decreasing the

apparent affinity of the substrate ATP.18

Apart from allosteric regulation of AGPase, recent studies showed the regulation by post-translational redox

modification. It was reported that AGPase was activated by reduction of the Cys(12) disulfide linkage in the catalytic

subunits,29 and reduced thioredoxin f and m from spinach leaves reduced and activated the enzyme at low concentra-

tions of 3-PGA. Fifty percent activation was at 4.5 and 8.7 mM for reduced thioredoxin f and m, respectively, which was

2 orders of magnitude lower than for dithiothreitol (DTT). In addition, the activation was reversed by oxidized

thioredoxin. In potato tubers, catalytic subunits AGPB (BT2 protein) is present as a mixture of monomers and dimers

and becomes dimerized completely in detached tubers. The dimerization involves the formation of an intermolecular

Cys bridge between the two AGPB subunits of the heterotetrameric holoenzyme. Dimerization led to inactivation of

the enzyme as a result of a marked decrease of the substrate affinity and sensitivity to allosteric effectors. Incubation of

tuber slices with DTTor high sucrose levels reduced dimerization, increased AGPase activation, and stimulated starch

synthesis in vivo.30 Redox-modification of AGPase was also found in leaves of pea, potato, and Arabidopsis. Light and

sugars can trigger post-translational regulation of AGPase in potato leaves. AGPB is rapidly converted from a dimer to

a monomer when isolated chloroplasts are illuminated and from a monomer to a dimer when preilluminated leaves are

darkened. AGPB is converted from a dimer to monomer when sucrose is supplied to leaves. The extent of AGPB

monomerization correlates with leaf the levels of sucrose and light.31

Recently, it was shown that trehalose 6-phosphate (T-6-P) triggers post-translational redox activation of AGPase.

Feeding of trehalose to Arabidopsis leaves led to stimulation of starch synthesis within 30min, accompanied by

activation of AGPase. The response resembled sucrose but not glucose feeding and depended on the expression of

SNF1-related kinase. Compared with wild type, leaves of T-6-P synthase-expressing plants had increased redox

activation of AGPase and increased starch. It was considered that T-6-P acts on plastidial metabolism by promoting

thioredoxin-mediated redox transfer of AGPase in response to cytosolic sugar levels, thereby allowing starch synthesis

to be regulated independently of light.32
2.23.4.5 Impact of AGPase on Starch

It has been established that the activity of AGPase has direct impact on starch yield and structure. In one study, the

inhibition of the AGPase in transgenic potatoes leads to sugar-storing tubers and influences tuber formation.33 Up to

30% of the dry weight of the transgenic potato tubers was represented by sucrose and up to 8% by glucose. The process

of tuber formation also changed, resulting in significantly more tubers both per plant and per stolon. The accumulation

of soluble sugars in tubers of mutant plants resulted in a significant increase of the total tuber fresh weight, but a

decrease in dry weight of tubers. In other studies of potato tubers, a reduced AGPase activity led to a reduction in

starch accumulation, and an increase in sucrose accumulation.34 The type of crystalline polymorph in the starch was

not altered; the amylose content was severely reduced. In addition, amylopectin from the transgenic plants accumu-

lated more relatively short chains than that from control plants and the sizes of starch granules were reduced.35

In rice, the increase of seed yield and plant biomass can be obtained by the deregulation of endosperm AGPase.36 In

this work, a modified maize AGPase large subunit sequence (Sh2r6hs) was transformed to rice and encoded AGPase

with decreased sensitivity to allosteric inhibition by phosphate and enhanced heat stability. The activity of AGPase in

developing endosperm was increased by 2.7-fold in the presence of Pi. Starch content of individual seeds at harvest

was not increased, but seed weight per plant and total plant biomass were each increased by more than 20%. In another

effort to increase rice starch production, the E. coli glgC triple mutant (TM) gene encoding a highly active and

allosterically insensitive AGPase was introduced. Transgenic rice seeds expressing the AGPase-TM showed up to

13-fold higher levels of AGPase activity compared to untransformed plants. Plants having elevated cytoplasmic

AGPase activity under Pi-inhibitory conditions showed increases in C14-sucrose labeling into starch and increases

in seed weight up to 11%.37
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2.23.5 Adenylate Translocator

For starch synthesis in the plastids of cereal endosperm, much of the ADP-Glc required is synthesized in the cytosol

and transported across the plastid envelope. It has been indicated that in maize endosperm, most of the cellular

AGPase is localized in the cytosol. The inner amyloplast membrane-specific polypeptide, BT1, is an adenylate

translocator that functions in the transfer of cytosol-synthesized AGP-Glc into the amyloplasts.9 By exhaustive

database searches, the genes in rice encoding the major putative plastidic translocators were also identified. Among

those, Bt1–1 was specifically expressed in the seed, and its transcript level tremendously increased at the onset of

vigorous starch production in the endosperm.38 In barley, low-starch mutant lines were identified with abnormally

high levels of ADP-Glc in the developing endosperm. A specific lesion in the transport of ADP-Glc across the plastid

envelope was suggested, since the plastids isolated from these mutants were able to synthesize starch at normal rates

from Glc-1-P but not from ADP-Glc. The major plastidial envelope protein was purified and had a sequence

homologous to the maize BT1.39 In amyloplast of potato tubers where AGPase synthesize ADP-Glc using imported

Glc-1-P, the function level of the plastidic ATP/ADP transporter affects the ADP-Glc production and starch.40,41
2.23.6 Starch Synthase (SS, EC 2.4.1.21)

2.23.6.1 Overview

During starch biosynthesis, the transfer of the glucosyl moiety of ADP-Glc to the nonreducing end of an (a1-4)-glucan
primer is catalyzed by SS (Figure 7). There are multiple isoforms of SS in a variety of plant tissues, from green algae

to monocots.1 SS is classified in two categories. The first category is the GBSS that is required for synthesizing

amylose. These enzymes are found essentially solely within the granule matrix. The second category is SSS, or

simplified as the SS, that distributes in both the granular matrix and stromal fractions. Recently, Ball and Morell1

established a phylogenetic tree based on SS sequences from crop plants and model systems (Figure 8). Their analysis

shows the presence of five major classes of genes, designated GBSS, SSI, SSII, SSIII, and SSIV. The origin of the SS

classes is ancient, based on the orthologous classes from Chlamydomonas through the dicots and monocots. It was

suggested that in monocots the SSII class has further diverged, possibly through a gene duplication event, to contain

two further classes of sequences, designated SSIIa and SSIIb.1
2.23.6.2 Granule-Bound Starch Synthase

GBSS is responsible for amylose biosynthesis. This group of enzymes was described by Leloir and his colleagues42–44

and other researchers.45,46 Waxy mutants of maize defective for GBSS contain wild-type amounts of starch with no

amylose.45 Similar waxy mutants have been obtained in other species including rice, barley, wheat, pea, potato, and

Chlamydomonas. In Chlamydomonas reinhardtii, two recessive nuclear alleles of the ST-2 gene led to the disappearance

not only of amylose but also of a fraction of the amylopectin. GBSS activities were markedly reduced in strains carrying

either st-2–1 or st-2–2, as is the case for waxy endospermmutants of higher plants.47 In wheat, it was suggested that the

GBSSI and -II are encoded by separate genes that are expressed in different tissues.48 Null mutations in genes

encoding GBSSI result in amylose-free starch in endosperm and pollen grains, whereas starch in other tissues may

contain amylose. A cDNAwas isolated from waxy wheat that encodes GBSSII, which was thought to be responsible for
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Figure 7 SS catalyzes the extension of a glucan chain at the nonreducing end, using ADP-Glc as the glucosyl donor.
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Reproduced from Ball, S. G.; Morell, M. K. From bacterial glycogen to starch: Understanding the biogenesis of the plant
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amylose synthesis in nonstorage tissues. GBSSII was expressed in leaf, culm, and pericarp tissue, but transcripts were

not detected in endosperm. The presence of one or two GBSS null alleles resulted in the production of starch with

reduced amylose content (partial waxy), and three GBSS null alleles lead to amylose-free waxy starch. Partial waxy

wheat is a source of improved flour for certain Asian noodle products. It may be used to extend the shelf life of baked

goods as well.49

In potato, reduced amylose was obtained by transgenic potato with a gene construct containing a full-length GBSS

cDNA in reverse orientation. In the tubers, GBSS activity was inhibited from 70% to 100%. When GBSS activity was
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totally suppressed, amylose was absent.50 In another study, the reduction of GBSS activity resulted in a reduction of

the production of amylose. Interestingly, the reduced amylose content was not a consequence of lower amylose

content throughout the entire starch granule. Starch granules of transgenic tubers were found to contain amylose at a

percentage similar to wild-type starch in a core of varying size at the hilum of each granule. The size of this zone was

suggested to be dependent on the GBSS protein level.51 This observation was confirmed by Tatge et al.,52 who found

that the location of amylose synthesis was within the matrix of amylopectin. Amylose in mutants was confined to a

central region of the granule, which was identified via blue region after iodine staining. The blue core was greater with

higher level of GBSSI, suggesting that space availability in the granule matrix may be an important factor of amylose

synthesis.
2.23.6.3 Soluble Starch Synthase

2.23.6.3.1 Maize
SSS is responsible to elongate glucan chains of amylopectin. Isoforms usually show specific functions for different

substrates, and their lesions usually lead to altered starch structure. In maize, SSI showed greater affinity with

amylopectin as compared with amylose, and the lowest affinity with glycogen. In addition, SSI showed an increase

in affinity with glycogen when its chain length is elongated by phophorylase. However, the catalytic ability of SSI was

reduced several-fold using glucans with extended chain length. It was proposed that during amylopectin synthesis

shorter A and B-1 chains are extended by SSI up to a critical chain length that soon becomes unsuitable for catalysis for

this enzyme. SSI is then likely to be entrapped in starch granule.53 For maize SSIIa, two independent insertion

mutations in the su2 locus was found, and the deficiency of this enzyme is responsible for altered properties of starch.

Starch from su2 genotype shows increased abundance of short chains in amylopectin and reduced amount of

intermediate-length chains.54 Like SSI, the N-terminal extension of SSIIa and -IIb is not essential for catalytic

activity. With glycogen as primer, SSI and -IIb show higher Vmax than SSIIa. However, the affinity of SSIIb with primer

was twofold lower than that of SSI and SSIIa.55 In addition, gene dull1 of maize also conditions a deficiency of maize

starch synthase SSIII,56 leading to altered amylopectin structure.
2.23.6.3.2 Rice
In rice, about 10 genes comprise the SS gene family. These genes were grouped in five classes: SSI, SSII, SSIII, SSIV,

and GBSS. Based on the temporal expression patterns during grain filling, these genes were further grouped into early

expresser (SSII-2,-III-1, and GBSSII), steady expresser (SSI,-II-1,-IV-1, and -IV-2), and later expresser (SSII-3,-III-2,

and GBSSI).57 Mutant studies were conducted to test the in vivo functions of SSI. The results showed that the size and

shape of seeds, starch granules, and starch crystallinity shows no effect from SSI activities; however, the endosperm

amylopectin exhibited a decrease in chain length. In vitro activity test showed that SSI preferentially produces chains

of degree of polymerization (DP) 7–11 by elongating DP 4–7 short chains of glycogen and amylopectin.58 In a study

comparing two rice varieties, japonica and indica, gene-mapping analysis showed that starch synthase SSIIa gene plays

a distinct role in the elongation of amylopectin short chains. In japonica rice, SSIIa activity is reduced compared with

indica, causing the enrichment of short chains and depletion of intermediate-size chains. This in turn leads to lower

gelatinization temperature and greater susceptibility to disintegration in alkali or urea for japonica rice starch than that

of indica.59
2.23.6.3.3 Other plant species
The functions of SS in wheat, barley, potato, pea, and Arabidopsis were studied as well. In wheat, SSIIa deficiency has

shown increased apparent amylose content, resistant starch, and altered pasting properties.60 In barley, a mutation at

the sex6 locus eliminates SSIIa protein from starch granules and soluble fractions of endosperm. The loss of SSIIa

activity in barley leads to a decrease in amylopectin synthesis to less than 20% of wild type, indicating that SSIIa

accounts for the majority of the amylopectin chain elongation. In addition, sex6 starches show a distribution of

shortened chains and reduced gelatinization temperature.61 In potato, simultaneous antisense inhibition of two SS

isoforms in tubers leads to accumulation of grossly modified amylopectin. The reduction in SS activity had a profound

effect on the starch granules, which became extremely distorted in appearance compared with the control lines. While

the amylose content of the starch was not affected by the reduction in activity, amylopectin contained more chains of

DP <15, fewer chains between DP 15 and 80, and more very long chains.62 In pea, mutations at rug5 locus cause a

dramatic reduction of loss of SSII protein, and have pleiotropic effects on the activities of other SS isoforms. These

SSII mutations result in abnormal starch granule morphology and amylopectin structure. Amylopectin contains
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fewer intermediate-length chains and more very short and very long chains than does wild-type amylopectin.63 In

Arabidopsis, mutants lacking a plastidial SS belonging to SSI family condition a structural alteration of amylopectin,

suggesting that SSI mainly involved in the synthesis of short outer chains.64 Recently, two insertion mutations of

Arabidopsis at the AtSS3 gene locus were characterized. Both mutations condition complete loss of SSIII activity and

prevent normal gene expression at both the mRNA and protein levels. However, total SS activity was increased in the

mutants, and a starch excess phenotype in leaves during light period was caused by mutations due to an apparent

increase in the rate of starch synthesis.65
2.23.7 Starch Branching Enzyme (SBE, EC 2.4.1.18)

2.23.7.1 Overview

SBEs catalyze the formation of branch points by cleaving a linear glucan chain at an (a1-4) linkage and reattaching the

chain to a glucan chain via an (a1-6) bond.66,67 Figure 9 illustrates such a reaction among glucan chains. Comparisons

of branching enzyme sequences from a wide range of species demonstrate that there are two classes of branching

enzymes in plants (Figure 10), designated as branching enzyme I (BEI; also known as SBEI or SBE B) and branching

enzyme II (BEII; also known as SBEII or SBE A).1 In monocots, the BEII class is represented by two sets of genes:

branching enzyme IIa and branching enzyme IIb.1,68
2.23.7.2 Maize

The in vitro functions of maize SBE isoforms have clearly defined specificities. SBEI had the highest activity in

branching amylose, whereas its rate of branching amylopectin was less than 5% of that of branching amylose.

Conversely, SBEII isoforms had lower rates in branching amylose (about 9–12% of that of SBEI) and higher rates of

branching amylopectin (about sixfold) than SBEI.69 Using reduced amylose as substrate, the optimum pH of SBEI,

SBEIIa, and SBEIIb was determined to be 7.5, and their optimum temperatures were 33, 25, and 15–20 �C,
respectively.70 The specific activities were found to be the highest for SBEI and the lowest for SBEIIb. SBEI has a

lower K(m) for the reduced amylose than SBEIIa and IIb. Initially, the three isoenzymes produce chains of various
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sizes and SBEI preferentially transfers longer chains than SBEIIa and -IIb.70 Analysis of a chimeric enzyme suggested

that the C-terminus of maize SBE may be involved in catalytic efficiency and substrate preference.71

The genes encoding SBEI, SBEIIa, and SBEIIb in maize are differentially regulated in tissue specificity and during

kernel development.72 The amylose-extender (Ae) gene encoding SBEIIb in maize is predominantly expressed in

endosperm and embryos during kernel development.73 In the lack of SBEIIb caused by ae mutation, the amount of

amylopectin in starch is substantially reduced, resulting in the commonly referred high-amylose starch. In aemutants,

the average length of amylopectin chains is greater than those of wild type, indicating a reduced branching during

glucan synthesis. Plants homozygous for sbe2a (caused by transposon Mu insertion) had undetectable levels of Sbe2a

transcripts and SBEIIa in leaves. Characterization of leaf starch from sbe2amutants showed reduced branching similar

to ae starch. These mutant plants had a visible phenotype resembling accelerated leaf senescence, suggesting a

specific role for SBEIIa in leaves.74 However, endosperm starch of sbe2amutants was indistinguishable from wild-type

controls. For maize sbe1 mutants (caused by transposon Mu insertion), Sbe1 transcripts accumulated at extremely low

levels in leaves. Antibodies failed to detect SBEI in leaf tissue of mutants or wild-type controls. In contrast, the level of

SBEI in endosperm was undetectable in homozygous mutants while easily detected in wild-type controls. Starches

extracted from mutant leaves and endosperm had structures indistinguishable from starches of wild-type controls.75

Recently, the mutant sbe1 was introgressed into lines containing either wx (lacking GBSSI) or ae wx (lacking both

SBEIIb and GBSSI) in the W64A background. Starch structural analysis showed that the chain-length profiles of

amylopectin as well as b-limit dextrin were indistinguishable between wx and sbe1 wx, whereas significant differences

for both were observed between ae wx and sbe1 ae wx, suggesting an effect of SBEI on amylopectin biosynthesis that is

observable only in the absence of SBEIIb. The amylopectin branch density and the average number of branches per

cluster were both higher in endosperm starch from sbe1 ae wx than from ae wx, suggesting possible functional

interactions between SBE isoforms that may involve enzymatic inhibition.7
2.23.7.3 Rice

In rice, the mutation in the gene for SBEIIb (ae mutation) caused a dramatic reduction in the activity of SBEIIb and

altered the structure of amylopectin in the endosperm by reducing short chains with DP 17 or less, with the greatest
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decrease in chains with DP 8–12. The activity of soluble SSI in the ae mutant was significantly lower than that in the

wild type, suggesting that the ae mutation had a pleiotropic effect on the SSI activity. In contrast, the activities of

SBEI, SBEIIa, ADP-Glc pyrophosphorylase, isoamylase, pullulanase, and sucrose synthase were not affected by the

mutation. As in the case of maize, SBEI and SBEIIa cannot complement the function of SBEIIb.76 In a similar study,

the expression level of SBEIIb in rice endosperm was manipulated by introducing an SBEIIb gene into an SBEIIb-

defective mutant. The resulting transgenic rice plants showed a wide range of SBEIIb activity, and the two other SBE

isoforms, SBEI and SBEIIa, were at the same levels as in the wild type. The fine structure of transgenic amylopectins

showed considerable variation in terms of the gelatinization behavior, morphology, and X-ray diffraction pattern,

depending on the level of SBEIIb activity. In addition, the overexpression of SBEIIb resulted in the accumulation of

excessive branchedWSP instead of amylopectin.77 SBEI also affects starch structure of rice, even though the endosperm

of sbe1 mutant exhibited the normal phenotype and contained the same amount of starch as the wild type. The sbe1

mutation altered the fine structure of amylopectin, in which significant decrease occurs with long chains with DP� 37

and short chains with DP 12–21, marked increase in short chains with DP� 10, and slight increase in intermediate

chains with DP 24–34. The endosperm starch from the sbe1 mutant had a lower onset concentration for urea

gelatinization and a lower onset temperature for thermogelatinization compared with the wild type.78
2.23.7.4 Wheat

For wheat, three forms of SBE from developing hexaploid endosperm were partially purified and characterized. Immuno-

logical cross-reactivities indicated that two forms (WBE-I-AD and WBE-I-B, termed in this study) were related to the

maize SBEI class and that WBE-II was related to maize SBEII. The wheat endosperm SBE isoforms were differentially

expressed during endospermdevelopment.WBE-IIwas expressed at a constant level throughoutmid- and late endosperm

development. In contrast, WBE-I-AD and WBE-I-B were preferentially expressed in late endosperm development.

Differences among isoforms were also observed in their kinetic characteristics. TheWBE-I isoforms had a two- to fivefold

higher affinity for amylose than didWBE-II. In addition, theWBE-I isoforms were activated up to fivefold by phosphory-

lated intermediates and inorganic phosphate, whereas WBE-II was activated only by 50%.79 Recently, Tetlow et al.80

reported that phosphorylation activated SBEIIa (and SBEIIb in amyloplasts) of wheat, whereas dephosphorylation

reduced the catalytic activity of both enzymes. Phosphorylation and dephosphorylation had no effect on the measur-

able activity of SBEI in amyloplasts and chloroplasts, and the activities of both granule-bound forms of SBEII in

amyloplasts were unaffected by dephosphorylation. In addition, SBEIIb and starch phosphorylase each coimmuno-

precipitated with SBEI in a phosphorylation-dependent manner, suggesting that these enzymes may form protein

complexes. Conversely, dephosphorylation of immunoprecipitated protein complex led to its disassembly.
2.23.7.5 Potato

The in vitro activities of potato SBEI and -II were compared regarding their substrate specificities. Similar with those

of maize, SBEI was more active than SBEII on an amylose substrate, whereas SBEII was more active than SBEI on an

amylopectin substrate. Both enzymes were stimulated by the presence of phosphate. On a substrate consisting of

linear dextrins, no significant net increase in molecular mass was seen after incubation with the enzymes, suggesting

an intrachain branching event.81 During the branching process of linear glucans, the relative composition of chains

with DP 9–35 was essentially constant throughout the branching process for both SBEI and SBEII. This showed that

the branching reaction did not considerably affect the patterns of chains produced by the enzymes.82 In an in vivo

study, potato SBEI and -II were simultaneously suppressed by antisense constructs, resulting in starch with altered

structural and physical properties. The amylopectin chain length, amylose content, andmonoesterified phosphatewere

significantly increased in the transgenic starches. Significantly higher peak temperatures for gelatinization and

retrogradation were observed, whereas the enthalpies of gelatinization were lower. The transgenic starches also showed

increased gel elasticity and viscosity.83 In contrast, expression of the glycogen branching enzyme gene (glgB) led to

starch with an increased degree of branching with no observable changes in granule size or morphology. Regardless of

the presence or absence of amylose, starches with an increased degree of branching showed a shift toward more short

chains of the amylopectin, a lower peak viscosity, and for the amylose-free starch a tendency to form weaker gels.84
2.23.7.6 Other Plant Species

The functions of SBE in pea, sorghum, barley, and kidney bean were also studied. For pea, it was concluded that the

wrinkled-seed character of pea described byMendel is caused by a transposon-like insertion in a gene encoding starch
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branching enzyme.85 cDNA clones for two isoforms of SBE (SBEI and SBEII) have been isolated from pea embryos

and sequenced. The deduced amino acid sequences of pea SBEI and SBEII are closely related to SBE of maize, rice,

and potato. Pea SBEI and SBEII are differentially expressed during embryo development. SBEI is relatively highly

expressed in young embryos, whereas maximum expression of SBEII occurs in older embryos. The differential

expression of isoforms implies the contribution of each SBE isoform to starch biosynthesis during embryo develop-

ment.86 In barley, the Sbe2a and Sbe2b genes encode SBEIIa and SBEIIb. Expression of Sbe2b but not Sbe2a was

found to be endosperm specific. The temporal expression patterns for Sbe2a and She2b were similar and peaked

around 12 days after pollination. The amino acid sequences of SBEIIa and SBEIIb were almost 80% identical.87 In the

developing seeds of the kidney bean, several isoforms of SBE were found. Two of them, SBE1 and SBE2, are the

major forms in the premature seeds. The enzymes had similar pH optimum (7.0), pH stability (7.0–9.5), temperature

optimum (25–30 �C), and temperature stability (up to 40 �C).88
2.23.8 Starch Debranching Enzyme (Pullulanase EC 3.2.1.41, Isoamylase
EC 3.2.1.68)

2.23.8.1 Overview

Two types of DBEs exist in plants,89 pullulanases and isoamylases. The pullulanases (or termed as limit dextrinases)

efficiently debranch amylopectin and pullulan, a microbial a-glucan of maltotriose residues linked via (a1-6) glucosidic
bonds. Isoamylases, on the other hand, hydrolyze the (a1-6) bonds of glycogen and amylopectin, but are ineffective to

degrade pullulan. Figure 11 illustrates the glucan debranching by a DBE. Defective DBE usually leads to reduced

starch content, which is replaced partially in mass by WSP. WSP has been described in maize, rice, barley, Arabidopsis,

and C. reinhardtii. Glucan structure analysis indicated that WSP consists of a highly branched, glycogen-like material,

phytoglycogen.
2.23.8.2 Maize

In maize, the in vivo functions of both isoamylase- and pullulanase-type DBEs were characterized.90 Mutations in the

gene sugary1 (su1) resulted in the deficiency of an isoamylase-like DBE (SU1), a decrease of amylopectin, and the

accumulation of phytoglycogen. Mutants including su1-Ref, su1-R4582::Mu1, and su1-st, were characterized in terms of

their molecular basis, chemical phenotypes, and effects on starch metabolizing enzymes.91,92 The su1-R4582::Mu1

mutation abolishes transcript accumulation. The su1-st mutation results from insertion of a novel transposon-like

sequence. While all three su1 mutants severely reduce or eliminate isoamylase-type DBE activity, su1-st kernels ac-

cumulate less phytoglycogen than su1-Ref and su1-R4587::Mu1. The chain length distribution of residual amylopectin
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Figure 11 Debranching of a branched glucan molecule by DBE.
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is significantly altered by su1-Ref and su1-R4582::Mu1, whereas su1-st has modest effects.92 The pullulanase-like DBE

gene (Zpu) mRNAwas abundant in endosperm throughout starch biosynthesis, but was not detected in the leaf or the

root. Anti-ZPU1 antiserum specifically recognized the approximately 100 kDa ZPU1 protein in developing endo-

sperm, but not in leaves. The ZPU1 activity, protein level, and electrophoretic mobility were altered in su1-mutant

kernels.93 Plants homozygous for zpu1–204, a null mutation with Mutator insertion in Zpu1, showed impaired starch

degradation and accumulated branched maltooligosaccharides. In a background deficient in SU1, zpu1–204 conditions

a significant accumulation of phytoglycogen in the kernel that is not seen in the wild type. It was suggested that

pullulanase-type DBE partially compensates for the defect in isoamylase-type DBE.94
2.23.8.3 Rice

In rice, isoamylase-like DBE exhibited a molecular size of c. 83 kD on SDS-PAGE, whereas the apparent size of the

native enzyme was approximately 340 and 490 kD, suggesting that the enzyme exists in a homotetramer to homo-

hexamer form in developing endosperm.95 For su1-containing mutants, the cells in the inner part of the endosperm

contained phytoglycogen instead of starch, while the cells located in the outer part of the endosperm tissue from some

mutants were filled with numerous starch granules.96 In su1 mutants, the activities of the isoamylase and pullulanase

were greatly reduced, with the decrease more pronounced for isoamylase than for pullulanase. Amylopectin of these

mutants consisted of more short chains of DP< 12 but fewer chains of DP 13–24 than did wild-type amylopectin, and

the structure change was also reflected by lower molecular weights, smaller gyration radii, and denser molecules. The

phytoglycogens were tightly packed molecules, exhibiting greater dispersed densities than sugary-amylopectin and

amylopectin.97 It was suggested that isoamylase plays a predominant role in amylopectin synthesis, and pullulanase is

also essential or can compensate for the role of isoamylase in the construction of the amylopectin structure.98
2.23.8.4 Potato

From potato, cDNA clones encoding three distinct isoamylase isoforms (Stisa1, Stisa2, and Stisa3) have been

identified. The protein sequences indicated that only Stisa1 and Stisa3 are likely to have hydrolytic activity. In

addition, there are differences in substrate specificity between these two isoforms. Stisa1 and Stisa2 are associated as a

multimeric enzyme, and Stisa3 is not associated with this enzyme complex. It was suggested that Stisa1 and Stisa2 act

together to debranch soluble glucan during starch synthesis. The catalytic specificity of Stisa3 is distinct from that of

the multimeric enzyme, indicating that it may play a different role in starch metabolism.99 To study the in vivo

function of these enzymes, antisense RNA for Stisa1 or Stisa2 were expressed to reduce the isoamylase activity. The

transgenic tubers accumulated a small amount of a soluble glucan, similar in structure to the phytoglycogen of cereal,

Arabidopsis, and Chlamydomonasmutants lacking isoamylase. The transgenic tubers also accumulated large numbers of

tiny granules not seen in normal tubers, implying that the heteromultimeric isoamylase may suppress the initiation of

glucan molecules in the plastid stroma that would otherwise crystallize to nucleate new starch granules.100
2.23.8.5 Arabidopsis

For Arabidopsis, mutant lines lacking a chloroplastic DBE of the isoamylase type resulted in a 90% reduction in the

accumulation of starch and the accumulation of the highly branched WSP phytoglycogen. Both normal starch and

phytoglycogen accumulated simultaneously in the same chloroplasts in the mutant lines.101 In a later study, it was

shown that that ISA1 and ISA2 proteins are subunits of the same enzyme in vivo, and the knockout of either AtISA1 or

AtISA2 led to loss of the major isoamylase activity in crude extracts of leaves. Atisa1-1, Atisa2-1, and the Atisa1-1/

Atisa2-1 double mutant all had identical phenotypes. Starch content was reduced compared with the wild type, and

substantial quantities of the soluble glucan phytoglycogen were produced.102
2.23.8.6 Other Plant Species and Chlamydomonas reinhardtii

The DBE isoforms were also investigated in sweet potato, pea, barley, and C. reinhardtii. In sweet potato, the cDNA

clone of the isoamylase gene encoding DBE (IbIsa1) was isolated, with the amino acid sequence 70% and 79%

identical to that of AtIsa1 from Arabidopsis and StIsa1 from potato, respectively. IbIsa1 was strongly expressed in

tuberous root.103 In barley, two mutant lines, Riso 17 and Notch-2, were found to accumulate phytoglycogen in the

grain. These mutants lack isoamylase activity in the developing endosperm due to lesions in the isoamylase gene, isa1.
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The endosperm starch content was reduced along with a profound effect on the structure and the number and timing

of initiation in starch granules. In the mutant, there were no normal A-type or B-type granules. A greater number of

starch granules existed per plastid than the wild type, leading to the appearance of compound starch granules.104 In

pea, two distinct types of DBE were identified in developing embryos. The isoamylase-like activity is present

throughout development and confined to the plastid. The pullulanase-line activity is present both inside and outside

of the plastid, and extraplastidial activity increases relative to the plastidial activity during development. Both types of

DBE are also present in germinating embryos.105 In C. reinhardtii, mutations of STA8 cause a significant starch

reduction and phytoglycogen accumulation. The granules in sta8 mutants were misshapen, and the abundance of

amylose and amylopectin long chains was altered. On the other hand, mutations of the STA7 locus completely lack

isoamylase activity and cause phytoglycogen accumulation, and condition a complete loss of granular starch.106
2.23.9 Impact of Temperature on Some Starch Biosynthetic Enzymes

As other enzymes, the conditions of enzymatic reaction such as temperature, pH, substrates, and inhibitors affect the

activities of starch biosynthetic enzymes. From the perspective of heat-stress tolerance, the in vivo impacts of

temperature on certain starch biosynthetic enzymes have been studied for different species. Among the enzymes

studied, SS has been a focus due to its temperature sensitivity and role in controlling carbon flux to starch by adding

glucosyl units. In developing wheat and maize grain, temperatures above 25 �C adversely affect flux and therefore

limit yield. Thermal inactivation of SS occurs at temperatures in excess of 20 �C for wheat and over 30 �C for maize SS.

Elevated temperature did not affect the inherent stability of other enzymes in the pathway of starch synthesis except

for SBE which is believed to have minimal flux-control strength.107 Calculations of the reductions in US corn-belt

yield showed that significant yield improvement might be obtained by a 5 �C shift in the temperature optimum.107 For

rice grain, the activity and expression levels of endosperm SSI were higher at 29/35 �C than that at 22/28 �C. In
contrast, the activities and expression levels of the rice SBEI, SBEIII, and GBSS were lower at 29/35 �C than those at

22/28 �C. The decreased activity of SBE reduces the branching frequency, which results in the increased amount of

long chains of amylopectin of endosperm in rice grain at high temperature.108
2.23.10 Gene Dosage Effect on Starch Biosynthetic Enzymes

Gene dosage effect affects starch biosynthesis and, therefore, the structure and function of starch. In maize,

endosperm cells have a ploidy level of 3. It was found that a near-linear relationship exists between increasing dosage

of the dominate Ae gene and SBEIIb activity.109 In contrast, levels and properties of branching enzymes I and IIa, as

well as starch synthase, remained unchanged. Singletary et al.110 studied the allelic dosage of mutants affecting starch

formation in maize kernels. They also determined the effect of downregulated enzyme activity on starch accumulation

and the activity of associated enzymes of carbohydrate metabolism. A direct relationship was found between the

amount of starch produced in the endosperm and the gene dosage of ae, bt1, bt2, sh1, and su1 mutant alleles. In

addition, SBE, AGPase, and sucrose synthase activities were found to be linearly reduced in endosperm containing

increasing dosages of ae, bt2, and sh1 alleles, respectively. DBE activity declined only in the presence of two or three

copies of su1. All mutants except su1 displayed large increases in activity among various enzymes unrelated to the

structural gene, showing pleiotropic effects.

The properties of starch can be altered by dosage effects.111 For example, DSC revealed intermediate values for

gelatinization onset, gelatinization peak, range, total enthalpy, and retrogradation among maize genotypes possessing

one and two mutant su2 alleles. While no effect of gene dosage on amylose content was observed, X-ray diffraction

patterns revealed an intermediate degree of crystallinity relative to normal and mutant genotypes upon addition of

two su2 alleles. Viscosity of the starch paste and gel strength resulting from the genotype possessing two doses of the

su2 allele exceeded that of both mutant and normal genotypes. An intermediate retrogradation was also detected,

suggesting an increased stability of the Su2su2su2 starch relative to that of normal starch.111

The studies of dosage effect in wheat were mostly focused on Wx gene and its impact on amylose content. The Wx

genes are distributed at a triplicate set of single-copy homoeoloci located on chromosomes 7A (Wx-A1), 4A (Wx-B1),

and 7D (Wx-D1). Nullisomic 4A and the deletion of chromosome segments carrying the Wx-B1 gene reduced the

amylose content by more than 3%. The removal of chromosomes carrying either the Wx-A1 or the Wx-D1 gene

reduced the amylose content by less than 2%. A similar reduction was revealed by substitution of these two genes by

the null alleles. Double dosages of chromosomes 7A, 4A, and 7D did not increase amylose content. It was considered
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that a certain level of Wx genes or proteins led to the maximum amount of amylose.112 In another study, Chinese

Spring and its near-isogenic waxy types were crossed reciprocally to obtain a plant population with varying doses of

each Wx gene. The amount of GBSSI was increased linearly with increasing gene dose of either of Wx loci. In each of

the three Wx loci, the change in amylose content was linear up to three doses, with a more potent capacity of Wx-B1 at

any dose. When Wx-B1 and Wx-A1 were combined, increase in amylose content was not in proportion to increase in

gene dosage. The enhanced amylose synthesis was shown by 2-gene and 3-gene interaction, indicating that not only

the type of the three Wx genes and their dose but also the interaction among them have significant roles in

determining the amylose content.113 In a study to relate gene dosage with noodle texture, recombinant inbred lines

of wheat with all combinations of the three Wx genes were used.114 Normal noodles tended to produce the hardest,

most adhesive and chewy, but least cohesive, springy and resilient, noodles. Full waxy noodles, on the other hand,

were the softest, thickest, least adhesive and chewy, and most cohesive and springy. Noodles from different Wx

dosages were intermediate in texture.
2.23.11 Roles of Starch Biosynthetic Enzymes in Amylopectin Biosynthesis

In vitro examinations show the specificities of enzymes involved in starch biosynthetic pathway. In vivo studies,

particularly the analysis of mutants with specific enzyme deficiencies, allow us to decode the role of individual

enzymes in the system of starch assembly. As many as 10 isoenzymes within three types, that is, SS, SBE, and DBE,

are involved in starch biosynthesis. The synergistic functions of these enzymes create starch with well-defined

granular morphology and molecular structure. It will be a long-term effort to characterize the roles of starch

biosynthetic enzymes in starch biosynthesis. Till now, most hypotheses are related to debranching enzymes, a

starch-degrading enzyme abundant in the stage of starch biosynthesis.

In the review of Ball et al.,116 glucan trimming was proposed to be the central role of debranching enzymes during

amylopectin biosynthesis. The idea was that glucan trimming is required to generate order in the amorphous lamella

for subsequent synthesis of crystalline lattice. Based on this idea, a two-dimensional model shown in Figure 12 was

proposed. In a biosynthesis cycle, once the crystalline lamella has reached the critical size, the starch branching

enzymes are allowed to use its constitutive glucans as substrate to produce preamylopectin. The preamylopectin

trimming proceeds through the selective action of DBE. The debranched oligosaccharides generated by these splicing

events will then be used with varying degrees of efficiency by SS. In all cases, in the presence of a physiological excess

of branching enzymes, the next amorphous lamella will be produced as soon as the glucans elongated by SS have

reached the critical minimal size to accommodate the catalytic site of the branching enzymes. It was considered that it

is the precision of the different chain-length minimums of each different enzyme that provides the ground rules for

discontinuous synthesis.116
(a) (b) (c) (d) (e)

Figure 12 A discontinuous synthesis model for amylopectin biosynthesis. This figure shows a two-dimensional model for
starch biogenesis occurring at the surface of the granule. Elongation starts from a trimmed amorphous lamella depicted in

a and proceeds through b until the critical size needed to accommodate the branching enzymes is reached. Then because

of the presence of high branching enzyme-specific activities, random branching occurs (c). Debranching activities will
simultaneously trim down the loosely branched glucans (d). This will prevent phytoglycogen synthesis and leave out the

tightly spaced branches that will generate the next amorphous lamella (e). Reproduced fromBall, S.; Guan, H.P.; James, M.;

Myers, A.; Keeling, P.; Mouille, G.; Buleon, A.; Colonna, P.; Preiss, J. From glycogen to amylopectin: A model for the

biogenesis of the plant starch granule. Cell 1996, 86, 349–352.
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Based on the DBE trimming concept, Nakamura117 proposed a ‘two-step branching and improper branch clearing

model’ to explain amylopectin biosynthesis. In this hypothesis, for the first step of each synthesis cycle, the branching

is initiated in the amorphous lamella, followed by elongation of branched chains for synthesis of the core skeleton of

the new cluster. It was assumed that most branching points are localized in the restricted area appropriate for

amorphous lamella, and a few branches formed ‘improperly’ are cleaved by DBE. In the second step, the branching

occurs in the crystalline lamella, followed by elongation of chains for the completion of the new cluster. Again, if

branches are formed remotely from appropriate branched zone, they will be hydrolyzed by DBE. During the whole

process of cluster formation, DBE plays critical roles in trimming the cluster shape. The timing of clearing the

improper branches is very important, since it is difficult to remove them after synthesis of the clusters, and their

presence will interfere with the regular array of chains in the cluster.117

In an alternative explanation for phytoglycogen accumulation in isoamylase-deficient mutants, Zeeman et al.101

proposed that phytoglycogen is not an intermediate of amylopectin synthesis but rather a separate soluble product

made in the stroma. It was suggested that the action of starch synthases and starch branching enzymes on small

maltooligosaccharides in the stroma may result in the synthesis of soluble branched glucans. This would potentially

provide alternative substrates for further elongation and branching, reducing the amount of the enzymes available on

the surface of the starch granule. The action of the glucan-degrading enzymes in the stroma may prevent the

accumulation of such soluble material, thus directing glucan synthesis to the surface of the granule. The reduction

in isoamylase activity would prevent or reduce the hydrolysis of any (a1-6) linkages formed in the soluble glucans,

allowing their development to phytoglycogen instead of nonsoluble starch granules.

Based on the concepts of glucan trimming and soluble glucan removal by DBE, Myers et al.115 proposed a revised

glucan trimming model. The central point of this model is that the crystallization of glucan acts as an organizing force

and carbon sink driving the reactions of amylopectin synthesis. Without the participation of DBE, the glucan

molecules are continuously acted by both SS and SBE, forming both phytoglycogen and amylopectin. In this

model, the D-enzyme was proposed to recycle the maltooligosaccharides released from DBE hydrolysis.
Glossary

amylopectin A highly branched a-D-glucan in starch granules. The branches are considered to be clustered in a nonrandom

form and packed in a pattern that allows for crystallinity formation.

amyloplast Noncolored organelles in plant cells responsible for starch synthesis and storage.

amylose An essentially linear a-D-glucan in starch granules that may contain small amount of branches.

phytoglycogen An intensively branched water-soluble a-D-glucan, mostly present in cereal endosperms of certain mutants.

The branches are considered randomly distributed, as in glycogen.

starch A homopolysaccharide in plant made from D-glucosyl monomers (glucan) linked by (a1-4) and (a1-6) glucosidic bonds.
Native starch exists in a granular form and usually contains both amylose and amylopectin.
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3.01.1 N-Linked Protein Glycosylation in Bacteria

A general protein glycosylation system was first described in the human pathogen C. jejuni, a flagellated e-proteobac-
terium causing gastroenteritis. Mutations in the pgl-operon, previously associated with lipopolysaccharide (LPS)

biosynthesis,1 resulted in a pleiotropic phenotype that affected the expression of a series of proteins.2 C. jejuni

glycoproteins were shown to bind to the lectin soybean agglutinin (SBA)3 and a detailed structural analysis revealed

that a heptasaccharide {GalNAc(a1-4)GalNAc(a1-4)[Glc(b1-3)]GalNAc(a1-4)GalNAc(a1-4)GalNAc(a1-3)Bacillosa-
mine}4 was covalently linked to an asparagine residue of proteins. N-linked protein glycosylation is not an essential

process in C. jejuni; however, the inability to N-glycosylate proteins strongly reduces the ability of C. jejuni cells to

colonize its host.5

The experimental finding that the transfer of the complete pgl-operon from C. jejuni to the model organism

Escherichia coli resulted in the same N-glycosylation of a reported protein as in the original host6 greatly facilitated

the analysis of the bacterial N-glycosylation pathway and showed that the pgl-operon, in combination with endogenous

E. coli pathways, was sufficient for N-glycosylation of proteins. Indeed, sequence comparisons of proteins encoded by

the C. jejuni pgl-operon suggested a biosynthetic pathway located in the cytoplasm that involved five glycosyltrans-

ferases (PglA, PglC, PglH, PglI, and PglJ) and three enzymes (PglD, PglE, and PglF) that are required for bacillo-

samine biosynthesis. According to this hypothesis, transport of the oligosaccharide is mediated by an ABC-type

transporter protein (PglK), whereas PglB, a protein homologous to an essential component of eukaryotic OSTs, might

be responsible for the transfer to protein. In analogy to the pathway of N-linked protein glycosylation in eukaryotes

and the LPS biosynthetic pathway in Gram-negative bacteria,7,8 it was proposed that a lipid, bactoprenylpyrophos-

phate, serves as a lipid anchor for the biosynthesis of the oligosaccharide.6 In the following section, the experimental

evidence is given that supports this hypothesis.
3.01.1.1 Biosynthesis of the Lipid-Linked Oligosaccharide

Inactivation of single open reading frames within the pgl-operon resulted in an altered glycosylation of the model

proteins Peb3 and AcrA in E. coli 9 and the structural analysis of the corresponding products suggested a specific

function of the individual proteins (Figure 1). PglC is proposed to transfer bacillosamine phosphate to

bactoprenylphosphate,10 whereas PglA acts as an a-1,3-N-acetylgalactosaminyltransferase and PglJ transfers the first

(a1-4)-linked GalNAc. PglH mutant cells produced N-glycoproteins with a trisaccharide attached, suggesting a

function of this protein in the addition of the remaining three GalNAc residues. Indeed, elegant in vitro studies by

the Imperiali lab using chemically synthesized bactoprenyl-PP-bacillosamine11 revealed that PglH acts as a GalNAc
1
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Figure 1 Schematic pathway of N-linked protein glycosylation at the plasma membrane of Campylobacter jejuni. The
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polymerase and transfers three GalNAc residues to the lipid-linked oligosaccharide.12 PglI is a b-1,3-glucosyltransfer-
ase, responsible for the branched structure of the C. jejuniN-linked glycan. Direct proof for the use of bactoprenylpyr-

ophosphate as a lipid carrier for the assembly of the oligosaccharide derived from genetic experiments that were based

on the striking similarity between the biosynthetic pathways involved in O-antigen biosynthesis and the proposed

pathway of N-linked protein glycosylation. In the most common, Wzy-dependent route of O-antigen biosynthesis, an

oligosaccharide is assembled in the cytoplasm on bactoprenylpyrophosphate, translocated to the periplasmic site of

the plasma membrane, polymerized by the Wzy/Wzz machinery, and transferred to the Lipid A core structure by

the WaaL ligase.8 Replacing the WaaL ligase by the PglB OST resulted in the transfer of O-antigen glycans to an

acceptor protein,13 providing direct evidence that bactoprenylpyrophosphate-linked oligosaccharides served as sub-

strates for the PglB OST. In vitro studies using chemoenzymatically synthesized substrate support this hypothesis.14

Bactoprenol (undecaprenol) is a polyisoprenoid lipid similar to dolichol, the lipid carrier in the eukaryotic pathway.

Besides the difference in the number of isoprene-units, dolichol contains a saturated a-isoprene unit.

The proposed model of bacterial N-linked protein glycosylation suggests a translocation of the lipid-linked

oligosaccharide across the periplasmic membrane. Similar translocations occur in the LPS biosynthesis. Using the

hybrid biosynthesis approach as described above, genetic experiments showed that the C. jejuni PglK protein can

functionally replace theWzx protein, a putative oligosaccharide flippase that, in contrast to the ABC-transporter PglK,

lacks ATP-binding domains.15
3.01.1.2 Transfer of the Oligosaccharide to Protein

The transfer of the oligosaccharide from the lipid carrier bactoprenylpyrophosphate to the protein occurs in the

periplasm. This is substantiated by the observation that glycosylation of the model protein AcrA is signal sequence

dependent.16 In the eukaryotic N-glycosylation pathway, the well-known Asn-X-Ser/Thr sequon is required as an

acceptor sequence;16 however, a more detailed genetic analysis and a characterization of a series of C. jejuni

glycoproteins revealed that an extended consensus sequence Asp/Glu-X-Asn-Z-Ser/Thr is required for the bacterial
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glycosylation.17 As in the eukaryotic system,18 X and Z can be any amino acid residue except proline suggesting a

defined conformation of the peptide substrate during substrate recognition or catalysis.

Interestingly, the PglB protein is sufficient for the transfer of an oligosaccharide from the lipid carrier to the acceptor

protein. PglB is a membrane protein with an N-terminal hydrophobic domain (two-thirds of the protein) and a

hydrophilic, C-terminal domain (one-third of the protein). As outlined above, the PglB protein has significant

similarity in the primary amino acid sequence as well as in the predicted membrane topology to the STT3 component

of the eukaryotic OST.1,6 Mutations in the most highly conserved area within the hydrophilic domain inactivate the

enzyme;6 however, the exact role of this conserved protein domain in the catalytic activity of PglB remains to be

determined. The PglB enzyme displays very relaxed substrate specificity toward the lipid-linked oligosaccharide

substrate in vivo. Using the combinatorial approach of O-antigen biosynthesis and N-linked protein glycosylation, a

wide variety of oligosaccharides were transferred to protein in vivo.13,19 In addition, biosynthetic intermediates of LLO

biosynthesis were transferred with high efficiency.9 Importantly, bactoprenylpyrophosphate-linked oligosaccharides

that did not contain an acetamido group at the C-2 position of the reducing end sugar were not transferred to protein.

This substrate requirement suggested a direct involvement of this functional group into the catalytic mechanism,

possibly by stabilizing an oxonium intermediate before a nucleophilic attack by the amide of the asparagine side

chain.19 Whether or not other properties of the LLO substrate, in particular the lipid anchor, are essential for

recognition by the OST remains to be determined.
3.01.2 N-Linked Protein Glycosylation in Archaea

Even though the first prokaryotic glycoprotein identified was an archaeal cell surface glycoprotein20,21 and quite

extensive characterization of archaeal glycoproteins has been performed, we still know very little about archaeal

protein glycosylation.22,23 Dolichylphosphate- and dolichylpyrophosphate-linked oligosaccharide seem to act as

substrates for the glycosylation process24 and the analysis of archaeal genomes suggested a glycosylation pathway

similar to the bacterial and eukaryotic one.25 Indeed, recent biochemical and genetic studies in Methanococcus voltae

suggest that N-linked protein glycosylation proceeds via the assembly of a lipid-linked oligosaccharide precursor in

the cytoplasm, flipped across the plasmamembrane and transferred to protein by an OST belonging to the STT3/PglB

protein family.26,27 As in the bacterial and the eukaryotic system, the Asn-X-Ser/Thr motif seems to serve as a

recognition motif for the transferase; however, mutations that changed the Asn-Ala-Ser acceptor sequence in the

Halbacterium salinarum cell surface glycoprotein to Asn-Ala-Val, Leu, or Asn, did not affect the use of this specific

glycosylation site,28 suggesting a relaxed protein substrate specificity of the archaeal OST.
3.01.3 N-Linked Protein Glycosylation in Eukaryotes

N-Linked protein glycosylation in eukaryotes is studied in much greater detail. The process can be divided into two

distinct steps: (1) the assembly of an oligosaccharide substrate and its covalent linkage to the Asn side chain of nascent

proteins in the endoplasmic reticulum (ER) and (2) the modification of the N-linked glycan that takes place in the ER

and the golgi compartment. In this context, the focus will be solely on the first pathway and N-linked protein

glycosylation is defined as the process that leads to the covalent modification of an asparagine side chain by an

N-glycosidically linked oligosaccharide. Trimming and remodeling of the N-linked glycan is reviewed in Chapter3.02

in this volume.

The basic concepts of the ER pathway have been identified by experiments using mammalian cells;29,30 however,

the model organism Saccharomyces cerevisiae has been an ideal, genetically tractable experimental system to identify the

different components required in this complex pathway31 and to characterize the basic concepts of this biosynthetic

route.
3.01.3.1 Biosynthesis of the Lipid-Linked Oligosaccharide

As is the case in the bacterial system, a lipid, dolichylpyrophosphate, serves as the carrier for the assembly of

an oligosaccharide that initiates at the cytoplasmic side of the ER membrane. UDP-GlcNAc and GDP-Man,

respectively, serve as donor substrates for individual glycosyltransferases that assemble theMan5GlNAc2 oligosaccharide

(Figure 2). The process initiates with the transfer of N-acetyl-a-glucosamine phosphate to dolichylphosphate by the

ALG7 enzyme, followed by the addition of a second GlcNAc residue by the recently identified ALG13/ALG14
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complex.32–34 ALG1 encodes a GDP-Man-dependent mannosyltransferase that attaches the first (b1-4)-linked man-

nose residue to the chitobiose core.35–37 Alg2mutant cells accumulate lipid-linkedMan2GlcNAc2 and recent studies in

human cells with a deficiency in this enzyme show that the human ALG2 homolog is a GDP-Man-dependent a-1,3-
mannosyltransferase. Alg11mutant cells accumulate lipid-linked Man3GlcNAc2 oligosaccharide,

38 suggesting that the

ALG11 protein is a GDP-Man-dependent a-1,2-mannosyltransferase. However, N-linked glycans isolated from alg11

mutant cells have a Man4GlcNAc2 structure,
39 making it difficult to assign which of the two or both of the (a1-2)-

linked mannose residues is added by the ALG11 protein.

Completion of the lipid-linked Man5GlcNAc2 results in the translocation of the oligosaccharide across the mem-

brane. Based on genetic experiments, the RFT1 protein has been implicated to act as a flippase;38 however, direct

proof of flippase activity of this protein is still lacking.

At the luminal side of the ER membrane, four mannose and three glucose residues are added to the oligo-

saccharide, whereby dolichylphosphomannose (Dol-P-Man) and dolichylphosphoglucose (Dol-P-Glc), respectively,

are the substrates for these reactions. Dolichylphosphomannose synthase (encoded by the DPM1 locus)40 and

dolichylphosphoglucose synthase (ALG5)41 are responsible for the synthesis of these components. Alg3p is a

Dol-P-Man-dependent a-1,3-mannosyltransferase,42 whereas the ALG12 locus encodes the Dol-P-Man-dependent

a-1,6-mannosyltransferase.43 The ALG9 enzyme is the only bifunctional enzyme in the pathway and adds the two

terminal (a1-2)-linked mannose residues to the oligosaccharide.44,45 Finally, the Dol-P-Glc-dependent glucosyltrans-

ferases encoded by the ALG6, ALG8, and ALG10 locus terminate the lipid-linked oligosaccharide synthesis by the

addition of three glucose residues.46–48 It is important to note that the branched oligosaccharide is assembled in

a highly ordered pathway that terminates by the addition of the (a1-2)-linked glucose by the ALG10 transferase.

This orderliness is ensured by the high substrate specificity of the ALG3, ALG12, and ALG6 glycosyltransferase

and is of major importance, because lipid-linked oligosaccharides that lack the terminal (a1-2)-linked glucose are
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suboptimal substrates for the OST.48–50 Both the requirement for the terminal (a1-2)-linked glucose residue and

the ordered assembly pathway ensure that the completely assembled oligosaccharide and not biosynthetic inter-

mediates are transferred to protein by the OST in eukaryotes.
3.01.3.2 Transfer of the Oligosaccharide to Protein

The consensus sequence Asn-X-Ser/Thr is required for the transfer of the oligosaccharide from the lipid carrier

dolichylpyrophosphate to the asparagine side chain by the oligosaccharyltransferase complex. X can be any amino acid

except proline.51 In rare cases, the hydroxyl amino acid can be replaced by cysteine.52 However, the presence of

the consensus sequence is not sufficient for glycosylation, because only about two-thirds of the possible sites are

modified.53 The transfer of the oligosaccharide to protein is coupled to the translocation process,54 the active site of

the OST being in close proximity to the exit channel of the translocon.55

In yeast, eight different subunits, encoded by the STT3, OST1, WBP1, SWP1, OST2, OST3/OST6, OST4, and

OST5 loci, have been identified as components of the OSTcomplex (for a detailed review of the eukaryotic OST; see

Refs.56 and 57). All the components are membrane proteins that assemble into a multimeric complex58,59 and two

distinct complexes that contain either the OST3 or the OST6 component have been identified. Distinct phenotypes

of mutant yeast cells expressing only one of the two OST complexes suggest a different activity60 and it has been

proposed that the two complexes associate with different translocation apparatuses.61 Similarly, canine oligosacchar-

yltransferase complexes that contain different isoforms of the STT3 subunit (STT3A or STT3B) have diverse

biochemical properties.62 The functions of the individual components of the eukaryotic OST are not clear. Photo-

cross-linking experiments using activated acceptor peptide with canine63 and yeast63,64 OST suggest that the STT3

subunit harbors the catalytic site of the enzyme. In contrast, the OST1 subunit (Ribophorin 1) was cross-linked to

translocating polypeptides irrespective of the glycosylation status.65 The small subunit Ost4p was proposed to be

required for the assembly of the OSTcomplex.58,60,66
3.01.4 Comparison of the Bacterial and the Eukaryotic Pathway

The process of N-linked protein glycosylation can be found in all three domains of life and our present knowledge

makes it possible to define the conceptual principles of this pathway (Figure 3):

1. Isoprenoid lipids serve as carriers for the assembly of oligosaccharides in the cytoplasm. Dolichols are the lipid

anchors in archaea and in eukaryotes, whereas bactoprenol is the carrier in the bacterial system studied.

2. Nucleotide-activated sugars serve as substrates for specific glycosyltransferases. In bacteria, archaea and in

eukaryotes, a sugar phosphate is transferred to isoprenylphosphate in the initiating reaction; however, dolichylphos-

phate-linked oligosaccharides as substrates for glycosylation reactions are also known in archaea.24 It is noteworthy
Cytoplasm

ER LumenPeriplasm

AsN
AsN

Figure 3 Comparison of the bacterial and the eukaryotic N-glycosylation pathway. Schematic representation of the

bacterial (left) and the eukaryotic pathway (right) is given. In both biosynthetic routes, the process of the assembly of an

oligosaccharide on an isoprenoid lipid carrier initiates in the cytoplasm. A heptasaccharide is flipped across the membrane

and assembly of the oligosaccharide continues in the eukaryotic system. Oligosaccharyltransferase (OST) catalyzes the
transfer of the oligosaccharide to selected asparagine residues of secretory proteins. OST (boxed) consists of a single,

membrane-embedded protein in the prokaryotic system but is a multimeric complex in eukaryotes. The STT3 component

(red) of the eukaryotic OST is homologous to the prokaryotic PglB protein (red).
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that the same concept of oligosaccharide assembly applies to LPS- and capsule-biosynthesis in Gram-negative

bacteria as well as in peptidoglycan synthesis.67,68

3. The lipid-linked oligosaccharide is flipped across the membrane. Flipping of the lipid-linked oligosaccharide

across the membrane seems to be catalyzed by different types of proteins.15 Unfortunately, a detailed biochemical

analysis of this process in any of the systems is still lacking.

4. In the case of eukaryotic glycosylation, biosynthesis of oligosaccharide continues; however, dolichylphosphoman-

nose and dolichylphosphoglucose serve as substrate for these extension reactions.

5. OST catalyzes the transfer of the oligosaccharide from the lipid precursor to selected asparagine side chains of

polypeptides in the periplasm or the lumen of the ER, respectively. Members of the STT3 protein family catalyze

this reaction. The catalytic mechanism seems to involve the 2-acetamido group of the proximal LLO sugar as well

as the Asn-X-Ser/Thr consensus sequence. This sequence can adopt a specific conformation, the asparagine turn,

essential for glycosylation.69,70

Based on these findings, it is seems justified to treat bacterial and eukaryotic N-linked protein glycosylation as

homologous processes.

However, the bacterial and the eukaryotic process differ in significant aspects:

1. The biosynthesis of the lipid-linked oligosaccharide in the eukaryotic system is a bipartite process that takes place

at both sides of the ERmembrane, separated by the translocation of the oligosaccharide across the membrane.67 In

contrast, LLO assembly in the bacterial system is restricted to the cytoplasmic side of the plasma membrane. The

second, luminal phase of the eukaryotic oligosaccharide assembly is catalyzed by specific ER-localized glycosyl-

transferases that utilize dolichylphosphomannose and dolichylphosphoglucose, respectively, as substrate. Their

structure differs significantly from the one of glycosyltransferases acting in the cytoplasm. It is interesting to note

that conceptually similar reactions utilizing bactoprenylphosphate-linked sugars also occur in different glycosyla-

tion pathways of bacterial cell wall components.71–74 Whereas in the bacterial protein glycosylation pathway, the

assembly of the lipid-linked oligosaccharide is topologically separated from the utilization of the LLO as substrate

of the OST, this is not so in the case of the eukaryotic pathway.

2. As a consequence of the bipartite LLO biosynthetic pathway, the eukaryotic OST is confronted with biosynthetic

intermediates as well as the final LLO product. Indeed, eukaryotic OST is able to distinguish between biosyn-

thetic intermediates and the normal substrate, the terminally added glucose being of outmost importance.48–50

Gilmore and co-workers have proposed an allosteric mechanism that ensures preferential utilization of the

complete oligosaccharide over biosynthetic intermediates by OST.50 It is likely that the requirement of

the 2-acetamido group at the reducing-end sugar is a property of the catalytic STT3 subunit, because it is found

in both the bacterial and the eukaryotic system,19,75 whereas one or more of the eukaryotic OST subunits are

required for the recognition of the terminal glucose residue.

3. In eukaryotic cells, glycans transferred to proteins in the ER are very similar. Though there is a diversity of

oligosaccharides transferred to protein in protozoan and fungal species,76,77 they all represent intermediates in the

assembly pathway of the Glc3Man9GlcNAc2 oligosaccharide. The well-known species and cell-type-specific

diversity of eukaryotic N-glycans is primarily generated in the Golgi compartment (see Chapters 3.02 and 4.06).

Though our knowledge about N-linked glycan structures in prokaryotic cells is much smaller, there seem to be

species-specific glycan structures, significantly different from each other, that are transferred to protein in

archaea22,26 and bacteria (Alaimo C. and Aebi M. unpublished results).

4. N-Linked protein glycosylation in eukaryotic cells is an essential factor in the folding of secretory proteins.

N-Linked glycans affect the folding of proteins directly, act as receptors for glycan-specific folding proteins, and

serve as signals that display the folding status of a protein.78,79 Accordingly, N-linked glycosylation must occur

primarily before the folding of proteins. Indeed, protein translocation and glycosylation are coupled processes

mediated by the translocation machinery.54,80,81 The situation is different in the bacterial system where N-linked

protein glycosylation is independent of the translocation process and occurs on the folded protein.82 An essential

difference between prokaryotic and eukaryotic N-linked protein glycosylation is therefore the timing of this process

relative to protein folding: translocation–folding–glycosylation in the bacterial system as opposed to translocation–

glycosylation–folding in the eukaryotic system. This temporal shift of glycosylation requires the coupling of eukary-

otic OSTactivity to the translocon and possibly an OST-inherent chaperon activity that prevents the folding of the

polypeptide prior to glycosylation.These additional activities of the eukaryoticOSTmight be the reason for themulti-

subunit character of this enzyme in eukaryotes.
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3.01.5 Evolution of N-Linked Protein Glycosylation

The presence of N-linked protein glycosylation systems in all three domains of life that build on the same principles

suggests that this post-translational modification process is a very ancient one. The apparently widespread presence of

N-glycosylation in the archaeal domain and the restricted appearance in the e-clade of proteobacteria suggests an

archaeal origin of the eukaryotic pathway.23,25 Based on the general principles of the pathway outlined above, it is

tempting to speculate that theMan5GlcNAc2 oligosaccharide represents the glycan transferred to protein by the direct

archaeal ancestor of eukaryotic cells. In the course of eukaryotic evolution, the extension of the oligosaccharide to the

Glc3Man9GlcNAc2, catalyzed by the lumen-oriented glycosyltransferases, occurred. Different protozoan species that

lack specific lumen-oriented mannosyl- and glucosyltransferases77 might represent intermediate forms of such an

evolutionary path. Secondary loss of specific glycosyltransferases resulted in the minimal glycosylation system as

observed in Giardia. Secondary loss of luminal glucosyltransferases can also account for the Man9GlcNAc2 transfer

observed in the basidiomycete Cryptococcus neoformans.77

As outlined above, a change in the sequential order of protein folding and N-linked protein glycosylation has to be

postulated during eukaryotic evolution: from folding followed by glycosylation to glycosylation followed by folding.

The shift in the temporal order of these two processes was a prerequisite for the evolution of the signal function of the

eukaryotic N-linked glycan in the control of protein folding in the ER. Interestingly, most of the hexose units added

by lumen-oriented glycosyltransferases are directly involved in the glycan-mediated folding and quality control

process in the ER.79

The N-linked glycan is especially suited to act as a signal in a complex pathway like protein folding: (1) N-linked

glycosylation is a general modification system that acts on a multitude of proteins due to the minimal Asn-X-Ser/Thr

acceptor requirement. (2) Sequential processing of the N-glycan can result in a series of different structures that can

act as positive or negative signals interpreted by different lectins.
3.01.6 Outlook

The characterization of prokaryotic N-linked protein glycosylation pathways has contributed to our understanding of

this widespread process of post-translational modification of proteins. It is likely that the simple and easily accessible

bacterial process will help to understand the basic principles involved in this general modification system of secretory

proteins. In particular, it will be instrumental to define the catalytic mechanism of the central enzyme in this pathway,

the OST. In addition, the direct comparison of the homologous prokaryotic and eukaryotic pathways will make it

possible to raise hypothesis about the specific eukaryotic properties of the pathway and the molecular components

required for such additional functions. To do this properly, we require additional knowledge of the prokaryotic

processes, in particular of the archaeal systems.
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3.02.1 Introduction

Proteins and nucleic acids are linear polymers in which the amino acid and nucleotide building blocks, respectively,

are joined together by identical amide and 30,50-phosphodiester bonds. They are assembled by a template mechanism

in which every new macromolecule is copied with great accuracy from a pre-existing molecule. In contrast, glycan

polymers are often branched and the monosaccharide building blocks may be joined to one another by either a- or b-
glycosidic linkages and the anomeric carbon of one sugar may be linked to one of several carbon positions on another

sugar. Glycans cannot be made by the template method and require an appreciably more complex assembly-line

approach (Chapters 1.02, 2.02, 2.04, and 2.08). A series of glycosyltransferases, glycosidases, and other enzymes

(Table 1) construct the glycan as the protein backbone moves along the lumen of a membranous assembly line

consisting of the endoplasmic reticulum (ER) and Golgi apparatus to its destination (cell surface, secretory product, or

lysosome).1

All N-glycans share the same pentasaccharide core structure Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAcb1-
N-Asn-X (Figures 1–3). The oldest structures from an evolutionary point of view are the oligomannose (Man5–9Glc-

NAc2Asn) N-glycans (Figure 1). Hybrid and complex N-glycans carry from one to five branches or ‘antennas’

attached to the core structure. Every antenna is initiated by a specific N-acetylglucosaminyltransferase

(GlcNAcTI,-II,-IV,-V, and VI; Figure 2). Both hybrid and complex N-glycans may be ‘bisected’ by a GlcNAc residue

linked b1-4 to the b-linked Man residue of the core; this residue is incorporated by GlcNAcTIII and is not further

substituted (Figure 3).

Two important features distinguish the mechanism of GlcNAcb1-N-Asn N-glycan assembly from the synthesis of

the other eukaryote protein-bound glycan types (GalNAca1-O-Ser/Thr, Mana1-O-Ser/Thr, Fuca1-O-Ser/Thr,

GlcNAcb1-O-Ser/Thr, Xylb1-O-Ser, etc.):2 (1) pre-assembly of a lipid-linked oligosaccharide (LLO) precursor

Glc3Man9GlcNAc2-pyrophosphate-dolichol, and (2) removal of specific protein-bound sugars by a series of remodel-

ing glycosidases. The N-glycan synthetic process has three distinct stages. The first stage is the same for all eukaryotes

and consists of the pre-assembly of LLO followed by the oligosaccharyltransferase-catalyzed transfer of the
11



Table 1 List of human Unigenes involved in glycan assembly

Unigene
Enzyme name
(abbreviated) Acceptor Enzyme name (extended)

References/
accession no.

GlcNAcT
Hs.519818 b2GlcNAcT1 a3Man UDP-GlcNAc:Man(a1,3)glycoprotein b1,2GlcNAcT

I (MGAT1)

93

Hs.93338 b2GlcNAcT2 a6Man UDP-GlcNAc:Man(a1,6)glycoprotein b1,2GlcNAcT

II (MGAT2)

150

Hs.173203 b 3GlcNAcT1 bGal UDP-GlcNAc:bGal b1,3GlcNAcT 1 (B3GNT1) 288,305

Hs.69009 b 3GlcNAcT3 bGal UDP-GlcNAc:bGal b1,3GlcNAcT 3 (B3GNT3) 288,305,306

Hs.363315 b 3GlcNAcT4 bGal UDP-GlcNAc:bGal b1,3GlcNAcT 4 (B3GNT4) 288,305

Hs.208267 b 3GlcNAcT5 bGal UDP-GlcNAc:bGal b1,3GlcNAcT 5 (B3GNT5) 288

Hs.8526 b 3GlcNAcT6 bGal UDP-GlcNAc:bGal b1,3GlcNAcT 6 (B3GNT6) 288

Hs.299329 b3GlcNAcT7 bGal UDP-GlcNAc:bGal b1,3GlcNAcT 7 (B3GNT7) NM_145236.1

Hs.276808 b4GlcNAcT3 b4Man UDP-GlcNAc:Man(b1,4)glycoprotein b1,4GlcNAcT

III (MGAT3)

164

Hs.177576 b4GlcNAcT4a a3Man UDP-GlcNAc:Man(a1,3)glycoprotein b1,4GlcNAcT

IVA (MGAT4A)

215

Hs.567419 b4GlcNAcT4b a3Man UDP-GlcNAc:Man(a1,3)glycoprotein b1,4GlcNAcT

IVB (MGAT4B)

215

Hs.22689 b6GlcNAcT5 a6Man UDP-GlcNAc:Man(a1,6)glycoprotein b1,6GlcNAcT

V (MGAT5)

242

Hs.144531 b6GlcNAcT5b/9 a6Man UDP-GlcNAc:Man(a1,6)glycoprotein b1,6GlcNAcT

VB/IX (MGAT5B/9)

243–245

Hs.519884 b 6GlcNAcT bGal I-branching GlcNAcT (I blood group) (GCNT2) 307

GalT
Hs.512811 b3GalT1 bGlcNAc UDP-Gal:bGlcNAc b1,3GalT, polypeptide 1

(B3GALT1)

272,276,308

Hs.518834 b3GalT2 bGlcNAc UDP-Gal:bGlcNAc b1,3GalT, polypeptide 2

(B3GALT2)

272,276,308

Hs.534375 b3GalT4 bGlcNAc UDP-Gal:bGlcNAc b1,3GalT, polypeptide 4

(B3GALT4)

272,275

Hs.225943 b3GalT5 bGlcNAc UDP-Gal:bGlcNAc b1,3GalT, polypeptide 5

(B3GALT5)

272,277

Hs.284284 b 3GalT6 bGal UDP-Gal:bGal b1,3GalT polypeptide 6 (B3GALT6) 309

Hs.272011 b4GalT1 bGlcNAc UDP-Gal:bGlcNAc b1,4GalT, polypeptide 1

(B4GALT1)

272,273

Hs.474083 b4GalT2 bGlcNAc UDP-Gal:bGlcNAc b1,4GalT, polypeptide 2

(B4GALT2)

272,274

Hs.321231 b4GalT3 bGlcNAc UDP-Gal:bGlcNAc b1,4GalT, polypeptide 3

(B4GALT3)

272,274

Hs.13225 b4GalT4 bGlcNAc UDP-Gal:bGlcNAc b1,4GalT, polypeptide 4

(B4GALT4)

272,274

Hs.370487 b4GalT5 bGlcNAc UDP-Gal:bGlcNAc b1,4GalT, polypeptide 5

(B4GALT5)

272,274

Hs.464848 b4GalT6 bGlcNAc UDP-Gal:bGlcNAc b1,4GalT, polypeptide 6

(B4GALT6)

272,274

GalNAcT
Hs.504416 b4GalNAcT3 bGlcNAc UDP-GalNAc:bGlcNAc b1,4GalNAcT 3

(B4GALNT3)

310

Hs.148074 b4GalNAcT4 bGlcNAc UDP-GalNAc:bGlcNAc b1,4GalNAcT 4

(B4GALNT4)

311

FucT
Hs.69747 a2FucT1 bGal FucT 1 (GDP-Fuc:bGal a1,2FucT, H blood group)

(FUT1)

294

Hs.443160 a2FucT2 bGal FucT 2 (GDP-Fuc:bGal a1,2FucT, secretor) (FUT2) 294

Hs.169238 a3/4FucT3 bGlcNAc FucT 3 (GDP-Fuc:bGlcNAc a1,3/4FucT, Lewis X/a
blood group) (FUT3)

295

Hs.390420 a3FucT4 bGlcNAc FucT 4 (GDP-Fuc:bGlcNAc a1,3FucT, myeloid-

specific) (FUT4)

296,312,313

Hs.158327 a3FucT5 bGlcNAc FucT 5 (GDP-Fuc:bGlcNAc a1,3FucT) (FUT5) 299
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Hs.32956 a3FucT6 b GlcNAc FucT 6 (GDP-Fuc:bGlcNAc a1,3FucT) (FUT6) 300

Hs.457 a3FucT7 b GlcNAc FucT 7 (GDP-Fuc:bGlcNAc a1,3FucT) (FUT7) 297

Hs.200282 a3FucT9 b GlcNAc FucT 9 (GDP-Fuc:bGlcNAc a1,3FucT) (FUT9) 298,314

Hs.458713 a3FucT10 bGlcNAc FucT 10 (GDP-Fuc:bGlcNAc a1,3FucT) (FUT10) AJ582015

Hs.348319 a3FucT11 bGlcNAc FucT 11 (GDP-Fuc:bGlcNAc a1,3FucT) (FUT11) NM_173540

Hs.118722 a6FucT8 bGlcNAc FucT 8 (N-glycan core GDP-Fuc:GlcNAc-b-Asn
a1,6FucT) (FUT8)

301

SialylT
Hs.584803 a3SialylT1 b Gal CMP-sialic acid:bGal a2,3sialylT 1 (ST3GAL1) 289

Hs.368611 a3SialylT2 b Gal CMP-sialic acid:bGal a2,3sialylT 2 (ST3GAL2) 290

Hs.132001 a3SialylT3 b Gal CMP-sialic acid:bGal a2,3sialylT 3 (ST3GAL3) 291

Hs.504251 a3SialylT4 b Gal CMP-sialic acid:bGal a2,3sialylT 4 (ST3GAL4) 292

Hs.415117 a3SialylT5 b Gal CMP-sialic acid:bGal a2,3sialylT 5 (ST3GAL5) 315

Hs.148716 a3SialylT6 b Gal CMP-sialic acid:bGal a2,3sialylT 6 (ST3GAL6) 316

Hs.207459 a6SialylT1 b Gal CMP-sialic acid:bGal a2,6sialylT 1 (ST6GAL1) 293

Hs.98265 a6SialylT2 b Gal CMP-sialic acid:bGal a2,6sialylT 2 (ST6GAL1/2) 293

Glycosidases Bond
cleaved

Hs.516119 aGlucosidase I a2Glc GCS1, mannosyl-oligosaccharide a1,2Glucosidase 28,31

Mm.3196a aGlucosidase II a3Glc a1,3Glucosidase 2 neutral subunit (Ganab) 35–37

Hs.102788 amannosidase IA a2Man MAN1A1, mannosyl-oligosaccharide a-1,2-
mannosidase IA

53

Hs.435938 amannosidase IB a2Man MAN1A2, mannosyl-oligosaccharide a-1,2-
mannosidase IB

54

Hs.279881 ER amannosidase I a2Man MAN1B1, ER mannosyl-oligosaccharide a-1,2-
mannosidase

43,44

Hs.197043 aMannosidase IC a2Man MAN1C1, Mannosyl-oligosaccharide a-1,2-
mannosidase IC

55

Hs.224616 EDEM1 ER degradation enhancer, a-mannosidase-like 1

(EDEM1)

27,82

Hs.356273 EDEM2 ER degradation enhancer, a-mannosidase-like 2

(EDEM2)

83,84

Hs.523811 EDEM3 ER degradation enhancer, a-mannosidase-like 3

(EDEM3)

85

Hs.432822 aMannosidase II a3,6Man MAN2A1, a-1,3/6-mannosidase, type II, class 2A,

member 1, Golgi

122,317

Hs.116459 aMannosidase II-X a3,6Man MAN2A2, a-1,3/6-mannosidase, type II-X, class 2A,

member 2, Golgi

122

Hs.356769 aMannosidase aMan MAN2B1, a-mannosidase, class 2B, member 1,

lysosomal

318–320

Hs.188464 aMannosidase aMan MAN2B2, a-mannosidase, class 2B, member 2,

epididymis-specific

Q9Y2E5

Hs.26232 aMannosidase aMan MAN2C1, a-mannosidase, class 2C, member 1,

cytoplasmic

NP_006706

Hs.533323 endo-a
Mannosidase

aMan MANEA, endo- a-Mannosidase 50

aMouse Unigene; human Unigene not available.

Table 1 (continued)

Unigene
Enzyme name
(abbreviated) Acceptor Enzyme name (extended)

References/
accession no.
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Glc3Man9GlcNAc2-moiety to the Asn residue of an Asn-X-Ser/Thr sequon.3–6 The second stage in multicellular

eukaryotes (metazoa and plants) involves remodeling of Glc3Man9GlcNAc2Asn to Man5GlcNAc2Asn by a series of

glycosidases within the lumen of the ER and Golgi apparatus7–9 (Figure 1). The yeast second-stage pathway is

different and not discussed in this chapter.8 The third and final stage of the pathway10–14 occurs in the Golgi apparatus

and involves the conversion of Man5GlcNAc2Asn to hybrid and complex N-glycans. The vertebrate third stage

(Figures 2–4) is different from the pathway in plants,15 insects,16 and Caenorhabditis elegans17 (invertebrates are

discussed in Chapters 4.05 and 4.06).
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Figure 1 The second stage of N-glycan synthesis: processing by glycosidases. The figure shows the processing

of Asn-linked Glc3Man9GlcNAc2 (G3M9Gn2) to Man5GlcNAc2 (M5Gn2). Enzyme names are in italics: endo-a-MAN,

endo-a-mannosidase that forms Man8GlcNAc2 isomer A; ER a1,2MANI, endoplasmic reticulum a-1,2-mannosidase I
that forms Man8GlcNAc2 isomer B; ER a1,2MANII, endoplasmic reticulum a-1,2-mannosidase II that forms Man8GlcNAc2
isomer C; Golgi a1,2MANI, Golgi a-1,2-mannosidases IA and IB. Enzyme inhibitor names are in brackets after

the enzyme names: CAS, castanospermine; DMJ, 1-deoxymannojirimycin; DNJ, 1-deoxynojirimycin; GDMJ, Glca1-
3-deoxymannojirimycin; KIF, kifunensine. Only one of the four possible Man7GlcNAc2 (M7Gn2) isomers and one of the three
possible Man6GlcNAc2 (M6Gn2) isomers are shown. The figure is based on reviews by Herscovics7 and Spiro.34

GlcNAcTV GlcNAcb1-6

GlcNAcTVI GlcNAcb1-4

GlcNAcTII GlcNAcb1-2Manα1-6

GlcNAcTIII GlcNAcb1-4Manb1-4GlcNAcb1-4GlcNAcb1-N-Asn

GlcNAcTI GlcNAcb1-2Manα1-3

GlcNAcTIV GlcNAcb1-4

Figure 2 N-Glycan GlcNAc-transferases. The sites of action of GlcNAcTI–VI are indicated in the figure.
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The first stage of N-glycan synthesis is described in Chapter 3.01. The genes (Table 1) and pathways (Figures 1

and 4) involved in the second and third stages of vertebrate N-glycan synthesis are discussed in this chapter. Earlier

work on assaymethods, purification, and general properties of the individual enzymes is not reported since these topics

have been described in detail in several of the many previous reviews onN-glycan synthesis.3–9,14,18–27 The Handbook of

Glycosyltransferases and Related Genes18 is a relatively recent book that offers reviews of most of the enzymes discussed in

this chapter.
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Figure 3 N-glycan structures. The figure shows the N-glycan structures for the biosynthetic scheme in Figure 4. M, Man;

Gn, GlcNAc; R¼GlcNAcb1-4GlcNAc-Asn-X; bis refers to a structure bisected by a GlcNAcb1-4Manb1-4-moiety; subscript

numbers refer to the number of sugar residues in the structure; superscript numbers refer to the linkage of the terminal

GlcNAc to either Mana1-6 or Mana1-3; GlcNAc residues on Mana1-6 are placed before GlcNAc residues on Mana1-3 in the
structure names.
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3.02.2 The Second Stage of N-Glycan Synthesis: Processing by Glycosidases

3.02.2.1 Processing a-Glucosidases

The second stage of N-glycan synthesis begins immediately after the transfer of the Glc3Man9GlcNAc2 moiety from

LLO to an Asn residue on the nascent protein in the ER and is initiated by removal of the terminal Glca1-2 residue by
a-1,2-glucosidase I (Figure 1, Table 1).7 The gene encoding human a-1,2-glucosidase I has been cloned and is

localized to human chromosome 2p12-p13.28,29 The gene encodes a type II transmembrane glycoprotein of 834 amino

acids corresponding to a molecular mass of 92kDa with a large catalytic domain facing the lumen of the ER. The

recombinant enzyme, with a molecular mass of 95kDa, is degraded by endoglycosidase H to a 93kDa form, indicating

that it carries an oligomannose N-glycan chain at Asn655. ER-specific targeting information is provided by sequence

motifs contained within the glucosidase I lumenal domain.30

A novel congenital disorder of glycosylation (CDG-IIb) has been described, caused by a severe deficiency of a-1,2-
glucosidase I (Chapter 4.19).31,32 The residual enzyme activity in the patient’s cells was <1% of that of controls. The

patient was an infant who showed severe generalized hypotonia and dysmorphic features and died at the age of

74 days. The clinical course was progressive and was characterized by the occurrence of hepatomegaly, hypoventila-

tion, feeding problems, and seizures. Molecular studies showed that the patient was a compound heterozygote for two

missense mutations in the a-1,2-glucosidase I gene. It is of interest that the the patient’s fibroblasts displayed a two- to

threefold higher endo-a-1,2-mannosidase activity (Figure 1) associated with an increased level of enzyme-specific

mRNA transcripts.32 This finding suggests that increased activity of endo-a-1,2-mannosidase may compensate to a

certain extent for lack of a-1,2-glucosidase I activity. Although endo-a-1,2-mannosidase acts most effectively on

substrates with only a single terminal Glca1-3 residue (Figure 1), it also cleaves Glca1-2Glca1-3Glca1-3Man from

the protein-bound Glc3Man9GlcNAc2Asn moiety.
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Figure 4 The third stage of N-glycan synthesis: GlcNAc-initiated branching. The names of the N-glycans are defined

in Figure 3. Enzyme names are in italics: ManII,-IIX, and -III, a-1,3/6-mannosidases II,-IIX, and -III respectively; GlcNAcTI–VI,

N-acetylglucosaminyltransferases I–VI. The figure shows the conversion of Man5GlcNAc2 (M5Gn2) to paucimannose

(M4Gn2, M3Gn2), hybrid (GnM5Gn2, GnM4Gn2, MGn), complex (Gn2Gn2, Gn2,6Gn2, Gn2Gn2,4, Gn2,6Gn2,4, Gn2,4,6Gn2,4),
and bisected (bisMGn, bisGn2Gn2, bisGn2Gn2,4, bisGn2,6Gn2,4, bisGn2,4,6Gn2,4) N-glycans. The figure is based on substrate

specificity studies with both crude tissue extracts and recombinant enzymes.10,12,93,150,164,166,215,242,266,303,304 GlcNAcTVI-

dependent structures have to date been found only in hen and fish and the gene encoding the enzyme has been cloned from
hen.266 Paucimannose N-glycans are abundant structures in plants, insects, andC. elegans but are either absent or present

in trace amounts in vertebrates (refer to Chapter 4.06).
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The action of a-1,2-glucosidase I is followed by removal of the two underlying Glca1-3 residues by a-1,3-glucosidase
II (Figure 1). The hydrolysis of the first (a1-3)-linked glucose by glucosidase II occurs rapidly whereas the

second (a1-3)-linked glucose is removed more slowly.33 Glucosidase II plays a key role in the processing of

N-linked oligosaccharide chains of glycoproteins and is involved in the quality-control mechanism of glycoprotein

folding.33,34 The gene encoding vertebrate a-1,3-glucosidase II has been cloned.35–38 The mouse a-1,3-glucosidase II

Unigene (Mm.3196) is included in Table 1 since the homologous human Unigene (Hs.1437) is attributed to a

lysosomal glycosidase. Glucosidase II does not exhibit amino acid homology with glucosidase I28 but is homologous

to other glucose-hydrolyzing enzymes.33

The a-1,3-glucosidase II protein consists of a heterodimeric complex of a- and b-subunits.37,39 The 4106bp cDNA

for the a-subunit contains a 2835bp open reading frame (ORF) encoding a 107kDa protein. The 2095bp cDNA for the

b-subunit contains a 1605bp ORF encoding a�60kDa protein. Co-expression of the a- and b-subunits in COS-1 cells

resulted in over fourfold increase of a-1,3-glucosidase activity. Both subunits are essential for expression of active

enzyme. However, the b-subunit is involved in the maturation of the a-subunit and is not required for the enzyme

activity of the mature protein.37 Mutations in the b-subunit of a-glucosidase II and Sec63, a component of the

endoplasmic reticulum-associated degradation (ERAD) system, have been associated with autosomal-dominant

polycystic liver disease, a rare disorder characterized by the progressive development of fluid-filled biliary epithelial

cysts in the liver.40–42

a-1,2-Glucosidase I and a-1,3-glucosidase II have distinct localizations within the ER; a-1,2-glucosidase I is an ER

transmembrane protein whereas a-1,3-glucosidase II is soluble and has an alternative mechanism for retention within

the ER.7,28,33 Glucosidase II (as well as UDP-Glc:glycoprotein glucosyltransferase, see below) was also detected in

pre-Golgi intermediates but not in the Golgi apparatus.33 Both a-glucosidases have approximately neutral pH optima,

have no apparent requirement for divalent cations, and are inhibited by 1-deoxynojirimycin and castanospermine.7,38

Bromoconduritol prevents removal of only the last Glca1-3 residue by a-glucosidase II.
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3.02.2.2 Processing a-Mannosidases

After removal of the three terminal Glc residues from protein-bound Glc3Man9GlcNAc2, the second stage of N-glycan

synthesis involves the removal of four (a1-2)-linked Man residues to form Man5GlcNAc2 (Figure 1). There are

two classes of processing a-mannosidases, each with distinct biochemical properties, catalytic mechanisms, and

characteristic regions of conserved amino acid sequences.7 Class 1 enzymes are glycosidase family 47 inverting

a-1,2-mannosidases (inhibited by pyranose monosaccharide analogs such as 1-deoxymannojirimycin but not by

swainsonine), whereas class 2 enzymes are glycosidase family 38 retaining a-1,2-, a-1,3-, and a-1,6-mannosidases

(inhibited by furanose analogs such as swainsonine but not by 1-deoxymannojirimycin). All processing a-mannosidases

have near-neutral pH optima, a property that distinguishes them from lysosomal a-mannosidases with their character-

istic low pH optima. Mammalian-processing a-mannosidases are located in both the ER and Golgi apparatus. The

class 1 processing a-1,2-mannosidases are essential not only in the maturation of N-glycans in the ER and Golgi

complex but they also play a role in the disposal of terminally unfolded proteins by ERAD.7
3.02.2.2.1 Processing a-1,2-mannosidases in the ER
Endoplasmic reticulum class I a-1,2-mannosidase I (ER a-1,2-mannosidase I, MAN1B1, Table 1, Figure 1) acts on

Man9GlcNAc2 to form Man8GlcNAc2 B.
43–45 The ORF of the ER a-1,2-mannosidase I gene encodes a 663-amino-acid

type-II transmembrane protein.44 The gene is ubiquitously expressed in human tissues and the protein is localized to

the ER. The enzyme cleaves only a single Mana1-2 residue fromMan9GlcNAc2 (Figure 1) and requires the presence

of divalent cations. The crystal structure of ER a-1,2-mannosidase I has been determined46 both in the presence and

absence of the potent inhibitors kifunensine and 1-deoxymannojirimycin. Both inhibitors show calcium ion-

dependent binding to the protein at the bottom of the active site cavity. The enzymatic mechanism of ER

a-1,2-mannosidase I has been investigated.47,48

Other ER-resident a-1,2-mannosidase activities have been demonstrated based on response to inhibitors and on the

formation of either isomer B or C of Man8GlcNAc2 (Figure 1) but the number of distinct enzymes has not yet been

established,7,34 and the genes have not yet been reported. endo-a-Mannosidase (Table 1, Figure 1) acts on

Glc1Man9GlcNAc2 to form Man8GlcNAc2 A.
49–51
3.02.2.2.2 Processing a-1,2-mannosidases in the Golgi apparatus
The human genome contains at least three homologous genes encoding class 1 Golgi-localized a-1,2-mannosidases

(a-1,2-mannosidases 1A, 1B, and 1C; Table 1). The enzymes have similar but not identical substrate specificities.

They act together to convert Man9GlcNAc2 and Man8GlcNAc2 to Man5GlcNAc2, thereby completing stage 2 of

N-glycan synthesis. Figure 1 shows the three Man8GlcNAc2 isomers and one isomer for each of Man7GlcNAc2 and

Man6GlcNAc2 but does not assign reactions to any of the a-1,2-mannosidases (1A, 1B, and 1C; all three enzymes are

designated as Golgi a1,2MAN1 in the figure) because of the complexity of this information.52 The a-1,2-mannosidase

1A gene encodes a 625-amino-acid type-II transmembrane protein.53 The a-1,2-mannosidase 1B gene encodes

a 641-amino-acid type-II transmembrane protein.54 Recombinant a-1,2-mannosidase 1B sequentially hydrolyzes

Man9GlcNAc2 to Man6GlcNAc2 and Man8GlcNAc2 B to Man5GlcNAc2.
52,54 The a-1,2-mannosidase 1C gene

encodes a 630-amino-acid type-II transmembrane protein.55 Recombinant a-1,2-mannosidase 1C sequentially hydro-

lyzes Man9GlcNAc2 to Man6GlcNAc2 and a small amount of Man5GlcNAc2.
55 The expression pattern of a-1,2-

mannosidase 1C is different from that of Golgi a-1,2-mannosidases 1A and 1B.55 The a-1,2-mannosidases are localized

to the Golgi apparatus56 and differ in the order in whichMan residues are removed55 (not shown inFigure 1). All three

enzymes are calcium dependent and are inhibited by 1-deoxymannojirimycin and related compounds but not by

swainsonine. The crystal structure of murine a-1,2-mannosidase 1A has been determined.57
3.02.2.3 endo-a-Mannosidase

endo-a-Mannosidase was first isolated by Lubas and Spiro in 198758 from detergent extracts of rat liver Golgi

membranes. The enzyme was purified59 and the gene50 (Table 1) was found to encode a protein of 451 amino

acids corresponding to a molecular mass of 52kDa. Database searches revealed no homology with any other known

protein. The enzyme was found to be an endo-a-1,2-mannosidase that converts Glc1Man9GlcNAc2 to Man8GlcNAc2

isomer A (Figure 1) with release of Glca1-3Man. The enzyme can cleave the internal Mana1-2Man linkage in

protein-bound Glc3Man9GlcNAc2 and Glc2Man9GlcNAc2 at a slower rate than protein-bound Glc1Man9GlcNAc2 and

acts not only glycoproteins but also on glycopeptides and glycolipids.60 This unique enzyme therefore provides an
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alternative N-glycan-processing pathway that can bypass the need for a-1,2-glucosidase I and a-1,3-glucosidase II.

The endomannosidase gene appeared relatively late in evolution,61 suggesting the need for an alternate deglucosyla-

tion route in higher animals probably related to the development of complex N-glycans.

endo-a-Mannosidase is not inhibited by 1-deoxynojirimycin, castanospermine, bromoconduritol, 1-deoxymannojiri-

mycin, swainsonine, and ethylenediaminetetraacetic acid (EDTA). Glca1-3(1-deoxy)mannojirimycin and Glca1-3
(1,2-dideoxy)mannose inhibit endo-a-mannosidase but have minimal effects on the other ER and Golgi processing

glycosidases.62 Inhibitors of ER a-glucosidases (1-deoxynojirimycin) and class 1 a-mannosidases (EDTA) are included

in the endo-a-mannosidase assay mix to minimize interference from these enzymes. The glucosidase inhibitors

castanospermine and 1-deoxynojirimycin are also very useful in studying the glucosidase-independent pathway for

the formation of complex N-glycans.63 The existence of an endo-a-D-mannosidase pathway for glucose removal

provides an explanation for the incomplete block in oligosaccharide processing observed in cells with inhibited or

deficient a-glucosidase.32 Evidence has been obtained that the endomannosidase is active in vivo even in the absence

of a-glucosidase blockade.64

Endomannosidase was detected mainly in the cis/medial-Golgi cisternae (83.8% of immunogold labeling) and less in

the intermediate compartment (15.1%), but none was detected in the trans-Golgi apparatus and ER.65 The specific

activity of the endomannosidase was found to be 69-fold greater in Golgi than in rough ER membranes. Although

endomannosidase was detected in many rat tissues, renal proximal tubular cells, adrenal cortex and medulla, gastric

mucosa, and testicular Leydig cells were unreactive for the enzyme.66
3.02.2.4 Quality Control of Protein Folding in the ER

Oligomannose N-glycans (Man5–9GlcNAc2, Figure 1) are essential for the viability of both unicellular67 and multi-

cellular68–74 eukaryotes. This is due at least in part to the role played by oligomannose N-glycans in ERAD of

misfolded or incompletely assembled glycoproteins. ERAD is an elaborate quality-control system that allows only

properly folded proteins to be transported out of the ER to their final destinations.27,34,75–78 ERAD is discussed in

detail in Chapter 3.08. Since the processing of N-glycans plays an intimate role in ERAD, a relatively brief discussion

is presented in this chapter.

Two groups of lectins appear to play major roles in monitoring the quality of newly synthesized glycoproteins in the

ER: (1) binding of Glc1Man9GlcNAc2-Asn-protein (Figure 1) to lectin/chaperone proteins (membrane-bound cal-

nexin and its soluble homolog calreticulin), and (2) binding ofMan8GlcNAc2-Asn-protein isomer B (Figure 1) to other

lectin receptors.

Binding of Glc1Man9GlcNAc2-Asn-protein to calnexin/calreticulin retains the protein in the ER. The Glc residue is

required for binding to the chaperones. For some glycoproteins, the complex between calnexin/calreticulin and

Glc1Man9GlcNAc2-Asn-protein is dissociated by removal of the Glc residue by a-1,3-glucosidase II in the ER, and

probably also by endo-a-mannosidase in the Golgi (Figure 1), while for other proteins Glc removal follows release of

the protein from the chaperone.27,34,75,76 A cycle of deglucosylation and reglucosylation is initiated. An ER-resident

soluble UDP-Glc:glycoprotein a-1,3-glucosyltransferase (a1,3GlcT) serves an essential role as a sensor of misfolded

glycoproteins because it replaces the Glca1-3 removed by a-1,3-glucosidase II only on denatured or partially

folded glycoproteins.79 Successive cycles of a-1,3-glucosidase II-catalyzed deglucosylation and GlcT-catalyzed

reglucosylation are repeated until the glycoprotein is either properly folded and allowed to continue its journey

along the N-glycan-processing pathway (Figure 1), or is rejected by the quality-control system and destroyed.

Protein destruction involves retrotranslocation from the ER lumen into the cytosol for deglycosylation by peptide:

N-glycosidase (PNGase) and proteolytic degradation by the ubiquitin-proteasome system. Both PNGase and protea-

somes may be either free in the cytosol or attached to the ERmembrane. Other proteins may undergo nonproteasomal

degradation in which deglycosylation and proteolysis take place in the ER lumen.34

Inhibition of a-1,2-mannosidase activity by 1-deoxymannojirimycin has a stabilizing effect on protein

degradation.7,80,81 This is in marked contrast to the fact that inhibition of ER a-glucosidases I and II enhances

glycoprotein degradation due to decreased binding to calnexin/calreticulin. These findings and other evidence

showed that removal of a single Man from Man9GlcNAc2Asn-protein by ER a-1,2-mannosidase I to form Man8-

GlcNAc2Asn-protein isomer B (Figure 1) acts as a signal to target misfolded glycoproteins for degradation by the

ubiquitin-proteasome system.34 Recent work has described receptors for Man8GlcNAc2Asn-protein isomer B that

expedite retro-translocation of the protein to the cytosol. These lectin-like receptors are a-mannosidase I homologs that

have been named endoplasmic reticulum degradation-enhancing a-mannosidase-like proteins (EDEMs). Three genes

encoding EDEMs have been cloned (Table 1).27,82–85 Overexpression of EDEM85,86 and ER a-mannosidase I87 have

been shown to accelerate the degradation of misfolded protein. The carbohydrate recognition determinant triggering
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ERAD may not be restricted to Man8GlcNAc2Asn-protein isomer B.87 Although the first EDEM to be studied

(EDEM1) has no enzyme activity, EDEM3 has been reported to have a-1,2-mannosidase activity in vivo.85

Whereas the ER UDP-Glc:glycoprotein a1,3GlcTserves as a sensor of misfolded glycoproteins, it is not clear what

finally triggers termination of the deglucosylation–reglucosylation cycle if the glycoprotein continues to resist

attempts to fold it properly. When the decision has been made to terminate folding attempts, the ER a-1,2-
mannosidase I/EDEM system is believed to initiate the retrotranslocation process toward destruction. The problem

the systemmust solve is to distinguish misfolded proteins that should be degraded from folding intermediates that will

eventually fold correctly. It has been suggested that a timing mechanism based on the rate of production of

Man8GlcNAc2 isomer B by ER a-1,2-mannosidase I controls the time at which the misfolded protein is delivered to

EDEM for retro-translocation.27 Man5–7GlcNAc2-Asn proteins can also be targeted for ERAD, suggesting that other

a-mannosidases may also be involved.27
3.02.3 The Third Stage of N-Glycan Synthesis: GlcNAc-Initiated Branching

This section deals with the Golgi-localized enzymes that convert Man5GlcNAc2Asn to hybrid and complex N-glycans

in vertebrates. The invertebrate pathway to paucimannose N-glycans is discussed in Chapter 4.06. N-glycans are like

trees on the proteins of the host organism. The first two stages of N-glycan synthesis make the tree trunks. The trunks

are ancient and present in all eukaryotes. A major function of the trunks is quality control and the organism dies if the

trunks are cut down.

A particular Asn-X-Ser/Thr sequon on a single protein may carry many types of oligomannose, hybrid, and complex

N-glycans, resulting in a large number of different trees at the same position on the protein, a phenomenon called

‘microheterogeneity’. The growth of the tree is highly dependent on environmental conditions, for example, in order

of increasing complexity, the amino acid sequence and three-dimensional structure of the protein, signaling molecules

such as hormones and cytokines, cell and tissue type, disease, microorganisms, and other variables of the host

organism. N-glycans therefore allow the organism to adapt to the requirements of normal development and survival.

These functional aspects of N-glycans are discussed in Chapters 4.06, 4.08, 4.14, and 4.19.

The last stage of N-glycan synthesis10,12,14,88 appeared later in evolution than the first two stages, at about the same

time as multicellular eukaryotes. GlcNAcTI–VI (Figure 2) initiate the addition of branches (also called antennas)89 to

the tree trunks, resulting in the synthesis of hybrid and complex N-glycans (Figures 3 and 4).

Many factors control the Golgi assembly line:1,10,12,90,91 (1) nucleotide-sugar availability and transport into the Golgi

lumen; (2) organelle-, tissue-, and time-specific expression of enzymes along the assembly line; (3) competition

between assembly-line enzymes for common substrates, substrate specificities of the enzymes, cation availability;

(4) influence of protein conformation and residence time in the endomembrane lumen on the accessibility of

glycoprotein to modifying enzymes; and (5) quality-control mechanisms such as ERAD (discussed above).

The GlcNAcT’s (Figure 2), like all Golgi-bound glycosyltransferases cloned to date, have an amino acid sequence

suggestive of a type-II integral membrane protein. There are four domains, a short N-terminal cytoplasmic domain, a

noncleavable signal/anchor transmembrane domain, a stem region, and a long intralumenal C-terminal catalytic

domain (Nin/Cout orientation). The N-terminal, transmembrane, and stem domains are usually not required for

catalytic activity but are often essential for accurate targeting and anchoring of the enzyme to a specific region of

the Golgi membrane (Chapter 3.07).92
3.02.3.1 UDP-GlcNAc:a-3-D-Mannoside b-1,2-N-Acetylglucosaminyltransferase I

The product of the second stage of N-glycan synthesis is Man5GlcNAc2Asn (Figure 1). UDP-GlcNAc:a-3-D-manno-

side b-1,2-N-acetylglucosaminyltransferase I (GlcNAcTI)93 initiates the third stage of N-glycan synthesis by convert-

ing Man5GlcNAc2Asn to the hybrid N-glycan GlcNAcMan5GlcNAc2Asn (Figure 4). Prior action of GlcNAcT1 is

essential for the synthesis of the substrates of several enzymes downstream in the synthetic pathway (Figure 4), that

is, a-1,3/6-mannosidase II, GlcNAcTII,-III, and -IV, and the fucosyltransferase (FucT) that adds Fuc in a1-6 linkage to
the Asn-linked GlcNAc.10,12,88 GlcNAcTVand -VI require the prior action of GlcNAcTII and therefore, indirectly, are

also dependent on prior GlcNAcTI action. GlcNAcTI controls the synthesis of hybrid and complex N-glycans in

vertebrates and of paucimannose N-glycans in invertebrates.

The gene encoding GlcNAcTI (MGAT1,Table 1) has been cloned frommammals (man, rabbit, rat, mouse, Chinese

hamster, golden hamster), amphibians (Xenopus laevis), invertebrates (Drosophila melanogaster, Caenorhabditis elegans),

and plants (Arabidopsis thaliana, tobacco, potato)93,94 but is not present in yeast95 or bacteria.96 The enzyme is localized

to themedial/trans-Golgi cisternae and has a typical type-II membrane protein structure. The transmembrane segment
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is essential for retention in medial-Golgi cisternae but the other domains also play a role.97,98 Cleavage of the stem

region results in a soluble protein with full enzymatic activity.99 In mammals, there is only a single GlcNAcTI gene

that is expressed in all tissues that have been tested, and the coding region is on a single exon. However, there are two

GlcNAcTI genes in Xenopus laevis94 and three in C. elegans,100,101 all encoding enzymatically active proteins.

Cultured hamster cells,102–104 A. thaliana,105 and C. elegans101 lacking active GlcNAcTI have an apparently normal

phenotype. However, the C. elegans mutant shows an abnormal response to bacterial pathogens.106 Drosophila

melanogaster 107 with a null mutation in the GlcNAcTI gene is viable but shows a severe nervous system abnormality.

Mice108,109 with a similar mutation die at mid-gestation. The data indicate that as eukaryotes evolved, they developed

a progressively more stringent requirement for GlcNAcTI-dependent N-glycans.

A terminal Mana1-3Manb1-sequence in the acceptor substrate is the minimum requirement for GlcNAcTI

activity.110 The best acceptor is Man5GlcNAc2Asn (Figure 3) but Man3GlcNAc2Asn is also effective. Mana1-6
(Mana1-3)Manb1-O-n-octyl111 is used routinely for radiochemical assays of GlcNAcTI because the radioactive

product can be readily isolated and counted using SepPak C18 cartridges.101,112

Kinetic analysis of GlcNAcTI113 indicated a largely ordered sequential mechanism with UDP-GlcNAc binding to

the enzyme first and UDP leaving last. Studies with synthetic substrate analogs (either deoxygenation or O-methyla-

tion of hydroxyl groups)114 showed that removal of the hydroxyl groups at carbon positions 2, 3, 4, or 6 of the Mana1-3
residue leads either to a poor or to an inactive substrate. The hydroxyl groups at carbon positions 2 and 4 of theManb1-
residue are essential for enzyme activity, and must be axial and equatorial, respectively. Replacing Manb1-O with

Mana1-O results in total loss of enzyme activity.110 The Mana1-6 residue is not essential although Mana1-3Manb1-
4GlcNAc is an appreciably less effective substrate than Mana1-6(Mana1-3)Manb1-4GlcNAc.110,114 Mana1-6(2-
deoxyMana1-3)Manb1-O-R is not a competitive inhibitor, indicating that the hydroxyl at carbon position 2 of the

Mana1-3 residue is essential for binding of substrate to the enzyme.Mana1-6(6-O-methylMana1-3)Manb1-O-octyl is a
competitive inhibitor (Ki¼0.76mM).

The X-ray crystal structure of rabbit GlcNAcTI115,116 has provided further insight into the mechanism of action of

the enzyme. In the absence of bound UDP-GlcNAc/Mn2þ, no electron density is visible for a 13-amino-acid segment

(residues 318–330). This segment, however, becomes visible in the presence of UDP-GlcNAc/Mn2þ and forms a loop

adjacent to the UDP-GlcNAc binding site. The loop is presumably disordered in the absence of donor substrate. The

binding of UDP-GlcNAc/Mn2þ to the enzyme causes the loop to become structured and form a flap that partially

covers the UDP-GlcNAc, thereby creating one side of a deep pocket. The pocket terminates over the proposed

catalytic base (D291) and the GlcNAc moiety of UDP-GlcNAc. The pocket is believed to be the acceptor substrate

binding site. The fact that binding of the donor substrate UDP-GlcNAc is required to create the acceptor subs-

trate binding pocket is compatible with the finding that GlcNAcTI shows an ordered sequential kinetic mechanism

as described above.113 Mn2þ (essential for GlcNAcTI activity) is shown to bind to both the DXD motif (EDD in

GlcNAcTI) and the pyrophosphate of UDP-GlcNAc. Although a crystal structure of the GlcNAcTI-acceptor substrate

complex was not obtained, modeling studies suggest that the hydroxyl groups at carbon positions 2, 3, and 4 of the

Mana1-3 residue of the acceptor substrate point toward D291, R295, and R415, and that the equatorial hydroxyl

group at carbon position 4 of the Manb1- residue points toward the other carboxyl group of D291; these findings

suggest the presence of essential hydrogen bonds at these locations and are compatible with the substrate analog

studies described above.
3.02.3.2 a-1,3/6-Mannosidases II and IIX

The substrate for Golgi a-1,3/6-mannosidase II (ManII, Figure 4)117 is GlcNAcMan5GlcNAc2Asn. ManII cannot act

on Man5GlcNAc2Asn, indicating that ManII is dependent on the prior action of GlcNAcTI.1,7,118–121 ManII converts

GlcNAcMan5GlcNAc2Asn (GnM5Gn2, Figure 4) to GlcNAcMan3GlcNAc2Asn (MGn, Figure 4). ManII does not

require cations for activity. It is a class 2 glycosidase (family 38, see above) and is inhibited by swainsonine, but not by

1-deoxymannojirimycin. Human122 (MAN2A1, Table 1), murine,123 rat, insect (Spodoptera frugiperda and

D. melanogaster), and C.elegans genes encoding ManII have been cloned.117 The deduced mouse and Drosophila

amino acid sequences share extensive similarity across their entire lengths and both sequences show the typical

type-II membrane protein domain structure (short N-terminal cytoplasmic tail, a single transmembrane domain, and a

large hydrophilic C-terminal domain).124 ManII has been localized to themedial- and trans-Golgi of a variety of cells in

the rat, but there is significant cell-dependent variation in its intra-Golgi localization.125 It was shown that ManII

associates with GlcNAcTI in the Golgi, suggesting that this protein–protein interaction plays a role in Golgi localiza-

tion;126–129 however, no other example of such an interaction has been reported.
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Swainsonine has been shown to reduce tumor cell metastasis, enhance cellular immune responses, and reduce

solid tumor growth in mice; phase I clinical trials in humans were encouraging but the studies were terminated

because of side effects believed to be due to inhibition of lysosomal a-mannosidase by swainsonine.130–132 The crystal

structure of Drosophila ManII has been determined both in the absence and presence of swainsonine and other

inhibitors.133 The enzyme–inhibitor interactions observed in this study provide insight into the catalytic mechanism

of ManII, opening the door to the design of novel ManII inhibitors that have minimal effects on lysosomal

a-mannosidase.133

Mice lacking a functional ManII gene develop a dyserythropoietic anemia concurrent with loss of erythrocyte

complex N-glycans.134 The phenotype of these ManII-null mice resembles human congenital dyserythropoietic

anemia type II (HEMPAS, hereditary erythroblastic multinuclearity with a positive acidified-serum lysis test).135,136

However, the genetic basis of HEMPAS remains obscure.137,138 Unexpectedly, nonerythroid cell types of the

ManII-null mice continued to produce complex N-glycans by an alternate pathway, indicating the presence of another

a-mannosidase.134 Genes homologous toManII have been isolated.122 One of these genes encodes an enzyme that was

named a-mannosidase IIX (ManIIX, MAN2A2, Table 1, Figure 4).139 ManIIX, like ManII, is inhibited by swainso-

nine. Human ManII maps to chromosome 5q21–22 whereas human ManIIX maps to 15q25. The ManIIX promoter is

located in a CpG island and is also regulated by upstream elements, indicating the complexity of ManIIX gene

expression.140 ManIIX has been shown to co-localize with ManII in the Golgi apparatus in COS cells.141

The enzymatic activity of ManIIX in vitro is minimal and therefore the in vivo role of the enzyme was unclear for

several years.142,143 Targeted disruption of the ManIIX gene in the mouse resulted in male infertility.142–144

Quantitative structural analyses of N-glycans from wild-type and ManIIX-deficient mouse testis showed that wild-

type testes contain GlcNAc-terminated complex-type N-glycans; these glycans are significantly reduced in ManIIX-

deficient mutant testis. Infertility of male ManIIX-deficient mice is believed to be due to the absence in the testis of a

GlcNAc-terminated triantennary, fucosylated N-glycan required for adhesion between germ cells and Sertoli cells.

It has been reported that ManIIX converts Man6GlcNAc2 to Man4GlcNAc2.
141 However, recent work145 has shown

that ManII and ManIIX both require prior action of GlcNAcTI (Figure 4). ManII/ManIIX double-null mice were

generated145 and found to have a more severe phenotype (they die shortly after birth) than either ManII-null or

ManIIX-null mice. Structural analysis of N-glycans revealed that the ManII/ManIIX double-null mice completely

lack complex N-glycans. Recombinant mouse ManII and ManIIX both convert GlcNAcMan5GlcNAc2 to MGn

(Figure 4), indicating that the two enzymes are isozymes and that either enzyme can compensate for the deficiency

of the other. Neither enzyme can act on Man5GlcNAc2 or Man6GlcNAc2. The previous report that ManIIX acts on

Man6GlcNAc2 was due to the use of an incorrect splice variant.145

GlcNAcTI-independent a-mannosidases were described in rat brain146 and rat liver.147 The rat liver enzyme, later

named a-mannosidase III (ManIII, Figure 4), releases Mana1-2, Mana1-3, and Mana1-6 residues from oligomannose

N-glycans (Man4–9GlcNAc) to form Mana1-6(Mana1-3)Manb1-4GlcNAc. ManIII is localized to the ER, Golgi

apparatus, and endosomes.148 Rat liver ManIII has been purified to homogeneity, and the insect (Sf9 cells) gene

encoding the enzyme has been cloned.149 Enzyme activity is inhibited by EDTA, Zn2þ, and Cu2þ, and to lesser extent

by Fe2þ, and is stabilized by Co2þ. ManIII is inhibited by both swainsonine and 1-deoxymannojirimycin at concen-

trations 50–500-fold higher than required for complete inhibition of ManII and a-mannosidase I, respectively. Other

mammalian GlcNAcTI-independent nonlysosomal a-mannosidases have been reported.7
3.02.3.3 UDP-GlcNAc:a-6-D-Mannoside b-1,2-N-Acetylglucosaminyltransferase II

GlcNAcTII initiates the first antenna on the Mana1-6 arm of the N-glycan core and is essential for complex N-glycan

formation (Figure 4).150 Detailed kinetic analysis of the purified rat enzyme151,152 has shown that catalysis is by an

ordered sequential Bi–Bi mechanism in which UDP-GlcNAc binds first and UDP leaves last. Mn2þ is essential for

activity. The minimal substrate is Mana1-6(GlcNAcb1-2Mana1-3)Manb1-R where R can be a hydrophobic aglycone.

The 2-deoxyMana1-6(GlcNAcb1-2Mana1-3)Manb1-R analog is a competitive inhibitor (Ki¼0.13mM) and analogs

with 3-, 4-, or 6-deoxy- or 3-, 4-, or 6-O-methyl-Mana1-6 residues are all good substrates.153 It is surprising that none of

the hydroxyl groups of the Mana1-6 residue are essential for binding to the enzyme since GlcNAcTII puts a GlcNAc

at carbon 2 of this residue. The 4- and 6-deoxyGlcNAcb1-2 and 4- and 6-deoxyMana1-3 analogs are also good

substrates. However, the 3-deoxyGlcNAcb1-2 and 3-deoxyMana1-3 analogs are not substrates, indicating that the

hydroxyls at these positions are essential for the binding of substrate to enzyme.154,155 This conclusion is supported by

the finding that GlcNAcb1-2Mana1-3Manb1-octyl is a good inhibitor of GlcNAcTII (Ki¼0.9mM). A Galb1-4 on the

GlcNAcb1-2 of the substrate inhibits activity, probably due to steric hindrance.10 The 4-deoxyManb analog is a good

substrate, indicating that the hydroxyl group on carbon 4 of the Manb residue is not essential for either catalysis or
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binding. However, the 4-O-methyl-Manb analog does not bind to the enzyme consistent with the observation that

compounds bisected by GlcNAcb1-4Manb (Figure 3) are not substrates for GlcNAcTII, probably due to steric

hindrance. The X-ray crystal structure for GlcNAcTII has not yet been reported.

Human (MGAT2, Table 1), mouse, rat, pig, frog, D. melanogaster, C. elegans, and A. thaliana GlcNAcTII

genes have been cloned.150,156 The enzyme has a type-II integral membrane protein structure typical of all Golgi

glycosyltransferases. The human GlcNAcTII gene (MGAT2) is on chromosome 14q21157 and the entire human157–159

and pig160 genes are on a single exon.

As discussed in Section 3.02.3.1, eukaryotes developed a progressively more stringent requirement for GlcNAcTI-

dependent N-glycans as they evolved. The same may be true for GlcNAcTII (an enzyme that is dependent on prior

GlcNAcTI action), since mice with a homozygous null mutation in the gene encoding GlcNAcTII survive to term but

suffer from severe gastrointestinal, hematologic, and osteogenic abnormalities.161,162 Also, humans with a null

mutation of the GlcNAcTII gene suffer from congenital disorder of glycosylation IIa (CDG-IIa), a disease associated

with multisystemic abnormalities including a severe disturbance of nervous system development.135,163 Since

GlcNAcTII-null mice, but not GlcNAcTI-null mice, can synthesize hybrid N-glycans, it appears that hybrid

N-glycans can support embryogenesis in the absence of complex N-glycans; however, hybrid N-glycans cannot

maintain normal postnatal development in man and mouse.
3.02.3.4 UDP-GlcNAc:b-4-D-Mannoside b-1,4-N-Acetylglucosaminyltransferase III

GlcNAcTIII incorporates a bisecting GlcNAc residue into the N-glycan core.164 GlcNAcTIII action often serves

as a STOP signal; for example, GlcNAcTII, GlcNAcTIV, GlcNAcTV, a-mannosidase II, and core a-1,6-fucosyltrans-
ferase cannot act on bisected substrates.10,12,119,165–167 If GlcNAcTIII acts on GlcNAcMan5GlcNAc2 or GlcNAcMan4-

GlcNAc2 (Figure 4) before a-mannosidase II, the pathway is committed to bisected hybrid structures. Increased

levels of GlcNAcTIII are therefore expected to inhibit the synthesis of complex N-glycans. The relative abundance

of GlcNAcTIII and a-mannosidase II in a particular tissue controls the pathway toward bisected hybrid or complex

N-glycans. The action of a-mannosidase IIX on bisected substrates has not been reported.

The genes encoding human (MGAT3, Table 1), mouse, and rat GlcNAcTIII have been cloned.164 Whereas the

genes encoding GlcNAcTI and -II are typical housekeeping genes and are strongly expressed in all tissues tested,

GlcNAcTIII has a more limited and distinct tissue distribution, for example, it is not expressed in liver and many other

tissues. GlcNAcTIII has a typical type-II integral membrane protein structure. Analysis of the human GlcNAcTIII

gene shows that the entire coding region is on a single exon (exon 1) on chromosome 22q.13.1.168

The biological effects of a bisecting GlcNAc residue have been investigated in great detail by the group of Naoyuki

Taniguchi in Osaka, Japan. Overexpression of GlcNAcTIII by transfection of the gene into various cell lines has

revealed a variety of interesting effects, presumably due to the effect of the bisecting GlcNAc on the conformation of

complex N-glycans169–171 and as an inhibitor of complex N-glycan synthesis:

1. Suppression of hepatitis B virus gene expression by a GlcNAcTIII-transfected hepatoma cell line.172,173

2. Suppression of sensitivity of GlcNAcTIII-transfected K562 cells to natural killer (NK) cell cytotoxicity with

resultant increased spleen colonization by these cells in nude mice.174

3. Suppression of the metastatic potential of GlcNAcTIII-transfected B16-hmmouse melanoma cells175 and elevated

expression of E-cadherin by the latter cells leading to the suppression of lung metastasis.176 Addition of the

bisecting GlcNAc to the E-cadherin-b-catenin complex downregulates tyrosine phosphorylation of b-catenin,
suggesting its implication in cell motility and suppression of cancer metastasis.177

4. GlcNAcTIII transfection of a human glioma cell line that expresses the epidermal growth factor (EGF) receptor on

its cell surface blocked EGF binding and EGF receptor autophosphorylation.178 GlcNAcTIII transfection of

HeLaS3 cells179 inhibited low-affinity binding of EGF to the epidermal growth factor receptor (EGFR) but

enhanced high-affinity binding and the internalization rate of EGFR.

5. Overexpression of GlcNAcTIII in rat pheochromocytoma PC12 cells resulted in inhibition of growth response and

of tyrosine phosphorylation of the Trk/nerve growth factor (NGF) receptor following addition of NGF,180 inhibi-

tion of neurite outgrowth induced by co-stimulation of EGF and integrins, and inhibition of EGFR-mediated

extracellular signal-regulated kinase (ERK) activation.181 EGFR181 and integrin a3182,183 were shown to be targets

of GlcNAcTIII.

6. CD44 from GlcNAcTIII-transfected mouse melanoma cells showed increased adhesion to hyaluronate with a con-

comitant increased CD44-mediated tumor growth and metastatic development in the spleen after subcutaneous

inoculation into mice.184
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Treatment of hepatoma cells with forskolin, an adenylyl cyclase activator, causes a dramatic increase of GlcNAcTIII

levels, probably due to enhanced transcription,185 with resultant increase in E-PHA-reactive glycoproteins (indicative

of an increase in bisected N-glycans) and decrease in L-PHA-reactive glycoproteins (indicative of a decrease in tri- and

tetraantennary N-glycans probably due to inhibition of GlcNAcTIV and -V activities). This increase in bisected

N-glycans was observed on intracellular glycoproteins, whereas cell surface glycoproteins showed a decrease suggest-

ing that the bisecting GlcNAc residue may play a role in intracellular glycoprotein sorting.185 Binding of annexin V

(a calcium/phospholipid-binding protein) to a heat shock protein (Hsp47) depends on the presence of a bisected

N-glycan on Hsp47.186 A catalytically inactive GlcNAcTIII mutant protein suppresses the activity of endogenous

GlcNAcTIII and functions as a dominant negative inhibitor.187

GlcNAcTIII activity is elevated during hepatocarcinogenesis in contrast to the undetectable level found in normal

hepatocytes. The hepatocytes of transgenic mice that specifically overexpress GlcNAcTIII in the liver had a swollen

oval-like morphology with many lipid droplets due to abnormal glycosylation of apolipoprotein B.188 Serum haptoglo-

bin has been identified as a target protein of GlcNAcTIII in hepatic tumor-bearing GlcNAcTIII transgenic mice that

had been treated with diethylnitrosamine.189 GlcNAcTIII has been shown to be elevated in various types of rat

hepatoma,190–193 human leukemia,194,195 and other cancers.196 Serum GlcNAcTIII activity in hepatocellular carcino-

ma patients was significantly higher than that in patients with liver cirrhosis and chronic hepatitis and in normal

controls, and was reduced in a significant number of hepatocellular carcinoma patients after therapy.197

The Gala1-3Galb1-O-R epitope is made by pigs but not by humans. Since human serum has an antibody against this

epitope, pig tissues used for xeno-transplantation into humans are usually rejected. One approach to this problem is to

produce pigs that are null for the a1,3GalT that produces the antigen. Another approach is suppression of epitope

production; for example, introduction of the GlcNAcTIII gene into pig cells reduces the production of N-glycans

bearing the Gala1-3Galb1-O-R epitope by more than 90%,198–201 probably due to the inhibitory effect of the bisecting

GlcNAc on a1,3GalT action. Transgenic mice and pigs that overexpress the human GlcNAcTIII gene produce

N-glycans with a reduced antigenicity to human natural antibodies against the Gala1-3Galb1-O-R epitope.202–205

The transgenic mice displayed spleen atrophy, hypocellular bone marrow, pancytopenia, and other changes, suggest-

ing that N-glycans may have some significant roles in stroma-dependent hemopoiesis.206 Swine skin and heart grafts

from GlcNAcTIII transgenic pigs were shown to have greatly reduced antigenicity in a pig to cynomolgus monkey

transplantation model.203,207

Mgat3–/– mice (null for the GlcNAcTIII gene) show either no phenotype208 or a relatively mild phenotype.209 This

is surprising in view of the manifold effects of GlcNAcTIII overexpression described above. It is therefore important

to test the effects on Mgat3–/– mice of various stressful situations such as pathogenic microorganisms and neoplasms.

Since GlcNAcTIII is induced in certain cancers, particularly in hepatic tumorigenesis, the susceptibility ofMgat3–/–

mice to tumor induction was tested.210 After a single injection with diethylnitrosamine and subsequent treatment with

phenobarbitol for 6 months, wild type and Mgat3þ/– mice had grossly enlarged livers with numerous tumors while

Mgat3–/– mice had livers of normal size and only 50% of the mice had one to four small tumors. Tumors developed in

these mice by 10–12 months after diethylnitrosamine injection. Surprisingly, in contrast to the situation in the rat,

hepatic tumor formation in wild-type mice was not accompanied by a dramatic increase of GlcNAcTIII activity.

Tumor progression was also retarded in mice with two different null mutations in the Mgat3 gene.211 Evidence has

been obtained211–213 that a circulating nonhepatic glycoprotein growth factor with a bisected N-glycan stimulates

hepatocyte proliferation and tumor progression in mouse liver; in the absence of the bisecting GlcNAc, the factor

is reduced in activity with consequent severe retardation of tumor progression (Chapter 4.08).
3.02.3.5 UDP-GlcNAc:a-3-D-Mannoside b-1,4-N-Acetylglucosaminyltransferase IV

GlcNAcTIV adds a GlcNAc in b1-4 linkage to the Mana1-3 residue of the GlcNAcb1-2Mana1-3Manb arm of the

N-glycan core214,215 (Figure 4). Genes encoding a bovine GlcNAcTIV216 and two homologous human enzymes

(GlcNAcTIVA and IVB; MGAT4A and MGAT4B; Table 1)217,218 have been cloned. The enzyme has a typical type-II

membrane protein structure. MGAT4B is widely expressed in human tissues while MGAT4A expression is limited to a

few tissues.215 Human MGAT4A and MGAT4B map, respectively, to chromosomes 2q12 (in close proximity to the

GlcNAcTV gene at 2q21) and 5q35 (the same location as the GlcNAcTI gene). The two genes are 62% homologous

and encode active enzymes. Deletion of the first 92 N-terminal amino acids of bovine GlcNAcTIV did not destroy

enzyme activity but deletion of the first 112 and 141 N-terminal residues resulted in an inactive enzyme. None of the

three Asn-X-Thr/Ser sequons is essential for activity.

The substrate specificity of the enzyme was first studied using crude hen oviduct extracts.219,220 When the

biantennary substrate Gn2Gn2 (Figure 3) is presented to a hen oviduct extract, GlcNAcTIV acts only on the
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GlcNAcb1-2Mana1-3Manb arm. Substrate specificity studies have more recently been carried out using the recombi-

nant bovine enzyme.215,221 These studies confirmed that the GlcNAcb1-2Mana moiety is essential for acceptor

activity (Figure 4). A bisecting GlcNAc or a terminal Galb1-4 on the GlcNAcb1-2Mana1-3Manb arm of the substrate

completely inhibits enzyme action.214,215 A terminal Galb1-4 residue on the GlcNAcb1-2Mana1-6Manb arm or a

Fuca1-6 residue on the Asn-linked GlcNAc partially inhibit enzyme activity.214,215 Gn2,6Gn2 is a better substrate than

Gn2Gn2, which is a better substrate than MGn (see Figure 3 for structures).215 The activity of the bovine enzyme

requires divalent cations; Mn2þ is the most effective.215

Hen oviduct extracts add a GlcNAc in b1-4 linkage to the Mana residue in the linear oligosaccharides GlcNAcb1-
2Mana1-6Manb1-O-R (R¼hydrophobic aglycone), GlcNAcb1-2Mana1-6Glcb1-O-R, GlcNAcb1-2Mana1-3Manb1-O-
R, and GlcNAcb1-2Mana1-O-methyl, but not GlcNAcb1-6Mana1-O-R.219,220 Thus the branch specificity displayed

by the biantennary substrate is lost when a linear substrate is used. Linear oligosaccharides have not been tested using

purified recombinant GlcNAcTIV and it is therefore not known whether GlcNAcTIV or another hen oviduct

b1,4GlcNAcT is responsible for the activities toward linear substrates.

One of the most common alterations in transformed or metastatic malignant cells is the presence of highly branched

N-glycans. Elevated GlcNAcTIV activity has been reported in a hepatoma cell line,192 during myelocytic cell

differentiation,222,223 and during chick embryo development.224 Structural studies on N-glycans have indicated

increased GlcNAcTIV activity in human hepatocellular carcinoma225 and choriocarcinoma.226
3.02.3.6 UDP-GlcNAc:a-6-D-Mannoside b-1,6-N-Acetylglucosaminyltransferase V

GlcNAcTV adds GlcNAc in b1-6 linkage to the Mana1-6 residue of the GlcNAcb1-2Mana1-6Manb arm of the

N-glycan core (Figure 4). Kinetic analysis has shown that GlcNAcTV follows an ordered sequential Bi–Bi mecha-

nism.227 The substrate requirements of this enzyme have been thoroughly explored.166,228–241 The minimal substrate

is GlcNAcb1-2Mana1-6Manb1-O-R where R can be a hydrophobic aglycone. The main in vivo reactions carried out by

GlcNAcTV are the conversions of Gn2Gn2 to Gn2,6Gn2 and Gn2Gn2,4 to Gn2,6Gn2,4 (Figures 3 and 4). GlcNAcTV

cannot act on bisected substrates or on substrates in which the carbon 4 hydroxyl of the GlcNAcb1-2 residue is either

absent or substituted. The enzyme does not require the presence of a divalent cation in the assay medium.

Genes encoding GlcNAcTV have been cloned and expressed from man (MGAT5; Table 1; chromosome 2q21), rat,

Chinese hamster, and C. elegans.242 GlcNAcTV has a typical type-II membrane protein structure. Genes encoding

a homolog of GlcNAcTV, named either GlcNAcTVB243 or GlcNAcTIX,244–246 have been cloned fromman (MGAT5B;

Table 1; chromosome 17q25.2) and rat. Human GlcNAcTVB/IX has 42% identity to human GlcNAcTV and in-

corporates GlcNAc in b1-6 linkage to the Man residue of both the GlcNAcb1-2Mana1-6 and GlcNAcb1-2Mana1-3
arms of Gn2Gn2. GlcNAcTVB/IX also differs from GlcNAcTV in requiring divalent cation for full activity and

in having a more restricted expression profile (primarily brain and testis with lesser levels in other tissues).

GlcNAcTV is expressed at low levels in brain and is not expressed in skeletal muscle. The main function of

GlcNAcTVB/IX appears to be the synthesis of the GlcNAcb1-6(GlcNAcb1-2)Mana1-O-Ser/Thr moiety of certain

brain glycoproteins.245,246

One of the most common alterations in transformed or metastatic malignant cells is the presence of larger N-glycans

due to a combination of increased GlcNAcTV-initiated branching, sialylation, and poly-N-acetyllactosamine

content.242,247–250 Poly-N-acetyllactosamine chains have been shown to carry cancer-associated antigens and these

chains occur primarily on GlcNAcTV-initiated antennas.251,252 Increased GlcNAcTV expression after oncogenic

transformation has been attributed to direct effects on the GlcNAcTV promoter by the Ets family of transcriptional

activators.250,253–255

Transfection of the GlcNAcTIII gene into a highly metastatic mouse melanoma cell line resulted in decreased b1-6
branching of N-glycans and a marked reduction in metastatic potential without altering GlcNAcTVenzyme levels;175

this is due to the competition between GlcNAcTVand -III for common substrate Gn2Gn2 (Figure 4) and the fact that

GlcNAcTV cannot act on bisected N-glycans. Mgat5–/– mice develop into apparently normal adults; however,

mammary tumor growth and metastases induced by the polyomavirus middle T oncogene was considerably less in

Mgat5–/– mice than in transgenic littermates expressing Mgat5.256 Conversely, transfection of the GlcNAcTV gene

into three mouse mammary cancer cell lines increased metastatic potential on injection into the tail veins of mice.257

GlcNAcTV-dependent N-glycans amplify oncogene signaling and tumor growth in vivo.256 The protease matriptase is

a target protein for GlcNAcTV;258,259 overexpression of GlcNAcTV results in increased expression of matriptase due

to GlcNAcTV-dependent resistance of matriptase to autodegradation. This process may be a key element in

malignant transformation.260 GlcNAcTV may function as an inducer of angiogenesis261 and thereby promote tumor
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metastasis. These findings suggest that GlcNAcTV inhibitors may be useful in the treatment of malignancies.

GlcNAcb1-2(6-deoxy)Mana1-6Glcb1-O-octyl is a competitive inhibitor of GlcNAcTV (Ki¼0.07mM)228,231 but is

not effective against cancer cells because of inefficient entry into the cells.

The poly-N-acetyllactosamine chains on GlcNAcTV-dependent N-glycan antennas serve as ligands for galectin-3.

It has been suggested that GlcNAcTV strengthens a galectin-3/glycoprotein lattice on the T-cell receptor, thereby

restricting the recruitment of T-cell receptors to the site of antigen presentation and impeding antigen-dependent

receptor clustering and signal transduction.262,263 T-cell activation thresholds are lowered in GlcNAcTV deficiency

providing an explanation for the increased susceptibility of Mgat1–/– mice to autoimmune disease and the enhanced

resistance of these mice to tumor progression and metastasis.262,264 Integrin receptor clustering and cell motility are

sensitive to changes in GlcNAcTV-dependent N-glycosylation.263 Galectin-3/GlcNAcTV-dependent N-glycan lat-

tices on cell surface EGF and transforming growth factor-b receptors delayed their removal by constitutive endocyto-

sis.265 Similar lattices have been implicated in cytokine-mediated leukocyte signaling, phagocytosis, and extravasation

in vivo. These studies demonstrate that low-affinity but high-avidity interactions between N-glycans and galectins can

regulate the distribution of cell surface receptors and their responsiveness to agonists by controlling the balance

between surface retention against loss via endocytosis.
3.02.3.7 UDP-GlcNAc:a-6-D-Mannoside b-1,4-N-Acetylglucosaminyltransferase VI

GlcNAcTVI, first detected in hen oviduct, adds a GlcNAc residue in b1-4 linkage to the Mana1-6 residue of the

GlcNAcb1-6(GlcNAcb1-2)Mana1-6Manb arm of the N-glycan core,166,220,266 that is, the enzyme converts Gn2,6Gn2,4

to the pentaantennary N-glycan Gn2,4,6Gn2,4 (Figure 4). The minimal substrate for GlcNAcTVI is the tetrasaccharide

GlcNAcb1-6(GlcNAcb1-2)Mana1-6Manb1-O-R (R¼methyl or methoxycarbonyloctyl). The enzyme therefore

requires the prior actions of GlcNAcTI, GlcNAcTII, and GlcNAcTV (Figure 4). Unlike GlcNAcTII, GlcNAcTIV,

and GlcNAcTV, GlcNAcTVI can act on both bisected and nonbisected N-glycans; bisGn2,4,6Gn2,4 (Figure 4) is the

most highly branched N-glycan. The enzyme requires divalent cation for activity. GlcNAcTVI has been demonstrated

in birds166,220,267 and fish268 but not in mammalian tissues. GlcNAcTVI has been purified from hen oviduct;269 the

pure enzyme is specific for the GlcNAcb1-6(GlcNAcb1-2)Mana1-6 N-glycan arm, thereby proving that it is different

from GlcNAcTIV that is specific for the GlcNAcb1-2Mana1-3 N-glycan arm. The chicken gene encoding

GlcNAcTVI has been cloned and an active enzyme was expressed.270 The deduced amino acid sequence predicts a

type-II membrane protein structure. GlcNAcTVI has been used as a tool for the detection of protein-bound

GlcNAcb1-6(GlcNAcb1-2)Mana1-6 N-glycan branches.271
3.02.4 The Third Stage of N-Glycan Synthesis: Elongation and Capping
of GlcNAc-Initiated Branches

Section 3.02.3 discussed the initiation of N-glycan antennas in vertebrates by GlcNAcT’s I–VI (Figure 4). The

process of elongation and capping of these antennas involves many enzymes; a detailed discussion is beyond the scope

of this chapter. Table 1 lists the genes of most of the enzymes involved. A brief discussion and references to recent

reviews of these enzymes are presented in this section.

Elongation is due primarily to the formation of the disaccharides Galb1-4GlcNAc (N-acetyllactosamine, LacNAc),

GalNAcb1-4GlcNAc (LacdiNAc), and Galb1-3GlcNAc. Polymers of LacNAc (Galb1-4GlcNAcb1-3)n and LacdiNAc

(GalNAcb1-4GlcNAcb1-3)n may also be formed. Two families of genes encoding, respectively, six b-1,4-galactosyl-
transferases (b1,4GalTs) and four b-1,3-galactosyltransferases (b1,3GalTs) transfer Gal fromUDP-Gal in b1-4 and b1-3
linkages to b-linked GlcNAc (Table 1).272–277

The most thoroughly studied of these enzymes is b1,4GalT1, discovered over 40 years ago.273,278 b1,4GalT1 has the

unique property of being a lactose synthase when complexed with a-lactalbumin in the lactating mammary gland and

LacNAc synthase in the absence of a-lactalbumin. Both reactions require the presence of divalent cation. The binding

of a-lactalbumin to b1,4GalT1 lowers the Km for Glc by about 3 orders of magnitude. b1,4GalT1 expression increases

about 50-fold in the lactating mammary gland but the enzyme is constitutively expressed at a much lower level in

all other tissues. The enzyme has a type-II membrane protein structure and is localized to the Golgi. The human

(Table 1), mouse, bovine, and chicken genes have been cloned and expressed.273 The crystal structure of b1,4GalT1

in the absence and presence of a-lactalbumin279–283 suggests a structural basis for the differential reactivity of the

enzyme toward GlcNAc and Glc acceptors.

Analysis of the b1,4GalT1-null mouse284–286 first indicated the presence of b1,4GalT enzymes other than

b1,4GalT1. Five other human enzymes have been cloned (b1,4GalT2–6, Table 1) with 33–55% similarities
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to b1,4GalT1.274 All enzymes have a type-II membrane protein structure and all catalyze the transfer of Gal from

UDP-Gal to b-linked GlcNAc. b1,4GalT7 transfers Gal to b-linked Xyl and is involved in the synthesis of the

proteoglycan core.287 b1,4GalT2, like b1,4GalT1, can synthesize lactose in the presence of a-lactalbumin in vitro

but is not present in mammary glands and does not make lactose in vivo. Only b1,4GalT1 is involved in poly-N-

acetyllactosamine synthesis. Some b1,4GalTenzymes can utilize glycolipid acceptors.274

Synthesis of LacNAc (Galb1-4GlcNAcb1-3)n polymers requires the action of b1,3GlcNAcT that transfers GlcNAc

in b1-3 linkage from UDP-GlcNAc to b-linked Gal residues. Genes encoding six of these enzymes have been cloned

(Table 1).288 Synthesis of LacdiNAc and of (GalNAcb1-4GlcNAcb1-3)n polymers requires the action of b1,4GalNAcT

that transfers GalNAc in b1-4 linkage from UDP-GalNAc to b-linked GlcNAc residues. Genes encoding two such

enzymes have been cloned (Table 1).

N-Glycans are usually capped at their nonreducing termini by various a-linked sugars. Sialic acid is added in a2-3 or
a2-6 linkage to b-linked Gal by a-2,3- and a-2,6-sialyltransferases. Genes encoding six a-2,3-sialylTs289–292 and two

a-2,6-sialylTs293 are listed inTable 1. Fuc can be added in a1-2 linkage to b-linkedGal294 (two genes listed inTable 1),

in a1-3/4 linkage to b-linked GlcNAc295 (one gene listed inTable 1), in a1-3 linkage to b-linked GlcNAc296–300 (seven

genes listed in Table 1), and in a1-6 linkage to the Asn-linked GlcNAc of the N-glycan core301 (one gene listed in

Table 1). The Asn-linked GlcNAc of the core may be substituted with Fuca1-6 in vertebrates and with Fuca1-6 and/
or Fuca1-3 in invertebrates. Gal can be added in a1-3 linkage to the Gal residue of Galb1-4GlcNAc on the N-glycan

antenna.302 Antennas may be terminated with various antigenic epitopes such as the human blood group ABO, H and

Lewis structures, and substituents such as sulfate or phosphate. Some of these topics are discussed in Chapters 3.03,

3.17, 3.19, and 3.24.
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34 Biosynthesis of Mucin-Type O-Glycans
3.03.1 Introduction

Carbohydrate chains bound in O-glycosidic linkages via N-acetylgalactosamine (GalNAc)a- to the Ser or Thr residues

of proteins are named mucin-type O-glycans. Several other types of O-linkages exist, including Mana-O-Ser/Thr in

yeast and mammalian glycoproteins, GlcNAcb-O-Ser/Thr in nuclear and cytoplasmic proteins, and Glcb-O-Ser/Thr

and Fuca-O-Ser/Thr in blood clotting factors. In addition, Xylb-O-Ser-linked O-glycans are found in proteoglycans and

Galb-O-hydroxy-Lys linkages in collagens. This chapter deals with the biosynthesis of the main-type O-glycans that

are major constituents of mucin glycoproteins. These O-glycans are also found on mucin-like glycoproteins and on

many secreted and membrane-bound non-mucin-type glycoproteins.
3.03.1.1 Mucins

Epithelial cells and specialized mucin-producing cells synthesize cell surface-bound and secreted mucin glycoproteins

that carry a heterogeneous variety of GalNAc-Ser/Thr O-glycans comprising more than 50% of the molecular weight.

The secreted mucins include both small monomeric (e.g., MUC7 in saliva) and large polymeric and gel-forming

(e.g., MUC2 in colonic mucosa) molecules of more than 10MDa. These mucins have lubricating and protective

functions. By comparison, cell surface-bound mucins are monomeric, have a transmembrane domain, and are important

for cell adhesion and other cell surface functions. About 20 different genes have been cloned that encode mammalian

mucin protein backbones. The expression of mucin genes as well as the mucin-type O-glycan structures are often

altered in cancer and other diseases, and the new and unusual carbohydrate and peptide epitopes can be useful for the

diagnosis, prognosis, the monitoring of the disease progress, or for immunization against cancer.1

Mucins are characterized by Ser/Thr/Pro-rich variable number of tandem repeat (VNTR) domains that carry most of

the O-glycans. In addition, mucins have distinct peptide domains that can be involved in mucin polymerization and

cell surface functions.2 Many cell adhesion molecules are mucin-like membrane-bound glycoproteins that also have

Ser/Thr/Pro-rich O-glycosylated domains.

The heterogeneous O-glycan chains dictate the chemical, physical, and biological properties of mucins. Secreted

mucins form a viscous gel that functions as a protective layer over the epithelium and can trap particles and microbes.

Many of the O-glycans represent specific receptors for bacteria. Depending on their O-glycosylation pattern, mucins

control the functions, adhesiveness, and antigenicity of the cell surface and participate in the control of the immune

system. Cell adhesion mediated by integrin and E-cadherin can be blocked by mucins. Mucins can also block natural

killer cell-mediated cell lysis and the action of cytotoxic lymphocytes.3
3.03.1.2 Structures of O-Glycans

All mucin-type O-glycans contain GalNAc at the reducing end, O-linked to Ser or Thr. Unsubstituted GalNAc is often

found in cancer as the Tn antigen. In normal mammalian mucins, GalNAc is substituted by Gal, GlcNAc, or GalNAc

forming up to eight different core structures (Table 1) that occur in a tissue-specific fashion. Core structures 1 and 2 are

the most common but cores 3 and 4 have only been found in mucins. Core structures can be substituted with sialic acid

residues, or can be elongated. GalNAc can also be directly substituted by sialic acid to form the sialyl-Tn (STn)

antigen (Table 2), which is not used for further elongation reactions. Both the Tn and STn antigens occur only in a

restricted number of normal glycoproteins but are often found in cancer and are associated with a poor prognosis.

Core 1, Galb1-3GalNAca-, in its unsubstituted form is the Thomsen–Friedenreich (Tor TF) antigen that occurs in

many cancer cells. Core 1 may be substituted by sialic acid in a2-3-linkage to Gal and in a2-6-linkage to GalNAc to

form the sialyl-T antigens (Table 2). Alternatively, core 1 may be branched by a GlcNAc in b1-6-linkage to GalNAc
Table 1 O-Glycan core structures attached to Ser/Thr residues of the peptide backbone

Core 1 Galb1-3GalNAca-
Core 2 GlcNAcb1-6(Galb1-3)GalNAca-
Core 3 GlcNAcb1-3GalNAca-
Core 4 GlcNAcb1-6(GlcNAcb1-3)GalNAca-
Core 5 GalNAca1-3GalNAca-
Core 6 GlcNAcb1-6GalNAca-
Core 7 GalNAca1-6GalNAca-
Core 8 Gala1-3GalNAca-



Table 2 Structures of blood group and tissue antigens found on O-glycans

Tn GalNAca-Thr/Ser

Sialyl-Tn, STn Sialyla2-6GalNAca-Thr/Ser

T Galb1-3GalNAca-Thr/Ser

Sialyl-T Sialyla2-3Galb1-3GalNAca-Thr/Ser

Sialyla2-6(Galb1-3)GalNAca-Thr/Ser

A GalNAca1-3(Fuca1-2)Galb-
B Gala1-3(Fuca1-2)Galb-
H or O Fuca1-2Galb-
Linear B Gala1-3Galb-
i Galb1-4GlcNAcb1-3Galb-
I Galb1-4GlcNAcb1-3(Galb1-4GlcNAcb1-6)Galb-
Sda(Cad) GalNAcb1-4(sialyla2-3)Galb-
Lewisa Galb1-3(Fuca1-4)GlcNAcb1-3Gal-

Sialyl-Lewisa Sialyla2-3Galb1-3(Fuca1-4)GlcNAcb1-3Gal-

Lewisb Fuca1-2Galb1-3(Fuca1-4)GlcNAcb1-3Gal-

Lewisx Galb1-4(Fuca1-3)GlcNAcb1-3Gal-

6-sulfo-Lewisx Galb1-4(Fuca1-3)(6-sulfo)GlcNAcb1-3Gal-

3-sulfo-Lewisx 3-sulfo-Galb1-4(Fuca1-3)GlcNAcb1-3Gal-

Lewisy Fuca1-2Galb1-4(Fuca1-3)GlcNAcb1-3Gal-

Sialyl-Lewisx (SLex) Sialyla2-3Galb1-4(Fuca1-3)GlcNAcb1-3Gal-

Sialyl-6-sulfo-Lewisx Sialyla2-3Galb1-4(Fuca1-3)(6-sulfo)GlcNAcb1-3Gal-

Sialyl-60-sulfo-Lewisx Sialyla2-3(6-sulfo)Galb1-4(Fuca1-3)GlcNAcb1-3Gal-
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to form core 2. Structures that form the backbone for terminal sialic acid, Fuc or other terminal blood group and tissue

antigens (Table 2) are repeats of Gal-GlcNAc-sequences, including poly-N-acetyllactosamine chains that are recog-

nized as the i antigen. GlcNAcb1-6(GlcNAcb1-3)Gal branches are also found in the elongated backbone structures

and are part of the I antigen (Table 2). Both i and I antigens are developmentally regulated.

Mucins, especially those from the colon, may contain O-glycans with core 3 (Table 1) that can be substituted with

sialic acid a2-6-linked to GalNAc. Core 3 chains can also be branched to form core 4. Core 5–8 structures (Table 1) are

rare and have only been found in a few selected mucins.

Terminal antigens found on O-glycans include the blood group structures, Lewis antigens, and sialyla2-3Gal and

sialyla2-6GalNAc linkages. Sialyla2-6Gal linkages have not been found in O-glycans but are common in N-glycans.

O-Glycan chains may be further modified with sulfate ester linkages, mainly at the 3-position of Gal and the 6-position

of GlcNAc. Sugars at the nonreducing end of O-glycan chains are usually present in a-anomeric linkages, and are

designated as antigens. Significant changes of O-glycan structures have been described in cancer, inflammatory bowel

disease, cystic fibrosis, and other diseases.4–6
3.03.1.3 Functions of O-Glycans

Many functions of O-glycosylated glycoproteins have been attributed to the presence of O-glycans. O-Glycans can

regulate the folding, conformation, and cell surface expression of proteins, and protect them from degradation. While

O-glycans can be antigenic, they can also mask underlying determinants.7 O-Glycans are critically involved in the

regulation of cell adhesion and are receptors for mammalian lectins. They provide ligands for selectin binding, for

example, the sialyl-Lewisx (SLex) and related structures.8 On the mammalian egg zona pellucida, O-glycans facilitate

sperm–egg binding during fertilization.4 The changes observed in O-glycan structures during growth, development,

apoptosis, cellular differentiation and activation suggest that they have important biological roles.

O-Glycan functions have been studied using cell models having defects in O-glycosylation, using antisense DNA,

knockout mice, or using O-glycan extension inhibitors. GalNAca-Benzyl is a competitive substrate for enzymes

modifying GalNAc, and can be used to block O-glycan extension on natural glycoproteins. The inhibitor also prevents

mucin sialylation by providing alternative substrates for a3-sialyltransferase.9 Treatment of cells with GalNAca-benzyl
has been shown to increase E-cadherin-mediated cell adhesion.10 In addition, the inhibition of O-glycan synthesis in

human cancer cells by GalNAca-Benzyl led to a decreased binding of cells to E-selectin and attachment to endothelial

cells, indicating that E-selectin binding to O-glycans plays an important role in the binding of cancer cells to the
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endothelium. The interactions between Lewis antigens and selectins are important in the homing of lymphocytes and

recruitment of leukocytes during the inflammatory response. O-Glycans, especially those with core 2 structures, have

been shown to carry preferred ligands for selectin binding.
3.03.1.4 Biosynthesis of O-Glycans

Mucin-type O-glycans are assembled in the Golgi by glycosyltransferases that transfer a sugar from nucleotide

sugar donor substrate to a peptide or carbohydrate acceptor in a specific linkage. Each biosynthetic step in the

O-glycosylation pathways (Figure 1) is catalyzed by a family of related enzymes (Tables 3–5) that are distinct in

their amino acid sequences, expression patterns, and, sometimes, also in acceptor substrate specificities within

the family. Similarly, sulfotransferases transfer sulfate from 30-phosphoadenosine-50-phosphosulfate (PAPS) to specific
sugar hydroxyls. Glycosyltransferases have been classified into more than 80 families based on their sequence

similarities.11,11a Further information on glycosyltransferase and sulfotransferase genes, their expression, enzyme

specificities, nomenclature, and references can be found at the GlycoGene Database website. According to the

anomeric configuration of their donor substrates and enzyme products, glycosyltransferases can be retaining or

inverting enzymes. With limited information from crystal structures, mammalian glycosyltransferases can be grouped

into two structural superfamilies GT-A or GT-B,12 with both groups including retaining and inverting enzymes. GT-A

transferases may have a DxD motif and bound divalent metal ion in the nucleotide sugar binding site.

In contrast to the biosynthesis of Asn-linked N-glycans, the assembly of O-glycans does not involve dolichol

derivatives in the endoplasmic reticulum (ER), or processing by glycosidases. Sugars are transferred individually

from nucleotide sugar donors to the growing O-glycan chain by glycosyltransferases in the Golgi, and no specific amino

acid sequon is required for O-glycosylation. Glycosyltransferases in the Golgi are type II membrane proteins or

glycoproteins, with a short N-terminus directed toward the cytoplasm, a membrane anchor region, a stem region, and a

catalytic region at the C-terminus directed toward the lumen of the Golgi. It appears that the membrane anchor and

adjacent regions are involved in localizing enzymes into an assembly line. The composition of this assembly line, and

localization of enzymes in the various Golgi compartments is crucial for efficient glycosylation.

The transcription of specific exons and the mRNA levels are critical factors for O-glycan assembly. Cytokines and

disease states can significantly alter the expression levels of individual enzymes.5,6,13 In addition, glycosyltransferases

may form complexes with other proteins, affecting their activities. The activities are also regulated by metal ion
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Figure 1 Biosynthetic pathways of mucin-type O-glycans: synthesis of core structures. The scheme shows the biosyn-
thesis of the common O-glycan core structures 1 to 4. The synthesis of cores 5–8 needs further study. Letters on arrows

indicate the enzymes catalyzing the conversions. The first enzyme in the pathway (path a) is polypeptide a-GalNAc-

transferase. Path b, a6-sialyltransferase, ST6GalNAc; path c, core 1 b3-Gal-transferase, C1GalT; path d, core 3 b3-
GlcNAc-transferase, C3b3GnT6; path e, core 2 b6-GlcNAc-transferase, C2GnT; path f, core 2/4 b6-GlcNAc-transferase,
C2GnT2; path g, b3-Gal-transferase, b3GalT; path h, b4-Gal-transferase, b4GalT; path i, elongation b3-GlcNAc-transferase,

b3GnT3. Subsequently, core structures 1–4 can be further extended and terminated by a number of glycosyltransferases

and sulfotransferases.



Table 3 Glycosyltransferases involved in the synthesis of O-glycan core structures

1. UDP-GalNAc: polypeptide a-GalNAc-transferases (ppGalNAcT) EC 2.4.1.41, CAZy GT 27 References

ppGalNAcT1 257

ppGalNAcT2 258

ppGalNAcT3 259

ppGalNAcT4 260

ppGalNAcT5 261

ppGalNAcT6 41,43

ppGalNAcT7 42

ppGalNAcT8 262

ppGalNAcT9 44

ppGalNAcT10 263

ppGalNAcT11 21

ppGalNAcT12 264

ppGalNAcT13 24

ppGalNAcT14 25

ppGalNAcT15 26

2. UDP-Gal: GalNAc-R b-1,3-Gal-transferase (core 1 b3GalT) EC 2.4.1.122, CAZy GT 31, b3Gal-T7

C1GalT 55

3. UDP-GlcNAc: GalNAc-R b-1,3-GlcNAc-transferase (core 3 b3GlcNAcT), EC 2.4.1.147, CAZy GT 31

C3b3GnT6 115

4. UDP-GlcNAc: Galb1-3GalNAc-R (GlcNAc to GalNAc) b-1,6-GlcNAc-transferases (core 2 b6GlcNAcT)

EC 2.4.1.102, CAZy GT 14

C2GnT1 70

C2GnT3 73

5. UDP-GlcNAc: GlcNAcb1-3GalNAc (GlcNAc to GalNAc) b-1,6-GlcNAc-transferase (core 4 b6GlcNAcT)

EC 2.4.1.148, CAZy GT 14

C2GnT2 72,74
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concentrations, by other membrane components, post-translational processing, and dimer formation of enzymes.14

Reactions are often sequential, and one enzyme product forms the substrate for the next step. Alternatively, enzymes

compete for the same substrate and the relative activities dictate the amounts of individual O-glycan structures

produced.
3.03.2 Initiation of O-Glycosylation

The first step in the synthesis of all O-glycans is catalyzed by members of a large family of polypeptide GalNAc-

transferases (ppGalNAcT) (Table 3) that synthesize the Tn antigen (Figure 1).15,16 The Tn antigen often occurs in

advanced tumors, is a marker for poorly differentiated carcinomas, and is associated with invasive and highly

proliferative properties of tumors and a poor clinical outcome.17,18 Using antibodies to purified ppGalNAcT,

immuno-electronmicroscopy studies showed the protein to be localized to the cis-Golgi in porcine and bovine

submaxillary glands.19 Using antibodies to ppGalNAcT1,-T2, and -T3, Röttger et al.20 showed that the enzymes in

HeLa cells were distributed throughout the Golgi, with T2 and T3 preferentially localizing to the medial- and trans-

Golgi compartments but not the ER. Thus, the localization of individual GalNAc-transferases may depend on the cell

type and may be altered upon changes of differentiation or in disease. The localization of ppGalNAcT to late

compartments could result in glycoproteins carrying Tn antigens since the core-synthesizing enzymes may not be

able to encounter their substrate.
3.03.2.1 A Large Polypeptide GalNAc-Transferase Family

ppGalNAcT is a ubiquitous enzyme, and all mammalian cells appear to express at least one member of this enzyme

family (Table 3). The genome databases predict 24 members of the family in mammals, 9 in Caenorhabditis elegans and

14 in Drosophila melanogaster.16,21–23 The genes may be found on several exons and different chromosomes, and are

expressed in cell type-specific patterns. For example, mRNA for ppGalNAcT1 and -T2 has been found in human

pancreatic, breast, and colon cancer cell lines; T3 and T6 are primarily expressed in testes, pancreas, placenta, and



Table 4 Glycosyltransferases potentially involved in the extension of O-glycans

6. UDP-GlcNAc: Galb1-3 (R1-)GalNAc-R2 (GlcNAc to Gal) b-1,3-GlcNAc-transferase (elongation

b3GlcNAcT) EC 2.4.1.146, CAZy GT 31

References

b3GnT3 161

7. UDP-GlcNAc: Galb-R b-1,3-GlcNAc-transferases, extension b3GlcNAc-transferases, i b3GlcNAcT,

EC 2.4.1.149, CAZy GTi31

b3GnT1 (iGnT) 265

b3GnT2 159

b3GnT4 159

b3GnT7 162

b3GnT8 164

8. UDP-GlcNAc: R-GlcNAcb1-3Galb-R (GlcNAc to Gal) b-1,6-GlcNAc-transferases, centrally acting I antigen

b6-GlcNAc-transferases, EC 2.4.1.150, CAZy GT 14

IGnT1 71

IGnT2 75

IGnT3 75

9. UDP-Gal: GlcNAc-R b-1,4-Gal-transferases, b4-Gal-transferases, EC 2.4.1.38, EC 2.4.1.90, EC 2.4.1.22,

CAZy GT 7

b4GalT1 132

b4GalT2 133

b4GalT3 133

b4GalT4 134

b4GalT5 135,136

10. UDP-Gal: GlcNAc-R b-1,3-Gal-transferases, b3-Gal-transferases, CAZy GT 31

b3GalT1 140

b3GalT2 140,155

b3GalT3 140

b3GalT5 156

11. UDP-GalNAc: GlcNAc-R b-1,4-GalNAc-transferases, b4-GalNAc-transferases

b4GalNAcT3 170

b4GalNAcT4 169

12. UDP-GalNAc: GlcNAc-R b-1,3-GalNAc-transferase, b3-GalNAc-transferases

b3GalNAcT2 171
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trachea; and T9 and T13 are specific for brain and neural tissues.24 When studying the expression of ppGalNAcT in

cultured cancer cell lines, T13 was only found in neuroblastoma cells, while T1 is also expressed in glioblastoma,

leukemia cells, and a variety of different cancer cells.24 ppGalNAcT11 and -T14 appear to be selectively expressed in

kidney.25

The gene expression of a number of ppGalNAcT has been shown to change upon treatment with growth factors,

and in disease. For example, the expression of several ppGalNAcT showed upregulation while others were down-

regulated in hematopoietic cells after treatment with growth factors.26 In colorectal tumor tissues, the levels of

ppGalNAcT1 and T2 enzyme proteins were shown to be increased.27 The mRNA levels for T3 were also increased

in colonic adenocarcinoma,28 and in lung,29 pancreatic,30 gastric,31 gallbladder,32 and prostate tumors.33 The ppGal-

NAcT3 enzyme protein exhibited a high level of expression in most patients with well- and moderately differentiated

tumors but not in poorly differentiated tumors.34 T3 therefore appears to be a good indicator of tumor differentiation.

It correlates with the likelihood of 5-year survival and a good prognosis in colorectal cancer patients.
3.03.2.2 Polypeptide GalNAc-Transferase Specificity

No specific amino acid sequon is required in the peptide or glycopeptide acceptor substrate for the transfer of GalNAc.

However, the acceptor specificities of the enzymes isolated from different sources can be characteristically different

but are overlapping.15 Therefore, the expression of a mixture of several ppGalNAcT in a given cell type promotes

efficient O-glycosylation of the many Thr and Ser sites of the polypeptide backbone. This probably explains why cells

are capable of almost-complete O-glycosylation of the mucin VNTR domains. The in vitro ppGalNAcTactivities are

also influenced by the amino acid sequences, charges, three-dimensional structures of peptide substrates, as well as



Table 5 Glycosyltransferases and sulfotransferases potentially involved in O-glycan termination reactions

13. CMP-sialicacid:R1-GalNAc-R2 a-2,6-sialyltransferases (a-6-sialyl-T, ST6GalNAcT)EC 2.4.99.3, CAZyGT 29 References

ST6GalNAc-I 266

ST6GalNAc-II 187

EC2.4.99.7:

ST6GalNAc-III 267

ST6GalNAc-IV 196

14. CMP-sialic acid: R1-Galb-R2 a-2,3-sialyltransferases (a-3-sialyl-T, ST3GalT) EC 2.4.99.6, EC 2.4.99.4,

CAZy GT 29

ST3Gal-I 268

ST3Gal-II 269

ST3Gal-III 270

ST3Gal-IV 271

ST3Gal-VI 272

15. GDP-Fuc: Galb-R a-1,2-Fuc-transferases, a2-Fuc-transferases EC 2.4.1.69, CAZy GT 11

FUT1 (H) 199

FUT2 (Se) 200

16. GDP-Fuc: R1-GlcNAc-R2 a-1,3-Fuc-transferases, a3-Fuc-transferases EC 2.4.1.65, CAZy GT 10

FUT3 273

EC 2.4.1.152:

FUT4 274

FUT5 212

FUT6 275

FUT7 215

FUT9 218

17. UDP-GalNAc: Fuca2Gal-R a-1,3-GalNAc-transferase, EC 2.4.1.40, CAZy GT 6

Blood group A a3-GalNAc-transferase 219

18. UDP-Gal: Fuca2Gal-R (Gal to Gal) a-1,3-Gal-transferase, EC 2.4.1.37, CAZy GT 6

Blood group B a3-Gal-transferase 219

19. UDP-Gal: Gal-R b-1,3-Gal-transferase, EC 2.4.1.151 CAZy GT 6

Linear B a3-Gal-transferase 222

20. UDP-GalNAc: sialyla2-3Gal-R (GalNAc to Gal) b-1,4-GalNAc-transferase

Cad b4-GalNAc-transferases, b4GalNAcT 2 231,232

21. Gal-3-O-Sulfotransferases, EC 2.8.2.11

Gal3ST-2 252,253

Gal3ST-3 254

Gal3ST-4 255

22. GlcNAc-6-O-Sulfotransferases, EC 2.8.2.21

GlcNAc6ST-1 239

GlcNAc6ST-2 243

I-GlcNAc6ST-3 276

C-GlcNAc6ST-4 250

GlcNAc6ST-5 251

23. Gal-6-O-Sulfotransferases, EC 2.8.2.11

Gal6ST 256
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the accessibility of Ser/Thr and the prior glycosylation of peptide substrates.35–38 Data banks for O-glycosylation have

been created that take into account the known O-glycosylation sites of glycoproteins.39 However, the rules developed

for less densely O-glycosylated glycoproteins may be different for mucins. Pro is often found near O-glycosylation

sites and may serve to expose Ser/Thr residues.

T1, T2, and T3 were shown to have selective specificities toward their peptide substrates.40 T1 and T13 differ in

the number of GalNAc residues they can add to a peptide derived from the VNTR of Muc7.24 Most of the

ppGalNAcT (including T3, T6, T7, T9, T10) were shown to require an unmodified GalNAc residue in the peptide

substrate.41–45 The activity of ppGalNAcT4 toward mucin-derived GalNAc-glycopeptides was abolished by GalNAc

or GalNAca-Bn but not by other sugars.46 In addition, a mutation in the lectin domain (see below) did not affect the
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binding to peptides but blocked activity toward GalNAc-peptide. These studies showed that the lectin domain of T4

binds to GalNAc, and this may enhance the activity toward glycopeptide substrates.
3.03.2.3 Polypeptide GalNAc-Transferase Structure and Function

ppGalNAcTare retaining transferases of the CAZyGT27 family, with type IImembrane protein domain structure typical

for Golgi glycosyltransferases. In addition, a ricin B lectin-like domain is present at the C-terminus. The crystal structure

of recombinant mouse ppGalNAcT1 with a maltose binding protein at the N-terminus, expressed in Pichia pastoris,

showed the nucleotide sugar binding pocket spatially separated from the lectin domain which folds like the B chain of

ricin.45,47 The structure of human ppGalNac T2 confirms these findings.47 The catalytic domain has a GT-A fold and

is characterized by a b-sheet flanked by a-helices. UDP-GalNAc binds in a deep pocket which also complexes Mn2þ

ion by invariant His and Asp residues. There are three carbohydrate binding sites of the lectin domain facing the

active site, suggesting that the enzyme may be able to bind glycopeptide substrates via their carbohydrate residues.

While many glycosyltransferases have a DxDmotif that has been suggested to interact with the phosphate group of

the nucleotide sugar, or may be involved as a nucleophile in the catalysis, ppGalNAcT has an analogous DxH motif.

The enzyme kinetics and mechanism of a recombinant soluble form of ppGalNAcT expressed in COS-7 cells have

been studied by Wragg et al.48 It appears that UDP-GalNAc and the mimimal substrate AcTPPP as well as larger

peptides bind in a random order to the enzyme before catalysis with a sequential mechanism. UDP-GalNAc-analog

inhibitors have been described that compete with UDP-GalNAc binding and inhibit several members of the

GalNAcT family, thus having the potential to block initial O-glycosylation.49 In Jurkat, NIH3T3 and HEK293

cells, the inhibitor reduced O-glycosylation and induced apoptosis, demonstrating the importance of O-glycans for

the homeostasis of the cell.

To study the biological role ofO-glycosylation, ppGalNAcT1,-T8, and -T13 genes have been deleted inmice (Table 6)

but no pathology was associated with the lack of these genes and no distinct phenotypes were found, pre-

sumably because several other enzymes were active.24,50,51 The functional redundancy indicates the importance of

O-glycosylation for survival. However, a human condition called familial tumor calcinosis (Table 7), in which masses

of calcium phosphate crystals accumulate subcutaneously, has been shown to be associated with mutations in

ppGalNAcT3.52 One mutation affects the linkage region between the catalytic domain and the ricin-like lectin

domain of the enzyme, and possibly affects the function of the phosphate regulator phosphatonin. Mutagenesis and

complementation studies of specific ppGalNAcTrevealed that the enzymes are involved in development and viability

in Drosophila.21,22,53
3.03.3 Synthesis of Core 1

Most mammalian cells produce glycoproteins with O-glycan core 1 structure, synthesized by core 1 b3-Gal-transferase

(C1GalT) (Figure 1 and Table 3). However, very few cells express the enzyme product, the Tantigen, because core 1

is usually processed to core 2 (Table 1) or is sialylated or elongated to more complex core 1 structures (Figure 2). The

T antigen is often associated with cancer and has been used for diagnosis as well as an antigen for the production of

cancer vaccines.54

C1GalT has been purified from rat liver, sequenced, and used to clone the human enzyme.55 The enzyme is an

inverting transferase of the CAZy GT 31 family. C1GalT activity has been shown to be dependent on the co-

expression of a chaperone protein, Cosmc.56 Cosmc binds to C1GalT, and ensures its export from the ER, and its

full activity in the Golgi. The expression of C1GalT is especially high in human heart, kidney, liver, and placenta, but

moderate in brain and skeletal muscle. Multiple transcripts of the enzyme have been found in D. melanogaster that

showed different expression patterns during embryonic development.57 However, only one of the proteins was highly

active as C1GalT.

Purified C1GalT acts on the GalNAc-Ser/Thr residues of glycoproteins and glycopeptides but does not require a

peptide in the acceptor substrate. The rate of core 1 synthesis, however, does depend on the structure of the peptide

backbone of acceptor substrates and the attachment position and number of other sugar residues present,58,59

suggesting that core 1 synthesis is site directed. Divalent metal ions (e.g., Mn2þ) are required for optimal activity.60

GalNAc-aryl substrates which penetrate into cells compete with core 1 synthesis on glycoproteins and reduce the

extension of O-glycans of mucins.9 With the exception of the 6-hydroxyl group, all of the hydroxyls and the 2-N-acetyl

group of GalNAc substrate are essential for activity. The enzyme can act on GlcNAcb1-6GalNAc-(core 6) but not on



Table 6 Mice lacking glycosyltransferases of the O-glycosylation pathways

Enzyme gene Phenotype References

ppGalNAcT1 50

ppGalNAcT8 51

ppGalNAcT13 24

Core 1 b3GalT Brain hemorrhaging 67

Core 2 b6GlcNAcT Reduced E- and P-selectin-dependent leukocyte rolling 104

103

b4GalT1 Loss of Gal on rbc O-glycans 147

Less type 2 chains 149

Reduced P-selectin binding

Impaired inflammation

a3GalT No Gala3 225

ST3Gal-I Less 9-O-acetyl-Sia in CD4 þ lymphocytes 176

277

278

ST3Gal-IV Bleeding disorders, thrombocytopenia 177

FUT2 No mucosal Fuca2 206

FUT4 Less atherosclerosis 217

FUT7 Defect in leukocyte rolling and neutrophil mobilization 216,217

No selectin binding

FUT9 No SSEA-1 in early embryos 182

GlcNAc6ST-1, GlcNAc-ST-2 Reduced lymphocyte homing and adherence to HEV 246

Table 7 Human conditions and cells with abnormalities of glycosyltransferases acting on O-glycans

Abnormal enzyme Tissue or cell Phenotype References

ppGalNAcT3 Subcutaneous Familial tumoral calcinosis 52

Core 1 b3GalT LSC Increased Tn, STn 63

Jurkat Increased Tn 62

Blood cells Tn syndrome, 66

Cosmc mutation 64

IgA nephropathy, missing Cosmc 65

b4GalT1 CDG type IId 151

Failure to thrive

Hydrocephalus

Coagulation problems

a2FucT Bombay 201

C-GlcNAc6ST Cornea Macular corneal dystrophy type I, II 248

Loss of vision
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sialyla2-6GalNAc-(the STn antigen).61 Thus, sialylated core 1 needs to be synthesized by the action of sialyltransfer-

ase on the core 1 substrate.

A number of cells, including the human T-lymphoblastoid cell line Jurkat62 and human colon cancer cell line LSC63

(Table 7) lack C1GalT activity as well as the core 1 structure, and therefore express Tn antigens. Jurkat cells have a

mutation in the Cosmc gene and the defect in C1GalTactivity could be complemented with wild-type Cosmc gene.56

Blood cells from patients with IgA nephropathy, which could lead to kidney failure, and from patients with the Tn

syndrome also lack core 1.64 IgA nephropathy has been shown to be associated with a low expression of Cosmc in

B lymphocytes.65 The lack of core 1 synthesis in patients with the Tn syndrome is due to somatic mutations in the

Cosmc gene rather than the expression of core 1 b3GalT.66

The sialylated core 1 structures normally present in endothelial, hematopoietic, and epithelial cells were shown to

be absent in C1GalT(–/–) mice, and instead, the Tn antigen appeared.67 Embryos of the knockout mice developed
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large hemorrhages in the brain and spinal cord, and the microvascular network was chaotic (Table 6). This suggests

that C1GalT plays a crucial role in angiogenesis.
3.03.4 Synthesis of Core 2

Unmodified core 1 structures can be converted to branched core 2 structures (Table 1) by core 2 b6GlcNAcT

(C2GnT). Although the enzyme is not ubiquitous, it is present in most mucin-secreting cells and many other cell

types. The core 2 branch provides additional backbone structure for the attachment of antigenic determinants and of

cell adhesion ligands (Figures 1 and 2).
3.03.4.1 The C2GnT b6-GlcNAc-Transferase Family

C2GnT enzymes are a subfamily of a larger CAZy GT 14 family of b6-GlcNAc-transferases (Table 3) that do not

require divalent cations for activity.5,68–76 The C2GnTactivity from leukocytes and other cell types has been named

the L enzyme (C2GnT1) that is specific for the core 1 acceptor substrate.77 C2GnT3, expressed mainly in the thymus,

has the characteristics of the L enzyme.73 In contrast, the activity from many mucin-secreting cell types has a broader

specificity and has been designated theM enzyme (C2GnT2).77,78 TheM enzyme can act on core 1 substrates to form

core 2, on core 3 substrates to form core 4, and on the Gal residue of distal GlcNAcb1-3Gal structures to form the

branched backbone structure. The centrally acting IGnT (see Section 3.03.8.4) is also a member of the b6-GlcNAc-

transferase family.

The C2GnT genes extend over more than one exon but C2GnT1 is encoded by only one exon in a number of

tissues. It is possible that tissues utilize specific promoters in the C2GnT genes.79 A kidney-specific form of C2GnT
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has been identified that can also act on glycoplipids with Galb1-3GalNAc-structures.80 In the mouse, C2GnT1 is

widely expressed at early developmental stages and then becomes more restricted to mucin- and cartilage-producing

tissues.81
3.03.4.2 Structure, Activity, and Localization of C2GnT1

The L enzyme from leukemia cells has an absolute requirement for the 4- and 6-hydroxyls and the 2-acetamido group

of GalNAc, and the 4- and 6-hydroxyls of the Gal residue of the core 1 substrate.77 Thus, core 2 synthesis has to occur

before modification or extension of core 1.82 A preliminary report of the crystal structure of mouse C2GnT1

complexed with its core 1 substrate indicates the absence of a bound metal ion and suggests that the DxD motif is

not involved in the catalysis.83 The enzyme protein has the GT-A type of fold.

The two conserved N-glycosylation sites of human C2GnT1, expressed in insect cells, have to be occupied to

produce stable active enzyme.84 In particular, the N-glycan of Asn-95 is important for protein stability and also

contributes to the cis/medial-Golgi localization of the enzyme.85 Human C2GnT1 has nine conserved Cys residues. By

use of mutagenesis and amino acid-specific reagents, Yang et al.86 showed that eight of these Cys are essential for the

activity while a ninth Cys217 has a free sulfhydryl group which is located near the active site. Mouse C2GnT1 also has

a free thiol group at Cys217 while the other conserved Cys residues form disulfide bonds.87

C2GnT forms dimers in the cell but recombinant chimeric protein expressed in CHO cells and secreted into the

medium is a monomer.14 In normal and tumorous mammary cells, C2GnT1 has been mapped to the cis/medial-Golgi

compartment.88 In CHO cells, the enzyme is mainly functional in the cis-Golgi and its membrane anchor region is

essential for the cis-Golgi localization.89 The enzyme was relocalized to the trans-Golgi by insertion of the membrane

anchor of the trans-Golgi enzyme a6-sialyltransferase, resulting in inefficient core 2 synthesis. Using deletion mutants

of the enzyme fused to green fluorescent protein, it was found that the N-terminal cytoplasmic and transmembrane

domain (amino acids 1–32) represent a targeting signal sufficient to localize the chimeric protein to the same

compartment as the full-length C2GnT1.90
3.03.4.3 Biological Role of C2GnT

The core 2 branch is the scaffold for important cell adhesion ligands, and may present these ligands in a favorable

conformation. Because of the branched nature of core 2 and its highly flexible GlcNAcb1-6 arm, it is more bulky and

occupies larger space than the core 1 structure,91 and can thus mask underlying mucin peptide epitopes.7 Using

cultured mammary cells as a model, it has been shown that the lack of C2GnT1 activity and expression allowed the

exposure of MUC1 epitopes that are characteristic of cancer cells but not seen in C2GnT1-expressing cells.7,92

The interaction between selectins and SLex ligands is an important step in the homing of lymphocytes and the

inflammatory process.8 Themucin-type cell surface glycoprotein PSGL-1 carries sulfated, sialylated Lewisx structures

(Table 2), that are high-affinity ligands for P- and E-selectins. Upon transfection with C2GnT1, CHO cells expressing

PSGL-1 are converted into cells that display SLex and bind with high affinity to P-selectin.93,94 Treatment of KM3

leukemia cells with antisense C2GnT1 DNA suppresses selectin ligand expression, as well as tissue infiltration of

these cells in mice.95 Both the expression level of C2GnT1 and the dimerization of PSGL-1 P-selectin ligand were

shown to be important for binding under flow conditions. The bond strength appears to be primarily regulated by

C2GnT1.96

The activity of C2GnT is regulated during differentiation97,98 and upon cytokine stimulation and increases upon

activation of lymphocytes with interleukin-2.99 C2GnT1, but not C2GnT2 or -3, is expressed in B cells and regulates

the expression of SLex.95 A decrease in C2GnTactivity in lymphomonocytes of multiple sclerosis patients was seen in

relapse or in progressive forms of the disease. The activity normalized upon treatment with IFN-b1a which has an

anti-inflammatory effect.100 The pro-inflammatory cytokine tumor necrosis factor (TNF)-a activates C2GnT1 in

bovine synoviocytes101 but decreases the mRNA expression in human umbilical vein endothelial cells.13 The enzyme

is also regulated during apoptosis. A low activity of C2GnT1 was found to be associated with the apoptotic phenotype

of TNFa-treated porcine aortic endothelial cells.102

Mice lacking a functional C2GnT1 gene (Table 6) show markedly reduced leukocyte rolling along the endothelium

and leukocyte recruitment into the peritoneum, as well as lymphocyte migration to peripheral lymph nodes,103,104

emphasizing the importance of C2GnT1 in the inflammatory and lymphocyte homing processes. Gauguet et al.105

showed that mainly the B cell trafficking was affected in C2GnT1(–/–) mice. A combined deficiency of C2GnT1 and

GlcNAc6ST sulfotransferase, as compared to the deficiency in individual enzymes, in mice (see Section 3.03.12)
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caused a greater reduction in lymphocyte homing to peripheral lymph nodes, suggesting that both enzymes contribute

independently to the phenotype.106

C2GnT1 activity is abnormal in many disease states, including the Wiscott–Aldrich immunodeficiency syn-

drome,107 leukemia,108,109 and type 1 and type 2 diabetes,110 especially when retinopathy is present.111 C2GnT1

expression is increased in the majority of colon cancer tissues and has been correlated with the depth of tumor and

vessel invasion.112 In lung adenocarcinoma, C2GnT1 expression is associated with malignant potential and lymph

node metastasis,113 and in prostate cancer with disease progression.114
3.03.5 Synthesis of Core 3

The gene encoding core 3 b3GlcNAcT (C3b3GnT6) (Table 3) has similarity to other b3GnT genes (see Section

3.03.8.3) and has a restricted expression pattern.115 Its mRNA is expressed at high levels in the foveolar epithelium of

the stomach, in colon and small intestine, but at very low levels in other tissues. In spite of high mRNA levels and the

finding that mucins have mostly core 3 structures in the colon,116,117 the activity of C3b3GnT6 is relatively low in

colonic homogenates.77,118 This suggests that in vitro, some of the factors maintaining enzyme activity have been lost.

Like C1GalT, C3b3GnT6 is a member of the CAZy GT 31 family, and both enzymes utilize and compete for

GalNAc-R acceptor substrates in the presence of Mn2þ but do not require peptide in the substrate. However,

C3b3GnT6 does not act on core 6 to form core 4 (Figure 1).115

C3b3GnT6 activity is reduced in colon cancer tissues,118–120 which may explain the prevalence of the Tantigen in

colon cancer.121 The mRNA expression of C3b3GnT6 is reduced in gastric and colon cancer120 and gradually

decreases during the course of familial adenomatous polyposis. This corresponds to the lack of C3b3GnT6 activity

in polyposis cells after progression to tumorigenic cells.122 The activity97,122,123 and mRNA expression120 are unde-

tectable in cancer cell lines although these are actively producing mucins. Fibrosarcoma cells showed significantly

lower migration activity upon C3b3GnT6 transfection, and lung metastases were suppressed. Thus, the absence of the

enzyme in carcinomas may contribute to the metastatic phenotype of the cancer cells.
3.03.6 Synthesis of Core 4

Core 3 structures can be converted to core 4 (Figure 1) by C2GnT2 (M enzyme), which is active in selected mucin-

secreting cell types, such as colonic tissues and many colon-derived cell lines (Table 3).78,118,123 The gene is expressed

at high levels in colon and kidney and at lower levels in small intestine and pancreas.72,74 In cancer cell lines, the levels

of mRNA expression72 as well as the activities are variable.122 C2GnT2 has been highly purified from bovine tracheal

tissue124 and the mechanism was shown to be ordered sequential in which UDP-GlcNAc binds to the enzyme first and

UDP is released last. The C2GnT2 enzyme from rat colon is far less specific toward its acceptor substrate than

C2GnT1 and can act on core 1, core 3, and GlcNAcb1-3Gal-substrates.76,82

The gene encoding another C2GnT2 with the activity of the M enzyme has been cloned from bovine herpesvirus

type 4. The gene is not essential for virus replication and may have been acquired from the African buffalo.125

The C2GnT2 mRNA and activity levels are regulated in oviductal tissues during the estrous cycle in the Golden

hamster.126 C2GnT2 activity and mRNA expression are upregulated in H292 human airway lung cancer cells by

retinoic acid, and T helper cytokines IL-4 and IL-13.127 In contrast, epidermal growth factor (EGF) which can

upregulate MUC5A expression in H292 cells downregulates C2GnT2 activity, shifting core 2 structures on recombi-

nant MUC1 to core 1 structures.128

It appears that there is a switch from C2GnT2 to C2GnT1 in colon cancer.118,129 Similarly, in polyposis cells that

have progressed to tumorigenic cells, the activity of the M enzyme decreased to undetectable levels.122 C2GnT2

expression in colon cancer cells HCT116 suppressed cell growth, cell adhesion, motility, and invasive properties.

C2GnT2 also suppressed tumor growth in vivo in xenografts of nude mice.129 This suggests that C2GnT2 expression

reflects normal mucosal cells, and may serve as a protection against cancer.
3.03.7 Cores 5–8

O-Glycan core 5 appears to be a rare oncofetal structure, occurring in meconium and adenocarcinoma of the colon. The

enzyme activity synthesizing core 5 (Figure 1) UDP-GalNAc:GalNAc-mucin a-1,3-GalNAc-transferase has been found

in detergent extracts of one sample of human intestinal cancerous tissue. The substrate was asialo bovine submaxillary
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mucin and disaccharide product was released by b-elimination and identified as GalNAca1-3GalNAc-OH.130 The

synthesis of core 6, a structure found in selected human glycoproteins, has been reported from human ovarian tissue.

However, the relationship of this activity to other b6GlcNAcT that synthesize branches or linear structures of

O-glycan chains remains to be shown.131 It is possible that core 6 structures of mucins are degradation products of

core 2. There is no report to date on activities that synthesize core 7, found in bovine submaxillary glands, or core 8,

found in human bronchial tissues,6 and no genes potentially encoding these transferases have been identified. Since

some glycosyltransferases have been shown to accept alternative donor substrates in vitro, it cannot be excluded that

the minor O-glycan structures may be products of side reactions of known enzymes.
3.03.8 Extension and Branching Reactions

Two families of b4- and b3-Gal-transferases (GalT) can substitute terminal GlcNAc residues of core structures, and

this can be followed by the addition of GlcNAcb1-3 residues catalyzed by a family of b3-GlcNAc-transferases (GnT).

The combined action of these transferases synthesizes type 1 and type 2 (poly-N-acetyllactosamine structures, i

antigens) of glycoproteins’ glycan chains (Table 2) that form the backbone for the attachment of terminal sugar

structures and epitopes. Additional backbone structures are GlcNAcb1-6Gal-branches (I antigens) synthesized by

members of the b6GlcNAcT family (C2GnT2 and IGnT). Many of the enzymes catalyzing extension reactions may

act on various substrates (N-glycans, O-glycans, and glycolipids). Enzymes that form unusual extensions by GalNAc

residues (linked to GlcNAc) have also been characterized.
3.03.8.1 The b4-Gal-Transferase Family

At least five mammalian b4GalT of the GT 7 family132–136 may be involved in O-glycan biosynthesis (Table 4 and

Figure 3). The b4-Gal-transferases are ubiquitous. Both the activity and mRNA expression of specific members of this

family have been shown to be altered during development, in differentiation, upon cytokine stimulation, and in

several disease states. In adenocarcinomas, and especially in high-grade and advanced human colorectal cancers,
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predominantly type 2 chains are made.118,137,138 This corresponds to a lower expression of specific members of the

b3GalT family.137,139

The specificity of b4GalT is regulated in the mammary gland by binding a-lactalbumin, which favors the synthesis

of lactose.140 b4GalT1 and 2 have been identified as lactose synthases, but in the mouse only b4GalT1 is expressed in

the lactating mammary gland.136 Interestingly, transgenic mice overexpressing b4GalT1 exhibit reduced morphogen-

esis of the mammary gland and reduced lactation.141 b4GalT1,-2,-3, and -4 act on terminal GlcNAc residues of cores

2, 3, and 4. b4GalT1 favors core 4 branches while core 2 is extended primarily by b4GalT4.142

The N-terminal, transmembrane, and stem domains of b4GalT1 have been shown to be important for the proper

anchoring of the enzyme to trans-Golgi membranes.143 The crystal structure of b4GalT1 indicates the presence of a

deep catalytic pocket that binds the donor substrate UDP-Gal, as well as Mn2þ (see Chapter2.07).144 The binding of

UDP-Gal is thought to induce a conformational change in the enzyme by closing a loop that creates the acceptor

binding site.145

The absence of b4GalT1 in mice (Table 6) caused a shift from type 2 to type 1 chains and a lack of Gal and this

was associated with a loss of P-selectin binding. In erythrocytes this primarily affected the O-glycans.146,147

b4GalT1(–/–) mice showed reduced inflammatory responses, including contact hypersensitivity and delayed type

hypersensitivity.148 In another study of b4GalT knockout mice, stunted growth, delayed spermatogenesis, and

pituitary insufficiency were seen, and most mice died at several weeks of age.149 A human condition (Table 7) has

been identified (CDG type IId) in which a mutation in the b4GalTI gene leads to inactive enzyme, associated with

extensive pathology.150
3.03.8.2 The b3-Gal-Transferase Family

At least four mammalian b3GalT of the GT 31 family synthesize type 1 chains of mucins and other glyco-

proteins.140,151–156 The activity is not influenced by a-lactalbumin. Sheares and Carlson157 purified a b3GalT from

pig trachea that acts on the GlcNAc residue of core 3. Four members of the b3GalT family can synthesize

O-glycan extensions (Table 4).140 b3GalT1 is expressed mainly in brain140,153 while b3GalT2 is strongly expressed

in heart.140,153,155 b3GalT3 is found in heart, and at lower levels in brain, skeletal muscle, and pancreas,140

while b3GalT5 is found throughout the gastrointestinal tract. b3GalT5 acts on degalacto-lacto-N-neotetraose,

GlcNAcb1-3Galb1-4Glc,156and may be responsible for the synthesis of Lewisa antigen on mucins. Pancreatic carcino-

ma cells BxPC3 normally secrete glycoproteins with sialyl-Lewisa into the cell medium. Suppression of b3GalT5 by

antisense DNA leads to a switch to type 2 chains and SLex accumulation. GalNAca-benzyl suppresses both antigens,

suggesting that b3GalT5 is involved in synthesizing type 1 chains on O-glycans.151
3.03.8.3 The b3-GlcNAc-Transferase Family

At least five different b3GnT, related to b3GalT and within the CAZy GT 31 family, are potentially involved in the

extension of O-glycan chains158,159 and synthesizes the ubiquitous poly-N-acetyllactosamines, as well as the type 1

chains. All tissues appear to express at least one member of this family (Table 4).

Core structures 1 and 2 can be elongated by a specific b3-GlcNAc-transferase (Table 4 and Figure 3), b3GnT3. The

enzyme activity is present in many mucin-secreting cell types.97,123,160 b3GnT3 adds a GlcNAc to the Gal residue of

core 1 and 2 derivatives in the presence of Mn2þ ions, and also shows low activity toward other Galb1-3 termini found

on mucins.159–161 The peptide moiety of the acceptor substrate can be replaced by a hydrophobic group. b3GnT3 has

been transfected into C2GnT1(–/–) mice, which allowed the synthesis of the MECA-79 epitope, and the HEV-

specific L-selectin ligand 6-sulfo-Lewisx on elongated core 1 O-glycans.161 This demonstrated that not only core 2 but

also elongated core 1 structures can display selectin ligands.

iGnT (b3GnT1), b3GnT2, and b3GnT4 are involved in synthesizing type 2 chains to form the i antigen. Although

b3GnT1,-2, and -4 act on Galb1-4GlcNAcb1-3Galb1-4Glc (LNnT), T1 and T4 do not, and T2 acts poorly on Galb1-3
termini.159 T4 has a restricted and low expression in brain tissues, kidney, colon, and esophagus.

b3GnT7162 is mainly expressed in placenta, colon, and lung in the mouse and may be involved mainly in the

synthesis of keratan sulfate (KS) chains.163 Reduction of b3GnT7 by antisense DNA increased lung cancer cell

motility and invasive properties, suggesting that the enzyme is involved in blocking the invasion of tumor cells.

b3GnT8 is dramatically upregulated in colon cancer.164 The enzyme acts on N-acetyllactosamine termini as well as

O-glycan core 2. The activity toward tetra-antennary N-glycan as the substrate is increased by mixing both T2 and T8

suggesting that the enzymes form a heterocomplex in the Golgi that enhances their actions.165
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3.03.8.4 Branching b6-GlcNAc-Transferases

Members of the b6-GlcNAc-transferases add GlcNAcb1-6Gal branches to poly-N-acetyllactosamine chains which

then form part of the I antigen (Table 2 and Figure 3). Three splicing variants of the same IGnT gene and isoforms of

the enzyme are expressed in a tissue-specific fashion in human and mice.71 These enzymes are related to C2GnT

within the CAZy GT 14 family. IGnTare centrally acting b6-GlcNAc-transferases (cIGnT) that synthesize branches

on internal Galb1-4 residues substituted with a number of sugar structures (Figure 3 and Table 4).166 In contrast,

C2GnT2 has the distally acting branching activity that has been described in colonic and gastric mucosa.160,167 This

enzyme transfers GlcNAc in b1-6 linkage to the subterminal Gal residue of GlcNAcb1-3Galb1-4GlcNAc structures

and therefore has the specificity of distally acting IGnT.

IGnT1 is expressed in many cell types including brain, thymus, small intestine, colon, and placenta.75 IGnT2 is

ubiquitous, while IGnT3 has a more restricted expression and is found at low levels in heart, bone marrow, stomach

and small intestine, and kidney. The mouse IGnTA and B are the orthologs of hIGnT1 and 2.166

The i adult phenotype is associated with congenital cataracts, and found to be associated with a mutation in the

IGnTexon that is common to all three forms of the IGnT gene,168 and mutations in the IGnT3 gene in patients’ blood

cells.75 Knockout mice with a deletion in the common exon (Table 6) demonstrated a loss of IGnT activity and the

I antigen in many tissues, with the exception of the small intestines.168 Bone marrow cells also lost IGnTexpression,

and a low number of peripheral blood lymphocytes as well as renal abnormalities were seen.
3.03.8.5 Synthesis of LacdiNAc Extensions

Some glycoproteins are extended by N,N0-diacetyllactosediamine (LacdiNAc, GalNAcb1-4GlcNAcb-) structures.

Several homologs of b-1,4-GalNAc-transferases exist that are involved in the synthesis of LacdiNAc extensions on

glycoproteins.169 b4GalNAcT3 and -T4 both act on GlcNAcb-Benzyl substrates, as well as on core 2, 3, and 6

derivatives having a terminal GlcNAc residue. Human b4GalNAcT3 is mainly expressed in stomach, colon, and

testes, while T4 is highly expressed in ovarian and fetal tissues and in a number of cancer cell lines.169,170

An unusual b-1,3-GalNAc-transferase (b3GalNAcT2) with sequence similarity to b3GalT and b3GlcNAcT has

been cloned by Hiruma et al.171 The enzyme also acts on GlcNAcb-Benzyl and GlcNAc-terminating N- and O-glycans

with core 2, 3, and 6 structures. The expression is high in heart, skeletal muscle, adipose tissue, ovary and prostate, and

is especially high in the testes. The role of the GalNAcb1-3GlcNAc structure synthesized by this enzyme remains to

be determined.
3.03.9 Sialyltransferases

O-Glycans can be terminated with sialic acid in a2-3-linkage to the Gal residue of cores 1 and 2 (Figure 2), and of

type 1 and 2 extensions (Figure 3). Sialic acid can also be a2-6-linked to GalNAc to form STn, sialyl-Tantigens, and

extended O-glycans. Sialyltransferases have been cloned based on common sequences (sialylmotifs).172,173 Additional

motifs have been identified by a comparison of sialyltransferase subfamilies that are associated with the synthesis of a

specific linkage.174 Mammalian sialyltransferases (Table 5) belong to the CAZy GT 29 family and are ubiquitously

found. Mucins lack the sialyla2-6Gal-linkages, and the a6-sialyltransferases (ST6Gal) acting on the Gal residues of

N-glycans are apparently not involved in the synthesis of mucin-type O-glycans. Sialylation usually stops chain growth

and further branching, since many glycosyltransferases do not recognize sialylated substrates. Some of the exceptions

are the enzymes that synthesize blood group ABO and Cad determinants, as well as a3-Fuc-transferases that can act on

sialylated substrates.
3.03.9.1 a3-Sialyltransferases (ST3Gal)

At least five members of the a3-sialyltransferase (ST3Gal) family (Table 5) may be involved in sialylating the Gal

residues of O-glycans. ST3Gal-I and ST3Gal-IV act on the Gal residue of core 1 substrates linked to hydrophobic

groups such as benzyl or p-nitrophenyl or peptides. ST3Gal-II,-III, and -VI prefer the N-acetyllactosamine extensions

as substrates and are involved in sialyl-Lewisx or sialyl-Lewisa synthesis (Figures 4 and 5).175

The cloning, structures, and chromosomal locations of sialyltransferase genes have been reviewed.172,173
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Figure 4 Synthesis of sulfated and sialylated selectin ligands, and Lewisx and Lewisy antigens. Lewisx and Lewisy antigens

are found at the termini of type 2 chains and are receptors for selectins. Lewisx is synthesized by the action of a3-Fuc-
transferases on N-acetyllactosamine termini (path p). In the synthesis of Lewisy, a2Fuc-transferases FUT1 or FUT2 (path l)
act first, followed by a3-Fuc-transferase (path p). 3-Sulfo-Lewisx is synthesized by Gal3ST (path m), followed by a3-Fuc-
transferase. The sialyl-Lewisx determinant is synthesized by first adding sialic acid in a2-3-linkage to Gal (path q), followed

by a3-Fuc-transferase. Gal-6-O-Sulfotransferase (path r) transfers sulfate to the 6-position of Gal to synthesize 60-sulfo-
sialyl-Lewisx. The 6-O-sulfate group is probably transferred to the terminal GlcNAc residue at an early step (path s), before
the addition of Gal (path h). Subsequently, sialic acid and Fuc are added.
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Fuca1-2 residues, respectively, followed by the action of FUT3.
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Mice lacking the ST3Gal-I gene (Table 6) develop normally but express more unmodified Galb1-3GlcNAc termini

on CD4þ lymphocytes.176 ST3Gal-IV knockout mice develop bleeding disorders, thrombocytopenia, and a reduction

of von Willebrand factor in the serum.177

Inflammatory conditions in human bronchial mucosal tissue explants are associated with increased a3-sialyltrans-
ferase activity toward N-acetyllactosamine, as well as with increased expression of ST3Gal-III and -IV mRNA.178

In rats, turpentine oil-induced inflammation in the liver caused an upregulation of ST3Gal-I and ST3Gal-III

expression.179

In colorectal carcinomas, the expression of sialyl-Lewisa is also increased.180 This corresponds to higher mRNA

levels for ST3Gal-I, particularly when invasion of lymph vessels is present.181 In addition, the expression of ST3Gal-

IV is increased in poorly differentiated colorectal carcinomas.182 An increase in a3-sialyltransferase activity and

ST3Gal-I mRNA has been observed in breast cancer tissues and cells.92,183 The increase in a3-sialylation was

associated with smaller, truncated, and highly sialylated O-glycans that allowed the exposure of MUC1 mucin

epitopes that are normally masked by complex core 2 structures. ST3Gal-I has been localized mainly to the medial-

and trans-Golgi compartments of T47D breast cancer cells and normal mammary cells,88 while C2GnTresides in the

cis- and medial-Golgi in these cells. The partial overlap allows the two enzymes to effectively compete for their

common core 1 substrates. This was shown by transfection studies with ST3Gal-I and C2GnT1 genes that demon-

strated that ST3Gal-I can reduce core 2 formation by increasing sialylation. These two enzymes therefore control

overall O-glycosylation, sialylation, branching, and peptide epitope expression of MUC1 mucin.7

A potent inhibitor of ST3Gal-I, Soyasaponin-I, was found to competitively inhibit the binding of CMP-sialic acid

donor substrate.184 In breast cancer cells MCF-7, the inhibitor stimulated cell adhesion to collagen and Matrigel

matrix and decreased cell migration of highly metastatic breast cancer cells, MDA-MB-231, suggesting a role of

sialyla2-3Gal-linkages in metastasis.
3.03.9.2 a6-Sialyltransferases (ST6GalNAc)

Four a6-sialyltransferases, ST6GalNAc-I,-II,-III, and -IV, act primarily on O-glycans (Table 5).172,173 ST6GalNAc-I

acts on GalNAc-glycoproteins and synthesizes the STn antigen (Figure 2). The enzyme also acts on core 1, as well as

sialyla2-3Galb1-3GalNAca -chains, as long as they are linked to peptide.185 In the mouse, the ST6GalNAc-I gene has

two promoters as well as putative binding sites for transcription factors, and may thus be subject to regulation.

In contrast, ST6GalNAc-II appears to be a housekeeping enzyme.186,187

The occurrence of the tumor-specific antigen STn is associated with an unfavorable prognosis and formation of

metastatic cancer188 and correlates with the progression of intestinal disease to malignancy.189 In breast tumors, the

STn antigen appears to be synthesized by ST6GalNAc-I. Studies in breast cancer T47D cells have shown that

ST6GalNAc-I successfully competes with C1GalT, due to the broad Golgi localization of ST6GalNAc-I.190 The STn

antigen as well as ST6GalNAc-I expression in human breast cancer cells MDA-MB-231 was associated with decreased

cell adhesion and increased cell migration. The STn positive clones exhibited enhanced tumor growth in SCID mice,

thus implicating a role of STn and ST6GalNAc-I in the tumorigenicity of breast cancer cells.191,192

ST6GalNAcT-II acts preferably on core 1 linked to peptide.193,194 The enzyme is expressed mainly in heart, kidney,

and skeletal muscle, and is highly expressed in many breast, hepatic, and colon cancer cell lines.187 The expression of

ST6GalNAc-II was shown to be significantly increased in colorectal cancer, especially when metastases to lymph

nodes were present, and this was correlated with poor survival and invasive potential.181

Human ST6GalNAc-II does not act on GalNAc-ovine submaxillary mucin, and therefore cannot synthesize the

STn antigen. The enzyme is active with bovine submaxillary mucin which carries a mixture of GalNAc, core 3,

GalNAc-, and other O-glycans. This suggests that ST6GalNAc also acts on core 3 peptide. However, it remains to be

shown exactly which sialyltransferases are responsible for sialylation of GalNAc residues of cores 3 and 5 in the colon.

ST6GalNAc-I,-III, and -IV can synthesize the disialylated T antigen found on mucins and other glycoproteins

(Figure 2). Both ST6GalNAc-III and -IV are specific for sialyla2-3Galb1-3GalNAc-structures but do not require

peptide in the substrate; thus, peptide can be replaced by a hydrophobic group. Human ST6GalNAc-III has a

restricted tissue expression, mainly in kidney and brain.195 Human ST6GalNAc-IV has been cloned from HepG2

cells,196 and the highest expression was noted in liver and kidney. The enzyme is expressed in many different cell

lines including BT20, Caco-2, HT29, and HL60 cells but not in breast cancer cells T47D.
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3.03.10 Fucosyltransferases (FUTs)

Mucins are rich in fucosylated ABO blood groups and Lewis determinants, and their occurrence often changes during

growth, differentiation, apoptosis, and in disease. Lewis determinants are involved in cell adhesion, inflammation,

homing of lymphocytes, and the spread of cancer cells. Especially the sialyl-dimeric Lewisx appears to be related to a

poor prognosis in cancer patients.197 Two inverting a2-Fuc-transferases of the CAZy GT 11 family, FUT1 and FUT2,

synthesize the H determinant as well the Lewisy and Lewisb determinants commonly found in mucins (Table 5). a3-
Fuc-transferases FUT3–FUT9 are members of a different family (GT 10) that synthesizes Lewis determinants in a

tissue-specific fashion (Figures 4 and 5).69,198
3.03.10.1 a2-Fuc-Transferases

FUT1, encoded by the H gene in hematopoietic tissues, and FUT2, encoded by the Se secretory gene in epithelial

and mucus-secreting cells, synthesize the H (blood group O) determinant.199,200 Both FUT1 and -2 act on the Gal

residue of N-acetyllactosamines. However, FUT2 prefers the core 1 structure as the substrate and thus is responsible

for the synthesis of the H antigen in mucins. Because of the specificity of Fuc-transferases, the Fuca1-2 residue is

added to the N-acetyllactosamine terminus before an Fuca1-3 or Fuca1-4 residue is added in the synthesis of Lewisb

or Lewisy determinants (Figures 4 and 5). Most people have the H determinant, but in the rare Bombay and para-

Bombay phenotypes (Table 7) the blood group H determinant is absent due to defects in a2-Fuc-transferases.201,202

FUT1 activity is increased in colonic tumors and is associated with tumor progression.203 When FUT1 was

transfected into rat colon carcinoma REGb cells, the cells became more aggressive and tumorigenic in syngeneic

rats, possibly due to increased resistance to apoptosis.204 FUT1 transgenic mice exhibit colitis and lymphopenia along

with aberrant T-cell markers which could be reconstituted with bone marrow transplantation from wild-type mice.205

This shows that FUT1 is critically involved in T-cell development. A deletion of the FUT2 gene in mice (Table 6)

eliminated the Fuca1-2Gal epitope in gastrointestinal mucins but did not induce any pathology.206 In germ-free mice,

oral fecal microbes were shown to induce a high expression of FUT2 specifically in the small intestine, suggesting

host–microbe interactions as the inducing factor.207
3.03.10.2 a3-Fuc-Transferases

Seven genes encoding a3-Fuc-transferases III–VII and IX (FUT3–FUT7, FUT9) synthesize Lewis determinants

(Table 2). These enzymes are ubiquitous in nature, and have been cloned from various species including Drosophila,

C. elegans, and Helicobacter pylori. FUT3 (the Lewis-type enzyme) is unusual in that it has a dual activity and can

synthesize both a1-3- and a1-4-linkages of Fuc to GlcNAc, to form Lewisx and Lewisa, respectively.

FUT3 localizes to the trans-Golgi and trans-Golgi network in baby hamster kidney cells which is consistent with the

enzyme’s role as a chain-terminating transferase.208 Mutant enzyme lacking the cytoplasmic tail localized to earlier

compartments, and this was associated with a reduction in the synthesis of Lewisa determinants. This earlier

localization of the enzyme reflected a disturbance in the assembly line, since the in vitro activity of the truncated

enzyme was normal.

FUT3 and FUT4 are expressed in mucosal and many other tissues, and are likely to be involved in mucin synthesis.

The activity and mRNA expression of FUT3 and FUT4 were shown to be upregulated in bronchial mucosal tissue

cultures treated with TNF-a.178

Both FUT4 and FUT7 are expressed in myeloid cells and are involved in the synthesis of sialyl-and/or sulfo-Lewisx

ligands for selectins.198 FUT3,-4,-5, and -6 prefer internal GlcNAc residues of N-acetyllactosamines as the substrate

and are thus effective in synthesizing the internal Lewisx antigens.209 FUT4 is probably responsible for the synthesis

of dimeric Lewisx.180,210,211 FUT3,-5, and -6 act on both neutral and sialylated substrates212 to synthesize either

neutral chains or SLex. FUT6 appears to be an important regulator of sialylated Lex expression in breast tumors.213

In leukocytes such as neutrophils and in high endothelial venules, FUT7 is responsible for synthesis of the

leukocyte cell surface E-selectin ligands required for the inflammatory response and homing of leukocytes.214 The

specificity of FUT7 is a key in SLex synthesis. FUT7 differs from the other a3-Fuc-transferases in that it only acts on

sialylated but not on neutral substrates.215 FUT7 knockout mice (Table 6) breed normally but are severely deficient in

leukocyte rolling and neutrophil mobilization.216 Leukocytes from these mice do not bind selectins. The significant

decrease in P-selectin ligands in FUT7 knockout mice was associated with a reduction in atherosclerotic lesions.217

This suggests that FUT7 and P-selectin binding also play a critical role in atherosclerosis.



Biosynthesis of Mucin-Type O-Glycans 51
Human FUT9 has an unusual substrate specificity and acts on neutral but not sialylated substrates to synthesize

Lewisx and Lewisy epitopes. FUT9 also has a very different amino acid sequence and is not activated by Mn2þ ions.

It is abundantly expressed in brain and stomach.218 Mice with a deletion of FUT9 develop normally but lack the Lex

antigen in early embryonic cells. Although this epitope is developmentally regulated, it does not appear to be essential

for development.182
3.03.11 Blood Group Transferases

3.03.11.1 Blood Group A and B Transferases

Blood groups O, A, and B, as well as Cad and linear B determinants (Table 2), are common terminal structures found on

O-glycans in mucins. The ABO blood group epitopes as well as the activities of transferases synthesizing these

antigens have been found to be altered in colonic and other tumor tissues and cells.117,219,220 Blood group A and

B determinants are synthesized from the H antigen by A-dependent a3-GalNAc-transferase and B-dependent a3-Gal-

transferase, respectively, which differ in their sequences by only four amino acids (Table 5). These transferases are

retaining transferases of the CAZy GT 6 family. They act on the same acceptor substrates but differ in their binding to

nucleotide sugar donors which is determined by only one amino acid.219 The crystal structures of the retaining A and

B transferases, together with UDP and the Fuca1-2Gal acceptor,221 indicate that both enzymes have a two-domain

structure separated by the active site. An Mn2þ ion is coordinated with the basic groups of the DxD motif. Not more

than two amino acids are expected to be in contact with GalNAc or Gal of the nucleotide sugar, thus controlling the

A or B transferase specificity.
3.03.11.2 a3-Gal-Transferase that Synthesizes the Linear B Determinant

Mammals with the exception of humans and Old World monkeys can synthesize the linear B-determinant that is

involved in xenograft rejection (Table 2). The a3-Gal-transferase responsible for linear B synthesis is related to AB

transferases and is also a member of the GT 6 family, but is not expressed in humans.222,223 Transgenic mice

overexpressing the enzyme appear to develop normally224 and knockout mice lacking the a3-Gal-transferase gene

show no pathology (Table 6).225 The crystal structure of linear B a3-Gal-transferase226,227 shows binding of UDP-Gal

and Mn2þ in the catalytic site. His280 is crucial in determining the UDP-Gal binding specificity228 while Gln247 is

important for the catalysis.
3.03.11.3 Cad b4-GalNAc-Transferase

The blood group Cad or Sda determinants found on O- and N-glycans (Table 2) are synthesized by a family of b4-
GalNAc-transferases that act on sialyla2-3Gal termini. In certain individuals, the enzyme is found in the urine.229 The

enzyme is also secreted from human colon cancer Caco-2 cells.230 The b4-GalNAc-transferase activity is regulated

during differentiation of cells, during development, and is often drastically reduced in cancer tissues. Several

transcripts of the Cad b4GalNAc-transferase (b4GalNAcT2) gene are expressed in Caco-2 cells and in colonic mucosa,

as well as in kidney, stomach, intestine, and lymphocytes.231,232
3.03.12 Sulfotransferases

Mucins from bronchial, intestinal, and other tissues can be sulfated, and the degree of sulfation is altered in

cystic fibrosis, cancer, and ulcerative colitis.233,234 Sulfated O-glycans are binding sites for selectins as well as for

bacteria.8,235 Sulfate is transferred to O-glycans from PAPS by sulfotransferases that are specific for their acceptor

substrates.4,233 Sulfate esters can block further branching and extension of O-glycan chains. For example, sulfation of

the Gal residue of core 1 blocks the synthesis of core 2.236 However, 6-sulfation of GlcNAc allows extension by

b4GalT, and further addition of sialic acid and Fuc (Figure 4).

Two families of sulfotransferases are involved in sulfation of O-glycans, either of the 3-hydroxyl of Gal (Gal3ST), or of

the 6-hydroxyl of GlcNAc (GlcNAc6ST) (Table 5).233 In addition, a Gal-6-sulfotransferase is involved in the synthesis

of KS chains and selectin ligands that may be attached to O-glycans.237 These mammalian sulfotransferases have a

type II membrane protein domain structure, and GlcNAc6ST and Gal3ST transferases have been localized to late
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compartments in the Golgi and trans-Golgi network inMadin–Darby canine kidney cells.238 Sulfotransferase activities

are regulated in a cell type-specific manner and during inflammatory stimulation or in pathological conditions. For

example, during the progression of polyposis cells to tumorigenic cells, both the sulfotransferase activities toward

Galb1-3GalNAc and GlcNAc-terminated substrates are decreased, correlating with a loss of mucin sulfation.122

3.03.12.1 Sulfotransferases Acting on GlcNAc

GlcNAc6ST-1 is expressed in many tissues including HEV, and is involved in the synthesis of the sulfo-SLex

determinant (Table 2) on core 2 O-glycans.239,240 GlcNAc6ST-2 is also expressed in HEV as well as in mucinous

adenocarcinoma, with a low expression level in normal and nonmucinous adenocarcinoma.241,242 The enzyme can

synthesize the selectin ligand sulfo-sialyl-Lewisx and acts on O-glycan cores 2 and 3 (Figure 4).243–245 Deletion of the

genes encoding GlcNAc6ST-1 and GlcNAc6ST-2 in mice (Table 6) causes a deficiency in the 6-sulfo-Lewisx

determinant in HEV, and reduced lymphocyte homing and adhesion to HEV.246

A human intestinal IGlcNAc6ST-3 can act on terminal GlcNAc residues ofN-acetyllactosamine chains, core 2, but not

on core 3 or KS.247 IGlcNAc6ST-3 is expressed at higher levels in normal mucosa compared to adenocarcinoma, andmay

be one of the enzymes synthesizing intestinal sulfomucins. A human C-GlcNAc6ST-4, closely related to GlcNAc6ST-3,

is expressed in human brain and in corneal tissue where it synthesizes corneal KS.248,249 The hereditary human

condition macular corneal dystrophy type I and II248 is associated with a bilateral loss of vision (Table 7). Patients

with type I only were shown to lack sulfated KS in the serum, but a deficiency and mutations in corneal GlcNAc6STare

present in both types I and II. GlcNAc6ST-4 mRNA is expressed in heart, spleen, and ovary, while in the mouse strong

expression was detected in the kidney. The enzyme acts on GlcNAcb-termini, including core 2 as a substrate.250 Another

sulfotransferase, GlcNAc6ST-5,251 is involved in KS synthesis and also uses GlcNAcb-Benzyl as a substrate.
3.03.12.2 Sulfotransferases Acting on Gal

Three members of the Gal3ST family are involved in O-glycan sulfation (Table 5). Gal3ST-2 is expressed in lung; the

enzyme acts on type 1 and 2 chains as well as core 1252 and synthesizes 3-SO4-Galb1-3(Fuca1-4)GlcNAc-. Another

Gal3ST-2, cloned from human fetal brain, acts preferably on type 2 chains, and together with FUT3 has been shown to

be involved in the synthesis of 30-sulfo-Lex (Figure 4).253 Gal3ST-3 is expressed in brain, thyroid gland, and kidney

and prefers N-acetyllactosamine chains and core 2, and can act on Galb1-4(6-SO4-)GlcNAc-but not on core 1.254

Gal3ST-4 prefers cores 1 and 2 (Figure 2) but also acts on type 1 and 2 chains.255 The secretion of sulfomucins relative

to sialomucins is decreased in colonic tumors118,234 Concomitantly, Gal3ST-2 and Gal3ST-4 expression241,242 is

decreased in colon cancer. A Gal6ST in brain and cornea that adds a sulfate ester to the 6-position of Gal256 is involved

in the synthesis of KS, as well as sulfated selectin ligands (Figure 4). Thus, a multitude of sulfotransferases are

involved in mucin synthesis, and the regulation of their activities has a significant impact on the structures and

biological functions of mucins as well as cell surface-bound glycoproteins.
3.03.13 Conclusions

The complex regulation of O-glycan synthesis involves factors controlling the gene expression of glycosyltransferases

and sulfotransferases as well as their glycoprotein substrates, and factors controlling enzyme activities. A less well-

understood area of glycoprotein biosynthesis concerns the assembly line, that is, the localization and transport of

enzymes and substrates within the compartments of the Golgi, and the protein associations and complexes that these

enzymes utilize to control their activities and stabilities. The Golgi organization and reorganization during cell

differentiation, activation and apoptosis, as well as in development and disease requires further investigations.

Since O-glycans are involved in cell adhesion and in critical aspects of the immune system, as well as in cancer,

metastasis, and other diseases, the design of specific antiglycosyltransferase or antisulfotransferase strategies can

represent important new therapeutic approaches. The focus of future research should also be on additional studies of

enzyme protein structures and their relationship to substrate specificity and catalytic mechanism.
Glossary

mucins Highly O-glycosylated large glycoproteins.

O-glycans Carbohydrate chains O-linked to mucin backbones.

polypeptide GalNAc-transferase Glycosyltransferase that transfers GalNAc to peptide.
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Gal-transferases Enzymes that transfer Gal to sugar chains.

GlcNAc-transferases Enzymes that transfer GlcNAc to sugar chains.

GalNAc-transferases Enzymes that transfer GlcNAc to sugar chains.

blood groups Antigenic carbohydrates on blood cells.

biosynthetic pathways Sequential assembly of complex carbohydrates.

cancer Abnormal cell proliferation resulting in tumors.

inflammation Response by the immune system to stimuli leading to accumulation of white blood cells.
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3.04.1 Introduction

There are numerous plant glycoconjugates with a wide variety of functions. It is therefore extremely difficult to cover

a broad range of topics associated with plant glycoconjugates such as glycoproteins, glycolipids, cell-wall polysaccha-

rides, and various glycosides conjugated with small organic compounds in this chapter alone. Consequently, here

mainly the structural features, biosynthesis, degradation, and putative bioactivities of oligosaccharides associated with

plant glycoproteins are presented.

Similarly to animal proteins, a large number of plant proteins are co-translationally or post-translationally modified

in diverse ways. Among such modifications, glycosylation is a major modification of proteins in plant cells. As

described in Chapter 1.02, the structural features, biosynthesis, degradation, and physiological activities of oligosac-

charides linked to animal proteins have been exclusively elucidated in the past three decades. In contrast, studies of

the structures, biosynthesis, and functions of plant oligosaccharides have lagged behind, but recent active research

on plant glycobiology has brought about rapid developments for the elucidation of structural and functional features

of plant oligosaccharides. It has been clarified that oligosaccharides of plant glycoproteins have unique plant-

specific structures, suggesting that the glycosylation machinery in plant cells is slightly different from that in animal

cells.1–4 Furthermore, the fact that plant-specific oligosaccharides possess generally strong immunogenicity against

mammals has been focused on in relation to food allergy or pollinosis, because many plant allergens are glycosylated

and carry antigenic oligosaccharides.5–10 In this chapter, the focus is on the plant-specific glycosylation/deglycosyla-

tion and biofunctions of plant oligosaccharides.
3.04.2 Structural Categories of Plant Glycoproteins: O-Glycans and N-Glycans

As in other eukaryotic organisms, two types of protein glycosylation occur in plant cells: O-glycosylation and

N-glycosylation. For O-glycosylation, D-galactose (Gal), L-arabinose (Ara), or N-acetyl-D-galactosamine (GalNAc)
61
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residues are attached by O-glycosidic linkage to serine (Ser), threonine (Thr), or hydroxyproline (Hyp) residues

in plant polypeptide chains, and the oligosaccharide moiety is referred to as O-glycan. Plant extracellular

matrix (ECM) proteins, such as arabinogalactan proteins (AGPs) or extensin, are typical glycoproteins carrying

O-glycans.2,11,12Arabinogalactans consisting of Gal and Ara residues are linked by b-galactosidic linkage toHyp in AGPs,

and oligoarabinosyl chains are linked by b-arabinosidic linkage to Ser or Hyp in extensins. Because a mammalian mucin-

type O-glycan, Galb1-3GalNAc (core 1 structure), is linked to glutelin (a rice storage glycoprotein),13 it appears that the

mammalian-type O-glycosylation machinery also works in plant cells. However, it is still obscure whether other

mammalian-type O-glycans such as core 2–8 structures exist. Furthermore, very few genes involved in plant

O-glycosylation have been identified, although some genes homologous to those encoding b-1,3-glycosyltransferase or

other glycosyltransferases have been found in the gene database of Arabidopsis thaliana.4

For N-glycosylation, oligosaccharides with an N-acetyl-D-glucosamine (GlcNAc) residue at their reducing end are

b-linked to asparagine (Asn) residues in polypeptide chains, and the oligosaccharide moiety is referred to as N-glycan.

Similarly to N-glycans of other eukaryotic glycoproteins, plant N-glycans also contain the pentasaccharide unit

Mana1-3(Mana1-6)Manb1-4GlcNAcb1-4GlcNAc as a common core unit, which is generally called the trimannosyl

core. Depending on the location of additional sugar residues transferred to the trimannosyl core, plant N-glycans are

further classified into three subgroups: high-mannose type, hybrid type, and complex type (Figure 1). Plant-specific

N-glycans, which have not been found in animal glycoproteins, are of the complex type. Plant complex-type

N-glycans have a characteristic core structure with xylose (Xyl) (b1-2)-linked to b-mannose (Man) and fucose (Fuc)

(a1-3)-linked to GlcNAc at its reducing end. In animal N-glycans, Fuc is (a1-6)-linked to GlcNAc at its reducing end.

In insect N-glycans,14 although two Fuc residues are often linked to the proximal GlcNAc by (a1-3) and (a1-6)
linkages, no Xyl linked to b-Man has been found. In mollusk N-glycans,15 no Fuca1-3 residue has been found,

although Xyl is (b1-2)-linked to b-Man in the trimannosyl core. Consequently, it is reasonable to assume that the

combination of Fuca1-3 and Xylb1-2 residues in the trimannosyl core is a specific structural feature of plant N-glycans.

The most abundant complex-type N-glycan of storage glycoproteins in seeds or vacuole-accumulated glycoproteins is

Mana1-3(Mana1-6) (Xylb1-2)Manb1-4GlcNAcb1-4(Fuca1-3)GlcNAc, which is sometimes described as a truncated-

type, paucimannose-type, or vacuolar-type structure. Secreted plant glycoproteins sometimes carry large complex-

type N-glycans containing additional GlcNAc, Fuc, galactose (Gal) units. These complex-type plant N-glycans

contain Fuca1-4 and Galb1-3 residues linked to the nonreducing terminal GlcNAc unit.16 The resulting structural

unit Galb1-3(Fuca1-4)GlcNAc is called a Lewis (Lea) epitope and usually found in cell-surface glycoconjugates in

mammals. Plant N-glycans harboring the Lea epitope, which are sometimes referred to as secreted-type structures,

have been found in many foodstuffs or pollen allergens,17–20 although their physiological function in plants remains to

be elucidated.

Concerning the differences in structural features between plant and animal N-glycans, bisecting GlcNAc (b1-4)-
linked to b-Man in the trimannosyl core and sialic acid have not been found in plant N-glycans. It is noteworthy,
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however, that sialylated endogenous glycoconjugates have recently been found in plant cells,21 and that putative gene

homologs for mammalian sialyltransferases and CMP-sialic acid transporters have been detected in the genomes

databases of A. thaliana and Oryza sativa (Japanese rice).21–23

Furthermore, it has been confirmed recently that recombinant products of putative sialyltransferase genes could

transfer sialic acid to Gal of Galb1-4GlcNAc but not of Galb1-3GlcNAc through an (a2-6) linkage.24 Because Galb1-
4GlcNAc units are not found in plant N-glycans, plant sialyltransferase may not be involved in the N-glycan

modification; however, endogenous substrates for plant sialyltransferase remain to be identified.
3.04.3 Overview of Biosynthesis and Processing of Plant N-Glycans

N-Glycosylation in plants occurs similarly to that in animal cells.1,2 Prior to protein N-glycosylation, a lipid (dolichol)-

linked oligosaccharide intermediate, Glc3Man9GlcNAc2 dolichylpyrophosphate, is formed and anchored in the lipid

bilayer of the endoplasmic reticulum (ER). The N-glycosylation of plant proteins is initiated in the ER by the en bloc

transfer of the precursor Glc3Man9GlcNAc2 oligosaccharide fromdolichylpyrophosphate to a specific asparagine (Asn) of

the common consensus triplet Asn-Xaa-Ser/Thr/Cys, where Xaa is any amino acid other than proline and aspartic acid, in

the nascent polypeptide. Such oligosaccharide modification is catalyzed by the oligosaccharyltransferase (OST). The

glucose-containing high-mannose-type oligosaccharide, transferred to nascent polypeptide chains, is processed by some

glycosidases and glycosyltransferases in the ER or Golgi apparatus to complex-type structures. The processing mecha-

nism working in plant cells is slightly different from that in animal cells, and results in the formation of plant-specific

complex-type structures (Figure 2). The following is an outline of the processing mechanism for the plant N-glycans.

In the ER, three glucose (Glc) residues and one Man residue are trimmed from the precursor Glc3Man9GlcNAc2 by

a-1,2- and a-1,3-glucosidases, and a-1,2-mannosidase. After the transport of trimmed glycoproteins from the ER to the

cis-Golgi compartments, the Man8GlcNAc2 oligosaccharide on these proteins can be further modified in the

Golgi apparatus into plant complex-type N-glycans. In the cis-Golgi compartments, the Man5GlcNAc2 (Man5)

structure Mana1-3(Mana1-6)Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4GlcNAc is formed by the removal of three

Mana1-2 residues by Golgi a-1,2-mannosidase (a-Man I). In themedial-Golgi, the resultingMan5 structure is modified
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by b-N-acetylglucosaminyltransferase I (GnT-1) to yield the GlcNAc1Man5GlcNAc2 structure (GN1M5) GlcNAcb1-
2Mana1-3[Mana1-3(Mana1-6)Mana1-6]Manb1-4GlcNAcb1-4GlcNAc. Two additional Man residues are then trimmed

from GN1M5 by another Golgi a-mannosidase (a-Man II) and a second GlcNAc residue is transferred by b-N-acetyl-
glucosaminyltransferase II (GnT-II) to the Mana1-6 arm. As described above, the structural feature of plant N-glycans

is the occurrence of (b1-2)-linked Xyl and (a1-3)-linked Fuc; therefore, in N-glycan processing in plant cells, it is

interesting to determine which intermediate oligosaccharides are endogenous substrates for b-1,2-xylosyl- and a-1,3-
fucosyltransferases. Recently, the genes encoding b-1,2-xylosyltransferase and a-1,3-fucosyltransferase involved in the

N-glycan processing have been identified, and the substrate specificities of these glycosyltransferases have also been

analyzed.25–27

Both native (soybean) and recombinant plant b-1,2-xylosyltransferases could transfer Xyl efficiently to GlcNAc2-

Man3GlcNAc2 and GlcNAc2Man3Fuc1GlcNAc2, indicating that the occurrence of a Fuca1-3 residue has little

influence on b-1,2-xylosyltransferase. On the other hand, recombinant mungbean a-1,3-fucosyltransferase could

transfer Fuc efficiently to GlcNAc2Man3GlcNAc2- and GlcNAc1Man5GlcNAc2-peptides but not to an N-acetyllacto-

samine unit. Although the sequences of xylosylation and fucosylation have not been fully understood yet, note that

plant N-glycans with only Xylb1-2 or Fuca1-3 residues have been found in plant glycoproteins. Furthermore, it was

clarified that the absence of Xyl has little influence on plant a-1,3-fucosyltransferase, and the absence of Fuc has little

influence on plant b-1,3-xylosyltransferase.25–29 Thus, it appears that (a1-3)-fucosylation and (b1-2)-xylosylation
occur independently in the trans-Golgi compartments. After the formation of the GlcNAc2Man3Xyl1Fuc1GlcNAc2

structure, a-Fuc and b-Gal are transferred to O4 and O3, respectively, of nonreducing terminal GlcNAc, to

yield the Lea-containing complex-type structures. Lea-containing complex-type N-glycans have been found

in secreted or extracellular glycoproteins but not in vacuole-type glycoproteins (Figure 3). Vacuolar hydro-

lases are also N-glycosylated and generally have the truncated-type N-glycan Man3~1Xyl1Fuc1GlcNAc2 as the

complex-type structure. As described above, the xylosylation and fucosylation of the trimannosyl core require

terminal GlcNAc; therefore, it is reasonable to assume that truncated-type N-glycans may be formed from the

GlcNAc2Man3Xyl1Fuc1GlcNAc2 or Le
a-containing complex-type structures by a vacuolar b-N-acetylhexosaminidase

after arrival into the vacuole. However, the biological significance of this conversion in the vacuole is still obscure.
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In animal cells, almost all lysosomal hydrolases are glycosylated with phosphorylated high-mannose-type N-glycans

in the Golgi compartments, and such phosphorylation serves as a targeting marker of the lysosomal transport of such

glycoproteinaceous hydrolases. However, such phosphorylation of plant N-glycans has not been observed; hence, it is

not known exactly whether the N-glycan moiety serves as a targeting marker for vacuolar transport.
3.04.4 Free N-Glycans Occurring in Plant Cells and Deglycosylation Mechanism

3.04.4.1 Structural Features of Free N-glycans in Plant Cells

The precursor Glc3Man9GlcNAc2 oligosaccharide transferred to a specific Asn residue on nascent proteins is modified

by two ER a-glucosidases to the Glc1Man9GlcNAc2 structure, which plays a critical role in facilitating the correct

folding of proteins. The resulting glycoproteins with the Glc1Man9GlcNAc2 structure undergo molecular inspection

known as protein quality control. In the ER, two lectin-like molecular chaperons, calnexin (CNX) and calreticulin

(CRT), are involved in the glycoprotein folding by binding the (a1-3)-linked Glc residue of the Glc1Man9GlcNAc2

structure on target proteins. The CNX/CRT cycle, which involves UDP-Glc:glycoprotein glucosyltransferase,

a-glucosidase, and ERp57 (a protein disulfide isomerase) in addition to lectin-like chaperons, ensures that proteins

are correctly folded before they move from the ER to the Golgi compartments.30,31 If, however, the proteins are

not correctly folded despite passage through the CNX/CRT cycle, such misfolded/misassociated proteins are retro

transported from the ER into the cytosol for degradation by proteasomes. Such disposal of misfolded/misassociated

proteins is known as ER-associated degradation (ERAD).30,31 It has been proposed that ER a-glucosidase
and a-mannosidase convert the Glc1Man9GlcNAc2 structure in misfolded glycoproteins to the Man8GlcNAc2

structure, which is recognized by an ERAD-related protein, ER degradation enhancing a-mannosidase-like protein

(EDEM).30,33,34 In animal cells, after the retro transport of misfolded glycoproteins having the Man8GlcNAc2

oligosaccharide into the cytosol, it has been believed that N-glycans are released by cytosolic peptide:N-glycanase

(PNGase) prior to the degradation of proteins by proteasomes.29,33–35 The released N-glycans are then modified by

cytosolic endo-b-N-acetylglucosaminidase (ENGase) and degraded by cytosolic a-mannosidase. It has been suggested

that the modified free oligosaccharides (Man5GlcNAc1 species) are finally transported to the lysosome, where they are

further degraded to the building blocks (monosaccharides).

On the other hand, although the deglycosylation scheme associated with the ERAD system of plant cells has not

been illustrated in detail, it has been reported that two types of free N-glycans, that is, high-mannose-type and plant

complex-type oligosaccharides, occur in developing or growing plants even in seedlings, developing seeds or fruits, and

culture cells (Figure 4). 36–44 As described above, although cytosolic PNGase plays a pivotal role in the deglycosyla-

tion of misfolded glycoproteins in animal cells, plant PNGases characterized to date have an optimum pH in the acidic

region and show strong activity toward glycopeptides but weak activity toward denatured glycoproteins, suggesting

that plant PNGases work in acidic environments such as the vacuole or cell walls.45–53 It is unclear whether cytosolic

PNGase is involved in deglycosylation in the ERAD system, because such enzyme has not been identified. The

orthologues of animal cytosolic PNGases have been found in plants by an in silico analysis of Arabidopsis gene database,

but the proteins encoded by the putative PNGase gene exhibited transglutaminase activity.54,55 It remains to be

determined whether the protein can serve as a dual functional enzyme with both transglutaminase and PNGase

activities. In contrast, it seems to be reasonable to assume that plant ENGase is involved in the formation of high-

mannose-type free N-glycans, because almost all high-mannose-type free N-glycans in plant cells has the GN1 type

structure, which is composed of several mannose residues (from 4 to 9 residues) and one GlcNAc residue at its

reducing end. A structural analysis of free N-glycans occurring in rice culture cells and culture broth provided new

insights into the deglycosylation mechanism working in plant cells.56,57 From the soluble fraction (mixture of cytosolic

and vacuolar fractions) of the culture cells, only high-mannose-type free N-glycans with one GlcNAc residue (GN1

species) and truncated plant complex-type free glycans with the N,N0-diacetylchitobiose unit (GN2 species) have

been found, suggesting that the former must be formed by ENGase and the latter by PNGase.57 Because truncated

complex-type N-glycans are produced from longer complex-type N-glycans on vacuolar-targeting glycoproteins

by some glycosidases in the vacuole,2,3 it is reasonable to assume that truncated complex-type free N-glycans

must be produced by vacuolar PNGase. On the other hand, from the culture broth, two types of high-mannose-

type free N-glycan (GN1 and GN2 species) and two types of longer complex-type free glycans (GN1 and GN2

species) have been identified, suggesting the successive action of extracellular PNGase and ENGase.57 The existence

of GN2-type free N-glycans (both high-mannose-type and longer complex-type structures) in the culture broth

suggests that a secreted-type PNGase53 is involved in the release of N-glycans in the extracellular space. Note
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seeds,41 soybean, and pumpkin seedlings;42,44 and b, the free N-glycans found in the culture broth of rice cells.56,57
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that longer complex-type free N-glycans (including the Lea epitope-harboring type) with one GlcNAc (GN1

species) instead of the N,N0-diacetylchitobiosyl unit were found in the culture broth. As described below, because

the cytosolic ENGase cannot hydrolyze plant complex-type N-glycans (with Xylb1-2 and/or Fuca1-3 residues),

another ENGase different from cytosolic ENGase may be responsible for the production of such complex-type

GN1-oligosaccharides in the extracellular space. From the structural features of free N-glycans occurring in rice

culture cells and culture broth, it is possible to assume that there are four deglycosylation enzymes required for

the turnover of glycoproteins in plant cells: cytosolic ENGase responsible for the production of high-mannose-

type GN1-oligosaccharides, vacuolar PNGase responsible for the production of truncated complex-type GN2-

oligosaccharides, and secreted-type ENGase and PNGase responsible for the production of GN1-oligosaccharides

and GN2-oligosaccharides, respectively, in the extracellular space.
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3.04.4.2 Plant endo-b-N-Acetylglucosaminidase Involved in Production
of High-Mannose-Type Free N-Glycans

Among deglycosylation enzymes in plants, a functional analysis and a gene identification of cytosolic ENGase

involved in the deglycosylation of misfolded glycoproteins have been nearly completed. Cytosolic ENGases in plants

have an optimum activity at approximately pH 6.5 and a molecular weight of �70kDa, and are highly active toward

high-mannose-type N-glycans carrying the Mana1-2Mana1-3Manb1 unit, suggesting the occurrence of a common

subsite for the trimannosyl unit.43,44,56–60 Rice ENGase is the first plant endoglycosidase that has been cloned on

the basis of its internal amino acid sequences,56,57 although it has been reported that A. thaliana have two orthologs of

human or worm endoglycosidase through database survey. 61,62 A comparison of the amino acid sequences of plant

(rice, tomato, and A. thaliana) ENGases and a phylogenic tree of eukaryotic ENGases are shown in Figures 5 and 6,

respectively. As shown in Figure 5, a highly homology between the deduced amino acid sequences of three plant

ENGases is observed in the N-terminal halves including the putative active center; however, the C-terminal halves

are relatively heterogenous to each other, suggesting that the N-terminal domain is essential for the hydrolytic reaction

of N-glycans. Plant ENGase genes form a plant-specific cluster and seem to be slightly separated from other

eukaryotic endoglycosidases. Concerning the subcellular localization of plant ENGase, the enzyme’s activity was

exclusively recovered in the soluble fraction (cytosolic and vacuolar fractions) but not in the ER or Golgi fractions,

suggesting the enzyme’s distribution in the cytoplasm.44 As shown in Figure 7, results of an indirect fluorescent

antibody technique show that rice ENGase is mainly expressed in the growing tissues of rice seedlings, and resides in

the cytosol but not in the vacuole or cell walls.57 From these results, it appears most likely that plant cytosolic ENGase

is involved in the deglycosylation of misfolded glycoproteins of the ERAD system. In fact, more than 90% glycopro-

teins expressed in rice culture cells have plant complex-type (both longer-type and truncated-type) N-glycans and

remaining rest glycoproteins have high-mannose-type N-glycans,63 which can be an endogenous substrate for the

ENGase. This seems to support the involvement of cytosolic ENGase in the deglycosylation of misfolded glycopro-

teins produced in a protein quality control system but not in the turnover of matured glycoproteins.

Recently, a new plant-specific endoglycosidase, endo-b-mannosidase, involved in the deglycosylation of plant

glycoproteins has been isolated.64 This newly found endoglycosidase could hydrolyze the Manb1-4GlcNAc glycosidic

linkage in the trimannosyl core structure, leaving the N,N0-diacetylchitobiosyl unit attached to polypeptides. This
Figure 5 Comparison of amino acid sequences of plant endo-b-N-acetylglucosaminidases: endo-AT1 and -AT2,

A. thaliana putative endoglycosidases; endo-LE, Lycopersicum esculentum (tomato) putative endoglycosidases; endo-

OS, O. sativa cloned endoglycosidase. Some internal amino acid sequences of endo-OS were determined with tryptic
peptides of a purified native enzyme. 56,57 The gray box shows the putative active center.
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Figure 6 Neighbor-joining phylogenic tree of amino acid sequences of endo-b-N-acetylglucosaminidases. Amino acid

sequences of A. thaliana (AB010692 and AC009991) and Lycopersicum esculentum (BT013932) were used as putative

endoglycosidase sequences. O. sativa (AK112067), Homo sapiens (AF512564), C. elegans (AB079783), D. melanogaster
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Streptococcus pneumoniae (1EDT), and Arthrobacter protophormiae (U59168).
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endo-b-mannosidase seems to be not involved in the ERAD, since it has its optimum pH in the acidic region and

shows mainly hydrolytic activity toward the Man2GlcNAc2-Asn glycopeptide but not toward Man5GlcNAc2-Asn or

Man9GlcNAc2-Asn glycopeptides. The gene encoding endo-b-mannosidase has already been identified, and the

ubiquitous distribution of the enzyme in plants has also been confirmed, although the enzyme’s specific biological

significance remains to be elucidated.64
3.04.5 Immunogenic Oligosaccharides of Plant Glycoproteins

Plant complex-type N-glycans containing Fuca1-3 and/or Xylb1-2 residues have strong antigenicity against mam-

mals.2–10 Rabbits immunized with a plant glycoprotein carrying complex-type N-glycans produce anti-

oligosaccharide antibodies. The IgGs typically generated can cross-react with other plant glycoproteins that share

the same structural unit Xylb1-2Manb1-4GlcNAcb1-4(Fuca1-3)GlcNAc, indicating that (a1-3)-linked Fuc and

(b1-2)-linked Xyl units account for immunogenicity. There are many allergens in plant foodstuff or pollens that

cause allergy referred to as type I immediate hypersensitivity,8,10 and many of them carry immunogenic plant

N-glycans (Figure 8). The cross-linking of cell-surface IgE on mast cells or basophils by multivalent antigens causes

the release of histamine, leukotriene, and other mediators that leads to the development of type I allergy. Conse-

quently, it has been proposed that antigenic N-glycans of plant allergens may react with IgE. Indeed, there are some

studies indicating that antigenic plant N-glycans themselves can be a direct epitope against IgEs, and play a critical

role in symptoms of allergy.6,7,9,10 However, on the other hand, there are other studies suggesting that certain

conformations formed with N-glycan and peptide moieties are necessary for IgE binding and that N-glycans

themselves have no clinical relevance to allergy.8,10,65 At this moment, it seems that the association between the

intake of the plant N-glycans and type I allergy is still a controversial issue.

Recently, it has been reported that the antigenic plant N-glycan Man3Xyl1Fuc1GlcNAc2 could significantly

suppress Th2 proliferation and IL4 production, when the Japanese cedar pollen allergen (Cry j 1)-specific Th2 cells

prepared from allergic individuals were incubated with both the allergen and N-glycans.65 This observation suggests

that antigenic plant N-glycans are useful as a pollinosis remedy.

Plant cells are one of the promising systems for the production of biopharmaceutical glycoproteins because of ease

in genetic manipulation, lack of potential contamination with human pathogens, and low-cost biomass production.
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Figure 8 Structures of major N-glycans linked to pollen allergens. Cup a 1, Arizona cypress (Cupressus arizonica)

pollen allergen (18); Jun a 1, mountain cedar (Juniperus ashei ) pollen allergen (19); Cry j 1, Japanese cedar (Cryptomeria

japonica) (20).
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Figure 7 Immunohistochemical analysis of endo-OS in rice shoot. I, Rice shoot 10 days after germination. A box region

was used to make the section. II, a, The section was incubated with normal rat serum then treated with FITC-labeled
antibodies against anti-rat IgG. b, The section was incubated with rat serum containing anti-endo-OS antibodies then

treated with FITC-labeled antibodies against anti-rat IgG. c, Nuclear staining with DAPI. Note that the cuticles reflect light

(a and b) and the fluorescence is not caused by FITC.
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However, the presence of antigenic N-glycans and the absence of (b1-4)-galactosylated/sialylated N-glycans in

vegetal proteins make plant biopharmaceuticals less desirable. For the stable expression of mammal complex-type

N-glycans on biopharmaceutical glycoproteins produced by plant cells, projects for generating transgenic plants with

active human glycosyltransferase genes are under way. To date, transgenic tobacco culture cells that could stably

express Galb1-4-containing type N-glycans on extracellular glycoproteins have been constructed.66,67 Although the

sialylation of Galb1-4-containing type N-glycans in vitro using exogenous sialyltransferase has also been successful,

the construction of transgenic plants with active genes encoding many proteins involved in sialylation including

a-sialyltransferase has not yet been completed. As described earlier, however, plant cells can produce sialylated

glycoconjugates and carry some putative sialyltransferase genes,21–23 and recombinant products of putative sialyl-

transferase genes could transfer sialic acid to Gal of the Galb1-4GlcNAc unit through an (a2-6) linkage.24 Therefore, it

seems possible to produce human-type sialylated N-glycoproteins using transgenic plants carrying an active human

b-1,4-galactosyltransferase gene, when putative sialyltransferase genes are activated and a-1,3-fucosyl- and b-1,2-
xylosyltransferase genes are suppressed in the same cells.
3.04.6 Plant Oligosaccharides as Signaling Molecules

3.04.6.1 Plant Oligosaccharides as Elicitors

When plants are invaded by pathogens (fungi or bacteria), they initiate a self-defense system, activating a number of

genes that lead to the cross-linking of cell-wall polymers, and the production of hydroxyproline-rich glycoproteins,

phytoallexins, and hydrolytic enzymes that degrade the cell-wall polysaccharides of the pathogens. Oligosaccharides

produced by b-glucosidases or chitinases from the cell wall of host plant cells or invading pathogens can elicit a self-

defense response to produce phytoallexins (small molecular antibacterial or antifungal agents) or reactive oxygen

species.68–70 A heptaglucoside or chitin oligosaccharide from the fungal cell wall and a pectin oligosaccharide from the

plant cell wall are typical examples of such elicitors as shown in Figure 9.
3.04.6.2 Plant Oligosaccharides Involved in Cell-Wall Expansion

On the other hand, there is another bioactive oligosaccharide that can inhibit auxin-stimulated cell growth in the stem

of plants at nanomolar concentrations. A xyloglucan fragment, a nonasaccharide (XXFG or XG9), and an undecasac-

charide (XFFG or XG 11) produced by the action of endo-b-1,4-glucosidases or xyloglucan-endotransglycosylases are
Elicitor oligosaccharides from the plant cell walls

GalAa1-4(GalAa1-4)nGalA
(oligogalacturonide)

Pectin oligosaccharide

Elicitor oligosaccharides from the fungal cell wall

3 3
Glcb1-6Glcb1-6Glcb1-6Glcb1-6Glc

Glcb1 Glcb1

Glcb1-3Glcb1-3Glcb1-3Glcb1-3Glc Laminaripentaose

GlcNAcb1-4(GlcNAcb1-4)nGlcNAc Chitin oligosaccharide

GlcNb1-4(GlcNb1-4)nGlcN Chitosan oligosaccharide

(b1-6)(b1-3)-Heptaglucan

Figure 9 Examples of oligosaccharides involved in plant defense system. There are two types of oligosaccharide elicitors:

one from fungal cell walls; the other from host plant cell walls. GlcN, D-glucosamine; GalA, D-galacturonic acid.
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Figure 10 Structures of bioactive xyloglucans that inhibit auxin-induced growth of stems. Two bioactive xyloglucans,

XXFG (XG9) and XFFG (XG11), are shown as typical examples. 72,73
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typical examples of such bioactive plant oligosaccharides. The XXFG oligosaccharide consists of Gal4Xyl3Gal1Fuc1,

and XFFG has additional Gal and Fuc residues (Figure 10). The terminal fucose residue in XG9 is believed to be

essential for the bioactivity involved in the regulation of cell-wall expansion.71–73
3.04.6.3 Plant Oligosaccharides Involved in Nitrogen-Fixing Symbiosis

To establish nitrogen-fixing symbiosis legumes and soil-dwelling rhizobia, glycoconjugates, lipochitin oligosaccha-

rides (Nod factors), play a critical role.74 Nod factors consist of a tetra- or pentameric chitooligosaccharide backbone to

which a long unsaturated fatty acid (C16 or C18) is attached at its nonreducing end (Figure 11). Some chemical

modifications (such as O-sulfation, O-acetylation, and N-methylation) of the chitooligosaccharide moiety sometimes

occur in a species-specific manner and the length of the fatty acid moiety is also species-specific. Nitrogen-fixing

symbiosis is initiated through the recognition by the host plants of Nod factors produced by rhizobia. Nod factors

induce the formation of root nodules on the host plant roots at concentrations of 10�9–10�12M, and genuine nodule

structures can be induced by the application of Nod factors alone without bacteria in alfalfa and soybeans, indicating

that these glycofactors can be the sole chemical inducer for nodule formation.
3.04.6.4 Putative Biofunctions of Free N-Glycans Involved in Plant Development

In the early 1990s, it was reported that free N-glycans occurring in developing plant cells play a critical role in plant cell

development or growth as auxin-like molecules.75–78 As described earlier, there are two types of free N-glycans: high-

mannose-type free N-glycans (mainly GN1 type) and plant complex-type free N-glycans (mainly GN2 type). The

dose-dependent influences of these two types of plant free N-glycans on the ripening of tomatoes and the develop-

ment of flax seedlings have been observed.77,78 Interestingly, the bioactivity of these plant glycans seems to have

a bilateral nature, because a lower concentration dose (1ng) stimulates fruit ripening and a higher concentration dose

(10ng) delays ripening. Furthermore, it has been observed that plant lectins (tomato lectin and concanavalin A) inhibit

the delaying effect of the free N-glycan Man5GlcNAc1 at high concentrations, suggesting the direct involvement of

free N-glycans in certain molecular recognition events required for fruit maturation. Moreover, the amount of free

N-glycans and the activity of ENGase change during cell culture79 and tomato fruit ripening (from green mature stage

to fully mature stage),80 suggesting the correlation of N-glycan metabolism and plant-specific physiological phenom-

ena. Although it is feasible to assume the potential bioactivity of free N-glycans in plants on the basis of circumstantial

evidence, a reasonable molecular mechanism of the glycan-induced cell development or maturation cannot be

illustrated at the present time of writing. To determine whether free N-glycans in plant cells play a critical role in

bioprocesses such as hypocotyl elongation or fruit maturation, the construction of transgenic plants in which the genes

encoding ENGase and PNGase are suppressed seems to be essential.
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Figure 11 Example of Nod factors produced by Rhizobium strains. The oligosaccharide moiety consists of 3-5 GlcNAc

residues. The lipid moiety can, for example, be a C16 or C18 unsaturated or saturated fatty acids: C18:4 (R. leguminosarum

bv. viciae), C16:2 (C16:3) (Rhizobium meliloti ), C18:1 (Bradyhizobium japonicum). The glycan moiety is sometimes modified
with sulfate, O-acetyl, or N-methyl groups, or with 2-O-methylfucose. 74
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3.04.7 O-Glycans of Plant Glycoproteins and GPI-Anchored Proteins

3.04.7.1 O-Glycans of Plant Glycoproteins

O-Glycosylation is more complex in higher plants than in animal cells and vigorous effort to clarify the complete

concept is still under way. In plants, as well as in animals, O-glycosylation occurs on both secreted and cytosolic

proteins. In this section, mainly three types of O-glycans, well documented to date, are described: the oligosaccharide-

attached type in which arabinan (oligoarabinoside) or arabinogalactan are attached to hydroxyproline (Hyp) in specific

domains of the polypeptide backbone; the monoglycosylated type in which single L-arabinose, D-xylose, or

D-galactose is attached to Hyp or Ser; and the animal mucin type in which the disaccharide Galb1-3GalNAc is

attached to Ser or Thr in the polypeptides. These O-glycosylated proteins are predominantly found in the extracellu-

lar matrix proteins (ECMs) such as AGPs or extensins, although some in secreted or vacuolar type proteins.13,81

In plant ECMs, two types of oligosaccharides linked to Hyp in the polypeptide backbone have been characterized

(Figure 12): arabinogalactan, which consists of b-Gal and a-Ara units, predominantly found on AGPs; arabinan, which

consists of only a-Ara units, found on extensins and related glycoproteins. Typical arabinogalactans with 30–150 sugar

residues have a (b1-3)-galactan backbone with short side chains having a-Ara at nonreducing termini. The structures of

arabinogalactans are highly heterogenous, and each organ and cell type have characteristic structures of arabinoga-

lactans. The most significant functional feature of arabinogalactans is that they have important roles in somatic

embryogenesis, cell growth, cell division, or cell fate determination.2,11,12,82,83

From the results of a site analysis of O-glycosylation of AGPs and a comparison of the amino acid sequences

deduced from the corresponding DNA sequences of AGPs, it has been proposed that contiguous Hyp residues are

sites for the arabinosylation of Hyp-rich glycoproteins, while clustered noncontiguous Hyp residues are sites

for arabinogalactosylation (Hyp contiguity hypothesis).84 Recently, the specific amino acid sequence motif for

proline hydroxylation and efficient arabinogalactosylation has been identified. Proline hydroxylation requires a

five-amino-acid sequence [AVSTG]–Pro–[AVSTGA]–[GAVPSTC]–[APS or acidic amino acid] (where Pro is the

modification site), and the efficient arabinogalactosylation of the resulting hydroxyproline and the elongation of the

glycan moiety requires the following motif: [not basic]–[not T]–[AVSTG]–Pro–[AVSTGA]–[GAVPSTC]–[APS].85

Some secreted or vacuolar glycoproteins also carry O-glycans. A mugwort pollen allergen (Art v1) and glutelin (a

major storage protein in rice seeds) are typical examples of secreted or vacuolar glycoproteins with O-glycans. Art v1

has two types of O-glycan: an arabinogalactan, which is linked to Hyp in the Hyp-rich domain and a single
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Figure 12 Examples of plant O-glycans. The detailed structures of arabinogalactans have not been clarified. A structure
proposed in Ref. 77 is shown. Core I structure was found in rice glutelin.13
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b-arabinofuranose linked to Hyp in a contiguous Hyp sequence.81 Note that the single Hyp-linked b-Araf residue
rather than the arabinogalactan could react with IgE of mugwort pollinosis patients, suggesting that the mono-

b-arabinosylated hydroxyproline unit constitutes a new cross-reactive carbohydrate determinant (CCD) in plant glyco-

proteins. Glutelin, a major storage protein in rice seeds, is a rare plant glycoprotein carrying an animal-mucin-type

O-glycan, Galb1-3GalNAc (core 1 structure), suggesting that the polypeptide N-acetylgalactosaminyltransferase is

involved in plant O-glycosylation (Figure 12). However, no other mucin-type O-glycans, core 2–8 structures, have

been found in plant glycoproteins. Furthermore, no ortholog genes corresponding to core 1 GalT (b-1,3-galactosyl-
transferase involved in the formation of the core 1 structure) and polypeptide:N-acetylgalactosaminyltransferase have

been found in the genomic database of A. thaliana.
3.04.7.2 GPI-Anchored Proteins in Plant Cell Membrane

Concerning the plant glycosylphosphatidylinositol (GPI) anchor, a GPI anchored protein to which type II arabinoga-

lactan is attached was first found in suspension-cultured cells of Pyrus communis.86 The physiological significance of

arabinogalactan-GPI on the plant cell surface is not clear, but it is reasonable to assume that glycan and lipid moieties

may function as signal molecules involved in signal transduction associated with somatic embryogenesis or cell–cell

communication in analogy with the bioactivities of animal GPI-anchors. A recent analysis of detergent-resistant

membranes from Arabidopsis callus has demonstrated that two arabinogalactan-GPI anchored proteins (COBRA and

SKU5) and AGPs are distributed in the lipid rafts or lipid microdomain of the plasma membrane,87 suggesting a high

possibility for their involvement in signal transduction events.
3.04.8 Concluding Remarks

In this chapter, focusing mainly on plant glycoproteins, an overview of plant glycosylation, including the structural

features, biosynthesis, cytosolic catabolism, and bioactivities of free oligosaccharides, has been presented.

Although the outline of the processing pathway of plant N-glycans based on the glycan structures of glycoproteins

and the substrate specificities of glycosidases or glycosyltransferases working in the ER or Golgi compartments has

been elucidated, the specific function of plant complex-type N-glycans still remains to be elucidated. Because

knocking out N-acetylglucosaminyltransferase I (GnT-I), which is the first glycosyltransferase required for the

formation of complex-type N-glycans, is lethal in the early steps of mouse embryogenesis, it is apparent that

complex-type N-glycans on animal glycoproteins must have a pivotal role in animal cell differentiation or proliferation.

In contrast with the mammalian homolog, a cgl mutant of A. thaliana that lacks GnT-I activity is able to complete its

normal differentiation and development, suggesting that plant complex-type N-glycans are not essential for the

normal embryogenesis or development of plant cells. Then what is the biological significance of N-glycans processing

accomplished by many gene products in addition to various glycosidases and glycosyltransferases? Furthermore, note

that secreted or extracellular glycoproteins have long complex-type N-glycans harboring the Lea epitope, whereas

vacuolar or storage glycoproteins have truncated complex-type N-glycans as a result of the vacuolar trimming

of nonreducing sugars. Currently, there is no logical explanation for the inevitable truncation of long complex-type

N-glycans on vacuole-targeting glycoproteins after their arrival in the vacuole.
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On the other hand, looking at the catabolism of N-glycans in the plant cytosol, there are many questions that should

be answered to elucidate the deglycosylation mechanism involved in the protein quality control system and the

biological function of free N-glycans accumulated in developing plants. For instance, animal cytosolic PNGase plays a

critical role in the deglycosylation of misfolded glycoproteins prior to proteasome degradation; however, to date no

such PNGase has been found in plant cells, suggesting that there is a plant-specific deglycosylation scheme.

Concerning another deglycosylation enzyme, cytosolic ENGase, its substrate specificity and cellular localization

have been clarified in detail, and the gene identification and construction of gene-expression system for this enzyme

have been completed. Therefore, the biological significance or function of plant ENGase and free N-glycans

produced by this enzyme may be elucidated in the near future. The elucidation of deglycosylation of misfolded

glycoproteins and the bioactivity of free N-glycans constitute one of the key issues that must be solved in Plant Health

Science. Because the first evidence that oligosaccharides could function as a signal molecule in self-defense or cell

differentiation came from plant glycobiology, it is valid to assume that there may be other bioactive oligosaccharides in

plant cells.

The structural diversity of plant O-glycans and the lack of information on genes encoding glycosyltransferases

involved in O-glycan biosynthesis prevent us from completely understanding the structural and functional features

and biosynthesis mechanism of plant glycans. Under such a circumstance, however, the biological function of AGPs

involved in the determination of cell fate or embryogenesis has been clearly demonstrated, suggesting that plant

O-glycans can play a critical role in signal transduction events. The biofunction of arabinogalactans as ligand

molecules can be useful for understanding the molecular mechanism of plant cell differentiation.

Thus, there are still many important and interesting enigmas to be resolved in plant glycobiology. The elucidation

and application of the bioactivities of plant oligosaccharides or glycoconjugates associated with the robust growth and

self-defense of plant cells must actively contribute to solving the global food problem in the twenty-first century.
Glossary

endo-b-N-acetylglucosaminidase (ENGase) An endoglycosidase that hydrolyzes the glycosidic bond in the N,N0-diacetyl-
chitobiosyl unit of asparagine-linked oligosaccharides of N-glycoproteins, forming free oligosaccharides with one GlcNAc residue

at their reducing end.

glycoallergens Glycoproteinaceous allergens found in foodstuff or pollens, which often carry antigenic oligosaccharides. Plant

glycoallergens usually have antigenic N-glycans containing (a1-3)-linked fucose and/or (b1-2)-linked xylose residues.

plant N-glycans Asparagine-linked oligosaccharides found in plant glycoproteins. Plant N-glycans sometimes carry plant-

specific oligosaccharides consisting of (a1-3)-linked fucose and/or (b1-2)-linked xylose residues in addition to ubiquitous high-

mannose-type oligosaccharides.

peptide: N-glycanase (PNGase) An amidase that hydrolyzes an amide bond of glycosylated asparagine in glycoproteins/

glycopeptides, releasing N-glycans with an N,N0-diacetylchitobiose unit at their reducing end.

arabinogalactans Plant-specific oligosaccharides consisting of a-linked L-arabinose and (b1-3)-linked D-galactose residues.

Most of these oligosaccharides have a (b1-3)-galactan backbone with terminal arabinofuranosyl residues on a short side chain. The

reducing-end galactose residue is b-linked to hydroxyproline or serine in plant extracellular matrix proteins, arabinogalactan

proteins or extensins.

oligosaccharins Oligosaccharides involved in plant self-defense, cell differentiation, cell development or other important plant

physiologies. Xyloglucan is involved in cell-wall expansion, and oligo-(b1-3)-glucan is involved in a plant’s immune system to

stimulate the biosynthesis of phytoallexins for self-defense.
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3.05.1 Introduction

Sulfated glycosaminoglycans (GAGs) are linear polysaccharides consisting of repeating disaccharide units composed of

N-acetylhexosamine and uronic acid, and exist as proteoglycans (PGs) by attaching to specific serine residues in the

core protein.1–3 PGs are ubiquitously distributed on the cell surface and in the extracellular matrix and play critical

roles in a variety of physiological phenomena such as cell–cell and cell–matrix adhesion, cell proliferation, cell

division, morphogenesis, and the regulation of signaling molecules via GAG chains (Figure 1).4–10

Sulfated GAGs are structurally classified into two groups, chondroitin sulfate/dermatan sulfate (CS/DS)

and heparan sulfate/heparin (HS/Hep), on the basis of a difference in the repeating disaccharide unit, CS/DS

and HS/Hep being composed of -4GlcAb(IdoAa)1-3GalNAcb1- and -4GlcAb(IdoAa)1-4GlcNAca1-, respectively
(Figure 2).1–3 These GAGs are synthesized onto a common GAG-protein linkage tetrasaccharide, GlcAb1-3Galb1-
3Galb1-4Xylb1-O-Ser, of the core protein (Figure 3). After the synthesis of the GAG sugar backbone on this

tetrasaccharide, numerous modifications including sulfation, epimerization, and desulfation are performed in a

spatiotemporal manner, producing mature and functional GAG chains that exert biological functions dependent on

their specific structure.3

Recent biochemical and molecular biological advances have led to the cloning of a series of enzymes responsible for

the synthesis and modification of GAG chains, and the elucidation of their properties.3 Furthermore, functional

analyses of GAGs using model organisms have revealed unexpected roles of these molecules.3 Here, we summarize

the biosynthetic mechanism and the physiological functions of GAGs.
3.05.2 Biosynthesis of the GAG-Protein Linkage Region Tetrasaccharide
and Its Modification

The GAG-protein linkage region tetrasaccharide is sequentially synthesized onto a specific serine residue in the core

protein by the corresponding glycosyltransferases (Figure 3).1–3 The molecular cloning of four glycosyltransferases

responsible for the biosynthesis of the linkage region tetrasaccharide has been achieved (Table 1). First, xylosyltrans-

ferase (XylT) transfers a Xyl residue from UDP-Xyl to specific serine residues in core proteins in the endoplasmic

reticulum and the cis-Golgi compartments (Figure 4). Since the biosynthesis of GAGs is initiated by the action of

XylT, this enzyme may be critical in the regulation of the expression level of GAGs. Two XylTs, XylT-1 and XylT-2,

were cloned, and their amino acid sequences found to be significantly homologous. However, enzymatic activity was
79
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Figure 1 Various functions of GAG chains. GAGs including HS and CS expressed on the cell surface and in the
extracellular matrix interact with various proteins such as growth factors, morphogens, and adhesive molecules.
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Figure 2 Typical repeating disaccharide units in CS/DS and HS/Hep and their potential sulfation sites. CS and DS are
constituted of uronic acid and GalNAc. DS is a stereoisomer of CS, including IdoA instead of or in addition to GlcA. HS and

Hep consist of uronic acid and GlcNAc residues with varying proportions of IdoA. These sugar residues can be esterified by

sulfate at various positions as indicated by ‘‘S.’’
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shown by only XylT-1, not by XylT-2.11 After the transfer of a Xyl residue, two Gal residues are transferred to the Xyl

residue by two kinds of galactosyltransferases (GalTs), GalT-I and GalT-II, in the cis- and medial-Golgi compartments

(Figure 4).12–14 Interestingly, a defect in the expression of GalT-I leads to the progeroid variant of Ehlers–Danlos

syndrome. Although there have been no reports of a deficiency in other glycosyltransferases involved in the
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Figure 3 Schema of the biosynthetic assembly of the GAG backbones by various glycosyltransferases. A number o

glycosyltransferases are required for the synthesis of the backbones ofGAGs. XylT, Xyl transferase; GalT-I, Gal transferase-I

GalT-II, Gal transferase-II, GlcAT-I,GlcA transferase-I; GalNAcT-I, GalNAc transferase-I; CSGlcAT-II, CSGlcA transferase-II

GalNAcT-II, GalNAc transferase-II; CS polymerase,GlcA/GalNAc transferase; GlcNAcT-I, GlcNAc transferase-I; GlcNAcT-II
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Table 1 Human glycosyltransferases involved in the synthesis of the linkage region

Name Abbreviation Chromosome location Amino acid mRNA expression mRNA accession

Xyl transferase XylT 16p13.1 >827 Ubiquitous AJ295748

Gal transferase-I GalT-I 5q35.1–q35.3 327 Ubiquitous AB028600

Gal transferase-II GalT-II 1p36.3 329 Ubiquitous AF092050

GlcA transferase-I GlcAT-I 11q12–q13 335 Ubiquitous AB009598
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biosynthesis of the linkage tetrasaccharide, defects in XylT, GalT-II, and glucuronyltransferase-I (GlcAT-I) may

result in the same disease.15,16 GlcAT-I completes the biosynthesis by transferring a GlcA residue to the linkage

trisaccharide, Galb1-3Galb1-4Xylb1-O-Ser, in the medial- and trans-Golgi compartments (Figure 4).17,18 Notably,

overexpression of GlcAT-I also resulted in the formation of the human natural killer cell carbohydrate antigen-1

(HNK-1) epitope, (HSO3)GlcAb1-3Galb1-4GlcNAc, on the surface of COS-1 cells, which are deficient in the

expression of HNK-1 epitope due to a loss of GlcAT-P expression.19 Normally, the transfer of GlcA involved in the

synthesis of the HNK-1 epitope is catalyzed by two enzymes, GlcAT-P and GlcAT-S, and a deficiency of GlcAT-P

results in almost a complete loss of HNK-1 expression and impaired neuronal functions.20–22 In contrast, the

introduction of GlcAT-P into CHO cells deficient in GlcAT-I expression partially rescued GAG expression.18 These

results suggested that GlcAT-I and GlcAT-P show functional redundancy in certain cells. In rat articular cartilage

explants, the introduction of GlcAT-I enhanced GAG synthesis and deposition, which was attributable to an increase

in the abundance rather than length of GAG chains.23 In contrast, an antisense inhibition of GlcAT-I expression

impaired PG synthesis.23 Thus, the expression level of GlcAT-I correlates well with the amount of GAGs, suggesting

that GlcAT-I regulates the expression of GAGs.
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Figure 4 GAG synthesis in intracellular compartments. Following the synthesis of core proteins, GAG chain synthesis is

initiated by XylT in the ER. During the translocation of core proteins with immature GAG chains, GAG chains are gradually
assembled by various glycosyltransferases and sulfotransferases. Mature proteoglycans composed of a core protein and

multiple GAG chains are expressed on the cell surface and in the extracellular matrix, and are involved in various events

such as cell adhesion, cell differentiation, and cell division.
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Modifications of the linkage region tetrasaccharide have been revealed in several organisms. One of these

modifications is phosphorylation of the Xyl residue at position 2.1–3 This modification occurs in both CS and HS,

and appears to affect the transfer of Gal and GlcA residues by GalT-I and GlcAT-I, respectively.24 In vitro experiments

using authentic substrates showed that phosphorylation of the Xyl residue prevents the transfer of a Gal residue by

GalT-I.24 In contrast, GlcAT-I could efficiently transfer a GlcA residue to the phosphorylated trisaccharide in vitro

(Tone et al., unpublished data). These results suggested that the phosphorylation of the Xyl residue occurs after

the transfer of the first Gal residue by GalT-I and before the transfer of the GlcA residue by GlcAT-I. Actually, the

phosphorylation of the Xyl residue is most prominent after the addition of two Gal residues,25,26 although the

biological role of this modification and the enzyme responsible for the phosphorylation remain to be elucidated.

Another modification is sulfation of either one or both Gal residues at position 4 or 6.27–29 This modification has been

shown in only CS and DS, never in HS. Therefore, it is possible that the sulfation of Gal residues is important

for the selective assembly of CS and HS onto the linkage region tetrasaccharide, although it has been unclear whether



Table 2 Model organisms with defects in the biosynthesis of GAGs and core proteins

Mutants and knockout mouse Name Phenotypes Referenc

C. elegans
sqv-1 UDP-GlcA

decarboxylase

Defects in cytokinesis and vulval morphogenesis 30

sqv-2 GalT-II Defects in cytokinesis and vulval morphogenesis 31

sqv-3 GalT-I Defects in cytokinesis and vulval morphogenesis 12,32

sqv-4 UDP-Glc

dehydrogenase

Defects in cytokinesis and vulval morphogenesis 33

sqv-5 ChSy Defects in cytokinesis and vulval morphogenesis 34,35

sqv-6 XylT Defects in cytokinesis and vulval morphogenesis 31

sqv-7 UDP-GlcA, UDP-

GalNAc, UDP-

Gal transporter

Defects in cytokinesis and vulval morphogenesis 32,36

sqv-8 GlcAT-I Defects in cytokinesis and vulval morphogenesis 32

pfc-1 ChPF Defects in cytokinesis and vulval morphogenesis 37

sdn-1 Syndecan Defects in vulval morphogenesis 38,39

unc-52 Perlecan Defects in the formation or maintenance of the

muscle myofilament lattice, the effects of the

regulation of distal tip cell migration

40,41

agrin Agrin Embryonic lethality 42

rib-2 EXTL3 Developmental abnormalities in embryonic stage 43

hst-1 NDST Abnormal 44

hst-2 HS2ST Abnormal axon guidance 45,46

hst-3 HS3ST –a 47

hst-6 HS6ST Suppression of kal-1-dependent axon-branching

phenotype

48

D. melanogaster
sugarless UDP-Glc

dehydrogenase

Defects in Wg, FGF signalings 49–52

frc UDP-sugar

transporter

Defects in Wg, Hh, FGF, Notch signalings 53,54

slalom PAPS transporter Defects in Wg, Hh signalings 55,56

oxt XylT 57

beta4GalT7 GalT-I Abnormal wing and leg morphology similar to flies

with defective Hh and Dpp signalings

58,59

ttv EXT1 Defects in Hh, Wg, Dpp signalings 60–64

sotv EXT2 Defects in Hh, Wg, Dpp signalings 62–64

botv EXTL3 Defects in Hh, Wg, Dpp signalings 62–64

sulfateless NDST Defects in Wg, FGF signalings 49,65

pipe HS2ST Defects in the formation of embryonic

dorsal–ventral polarity

66,67

dHS2ST HS2ST – 68

HS3ST-B HS3ST Defects in Notch signaling 69

dHS6ST HS6ST Defects in FGF signaling 70

dally Glypican Defects in Wg, Dpp, Hh signalings 65,71–

76

dally-like Glypican Defects in Wg, Hh signalings 75,77,78

dSyndecan Syndecan 79–81

trol Perlecan Defects in neuroblast proliferation in the CNS 82

Notum Notum Defect in Wg signaling 83,84

Zebrafish (Danio rerio)
jekyll UDP-Glc

dehydrogenase

Defects in cardiac valve formation 85

b3gat3 GlcAT-I Defective branchial arches and jaw 86

uxs1 UDP-GlcA

decarboxylase

Defective cartilage unstained with Alcian blue 86

zHS6ST HS6ST Defects in muscle differentiation 87,88

knypek Glypican Defects in Wnt signaling 89

GPC3 Glypican-3 Defects in Wnt signaling 90

syndecan-2 Syndecan-2 Defects in angiogenesis 91

(continued

Biosynthesis of Glycosaminoglycans and Proteoglycans 83
e

)



Mouse
lzme (lazy mesoderm) UDP-Glc

dehydrogenase

Defects in FGF signaling 92

brachymorphic mouse PAPS synthase 2 Dome-shaped skull, shortened but not widened

limbs, short tail

93

cmd (cartilage matrix deficiency) Aggrecan Perinatal lethal dwarfism, craniofacial abnormalities 94

hdf (Versican�/�) Versican Embryonic lethality with heart defect 95,96

Syndecan-1�/� Syndecan-1 Defects in the repair of skin and corneal wounds,

low susceptibility to Wnt-1 signaling

97,98

Syndecan-3�/� Syndecan-3 Reduction of reflex hyperphagia following food

deprivation

99,100

Syndecan-4�/� Syndecan-4 Impairment of focal adhesion under restricted

conditions

101

Glypican-2�/� Glypican-2 No phenotypes 5

Glypican-3�/� Glypican-3 Developmental overgrowth typical of human

Simpson–Golabi–Behmel syndrome

102–104

Agrin�/� Agrin Perinatal lethality owing to breathing failure,

defects of neuromuscular synaptogenesis

105

Perlecan�/� Perlecan Defective cephalic development 106,107

Decorin�/� Decorin Abnormal collagen morphology in skin and tendons 108

Biglycan�/� Biglycan Reduced growth rate and decreased bone mass 109

Neurocan�/� Neurocan No obvious deficits 110

PTP�/� PTP Resistance to gastric ulceration caused by VacA of

Helicobacter pylori
111

Thrombomodulin�/� Thrombomodulin Embryonic lethality with dysfunctional maternal–

embryonic interaction

112

EXT1�/� EXT1 Disruption of gastrulation 113

EXT1�/�(generated by gene-trap
mutation)

EXT1 An elevated range of Indian hedgehog signaling

during embryonic chondrocyte differentiation

114,115

EXT1�/� (specific for brain) EXT1 Defects in the midbrain–hindbrain region,

disturbed Wnt-1 distribution

116

EXT2�/� EXT2 Disruption of gastrulation 117

NDST-1�/� NDST-1 Neonatal lethality due to respiration defects 118–120

NDST-1 (specific for endothelial
cells and leukocytes)

NDST-1 Impaired L-selectin- and chemokine-mediated

neutrophil trafficking during inflammatory

responses

121

NDST-2�/� NDST-2 Loss of Hep, abnormal mast cell 122,123

HS2ST�/� HS2ST Renal agenesis, defects in the eyes and skeleton 124

HS3ST-1�/� HS3ST-1 Genetic background-specific lethality, intrauterine

growth retardation

125

Uronyl C5-epimerase�/� (Hsepi) Uronyl C5-

epimerase

Neonatal lethality with renal agenesis, lung defects,

skeletal malformation

126

C6ST-1�/� C6ST-1 Decrease in naive T lymphocytes 127

C4ST-1 C4ST-1 Chondrodysplasia, drastic decrease in the amount of

CS

128,129

Human
Ehlers–Danlos syndrome GalT-I Aged appearance, developmental delay, dwarfism,

craniofacial disproportion, and generalized

osteopenia

15,16

Hereditary multiple exostosis EXT1

EXT2

An autosomal dominant disorder characterized by

the formation of cartilage-capped tumors

(exostoses) that develop from the growth plate of

endochondral bones, especially of long bones

130,131

Spondyloepiphyseal dysplasia C6ST-1 Normal length at birth but severely reduced adult

height, severe progressive kyphoscoliosis,

arthritic changes with joint dislocations, genu

valgum, cubitus valgus, mild brachydactyly,

camptodactyly, microdontia, and normal

intelligence

132

Table 2 (continued)

Mutants and knockout mouse Name Phenotypes Reference
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Table 2 (continued)

Mutants and knockout mouse Name Phenotypes Reference

Spondyloepimetaphyseal

dysplasia

PAPS synthase 2 Short, bowed lower limbs, enlarged knee joints,

kyphoscoliosis, a mild generalized brachydactyly

133

Achondrogenesis type 1B DTDST

(diastrophic

dysplasia sulfate

transporter)

Autosomal recessive, lethal chondrodysplasia with

severe underdevelopment of skeleton, extreme

micromelia, and death before or immediately

after birth

134

Schwartz–Jampel syndrome,

dyssegmental dysplasia

Silverman–Handmaker type

Perlecan Autosomal recessive disorder characterized by

permanent myotonia and skeletal dysplasia

135,136

Simpson–Golabi-Behmel

syndrome

Glypican-3 X-linked disorder characterized by pre- and

postnatal outgrowth

137

Camptodactyly-arthropathy-coxa

vara-pericarditis syndrome

CACP Autosomal recessive disorder characterized by

synoviocyte hyperplasia

138

aNot reported.
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all of the linkage region tetrasaccharide ofCS is sulfated. Recently, it has been demonstrated that 6-O-sulfation of the first

Gal residue markedly enhances GlcAT-I activity, and other sulfations, 4-O-sulfation of the first Gal residue and 4- or

6-O-sulfation of the second Gal residue, inhibit the transfer of a GlcA residue by GlcAT-I.24 Thus, the sulfation

of specific positions of the two Gal residues may regulate the expression level of GAGs by affecting the activity of

GlcAT-I, although further experiments including the cloning of sulfotransferases responsible for the sulfation of

Gal residues are required for the elucidation of the physiological roles of the sulfated linkage region tetrasaccharide.

Several model organisms deficient in the expression of glycosyltransferases responsible for the biosynthesis of the

linkage region tetrasaccharide have been reported (Table 2). Caenorhabditis elegans (C. elegans) is one of the tractable

model organisms and synthesizes both HS and Chn.139,140 Genetic analyses of C. elegans revealed a link between GAG

and morphogenesis.6 In the screening of a mutant defective in the formation of the vulva, Horvitz and colleagues

isolated eight kinds of mutants, designated squashed vulva (sqv).141,142 These mutants showed not only perturbation of

vulval invagination but also a defect in cytokinesis in fertilized eggs, resulting in oscillation between cell division and

cell fusion.6 Identification of the genes mutated in sqv mutants showed that all of the mutants possess deficiencies in

enzymes or a nucleotide-sugar transporter involved in the biosynthesis of GAGs (Figure 5).12,30–36,141,142 Among sqv

mutants, sqv-2, sqv-3, sqv-6, and sqv-8 encoded GalT-II, GalT-I, XylT, and GlcAT-I, respectively, and showed the same

phenotypes (Table 2).12,31,32 As a defect in the glycosyltransferases involved in the synthesis of the linkage region

tetrasaccharide eliminates the expression of both HS and Chn, GAGs play a pivotal role in morphogenesis in C. elegans,

especially in vulval formation. In Drosophila melanogaster (D. melanogaster), the inhibition of GalT-I by RNA interfer-

ence (RNAi) resulted in reduced staining with antibodies recognizing CS and HS, and caused an abnormal wing and

leg morphology similar to that of flies with defective Hedgehog (Hh) and Decpentaplegic (Dpp) signalings.58 These

signaling molecules are required for morphogenesis and organogenesis early in development, and aberrations of these

molecules lead to the abnormal formation of a series of organs and tissues. Thus, GAGs are apparently required for the

regulation of signaling molecules responsible for morphogenesis and organogenesis.143
3.05.3 Biosynthesis of CS/DS

Growing evidence has indicated that CSPGs play critical roles in various physiological events such as the regulation

of signaling molecules, cell–cell and cell–matrix interactions, neurite extension, and cell division and differentia-

tion.6,144–146 CS is synthesized onto the GAG-protein linkage region tetrasaccharide shared by another type of

GAG, HS (Figure 3).2,3,147 Following the completion of the synthesis of the linkage region tetrasaccharide, the first

GalNAc residue is transferred to the GlcA residue in the linkage region tetrasaccharide by GalNAcT-I activity,

triggering the synthesis of CS.2,3 If a GlcNAc residue is added instead of the GalNAc residue, an HS chain is built

up onto the linkage tetrasaccharide.2,3,148 Therefore, this step is critical for the selective assembly of CS and HS. Next,

GlcA and GalNAc residues are alternately transferred onto growing CS chains by the actions of GlcAT-II and

GalNAcT-II, respectively, resulting in the formation of the polymer sugar backbone of CS. Although the identity of

the glycosyltransferases responsible for the biosynthesis and polymerization of the CS backbone had long been an

enigma, recent molecular biological techniques in conjunction with the use of databases have revealed that Chn
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polymerization is achieved by an enzyme complex consisting of chondroitin synthase-1 (ChSy-1) and chondroitin

polymerizing factor (ChPF) (Figure 2).149,150 ChSy-1 possesses both GalNAcT-II and GlcAT-II activities, whereas

ChPF has only marginal GalNAcT-II activity (Table 3).149,150 Although ChSy-1 is a bifunctional glycosyltransferase

capable of transferring both GalNAc and GlcA residues, the polymerization of Chn could not be achieved by ChSy-1

alone.149 However, the interaction of ChSy-1 with ChPF led not only to a dramatic augmentation of the CS-

synthesizing activities (GalNAcT-II and GlcAT-II activities) of ChSy-1 but also to the polymerization onto the linkage

region tetrasaccharide.150 Recently, chondroitin synthase-2 (ChSy-2) highly homologous to ChSy-1, also known as

chondroitin sulfate synthase-3 (CSS3), was cloned and shown to be a bifunctional enzyme similar to ChSy-1 (Uyama

et al., unpublished data) (Table 3).151 Interestingly, the polymerization of Chn could be achieved by enzyme

complexes composed not only of ChSy-2 and ChPF but also of ChSy-1 and ChSy-2, and the length of the Chn chains

formed by these complexes was different. Although the mechanism by which the interaction of these proteins results

in the polymerization activity in addition to the increase in CS-synthesizing activity has been unclear, it is possible that

the formation of the enzyme complex leads to an increase in the stability of these proteins, increase in affinity for the

acceptor substrate, or structural or conformational alteration of these proteins suitable for the polymerization. Thus,

CS polymerization is achieved in multiple combinations among ChSy-1, ChSy-2, and ChPF. In addition to these CS-

synthesizing enzymes, chondroitin GalNAcT-1 and -2 have been cloned as enzymes possessing both GalNAcT-I and

GalNAcT-II activities,152–155 and chondroitin GlcAT has been shown to transfer a GlcA residue to CS chains

(Table 3).156 Thus, various glycosyltransferases are responsible for the biosynthesis of CS.



Table 3 Human CS glycosyltransferases and CS/DS sulfotransferases

Name Abbreviation
Chromosome
location

Amino
acid

mRNA
expression

mRNA
accession

Chondroitin synthase-1 ChSy-1 (GalNAcT-II/

GlcAT-II)

15q26.3 802 Ubiquitous AB071402

Chondroitin synthase-2 (Chondroitin

sulfate synthase-3)

ChSy-2 (CSS3)

(GalNAcT-II/

GlcAT-II)

5q31.1 882 Ubiquitous AB175496

Chondroitin GalNAcT-1 ChGn-1

(GalNAcT-I/II)

8p21.3 532 Ubiquitous AB071403

Chondroitin GalNAcT-2 ChGn-2

(GalNAcT-I/II)

10q11.22 542 Ubiquitous AB090811

Chondroitin GlcAT-II GlcAT-II 7q35 772 Ubiquitous AB037823

Chondroitin polymerizing factor ChPF 1p11-p12 775 Ubiquitous AB095813

Chondroitin 4-O-sulfotransferase-1 C4ST-1 12q23 352 Ubiquitous AF239820

Chondroitin 4-O-sulfotransferase-2 C4ST-2 7p22 414 Ubiquitous AF239822

Chondroitin 4-O-sulfotransferase-3 C4ST-3 3q21.3 341 Liver AY120869

Dermatan 4-O-sulfotransferase-1 D4ST-1 15q14 376 Ubiquitous AB066595

Chondroitin 6-O-sulfotransferase-1 C6ST-1 10q21.3 479 Ubiquitous AB017915

Uronyl 2-O-sulfotransferase CS/DS2ST –a 406 Ubiquitous AB020316

GalNAc 4-sulfate 6-O-sulfotransferase GalNAc4S-6ST 10q26 561 – AB062423

aNot reported.
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Although the physiological roles of CS had been obscure due to the lack of cloning of CS-synthesizing enzymes, sqv

mutants of C. elegans provided insights into the functions of Chn in morphogenesis and cell division, especially

cytokinesis (Figure 5, Table 2).6 In sqv mutants, sqv-5 encodes ChSy responsible for the biosynthesis of Chn,34,35

whereas other sqv genes, except for sqv-5, code for the proteins required for the biosynthesis of both Chn and HS. An

analysis of worms defective in the expression of sqv-5 revealed a drastic decrease in the amount of Chn, but not HS.

Supporting this result, ChPF in C. elegans was cloned and the inhibition of ChPF by RNAi resulted in similar

phenotypes to ChSy-depleted worms such as a marked decrease in CS and a defect in cytokinesis in the fertilized

eggs.37 In addition, RNAi treatment of the fertilized eggs of C. elegans caused oscillation between cell division and cell

fusion, indicating the absolute requirement of Chn in cytokinesis. Taken together, Chn, but not HS, plays critical roles

in the cytokinesis of fertilized eggs and morphogenesis such as vulval invagination. However, further experiments are

required to elucidate the mechanism by which Chn regulates cytokinesis.
3.05.4 Modifications of CS

After the synthesis of the sugar backbone of CS, numerous modifications of CS chains are achieved by corresponding

enzymes such as GlcA C5-epimerase and a series of sulfotransferases, showing the structural diversity of CS.1,3,147

GlcA C5-epimerase catalyzes the epimerization of GlcA to IdoA at position 5, converting CS to DS accompanied by an

anomeric change of the glycosidic linkage of GlcA from b to a (Figure 2). This conversion gives DS the structural

flexibility needed to interact with various proteins such as growth factors and cytokines. One famous example is the

interaction ofHep cofactor II, which is homologous to antithrombin (AT) III regulating blood coagulation,withDS, but not

CS.157 Thus, although CS and DS are similar in structure except for the existence of IdoA in DS chains, these GAGs

are quite different in function. Therefore, the expression of C5-epimerase is critical in the regulation of DS functions.

However, GlcA C5-epimerase has not been cloned to date (see ‘Note added in proof’). Elucidation of the properties of

this enzyme will provide insights into how the synthesis of DS is regulated and what kinds of roles DS plays.

Sulfation of CS at specific positions is catalyzed by a number of sulfotransferases, and the degree of sulfation is

regulated in a spatiotemporal manner (Table 3).158,159 Various positions of GalNAc and GlcA in CS have the potential

to be sulfated and the resultant sulfated CS shows structural diversity (Figure 6). Sulfation of CS occurs predomi-

nantly at positions 4 and 6 of GalNAc residues and position 2 of GlcA residues in mammals (Figures 2 and 6).160

Sulfated disaccharides are generally divided into four groups as follows: A unit, GlcA-GalNAc(4S); C unit, GlcA-

GalNAc(6S); D unit, GlcA(2S)-GalNAc(6S); and E unit, GlcA-GalNAc(4S,6S) (Figure 6).160 The functions of CS
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dependent on sulfation patterns have been elucidated in the brain. In the brain, CS chains containing disulfated

disaccharide D and E units (Figure 6) appear to play important roles in the regulation of axonal guidance and

pathfinding of various neurons.6 For instance, neurons cultured on substrata coated with CS-D from shark cartilage

exhibited a flattened cell soma with multiple neurites, whereas those cultured on substrata coated with CS-E from

squid cartilage showed a round-shaped cell soma with a single prominent long neurite.161,162 The cause of these

phenotypic differences was the sulfation patterns of CS. In addition to CS, DS chains purified from various marine

organisms exerted marked neurite outgrowth-promoting activity depending on their specific sulfation patterns.163 CS

chains sulfated at specific positions are responsible for the specific binding of growth factors, cytokines, and adhesion

molecules.6 For example, CS/DS hybrid chains purified from embryonic pig brain bind pleiotrophin, an Hep-binding

growth factor, to induce neurite outgrowth in mouse hippocampal cells.164–166 Multiple pleiotrophin-binding

sequences derived from CS/DS hybrid chains, which contain at least one D unit, have been demonstrated.

Seven sulfotransferases involved in the sulfation of CS have been cloned to date (Table 3).159 These sulfotrans-

ferases catalyze the transfer of a sulfate residue from 30-phosphoadenosine 50-phosphosulfate (PAPS) to a specific

position of GalNAc, GlcA, or IdoA in CS/DS. For sulfation of position 4 of the GalNAc residue, four sulfotransferases

have been cloned. Chondroitin 4-O-sulfotransferase-1, -2, and -3 (C4ST-1, -2, and -3) are responsible for the sulfation

of position 4 of a GalNAc residue in CS, whereas dermatan 4-O-sulfotransferase-1 (D4ST-1) catalyzes the transfer of a

sulfate residue to a GalNAc residue next to IdoA in DS.167–170 Thus, four sulfotransferases are involved in the

formation of the A unit. Chondroitin 6-O-sulfotransferase-1 (C6ST-1) transfers sulfate to position 6 of the GalNAc

residue and is responsible for the formation of C and D units.171,172 2-O-Sulfation of GlcA and IdoA is catalyzed by

uronyl 2-O-sulfotransferase. This enzyme is essential for the formation of the D unit, which is formed by two steps.173

First, C6ST-1 catalyzes 6-O-sulfation of a GalNAc residue, and then 2-O-sulfation of the adjacent GlcA or IdoA is

performed by uronyl 2-O-sulfotransferase. GalNAc 4-sulfate 6-O-sulfotransferase (GalNAc4S-6ST) transfers a sulfate

residue to position 6 of GalNAc(4S) formed by C4ST, and is responsible for the formation of the E unit.174 The

sulfation profile of CS is regulated in part by the expression level of corresponding sulfotransferases. In the chick brain

at early embryonic stages, the dominant CS structure is 6-O-sulfated CS and the corresponding C6STactivity is quite

high.175 As development proceeds, the amount of 6-O-sulfated CS and level of C6STactivity sharply decrease with a

concomitant upregulation of 4-O-sulfated CS and C4ST activity.175 These findings suggested that the sulfated
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structure of CS is well correlated with the corresponding sulfotransferase activities. Therefore, a better understanding

of the expression patterns of sulfotransferases may lead to elucidation of the spatiotemporally specific sulfation of CS

and its function in vivo.

The importance of the sulfation of CS has been clarified by the analysis of mice and humans with a defect in the

expression of sulfotransferases (Table 2). In mice defective in the expression of C6ST-1, the level of 6-O-sulfated

disaccharides, C and D units, became almost undetectable.127 Although these mice were healthy and fertile, and

reproduced normally, the number of naive T lymphocytes was significantly decreased in spleen, where C6ST-1 is

expressed abundantly.127 This finding suggested that 6-O-sulfated CS formed by C6ST-1 plays a role in the

maintenance of naive T lymphocytes in the spleen. In contrast to the mild phenotypes shown in mice deficient in

C6ST-1 expression, a loss of function of C6ST-1 in humans causes spondyloepiphyseal dysplasia.132 In such patients, a

missense mutation in the open reading frame of C6ST-1 changes arginine to glutamine (R304Q) at the well-conserved

PAPS-binding site.132 This point mutation completely abolished C6ST activity.132 The CS disaccharide analysis

showed that both C and D units are significantly reduced in the fibroblasts and urine, which was similar to the

composition of CS disaccharides in C6ST-1-deficient mice.127,132 Although why a phenotypic difference is observed

between human andmouse is unclear, 6-O-sulfated CS plays critical roles in skeletal development and maintenance in

humans. The functions of C4ST-1 have been revealed using mice defective in C4ST-1 expression due to the insertion

of a reporter gene by the screening of the gene trap mutation.128,129 A defect in C4ST-1 expression causes severe

chondrodysplasia characterized by a disorganized cartilage growth plate as well as specific alterations in the orientation

of chondrocyte columns.129 Surprisingly, the elimination of C4ST-1 expression led to a drastic decrease in the amount

of CS.129 In addition, the amount of A unit, which is formed by C4ST/D4ST, was reduced by 90% compared to

littermates, indicating that C4ST-1 is a major sulfotransferase catalyzing 4-O-sulfation of CS.129 This result suggests

that C4ST-1 regulates not only 4-O-sulfation of CS but also the amount of CS, and other C4ST/D4ST family members

including C4ST-2, C4ST-3, and D4ST-1 could not compensate for the loss of C4ST-1. Regarding the roles of sulfated

CS, other experiments have shown that CS chains containing E-units are involved in the binding and infection of

herpes simplex virus type 1 (HSV-1).176 CS-E derived from squid cartilage, but not other CS isoforms, more efficiently

inhibited the binding to and infection of cells susceptible to HSV-1 than did Hep, which is a highly sulfated form of

HS and an inhibitor of HSV-1 infection.176 Recently, we showed that HSV-1 could not infect and bind sog9 cells, which

are defective in the expression of E units due to a defect in C4ST-1 expression, whereas parental gro2C cells, which

express a significant amount of the E unit, were infected by HSV-1 (Uyama et al., unpublished data). These and other

results have suggested that CS containing E units is a cell surface receptor for HSV-1 and HSV-2.6 Thus, it is obvious

that CS with specific sulfation is critical for various biological events.
3.05.5 Biosynthesis of HS/Hep

A series of experiments have revealed that HS plays pivotal roles in a number of biological phenomena such as

morphogenesis, organogenesis, and neuronal formation including axonal guidance.4,5,10,143 One well-characterized

function of HS is as a co-receptor for growth factors such as fibroblast growth factor (FGF), where HS binds FGF and

presents it to the FGF receptor, forming a ternary complex potentiating signal transduction inside cells.

The sugar backbone ofHS is synthesized by three enzymes: GlcNAc transferase-I (GlcNAcT-I), GlcNAc transferase-II

(GlcNAcT-II), and HS GlcAT-II (Figure 3, Table 4).2,3,148 GlcNAcT-I and GlcNAcT-II transfer a GlcNAc residue to

the linkage region tetrasaccharide and growing HS chains, respectively, whereas GlcA in HS chains is transferred by

HS GlcAT-II activity. Two independent experiments revealed that HS is synthesized by bifunctional enzymes

harboring GlcNAcT-II and HS GlcAT-II activities responsible for the elongation of HS chains.177,178 First, in the

screening of cells resistant to HSV-1 infection, sog9 cells were isolated as a GAG-deficient cell line.179 Then,

expression cloning using a Hela-cell cDNA library showed that sog9 cells are defective in EXT1 expression, resulting

in a loss of HS synthesis, and the introduction ofEXT1 into sog9 cells restored the susceptibility to HSV-1.177,180EXT1

was originally cloned as a tumor suppressor gene, the loss of expression of which leads to hereditary multiple exostosis

(HME).181 Characterization of EXT1 led to the functional elucidation of EXT1, which can transfer GlcNAc and

GlcA residues to growing HS chains and is localized in the Golgi apparatus similar to other GAG-synthesizing

enzymes.180,182 Second, another HS-synthesizing enzyme, EXT2, was cloned by the amino acid sequencing of the

enzyme purified from bovine serum.178 Recombinant EXT2 exhibited GlcNAcT-II and HS GlcAT-II activities

capable of building up HS chains.178 Positional cloning of the loci responsible for HME also identified EXT2 as a

tumor suppressor gene.183 Although neither EXT1 nor EXT2 by itself could polymerize HS chains onto the linkage

region tetrasaccharide, an enzyme complex consisting of EXT1 and EXT2 showed significant polymerization activity

(Figure 3) onto the authentic substrate analogous to the linkage region tetrasaccharide, where EXT2 appears to



Table 4 Human HS glycosyltransferases, sulfotransferases and epimerase

Name Abbreviation
Chromosome
location

Amino
acid mRNA expression

mRNA
accession

GlcA/GlcNAc

transferase

EXT1 8q24.11-q24.13 746 Ubiquitous S79639

EXT2 11p12-p11 718 Ubiquitous U62740

GlcNAc transferase-I GlcNAcT-I

(EXTL2)

1p21 330 Ubiquitous AF000416

GlcNAc transferase-

II

GlcNAcT-II

(EXTL1)

1p36.1 676 Skeletal muscle, brain U67191

GlcNAc

transferase-I/II

GlcNAcT-I/II

(EXTL3)

8p21 919 Ubiquitous AF001690

GlcNAc

N-deacetylase/
N-sulfotransferase

NDST1 5q33.1 882 Ubiquitous U18918

NDST-2 10q22 883 Ubiquitous U36601

NDST-3 4q27 873 Brain, kidney, liver AF07492

NDST-4 4q25-q26 872 –a AB036429

Uronyl C5-epimerase Hsepi

(GLCE)

15q22.31 618 Ubiquitous XM_290631

HS 2-O-
sulfotransferase

HS2ST 1p31.1-p22.2 356 Ubiquitous AB024568

HS 6-O-
sulfotransferase

HS6ST-1 2q21 401 Ubiquitous AB006179

HS6ST-2 Xq26.2 499 Brain AB067776

HS6ST-2S Xq26.2 459 Ovary, placenta, fetal kidney AB067777

HS6ST-3 13q32.2 471 – AF539426

HS 3-O-
sulfotransferase

HS3ST-1 4p16 307 Kidney, brain, heart, lung AF019386

HS3ST-2 16p12 367 Brain AF105375

HS3ST-3A 17p12-p11.2 406 Ubiquitous AF105376

HS3ST-3B 17p12-p11.2 390 Ubiquitous AF105377

HS3ST-4 16p11.2 >250 Brain AF105378

HS3ST-5 6q22.31 346 Skeletal muscle AF503292

HS3ST-6 16p13.3 311 – NM001009606

Sulfatase Sulf-1 8q13.2-13.3 871 Ubiquitous AY101175

Sulf-2 20q13.12 870 Ubiquitous AY101176

Heparanase HPSE-1 4q21.3 543 Placenta, lymphoid organs NM_006665

HPSE-2 10q23-q24 592 Brain, mammary gland,

prostate, small intestine,

testis, sterus
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function as a chaperone-like molecule conferring the polymerization activity to EXT1.184,185 In addition to EXT1 and

EXT2, three EXT-like (EXTL) genes have been reported to encode HS-synthesizing enzymes with structural homo-

logy to EXTs.186,187 Although EXTL family members have HS-synthesizing activities, their involvement in HME has

not been reported. EXTL1 has GlcNAcT-II activity, and EXTL3 possesses both GlcNAcT-I and GlcNAcT-II

activities (Figure 3 , Table 4). 187 Being different from other EXT family members, EXTL2 can transfer GalNAc in

addition to GlcNAc residues to the linkage tetrasaccharide region through an a linkage, forming GalNAca1-4GlcAb1-
3Galb1-3Galb1-4Xyl.186 In addition, EXTL2 can catalyze the transfer of a GalNAc residue to N-acetylchondrosine

(GlcAb1-3GalNAc) corresponding to the disaccharide unit of CS. However, no GalNAca-capped structure has been

found in any natural GAG chains so far. Thus, it is possible that EXTL2 participates in the biosynthesis of both HS

and CS by transferring GlcNAc and GalNAc residues, respectively, although further analysis is needed to understand

the functions of EXTL2 in vivo.

HME is an autosomal dominant disease that manifests clinically as cartilaginous bony outgrowths on the growth

plates of long bones usually early in life, with 80% of patients diagnosed before the age of 10.130 HME has been linked

to mutations at three loci: EXT1, which maps to 8q24.1,181 EXT2, which maps to 11p13,188 and EXT3, which is located

on the short arm of chromosome 19,189 although its exact position has not been mapped. Since loss of heterozygosity at

these loci occurs in HME patients, whose benign tumors are transformed into chondrosarcomas,EXT1 andEXT2 have

been identified as tumor suppressor genes.190 As EXT1 and EXT2 are glycosyltransferases responsible for the

biosynthesis of HS, it is expected that the cause of HME is the loss of HS expression. As bone formation is regulated

by a number of signaling molecules including Hh, FGF, andWnt, it is possible that loss of HS leads to the disruption of

these signaling events in bone formation.
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Recently, HS-deficient mice were generated and showed the physiological importance of HS in development and

morphogenesis (Table 2). Targeted disruption ofEXT1 in mice resulted in embryonic death caused by a failure to form

a mesoderm, and caused defects in egg cylinder elongation.113 ES cells derived from the homozygous null mice

showed marked decreases in GlcNAcTand HS GlcATactivities and a complete lack of HS.113 Indian Hh (Ihh) failed

to bind to the section from EXT1-deficient mice, whereas a section from wild-type mice showed strong staining for

Ihh. In addition to the EXT1-deficient mice, mice with a targeted disruption of EXT2 were also generated.117 The

disruption of EXT2, similar to that of EXT1, also led to the elimination of HS chains.117 Furthermore, all EXT2-

heterozygous mice showed multiple abnormalities in cartilage differentiation, including disorganized chondrocytes in

long bones and premature hypertrophy in costochondral cartilage, and some of these animals developed one or more

ectopic bone growths (exostoses).117 EXT1-deficient mice were also generated by the gene trap screening, although

differences between these and the other mice were observed.114 Mice obtained by the targeted disruption of EXT1

had undetectable levels of HS and died by embryonic day 8.5, whereas mice generated by the gene-trap method died

around embryonic day 14 and synthesized shorter HS chains, approximately one-third in length.113–115 The difference

between these mice may be attributable to the negligible expression of normal EXT1 in the animals generated with

the gene trap. Mice generated by the gene-trap method showed elevated level of Ihh signaling during embryonic

chondrocyte differentiation, suggesting that HS negatively regulates the range of Ihh signaling in a concentration-

dependent manner. In addition to mice defective in the expression of EXT1 in the entire body, mice with a specific

defect ofEXT1 in the brain have been constructed using the Cre–loxP system, and the analysis of these mice revealed

that HS is required for the morphogenesis of the embryonic brain and correct signaling of growth factors.116 These

mice died within the first day of life and showed malformations such as the absence of an olfactory bulb and major

commissural tracts.116 These phenotypes are in part due to the abnormal distribution of FGF8 and dysfunction of Slit

signaling.116 These findings demonstrated for the first time the requirement of HS in the brain, where it is essential for

development and axonal guidance. In contrast to the defect of HS, transgenic expression of EXT2 and mutant EXT2

harboring the point mutation found in HME patients was carried out in developing chondrocytes of mice under the

control of the type XI collagen promoter.191 The biosynthesis of HS and the formation of trabeculae were upregulated

in mice overexpressing normal EXT2, but not mutant EXT2.191 Furthermore, the expression of EXT1 was concomi-

tantly increased in mice overexpressing normal EXT2 and even in the mutants.191 These findings support the notion

that EXT2 acts as a chaperone-like molecule for EXT1, helping it to form a molecular complex, thereby ensuring the

polymerization of HS chains.

HS is present in lower model organisms such as C. elegans, D. melanogaster, and zebrafish as well (Table 2).9 HS-

synthesizing enzymes corresponding to EXT1 and EXTL3 are conserved in C. elegans, Rib-1 and Rib-2, respectively,

and the function of Rib-2 has been examined using genetic and biochemical techniques.43,192,193 Rib-2 possessed

GlcNAcT-I and GlcNAcT-II activities, and its mutant showed abnormal characteristics such as developmental delay

and egg-laying defects. These phenotypes were most likely caused by defects in HS synthesis, because mutants

exhibited reduced HS synthesis as shown by staining with toluidine blue, which reacts with sulfated GAGs, and by an

analysis of HS disaccharides. Studies of D. melanogaster possessing a specific defect in HS biosynthesis revealed the

involvement of HS in signaling events.10,143 D. melanogaster has three HS-synthesizing enzymes, tout-velu (ttv), sister of

ttv (sotv), and brother of ttv (botv), each corresponding to EXT1, EXT2, and EXTL3, respectively. Enzymatic activi-

ties have been demonstrated for botv, which has GlcNAcT-I and GlcNAcT-II activities.194 Recently, enzymatic

activities of ttv and sotv were also detected.195 All of these mutants showed reduced HS synthesis and an impairment

of the signaling pathways of morphogens such as Wingless (Wg), Hh, and Dpp.60–64 In addition to the defect in the

reception of the signaling, the movement of morphogens, which generates concentration gradients that elicit

concentration-dependent responses in the target cells, was impaired.62–64 Therefore, HS plays critical roles not only

in the reception but also in the diffusion of signaling molecules. In addition, these experiments showed for the first

time the requirement of EXTL3 in the biosynthesis of HS in vivo. In zebrafish, two mutants, dackel and boxer, were

isolated through a large-scale screening for retinotectal projection defects, and shown to encode EXT2 and EXTL3,

respectively.196,197 These mutants showed drastically reduced HS synthesis and similar phenotypes to each other such

as specific defects in axonal sorting in the optic tract.197 Thus, HS plays pivotal roles in signaling events in a series of

model organisms including vertebrates and invertebrates.
3.05.6 Modifications of HS/Hep

HS binds a number of growth factors and morphogens in a sulfation-dependent manner, thereby regulating

the signaling pathway.4,5,10Numerous modifications of HS chains are sequentially achieved by corresponding sulfo-
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transferases, epimerase, and sulfatases (Figure 7, Table 4).3,148,160,198 Following the synthesis of HS sugar chains, N-

deacetylase/N-sulfotransferase (NDST), which is a bifunctional enzyme consisting of N-deacetylase and N-sulfo-

transferase domains, acts onHS chains to conduct N-deacetylation and subsequent N-sulfation of GlcNAc residues.199

So far, four NDSTs have been molecularly cloned, and their enzymatic activities revealed (Table 4).200–203 NDST-1 and

NDST-2 are widely expressed in various tissues at different levels, whereas NDST-3 and NDST-4 are mostly

expressed in the brain during embryonic development.203 Although NDSTs are bifunctional enzymes, the ratio of

N-deacetylase to N-sulfotransferase activity differs for each. For NDST-1 and NDST-2 the difference is less striking,

NDST-2 having a higher ratio between N-deacetylase and N-sulfotransferase activities than NDST-1. NDST-3 shows

strong N-deacetylase activity and very weak N-sulfotransferase activity, while the opposite is true for NDST-4.199

Knockout mice deficient in the expression of NDST-1 developed respiratory distress and atelectasis that subsequently

caused neonatal death due to immaturity of type II pneumocytes that further leads to insufficient production of

surface tension-lowering pulmonary surfactant.118,119 Histological examination revealed severe developmental de-

fects of the forebrain and forebrain-derived structures, including cerebral hypoplasia, lack of an olfactory bulb, eye

defects, and axonal guidance errors.120 Interestingly, these abnormalities of the skull and eye resemble the phenotypes

observed in mouse embryos that are defective in HS-binding morphogens including Wnt-1204,205 and Sonic Hh

(Shh),206 or morphogen antagonists like Chordin and Noggin.207 Biochemical analyses of HS from NDST-1-deficient

embryos demonstrated reductions in 2-N-sulfate and 2-O-sulfate contents, indicating that NDST-1 has a pivotal role in

2-O-sulfation in addition to 2-N-sulfation.119,120 Recently, mice with site-specific deletions of NDST-1 expression in

endothelial cells and leukocytes were generated and showed impaired neutrophil infiltration.121 This experiment
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Figure 7 Pathways of biosynthetic modifications of HS and Hep chains. Following synthesis of the backbone of HS or Hep

by HS polymerases belonging to the EXT gene family, modifications of the precursor HS/Hep chains are conducted by

various sulfotransferases and a single epimerase. The first modifications, N-deacetylation and N-sulfation, are essential for
all subsequent reactions. Next, GlcA residues adjacent to GlcNS residues are converted to IdoA residues by uronyl C5-

epimerase. Thereafter, sulfation at C2 of IdoA residues, and at C6 and C3 of GlcNS and/or GlcNAc residues, takes place

through the actions of specific sulfotransferases. S, 2-N-sulfate; 2S, 2-O-sulfate; 3S, 3-O-sulfate; 6S, 6-O-sulfate; and n, the

number of repeating disaccharide units.
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revealed that HS has three functions in inflammation: by acting as a ligand for L-selectin during neutrophil rolling; in

chemokine transcytosis; and by binding and presenting chemokines at the luminal surface of the endothelium.121 On

the other hand, mice carrying a targeted disruption of NDST-2 are unable to synthesize Hep, a highly sulfated form of

HS.122,123 Although these mice were viable and fertile, they had much fewer connective tissue-type mast cells.122,123

The mast cells have an altered morphology and contain severely reduced amounts of histamine and specific granule

proteases, indicating that the storage of specific granule proteases in mast cells is regulated by Hep.122,123 In

D. melanogaster, the loss of NDST expression, sulfateless, resulted in the aberration of Wg and FGF signalings,

suggesting the importance of N-sulfated HS in these signaling pathways (Table 2).45,65

After the action of NDSTs on HS precursors, epimerization of GlcA to IdoA accompanied by anomeric change, b to

a, is carried out by HS C5-epimerase (Figure 7, Table 4).208 HS C5-epimerase is a unique enzyme and acts on uronic

acids when the target residues are located on the nonreducing side of N-sulfated GlcN residues, while it does not

attack uronic acids that are O-sulfated or flanked by O-sulfated GlcN residues.209 These observations suggest that the

epimerization begins after NDST but before the O-sulfation of uronic acid and GlcN residues (Figure 7). A recent

study using cultured cells revealed that C5-epimerization is an irreversible reaction.210 Epimerization of GlcA to IdoA

may confer conformational flexibility on HS to facilitate interactions with proteins. HS C5-epimerase is located in the

medial-Golgi, and its translocation into the Golgi apparatus requires HS 2-O-sulfotransferase (HS2ST), since HS C5-

epimerase is mislocated into the ER in the absence of HS2ST.211 In addition, HS C5-epimerase activity was depressed

in mutant cells defective in HS2ST expression, as these two proteins interact with each other.211 Therefore, the

physiological association of HS C5-epimerase with HS2ST is required for both the epimerase activity and the

translocation of C5-epimerase into the Golgi. Targeted disruption of HS C5-epimerase resulted in neonatal lethality

with no epimerization of GlcA to IdoA and a marked increase in 6-O-sulfated GlcA content.126 Histological examina-

tion revealed that these phenotypes are in part similar to those seen in the HS2ST-deficient mice, especially the renal

agenesis and skeletal malformations, suggesting a functional association between HS C5-epimerase and HS2ST.124,126

However, major early developmental events, known to critically depend on HS, apparently proceeded normally even

in the absence of IdoA, indicating the site-specific requirement of IdoA residues.126

HS2ST transfers a sulfate residue to the C2 position of IdoA residues in HS/Hep, whereas the enzyme exhibits

significantly less activity toward GlcA residues (Figure 7, Table 4).212–214 The recombinant HS2ST catalyzes 2-O-

sulfation of IdoA residues in [-IdoA-GlcNS-] but not in [-IdoA-GlcNS(6S)-] sequences. HS chains from a CHO

mutant, pgsF-17, which is defective in HS2STexpression, lack [-IdoA(2S)-GlcNS-] and [-IdoA(2S)-GlcNS(6S)-], but

contain a greater proportion of [-GlcA-GlcNS(6S)-] and [-IdoA-GlcNS(6S)-].214,215 These results are well consistent

with the fact that HS2ST and HS C5-epimerase interact with each other as discussed above.126,211 The gene-trap

screening in mice revealed that the loss of HS2ST expression leads to death in the neonatal period, the animal

exhibiting bilateral renal agenesis and defects in the eyes and skeleton, similar to the phenotypes observed in HS C5-

epimerase-deficient mice.124,126 Further analysis of these mice showed a complete loss of 2-O-sulfated disaccharides

accompanied by compensatory increases in N- and 6-O-sulfated disaccharides.216 Surprisingly, embryonic fibroblasts

from HS2ST-deficient mice could mount an apparently normal signaling in response to FGF-1 and FGF-2, although

the affinity of both FGF-1 and FGF-2 for HS from HS2ST-deficient mice was reduced.216 Drosophila mutants of the

pipe gene, which encodes a putative HS2ST, show defects in the establishment of dorsal–ventral polarity in the

embryo.66 Although it was suggested that pipe is the Drosophila HS2ST based on structural similarity, a recent report

indicated that pipe is not required for the biosynthesis of GAG, but another macromolecule.67 Another putative

Drosophila HS2ST gene, dHS2ST, homologous to mammalian HS2ST, has also been identified at the Segregation

distorter locus associated with the meiotic drive system.68

6-O-Sulfation of GlcNAc residues in HS/Hep is carried out by the action of HS 6-O-sulfotransferase (HS6ST)

(Figure 7).217,218 So far, three HS6STs – HS6ST-1, HS6ST-2, and HS6ST-3 – have been molecularly cloned in humans

and mice (Table 4).219 In humans, there are two splicing isoforms of HS6ST-2: the original form (HS6ST-2) and a short

form (HS6ST-2S) lacking 40 amino acids encoded by exons 2 and 3.220 The mouse HS6STs differed in preference for

the isomeric hexuronic acid adjacent to the targeted GlcNS residues.219 Recombinant mouse HS6ST-1 appears to

prefer IdoA residues adjacent to the targeted GlcNS residues, whereas HS6ST-2 prefers GlcA to IdoA, and HS6ST-3

can act on either.219 The biological functions of HS6STs have been investigated in D. melanogaster and zebrafish. The

genome of D. melanogaster contains only one HS6ST, which is 54%, 46%, and 53% identical to mouse HS6ST-1, -2,

and -3, respectively.70 RNAi experiments have demonstrated that the reduced HS6ST activity causes embryonic

lethality and disruption of the primary branching of the tracheal system.70 These phenotypes are similar to the defects

observed in mutants of FGF signaling components.70 Zebrafish has at least two HS6STs, and gene knockdown of

zebrafish HS6ST-2 using morpholino antisense nucleotides revealed the importance of 6-O-sulfated HS in somite

development and the branching morphogenesis of the caudal vein.87,88 Although the biochemical properties of



94 Biosynthesis of Glycosaminoglycans and Proteoglycans
HS6ST-1 and HS6ST-2 were similar, the inhibition of HS6ST-1 expression did not result in significant morphological

changes in tissues in HS6ST-2 morphants.88

Heparan sulfate 3-O-sulfotransferase (HS3ST), which catalyzes the transfer of sulfate to the C3 position of GlcN

residues in HS/Hep (Figure 7), is an essential enzyme for the production of the AT-binding domain in HS/Hep.221

HS3STwas initially purified to homogeneity from serum-free medium of the mouse L cell line LTA,222 and a cDNA

encoding HS3ST-1 was cloned based on the partial amino acid sequence of the purified enzyme.223 Six isoforms –

designated HS3ST-2, -3A, -3B, -4, -5, and -6 – have also been isolated based on sequence homology to human

HS3ST-1 (Table 4).224–226 These HS3STs, except for HS3ST-1, are putative type II transmembrane proteins. Human

HS3STs show differential expression patterns in various tissues and cell types, testifying to their distinct functional

roles (see below).224,226 Sulfotransferase activity has not been examined for HS3ST-4 because of an incomplete

knowledge of its cDNA. The other isoforms differ in substrate specificity toward the internal sequences of HS/

Hep. Human recombinant HS3ST-1 transfers sulfate to the C3 position of GlcNS or GlcNS(6S) adjacent to the

reducing side of GlcA. On the other hand, HS3ST-2 catalyzes the 3-O-sulfation of GlcN residues in [-GlcA(2S)-

GlcNS-] and [-IdoA(2S)-GlcNS-] sequences in HS/Hep. Additionally, HS3ST-3A prefers [-IdoA(2S)-GlcN-], and

HS3ST-5 selectively acts on the [-GlcA-GlcNS(6S)-], [-IdoA-GlcNS-], and [-IdoA-GlcNS(6S)-] sequences.225,226

Although the 3-O-sulfated GlcN is rare in the HS from natural sources, it plays critical roles in the binding of various

proteins such as AT,221 envelope glycoprotein D of HSV-1,227 FGF receptor,228 and FGF-7.229 The HS chains

modified by HS3ST-1 and -5 can bind AT,223,226 while those modified by HS3ST-3A, -3B, and -5 can bind glycoprotein

D to mediate viral entry.226,227 The in vivo roles of anticoagulant HS have been elucidated with the generation of

HS3ST-1 knockout mice.125 The HS3ST-1–/– animals show negligible HS3ST activity in plasma and tissue extracts,

and dramatic reductions in tissue levels of anticoagulant HS while maintaining wild-type levels of fibrin. However,

they do not show an obvious procoagulant phenotype, suggesting that the other HS3ST family members compensate

for the loss of function ofHS3ST-1.125 InD. melanogaster, there are twoHS3STs, HS3ST-A andHS3ST-B, in spite of the

absence of a blood coagulation system.69 Inhibition of either HS3ST-A or HS3ST-B expression by RNAi methods

caused death during the embryonic and larval stages. Reduction of HS3ST-B expression compromised the Notch

signaling, producing neurogenic phenotypes, and led to a marked decrease in the level of Notch proteins, suggesting

that HS3ST-B is involved in the signaling by affecting the stability or intracellular trafficking of Notch proteins.69

Although it has been believed that the modification of HS/Hep chains is achieved by sulfation and epimerization,

another form of modification, desulfation, was demonstrated in the screening for Shh response genes activated during

the formation of somites in quail embryos.230 This modification is performed by the endosulfatase catalyzing the

desulfation of 6-O-sulfate from 6-O-sulfated HS at the cell surface and in the Golgi apparatus (Figure 8).230,231

Expression of an endosulfatase in quail (QSulf1) is induced by Shh in myogenic somite progenitors in quail embryos

and is required for the activation of MyoD, a Wnt-induced regulator of muscle specification.230 QSulf1 removes a

sulfate residue from the trisulfated IdoA(2S)-GlcNS(6S) disaccharide unit within HS/Hep chains, and promotes the

release of Wnt proteins from the complex of HS and Wnt, thereby facilitating Wnt signaling.231 QSulf1 effectively

activatedWnt signaling through the desulfation of HS chains, whereas FGF signaling, which requires 6-O-sulfated HS

for FGF receptor dimerization, was reduced by the expression of QSulf1.231,232 Therefore, QSulf1 has dual regulatory

functions, as a negative regulator of FGF signaling and as a positive regulator of Wnt signaling.230–232 In addition to

the Wnt and FGF signaling pathways, bone morphogenetic protein (BMP) signaling is also regulated by the action

of QSulf1 through the BMP antagonist, Noggin.233 Noggin efficiently binds to Hep, a highly sulfated HS, and inhibits

the binding of BMP to its receptor by capturing BMP, and this association between HS and Noggin is abolished

by desulfation of the 6-O-sulfate of HS by QSulf1.233,234 This abolishment of binding between HS and Noggin

allows Noggin to be released from the cell surface into the extracellular milieu, resulting in no barrier for BMP to

bind to its receptor.233 Thus, QSulf1 positively modulates BMP signaling through the release of cell surface-bound

Noggin. Different from quails, humans, mice, and rats have two endosulfatases with a similar substrate specificity

(Table 4).235–237 Although why the endosulfatase in organisms higher than the quail shows redundancy is unclear, the

study of gene-manipulated mice will provide insights into the function and redundancy of endosulfatases.

In certain environments, HS chains are cleaved by the endoglucuronidase known as heparanase (HPSE)

(Figure 9).238,239 The cloning of HPSE has been independently achieved by several groups.240–243HPSE is synthe-

sized as a latent 65kDa protein that is processed at the N-terminus into a highly active 50kDa form.240 HPSE cleaves

glycosidic bonds via a hydrolytic mechanism and is distinct from bacterial eliminases, known as heparinases and

heparitinases. HS chains are cleaved by HPSE at a few sites, resulting in HS fragments of still appreciable size (10–20

sugar residues).244 Therefore, it is possible that the HS chains cleaved by HPSE are still biologically active and

regulate the signaling pathway (Figure 9). In fact, there is evidence that the degradation of HS chains of syndecan-1, a

hybrid proteoglycan harboring HS and CS chains, by HPSE yields fragments that activate FGF-2 mitogenicity better
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than the intact syndecan-1.245 The expression of HPSE in normal tissues is restricted primarily to the placenta and

lymphoid organs.240,241,246However, it is increased in human malignancies and xenografts of human breast, colon,

lung, prostate, ovary, and pancreas tumors, compared with the corresponding normal tissues.246 In addition, the

expression of HPSE is correlated with the metastatic potential of human tumor cells. For example, in studies in

which HPSE-transfected myeloma cells were injected into severe combined immunodeficient mice, HPSE dramati-

cally promoted the spontaneous metastasis of myeloma cells to bone.247,248 Recently, mice overexpressing HPSE

under the control of the b-actin promoter were generated.249 Although these mice appeared to be normal, the size of

HS chains showed a profound decrease compared to that in littermates.249 From experiments using these mice, the

involvement of HPSE in remodeling and morphogenesis was demonstrated in mammary glands, revealing excess

branching and widening of ducts associated with enhanced neovascularization and disruption of the epithelial

basement membrane.249 In addition, these mice exhibited an accelerated rate of hair growth, correlated with high

levels of HPSE in hair follicle keratinocytes and increased vascularization.249 Also, HPSE is responsible for wound

angiogenesis and wound healing.250 The elevation of the HPSE level in healing wounds markedly accelerated tissue

repair and skin survival mediated primarily by an enhanced angiogenic response.250 Recently, the involvement of

HPSE in amyloid diseases was reported, where organs with markedly shortened HS chains due to the overexpression of

HPSE escaped amyloid deposition on the experimental induction of inflammation-associated amyloid protein A

amyloidosis.251
3.05.7 Transporters of UDP-Sugar and PAPS

All of the glycosyltransferases responsible for the biosynthesis of GAGs utilize UDP-sugars as sugar donors.3 UDP-

sugars except for UDP-Xyl, which is formed by decarboxylation from UDP-GlcA in the Golgi apparatus, are

synthesized in the cytosol, and then transported into the Golgi apparatus by the corresponding UDP-sugar transporters

(Figure 5). So far, several UDP-sugar transporters have been cloned, and their characterization has shown them to be
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very hydrophobic, multitransmembrane-spanning proteins, and to have a specific substrate specificity. A defect in

UDP-sugar transporters or UDP-sugar-synthesizing enzymes causes a drastic decrease in various glycans including

GAGs. For instance, in C. elegans, a mutant defective in the expression of sqv-7, which encodes the transporter for

UDP-Gal, UDP-GlcA, and UDP-GalNAc, showed a marked decrease in the amount of GAGs.32,36 Also, the loss of one

of the UDP-sugar-synthesizing enzymes, UDP-Glc dehydrogenease, in various model organisms led to the aberration

of the signaling of growth factors and morphogens such as FGF, Wnt, Hh, and BMP, presumably due to defects in

HS expression.50–53,85,92 Interestingly, the mutant for Fringe connection, which encodes a UDP-sugar transporter with

broad substrate specificity, showed a phenotype similar to the Notch mutant due to a loss of the glycosylation of

Notch by Fringe, although the substrates for Fringe connection include UDP-Gal, UDP-GalNAc, UDP-GlcNAc, and

UDP-GlcA, all of which are required for the biosynthesis of GAG.54 Further experimentation showed that the location

of Fringe connection in the Golgi complex was distinct from that of the PAPS transporter required for the biosynthesis

of GAG.252 This result suggested that the location of Fringe connection in the Golgi apparatus is different from that of

GAG-synthesizing enzymes.

PAPS serves as a universal sulfate donor for all sulfotransferase reactions and is synthesized from 2 mol of ATP and

an inorganic sulfate in the cytosol (Figure 5).253 Inorganic sulfate is taken up from the extracellular milieu into the

cytosol by diastrophic dysplasia sulfate transporter, which is expressed on the cell surface.134,254 The synthesis of PAPS

involves two enzymes: ATP-sulfurylase, which catalyzes the synthesis of adenosinephosphosulfate (APS) from ATP

and an inorganic sulfate; and APS-kinase, which phosphorylates APS in the presence of another molecule of ATP to

form PAPS.93,133,255 In animals, ATP-sulfurylase and APS-kinase are fused together into a bifunctional polypeptide

referred to as PAPS synthase. PAPS synthesized in the cytosol is transported to the Golgi apparatus by the PAPS

transporter.55,56 Humans and mice have two kinds of PAPS synthase, PAPS synthases 1 and 2.93,133,255 Dysfunctional

PAPS synthesis is related to diseases such as osteochondrodysplasias.256 The brachymorphic mouse has been

identified to have a deficiency of APS kinase, and the gene affected is for PAPS synthase 2.93 This mouse has a

dome-shaped skull, a short thick tail, and shortened but not widened limbs, and produces undersulfated CS-PG. A

deficiency of PAPS synthase 2 in humans leads to spondyloepimetaphyseal dysplasia, the clinical features of which are

short and bowed lower limbs, enlarged knee joints, and early onset of degenerative joint disease.133 These results

together suggest that PAPS synthase 2 plays a crucial role in the development of bone and cartilage. Interestingly,

no disease caused by a defect of PAPS synthase 1 has been reported to date. Hence, a compensatory mechanism may

exist for the PAPS synthase 1 deficiency, but not for a deficiency of PAPS synthase 2. Alternatively, the tissue-specific

expression of PAPS synthases 1 and 2 may explain the impaired formation of bone and cartilage, where PAPS

synthase 2 is abundantly expressed.93 It has recently been revealed that a defect in the D. melanogaster gene slalom,

which encodes a PAPS transporter with 10 transmembrane regions, leads to a perturbation of the signaling pathway of

morphogens including Wg and Hh.55 The phenotypes are reminiscent of those of the fly mutant of sulfateless, which

encodes NDSTrequired for the sulfation of HS chains.49,65 Thus, sulfation of GAGs has a decisive role in modulating

the signaling pathways of morphogens such as Wg and Hh, and PAPS synthase and the PAPS transporter, in addition to

glycosyltransferases and sulfotransferases, are essential for GAGs to mature and exert their biological functions.
3.05.8 Selective Assembly of CS and HS onto the Linkage Region Tetrasaccharide

Although both CS and HS share the linkage region tetrasaccharide (Figure 3), how these GAGs are selectively

assembled onto the tetrasaccharide is poorly understood. However, as CS andHS are attached to specific core proteins,

the information for the assembly of these GAGs likely resides in the amino acid sequence or the structure of the core

proteins.257 Insight into the role of the core proteins emerged from studies of a b-D-xyloside, which is used by cells as a

primer of GAG synthesis in lieu of xylosylated core proteins.258,259 b-D-xylosides support CS synthesis efficiently, but

priming of HS does not occur unless an appropriate aglycone is attached to the sugar.258 In this study, the priming of

HS correlated with the hydrophobicity of the xyloside.258 This interesting finding suggested that CS synthesis occurs

by default, whereas HS assembly requires a positive signal supplied by aglycone with hydrophobicity. In addition to

this observation, the study of recombinant core proteins revealed that the cluster of acidic amino acids around the

GAG attachment site facilitates HS assembly.260 Indeed, clusters of acidic amino acid residues occur commonly in

HSPG and less frequently in CSPG.260 Therefore, hydrophobic and acidic residues in the core proteins may be

important for selective assembly of HS. Recently, experiments in vitro showed that the enzyme complex composed of

ChSy-1 and ChPF can polymerize CS chains onto the authentic substrate analogous to the linkage tetrasaccharide and

onto a-thrombomodulin, which is a part-time PG having the linkage tetrasaccharide only.150 Surprisingly, although

thrombomodulin was originally found to be attached with CS chains in tissues, the enzyme complex composed of
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EXT1 and EXT2 could also synthesize HS chains onto a-thrombomodulin in addition to the authentic substrate.185 In

this experiment, since the cytoplasmic tail, transmembrane domain, and stem region were removed to express a

soluble form of the enzyme, these regions may be required for the information about the selective assembly on core

proteins. Alternatively, the core protein of thrombomodulin may not have information concerning the selective

assembly of CS and HS chains.
3.05.9 Perspectives

Recent experiments have revealed most of the enzymes responsible for the synthesis of GAGs and their properties,

and cloning of these enzymes has provided insights into the biological roles of GAGs. However, some enzymes

required for the biosynthesis of GAGs remain to be investigated. For instance, the cloning of GlcA C5-epimerase,

which is involved in the synthesis of DS by converting GlcA to IdoA, has not been achieved (see ‘Note added in

proof’). As GlcA C5-epimerase plays a pivotal role in the expression of DS, the cloning of this enzyme will help clarify

the biological functions of DS. Likewise, sulfotransferases and kinases responsible for the modification of the linkage

region have not been characterized. The elucidation of these enzymes will help us to understand the physiological

properties of modifications of the linkage region.

The gene-targeting technology in vertebrates and invertebrates has led to the elucidation of physiological functions

of HS in the developmental process and morphogenesis in addition to the regulation of signaling molecules.

Furthermore, tissue-specific disruptions of HS-synthesizing enzymes by the Cre–loxP system will provide more

information concerning tissue- and developmental stage-specific roles of HS chains. In contrast to the series of

model organisms deficient in HS, a model lacking CS biosynthesis has been generated in only C. elegans so far. The

study of these worms has shown the amazing function of Chn in terms of cell division in fertilized eggs. However, gene

knockout of the ChSy family members has not been achieved in mammals. Therefore, the roles of CS in mammals are

still obscure. In addition, recent experiments have revealed an unexpected redundancy of CS-synthesizing enzymes,

thereby making the functional analysis of CS more difficult. Therefore, the generation of mice deficient in CS-

synthesizing enzymes will lead to a better understanding of not only the biological importance of CS but also the

unexpected functions of CS.
Note added in proof

GlcA C5-epimerase has recently been cloned.261
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Glossary

chondrodysplasia An inherited disease that constitutes disorders of the skeletal system and is divided into several groups

based on its symptoms.

chondroitin sulfate/dermatan sulfate Chondroitin sulfate (CS) is one class of glycosaminoglycans (GAGs) consisting of

N-acetylgalactosamine and glucuronic acid. Dermatan sulfate (DS) is an isoform of CS and includes iduronic acid instead

of glucuronic acid residues.

disaccharide repeating region A region built up onto the common linkage tetrasaccharide sequence and a specific feature of

GAGs.

enzyme complex A complex formed by several glycosyltransferases. The glycosyltransferases exert proper functions such as

polymerization of GAG chains, although the individual glycosyltransferases cannot polymerize GAG chains by themselves.

heparan sulfate/heparin Heparan sulfate (HS) is another class of GAGs consisting ofN-acetylglucosamine and glucuronic acid.

Heparin (Hep) is a heavily sulfated form of HS and is specifically synthesized by mast cells.

hereditary multiple exostosis (HME) An autosomal dominant disease that manifests clinically as cartilaginous bony out-

growths on the growth plates of long bones. EXT1 and EXT2 have been identified as tumor suppressor genes for HME.
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glycosaminoglycan (GAG) A linear, sulfated polysaccharide composed of repeating disaccharide units consisting of N-acetyl-
hexosamine and uronic acid. Sulfated GAGs are divided into two groups, CS/DS and Hep/HS.

linkage region tetrasaccharide GAG is built up onto the common linkage region tetrasaccharide, GlcAb1-3Galb1-3Galb1-
4Xyl. This oligosaccharide serves as a primer for the synthesis of both CS and HS.

morphogen Morphogens are secreted signaling molecules, form a gradient of concentration, and specify different cell fates in

a concentration-dependent manner.
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1109–1122.



100 Biosynthesis of Glycosaminoglycans and Proteoglycans
108. Danielson, K. G.; Baribault, H.; Holmes, D. F.; Graham, H.; Kadler, K. E.; Iozzo, R. V. J. Cell Biol. 1997, 136, 729–743.

109. Xu, T.; Bianco, P.; Fisher, L. W.; Longenecker, G.; Smith, E.; Goldstein, S.; Bonadio, J.; Boskey, A.; Heegaard, A.-M.; Sommer, B.; et al. Nat.

Genet. 1998, 20, 78–82.

110. Zhou, X.-H.; Brakebusch, C.; Matthies, H.; Oohashi, T.; Hirsch, E.; Moser, M.; Krug, M.; Seidenbecher, C. I.; Boeckers, T. M.; Rauch, U.; et al.

Mol. Cell. Biol. 2001, 21, 5970–5978.

111. Fujikawa, A.; Shirasaka, D.; Yamamoto, S.; Ota, H.; Yahiro, K.; Fukuda, M.; Shintani, T.; Wada, A.; Aoyama, N.; Hirayama, T.; et al. Nat. Genet.

2003, 33, 375–381.

112. Healy, A. M.; Rayburn, H. B.; Rosenberg, R. D.; Weiler, H. Proc. Natl. Acad. Sci. USA 1995, 92, 850–854.

113. Lin, X.; Wei, G.; Shi, Z.; Dryer, L.; Esko, J. D.; Wells, D. E.; Matzuk, M. M. Dev. Biol. 2000, 224, 299–311.

114. Koziel, L.; Kunath, M.; Kelly, O. G.; Vortkamp, A. Dev. Cell 2004, 6, 801–813.

115. Yamada, S.; Busse, M.; Ueno, M.; Kelly, O. G.; Skarnes, W. C.; Sugahara, K.; Kusche-Gullberg, M. J. Biol. Chem. 2004, 279, 32134–32141.

116. Inatani, M.; Irie, F.; Plump, A. S.; Tessier-Lavigne, M.; Yamaguchi, Y. Science 2003, 302, 1044–1046.

117. Stickens, D.; Zak, B. M.; Rougier, N.; Esko, J. D.; Werb, Z. Development 2005, 132, 5055–5068.

118. Fan, G.; Xiao, L.; Cheng, L.; Wang, X.; Sun, B.; Hu, G. FEBS Lett. 2000, 467, 7–11.

119. Ringvall, M.; Ledin, J.; Holmborn, K.; Van Kuppevelt, T.; Ellin, F.; Eriksson, I.; Olofsson, A.-M.; Kjellén, L.; Forsberg, E. J. Biol. Chem. 2000,

275, 25926–25930.

120. Grobe, K.; Inatani, M.; Palleria, S. R.; Castagnola, J.; Yamaguchi, Y.; Esko, J. D. Development 2005, 132, 3777–3786.

121. Wang, L.; Fuster, M.; Sriramarao, P.; Esko, J. D. Nat. Immunol. 2005, 6, 902–910.

122. Humphries, D. E.; Wong, G. W.; Friend, D. S.; Gurish, M. F.; Qiu, W.-T.; Huang, C.; Sharpe, A. H.; Stevens, R. L. Nature 1999, 400, 769–772.

123. Forsberg, E.; Pejler, G.; Ringvall, M.; Lunderius, C.; Tomasini-Johansson, B.; Kusche-Gullberg, M.; Eriksson, I.; Ledin, J.; Hellman, L.;

Kjellén, L. Nature 1999, 400, 773–776.

124. Bullock, S. L.; Fletcher, J. M.; Beddington, R. S. P.; Wilson, V. A. Genes Dev. 1998, 12, 1894–1906.

125. HajMohammadi, S.; Enjoji, K.; Princivalle, M.; Christi, P.; Lech, M.; Beeler, D.; Rayburn, H.; Schwartz, J. J.; Barzeger, S.; De Agostini, A. I.;

et al. J. Clin. Invest. 2003, 111, 989–999.
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3.06.1 Introduction

Since Klenk discovered gangliosides in 1935, a number of structures of sialic acid-containing compounds have been

identified. In addition to the ganglio-series glycosphingolipids, a number of compounds with core structures of lacto/

neolacto-series, of globo-series, and sometimes of the hybrid type have been chemically defined.1,2 To clarify the

biological significances of these molecules, it has been crucially important to clone the synthetic enzymes and

modification enzymes. It has also been very important to find molecules interacting with the target molecules.

Although many studies have been performed to clarify the roles of glycolipids with various orthodox approaches, no

clear results have been obtained from those experiments. In turn, recent success in the molecular cloning of

glycosyltransferases3,4 has enabled us to obtain recombinant enzymes, mutant enzymes and tag-labeled enzymes,

and to modify the expression profiles of glycolipids in cultured cells and experimental animals.5 Actually, results

obtained with the manipulation of glycosyltransferase genes have been providing us with much more exciting and

novel information on the biological function of individual enzyme products.

Furthermore, characteristic features of the glycosylation machineries in the cells and physical association between

multiple glycosyltransferases has been demonstrated. In addition, regulation of gene expression of glycosyltransferases
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for the synthesis of glycolipids has been also studied, resulting in further understanding of the glycolipid expression in

various situations.

In this review, recent progress in the studies of synthesis of glycosphingolipids has been summarized. Furthermore,

biochemical aspects newly found in the glycolipid metabolism via the abnormal phenotypes of those mutant mice

were briefly summarized, and compared with clinical features of human diseases based on defects in glycolipid

synthesis.
3.06.2 Synthetic Pathway of Individual Series of Glycolipids

3.06.2.1 Common Pathway

cDNAs for the enzymes responsible for the synthesis of core structures of glycosphingolipids were isolated with many

efforts. The galactosyltransferase to synthesize galactosylceramide was cloned by two groups.6,7 Glucosyltransferase

cDNA for the synthesis of glucosylceramide was also isolated by an expression cloning system.8 These two genes are

not redundant. In contrast, b-1,4-galactosyltransferase gene responsible for the synthesis of lactosylceramide appears to

be redundant, based on the indirect evidence.9 Rat lactosylceramide synthase (b1,4GalT-6) was purified from the

brain extracts and its cDNAwas cloned by Nomura et al.10 The sulfatide synthase was also cloned, being a single gene

for the synthesis of sulfatide and seminolipids.11
3.06.2.2 Ganglio-Series Pathway

The synthetic pathway of glycosphingolipids is shown in Figure 1. Glycosyltransferases and the responsible genes

involved in the pathway are summarized in Table 1. Since the cDNA clones of ganglioside GM2/GD2 synthase were

isolated by our group in 1992,3 the majority of glycosyltransferase genes responsible for ganglioside synthesis have

been cloned and become available in wide ranges of experiments. It seems notable that many of these enzymes

exclusively utilize glycolipids as acceptors, and do not show much redundancy in their substrates. However, over-

lapping in the substrate specificity could be found in the sialyltransferases involved in the synthesis of a-series
gangliosides, that is, ST6GalNAc-III,12,13 ST6GalNAc-V,14 and ST6GalNAc-VI.15 They can commonly synthesize

GD1a, but some of them also utilize O-glycan acceptors. In addition, SAT-IV (ST3Gal-II)16 and SAT-V (ST8Sia-V)17

utilize not only glycolipids, but also glycoproteins as acceptors.

As for O-acetyltransferase, many trials have been performed for the identification of the gene, but no evidence

has been obtained to indicate that a single gene product can catalyze the synthesis of 9-O-acetylated sialic acid-

containing glycoconjugates. Trials to clone acetyltransferase cDNAs resulted in the identification of a putative acetyl-

CoA transporter cDNA18 or a novel transcriptional factor cDNA.19 A cDNA for vitamin D-binding protein was also

defined as a candidate for 9-O-acetylation-causing factor.20 Satake et al. reported Tis21 gene as an inducer of 9-O-

acetylation of GD3 under the expression of GD3.21 This gene appears to act as an inducing factor of O-acetyltransferase

transcription.
3.06.2.3 Globo-Series Pathway

The a-1,4-galactosyltransferase gene responsible for the synthesis of globotrialsylceramide (Gb3) was isolated in three

laboratories.22–24 This enzyme is a key to initiate the synthesis of globo-series glycolipids as confirmed later with gene

knock out. Gb3 itself is an important molecule named CD77, specifically expressed in Burkitt lymphoma cells among

human leukocytes.25 Megakaryoblasts also express Gb3 at some differentiation stage.26 This antigen is a receptor for

verotoxins from O157 pathogenic Escherichia coli, and is involved in tissue damage under hemolytic uremic syndrome.

Furthermore, immature B-lymphocytes expressing Gb3 immediately underwent apoptosis when removed from tonsil,

suggesting that it might be involved in the clonal selection of B-lymphocytes. Taking advantage of cloned Gb3

synthase gene, Gb4 synthase cDNA was isolated with an expression cloning system, resulting in the discovery that

Gb4 synthase was identical to previously reported b3GalT-III.27 Then, it was reported that b3GalT-V was possibly a

synthase of galactosylgloboside (Gb5 or SSEA4).28 Furthermore, a sialyltransferase responsible for the synthesis of

(a2-3)-sialyl-SSEA4 (monosialylgalactosylglobiside, MSGG)29 was also cloned with an atypical expression cloning.

Namely, it turned out to be identical with ST3Gal II. Thus, all genes coding for the key enzymes critical for the

initiation of different series of glycosphingolipids from a common precursor, lactosylceramide, and majority of genes

responsible for the synthesis of globo-series members have been isolated.
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Figure 1 Majority of glycolipids are synthesized via lactosylceramide. Synthetic pathway of glycosphingolipids is shown.
a-Series gangliosides (GD1a, GT1aa, and GQ1ba) have a sialic acid on GalNAc residue with a2-6-linkage.
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3.06.2.4 Lacto/Neolacto-Series Pathway

As for the cDNAs of enzymes involved in the synthesis of lacto/neolacto-series glycolipids, b-1,3-N-acetylglucosami-

nyltransferase gene that catalyzes the transfer of GlcNAc onto lactosylceramide with b1-3-linkage leading to the

synthesis of amino-CTH, was isolated by Togayachi et al.30 Thus, all genes coding for the key enzymes to initiate

different series of glycosphingolipids from a common precursor, lactosylceramide, have been isolated.

Recently, we have identified sialyltransferase genes that synthesize disialyl Lewis a (disialyl Lea).31 Disialyl Lea

is expressed in normal pancreas and normal colonic tissues. It is also detectable in the patients’ sera with pan-

creatic cancer or colon cancer, suggesting the possibility that it may be useful as a tumor marker as sialyl Lea.32,33

Above-mentioned ST6GalNAc-V and ST6GalNAc-VI could synthesize disialyl lactotetraosylceramide (Lc4) from

sialyl Lc4 (Figure 2).31 Subsequent action of fucosyltransferase 3 (FUT-3)34 was needed to generate disialyl Lea.

Therefore, these sialyltransferases utilize both GM1b and sialyl Lc4, belonging to ganglio-series and lacto-series,

respectively. Since only ST6GalNAc-VI gene is expressed in colonic tissues, we concluded that ST6GalNAc-VI is

responsible for the synthesis of disialyl Lea.



Table 1 Glycosyltransferases involved in the synthesis of glycosphingolipids

Enzyme Another name Specificity (Products)

Glc-Cer syn b1,1GlcT Glc-Cer

Lac-Cer syn b1,4GalT-VI Lac-Cer

GM3 syn a2,3ST (SAT-I) (ST3Gal-V) GM3

GD3 syn a2,8ST (SAT-II) (ST8Sia-I) GD3,(GT3,GT1a,GQ1b, GD1c)

GM2/GD2 syn b1,4GalNAcT (SAT-I) GM2,GD2,GA2

GT3 syn a2,8ST (SAT-III) GT3

GM1/GD1b/GA1 syn b1,3GalT (GalT-3) (b3GalT-IV) GM1,GD1b,GA1

GT1b/GD1a/GM1b syn a2,3ST (SAT-IV) (ST3Gal-II) GT1b,GD1a,GM1b

GQ1b/GT1a/GD1c syn a2,8ST (SAT-V) (ST8Sia-V) GQ1b,GT1a,GD1c

GD1a syn ST6GalNAc-V GD1a
GD1a syn? ST6GalNAc-III GD1a þ a
GD1a/GT1aa/GQ1ba ST6GalNAc-VI GD1a,GT1aa,GQ1ba
Neu5Gc syn CMP-Neu5Ac hydroxylase CMP-NeuGc

9-O-Acetyl GD3 syn O-Acetyl-transferase? 9-O-Acetyl GD3

Gb3 syn a1,4GalT Gb3(/CD77)

Gb4 syn b1,3GalNAcT (b3GalT-III) Gb4

Gb5 syn b3GalT-V Gb5

MSGG syn ST3Gal-II MSGG

Amino-CTH syn b3GnT-V Amino-CTHa

Di-Sia-Lea syn ST6GalNAc-VI Di-Sia-Lea,b

aCeramide-trihexoside.
bDisialyl Lewisa.

Lc4 Lea
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Figure 2 Disialyl Lewis a (Lea) is synthesized by ST6GalNAcVI and FUT3 via the conversion of sialyl-Lc4 to disialyl-Lc4.
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3.06.3 Regulation of Glycolipids at the Transcriptional Levels of the Synthetic
Enzyme Genes

3.06.3.1 GM2/GD2 Synthase

Genomic organization and regulatory mechanisms for the gene expression of GM2/GD2 synthase were reported in

1996.35 There were three transcription units in the 50-upstream of the gene, suggesting their roles in the differential

expression of the gene. There was no TATA sequence in the promoter regions.35
3.06.3.2 GD3 Synthase

Promoter analysis of GD3 synthase gene was performed for multiple species.36–38 In human GD3 synthase gene, it

spanned about 135kbp, and consisted of five exons.36 Luciferase assay with deletion mutants revealed strong
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promoter activity in the presence of SV40 enhancer in human melanomas, and suggested the existence of a silent

region between –2300 and –900 nucleotides of the transcription initiation sites commonly in human, mouse,37

and rat.38 They lacked canonical TATA and CAAT boxes, but contained Sp1 binding sites. They also commonly

contained GT/CG repeat sequence at upstream of –1200 to –1300 nucleotides (Figure 3), suggesting that they form

Z-type DNA, and are involved in the gene regulation.
3.06.3.3 GM3 Synthase

Human GM3 synthase gene structure was analyzed by Kim et al.39 and Yu et al.,40 showing absence of canonical TATA

and CAAT boxes. The involvement of CREBwas demonstrated in TPA-induced differentiation of HL-6041 or K562.42

In murine GM3 synthase gene, Sp1 and Ap2 sites were found and defined as functional by electrophoretic mobility

shift assay (EMSA) and chromatin immunoprecipitation assay.43
3.06.3.4 GlcCer Synthase

Molecular cloning and characterization of the mouse ceramide glucosyltransferase gene was reported by Ichikawa

et al.44 This gene spanned about 32kbp and was composed of nine exons. The promoter region lacked TATA and

CAAT boxes but contained Sp1 binding sites. Uchida et al. demonstrated that transcriptional upregulation of GlcCer

synthase through doxorubicin-induced activation of Sp1 is one potential mechanism to regulate ceramide increase and

apoptosis in HL-60/ADR cell, that is, a drug-resistant HL-60 subline.45

Thus, various regulatory mechanisms for the expression of glycolipid synthase genes have been elucidated, and

some of them seem quite reasonable for the explanation of the expression patterns of their products, glycolipids, in

various situations. Even though, much more studies should be needed to better understand whole features of

regulatory mechanisms of glycosyltransferases.
3.06.4 Intracellular Localization and Assembly of Glycosyltransferases

Recently, there have been many studies on the collaboration between some glycosyltransferases and their analogous

proteins, for example, Cosmc for core 1 b1,3GalT,46 CS synthases,47 and POMT1/2.48 It is still controversial whether

these counterpart proteins are another functional enzymes or mere chaperone molecules. In the glycosyltransferases

responsible for the glycolipid synthesis, there are interesting reports on the association of enzymes that show definite

and distinct enzyme activity, resulting in the more effective exertion in a glycosylation machinery as described below.
3.06.4.1 Assembly of Ganglioside Synthases in Golgi

Maccioni et al. reported that a basic amino acid motif (RKXRK) and its direct binding to Sar1, a component of COPII is

important in the selective transport of glycosyltransferases from ER to Golgi49 Then, they demonstrated that

cytoplasmic tails of SialT2 (ST8SiaI) and b1,4GalNAcT (GM2/GD2 synthase) impose their respective proximal and

distal Golgi localization.50 Furthermore, they demonstrated that enzymes responsible for the ganglioside synthesis

form two distinct clusters in the different compartments in Golgi. Namely, one is of GM2/GD2 synthase and GM1

synthase, and the other is of LacCer synthase, GM3 synthase, and GD3 synthase.51,52 These findings indicated that

there might be efficient glycosylation systems to better synthesize individual series of glycolipids.
3.06.4.2 Association of HNK-1-Related Enzymes

Recently, efficient collaboration between HNK-1 sulfotransferase and either one of glucuronyltransferases, GlcAT-P

or GlcAT-S was reported by Oka et al.53 They showed that HNK-1 sulfotransferase activity increased about twofold in

the presence of GlcAT-P or GlcAT-S, and catalytic domains of these enzymes are important to mutually form an

enzyme complex.

These results suggest that glycosyltransferases are not randomly arranged in Golgi, but very well assembled and

clustered to form functional enzyme complexes in distinct compartments, leading to efficient synthesis of relatively long-

chain complex glycolipids. Much more examples of such enzyme complexes would be discovered in the near future.
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3.06.5 What Was Known from the Knockout Mice of Glycosyltransferase Genes

Disruption of glycolipid-synthetic enzyme genes has clearly demonstrated essential roles of individual enzymes in the

synthetic process of glycolipids. Simultaneously, the results have proposed possible compensatory mechanisms based

on the modulated composition of glycolipids in the null mutants.
3.06.5.1 Gal-Cer Synthase Gene

Galactosylceramide synthase is responsible for the synthesis of galactosylceramide and its sulfated derivative, sulfa-

tide. Both of them are enriched in myelin. However, the null mutant mice lacking the galactosyltransferase can

generate myelin containing glucosylceramide.54 Monogalactosyl-alkylacylglycerol, a precursor of seminolipid, is also

defective in addition to galactosylceramide and sulfatide in the mutant mice. These mutant mice suggested the role of

glucosylceramide for the compensation of galactosylceramide and its derivatives.
3.06.5.2 Sulfatide Synthase Gene

As expected, sulfatides and seminolipids are completely deleted in the null mutants lacking sulfatide synthase.55 The

knockout mice of sulfatide synthase exhibit similar neurological abnormalities and disrupted spermatogenesis as

the knockout mice of GalCer synthase gene.54 However, these dysfunctions were less severe and appeared to occur

later than those in GalCer synthase null mice, suggesting the unique roles of GalCer.
3.06.5.3 Glc-Cer Synthase Gene

Glc-Cer synthase is a critical enzyme for the synthesis of glycosphingolipids, since the vast majority of glycolipid

structures are synthesized from Glc-Cer via lactosylceramide.8 The null mutant mice of the Glc-Cer synthase

showed embryonal lethality by E7.5.56 The null ES lines for Glc-Cer gene showed that glucosylceramide and

lactosylceramide comletely disappeared, but sphingomyelin and ceramide constantly remained. Disruption of the

Glc-Cer synthase gene resulted in greatly enhanced apoptosis in the ectoderm in E7.5 embryos, leading to embryonal

death.56 These results suggest that carbohydrate moiety of glycolipids is essential for embryonic development and

differentiation of various tissues.
3.06.5.4 GM3 Synthase Gene

GM3 synthase null mutants are free from apparent morphological and behavioral abnormalities,57 suggesting that even

asialo-series gangliosides are sufficient to cover the defects from the loss of all ‘sialo’ ganglioisdes. On the other hand,

clinical cases of abnormal GM3 synthase gene showed different severity. These patients derived from a common

mutation, and showed infantile-onset epilepsy.58 Their neurological defects were more serious, suggesting less

effective compensation with asialo-series glycolipids in humans.
3.06.5.5 GM2/GD2 Synthase Gene

As expected from the proposed synthetic pathway of gangliosides,59 mice lacking GM2/GD2 synthase gene showed

complete loss of complex gangliosides including GM1, GD1a, GD1b, GT1b, and GQ1b besides GM2 and GD2

(Figure 1).60 They also lacked asialo-series structures. Instead of the lack of complex gangliosides, band intensities of

precursor structures, that is, GM3 and GD3, became markedly strong in the homozygote samples, suggesting that the

remaining simpler gangliosides in the null mutants may substitute the roles of complex gangliosides, at least partly.

Long-term observation of these mutant mice indicated that complex gangliosides are essential in the maintenance of

nervous tissues but not in the morphogenesis.
3.06.5.6 GD3 Synthase Gene

As expected from the synthetic pathway of gangliosides (Figure 1),59 GD3 synthase is a key enzyme to catalyze the

synthesis of GD3 from GM3, and probably of GT3 from GD3, being an essential enzyme for the synthesis of b-series

gangliosides. In fact, genetic disruption of the gene resulted in the loss of all b-series gangliosides.61 a-Series



112 Biosynthesis of Glycolipids
gangliosides such as GM2, GM1, GD1a showed marked increase of band intensities in the TLC of brain ganglioside,

suggesting that the remaining a-series gangliosides may complement the roles of the lost b-series gangliosides. They

showed apparently reduced regenerative activity in the hypoglossal nerve resection system.61
3.06.5.7 The Double Knockout Mice of the GD3 Synthase and GM2/GD2
Synthase Genes

In double knockout mice of GM2/GD2 synthase and GD3 synthase gene generated by mating with each other,62 only

GM3 among all gangliosides remained with much higher concentration in the brain tissues than in the wild type. The

increased GM3 bandmight be equivalent to the bands of all other gangliosides lost. Chronological comparison of GM3

bands from brain tissues revealed no accumulating effects. These mutant mice demonstrated that the presence of

GM3, the simplest ganglioside, enabled mice to undergo normal neurogenesis, birth, and growing-up until some time

point of life. However, the accurate composition of gangliosides needs to be kept for the maintenance of the integrity

in the nerve tissues. Another double knockout line of the same genes showed different phenotype such as audiogenic

seizure probably due to different genetic backgrounds.63
3.06.5.8 The Knockout Mice of Gb3/CD77 Synthase

The knockout mice of Gb3/CD77 synthase showed complete loss of globo-series glycolipids in the tissues examined,64

confirming that this enzyme is a key to initiate the synthesis of globo-series glycolipids. The mutant mice also

demonstrated that Gb3/CD77 is a sole receptor for verotoxins from O-157 pathogenic E. coli, and is responsible for

tissue damage under hemolytic uremic syndrome.

Individuals who lack Gb3 synthase are typed as p, and express neither Gb3 nor Gb4. We and other groups reported

various mutations in the genome structure of Gb3/CD77 synthase gene, causing loss of enzyme activity.23,65 The

mutation sites in Gb3/CD77 synthase gene were different between Swedish and Japanese, and even among Japanese

p individuals, suggesting that this p minor blood group was generated later than the major blood groups, such as ABO.

As the null mutant mice, individuals with p type have not showed serious features, suggesting that globo-series

glycolipids might not be critical for the fundamental processes of development.
3.06.6 Perspectives

Availability of glycosyltransferase genes, mutant mice defective of glycosyltransferases, or their modifying enzymes

has strongly promoted further understanding of glycosphingolipid biosynthesis, and their significance in various

biological events.

Substrate specificities of individual enzymes have confirmed the biosynthetic pathway of glycolipids, and also

demonstrated the hierarchy among glycosyltransferases sharing same precursor structures.66 Although studies on the

regulatory mechanisms for main glycosyltransferase gene expression have also given us insights on the complexity in

the restricted expression patterns of glycolipids in various biological processes, majority of the regulatory mechanisms

for many enzymes are not yet unveiled. To further understand whole features of the glycolipid synthesis, precise

intracellular localization and trafficking of individual enzymes needs to be identified, and also mutual functional and

physical association of these enzymes should be investigated.

As shown in GM3 synthase gene null mutant mice,57 even asialo-series gangliosides are sufficient to cover the

defects from the loss of all ‘sialo’-gangliosides in terms of fundamental conditions for survival. On the other hand,

human cases with defective GM3 synthase gene showed more serious neurological defects,58 suggesting less effective

compensation with asialo-series glycolipids. Ranges of redundancy among individual glycosphingolipids in different

species remain to be investigated. For the purpose, we need to clarify the fine changes in the glycosphingolipids

including the ceramide portion in the null mutant mice. We also need to identify the specific and/or broad-reacting

ligands for individual structures to understand the mechanisms for the compensation with the remained glycolipids.
Glossary

glycolipids A general name for diverse biomolecules consisting of ceramides or glycerol and carbohydrates. Among them, those

with ceramides (glycosphingolipids) are more popular due to their broad expression and variety in the sugar moiety. Depending
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on the core structures of the sugar chains, they are classified into ganglio-, globo-, and lacto/neolacto-series. Asialo- and isoglobo-

series are also present.

glycosyltransferase Enzymes to catalyze the synthesis of sugar chains linked to proteins and lipids. Usually, they utilize sugar

nucleotides as donor substrates, and act on specific precursors with specific linkages, such as a or b.
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3.07.1 Introduction

Conjugated carbohydrates such as glycoproteins, glycolipids, and proteoglycans are structurally complex, and these

complexities are mainly due to various types of monosaccharides and their linkages, by which the sugar chain

structures are specified (see Chapters 3.03, 3.05–3.06). The oligosaccharide moieties of conjugated carbohydrates

are synthesized by the actions of an enzyme group, glycosyltransferases. Unlike other biological macromolecules such

as polynucleotides and polypeptides, the oligosaccharides are synthesized by the sequential action of various

glycosyltransferases, which are specific to monosaccharides to be transferred, linkages to be formed, and structures

of oligosaccharides as an acceptor for the glycosyl transfer. On the other hand, polynucleotides and polypeptides are

formed in a template-dependent manner by individual, common enzymes, DNA and RNA polymerases, and

ribosomal machinery because these biological polymers are produced by linking precursor substances, nucleotides,

and amino acids, via the formation of the uniform linkages, phosphodiester between the 30-OH and 50-OH groups and
115
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peptide bonds between a-amino and a-carboxyl groups, respectively. Therefore, such a simplicity might allow the

pathways of their biosyntheses to be relatively easily illustrated. In the biosynthesis of oligosaccharides, however, the

process of formation and/or polymerization involves a much larger number of synthesizing enzymes according to

structural variation, compared to polynucleotides and polypeptides. In spite of the great variation in the types of

monosaccharides and linkages, it appears that glycosyltransferases are less varied in terms of catalytic mechanism

because the reactions catalyzed by these enzymes basically involve the cleavage and subsequent formation of a

glycosidic bond which chemically corresponds to an ether bond. On the basis of the mechanisms of the reactions

catalyzed but not substrate types, glycosyltransferases can be classified into a relatively small number of groups.

Oligosaccharide-degrading enzymes are referred to as glycosidases, and this type of the enzyme catalyzes the

hydrolysis of glycosidic linkages. It may be supposed that the hydrolysis of glycosides is a transfer reaction of a glycosyl

moiety from a substrate glycoside to water molecule. The chemical mechanisms of glycosidases appear to be

essentially similar to those of glycosyltransferases even though there are differences in some details. This chapter

provides an overview of enzymatic properties, including the chemical bases, kinetic properties, and catalytic

mechanisms, of glycosidases and glycosyltransferases.
3.07.2 Reactions Catalyzed by Glycosidases and Glycosyltransferases

3.07.2.1 Glycosyl Transfer by Glycosyltransferases

3.07.2.1.1 Reactions
Glycosyltransferases catalyze the transfer of monosaccharide from certain types of glycosides to compounds such as

monosaccharides, oligosaccharides, or nonsaccharides. The transfer to the saccharide thus leads to an elongation of

sugar chains, as indicated below:

X�sugarþ Yðacceptor oligosaccharideÞ ! Xþ Y�sugarðelongatedÞ
X�sugarþ YðnonsugarÞ!Xþ Y�sugarðmonoglycosylatedÞ

The glycoside providing the monosaccharide sugar in the transfer reaction is a glycosyl donor substrate, and a

sacccharide or the other compound to which the monosaccharide is to be added is called an acceptor substrate. One

example, the reaction of b-1,4-galactosyltransferase, is shown in Figure 1. Reactions catalyzed by glycosyltransferases

are specified usually at least by the type of sugar transferred and the linkage formed between the sugar and acceptor
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Figure 1 An example of a reaction catalyzed by a glycosyltransferase. b-1,4-Galactosyltransferase catalyzes the transfer

of galactose from UDP-Gal, a glycosyl donor substrate, to an acceptor substrate via a b1-4-linkage.
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oligosaccharide, including the resulting anomeric configuration and position of the linkage, for example, C2, C4, and

C6, in the sugar residue of the acceptor. In addition, acceptor substrates that glycosyltransferases act on may be

included in the nomenclature of a certain glycosyltransferase to specify the reaction of interest.
3.07.2.1.2 Glycosyl donor substrates in the transfer reactions by glycosyltransferases
Although it is known that some enzymes, including glycosidases, are capable of forming glycoside linkages under

nonphysiological conditions,1–4 most of the enzymes which are believed to function as ‘physiological’ oligosaccharide-

synthesizing enzymes require an activated glycosyl donor substrate for their transfer reactions. Monosaccharides are

typically activated by being conjugated with monophosphonucleosides or diphosphonucleosides. In mammalians,

the nucleotides which serve to activate glycosyl moiety to be transferred are uridine diphosphate (UDP), guanosine

diphosphate (GDP), and cytidine monophosphate (CMP), and in certain other organisms adenosine diphosphate

(ADP) is also used. In addition to nucleotides, dolichol phosphate serves to form an activated glycosyl donor in

the case of the biosynthesis of the glycosylphosphatidylinositol anchor.

The nucleotide portion of the glycosyl donor substrates play some role in the biosynthetic pathway, as well as

activating the substrate to facilitate the reaction. The nucleotides appear to allow the glycosyl donor to be delivered into

the luminal space of the Golgi apparatus, where a number of glycosyl transfer reactions occur. The transport of glycosyl

donors into the Golgi lumen depends largely on being recognized by the nucleotide sugar transporter.5–9 Nucleotide

portions also play an essential role in the recognition and binding of the glycosyl donor by glycosyltransferases.10 This

tag-like role appears to be crucial comparably to activating the substrate because, in most glycosyltransferases, the

binding of the donor substrate to the enzyme largely depends on the interaction between the nucleotide portion and

active site residues, as described below.

Because glycosyl donors contain a high-energy phosphate bond, particularly in the case of diphosphonucleoside

sugars, it may sometimes be considered that the nucleotide portion of the donor directly activates the glycoside bond

between a monosaccharide and a nucleotide. However, it should be noted that the reaction does not directly involve

the cleavage of phospho anhydride and thus is not accompanied by generation of the free energy derived from the

cleavage of a high-energy phosphate bond, at least in vitro. It is more likely that the nucleotide portion acts as a better

leaving group, thereby facilitating the reaction. As explained for a comparison of the reactivities of usual peptide

substrate and p-nitroaniline derivatives for some peptidases, the amino group of the leaving group from the former

peptide substrate must be protonated prior to its release, whereas the p-nitroaniline as the leaving group of the latter

is not necessarily protonated due to the delocalization of electrons and/or a lower pKa value.11 In nucleotides,

such as UDP and GDP, as the leaving group in reactions by glycosyltransferases, a negatively charged phosphoryl

oxygen, which is generated on cleavage of the nucleotide sugar, is sufficiently stabilized by an electron-delocalizing

effect which is allowed by resonance. Therefore, once the nucleotide is released from the donor, it would be difficult

to reverse the reaction. Such a stabilization of the final state in the reaction coordinate contributes, in part, to the

driving force for the glycosyl transfer, and is advantageous for the direction toward formation rather than its reverse.

Because in the Golgi apparatus, nucleoside diphosphates are immediately hydrolyzed into inorganic phosphate and

nucleoside monophosphate by a lumenal nucleoside diphosphatase, the forward direction of the glycosyltransferase

reactions is more favorable.
3.07.2.2 Glycosidase Reactions

3.07.2.2.1 Hydrolysis of glycosides by glycosidases
Glycosidases hydrolyze glycosidic bonds in carbohydrates and glycoproteins, glycolipids, and other complex carbohy-

drates. The enzymes can be most simply classified into endo- and exo-types. Exo-type glycosidases attack and

hydrolyze monoglycosides into free sugar and aglycone, or act on oligosaccharides to liberate a monosaccharide

from the nonreducing end:

sugar�XðmonosaccharideÞ!sugarðfreeÞ þ XðaglyconeÞ
sugar�YðoligosaccharideÞ!sugarðfreeÞ þ Yðone-unit smaller oligosaccharideÞ

Endo-type glycosidases act on oligosaccharides and catalyze the hydrolysis of an internal glycosidic bond, thus

resulting in the liberation of smaller two oligosaccharides or in releasing an oligosaccharide and monoglycoside of the

reducing end. Some glycosidases are capable of functioning as both exo- and endo-types:
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:::�sugar�sugar�sugar�sugar�:::! :::�sugar�sugarþ sugar�sugar�:::

:::�sugar�sugar�sugar�X! :::�sugar�sugarþ sugar�XðX¼aglycone; nonsugar moietyÞ
Similar to the case of glycosyltransferase, the reactions by glycosidases can also be characterized by the anomeric

configuration of the glycosidic bond of the substrate which the enzymes attack. This definition of the nomenclature is

different from that for glycosyltransferases. The anomeric configuration in the substrate for glycosidases and in the product

for glycosyltransferasesmust be specified.Glycosidasesmay also be classified into some categories depending on the types

of glycoside such as O-glycoside and N-glycoside that are involved in the reaction (see also Chapters 1.12 and 1.11).

The hydrolytic reaction of a glycoside is essentially irreversible under physiological conditions because the direction

of the reactions toward the cleavage is enhanced by water. In some cases, however, the direction can be shifted toward

the synthesis rather than degradation by controlling the conditions (see Chapters 3.09–3.11).1
3.07.2.2.2 Transglycosylation reaction and hydration of glycal
Some glycosidases are capable of catalyzing the transfer of a sugar moiety from one glycoside to another glycoside.

This type of reaction is sometimes observed during the hydrolysis of a glycoside substrate by glycosidases. For

example, when lactose is hydrolyzed by b-galactosidase into galactose and glucose, a certain fraction of the galactose

cleaved from the lactose is transferred to lactose and a monosaccharide produced as a result of the hydrolysis. As a

result, a variety of b-galactosides such as Galb1-6Galb1-4Glc and Galb1-2Glc are yielded.12,13 In this transglycosyla-

tion reaction catalyzed by b-galactosidase, a galactose residue liberated from lactose is attacked by a hydroxyl group of

lactose in stead of water. In addition, other nonsaccharide compounds may also serve as such an acceptor, and this type

of reaction can be used in the enzymatic synthesis of natural and non-natural glycosides.14–16

Glycals are 1,2-unsaturated enol ether derivatives of sugars and were originally found to be potent inhibitors of some

glycosidases.17,18 These compounds mimic the reaction intermediate produced during the hydrolysis of glycosides,

and are hydrated to produce the corresponding 2-deoxy-sugar by the enzymes (Figure 2), analogous to the attack of a

water molecule against the reaction intermediate during hydrolysis of glycosides (see Chapter 1.08).19–21
3.07.2.2.3 Substrates
In addition to the physiological substrate on which glycosidases act in vivo, several synthetic substrates are available for

use in in vitro activity assays. For exo-type glycosidases, in particular, artificial glycosides have been synthesized by

combining sugars which are specific to individual glycosidases and components which serve as good leaving groups, for

example, chromogenic and fluorogenic substances such as p-nitrophenol and 4-methylcoumarin. Many glycosidases

display a relatively strict specificity toward the sugar moiety but tolerate such non-natural aglycones.
3.07.2.3 Retention and Inversion of Anomeric Configuration in Reactions Catalyzed by
Glycosidases and Glycosyltransferases

A substantial proportion of glycosyltransferases utilize nucleotide sugars as glycosyl donor substrates. In the glycosyl

donor substrate that the enzymes act on, the anomeric configuration of the glycosyl moiety is not variable. In

mammalians, for example, UDP-Glc, UDP-Gal, and their N-acetylated aminosugar derivatives have an a-anomeric

configuration at the C1 position. Although the b-anomer of GDP-fucose (but not the a-anomer) is active as a substrate

for fucosyltransferases, the difference in classification is due to the absence of a C6 OH group. The structure

associated with the anomeric configuration, that is, stereochemistry around C1, is essentially similar to other nucleo-

tide sugars which are active glycosyl donors in glycosyltransferase reactions.
D-Galactal

CH2OH CH2OH
OH

HO
O O

OH

OHHO

2-Deoxy-galactose

Figure 2 Hydration of a glycal by a glycosidase. The case of galactal, a 1,2-unsaturated derivative of galactose, is shown.

Hydration of the glycal by a glycosidase results in the formation of the corresponding 2-deoxysugar.
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Depending on whether the anomeric configuration of the transferred sugar is retained or inverted, glycosyltrans-

ferases can be categorized into two classes, that is, retaining or inverting enzymes. For example, a family of

galactosyltransferases includes various types of the enzymes, and uses UDP-a-Gal as the common glycosyl donor

substrate for their individual reactions. The mammalian a-1,3-galactosyltransferase is known to be the enzyme

responsible for the production of a major xenoantigen, the a-Gal epitope, and catalyzes the transfer of Gal from

UDP-Gal to a nonreducing terminal Gal residue via an a-linkage, yielding the structure Gala1-3Gal. This example is

the case of retention of anomeric configuration. On the other hand, b-1,4-galactosyltransferase, one of the most

extensively investigated glycosyltransferases, catalyzes the transfer of Gal and forms a b1-4-linkage. Such a type of

glycosyltransferase is classified as an inverting enzyme because the anomeric configuration of the transferred sugar

is changed, that is, inverted, during the transfer reaction. Similarly, fucosyltransferases which produce a1-2-, a1-3-, a1-4-,
and a1-6-linked fucose residues are also inverting enzymes.

By analogy with glycosyltrasnferases, glycosidases are also categorized into two enzyme groups by the presence or

absence of a change in anomeric configuration. Retaining and inverting glycosidases hydrolyze substrate glycosides

with overall retention and inversion of anomeric configuration of the substrates, respectively. When the a-anomer of a

free sugar is released by the hydrolytic cleavage of an a-glycoside substrate by a glycosidase, the glycosidase of interest
is classified as a retaining glycosidase. If the free sugar liberated is a b-anomer, the glycosidase involved is an inverting

one. In both cases, the anomeric configuration of the released sugar thereafter ends up in equilibrium according to the

physicochemical nature of the sugar.
3.07.3 Kinetic Properties and Reaction Mechanisms of Glycosidases
and Glycosyltransferases

3.07.3.1 Glycosidases

Reactions catalyzed by glycosidases are a unireactant system, in which one substrate undergoes action by the enzymes,

and can be described practically by the Michaelis–Menten or the Briggs–Haldane model in steady-state kinetics.22

Some enzymes among the retaining glycosidases involve a covalent glycosyl enzyme intermediate, and other enzymes

do not. The former first reacts with the substrate and then forms the glycosyl enzyme, accompanied by liberation of

the leaving group. Subsequently, this intermediate is attacked by a water molecule, leading to the liberation of the free

sugar and regeneration of the free enzyme. Therefore, it should be noted that the apparent Km value can be much

smaller than the actual dissociation constant if the breakdown of the intermediate is slow compared to its formation.

Under this circumstance, the dissociation constant is not appropriately approximated by the Km value.
3.07.3.2 Glycosyltransferases

In contrast to the reactions of glycosidases, glycosyltransferase reactions are relatively complicated due to their being a

Bi–Bi system in which two substrates and two products are involved. Some glycosyltransferases which follow the

sequential mechanism may randomly bind donor and acceptor substrates, that is, no preference in the order of the

binding of the substrates, to form a ternary complex, an enzyme–donor–acceptor complex. Once this complex plus

other factor such as a divalent metal is formed, chemical conversion then occurs and the glycosyl moiety is transferred.

In the ordered mechanism, on the other hand, one substrate, a glycosyl donor in most cases, binds to the enzyme first,

and the other, an acceptor substrate, then binds to the complex of the enzyme and the first substrate. The order of

substrate binding may or may not be strict according to enzyme properties. The free enzyme has a conformation which

fits only the binding of the donor substrate but not the acceptor, and the binding of the first substrate may induce a

conformational change to allow the second substrate to bind, thus leading to the formation of the ternary complex.29

These sequential mechanisms can be discriminated by detailed steady-state kinetic analyses.

Retaining glycosyltransferases follows a different reaction mechanism from that of inverting enzymes, and involves

covalent intermediates, referred to as a substituted-enzyme or double-displacement mechanism. This reaction

mechanism allows the enzyme to bind the glycosyl donor substrate first, and the enzyme then attacks the glycosidic

linkage to substitute the leaving group, the aglycone portion of the donor nucleotide sugar, thereby producing a

glycosyl–enzyme intermediate in which the active site residue of the enzyme is linked to the sugar by a glycosidic

bond. At this time, the linkage of the sugar is inverted from the original anomeric configuration of the donor substrate.

After the formation of the intermediate, the enzyme binds the acceptor substrate to form a complex of glycosyl–

enzyme and acceptor substrate. The hydroxyl group of the acceptor then attacks the glycosidic linkage of the
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intermediate by nucleophilic substitution, consequently completing the transfer of the sugar. In many enzyme

reactions involving double-displacement mechanism, the reaction mechanism is often consistent with a ping-pong

Bi–Bi, in which sets of reaction rates plotted as function of donor concentration for different acceptor concentrations

give parallel curves in a double reciprocal plot.22,23 As suggested by studies of a-galactosyltransferases, however, it
appears that retaining glycosyltransferases do not follow a ping-pong mechanism because the leaving groups of the

donors are not released from the enzyme–substrate complex during the reactions.24–26 In such a class of galactosyl-

transferases, b-phosphoryl group of UDP, a leaving group of the donor, serves as a base to assist the reaction.
3.07.4 Catalytic Process

3.07.4.1 Inverting Enzymes

Inverting-type enzymes of both glycosyltransferases and glycosidases appear to involve essentially a similar catalytic

mechanism27–33 for their reactions in terms of substitution. Cleavage of the glycosidic linkage in the substrate is

followed by the addition of a water molecule for the glycosidases and by re-formation of the linkage between the

transferred sugar and the acceptor substrate for the glycosyltransferases. The cleavage of the glycosidic bond and

subsequent formation of a chemical bond are facilitated by acid–base catalysis involving a pair of amino acid residues

in the active site of these enzymes. As indicated by numerous studies, a carboxylic acid group of the active site aspartic

acid or glutamic acid serves as a general acid catalyst to protonate the oxygen atom of the glycosidic bond, and the

carboxylate form of another catalytic group in the active site deprotonates the water molecule in the case of the

glycosidases or a hydroxyl group of the acceptor substrate in the glycosyltransferases in order to facilitate the attack to

the anomeric carbon of the sugar to be transferred. This deprotonation by the general base increases the nucleophilicity

of oxygen atoms of the water and acceptor, thereby permitting the nucleophilic substitution for the leaving group.

In this catalytic mechanism, the reactions of both glycosidic hydrolysis and glycosyl transfer reactions appear to

involve an intermediate as shown in Figure 3. The transition state is believed to have an oxocarbenium ion-like

structure, which involves partially negatively charged oxygen atoms of the leaving group and the substituent, a water

molecule or acceptor substrate, and thus partially positively charged anomeric carbon atom of the sugar portion of the

substrate occurs. The partially positive charge which occurs at the anomeric carbon is delocalized and is distributed
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Figure 3 A proposed transition state of an inverting glycosyltransferase. A planar and positively charged intermediate
derived from a monosaccharide, indicated in the center, is referred to as an oxocarbenium ion intermediate. An inverting

glycosidase also involves essentially the same intermediate. Two acidic amino acid residues play an essential role in the

acid–base catalysis. The upper carboxylate functions as a base to deprotonate the hydroxyl group of the acceptor, and the
lower carboxylic acid serves as an acid.
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over the anomeric carbon and ring oxygen, that is, an oxocarbenium ion-like structure, in which delocalization of the

charge plays a role in assisting the reaction. Accompanying the charge buildup, the anomeric carbon undergoes

planarization, where the plane contains the anomeric carbon and hydrogen and ring oxygen, due to formation of a

partial double bond of the ring oxygen and anomeric carbon, and therefore the sugar ring becomes distorted. Cleavage

of the initial glycosidic bond and substitution by acceptor substrate are simultaneous or concerted in such a reaction

intermediate in inverting glycosyltransferases. Because the water or acceptor substrate attacks the intermediate from

the opposite side of the linkage with the leaving group, the resulting anomeric configuration of the product becomes

inverted. This catalytic mechanism accounts for the kinetic model for the inverting glycosyltransferases, in which a

ternary complex is involved.
3.07.4.2 Retaining Enzymes

Two different mechanisms are possible for retaining glycosidases and glycosyltransferases. One mechanism involves a

covalent glycosyl–enzyme intermediate, and, in the other mechanism, the reaction proceeds through a noncovalent

intermediate, the oxocarbenium ion intermediate.
3.07.4.2.1 A mechanism involving a covalent glycosyl–enzyme intermediate
An enzyme-associated nucleophile attacks the anomeric carbon of a glycosidic bond of the substrate, and substitutes

for the leaving group by the formation of a new glycosidic linkage between the enzyme and sugar portion of the

substrate (Figure 4). The linkage with the leaving group is cleaved, and the group is then liberated from the enzyme.

In some glycosyltransferases, however, the leaving group is retained until the reaction is completed, as described in

Section 3.07.3.2. It may be considered that this mechanism is analogous to the well-investigated catalytic mechanism for

a serine class of proteases such as subtilisin and trypsin. In general, however, the nucleophile that plays a central role in

the mechanism is the carboxylate group of a glutamate or aspartate residue of the glycosidase and glycosyltransferase,

whereas it is a serine hydroxyl group in proteases. In addition to the nucleophilic carboxylate, the active site of the

enzyme contains another carboxyl group which functions as a general acid–base catalyst. This carboxyl group, which is

also provided by a glutamic acid or aspartic acid residue of the enzyme, assists the cleavage of the original glycosidic

linkage by donating a proton to the glycosidic oxygen atom. Because the cleavage assisted by acid catalysis causes the

anomeric carbon to be positively charged, that is, loss of electron, the carbon becomes more susceptible to attack by

the nucleophile carboxylate which is capable of providing an electron. Consequently, the sugar portion of the substrate

is covalently linked with the enzyme nucleophilic carboxylate via a glycosidic bond, thus leading to the formation of a

covalent glycosyl–enzyme intermediate. In this intermediate, the anomeric configuration is inverted compared to the

original one in the substrate because the attack by the enzyme nucleophile occurs from the opposite direction of the

leaving group.
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Figure 4 Formation and hydrolysis of a covalent glycosyl enzyme intermediate in the reaction of a retaining glycosidase.

A lower carboxylate, glutamate or aspartate in the enzyme active site, functions as a nucleophile. An upper carboxylic acid

of the side chain of another acidic amino acid residue functions as an acid–base catalyst to facilitate the reaction. A reaction
catalyzed by a retaining glycosyltransferase also involves a similar intermediate, but in this case, the substrate glycoside

and a water molecule should be replaced by a donor substrate such as a nucleotide sugar and an acceptor substrate,

respectively.
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The glycosidic linkage in the covalent intermediate is then attacked by water for glycosidases or the acceptor

substrate for glycosyltransferases. The carboxyl group that acts as an acid catalyst in the formation of the covalent

intermediate is now a carboxylate, a form of conjugate base, and serves to abstract a proton from a water molecule and

the acceptor substrate. This step increases the nucleophilicity of water or the acceptor, and thereby allows the

nucleophilic substitution of the enzyme, resulting in the cleavage of the linkage between the enzyme and the glycosyl

moiety. Finally, a sugar moiety of the intermediate is released with further anomeric inversion in the form of a free

sugar, or the new glycosidic bond is formed in the product of the glycosyltransferase reaction. Double anomeric

inversion during the overall reaction leads to retention of the configuration.

3.07.4.2.2 A mechanism involving noncovalent intermediate
Two carboxyl groups of the enzyme also play essential roles in this catalytic mechanism. However, this mechanism

involves an oxocarbenium ion as the reaction intermediate instead of the aforementioned covalent intermediate. One

carboxyl group is deprotonated and negatively charged, and serves to stabilize the oxocarbenium ion intermediate

which is positively charged due to the loss of an electron by the leaving group. This carboxylate does not act as a

nucleophile unlike the one in the mechanism based on the covalent intermediate, and acts as an electrostatic catalyst

by neutralizing the positive charge in the intermediate. The other catalytic carboxyl group plays a similar role to that in

the covalent intermediate-based catalysis, and serves as a general acid–base catalyst.

The carboxylic acid group of aspartic acid or glutamic acid residues as the acid–base catalyst donates a proton to the

glycosidic oxygen atom, and facilitates the cleavage of the original bond, accompanied by the liberation of the leaving

group.This process results in the formation of an oxocarbenium ion intermediate, and a positive chargewhich is originally

generated at the anomeric carbon is delocalized over this carbon and ring oxygen.The intermediate is relatively stabilized

by delocalization of the positive charge, which is due to a wider distribution of electrons as well as electrostatic

stabilization by another catalytic carboxylate group, as described above. Such stabilization of the intermediate which is

a central reactive species is absolutely required for this mechanism.

The oxocarbenium ion intermediate subsequently undergoes attack by water for glycosidases or an acceptor substrate

for the case of glycosyltransferases. The carboxylate group as the acid–base catalyst, which is a base form after donating a

proton to the leaving group, abstracts a proton from a water molecule or a hydroxyl group of the acceptor substrate in

order to activate them. Deprotonation increases the nucleophilicity and thus allows the nucleophilic attack against the

anomeric carbon of the oxocarbenium ion. The anomeric configuration is retained due to the attack from the opposite

direction of the carboxylate group as the electrostatic catalyst, that is, from the same direction as the leaving group.
3.07.5 Specificity

3.07.5.1 Substrate Specificity in Glycosyltransferases

As indicated by many studies, the specificities of glycosyltransferases toward the donor, nucleotide sugars, appear to be

sufficiently strict to produce the proper structures as specified. Steady-state kinetic analyses have shown that the

binding of nucleotide sugars to glycosyltransferases greatly depends on the nucleotide portion of the donor but to a

lesser extent on the sugar moiety.34–36 For most glycosyltransferases involving a diphosphonucleoside sugar, for

example, the nucleoside diphosphates corresponding to the individual donor substrates serve as a competitive

inhibitor whose inhibition constant, Ki value, is generally comparable to the Km value or the dissociation constant

for the donor substrate. Because inhibition studies using monophosphorylated or diphosphorylated nucleoside as

competitive inhibitors have shown that the diphosphate form exhibits a much stronger inhibitory effect than the

monophosphate one, as judged by Ki values, the diphosphate group in the donor substrates contributes significantly

to the binding of the substrate to the enzyme. If a sugar moiety of the nucleotide sugar is not an appropriate type for

a certain glycosyltransferase, the nucleotide sugar does not serve as a glycosyl donor but consequently acts as a

competitive inhibitor. Thus, it seems more likely that such a glycosyltransferase would be unable to discriminate its

own donor substrate from other nucleotide sugars in which only the nucleotide portion is common to the substrate, at

the step where the enzyme–substrate complex is formed.

While the binding of the donor with a glycosyltransferase depends on the interaction via nucleotide portion, the

involvement of a sugar moiety in the binding of the enzyme and the donor substrate is minor, in many cases. Unless

the sugar moiety of the substrate is appropriate, the sugar is not transferred. It is probable that structural elements

of the sugar play a significant role in the chemical step(s) subsequent to the formation of the enzyme–substrate

complex. It seems likely that in many glycosyltransferases the specificity of the sugar moiety in the transfer reaction is

associated with the catalytic mechanism or chemical steps but not with the actual binding. Stabilization of the

transition state may depend on a subtle difference in the structural elements of the sugar moiety.
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3.07.5.2 Substrate Specificity in Glycosidases

Exo-type glycosidases act on their substrates, in general, by discriminating the nonreducing terminal sugar moiety.

While the substrate specificity is strict for the terminal sugar in the substrate, the enzymes display a broad specificity

toward the aglycone and the leaving group in the substrate. In fact, the substrates for the glycosidases that are

frequently used in an activity assay are synthetic glycosides consisting of specific sugars and activated aglycones such

as p-nitrophenol,37 as similarly used in the activity assays for proteases. Although the enzymes exhibit some preference

for the aglycone or reducing terminal portion, the nonreducing terminal sugar would essentially contribute to the

recognition by the enzymes. As indicated by a study involving monodeoxygenated analogs,38 the hydroxyl groups of

the nonreducing terminal sugar play much more important roles in recognition and/or specificity via the formation of

specific hydrogen bonds. On the other hand, the specificity of endo-type glycosidases appear to be variable. Some

endoglycosidases recognize not only structures in close proximity to the linkage to be cleaved but also other structural

elements which are distant from the cleavage site in the oligosaccharide, for example, as found in endo-b-N-
acetylglucosaminidases which act on Asn-linked sugar chains.
3.07.6 Inhibitors

3.07.6.1 Mode of Inhibition of the Enzymes

Enzyme inhibitors can roughly be classified into substrate analogs and transition state analogs. Both types of analogs

inhibit the enzyme via generally competing with the substrate for binding to the active site of the enzyme but are not

affected by the enzyme. Substrate analogs mimic the structural features of the substrates, whereas transition state

analogs have some structural characteristics that are unique to the transition state.

In the case of glycosyltransferases, two types of substrate analogs are possible because the reactions of glycosyl-

transferases are bisubstrate systems which involve two substrates, a glycosyl donor and an acceptor. When a substrate

analog occupies either of the donor-binding site or the acceptor-binding site, the action of the enzyme can be

inhibited. As described above, in general, nucleotide diphosphate as a portion of the donor substrate serves as

the donor substrate analog. Some inhibitors simultaneously mimic both donor and acceptor substrates by combining

the structural characters of both substrates, and are referred to as bisubstrate analogs.39 Thus, substrate analogs for

glycosyltransferases can be subdivided into donor analogs, acceptor analogs, and bisubstrate analogs.

Transition state analogs typically bind to enzyme active sites much more tightly than substrate analogs because the

enzyme binds the substrate in the transition state more strongly than one in the ground state, as explained by the

thermodynamic cycle as previously described.40 However, it may be difficult to design analogs that mimic an unstable

and unusual chemical structure in the transition state, compared to the development of the substrate analogs. In

particular, developing transition state analogs of glycosyltransferases may require considerable thought, since the

transition state involves all of the sugar moiety to be transferred, the nucleoside phosphate and the acceptor substrate.

Compounds which irreversibly inactivate enzymes can sometimes be included as inhibitors. The actions of such

chemicals result from the modification of active-site residues of enzymes and may or may not be specific, depending

on whether the chemicals specifically bind to the enzyme or whether the modification process depends on the

catalytic mechanism of the enzyme. Even if the compound is a nonspecific modifying agent which reacts nonselec-

tively with functional groups of side chains of amino acid residues, it is possible that a combination with specific ligand

would enable specific inactivation of the enzyme.
3.07.6.2 Glycosidase Inhibitors

Nojirimycin as well as its reduced form, deoxynojirimycin, are known to be potent inhibitors of a-glycosidase and one

of the most extensively investigated glycosidase inhibitors.41,42 These inhibitors are frequently used in studies of the

biosynthetic pathway of N-linked sugar chains because the inhibitors affect a-glucosidases which play essential roles

in the early steps of N-glycan biosynthesis (see Chapter 3.02). While such compounds are structurally similar to

glucose, these azasugars contain a nitrogen atom in place of a ring oxygen atom. The nitrogen atom can be protonated

and thereby acquire a positive charge (Figure 5a). It has been suggested that the inhibitors mimic the transition state

of the glycosidase reactions because the protonated form of the inhibitors resembles an oxocarbenium ion which is

assumed to be formed in the transition state of the reaction.43 In addition, this positively charged nitrogen may be

associated with a catalytic acidic residue, aspartic acid or glutamic acid, in the active site via electrostatic interactions.

A similar analog, a 1-N-iminosugar, in which a nitrogen atom is introduced at the position of the anomeric carbon

(Figure 5b), has also been examined, and has been reported to have a potent inhibitory effect as the transition state



Figure 5 Inhibitors of glycosidases. Panels (a) and (b) represent examples of azasugars, in which protonated nitrogen
atoms mimic the positive charge of an oxocarbenium ion intermediate. Inhibitors shown in panels (c) and (d) are analogs of

an intermediate with a planar structure.
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analog for another type of glycosidase such as b-glucosidase.44,45 The difference in specificity of the inhibitory effect

appears to result from the the difference in the arrangement of two catalytic acidic residues between a- and

b-glucosidases. These types of inhibitors have been applied to various glycosidases such as fucosidases, galactosidases,

mannosidases, and N-acetylhexosaminidases, by tailoring hydroxyl groups and introducing characteristic structural

features.46–50

The transition state produced in the hydrolysis by glycosidases is believed to be an oxocarbenium ion with a planar

structure as well as being positively charged.51 Some glycosidase inhibitors bind the enzyme active site by mimicking

this planar shape. This class of the inhibitors includes, for example, a bicyclic compound which consists of deoxy-

nojirimycin and tetrazole rings and compounds to which a planar structure is introduced by amidine, amidazone, and

amidoxime52,53 (Figure 5c). It is likely that the major glycosidase inhibitors, swainsonine and castanospermine

(Figure 5-D), probably exert their inhibitory effects by mimicking the planar-shaped transition state.

The substrate analog has been developed by allowing an oligosaccharide to be resistant to the hydrolysis. One such

strategy is to replace the oxygen atom of the glycosidic linkage with sulfur, thus leading to the conversion of a usual

O-glycosidic linkage into an S-glycosidic one.54,55 The thioglycoside mimicks the substrate because of its identical

structures with exception of the glycosidic linkage, and binds to the substrate active site of the enzyme. The altered

glycoside compound is resistant to hydrolysis, and consequently inhibits the action of glycosidases (see Chapter 1.16).

3.07.6.3 Glycosyltransferase Inhibitors

It appears that the development of potent inhibitors of glycosyltransferases is more difficult than those of glycosidases

because reactions catalyzed by glycosyltransferases are more complicated. To develop a specific inhibitor for an
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individual enzyme, it is necessary to include the structural characteristics of the acceptor oligosaccharides in the

inhibitors. The same nucleotide sugars as their donor substrate are shared by many glycosyltransferases whereas the

acceptors are relatively variable. A minimal partial structure which is required for being recognized as an acceptor

oligosaccharide by a glycosyltransferase has been identified and the hydroxyl group to which the enzyme transfers a

monosaccahride is deoxygenated.56 Replacement of the group adjacent to the reacting hydroxyl with relatively bulky

group also led to development of a similar type of the inhibitor.57 This type of inhibitor can bind the enzyme by

mimicking the acceptor substrate, thereby inhibiting the enzyme.However, the binding of such an inhibitor, as expressed

by its inhibition constant, would be expected to be, at the most, as effective as that of the substrate oligosaccharide.

Transition state analogs for glycosyltransferases are also based on a similar rationale, to the case of glycosidases. The

analogs need to mimic a planar shape and/or a positive charge generated during the transition state in the sugar moiety

of the donor substrate. In addition, however, the analog should contain a nucleotide, which plays an essential role in

interactions with the enzyme. A transition state analog may be designed by introducing a planar aromatic ring instead

of the planar-shaped sugar ring, as has been done for sialyltransferases.58 As has been done for glycosidases,

nojirimycin derivative, a type of azasugar, has been used to design a transition state analog for a-1,3-fucosyltransfer-
ase.59 This inhibitor is an oligosaccharide-type analog but not the donor type, and contains the azasugar moiety as a

mimic of the sugar residue being transferred to the oligosaccharide acceptor. When this analog is used with GDP, it

appears that the combination mimicks the transition state of the transfer reaction (Figure 6f). On the other hand, a

donor-type inhibitor consisting of an azasugar and GDP has also been developed60,61 (Figures 6d and 6e).
3.07.7 Concluding Remarks

Complex glycoconjugates and other oligo- and polysaccharides are involved in many biological processes, and are

known to be associated with diseases. The biosynthesis and degradation of these macromolecules in living organisms

are governed by glycosidases and glycosyltransferases. An understanding of the mechanisms of action of glycosidases

and glycosyltransferases is clearly necessary to completely understand the metabolism of sugar chains and will be

useful in controlling their production and breakdown in vivo. In recent years, numerous inhibitors of glycosidases and

glycosyltransferases have been designed and have been examined as therapeutics for various diseases, for example,

cancer metastasis, diabetes, and infectious agents such as the influenza virus. Further detailed investigations of the

mechanisms of individual glycosidases and glycosyltransferases would contribute to the development of more specific

and potent inhibitors which could be used as effective therapeutic agents. In addition, enzymological studies of

glycosidases and glycosyltransferases are also useful in terms of chemoenzymatic synthesis of sugar chain-related

compounds for industrial and pharmaceutical utilization.
Glossary

Bi–Bi mechanism A type of a chemical reaction involving two reactants and yielding two products.

inversion of anomeric configuration An alteration in anomeric configuration of a sugar (a to b, b to a), for example, as found in

reactions of glycosidases.

oxocarbenium ion A positively charged carbon which has three bonds, and a species in which one of the three bonds is formed

with an oxygen atom. The resonance between the states of localization of the positive charge at the oxygen and carbon atoms

stabilizes the generation of the charge. This molecular configuration is believed to appear in a sugar as a substrate during reactions

catalyzed by glycosidases and glycosyltransferases.

ping-pong mechanism A type of multisubstrate system of an enzyme reaction. It is also referred to as a substituted-enzyme or

double-displacement mechanism. An enzyme reacts with one substrate to form a covalently modified enzyme and releases one

product. The covalently modified enzyme then reacts with a second substrate to give another product.

transition state Short-lived molecular form of a reactant (or substrate) during a chemical reaction, corresponding to the highest

energy state that must be surmounted. In this state, chemical bonds are in the process of being formed and cleaved.
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3.08.1 Introduction

3.08.1.1 ERQC and ERAD

Theendoplasmic reticulum (ER) is the site of synthesis of soluble and/ormembraneproteins thatpass through the secretory

path in eukaryotes.These newly synthesizedproteins are incorporated into the lumenof theERvia a ‘translocon’, a protein-

conducting channel.1–5 The proteins are subjected to various co- and post-translational modifications in the lumen

of the ER, including signal sequence cleavage, N-glycosylation, glycosylphosphatidylinositol (GPI)-anchoring, and

disulfide-bond formation/isomerization. These modifications lead to the formation of a functional conformation

(folding), oligomerization, and subunit formation. Once these proteins achieve the correct folding state, they

exit the ER and are delivered to their respective destinations. However, cells need to ensure that only functional

proteins leave the ER, since the uncontrolled exit of proteins from the ER could cause various problems for cells.

Therefore eukaryotic cells carry out a process called ‘ER quality control’ (ERQC),6–11 in which protein folding

and assembly are monitored, and the transport of immature proteins is prevented. On the other hand, there are

significant numbers of proteins that consistently fail to form the correct structure (folding or subunit formation). In the

ERQC system, the unfolded proteins are assisted by lumenal chaperones to undergo ‘functional’ folding. However,

some proteins still cannot achieve functional folding due to, for example, genetic mutations of the proteins. Such

proteins are not only nonfunctional but may also be toxic to cells once they form an aggregate inside or outside of the
129
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cells. To avoid this, cells have a machinery to eliminate such unwanted proteins, by ‘dislocating’ or ‘retrotranslocating’

proteins from the ER into the cytosol, where the proteasome plays a central role in their degradation.4,12–15 Such a

degradation system is often referred as ‘ER-associated degradation’ (ERAD).10,16–20
3.08.1.2 N-Glycosylation: Not Just an Accessory

N-linked glycans on glycoproteins are known to have quite diverse functions.21 The presence of an N-glycan can

affect the physicochemical properties of a protein such as stability/solubility, as well as its physiological properties such

as interactions with receptors or other biological activities. It has been predicted that more than 50% of all eukaryotic

proteins are actually glycoproteins, and that 90% of these molecules are N-glycosylated.22 The biosynthesis of

N-glycans begins on the cytoplasmic face of the ER, and is completed in the lumen (Figure 1). This process is

well conserved throughout eukaryotes,23 and the final product, with few exceptions, is Glc3Man9GlcNAc2 (Figure 1).

Once the completed glycans are transferred to nascent polypeptide chains in the ER, they are rapidly trimmed down

in the ER, and as the proteins proceed through the Golgi complex, the structures of glycans are drastically remodeled

to form a variety of different oligosaccharide structures. For example, proteins that are secreted in mammalian cells

normally contain sialic acid-containing, ‘complex-type’ glycans, that are totally different from the original, high-

mannose-type structures usually considered to be an ‘ER’ form. The question of why eukaryotic cells have evolved

such a seemingly wasteful system remains a complete enigma. However, recent studies have shown that N-glycan
Figure 1 Biosynthesis of dolichylpyrophosphoryl oligosaccharides in mammalian cells. Synthesis starts on the cytoplas-

mic face where GlcNAc-1-phosphate is transferred from UDP-GlcNAc to dolichyl phosphate (Dol-P). This reaction is
followed by the addition of a GlcNAc as well as five mannose units, all using nucleotide sugars (UDP-GlcNAc or GDP-

Man) as donor substrates. The Man5GlcNAc2 oligosaccharides are then translocated (flipped) to the lumen of the ER.327 On

the lumenal side, the lipid-linkedMan5GlcNAc2 is further elongated by the addition of four mannoses and three glucoses, all

of which involve lipids (Dol-P-Man or Dol-P-Glc) instead of nucleotide sugars as donor substrates. Only after the biosyn-
thesis of Dol-PP-oligosaccharide is complete, is efficient transfer of the oligosaccharides onto a nascent polypeptide chain

achieved by oligosaccharyltransferase (OST ).
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structures on glycoproteins play pivotal roles in the ERQC/ERAD system,9,23–29 that is, the specific structure is not

a mere biosynthetic intermediate but represents a specific function. In this chapter, the recent rapidly growing

knowledge of the role of N-glycans as a ‘selection tag’ in ERQC/ERAD is reviewed.
3.08.2 N-Glycan-Dependent Quality Control – Early Events

3.08.2.1 Oligosaccharyl Transferase (OST )

Eukaryotic cells synthesize N-linked glycans by an en bloc transfer of the Glc3Man9GlcNAc2 oligosaccharide (Figure 2;

with some structural variations depending upon species),30 which is built up on dolichol pyrophosphate, on

the Asn-X-Ser/Thr site (where X is any amino acid except proline) of the nascent polypeptide in the ER lumen

(Figure 1). This enzyme activity is mediated by oligosaccharyltransferase (OST).31–33 OST is a membrane protein

complex, comprised of at least eight different subunits in Saccharomyces cerevisiae: Ost1p, Ost2p, Wbp1p, Swp1p Stt3p,

Ost3p/Ost6p, Ost4p, and Ost5p, the first five of which are essential proteins. Ost3p/Ost6p are paralogs of each

other that define distinct OST isoforms.32–38 Several studies have shown that Stt3p is the central subunit involved

in the transfer of the glycan to the polypeptide.36,39,40 Furthermore, a bacterial homolog of Stt3p, the PglB protein in

Campylobacter jejuni, was found to be sufficient for OST activity,41,42 strongly suggesting that Stt3p is the catalytic

subunit.

Following translocation to the ER and N-glycosylation, the glycoproteins begin the process of co-translational

folding, with the aid of various lumenal chaperones. For polytopic membrane proteins, the folding process also

involves exit from the translocon complex into the lipid bilayer in a proper architecture. This process continues

even after translation of the protein is complete. In some cases, the presence of a glycan itself is necessary for the

proper folding of proteins, as there are examples of impaired secretion by tunicamycin, an inhibitor of N-glycosylation,

through improper or impaired folding. However, there are also many examples in which the efficiency of proteins

remains unaffected, indicating that the effect of N-glycosylation varies among proteins (reviewed in Refs.: 43–45).
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Figure 2 Schematic representation of the Glc3Man9GlcNAc2 – oligosaccharide transferred onto the nascent polypeptide

chains in the ER of mammalian cells.
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3.08.2.2 a-Glucosidases I/II

The first glycan-processing event occurring during the early stage of folding is the trimming of peripheral glucoses by

a-glucosidases I and II (Figure 3). The biological importance of the deglucosylation event was first noticed by the

observation that an inhibitor of these glucosidases led to the rapid degradation of certain glycoproteins.46–49 In this

connection, it is of great interest to note that the temporal formation of aggregates is observed in the ER upon

incubation with a glucosidase inhibitor.50 This aggregate cannot be dissolved in an SDS-polyacrylamide gel, raising

the possibility that the rapid ‘clearance’ of proteins may, at least in some cases, not be due to the rapid degradation but
Figure 3 Glycoprotein ERQC/ERAD system in mammalian cells. Immediately after transfer of the N-glycan to nascent

polypeptide by OST, the nonreducing end of Glc is removed by a-glucosidase I. That reaction is followed by the action of a-
glucosidase II to remove the middle Glc residue, thus generating the monoglucosylated core glycan. Calnexin (CNX) or
calreticulin (CRT), depending upon the accessibility to the location of the glycan, is associated with the monoglucosylated

glycan. This interaction affords the proteins time to mature with the aid of various lumenal chaperones. At the same time, the

CNX/CRT-binding protein, ERp57, provides assistance in forming the correct disulfide bond while associating with CRT/
CNX. When a-glucosidase II removes the remaining glucose, the glycoprotein dissociates from CNT and CRT. The protein

then either (A) leaves the ER, if it is folded properly or forms the correct complex to acquire the functional conformation; (B) is

recognized, and reglucosylated by UDP-glucose:glycoprotein glucosyltransferase (UGGT), if the protein is partially mal-

folded, to re-enter another CNX/CRT cycle; or (C) is retrotranslocated from the ER into the cytosol for degradation (ERAD), if
the protein-folding state is not recognized by UGGT. The third processmay be guided by putative ‘degradation lectins’ such

as EDEMor OS-9, though the detailed recognitionmechanism is yet to be determined. In pathway A, lectins such as ERGIC-

53 serve as a cargo receptor to help certain glycoproteins to exit the ER to their respective destination. Sometimes,

glycoproteins without the correct processing of N-glycans can still exit the ER; in such cases, there are several backup
systems to correct the problem. For example, VIP36 may capture the proteins with immature glycans back to the ER for

allowing them more time to fold properly, or endo-a-mannosidase (not shown in this figure) may remove the improper Glc

residue(s), if any, to assist the correct maturation of N-glycans. In pathway C, aberrant glycoproteins, disposed into the
cytosol through the retrotranslocation-specific channels (‘retrotranslocons’), are also recognized by an Fbs-containing E3

enzyme for polyubiquitination or deglycosylated by PNGase prior to the proteolysis by the 26S proteasome. Note that this

scheme is still hypothetical and not all the process is unequivocally proven. For more details, see text.
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to aggregate formation, which is not possible to detect by sodium dodecylsulfate-polyacrylamide gel electrophoresis

(SDS-PAGE). Indeed, the glycoprotein in the ‘controlled’ aggregate was ultimately degraded by proteasome activity,

indicating that the aggregate was slowly dissolved and retrotranslocated into the cytosol in a regulated manner. The

molecular mechanism by which this aggregate is formed remains unclarified, but lumenal chaperones such as BiP

(GRP78) or protein disulfide isomerase (PDI), but not calnexin (CNX), have been observed in the aggregate, implying

the possible involvement of these chaperones in the formation of this ER aggregate.50

a-Glucosidase I is a type II membrane protein that removes the outermost (a1-2)-linked Glc residue (residue a in

Figure 2) from a glycoprotein.51,52 A defect in glucosidase I has recently been reported in a neonate with severe

hypotonia and dysmorphic features,53 now named congenital disorder for glycosylation type IIb. The disruption of the

ortholog gene (gsc-1) in Arabidopsis thaliana results in pleiotropic defects, including abnormal shrunken seeds.54 The

Sa. cerevisiae a-glucosidase I ortholog (GLS1/CHW41) is dispensable for normal growth,55,56 but its defect results in

reduced levels of (b1-6)-glucans in the cell walls,56 which causes hypersensitivity to the drug Calcofluor white.52,56

The GLS1 gene is allelic to the DER7 gene, which is required for the degradation of misfolded glycoproteins.57 This

enzyme activity is defective in trypanosomatid protozoa,58 but so is the synthesis of dolichol-P-Glc.59,60 Therefore,

unglucosylated oligosaccharides are transferred by OST in these species.60,61 However, they appear to contain other

components (a-glucosidase II, calreticulin (CRT), and glucosyltransferase) that are required for the CNX/CRT

cycle62–67 (see below).

a-Glucosidase II is a soluble lumenal enzyme cleaving the inner (a1-3)-linked glucoses (residues b and c in

Figure 2), and is composed of two subunits, a and b.68,69 The sequence in the C-terminal half of the a-chain contains

a catalytic subunit. This enzyme not only allows the substrates to enter the CNX/CRTcycle, but also to exit the cycle

(see below). The b-chain of a-glucosidase II contains a C-terminal KDEL ER retrieval sequence, as well as a domain

assigned as a putative lectin domain (MRH domain; mannose-6-phosphate receptor homologue).70–72 A co-expression

study of a-chain and b-chain has shown that both subunits are essential for enzymatic activity, solubility, and/or

stability, as well as the retention of the enzyme in the ER.73,74 The inhibition or genetic disruption of a-glucosidase II
results in the partial impairment of the ERQC/ERAD, with incompletely folded proteins being secreted or the

premature degradation of misfolded glycoproteins.75–78 The disruption of the catalytic subunit in Schizosaccharomyces

pombe results in the total loss of a-glucosidase II activity, the induction of the unfolded protein response (UPR), and

the accumulation of cargo proteins in the ER.75 Mutations in the b subunit in the human are associated with autosomal

dominant polycystic liver disease,79,80 in which an inherited condition of multiple cysts of biliary epithelial origin

occurs in the liver. Saccharomyces cerevisiae a-glucosidase II gene, ROT2/GLS2, encodes an ortholog of a subunit, while

no b-subunit has been identified in this yeast. The Gls2 does not contain an obvious transmembrane domain or the ER

retention signal.69 Mutants lacking Gls2 have no detectable growth defects, but, as in the case of gls1mutant, produce

reduced levels of (b1-6)-glucans81 and contain elevated levels of chitin in the cell walls.82 The lack of this gene also

drastically slows the degradation of a misfolded glycoprotein.83

Glucosidase inhibitors such as casternospermine or deoxynojirimycin are frequently used to inhibit the activity of

ER a-glucosidases. The co-translational addition of these inhibitors prevents the transient association of CNX/CRT to

glycoproteins, while their post-translational addition prolongs the association (see below).
3.08.2.3 CNX/CRT Cycle

After the rapid deglucosylation in the lumen of the ER, the nascent polypeptide undergoes the first encounter with

the lectin chaperones, that is, CNX and CRT (Figure 3). CNX is a type I membrane protein, and CRT is its soluble

paralog. Both proteins are monomeric, calcium-binding proteins that reside mainly in the ER.

Transient interactions of CNX and membrane/soluble proteins in the ER have been reported previously.84–87

Later, both CNX and CRT have shown to selectively bind to monoglucosylated glycans, leading to the hypothesis

of so-called ‘CNX/CRTcycle’ 47,88–94 (Figure 3). CNX as well as CRT interact with their substrates co-translationally

as the protein is being translocated into the ER through the translocon (Figure 3).95–98 CRT is capable of binding to

monoglucosylated glycans with micromolar affinity.99,100 The Glc residue as well as the following three Man residues

(residues d, e, and f in Figure 2) contribute to the binding.100,101 Since CNX is a membrane protein and CRT is a

soluble form, they appear to cover the different N-glycans on a given protein, considering the accessibility toward

glycans.102,103 It is generally believed that CNX binds to membrane-proximal glycans, while the CRT can bind to

molecules that are oriented deeper in the lumens.28

A structure analysis of the ectodomain of CNX has demonstrated that the CNX is comprised of two domains.104

The first domain forms a globular b-sandwich structure, which is a signature of the carbohydrate-binding domain
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(CBD) of leguminous lectins. The second domain, termed the P-domain (proline-rich domain), forms a long hairpin

and extends away from the lectin domain. The NMR structure of the CRT P-domain has also been reported.105

Generally, the role of CNX/CRT as (glycoprotein-specific) chaperones is to prevent substrates from aggregating,

thereby increasing the efficiency of glycoprotein folding.106,107 There is a still-controversial issue, however, regarding

the involvement of protein–protein interaction in the binding of CNX/CRT to the substrate. The first model, called

the ‘dual-binding model’,108 proposes that there are two binding modes between CNX/CRT and the substrates:

lectin–oligosaccharide interactions and protein–protein interactions. Thus, CNX/CRT function as typical molecular

chaperones, preventing aggregation by shielding exposed hydrophobic segments. This model is supported by the

finding that CNX co-immunoprecipitates with some incompletely folded proteins.109–111 Moreover, in vitro experi-

ments suggest that CNX/CRT are able to suppress the aggregation of certain denatured proteins in a glycan-

independent107,112–114 or -dependent manner.114–116 In addition, a lectin-deficient mutant of CNX has been shown

to retain its association with substrate and also retains its chaperone functions.117 There are also reports that the

addition of ATP causes a change in the properties of CNX/CRT.112,113,118,119 Strikingly, ATP-hydrolyzing activity is

observed in CNX/CRT.112,113 Most recently, CNX chaperone activity has shown to be dependent on its conformation

state, and under conditions that induce CNX dimerization (oligomerization), polypeptide-binding (chaperone)

activity is enhanced, while under conditions that enhance the structural stability of CNX monomers, its oligosaccha-

ride-binding activity is enhanced.120 These results indicate that specific conformation of CNX is required for its

chaperone activity.

On the other hand, the ‘lectin-only model’121 proposes that CNX/CRT associates with glycoprotein substrates

solely via lectin–oligosaccharide interactions. This model is supported by the observations that many proteins fail to

bind to CNX/CRT if glucose trimming is impaired.90,91,93,122 Furthermore, the binding of CNX to monoglucosylated

model glycoproteins is independent of protein conformation, indicating that the CNX or CRT does not appear to be

able to distinguish between protein conformers.70,99,100,123 An X-ray analysis of the CNX ectodomain fails to reveal

any obvious binding sites for hydrophobic peptides.104 Moreover, preventing the dissociation of CNX/CRT from the

substrates by the post-translational addition of a glucosidase inhibitor does not ensure the folding, oxidation, and

oligomerization of the substrate, indicating that the folding event occurs after the release of the molecule from lectin

chaperones.106 Therefore, in this model, CNX and CRT act as chaperones only through lectin–glycan interactions,

slowing the folding process and increasing the efficiency of the maturation process.

Transgenic mice that are devoid of CRT are embryonic lethal,124,125 and CNX-deficient mice develop a severe

progressive pathology leading to premature death within 4 weeks.126 CRT KO cells are viable but have impaired Ca2þ

homeostasis.127 In these cells, the folding of the bradykinin receptor, which initiates inositol 1,4,5-triphosphate-

induced Ca2þ release, is altered. The amino acid residues that are essential for the correct folding of bradykinin have

been determined.128,129 It is interesting to note that some mutants which abrogate binding to ERp57 (see below) still

retain full chaperone activity toward the bradykinin receptor, indicating that this defect may not be directly related to

the CNX/CRTcycle. The CNX ortholog in Sc. pombe is essential for its viability.130,131 Interestingly, the CNX mutant

in fission yeast that are devoid of chaperone activity or lectin activity still confers viability, suggesting that CNX in

Sc. pombe has an essential role, which is in fact independent of its lectin/chaperone activity.132,133 It has been

speculated that the essential function of CNX in this yeast is in the binding of BiP and/or the scaffolding of other

ERQC components.131,133 On the contrary, the sole CNX ortholog in Sa. cerevisiae is not essential.134 Although this

protein seems to be dispensable for degradation of some ERAD substrates in budding yeast,135 recent evidence shows

that CNX is required for the degradation of nonglycosylated/underglycosylated proteins.136–138 The binding activity

of Cne1 toward mono-glucosylated glycans has also been reported.115 The functional interaction of this protein with

ER chaperones such as Kar2/BiP137 or PDIs139 as well as Pbn1, an essential ER membrane protein required for proper

folding and/or the stability of a subset of proteins,140 has been reported, while the precise role of this protein in the ER

remains unknown.
3.08.2.4 ERp57, A Glycoprotein-Specific PDI

The unique property of the protein folding in the ER is that most proteins in the ER should acquire correct disulfide

bonds through the action of various oxidoreductases, that are characterized by the presence of so-called ‘thioredoxin

domains’. Some thioredoxin domains possess CXXCmotifs, that serve as catalytic active sites for enzyme activity. PDI

is the most abundant oxidoreductase in the ER, with its thioredoxin domains organized by a, b, b0 and a0, with a and a0

having the characteristic CXXC active sites. ERp57 possesses the same thioredoxin domain organization, thereby

being considered as a close paralog of PDI. While PDI has an acidic C-terminus with a KDEL ER retention signal,

ERp57 contains a lysine-rich basic tail at the C-terminus with a QDEL retention signal. One of the characteristics of
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ERp57 is that it forms a complex with CNX/CRT, and also is able to specifically interact with glycoproteins to promote

the formation of correct disulfide bonds141–146 (Figure 3). ERp57 binds to acidic tip of the P-domain of CNX/CRT,

mainly through the basic tail and C-terminal domain including the basic region.147–149

The deletion of ERp57 results in an embryonic lethal phenotype in mice.150 Interestingly, in ERp57-deficient cells,

the short-lived interaction of MHC class I molecules with the peptide-loading complex was observed, indicating that

ERp57 is required for the stable assembly of the peptide-loading complex.
3.08.2.5 UDP-Glucose: Glycoprotein Glucosyltransferase (UGGT): A Folding Sensor

The reason for why the folding recognition system is called the CNX/CRT ‘cycle’ is because a backup system

exists for monitoring the folding state of proteins, since they are stochastically deglucosylated by a-glucosidase II,

released from CNX/CRTeven at its premature folding state, thereby sent back to the CNX/CRT-bound mode. This

can be achieved by reglucosylation by the enzyme referred to as UDP-Glc:glycoprotein glucosyltransferase (UGGT)

(Figure 3). UGGT is a large, soluble protein with a C-terminal ER-retrieval sequence.151–157 The most interesting

feature of UGGT is that it only recognizes partially structured (molten globule-like) proteins, but does not act on fully

folded or completely unfolded proteins.158–162 This property permits this enzyme to play an important role in the so-

rting of glycoprotein substrates in three ways; the folded proteins to allow them to exit from the ER through

the secretory pathway, the partially folded proteins to re-enter the CNX/CRT cycle (by reglucosylation), and the

completely misfolded one (nonsubstrate for UGGT) to be processed by ERAD system. Proteins that are out of

the CNX/CRTcycle can then again interact with BiP or PDI, and these interactions seem to be a prerequisite for the

ERAD.163,164 The interplay of CNX/CRTcycles with the other chaperone system (BiP) is also observed at the early

stage of tyrosinase maturation, where BiP binds rapidly to the substrate, that is handed off to the CNX/CRTsystem

once it acquires co-translational N-glycosylation.165

The detailed determinant by which UGGT makes the decision to fold still remains to be clarified. While UGGT

does not generally recognize free oligosaccharides or small glycopeptides, some Man9GlcNAc2-containing tryptic

peptides are shown to be reglucosylated with a high efficiency provided (1) they contain more than 12 amino acid

residues and (2) the sequence includes hydrophobic residues on either N-terminal or C-terminal side of the glycan.166

It has also been observed that partially denatured, endo-b-N-acetylglucosaminidase H-deglycosylated glycoproteins

appear to be very good inhibitors of reglucosylation, whereas the nonglycosylated ones have no effect,155,158 implying

that the innermost GlcNAc residue may be also recognized by this enzyme. It has also been shown that the chemically

synthesized oligosaccharides, in which methotrexate is attached at the reducing ends, can serve as good in vitro

substrates for UGGT, indicating that the small compounds such as methotrexate can mimick the hydrophobic

environment recognized by UGGT.167 Most recent studies have shown that UGGT appears to sense even local

folding defects in an otherwise correctly folded protein.162 In this case, glycans attached to the polypeptide within the

misfolded sites were glucosylated, suggesting a close link between the unfolded domain and recognition by UGGT.

On the other hand, a crystal structure analysis of a model substrate for UGGT has shown that UGGT can modify

N-linked glycans that are positioned at least 40Å from localized region of disorder.168 It is of interest to note that this

substrate, exo-b-1,3-glucanase, is still enzymatically active, although efficiently recognized by UGGT. Collectively,

these results indicate that UGGTcan recognize only subtle conformational differences in a substrate.

The targeted deletion of the UGGT gene results in an embryonic lethal phenotype, but the phenotype is variable,

with some mice surviving until birth.169 However, mouse embryonic fibroblasts (MEFs) of UGGT-deleted cells did

not exhibit any significant growth and morphological defects.170 The deletion of this gene leads to the accelerated

release of ERQC substrates from the CNX/CRT cycle, but the release is only observed after the long lag phase,

suggesting that the first release from CNX/CRT that initiates the cycling of misfolded glycoproteins requires

persistent glycoprotein misfolding.170 This UGGT activity is essential under stress conditions in Sc. pombe,171,172

while there is no UGGTactivity in Sa. cerevisiae.153 An immunolocalization study of UGGT, a-glucosidase II, and CRT

shows that the localizations of these proteins are not restricted to the ER but also to ER-Golgi intermediate

compartments (ERGICs),173,174 suggesting that post-ER compartment is also generally involved in the ERQC of

glycoproteins.
3.08.2.6 Is CNX/CRT Cycle Required for the General Folding of Glycoproteins?

It is interesting to note that although the components of the CNX/CRT cycle (CNX/CRT/UGGT/ERp57) are all es-

sential for the viability of mice, cells that are deficient in these genes are normal at the cellular level.124–126,170,175,176
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In fact, to date, only a subset of glycoproteins has been shown to be strongly dependent on the CNX/CRT

cycle system.150,164,175–178 The deletion of these genes does not elicit the ER stress/UPR in the cells.164,170,175 The

ERp57-null cells showed an unperturbed maturation/transport of several cell surface glycoproteins containing disul-

fide bonds.150 Moreover, the conditional deletion of ERp57 in B lymphocytes/plasma cells shows no defect in the

production of immunoglobulin chains, the most abundant N-glycosylated/disulfide-bonded glycoproteins in these

cells.150 These studies led to the hypothesis that the important role of the CNX/CRT cycle is strictly confined to a

subset of substrates, most notably the biogenesis of MHC class I peptide-loading complexes.179–181 In the case of

ERp57, in its absence, other PDI proteins take over for the productive maturation of most proteins.175 ERp72, an ER-

resident oxidoreductase, has been identified as one of the backup proteins in the absence of ERp57.175
3.08.3 Effect of Man Trimming on Degradation and Transport of Glycoproteins

3.08.3.1 ER a-Mannosidase I

For consistently misfolded glycoproteins, cells must eliminate them by allowing them to exit from the CNX/CRT

cycles and undergo degradation by the ERAD system. This can be achieved by UGGT failing to recognize them, or,

otherwise, there has to be a mechanism by which the cells sense that the glycoproteins have remained too long in the

ER. As a general rule, mannose trimming is an indication of prolonged retention in the ER, and therefore acts as a

‘molecular clock’ for the carrier protein to be assigned to degradation.182 This idea originally arose from observations

that, upon treatment with an a-mannosidase inhibitor such as kifunensin, some of the ERAD substrates become quite

stable in cells.48,49,183–185 These phenomena can be explained by the enhanced efficiency of the CNX/CRT cycle,

since demannosylation causes a reduced efficiency for both a-glucosidase II and UGGT.158,186 Moreover, the

trimming of Man at the B and C branches (Figure 2) somehow makes the misfolded glycoproteins a weaker ligand

for CNX/CRT.89 Interestingly, this effect can also be seen inMNS1-deleted cells of Sa. cerevisiae, though this organism

does not possess a functional CNX/CRTcycle.83,135 Mns1 is the sole ER a-1,2-mannosidase in this yeast.187,188 Mns1 is

a type II membrane protein without an ER retention signal, and requires the Rer1 protein for proper localization to the

ER.189 It almost exclusively trims the outermost (a1-2)-linked mannose in the B-branch (residue g in Figure 2) and

the Man8GlcNAc2 (called isomer B)23 is believed to be the last trimming reaction in this yeast. Therefore, as a

system that is independent of a CNX/CRT system, the action of a putative ‘Man8-conformer B-specific lectin’

involved in degradation of aberrant glycoproteins has been proposed by Jakob et al.83 In this hypothesis, a lectin

recognizes misfolded glycoproteins with a trimmed mannose, and somehow facilitates the degradation of the

substrates (see below).

In mammalian cells, the ER a-mannosidase I (also called Man1B1)190,191 appears to play a similar role, though the

detailed role of this enzyme, due to the occurrence of other a-1,2-mannosidases in the ER/Golgi, is relatively unclear.

Overexpression of this enzyme activity can enhance the degradation of the glycoprotein ERAD substrates.192,193 In

this connection, a recent analysis of glycan structures on ERAD substrates indicates that Man trimming is normally

beyond Man8, and can be as short as Man5GlcNAc2 in mammalian cells.192,194–197 How this trimming occurs remains

to be determined, but it has recently been proposed by Lederkremer and Glickman that the further mannose

trimming may also be achieved, at least in mammals, by this Man1B1 enzyme in some specialized compartment

where this enzyme is highly concentrated. Indeed, this enzyme is capable of cleaving all (a1-2)-linked Man in vitro.198

It has also been reported that an ER-derived quality-control subcompartment exists, where the ERAD machinery

components as well as substrates accumulate.199,200 Assuming that Man trimming occurs at only (a1-2)-linked Man,

Man8GlcNAc2 orMan7GlcNAc2 (if Man i at the branch C is further trimmed) is still capable of being reglucosylated by

UGGT (Figures 2 and 3). However, further trimming of Man d at the branch A will generate oligosaccharide

structures that are no longer substrates for UGGT, thus removing the substrates from the CNX/CRTcycles (Figures 2

and 3). Thus, the trimming of a Man may be the decisive point for the protein to enter the ERAD route. It should be

noted that this Man is also effectively removed by endo-a-mannosidase, an enzyme situated in the post-ER com-

partment and probably plays a role in backing up the premature exit of glucosylated proteins to ensure the processing

of mature oligosaccharides (complex-type N-glycans) to continue174,201–207 (Figure 3). Therefore, the endo-a-manno-

sidase activity may also be a critical step for extracting the substrates from CNX/CRTcycle.24,27

The ortholog of ER a-mannosidase I in Sc. pombe exhibits only feeble enzyme activity; nevertheless the disruption

of the gene significantly impairs the degradation of misfolded protein,208 raising the possibility that the role of this

enzyme might not be dependent on its enzymatic activity. Therefore, this enzyme remains a potential candidate for

the lectin-like molecule required for the degradation of misfolded/unassembled glycoproteins.208
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3.08.3.2 EDEM, A Membrane Protein That Enhances the Glycoprotein ERAD

At this moment, there are several candidate proteins for serving as a ‘degradation lectin’, the most well-known

candidate being a protein called EDEM (ER degradation enhancing a-mannosidase-like protein) in mammals 209 or

Htm1/Mnl1 in Sa. cerevisiae.210,211 EDEM is a type 2 membrane protein in COS cells,212 but exists as a soluble

lumenal proteins in other cell lines.213 On the other hand, Htm1/Mnl1 is predicted to be a type 2 membrane protein

localized in the ER.210,211 EDEM was originally discovered as a UPR-inducible gene, implying its role in tolerance

against ER stress. It is interesting to note, however, thatHTM1/MNL1 is not inducible by UPR in yeast.214 EDEM is a

structural paralog of ER a-mannosidase I; however, the in vivo data show no evidence for enzymatic activity of this

protein.192,209 This protein is required for the efficient degradation of N-glycoproteins, but not for nonglycosylated

proteins both in yeast and mammalian cells.138,192,209–212,215–219 As its name implies, the overexpression of EDEM

enhances the turnover of misfolded glycoprotein by, in the case of mammals, removing these substrates from the

CNX/CRT cycle.209,220 On the other hand, the downregulation of this gene by small interfering RNA220 or the

deletion of HTM1/MNL1 in Sa. cerevisiae210,211 inhibits the ERAD of glycoproteins. It should be noted that, although

the glycan dependency of EDEM-mediated degradation is apparent, not all N-glycoproteins use Htm1/Mnl1 for

degradation,217,218 suggesting that an N-linked glycan is not a sole factor recognized by Htm1/Mnl1. Abolishing the

ER stress-induced induction of EDEM also inhibits the glycoprotein ERAD.215,221 The upregulation of EDEM, but

not CNX, rescues the EDEM downregulation-induced disulfide-bonded aggregate formation of b-secretase in the

ER, thus restoring the folding efficiency and sustaining secretion capacity at a level comparable with those of wild-

type cells.215 Therefore, the level of ERAD machinery involving EDEM plays an important role in maintaining the

functional folding environment in the ER.

In both the human and mouse, there are two closely related soluble orthologs of EDEM, named EDEM2 and

EDEM3.197,213,222 These proteins are also inducible by ER stress.197,213 They are involved in the glycoprotein ERAD,

but a striking fact is that EDEM3 not only facilitates the degradation of ERAD substrates, but also trims the Man on

glycoproteins, whether it is an ERAD substrate or not, by its intrinsic a-1,2-mannosidase activity.197 Consistent with

this observation, structural modeling shows no discernible difference in the presence and position of catalytic residues

betweenEDEMs and the active enzyme, ER a-mannosidase I.223 The mutation, which abrogates the enzymatic activity

of EDEM3, compromises ERAD-enhancing activity, suggesting a close relationship between its enzymatic activity and

function in the ERAD process.197 All EDEM orthologs do not possess the classical sequences required for ER

retention, and the mechanism by which these proteins are localized in the ER remains undetermined. Perhaps, the

association with ER-resident proteins such as CNX212,220 can allow EDEMs to remain in the ER.
3.08.3.3 OS-9, Another Glycoprotein-Specific ERAD Component: A Real
‘Degradation Lectin?’

Although EDEMs are strong candidates of the degradation lectin, it remains to be seen whether these proteins

actually possess lectin activity, and if any, specificity for a glycan structure. To make the story more complicated, an

additional player, OS-9, has recently emerged as a key molecule for glycoprotein ERAD.224–227 The human OS-9

protein was originally identified as a protein that was upregulated in ostersarcomas.228 This protein is highly conserved

in eukaryotes.229,230 One of the characteristics of this protein is that it contains an N-terminal MRH domain, a putative

lectin domain.71,72 The yeast ortholog of the OS-9 protein, Yos9, is a 75 kDa soluble ER protein associated with the

lumenal side of the ER membrane.231 It has previously been shown that Yos9 is involved in the maturation and

transport of GPI-anchored proteins.231

The first indication of the involvement of Yos9 in ERAD came from a genome-wide screening exploiting the

degradation of a glycoprotein ERAD substrate.224 The lack of this protein, as is the case with Htm1/Mnl1, only

affects the degradation of N-glycosylated proteins, but not those with a nonglycosylated substrate.224–227 There is

no obvious additive effect between YOS9-deletion and HTM1/MNL1 (EDEM)-deletion224,226,227 or MNS1 (ER a-
mannosidase I)-deletion,225 implying that these components are involved in the same pathway. It has also been shown

that Yos9 forms a complex with glycoprotein substrates.225–227 Conflicting results have been presented regarding the

involvement of protein-protein interactions, in addition to the lectin-glycan interactions, in the formation of Yos9-

substrate complexes.225–227 Mutations in the MRH domain, which are predicted to abolish its putative carbohydrate-

binding activity, also abolish the glycoprotein ERAD function, suggesting the importance of this domain.225,227 It has

been observed that the Yos9 binds glycoproteins only when they have a specific oligosaccharide structure, that is,

Man5GlcNAc2 and Man8GlcNAc2.
227 This result may well represent the carbohydrate-binding specificity of Yos9,

although there is no direct proof of lectin activity for this protein. Interestingly, an HTM1/MNL1-deletion causes a



138 Folding and Quality Control of Glycoproteins
reduced interaction of Yos9 and a glycoprotein substrate.227 Based on this result, it has been speculated that Htm1/

Mnl1 and Yos9 function in a sequential manner, and that Htm1 may receive proteins from ERQC and hand them over

to Yos9.227 Consistent with this observation, the overexpression of neither Htm1/Mnl1 nor Yos9 completely overcomes

the impaired degradation of a misfolded glycoprotein in a double-deletion mutant.227

In summary, the nature of carbohydrate-based recognition in the ERAD process is only now being revealed.

Together with other possible carbohydrate-binding molecules such as a-mannosidase208 or a-glucosidase II which

contains a similar MRH domain,71 the detailed mechanism and interplay of these putative glycan-recognition

molecules should be clarified by future studies.
3.08.3.4 Lectin Cargo Receptors: Glyco-Specific Transport

Once glycoproteins acquire the correct folding state and escape the ERQC, yet another class of lectins is believed to

be involved in their selective anterograde trafficking.232–234 Among them, ERGIC-53 is the best-characterized

example. This protein is a ubiquitously expressed, nonglycosylated type I membrane protein of 53kDa, which

constitutively recycles between the ER and ERGIC.232–234 The protein was originally identified as an antigen

for the Golgi-rich fraction.235–239 It was later found to be same as MR60, an intracellular protein isolated by

mannose-column chromatography.240,241 A remarkable feature of ERGIC-53 is an �200-residue segment in the

lumenal domain, which shares a homology with the CBD of leguminous plant lectins.242 The X-ray structure of the

CBD domain shows the typical b-sandwich structure characteristic for this lectin family.243 ERGIC-53 has a complex

machinery involving COPI/II to recycle between ER and ERGIC, and all domains (cytoplasmic, tramsmembrane, and

lumenal) appear to contribute to its correct localization.233

The initial indication of the importance of this protein in glycoprotein export was from a study of a congenital

sucrase–isomaltase (SI) deficiency.244 In this patient, a point mutation in SI leads to the accumulation of the enzyme in

the ERGIC and Golgi, and the entire Golgi being labeled positive for ERGIC-53. The data are consistent with a

prolonged association of the mutant SI with ERGIC-53. Moreover, the genetic disorder in ERGIC-53 has been found

to cause an autosomal recessive bleeding disorder leading to a deficiency in blood coagulation factor Vand VIII.245–247

In these patients, the plasma levels of the two factors are reduced to 5–30% of the normal level. Indeed, ERGIC-53

was found to be required for the efficient transport of these proteins.248 MCFD2 has recently been identified

as another protein in which mutations are observed in individuals with similar bleeding disorder but not

bearing mutations in the ERGIC-53 gene.249 MCFD2 and ERGIC-53 (also termed LMAN1) form a stable, Ca2þ-
dependent complex that likely serves as a cargo receptor for the efficient ER-to-Golgi transport of factors V and

VIII250,251 (Figure 3). It has also been shown that there are some other soluble proteins such as cathepsin C or Z,

which require functional ERGIC-53 for efficient trafficking.252–255 Recent studies have shown that the binding

of ERGIC-53 to Man is pH and Ca2þ-dependent.256 ERGIC, compared to ER, is predicted to have a lower Ca2þ-
concentration and pH, where the binding of ERGIC-53 to Man is impaired.256 Therefore, one can assume that

ERGIC-53 catches the cargo at the ER (where high affinity is retained) and releases them at the ERGIC (lower

affinity is expected), providing the attractive hypothetical mechanism underlying reversible lectin–cargo interactions.

It is also noteworthy that a more recent study has shown that ERGIC-53 appears to recognize a conformation-based

motif (high-mannose glycan associated with a surface-exposed peptide b-hairpin loop), which only appears when the

substrate is completely folded.255 These results imply the occurrence of a ‘quality-control’ mechanism by which only

folded proteins are captured by ERGIC-53.255

An examination of sequence database has led to the identification of additional proteins with a homology to

ERGIC-53.257,258 The homologs have been classified into three main phylogenic groups: the ERGIC-53/ERGL,

VIP36/VIPL, and a group of fungal orthologs.257 VIP36 is another membrane-bound homolog that is concentrated in

the early secretory pathway.259,260 VIP36, like ERGIC-53, seems to have an affinity for glycoproteins that carry high-

mannose glycans.261,262 Most recently, a detailed analysis of carbohydrate-binding specificity of VIP36 has shown that

VIP36 has a high affinity for the high-mannose type bearing Mana1-2Mana1-2Man branch (residues d, e, and f in

Figure 2).263 The binding is optimal at a pH of around 6.5 but at higher pH (i.e., pH at the ER) its affinity is reduced,

indicating that VIP36, in sharp contrast to the case of ERGIC-53, may function as a ‘retrieving lectin’, capturing

proteins with immaturely processed glycoproteins which erroneously escape from the ER, and redirect them to the

ER.263 The overexpression of VIPL, a paralog of VIP36, interferes with ERGIC-53 cycling, suggesting that it may

somehow regulate ERGIC-53 function.258 Knockdown experiments have also revealed a retardation in the export of a

subset of proteins.257 The third class of this lectin family contains Emp46 and Emp47 in Sa. cerevisiae.264–266 Emp46

and Emp47 are homologous membrane proteins in the early secretory pathway of Sa. cerevisiae, and the deletion of
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these genes causes a partial defect in secretion.265 Furthermore, it has been shown that Emp47 is specifically required

for the transport of Emp46 to exit the ER, forming oligomeric complexes through their coiled-coil domain.266 The

carbohydrate-binding properties of these proteins have not yet been established.

It should be noted that although ERGIC-53 is clearly required for the efficient transport of some glycoproteins, only

few glycoproteins appear to be affected and, even so, the effect is only partial. How this selectivity/incompleteness is

achieved is still an open question. Nevertheless, these lectins are also likely to be involved in protein folding, sorting,

and antero- or retrograde transport of glycoprotein cargoes.
3.08.4 Glycoprotein ERAD

3.08.4.1 Derlins: Candidate Protein Components for a ‘Retrotranslocon’ Channel

Whatever the precise mechanism, the aberrant glycoproteins sentenced to ‘death’ by glycoprotein-specific judges

such as UGGT, EDEMs, or OS-9 are retrotranslocated from the ER into the cytosol. The recent explosion of

knowledge regarding this process has revealed the involvement of numerous players. However, in this article, we

will only focus on topics that are especially relevant for the glycoprotein ERAD. For additional reading, readers are

directed to several excellent recent reviews dealing with related aspects of this process.10,11,19,20,23,27–29

There is a conceptual difficulty that cell biologists encounter with respect to the export of glycoproteins: how are

proteins with bulky N-glycans transported across the ER membrane without any problem? With the exception of

proteins that are equipped with a protein transduction domain,267 the transport of polypeptides across a lipid bilayer

occurs via a protein channel, such as the translocon (Sec61 channel) for protein import into the ER. The molecular

nature of the ‘dislocon’ or ‘retrotranslocon’ channel still remains to be unveiled, but there are several studies indicating

that Sec61, a central player for translocon, is also involved in the export process. The initial indication was through

studies of the virus-triggered downregulation of MHC class I heavy chain by commandeering the host ERAD system.

In this study, Wiertz et al. found that MHC class I heavy chains that were destined to be degraded by ERAD were

associated with a subunit of the translocon complex.13 Subsequently, another translocon subunit was found to be cross-

linked to the ApoB100, another ERAD substrate.268 Even more compelling evidence came from yeast genetics, which

established a tight link between the Sec61 protein and the retrotranslocation of proteins.269–271 The deletion of SSH1,

a nonessential homolog of SEC61, also results in the partial stabilization of an ERAD substrate, suggesting the possible

involvement of a second translocon.272 However, as Sec61 (or another translocon component) is essential for protein

import, the possibility is that there may be an indirect effect by which some essential factor(s) for ERAD becomes

limiting due to import defects.10

A number of studies have also indicated the possible occurrence of Sec61-independent retrotranslocation channel

(‘retrotranslococn’ or ‘dislocon’). First, some model ERAD substrates were found to arrive in the cytosol in a folded

state.273,274 These folded proteins even included folded dihydrofolate reductase (DHFR), which is known to be

unable to pass through the translocon channel into the ER lumen unless it is at least partially unfolded.275 Therefore,

at the very least, the properties of protein import and export appear to be quite distinct. DHFR is a large molecule

with its smallest cross section estimated to be 40Å;20 nevertheless, recent studies have shown that the retrotransloca-

tion pore is sufficiently large to allow such proteins to pass through.276,277 However, whether proteins with several

bulky N-linked glycans can still pass through the retrotranslocation pore is another issue. Since ERAD substrates,

with their intrinsic characteristics, may have been partially denatured or even actively unfolded by chaperones such as

PDI prior to retrotranslocation,278,279 the involvement of Sec61 in the export of proteins from the ER is still very

much a possibility. However, there are emerging candidate proteins that may form a retrotranslocon – Derlin proteins

(Derlin-1,-2, and -3).

The involvement of Derlin-1 in the ERAD process was first found in Sa. cerevisiae. DER1, the yeast ortholog

of Derlin-1, was identified from a genetic screen targeting genes that are required for the degradation of soluble

ERAD substrates.280 DER1 is a UPR-regulated gene and also encodes for a protein that consists of four transmem-

brane segments with the N- and C-termini oriented to the cytosol.57,214 In yeast, this protein is required for the

degradation of ERAD-L substrates, which contain a folding defect in a lumenal side, while they are dispensable for

ERAD-C substrates, which have a folding defect in the cytosolic face.217 More recently, Derlin-1 was found in the

form of a complex with US11, a virus protein required for the rapid degradation of the MHC class I heavy chain.281

Coincidentally, the same protein was identified in an attempt to isolate the membrane receptor for a cytosolic p97/

VCP/Cdc48.282 p97/VCP/Cdc48 is an AAA-ATPase that is required for the retrotranslocation of nearly all sub-

strates examined to date.216,283–290 On the basis of these findings and also its molecular architecture, the possible
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involvement of Derlin-1 as a retrotranslocon has been proposed.282,291 However, since Derlin-1 or Der1 is only

required for a subset of ERAD substrates for retrotranslocation, it remains an open issue as to how the Der1/Derlin-

1-independent substrates are translocated, assuming Der1/Derlin-1 is a bona fide component of the retrotranslocon.

More recently, it was found that Derlin-1 forms a complex with various ERAD-related factors, placing this membrane

protein in the center of the emerging ‘ERAD machinery-complex’ picture.10,292

In mammals, Derlin-1 contains two more paralogs, Derlin-2 and -3.281,282,292,293 Derlin-1,-2, and -3 are all regulated

by the mammalian UPR, and Derlin-2 and -3 have been shown to be associated with multiple ERAD factors,292,293

including EDEM.293 Though the final proof that Derlins may form a retrotranslocation pore still awaits further

experiments, the close proximity of EDEM and the Derlin protein allows one to speculate that the recognition of the

aberrant glycoproteins by EDEM will lead these proteins to be delivered to the Derlins (retrotranslocon).
3.08.4.2 Is Vesicular Transport Required for Efficient Glycoprotein ERAD?

The other interesting question concerning the glycoprotein ERAD is the requirement for protein trafficking. In

Sa. cerevisiae, it has been shown that some soluble glycoprotein ERAD substrates require the transport of proteins

between ER and Golgi apparatus.219,294–296 Consistent with these observations, the soluble misfolded glycoproteins

were found to be packaged into COPII transport vesicles, while a membrane glycoprotein ERAD substrate was

completely excluded.294 Whether a trip to the Golgi (via COPII vesicles) is actually required for the efficient

degradation of soluble ERAD substrate has not been firmly established. As an alternative possibility, it has been

suggested that the effect is indirect andmay be due to the effect of the mislocalizations of components required for the

ERAD of soluble glycoproteins.295 If certain modifications of the substrate in the Golgi is indeed prerequisite for the

efficient degradation of soluble ERAD substrates, the modification of N-glycans by Golgi-resident enzymes such as

Och1 (a-1,6-mannosyltransferase) is one of the attractive candidates for the signal.296 Whether there is a similar

situation in mammalian cells remains to be determined.
3.08.4.3 Cytosolic Events on Glycoprotein ERAD

Once in the cytosol, the proteins are ultimately degradedvia the ubiquitin/proteasome-dependent pathway. Various studies

have implicated the existence of a subcomplex specialized for glycoprotein degradation. In most ERAD substrates,

polyubiquitination serves as a targeting signal, and this occurs by the concerted action of activating E1, conjugating

E2, and ligating E3 enzymes (Figure 4).297–300 Among the various E3 enzymes, the most interesting ones are the

SCF complexes (for complex containing Skp1, Cul1, Roc1) containing Fbs1 or Fbs2 as an N-glycan recognizing

ubiquitin ligase301,302 (Figure 3). These proteins have carbohydrate-binding activity, preferably binding to

high-mannose glycans,301,302 and recent structural studies have revealed that the innermost N,N 0-diacetylchitobiose
(GlcNAcb1-4GlcNAc), which is most likely buried for folded proteins but exposed in an unfolded state, is important

for the binding of aberrant proteins to Fbs1.303 Therefore, this complex can serve as an N-glycoprotein-specific

ubiquitin ligase.

For the substrates to achieve efficient entry into the interior of the cylinder-shaped 20S proteasome, where the

active sites of proteases reside, the bulky modifications of polypeptides such as N-glycans and/or polyubiquitin may

need to be removed prior to proteolysis. Peptide: N-glycanase (PNGase) is responsible for the removal of N-glycans

from glycoproteins in the cytosol304–306 (Figure 3). The cytoplasmic PNGase is found ubiquitously from yeast to

mammals,307–312 and has been shown to be involved in the ERAD process.12,13,306,313–315 This removal is required

for the efficient degradation of a subset of misfolded N-glycoproteins in Sa. cerevisiae.315 Considering its biochemical

activity (deglycosylating enzyme), this enzyme also constitutes an N-glycoprotein-specific component for ERAD.

Interestingly, both Fbs1/Fbs2316 and PNGase317 can bind to p97/VCP/Cdc48. Given the central role of p97/VCP/

Cdc48, the interaction may represent the formation of the cytosolic ‘degradation complex’ specialized for the

degradation of N-glycoproteins.305 In fact, PNGase is known to bind to many ERAD-related proteins,317–320 and

especially the recent finding of PNGase–Derlin-1 complex formation may be of great interest.321 In mammals,

PNGase carries a possible protein–protein interaction domain referred to as the PUB322/PUG323 domain at its

N-terminus. It has been assumed that the acquisition of such a domain may have been advantageous for this enzyme

to establish the complex protein networks, because such protein complexes should greatly enhance the efficiency of

ERAD, by carrying out a number of reactions, that is, ubiquitination, deglycosylation, deubiquitination, and proteo-

lysis in one place.305



Figure 4 Ubiquitin–proteasome system. Ubiquitin is transferred to degradation substrate after two different activation

steps. The E1 ubiquitin-activating enzyme first hydrolyzes ATP and forms a high-energy thio-ester linkage between its active

site Cys and the C-terminus of ubiquitin. The activated ubiquitin is then transferred to the family of enzyme called ubiquitin-

conjugating enzymes (E2). The E2 enzyme either directly or together with E3 ubiquitin ligases attach ubiquitin to lysine
residue(s) of substrate proteins. A polyubiquitin chain is formed on the substrate by the successive addition of ubiquitins to

lysine residues of the previously attached ubiquitin. Polyubiquitinated proteins are recognized by the 26S proteasome for

degradation.
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3.08.5 Perspective

Protein folding is a complex system, and is frequently error prone. Therefore, organisms establish various ‘backup

systems’, such as a chaperone system or a degradation system, to maintain the quality of proteins they produce. The

N-linked glycan is one of the most conserved, commonly used modification of proteins that enter the secretory path of

eukaryotes, and its highly organized nature is often used as an indicative marker for the localization of carrier proteins.

Therefore it may not be surprising that the cell has evolved a carbohydrate-based recognition system by which the

conditions of carrier proteins (folded vs. unfolded, for example) are dictated. At present, we still have very limited

knowledge concerning the N-glycan-based ERQC/ERAD, in which new players continue to be identified, and further

studies should provide more details about the numerous tricks cells have evolved. It should be noted that the quality-

control system in the ER is tightly associated with a number of human genetic disorders.18,20,324 Many of these

disorders have been shown, or are predicted, to occur due to the quality-control machinery, which results in a loss of

functional protein. Given the fact that there are examples where proteins, although sensed and eliminated by the ERAD

system, still retain their biochemical activity,325,326 the clarification of this (glycan-based) recognition system is of great

importance since it may become a therapeutic target once we learn the way to control the recognition system. We have

high hopes for further progress in this research field, for not only the pure curiosity, but also its medical relevance.
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Glossary

calnexin/calreticulin Endoplasmic reticulum (ER)-resident molecular chaperones/lectins specifically bind to monogluco-

sylated oligosaccharides.

cargo receptor A receptor for a cargo protein, which is to be concentrated in a budding vesicle (COP II vesicle). ERGIC-53, for

example, is believed to be a cargo receptor for certain glycoproteins.

EDEM Protein that has a homology with ER a-mannosidase I, and is involved in glycoprotein-specific ERAD.

proteasome A gigantic protein complex in the cytosol. This complex is involved in various cellular processes, but one of the

major functions is to clear aberrant, nonfunctional proteins.

retrotranslocon The translocation event for the aberrant proteins from the lumen of the ER into the cytosol. The molecular

nature of the protein channel for this process still remains to be revealed, but Derlin proteins are proposed to be strong candidates.

UGGT A glucosyltransferase situated in the lumen of the ER. It only acts toward glycoprotein substrates that are partially

unfolded, thereby serving as a ‘folding sensor’ in the ER quality-control system.
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3.09.1 Introduction

Most glycoconjugates are degraded in lysosome, which is an acidic vacuole and a digestive organelle. This organelle

is filled with a variety of hydrolases that can degrade almost all cellular constituents. These enzymes contain more than

60 hydrolytic enzymes for digestion of macromolecules, such as nucleic acids, proteins, lipids, and glycoconjugates

including glycoproteins. The lysosomal catabolism of glycoproteins is an important part of the turnover of cellular

constituents and the cellular homeostasis of glycosylation. The degradation of glycoproteins may be initiated by the

action of either proteolytic enzymes or glycosidases which are responsible for glycoprotein catabolism.1 The degrada-

tion of glycans often requires the sequential action of various glycosidases and, for sulfated or phosphorylated

compounds, sulfatase and phosphatases. Most of the glycosidases known to be involved in glycoprotein degradation

are exoglycosidases acting on monosaccharide units at the nonreducing terminus of sugar chains. They are highly

specific for the sugars and the anomeric linkages. Because of sequential degradation of glycoproteins by glycosidases,

the deficiency of a single enzyme causes the blockage of the entire pathway and induces a storage of incompletely

degraded substances inside the lysosome. Thus, our knowledge of the pathways of the glycan catabolism is derived

from studies of genetic diseases of metabolism in human that are caused by the defects of specific lysosomal

hydrolases. These disorders are characterized by the accumulation of undegraded or partially degraded glycopro-

teins in tissues as well as by the abnormal secretion of oligosaccharides in urine. In addition to exoglycosidases,

endoglycosidases that cleave specific endoglycosidic linkages within the sugar chains are also involved in glycan

degradation. The degradation process that occurs in the cytosol involves the proteasome. The protein core is

degraded by several lysosomal proteases, and proteolysis can proceed from both end and internal points of the

protein to yield free amino acids. Much of the protein is probably degraded before glycan catabolism begins.

Protein degradation occurs not only in lysosome but also in other organelles. The cytosolic enzymes act on

incorrectly folded glycoproteins which are rejected by the quality-control mechanism in the endoplasmic reticulum

(ER) and transported to the cytosol.

This chapter describes the degradation of glycoproteins and lysosomal storage diseases caused by the deficiencies

of glycosidases involved in the glycoprotein degradation. Also, it describes about the mechanism of quality control

for glycoproteins.
3.09.2 Catabolism of Glycoproteins

The catabolic pathways for N-glycans of glycoproteins have been established. In lysosome, N-glycans are degraded

by sequential removal of monosaccharides from their nonreducing end with various exoglycosidases which are anomer

specific for each monosaccharide. Each of these enzymes acts on following monosaccharides: a- or b-galactose,
b-N-acetylglucosamine, a- or b-mannose, a- or b-N-acetylgalactosamine, a-fucose, and a-sialic acid. The number of

enzymes involved in the degradation of glycans of glycoproteins is close to the number of known glycosidases acting on

various monosaccharides composed of glycans.2 In human, the lysosomal catabolism of N-glycan is catalyzed by the

concerted action of several glycosidases. The first step in the degradation of glycoprotein having N-glycans seems to

be the removal of L-fucose linked to its core N,N 0-di-acetylchitobiose moiety and to the nonreducing end of the outer

branches of the sugar chains by a-L-fucosidase because patients lacking L-fucose-removing enzymes still have intact

sugar chains bound to asparagine.3 L-Fucose is linked by a1-6-linkage to the core N-acetylglucosamine residue

binding to the asparagine of protein/peptide, and (a1-2)-, (a1-3)-, or (a1-4)-linked to N-acetylglucosamine residue or

(a1-2)-linked to galactose residue at the nonreducing end of the sugar chains. The peripheral (a1-3)-linked fucose

residues seem to be removed before liberation of the core (a1-6)-linked fucose residue.3 This fact suggests that the

removal of fucose by a-L-fucosidase is an important event in the degradation of fucosylated glycans. After removal of

fucose, the hydrolysis of the N-linkage between N-acetylglucosamine and asparagine residues of protein/peptide is

subjected to action of glycosylasparaginase.4 In cytosol, peptide:N-glycanase appears to be involved in cleaving the

asparagine-N-acetylglucosamine amide linkage and releasing of N-glycan from protein.5 The liberated glycan

is hydrolyzed by an endo-b-N-acetylglucosaminidase or di-N-acetylchitobiase in human.6 They release a single

N-acetylglucosamine from reducing end of glycans, and the residual sugar chain is then sequentially degraded by

various glycosidases.

On the other hand, the part of protein/peptide can be degraded without complete degradation of glycan, and

proteolysis may occur before N-glycan is released from the protein/peptide.7 However, the protein must be denatured

before the glycan can be degraded. Catabolic pathway for N-glycan of glycoprotein having complex-type sugar chain is

shown in Figure 1.
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3.09.2.1 Degradation of Various Types of N-Glycans

It is well known that there are three types of sugar chains in glycoproteins: high-mannose, hybrid, and complex.

Mature glycoproteins containing high-mannose and hybrid oligosaccharides are degraded in lysosomes and their

degradation pathways, in which lysosomal a-mannosidases participate, are elucidated.8 In the case of human and rats,

the degradation of Man9GlcNAc that derives from an intermediate of N-glycan biosynthetic pathway proceeds to the

production of Man6GlcNAc by enzymatic hydrolysis of three (a1-2)-mannosidic linkages (GlcNAc¼N-acetylgluco-

samine). Although (a1-2)-linked mannose residue normally removed by the ER a-mannosidase I (M’ase-I) is very

resistant to hydrolysis by lysosomal a-mannosidase, the core (a1-3)-mannosidic linkage is easily hydrolyzed after this

mannose residue is exposed. On the other hand, the (a1-6)-mannosidic linkage is the most resistant to hydrolysis.

Man5GlcNAc obtained is a common intermediate in both catabolisms of high-mannose and hybrid types of sugar

chains. The degradation step from Man5GlcNAc to ManGlcNAc proceeds by action of Zn2þ-dependent lysosomal

a-mannosidase.9 The intermediate having N,N 0-di-acetylchitobiose core (two N-acetylglucosamines) is also degraded

by the same pathway. These intermediates are found in mammals such as dogs, cats, goats, sheep, or cattle.10 In the

species lacking the lysosomal di-N-acetylchitobiase, the reducing end of N-acetylglucosamine residue has to be

removed by b-N-acetylglucosaminidase, as the last step in N-glycan degradation. In human and rats, the N-acetylglu-

cosamine can be removed by either b-N-acetylglucosaminidase or di-N-acetylchitobiase. Interestingly, the core

structure of all N-linked glycans, Mana1-3(Mana1-6)Manb1-4GlcNAc, is not an intermediate in degradation process
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of high-mannose and complex-type oligosaccharides.8 Its (a1-3)-mannosidic linkage is cleaved very readily but the

(a1-6)-mannosidic linkage only very slowly. When N,N 0-di-acetylchitobiose is intact, the latter linkage is hardly

cleaved at all. This fact suggests that there is a specific lysosomal (a1-6)-specific mannosidase or these structures do

not occur in the catabolic pathway.11 Finally, trisaccharide Mana1-6Manb1-4GlcNAc is formed as a common interme-

diate derived from all type of N-glycans.

3.09.2.2 Degradation of Glycoproteins in Cytosol

In cytosol, misfolded glycoproteins are degraded by a special mechanism. They are exported from the ER into the

cytosol through a channel containing Sec61,12 and acted by a cytosolic peptide:N-glycanase which is likely to be a part

of the complex involved in the ubiquitin/proteasome degradative pathway.5 This pathway is related with the quality-

control mechanism of glycoproteins and called as ER-associated degradation (ERAD).13 The detail is described in

Section 5. The oligosaccharide liberated from dolichol-linked precursor that fails to flip to the lumen of the ER is also

degraded by this degradation mechanism.2 This degradation begins with the action of pyrophosphatase to produce the

nonglucosylated cytosolic-facing precursor, Man5GlcNAc2.
14

3.09.2.3 Degradation of O-Glycans

The catabolism of O-linked glycans of glycoproteins has not been clear yet, but many lysosomal glycosidases seem to

act on both N-linked and O-linked glycans, even on glycans of glycosaminoglycans or glycolipids. However, the

enzyme a-N-acetylgalactosaminidase liberating N-acetylgalactosamine (GalNAc) bound to Ser/Thr residue of protein

is specific for a-GalNAc and does not act on a-GlcNAc.2 The monosaccharides liberated from both N-linked and

O-linked glycans are transported across the lysosomal membrane into the cytosol by a combination of diffusion

and carrier-mediated transport. The liberated monosaccharides can be re-used as component of constituents of cells.
3.09.3 Enzymes Related with Degradation of Glycoproteins

In lysosomes, the degradation of glycoproteins is catalyzed by hydrolases with characteristic of acidic pH optima. The

protein portion is degraded by proteases and the glycan by glycosidases. The proteolysis in lysosome is carried out by a

mixture of endo- and exopeptidases, called cathepsins, which act in concert to degrade proteins to amino acids. There

are many diseases caused by the deficiency of lysosomal glycosidases. On the contrary, there are very little diseases

caused by defects in genes encoding lysosomal proteases. It seemes that there is an excess of protease activity and

many of the enzymes have overlapping specificities. In this section, the enzymology of glycosidases related with

degradation of glycoproteins is described.

3.09.3.1 Mannosidase

Lysosomal a-mannosidase is a major exoglycosidase in the pathway of glycoprotein degradation. Multiple forms

of a-mannosidases with different subcellular locations have been elucidated. Based on inhibition studies with

pyranose and furanose analogs, a-mannosidases are divided into two groups. Those in class I are (a1-2)-specific
enzymes like Golgi M’ase-I, whereas those in class II can hydrolyze (a1-2)-, (a1-3)- and (a1-6)-mannosyl linkages.15

Lysosomal a-mannosidase belongs to the class II and shows a broad substrate specificity, hydrolyzing (a1-2)-, (a1-3)-
and (a1-6)-mannosyl linkages found in high-mannose and hybrid-type glycans. This enzyme presents sequence

similarity to the Golgi a-M’ase-II and the cytosolic/ER a-mannosidases.16 The enzyme has characteristics of Zn2þ

dependence and low pH optimum (pH 4.5), and is inhibited by swaisonine.

In addition to the above a-mannosidase having a broad substrate specificity, a specific a-mannosidase, hydrolyzing

(a1-6)-mannosyl linkage of the common trimannosyl core Mana1-3(Mana1-6)Manb1-4GlcNAc, has also been char-

acterized.17 This enzyme cannot cleave the (a1-6)-mannose residue from Mana1-3(Mana1-6)Manb1-4GlcNAcb1-
4GlcNAc or other larger high-mannose oligosaccharides. It indicates a requirement for di-acetylchitobiase action before

(a1-6)-mannosidase acts. It suggests that (a1-6)-mannosidase and di-acetylchitobiase function in tandem for lysosomal

N-glycan catabolism.

The existence of cytosolic a-mannosidase had been contested. This enzyme has often been regarded as artifacts

and products originating from lysosome or ER. At present, it is generally agreed that the cytosolic a-mannosidase

seems to play an important role in the degradation of unassembled or misfolded glycoproteins transported from ER to

cytosol.18 The cytosolic catabolic pathway of oligomannosides is rather different from the lysosomal one. The first step

is identical to that occurring in the lysosome, and then, each step proceeds to remove one mannose residue after
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another to yield Man5GlcNAc which is not processed further. This structure is same as that of the oligosaccharide

linked to the dolichol intermediate synthesized on ER in the first step of the biosynthesis of N-glycans of glycopro-

teins. The restriction of cytosolic a-mannosidase activity to the Man5 oligosaccharide might be considered as a

protective effect since Man5 structure must be further used in the biosynthesis of N-glycan inside ER.

Lysosomal b-mannosidase is a low-abundance enzyme and occurs in limited tissues. In human and rodents, this

enzyme catalyzes the final step in the catabolism of the N-glycan.8 The deficiency of b-mannosidase causes

b-mannosidosis and leads to the accumulation of Manb1-4GlcNAc.

3.09.3.2 Galactosidase

The lysosomal b-galactosidase acts on a wide range of b-galactosidic linkages in N-glycans, glycolipids, and glycosa-

minoglycans. The enzyme catalyzes the hydrolysis of the same glycosidic linkages in O-linked glycans. Human

b-galactosidase releases terminal (b1-4)- or (b1-3)-linked galactose residues from the glycosphingolipids such as GM1

ganglioside (a major acidic glycolipid in brain), lactosylceramide, gangliotetraosylceramide (asialo-GM1 ganglioside),

and from the galactose-terminal neutral oligosaccharides (either attached to a protein in glycoproteins or free in

solution), and keratan sulfate-derived oligosaccharides. In vitro hydrolysis of GM1 ganglioside and lactosylcer-

amide requires detergents such as taurochorate.19 In vivo, saposin B which binds to the ceramide moiety of GM1

ganglioside stimulates conversion of GM1 to GM2 ganglioside. Cathepsin A/protective protein form a complex with

b-galactosidase and neuraminidase, and these enzymes are stabilized or protected from lysosomal proteolysis.2

The lysosomal a-galactosidase catalyzes the removal of galactose from oligosaccharides, glycoproteins, and glyco-

lipids.20 This enzyme has attracted attention for its ability to convert human blood group antigen. Recombinant

enzyme has been used to convert blood of type B into blood of type O, the universal donor type.21 Because of its utility

in the treatment of Fabry disease, a disorder in glycolipid, and as a reagent for converting human blood types, much

effort has been put into the expression and purification of large amounts of human a-galactosidase. This enzyme is

most closely related to a-N-acetylgalactosaminidase which could convert blood of type A into blood of type O, both

human enzymes sharing 49% amino acid sequence identity.20
3.09.3.3 b-N-Acetylhexosaminidase

The lysosomal b-N-acetylhexosaminidase cleaves both b-linked GlcNAc and GalNAc residues at the nonreducing end

of oligosaccharides and glycoconjugates. b-GlcNAc is commonly found in glycoproteins, glycosaminoglycans, and

glycopeptide, whereas b-GalNAc is exclusively found in glycolipids. There are three b-N-acetylhexosaminidase

isozymes, A, B, and S, in lysosome. All isozymes hydrolyze b-GlcNAc linkages in both glycoproteins and oligosacchar-

ides. On the other hand, only isozyme A can hydrolyze b-GalNAc linkage in a glycosphingolipid GM2 in the presence

of glycolipid activator proteins. Each isozyme A, B, and S consists of a- and b-subunits (ab), two b-subunits (bb), and
two a-subunits (aa), respectively.22,23 The a- and b-subunits are encoded by different genes. Other isozyme,

b-N-acetylhexosaminidase C, was also observed in mammals. This isozyme was later identified to be O-GlcNAc-ase that

liberates b-GlcNAc residue linked to serine or threonine residue in proteins, and localizes in the cytosol and nuclear.24

3.09.3.4 Fucosidase

The lysosomal a-L-fucosidase is involved in the cleavage of terminal L-fucose (a1-2)-linked to galactose residue and of

fucose linked a1-3, a1-4 or a1-6 to N-acetylglucosamine residue on glycoproteins and glycolipids.25 However, the

enzyme acts preferentially on the (a1-3)-linked fucose at the nonreducing end, and removal of (a1-6)-linked L-fucose

bound to core N,N 0-diacetylchitobiose is rate limiting in the lysosomal catabolism of fucosylated N-glycan.3 This

removal must be a prerequisite for further breakdown at the nonreducing terminal, and the resulting fucose-free

oligosaccharide must be broken down rapidly by other exoglycosidases. It exhibits maximal activity at pH values

between 4 and 7.25 The enzyme participates in the early degradation of glycoproteins along with aspartylglucosami-

nidase and chitobiase.8

3.09.3.5 Sialidase

Sialidase (neuraminidase) catalyzes the removal of terminal sialic acid residues, a-ketosidically linked to oligosaccharide

chains of various glycoconjugates including glycoproteins. In mammals, four distinct sialidases have been identified

in the cytosol, plasma membrane, and lysosome.26 These enzymes differ in their pH optimum and stability.

Lysosomal sialidase preferentially cleaves terminal (a2-3)- and (a2-6)-linked sialic acid residues and has an acidic
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pH optimum. In human, deficiency of this enzyme is associated with two distinct genetic disorders of metabolism:

sialidosis, caused by structural lesions in the sialidase gene, and galactosialidosis. Lysosomal sialidase is unique among

other sialidases in that it requires the serine carboxypeptidase protective protein/cathepsin A (PPCA) for enzymatic

activity. This enzyme shares the feature with a lysosomal enzyme, b-galactosidase.27 The dependence of the sialidase

on the carboxypeptidase is not clear. However, it was suggested that PPCA activates sialidase first by interacting with

it, and then by mediating its transport to dense lysosome.
3.09.3.6 a-N-Acetylgalactosaminidase

The a-N-acetylgalactosaminidase is a lysosomal enzyme, and it has been thought of as an isozyme of a-galactosidase and
called a-galactosidase B.28 The two enzymes have similar physicochemical properties and there is a high degree of amino-

acid-sequence similarity between a-galactosidase (a-galactosidase A) and a-N-acetylgalactosaminidase (a-galactosidase
B), suggesting that they have evolved from a common ancestral gene. This enzyme has an acidic optimal pH (pH 4.6) and

hydrolyzes both aryl substrates of a-N-acetylgalactosaminide and a-galactoside. The enzyme is known to act on

GalNAc residue linked to serine or threonine of protein/peptide, and that of blood type A substance.
3.09.3.7 Glycosylasparaginase

Glycosylasparaginase is a lysosomal amidase that hydrolyzes the bond between asparagine and the sugar moiety in

N-linked glycoproteins. The specificity of this enzyme is its requirement for both a free a-amino and a-carboxyl group
on the asparagine-linked substrate.4 This property requires prior hydrolysis of both peptide bonds joined to the

asparagine residue. Lysosomal cathepsins must release the asparagine residue with the oligosaccharide before

glycosylasparaginase can act in the pathway. This enzyme is inhibited by L-fucose (a1-6)-bound to the core reduc-

ing-end GlcNAc.29 This fucose must sterically block the active site of the enzyme from binding the asparagine residue

of the substrate. This fact determines that removal of fucose is a prerequisite for glycosylasparaginase to react.

Therefore, this enzyme plays an important role in defining the order of the linkage-region reactions. Loss of this

enzyme activity leads to the accumulation of the linkage unit Asn-GlcNAc in tissue lysosome.4

This enzyme was noted to be a member of unique protein group termed N-terminal nucleophile amidases

(hydrolase). Most of these proteins undergo self-cleavage to create an active hydrolase.30 The mature form of

glycosylasparaginase is formed by two steps of proteolytic cleavage after removal of its signal peptide.31 First,

activation cleavage of single chain precursor into two subunits occurs in the ER, and then a cleavage in lysosome

takes place to remove 10 amino acids from the C-terminus of the a-subunit without affecting enzyme activity.
3.09.3.8 Peptide:N-Glycanase

A cytoplasmic peptide:N-glycanase (peptide-N 4-(N-acetyl-b-D-glucosaminyl)asparagine amidase, PNGase) is a

deglycosylation enzyme that can liberate N-linked glycan from glycoprotein. The enzyme has been suggested to be

linked to proteasome-dependent degradation for newly synthesized misfolded glycoproteins that are exported from

the ER to the cytosol and to be related with ER-associated degradation mechanism.32 The enzymatic reaction is

same as a glycosylasparaginase. However, in contrary to lysosomal glycosylasparaginase, which requires the substrates

having both a-amino and a-carboxyl groups of their N-glycosylated asparagine residue without any substitutions,

PNGase is unable to hydrolyze glycosylasparagines.33 The enzyme can recognize and bind to the carbohydrate chain

of unfolded proteins in the cytosol, but it only deglycosylates the glycopeptides formed by proteasomal proteolysis of

the glycoproteins.34 The gene encoding this enzyme (PNG1) was identified in yeast, and the orthologs were widely

found in higher eukaryotes.35 In yeast, it was shown that PNGase binds to Rad23 protein that can bind to the 26S

proteasome through N-terminus ubiquitin-like domain of the Rad23 protein.36 The 26S proteasome degrades

glycoproteins after the deglycosylation by PNGase in cytosol. The deglycosylation results in the conversion of the

asparagine residue that carried the N-linked glycan to an aspartate.
3.09.3.9 Di-N-Acetylchitobiase

Lysosomal di-N-acetylchitobiase releases the N-acetylglucosamine residue at the reducing end of the N,N 0-diacetyl-
chitobiose core of N-glycan. It acts as a reducing-end exohexosaminidase to remove a single N-acetylglucosamine

from the reducing end of glycans. This enzyme is present in human and rats, and not in cattle, pigs, sheep, cats,

and dogs.8 In addition to hydrolyzing N,N0-diacetylchitobiose, the enzyme also cleaves this disaccharide unit of
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complex-type oligosaccharides. Its cleaving activity works optimally at pH 3.5, and it seems likely that the enzyme

requires prior removal of the linking asparagine residue from its substrate in order to catalyze hydrolysis of the

reducing-end N-acetylglucosamine.6 This enzyme plays an important role in early steps of glycoprotein catabolism.

3.09.3.10 Endo-b-N-Acetylglucosaminidase

Endo-b-N-acetylglucosaminidase was first identified in microbes, and later was observed in the cytosol of animals.

The cytosolic endo-b-N-acetylglucosaminidase is not an artifact due to contamination by lysosomal enzyme, di-

N-acetylchitobiase, though the manner of enzymatic action is the same. It has an optimal pH of 7.0, which is unlike

lysosomal enzymes, and prefers oligosaccharides of high-mannose type of glycoproteins, suggesting this cytosolic

enzyme seems to play a role to eliminate unfinished or immature glycans in control system of glycoprotein degrada-

tion.18 The enzyme seems to split N,N 0-diacetylchitobiose linkage of the released oligosaccharide from misfolded

glycoprotein after action of cytosolic peptide:N-glycanase.
3.09.4 Human Diseases Caused by Disorder of Glycoprotein Degradation

Glycoproteins are mainly degraded in the lysosome as described in the previous sections. Disorder of glycoprotein

degradation, also defined as a part of lysosomal storage diseases, is caused by defects in several exoglycosidases and a

glycoamidase responsible for degradation of glycoproteins (Figure 2). The diseases are also caused by deficiency of

factors required for processing or protection of lysosomal enzymes. The diseases and defective enzymes/genes are

summarized in Table 1.

3.09.4.1 Sialidosis

Four human sialidases have been described as follows: Neu1 and Neu4 localized in the lysosome, Neu2 in the

cytoplasm, and Neu3 in the plasma membrane. Sialidosis is an autosomal recessive disease caused by a genetic

deficiency of Neu1 and is characterized by tissue accumulation and/or urinary excretion of sialoglycopeptides and

sialooligosaccharides. Neu1 shows the highest activity against oligosaccharides and short glycopeptides, and plays a
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Table 1 Human diseases caused by disorders of glycoprotein degradation

Disease Defective enzyme/protein Gene Locus OMIMa

Sialidosis Sialidase 1 NEU1 6p21.3 256550

GM1 gangliosidosis b-Galactosidase GLB1 3p21.33 230500

Galactosialidosis Cathepsin A/Protective protein PPGB 20q13.1 256540

Sandhoff disease b-N-Acetylhexosaminidase b-subunit HEXB 5q13 268800

a-Mannosidosis a-Mannosidase MAN2B1 19cen–q13.1 248500

b-Mannosidosis b-Mannosidase MANBA 4q22–q25 248510

a-Fucosidosis a-Fucosidase 1 FUCA1 1p34 230000

Aspartylglucosaminyluria Glycosylasparaginase AGA 4q32–q33 208400

Kanzaki/Schindler disease a-N-Acetylgalactosaminidase NAGA 22q11 609242, 609241

I-cell disease GlcNAc-phosphotransferase a/b-subunits GNPTAB 4q21–q23 252500, 252600

GlcNAc-phosphotransferase g-subunit GNPTG 16p 252605

aOnline mendelian inheritance in man (http://www.ncbi.nlm.nih.gov/ ).
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major role in lysosomal catabolism of sialoglycoproteins. Gangliosides are not accumulated in the sialidosis patients,

probably because Neu3 and/or Neu4 participate in the degradation of gangliosides.

NEU1 gene is located on chromosome 6, and encodes 415-amino-acid protein. After the cleavage of 47-amino-acid

N-terminal signal peptide and N-glycosylation, it becomes a 48.3kDa mature form in the ER.37,38 In the ER or during

the transport to lysosome, Neu1 sialidase forms a multienzyme complex with b-galactosidase and protective protein/

cathepsin A (PPCA). The stability and activity of Neu1 depend on the association with cathepsin A, indicating that

cathepsin A not only stabilizes the enzyme complex but also supports catalytically active conformation of sialidase.39

Neu1 is suggested to be a membrane-bound protein and to be targeted to the endosomal–lysosomal compartment by

clathrin-coated vesicular transport mediated by direct association with adaptor protein (AP) complex, rather than by

association with mannose-6-phosphate receptor. The C-terminus of Neu1 contains tyrosine-based motif, which is

important for sorting of Neu1 to the lysosome.40

Sialidosis is divided into types I and II. Type I sialidosis, the milder form of this disorder, is characterized by the

development of ocular cherry-red spots and generalized myoclonus in the second decade of life. Type II sialidosis is

distinguished from the milder form by early onset of a progressive, rather severe, mucopolysaccharidosis-like

phenotype with visceromegaly, dysostosis multiplex and mental retardation.41

3.09.4.2 GM1 Gangliosidosis

There are two enzymes for hydrolysis of b-galactosyl linkage in lysosomes, namely galactosylceramidase and

b-galactosidase. The former is specific for short glycolipids such as galactosylceramide and lactosylceramide. On the

other hand, the latter shows a broad specificity for glycolipids, glycoproteins and proteoglycans, but does not act on

galactosylceramide.

GM1 gangliosidosis (Morquio disease type B; mucopolysaccharidosis IVB) is an autosomal recessive disease that is

caused by deficiency of b-galactosidase, which is encoded by the geneGLB1 located on chromosome 3. b-Galactosidase

is a protein of 677-amino-acid residues, including a putative signal sequence of 23 amino acids and seven potential

N-glycosylation sites. After the maturation, b-galactosidase forms an enzyme complex with Neu1 sialidase and PPCA.

The complex formation is essential for protection from the proteolysis in lysosome.39

b-Galactosidase is involved in the release of terminal b-galactose (Gal) of GM1 ganglioside in the presence of

sphingolipid activator proteins as well as the degradation of keratan sulfate and glycoproteins. The major clinical

feature of this disorder is the accumulation of GM1 and asialo-GM1 in brain. High amounts of oligosaccharides with

nonreducing terminal b-Gal derived from N- and O-glycans of glycoproteins and keratan sulfate were also reported in

urine and visceral organs. Type I GM1 gangliosidosis is an infantile form with developmental arrest, progressive

neurologic deterioration, sensorimotor and psychointellectual dysfunctions, macular cherry-red spots, facial dys-

morphism, hepatosplenomegaly and generalized skeletal dysplasia. Types II (late infantile/juvenile form) and III

(adult/chronic form) also exist.42

3.09.4.3 Galactosialidosis

Galactosialidosis, also called Goldberg syndrome, is an autosomal recessive disease caused by a genetic deficiency of

PPCA that stabilizes the multienzyme complex consisting of Neu1 sialidase and b-galactosidase. Galactosialidosis was

http://www.ncbi.nlm.nih.gov/
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first described as a disease similar to GM1-gangliosidosis, and later defined as a defective disease of both

b-galactosidase and sialidase caused by deficiency of cathepsin A.27 Cathepsin A, a lysosomal serine protease with

structural homology to carboxypeptidase Y from Saccharomyces cerevisiae, is a multicatalytic enzyme with carboxypep-

tidase activity at acidic pH, and with deamidase and esterase activities at neutral pH. Furthermore, cathepsin A has a

lysosomal protective function, which is distinct from its catalytic function.

Cathepsin A gene PPGB is located on the chromosome 20 and encodes a 452-amino-acid precursor that is processed

in lysosome into a mature form, a heterodimer of 32kDa and 20kDa polypeptides linked together by disulfide bridges.

Cathepsin A forms a stable enzyme complex with Neu1 sialidase and b-galactosidase.39 The galactosialidosis patients

are defective in cathepsin A, thereby sialidase and b-galactosidase are highly unstable in lysosome. The patients

accumulate sialylglycopeptides and sialyloligosaccharides in lysosome, and excrete sialyloligosaccharides in urine.

The patients show combined clinical phenotypes of sialidosis and GM1 gangliosidosis.27
3.09.4.4 Sandhoff Disease

b-Linked GlcNAc and GalNAc are widely found in various glycoconjugates. Both residues are released by lysosomal

b-N-acetylhexosaminidases. Lysosomal b-N-acetylhexosaminidases are composed of a-subunit encoded by HEXA

gene on chromosome 15 and b-subunit encoded by HEXB gene on chromosome 5. Three b-N-acetylhexosaminidase

isozymes are known as follows: b-N-acetylhexosaminidase A consisting of a- and b-subunits; b-N-acetylhexosamini-

dase B consisting of two b-subunits; and minor b-N-acetylhexosaminidase S consisting of two a-subunits. Among

these, only b-N-acetylhexosaminidase A is able to act on ganglioside GM2 with the help of GM2 activator protein.

Thus, Tay–Sachs and Sandhoff diseases, which are caused by mutations of HEXA and HEXB genes, respectively,

show severe phenotypes due to accumulation of GM2 in brain. b-N-Acetylhexosamine residues in oligosaccharides

and glycopeptides can be removed by either enzyme; therefore, significant tissue accumulation and urinary excretion

of glycoprotein-derived oligosaccharides have so far been found only when both b-N-acetylhexosaminidase A and

B are deficient (Sandhoff disease).43
3.09.4.5 a-Mannosidosis

In human, several a-mannosidases are distributed in specific organelles: ER, Golgi apparatus, lysosome, and

cytosol. a-Mannosidosis is an autosomal recessive lysosomal storage disease of glycoprotein catabolism caused by

mutations in lysosomal a-mannosidase gene.44 Lysosomal a-mannosidase is encoded by the MAN2B1 gene on

chromosome 19, and is a 1011-amino-acid protein that contains 49-amino-acid putative signal sequence and 11

potential N-glycosylation sites. The enzyme is processed into three polypeptides, with molecular masses of 70, 42,

and 15kDa, and then 70kDa peptide is further processed into three peptides, A, B, and C. The A, B, and C peptides

are disulfide linked.

The major urinary metabolites of the patients are as follows: Mana1-3Manb1-4GlcNAc, Mana1-2Mana1-3-
Manb1-4GlcNAc, and Mana1-2Mana1-2Mana1-3Manb1-4GlcNAc. Longer oligosaccharides, Man5-9GlcNAc are

also reported.28,41 Each of the oligosaccharides isolated from the urine of the patients has a single GlcNAc at the

reducing end, not the GlcNAcb1-4GlcNAc core, suggesting the hydrolysis by the lysosomal di-N-acetylchitobiase45 or

an endo-b-N-acetylglucosaminidase.

Type I a-mannosidosis that is a more severe infantile phenotype shows rapid and progressive mental retardation,

hepatosplenomegaly, severe dysostosis multiplex, and often death between 3 and 12 years of age. Type II a-manno-

sidosis, the juvenile–adult phenotype, is characterized by a milder and more slowly progressive course with survival

into adulthood.28,41
3.09.4.6 b-Mannosidosis

b-Mannosidosis is an autosomal recessive lysosomal storage disease of glycoprotein catabolism caused by a deficiency

of lysosomal b-mannosidase activity. Lysosomal b-mannosidase encoded byMANBA gene located at chromosome 4 is a

879-amino-acid protein with molecular mass of 100kDa containing N-glycans.46

The patients’ urine contains excess amount of the disaccharide Manb1-4GlcNAc, which is derived from N-glycan.

A sialylated compound NeuAca2-6Manb1-4GlcNAc has also been detected in urine of these patients. The latter

compound is believed to result from an enzymatic sialylation of the major storage compound. Most patients have

mental retardation and showed coarsening facial features, mild bone disease, delayed speech development, hyperac-

tivity, and angiokeratomas.28,41
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3.09.4.7 a-Fucosidosis

Fucosidosis is an autosomal recessive lysosomal storage disease caused by defective a-fucosidase with accumulation

of fucose-containing compounds in the tissues. At least two a-fucosidases are recognized in human: a-fucosidase 1

(FUCA1) found in tissues, which is deficient in fucosidosis,47,48 and a-fucosidase 2 (FUCA2) in plasma. FUCA1 is

located on chromosome 1, whereas FUCA2 is on chromosome 6. FUCA1 that is deficient in fucosidosis patients

encodes 461-amino-acid protein containing 22-amino-acid signal sequence at N-terminus and four potential

N-glycosylation sites.

a-Fucosidase catalyzes the hydrolysis of terminal fucosyl a1-2, a1-3, a1-4, and a1-6 linkages in glycosphingolipids

and glycoproteins. There is a major accumulation of H-antigen (Fuca1-2Galb1-R)-containing glycolipids in liver, but

only minor in brain. The disaccharide Fuca1-6GlcNAc derived from the core of N-glycan is also accumulated in

tissues and excreted to urine. Larger oligosaccharides and glycopeptides containing fucose (Fuc) were also identified

in urine. Clinical features of fucosidosis patients are as follows: mental retardation, neurologic deterioration, coarse

faces, growth retardation, recurrent infections, kyphoscoliosis, dysostosis multiplex, and angiokeratoma.28,41
3.09.4.8 Aspartylglucosaminuria

Aspartylglucosaminuria is an autosomal recessive disease caused by the deficiency of lysosomal glycosylasparaginase

(1-aspartamide-b-N-acetylglucosamine amidohydrolase, also called aspartylglucosaminidase, AGA). Aspartylglucosa-

minuria is the only known lysosomal storage disease caused by an amidase deficiency. Glycosylasparaginase is a key

enzyme in the catabolism of N-linked oligosaccharides of glycoproteins. It cleaves the amide bond between aspara-

gine and GlcNAc. The enzyme may act on asparagine-linked oligosaccharides, although it is active only after the

asparagine residue has been freed by proteolytic activity and the a1-6-linked Fuc on GlcNAc has been removed.

Therefore, glycosylasparaginase is quite different from peptide:N-glycanase.

The AGA gene is located on chromosome 4 and encodes 346-amino-acid protein with two potential N-glycosylation

sites. After the cleavage of signal peptide at N-terminus, the enzyme is processed to generate two subunits, pro-a
(27kDa) and b (17kDa), in the ER. In the lysosome, 10-amino-acid peptide is removed from pro-a-subunit to generate
mature enzyme.49

Aspartylglucosamine (GlcNAc-Asn) is the major storage compound found in tissues and fluids of aspartylglucosa-

minuria patients, and is also excreted in the urine. The patients show coarsening of faces, sagging skin folds, joint

laxity, and mental deterioration.4
3.09.4.9 Kanzaki/Schindler Disease

Kanzaki/Schindler disease is an autosomal recessive disorder caused by the deficient activity of a-N-acetylgalactosa-
minidase, a lysosome enzyme previously known as a-galactosidase B. a-N-Acetylgalactosaminidase is encoded by the

NAGA gene located on chromosome 22. The precursor of a-N-acetylgalactosaminidase is a 411-amino-acid protein

with 17-residue signal peptide. There are six putative N-glycosylation sites, and at least two N-glycans were expected

by the analysis of molecular size of mature enzyme.

a-Linked GalNAc is found in the core of mucin-type O-glycan (GalNAca1-serine/threonine), blood group

A-antigen (GalNAca1-3(Fuca1-2)Galb1-R), and Forssman glycolipid (GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb1-
ceramide). In the patients’ urine the following glycopeptides were detected: GalNAca1-serine/threonine; NeuAca2-
3Galb1-3GalNAca1-serine/threonine; NeuAca2-3Galb1-3(NeuAca2-6)GalNAca1-serine/threonine; NeuAca2-3Galb1-3
(NeuAca2-6)GalNAca1-serine/threonine-proline/glycine/glutamic acid; and NeuAca2-3Galb1-3(NeuAca2-3Galb1-
4GlcNAcb1-6)GalNAca1-serine/threonine. In the patients with blood group A, the trisaccharide GalNAca1-3(Fuca1-2)
Gal was also detected.50

This disorder is clinically heterogeneous, namely three major phenotypes have been identified. Type 1 disease

(Schindler disease) is characterized by normal development for the first 9–15 months of life, followed by a rapid

neurodegenerative course resulting in severe psychomotor retardation, cortical blindness and frequent myoclonic

seizures by 3–4 years of age. Type II disease (Kanzaki disease) is an adult-onset disorder characterized by a mild

intellectual impairment with angiokeratoma corporis diffusum. Type III is an intermediate disorder with mild to

moderate neurologic manifestations.50
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3.09.4.10 I-Cell Disease/Mucolipidoses II and III

I-cell disease is caused by abnormal lysosomal enzyme transport in cells. The fibroblast cells from the patients show

numerous inclusion bodies. These cells were termed ‘inclusion cells (I-cells)’ and the disease was subsequently

termed I-cell disease.

Many of lysosomal enzymes are targeted to lysosome by a mechanism mediated by receptors that bind mannose

6-phosphate residue on enzymes. The mannose 6-phosphate is synthesized by a two-step reaction in the Golgi/trans-

Golgi network. First, UDP-GlcNAc:lysosomal-enzyme GlcNAc-1-phosphotransferase transfers GlcNAc 1-phosphate

to the 6-position of Man of N-glycan on lysosomal enzymes. Second, nonreducing terminal a-linked GlcNAc is

removed by a specific a-N-acetylglucosaminidase (or uncovering enzyme) to form mannose 6-phosphate structure.

The enzymes with mannose 6-phosphate residue are correctly transported by cation-dependent mannose 6-phosphate

receptor or cation-independent mannose 6-phosphate receptor. I-cell disease is an autosomal recessive disorder caused

by the deficiency of the first enzyme GlcNAc-1-phosphotransferase.51

GlcNAc-1-phosphotransferase is a 540kDa protein of a2/b2/g2 hexameric complex. The a- and b-subunits are

encoded by a single gene GNPTAB located on chromosome 4,52 and the g-subunit is encoded by GNPTG on

chromosome 16. Mucolipidoses II and IIIA are caused by deficiency of the GNPTAB gene53,54 and mucolipidosis

IIIC is caused by deficiency of the GNPTG gene.55

In I-cell disease patients, multiple lysosomal enzymes are defective in many of the cells and present at elevated

levels in the serum and body fluids due to abnormal lysosomal enzyme transport. Mucolipidosis II shows severe

phenotypes with early onset, progressive psychomotor retardation, and death usually within the first decade. Muco-

lipidosis III is milder with latter onset.
3.09.5 ERAD of Glycoproteins

Degradation of glycoproteins also occurs in the cytosol. Although glycoproteins are synthesized in the ER, it is known

that many proteins (more than 80% for some proteins) trafficked into the ER fail to be properly folded or oligomerized

in spite of the help of chaperones. Such proteins should not be transported to the secretory pathway. Therefore, they

must be eliminated from the cell; otherwise, consequent accumulation of proteins in the ER might be a threat to

living cells. Indeed, eukaryotic cells are equipped with a machinery to dispose off such misfolded ER glycoproteins.

This machinery is termed ERAD. ERAD is one of the important aspects in protein quality control of the cell.56

Misfolded glycoproteins go through the following steps in the process of translocation to and degradation in the cytosol:

1. trial for refolding by calnexin–calreticulin cycle,

2. recognition by EDEM (ER degradation-enhancing a-mannosidase-like protein),

3. export to the cytosol (dislocation or retrotranslocation) through the Sec61 complex or the HRD/DER pathway,

4. ubiquitination by E3 ubiquitin ligase,

5. deglycosylation by peptide:N-glycanase, and

6. degradation by proteasome.

This degradation pathway, ERAD, will be described in the following section.
3.09.5.1 Oligosaccharides as Tags for Quality Control of Glycoproteins

Nascent polypeptide chains enter the lumen of the rough ER through translocon (Sec61 complex), where oligosac-

charides (composed of 14 sugars; two N-acetylglucosamines, nine mannoses, and three glucoses) are transferred en bloc

to the asparagine residue(s) of polypeptides from dolichol-linked oligosaccharide intermediates by oligosaccharyl-

transferase. The terminal two glucose residues on oligosaccharides are trimmed by glucosidase I (G’ase-I) and

glucosidase II (G’ase-II). On the other hand, polypeptides are folded or/and assembled into oligomers to bring out

their functions as matured proteins with the help of ER-resident chaperones such as BiP, calnexin, and calreticulin.

Calnexin (membrane-bound protein) and calreticulin (soluble protein), named after Ca2þ requirement for their

activities, are lectins that bind to oligosaccharides on incompletely folded proteins, retain them in the ER, and

support proper folding.57 Calnexin and calreticulin recognize monoglucosylated high-mannose type oligosaccharides

(Glc1Man9GlcNAc2) with the substrate polypeptide interacting with protein disulfide isomerase ERp57 to refold

them.58 When the terminal glucose is removed by G’ase-II, substrate glycoproteins are released. If they are properly

folded, they are transported to the Golgi apparatus by COPII vesicle transport with the aid of cargo receptors such as



Figure 3 Targeting for ERAD of glycoproteins in the ER lumen. Glucose residues on oligosaccharides of nascent
polypeptides are trimmed by G’ase-I and G’ase-II. Monoglucosylated oligosaccharides are recognized by calnexin or

calreticulin, on which polypeptides are folded by protein disulfide isomerase ERp57. G’ase-II acts on a terminal glucose

residue; then, glycoproteins are released. UGGT makes judgements whether or not they are folded properly, and if they are
not, it attaches a single glucose on their oligosaccharides, which can bind calnexin or calreticulin again. M’ase-I hydrolyzes

an (a1-2)-linked mannose residue on oligosaccharides of misfolded glycoproteins, resulting in Man8B oligosaccharides

which can bind EDEM. EDEM allocates the misfolded glycoproteins for the degradation. Circles indicate mannose; squares

indicate N-acetylglucosamine; and triangles indicate glucose.
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VIP36 or ERGIC-53. If they remained incompletely folded, a single glucose is attached to their oligosaccharides by

UDP-glucose:glycoprotein glucosyltransferase (UGGT), resulting in recognition by calnexin/calreticulin again.

Hence, this cycle is repeated until being properly folded. This glucose-regulated on/off system of calnexin–

calreticulin cycle is major glycoprotein quality-control machinery, even though UGGTortholog is not found in yeast.

Despite undergoing calnexin–calreticulin cycle, many glycoproteins fail to correctly fold or assemble. Irreversibly or

improperly folded glycoproteins would stay longer in the ER, and are judged as misfolded by ER a-mannosidase-I

which trims an (a1-2)-linked mannose residue from the (a1-3)-branch of high-mannose oligosaccharides, and produces

Man8B isoform.59 These misfolded glycoproteins have to be subjected to the ERAD system, which involves transfer

of misfolded proteins from the ER into the cytosol (dislocation) followed ubiquitin-mediated proteasomal degrada-

tion. A mannosidase-like protein, EDEM (Htm1p/Mnl1p in yeast),60,61 seems to be responsible for targeting of ERAD

substrates for dislocation. Indeed, EDEM is an ER-membrane-bound lectin recognizing Man8B structure, which

captures misfolded glycoproteins bearing Man8B oligosaccharide tags and accelerates degradation of misfolded

glycoproteins.62 It interacts with calnexin through their transmembrane domains facilitating to accept ERAD sub-

strates from calnexin cycle.63 Soluble forms of EDEM homologs in the ER also exist. Thus, oligosaccharides are used

as tags to mark the state of protein folding, and many lectins and glycan-modifying enzymes get involved in the

protein sorting as summarized in Figure 3.64,65

3.09.5.2 Retrotranslocation and Ubiquitination of the ERAD Substrates

Glycoproteins targeted for ERAD are exported from the ER lumen into the cytosol, where they are degraded. This

reversed transfer of ERAD substrates is termed retrotranslocation or dislocation.66 There seem to be several protein
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they are recognized by the Cdc48p–Npl4p–Ufd1p complex. In the cytosol, substrates are deglycosylated by peptide:
N-glycanase (Png1p) which binds to proteasome mediated by Rad23p. Finally, they are degraded by proteasome. Ub,

ubiquitin.
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complexes involved in retrotranslocation of misfolded glycoproteins. The Sec61 translocon, known as a nascent

polypeptide chain translocater into the ER lumen, is also likely to be a protein of the channel complex which includes

unknown accessory proteins and functions for the passage of the ERAD substrates into the cytosol (Figure 4a).67

Many ERAD substrates undergo polyubiquitylation, a repetitive chain of ubiquitin molecules conjugated to lysine

residues in the target proteins, during their export from the ER into the cytosol, and this modification is required not

only for degradation but also for retrotranslocation.68 They are polyubiquitylated at the cytosolic face of the ER

membrane. The polyubiquitin chains interact with Cdc48/p97-Npl4-Ufd1 complex through ubiquitin-binding do-

main of Ufd1.69 Cdc48 (in yeast)/p97 (in mammal and also called VCP) is a member of AAA family of ATPases, which

are associated with diverse cellular activities. The complex of Cdc48/p97 extracts substrates from the ER membrane

in an ATP-dependent manner, and ATP presumably provides driving force for the dislocation from the ER lumen to

the cytosol. In yeast, the ubiquitination system involved in ERAD has been characterized and termed as the HRD/

DER pathway which is carried out by the HRD complex (Figure 4b).70 The HRD/DER pathway consists of Hrd1p/

Der3p, Hrd3p, Der1p, and Ubc7p and Ubc1p. Hrd1p/Der3p, a multispanning ER transmembrane protein, is the E3

ubiquitin ligase, which binds Ubc1p and Ubc7p (E2 ubiquitin-conjugating enzymes).71,72 Hrd1p/Der3p is stabilized

by its partner protein, Hrd3p, in the ER membrane. Der1p is a multispanning membrane protein, probably a part of

the export channel, and its mammalian homolog, Derlin-1,73,74 is known to interact with an integral membrane

protein, VIMP, which might recruit cytosolic p97-Npl4-Ufd1 complex to the ER membrane. Other E3 ubiquitin

ligases involved in the ERAD pathway have also been identified, that is, Doa10p in yeast; gp78, CHIP, Parkin,

SCFFbs1,2 in mammals, etc. SCFFbs is the E3 ubiquitin ligase complex that recognizes high-mannose-type oligosac-

charides through a F-box protein, Fbs1 (which mainly expresses in neuron)75 or Fbs2 (in various tissues).76
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3.09.5.3 Deglycosylation of ERAD Substrates before the Proteasomal Degradation
in the Cytosol

Glycoproteins dislocated into the cytosol are finally degraded by proteasome. For this, oligosaccharides on glycopro-

teins should be removed before proteasomal degradation because their oligosaccharides might be too large to enter the

inside of 26S proteasome. The removal of oligosaccharides is catalyzed by peptide:N-glycanase (PNGase, this is not an

endoglycosidase).35 Mammalian PNGase localizes both in the cytosol (free PNGase) and on the ER membrane

(membrane-bound PNGase).77 The latter PNGase associates with ER membrane through Derlin-1. Yeast PNGase

(Png1p) can bind to the 26S proteasome through its interaction with Rad23p (in mammal, with HR23B, the homolog

of yeast Rad23p),78 facilitating the removal of glycans from the ERAD substrates and the degradation. The

deglycosylated polypeptides directly enter the 26S proteasome and are degraded into short peptides.
3.09.5.4 Fate of Free Oligosaccharides Liberated from ERAD Substrates

ERAD is completed by the degradation of polypeptide chains within the proteasome. Now, what’s the fate of the free

oligosaccharides removed from the substrates? The removal of oligosaccharides from ERAD substrates by PNGase

leads to accumulation of the free oligosaccharides in the cytosol. These oligosaccharides are degraded by a series of

glycosidases in the cytosol and the lysosome (Figure 5).65,79,80 In mammal, a cytosolic endo-b-N-acetylglucosa-
minidase (ENGase) clips an N-acetylglucosamine (GlcNAc) residue from free oligosaccharides which have two

GlcNAc residues at the reducing end (OS-GN2), resulting in oligosaccharides with one GlcNAc residue (OS-GN1).

Then, OS-GN1 oligosaccharides are trimmed by cytosolic a-mannosidase to form the Man5 structure with a long a1-3
branch (M5B isoform). Finally, this molecule is imported into the lysosome for its final degradation by a- and

b-mannosidases.81 Cytosolic ENGase is found in eukaryotes from nematode Caenorhabditis elegans82 to human,83 but

not in yeast Saccharomyces cerevisiae. Since yeast may not have ENGase as well as genuine ‘cytosolic’ a-mannosidase

(cytosolic/vacuoler a-mannosidase),84 it has probably the alternative route to degrade them, such as autophagy.

In terms of the origin of the free oligosaccharides in the cytosol, misfolded glycoproteins are not the only one. It is

known that the dolichol-linked oligosaccharide intermediates at the cytosolic face of the ER membrane or in the

lumen of the ER also liberate free oligosaccharides. These oligosaccharides are released directly or indirectly into the

cytosol and degraded by the enzymes as the case of oligosaccharides released from misfolded glycoproteins.
Figure 5 Degradation pathway of free oligosaccharides in the cytosol in mammalian cells. N-Glycans of dislocated

glycoproteins are removed by PNGase, generating free oligosaccharides in the cytosol. These oligosaccharides bearing

two N-acetylglucosamine (GlcNAc) residues at the reducing ends (OS-GN2) are converted to those with a single GlcNAc
residue (OS-GN1) by ENGase. Then, cytosolic a-mannosidase (M’ase) trims mannose residues, forming Man5GlcNAc1
(M5B isomer). Finally, oligosaccharides are transported to the lysosome, where they are degraded into monosaccharides by

lysosomal a- and b-mannosidases.
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3.09.5.5 Upregulation of ERAD by Signaling of Unfolded Protein Response

Transcriptional upregulation of the ERAD components occurs when unfolded proteins are accumulated in the ER.85

Stress that causes alteration of ER homeostasis, such as heat shock, mutation, or drugs that affect protein synthesis

(i.e., tunicamycin, thapsigargin, dithiothreitol, etc.), can lead to accumulation of unfolded proteins. To cope with the

stress, cells activate an intracellular signaling pathway – the unfolded protein response (UPR).86 The UPR is an

integrated intracellular signaling pathway that transmits information on the protein folding status in the ER lumen to

the cytoplasm and the nucleus. The UPR includes transcriptional inductions of UPR genes, translational attenuation

of global protein synthesis, and ERAD. The major transducers of UPR, IRE1, PERK, and ATF6 are activated when

ER stress is sensed through their interaction with the ER chaperone, BiP. 87 Whereas the ATF6 and PERK pathways

are not conserved in lower eukaryotes, the IRE1 signaling pathway is conserved in all known eukaryotic cells. The

signaling from downstream of transducers activates transcription of UPR target genes including the ERAD compo-

nents (Figure 6).
3.09.5.6 Other Aspects of the ERAD

The ERAD is the machinery for destruction of misfolded glycoproteins as mentioned above; therefore, it is a central

element of the protein quality control in the secretory pathway. However, correctly folded proteins are often subjected

to degradation by the ERAD. One of the examples is HMGR (3-hydroxy 3-methylglutaryl coenzyme A reductase),

which is an ER-resident membrane protein and a key enzyme of the mevalonate pathway.88 The end products of the

mevalonate pathway are sterols and a variety of isoprenoids. In the eukaryotic cells, the ERAD is utilized for the

regulation of expression of HMGR.88–90 When flux through the sterol pathway is high, degradation rate is high and

protein levels tend to be low. When flux is low, degradation rate is low and enzyme levels tend to increase. But, it has

not yet demonstrated how they are recognized as the ERAD substrate.

Pathologically, ERAD has major implications for the generation of the following human diseases. It is known that

many cases of familial Parkinson’s disease are associated with Parkin mutations, which cause abnormal ERAD and

may generate this neurodegenerative disorder.91 Parkin functions in a complex with CHIP as an E3 ubiquitin ligase.

Pael-receptor, one of the putative substrates, tends to aggregate in a misfolded form. Another disease, cystic fibrosis, is

caused by premature degradation of mutated cystic fibrosis conductance regulator (CFTR).92 This results in the

decreased expression of CFTR at the cell surface and thereby permanent activation of CFTR’s chloride channel

activity. It is important to understand molecular mechanisms of ERAD to treat these diseases.
3.09.6 Perspective

Much interest has been paid by glycobiologists to the mode of attachment of sugar chains to proteins and biological

meanings for the glycan moieties of glycoproteins. However, we know that, whatever the precise roles of the
Figure 6 ERAD components are upregulated by UPR. When cells are exposed to ER stress inducers (temperature,
mutation, drugs, etc.), unfolded proteins accumulate in the ER. IRE1, PERK, and ATF6 sense their accumulation and

transmit signaling to the nucleus. Finally, transcription of genes of ERAD components is upregulated.
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detachment of sugar chains from glycoproteins are, the degradation of glycoproteins is crucial for cellular processes. As

indicated by the results that the defects in the lysosomal system lead to severe diseases, the continuous cycle of

biosynthesis and degradation of glycoproteins must be maintained. Lysosome contributes to the regulation of

glycoprotein degradation in conjunction with the proteasome. Moreover, as mentioned above, there exist a number

of different degradation systems. Although the delivery of glycoproteins to the lysosomal system is required for

complete degradation, partial or complete catabolism of the N-glycans of glycoproteins also occurs outside lysosomes

as a part of an editing or proofreading function. The elucidation of this degradation mechanism will lead to the

understanding of the true cellular role of sugar chains of glycoproteins.

Lysosomal storage diseases have been successfully treated by enzyme replacement therapy and, in near future, gene

replacement therapy supported by the advances of gene technology will become feasible. This field should be more

extensively studied by glycobiologists.
Glossary

adaptor protein complex Adaptor protein complex is a heterotetramer composed of two large adaptins (b and one of a, g, d, and
E), a medium adaptin (m), and a small adaptin (s). This complex is found on the cytoplasmic surface of various coated vesicles in

the cells. The m-subunit binds cytosolic sorting motifs of cargo proteins, and directly controls protein sorting.

angiokeratoma A vascular, horny neoplasm of the skin characterized by terangiectasis and secondary epithelial changes

including acanthosis and hyperkeratosis.

autophagy Autophagy, or autophagocytosis, is a process of organelle degradation that takes place inside the cell. Cytoplasmic

components, particularly membrane-bound organelles, are surrounded by autophagosome membrane and then degraded by

fusion with lysosomes. Its main purpose is to maintain a balance between biogenesis (production) of cell structures, and their

degradation and turnover. It is common in embryonic development and senescence.

clathrin The main structural coat protein of coated vesicles involved in the intracellular transport between membranous

organelles. Clathrin plays a major role in the creation of vesicles in cells. It forms a polyhedral (soccer-ball shaped) lattice made

up of many clathrin molecules and also helps in protein sorting.

dysostosis Defective bone formation involving individual bones, singly or in combination.

mannose-6-phosphate receptor A receptor that is specific for mannose-6-phosphate structure on lysosomal enzymes. There

are two types of mannose-6-phosphate receptors: cation-independent and cation-dependent receptors. They function in the

transport of lysosomal enzymes from the Golgi apparatus to lysosomes. The receptor–ligand complex is transported to an acidic

prelysosomal compartment, where the low pH mediates dissociation of the complex.

myoonus Involuntary shock-like contractions, irregular in rhythm and amplitude, followed by relaxation of a muscle or a group

of muscles. This condition may be a feature of some central nervous systems diseases (e.g., myoclonic epilepsy).

proteasome Proteolytic complexes that degrade cytosolic and nuclear proteins. The 26S proteasome functions in the digestion

of ubiquitin-conjugated proteins. The 26S proteasome consists of two 19S complexes and one 20S proteasome. The 20S

proteasome (700kDa), essential for ATP-dependent ubiquitinated protein degradation pathway, has 13–15 subunits, each of

which has three or four different peptidase activities. The ubiquitin–proteasome system is critical for many cellular processes

including cell cycle, signal transduction, and regulation of gene expression.

translocon The complex of proteins associated with the translocation of nascent polypeptides into the luminal side of the

endoplasmic reticulum. The translocon is involved in regulating the interaction of ribosomes with the ER as well as regulating

translocation and the integration of membrane proteins in the correct orientation. The signal peptidase and signal-recognition

protein are among the proteins associated with the translocon.

ubiquitin A highly conserved 76-amino-acid peptide universally found in eukaryotic cells which functions as a marker for

intracellular protein degradation and transport. Ubiquitin becomes activated through a series of complicated steps mediated by an

E1 ubiquitin-activating enzyme and an E2 ubiquitin-conjugating enzyme, and is transferred by E3 ubiquitin ligase to lysine

residues of target proteins to form an isopeptide bond. These ubiquitinated proteins can be recognized and degraded by

proteosomes or be transported to specific compartments within the cell.
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3.10.1 Introduction

Glycosaminoglycans, the polysaccharide moiety of proteoglycans, are generally attached to the core protein via an

O-glycosidic bond at a common basic GlcAb1!3Galb1!3Galb1!4Xylb1!O-Ser (GlcA-Gal-Gal-Xyl-Ser) linkage

region1–3 except for hyaluronic acid and keratan sulfate. The general structure of glycosaminoglycans and their

classification and structural heterogeneity are described in Chapter 3.05. Although the composition of the sugar

components of glycosaminoglycans is simple, the structural analysis of glycosaminoglycans is extremely difficult due

to their complex pattern of modification such as epimerization and sulfation. However, the discovery of enzymes

capable of degrading glycosaminoglycans has greatly facilitated the structural analysis of these polysaccharide chains.4

Indeed, the application of glycosaminoglycan-degrading enzymes to the analysis of polysaccharides has a long history.

In recent years, in the post-genome and post-proteome age, there has been a growing awareness of the importance

of fine structures in a sugar chain to the functional analysis of glycoconjugates. Much of this research has relied

on improved instrumentation, such as HPLC, mass spectrometry, and NMR, for the analysis of sugar chains.5,6

Specific glycosaminoglycan-degrading enzymes are essential for the preparation and structural analysis of standard

oligosaccharides. Multidimensional mapping of glycosaminoglycans using glycosaminoglycan-degrading enzymes

and HPLC has also become feasible.7 Structural analysis of N-glycans using HPLC, mass spectrometry, and

NMR is described in Chapters 2.02, 2.03, and 2.08, respectively. Some glycosaminoglycan-degrading enzymes

have a transglycosylation activity as a reverse reaction to the hydrolytic activity. Therefore, glycosamino-

glycan-degrading enzymes are useful not only as tools for structural analysis but also as tools for synthesizing new

glycosaminoglycan.8 Enzymes involved in cleaving the glycosidic bonds of glycosaminoglycans are reviewed in

this chapter.
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3.10.2 General Statements

Glycosidic bond-cleaving enzymes can be broadly classified as either glycoside hydrolases or glycoside lyases (please

refer to a general biochemistry textbook for the definition and properties of hydrolases and lyases). Here we describe

those briefly.

Glycoside hydrolases are also called glycosidases. Hydrolysis of a glycosidic bond is expressed as

Glycosyl-ORþHOH ! Glycosyl-OHþHOR ½1�

However, if OR1 (sugar chain) is a donor instead of OH (water), the expression can be rewritten as

Glycosyl-ORþHOR1 ! Glycosyl-OR1 þHOR ½2�

In the reaction system of hydrolysis, both [1] and [2] can occur. Glycosidases also catalyze the transglycosylation

reaction as a reverse of the hydrolysis, although the percentage of reaction [2] to the main reaction [1] is extremely low.

In contrast, lyases (eliminases) cleave the glycosidic bond in the manner shown in expression [3]:

Glycosyl-OR ! 1; 2-GlycalþHOR ½3�

Lyases acting on the glycosidic linkage produce an unsaturated bond between C4 and C5 of the uronic acid residue

at the nonreducing end by an elimination mechanism. Occasionally, the 4,5-unsaturated bond is expressed by D4,5.

Glycosidases, which selectively hydrolyze a-glycoside or b-glycoside, are called a-glycosidases or b-glycosidases,
respectively. This section deals with enzymes acting on O-glycosidic linkages of glycosaminoglycans. The enzymes

acting on N-glycoside linkages are described in Chapter 3.09. The enzyme mechanisms for glycosidases are described

in Chapter 3.07.

Glycosidases are classified as either endo- or exo-type enzymes depending on the pattern of hydrolysis. An endo-

type glycosidase (endoglycosidase) acts on glycosidic bonds (1) at the inner region of the sugar chain or (2) at the

linkage region between the core protein (or core lipid) and sugar chain of a glycoconjugate (glycoprotein, proteoglycan,

or glycolipid). Examples of both types are listed inTable 1. An endo-type glycosidase releases an oligosaccharide from

the nonreducing terminal site of a sugar chain. These enzymes also catalyze a transglycosylation reaction as a reverse

reaction of hydrolysis. The endo-type glycosidases are therefore valuable for the synthesis of the sugar chain of

glycoconjugates at an oligosaccharide level and for the transfer of long sugar chains into peptides (Figure 1). The

length of a sugar chain having significant physiological activity is typically around a decasaccharide.9 Thus, endo-type

glycosidases that can liberate blocks of oligosaccharide or synthesize carbohydrates by transferring oligosaccharide

chains via the reverse reaction of hydrolysis, are extremely valuable catalysts. Conventionally, chemical methods

have been used to release intact glycosaminoglycan chains from proteoglycans and peptidoglycans.10 However, the

discovery of endo-type glycosidases acting on the linkage region between a sugar chain and a core protein11–13 has

facilitated the introduction of enzymatic methods for the liberation of intact glycosaminoglycan chains from proteo-

glycans or peptidoglycans.14,15 In addition, endo-type glycosidases acting on glycoside bonds at the inner regions of

glycosaminoglycan can be used to release oligosaccharide domains from polysaccharides. Exo-type glycosidases

recognize and cleave stepwise the terminal site of a sugar chain. Lyases are also classified into endo-type lyases

(endolyases) and exo-type lyases (exolyases). Exo-attack generally occurs from the nonreducing end of the substrate

sugar chain resulting in the release of di- or monoccharide from the polysaccharide. Exo-type enzymes are also useful

for investigating the structure and structure–activity relationship of glycosaminoglycans. Section 3.10.3.1 deals with

glycosaminoglycan-degrading enzymes produced by bacteria, which have long been used as a tool for the structural

analysis of glycosaminoglycans. Section 3.10.3.2 deals with glycosaminoglycan-degrading enzymes from animals

which are valuable for structural analysis and the synthesis of sugar chains.
Table 1 Endoglycosidases acting on glycosaminoglycan

Recognition site Examples

(1) The internal part of a sugar chain Hyaluronoglucosaminidase

Hyaluronoglucuronidase

Heparanase

(2) The linkage region between a sugar chain and a core protein of proteoglycan Endo-b-xylosidase
Endo-b-galactosidase
Endo-b-glucuronidase



Native sugar chains

Reconstruction 
of neo sugar chain 
by an endoglycosidase

Neo sugar chain

Attachment to protein 
by an endoglycosidase

E. coli

Exogenous DNA

Protein 
expression system

Recombinant protein without 
appropriate sugar chain 
(with no physiological activity)

Recombinant protein with
appropriate sugar chain 
(with  physiological activity)

Figure 1 Strategy of neoglycoconjugate synthesis using endoglycosidases.
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3.10.3 Glycosaminoglycan-Degrading Enzymes

3.10.3.1 Glycosaminoglycan-Degrading Enzymes from Bacteria

3.10.3.1.1 Overview
This section describes glycosaminoglycan-degrading enzymes from bacteria that have proved to be useful tools for the

structural analysis of sugar chains. Although the cloning of genes encoding these enzymes has progressed rapidly, all

the corresponding substrate specificities have not been determined. Detailed studies using recombinant enzymes are

eagerly awaited. This section mainly focuses on the substrate specificities determined from purified nonrecombinant

enzymes, most of which are commercially available (Table 2). Many bacterial enzymes that depolymerize glycosami-

noglycan chains are lyases (eliminases). The products of these lyases possess an unsaturated uronic acid with a double

bond between C4 and C5 at the nonreducing terminus that is not generated in animal tissue. The formation of an

unsaturated double bond can be detected and measured by monitoring the ultraviolet absorbance at 230nm.16 It is

possible to remove this unsaturated bond chemically, while leaving the saturated structure intact.17,18 However, the

unsaturated structure gives the oligosaccharides antigenecity, enabling antibodies to be raised against the glycosami-

noglycan which can act as a valuable research tool.19

3.10.3.1.2 Hyaluronan-degrading enzymes from bacteria
Not long after Meyer and Palmer discovered hyaluronan in 1934, Mayer’s group found that an extract from

Streptococcus pneumoniae has a hyaluronan-depolymerizing activity. Since then, hyaluronan-depolymerizing enzymes

have been found in various bacterial strains by many research groups.20–24 Genes encoding hyaluronan lyase

have been cloned from several bacterial species, such as Streptococcus, Staphylococcus, and Propionibacterium, and the

reaction mechanism and crystal structure of the corresponding recombinant enzymes are currently under

investigation.25–32 Hyaluronan-depolymerizing enzyme produced from Streptomyces has the highest specificity against

hyaluronan. In this section, we deal mostly with the commercially available enzymes. Lyases acting on chondroitin

sulfate, which are described in Section 3.10.3.1.3, can also depolymerize hyaluronan.

3.10.3.1.2.1 Hyaluronate lyase (common name by IUBMB) (EC 4.2.2.1)

Hyaluronan lyase, which is also called Streptomyces hyaluronidase, is an endo-type lyase from Streptomyces hyalurolyticus.

The enzyme cleaves hyaluronan chains at the b1!4-glucosaminide bonds (GlcNAcb1!4GlcAb bonds) by an



Table 2 Glycosaminoglycan-degrading enzymes from bacteria

Enzyme (origin) EC number Major substrates
Action
pattern

Hyaluronan-degrading enzymes
Hyaluronan lyase (Streptomyces hyalurolyticus) EC 4.2.2.1 HA Endo

Hyaluronidase SD (Streptomyces dysgalactiae) EC 4.2.2.? HA, Ch Endo

Chondroitin sulfate/dermatan sulfate-degrading enzymes
Chondroitin ABC lyases (Proteus vulgaris) EC 4.2.2.4 CS, DS, Ch, HA

Chondroitin ABC lyase I Endo

Chondroitin ABC lyase II Exo

Chondroitin AC I lyase (Flavobacterium heparinum) EC 4.2.2.5 Ch, CS, HA Endo

Chondroitin AC II lyase (Arthrobacter aurescens) EC 4.2.2.5 HA, CS, Ch Exo

Chondroitin B lyase (Flavobacterium heparinum) EC 4.2.2.? DS Endo

Chondroitin C lyase (Flavobacterium sp. Hp 102) EC 4.2.2.? CS(6S) Endo

Heparin/heparan sulfate-degrading enzymes
Heparin lyase I (Flavobacterium heparinum) EC 4.2.2.7 Hep Endo

Heparin lyase II (Flavobacterium heparinum) No EC number Hep, HS Endo

Heparin lyase III (Flavobacterium heparinum) EC 4.2.2.8 HS Endo

Keratan sulfate-degrading enzymes
Endo-b-galactosidase (Pseudomonas) EC 3.2.1.103 KS (KSI) a, milk oligosaccharides,

glycosphingolipids

Endo

Keratanase I (Pseudomonas sp.) EC 3.2.1.103 KS (KSI) Endo

Keratanase II (Bacillus sp.) EC 3.2.1.? KS (KSI, KSII) Endo

aFor difference between KSI and KSII in structure refer to Funderburgh, J. Glycobiology 2000, 10, 951–958.
Ch, chondroitin; CS, chondroitin sulfate; DS, dermatan sulfate; HA, hyaluronan; Ch, Hep, heparin; HS, heparan sulfate;

KS, keratan sulfate.
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elimination reaction,23,33 producing hyaluronan oligosaccharides, each with a 4,5-unsaturated glucuronosyl residue at

the nonreducing end. This enzyme is very specific to hyaluronan and does not act on chondroitin, any other sulfated

glycosaminoglycans, or chitin.34 Ultimately, the final product of the reaction is tetrasaccharide or hexasaccharide with

an 4,5-unsaturated uronic acid at the nonreducing end. The optimal pH of the enzyme is 6.0 and the optimal

temperature is 60�C.
3.10.3.1.2.2 Hyaluronidase SD (EC 4.2.2.?)

It is reported that certain strains of Streptococcus also have hyaluronan-degrading activity.34,35 Hyaluronidase SD is

purified from the culture medium of Streptococcus dysgalactiae and is also called Streptococci hyaluronidase. This enzyme

is a lyase that eliminates the b1!4-glucosaminide bonds in hyaluronan from the nonreducing terminal side and

produces disaccharides or oligosaccharides with 4,5-unsaturated uronic acid at the nonreducing end36 Although the

enzyme also acts on b1!4-galactosaminide bonds in chondroitin, a nonsulfated glycosaminoglycan, the rate of

enzymatic degradation of chondroitin is one-tenth or one-twentieth of that of hyaluronan as a substrate.34,37 The

lyase does not act on chondroitin 4-sulfate, chondroitin 6-sulfate, or any other sulfated polysaccharide.38 Until recently,

hyaluronidase SD was thought to be an exo-type lyase.39 However, a detailed study of substrate specificity suggested

that hyaluronidase SD is an endo-type lyase because it translocates across the sulfated portion of chondroitin sulfate to

act on the internal nonsulfated region of the substrate, resulting in the liberation of oligosaccharides.38 There are many

reports that clusters composed of sulfated disaccharide units in glycosaminoglycans are important for biological

function.40–42 Hyaluronidase SD can remove the cluster of sulfated disaccharide units in chondroitin sulfate and

dermatan sulfate as an oligosaccharide, resulting in selective cleavage of the nonsulfated region. Therefore, this

enzyme is particularly valuable because it can selectively liberate the biologically functional clusters of glyco-

saminoglycans. In this regard, hyaluronidase SD is useful for studying the structure–function relationship of

glycosaminoglycans. The enzyme has an optimal pH of 5.8–6.6 and an optimal temperature of 37�C.
3.10.3.1.2.3 Hyaluronidase from Streptococcus agalactiae (EC 4.2.2.?)

As described previously, hyaluronan lyase from Streptomyces hyalurolyticus (EC 4.2.2.1) recognizes the inner part of the

hyaluronan chain and cleaves endolytically, resulting in a mixture of 4,5-unsaturated hexa- and tetrasaccharides as the
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final products. By contrast, hyaluronan lyase from group B Streptococcus agalactiaemakes an initial random cleavage and

then rapidly and progressively depolymerizes the liberated oligosaccharide fragments to yield 4,5-unsaturated di-

saccharides.43 Furthermore, this enzyme is reported to specifically act on the nonsulfated region in chondroitin sulfate

chains.44,45 Unfortunately, hyaluronidase from Streptococcus agalactiae is not commercially available. The optimal pH of

the enzyme is 6.3.

3.10.3.1.3 Chondroitin sulfate/dermatan sulfate-degrading enzymes from bacteria
All chondroitin sulfate/dermatan sulfate-degrading enzymes studied so far are lyases. The discussion in this section is

mainly confined to the commercially available enzymes. Many genes encoding chondroitin sulfate/dermatan sulfate-

degrading enzymes from various bacterial strains have been cloned and the corresponding catalytic activity and crystal

structures are being investigated.

3.10.3.1.3.1 Chondroitin ABC lyase (EC 4.2.2.4) (chondroitinase ABC)

Chondroitin ABC lyase, an eliminase first isolated from Proteus vulgaris (NCTC4636) cultured in the presence of

chondroitin 6-sulfate, was recently confirmed to be a mixture of endo- and exo-type lyases. The enzyme acts on b1!4-

hexosaminide bonds in chondroitin, chondroitin 4-sulfate, chondroitin 6-sulfate, dermatan sulfate, and hyaluronan,

resulting in the production of disaccharides or oligosaccharides with 4,5-unsaturated uronic acid at the nonreducing

end (Figure 2). Chondroitin ABC lyase does not act on keratan sulfate, heparin or heparan sulfate. Chondroitin ABC

lyase is so called because the substrates chondroitin 4-sulfate, dermatan sulfate, and chondroitin 6-sulfate are termed

chondroitin sulfate A, B, C, respectively.46 The enzyme acts regardless of the position and number of sulfate groups or

the kind of hexosamine. Furthermore, catalytic activity is unaffected by the uronic acid being D-glucuronic acid

(GlcA) or L-iduronic acid (IdoA). In terms of the reaction products there is no distinction between GlcA and IdoA

because of the loss of molecular asymmetry at the C5 carbon; namely, the same 4,5-unsaturated disaccharides are

generated from 4-sulfated disaccharide units derived from both chondroitin sulfate and dermatan sulfate. The

percentage of GlcA in chondroitin sulfate/dermatan sulfate copolymer can be determined by comparing the composi-

tion of 4,5-unsaturated disaccharide units generated by chondroitin ABC lyase digestion to that produced by either

chondroitin ACI lyase or chondroitin ACII lyase. Although both chondroitin ACI lyase and chondroitin ACII lyase do

not act on b1!4-galactosaminide bonds linked to an IdoA, better results are generally obtained using the former

enzyme.47 The composition of each 4,5-unsaturated disaccharide unit can be determined by HPLC analysis.48

The recognition site for chondroitin ABC lyase is a tetrasaccharide because the enzyme is only active when a

disaccharide is present at both sides of the cleavage site.49 The enzyme does not act on trisaccharide or sugar chains

having a 2-acetamido-2-deoxy-D-glucose, N-acetyl-D-glucosamine (GlcNAc) at the nonreducing end. The optimum

pH of chondroitin ABC lyase is 8–9 when the substrate possesses a sulfate group, but 6.8 when the substrate does not

The activity of chondroitin ABC lyase against hyaluronan is lower than that of chondroitin AC lyases. Protease-free

chondroitin ABC lyase is also commercially available, which is useful for the depolymerization of glycosaminoglycan

chains linked to a core protein without degrading the protein. The bacterium P. vulgaris produces two distinct ABC
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lyases, chondroitin ABC lyase I and II, which act as an endolyase and exolyase, respectively. Complete depolymeriza-

tion from a polysaccharide to disaccharide units is carried out by the cooperative action of both enzymes.50–54 The

substrate specificity of these two enzymes is very similar. Recent studies suggest that commercial chondroitinase ABC

(Seikagaku Corp.) is in fact a mixture of chondroitin ABC lyase I and II, whereas commercial protease-free chondroitin

ABC lyase (Seikagaku Corp.) is composed of chondroitin ABC lyase I only. The optimal pH of both chondroitinase

ABCs is 8.0.
3.10.3.1.3.2 Chondroitin ACI lyase (4.2.2.5) (chondroitinase ACI)

Chondroitin ACI lyase is an endo-type eliminase from Flavobacterium heparinum.39,55,56 The enzyme cleaves b1!4-

hexosaminide bonds of chondroitin 4-sulfate, chondroitin 6-sulfate, chondroitin 4,6-disulfate, chondroitin, or hyalur-

onan by an elimination reaction resulting in disaccharides or oligosaccharides with 4,5-unsaturated GlcA at the

nonreducing end (Figure 2).57,58 Although the enzyme acts on chondroitin sulfate in a chondroitin sulfate/dermatan

sulfate hybrid polymer, it does not act on dermatan sulfate, dermatan, keratan sulfate, heparan sulfate, or heparin. The

initial rate of the enzymatic degradation of chondroitin 6-sulfate, chondroitin, and hyaluronan have been reported to

be 0.65, 1.1, and 0.12, respectively, compared to that of chondroitin 4-sulfate. This enzyme is different from

chondroitin ACII lyase produced from Arthrobacter in that it efficiently cleaves the b1!4-galactosaminide bond

linked to a GlcA in dermatan sulfate/chondroitin sulfate copolymer. Therefore, chondroitin ACI lyase (4.2.2.5) is

suitable for the structural analysis of these copolymers.59,60
3.10.3.1.3.3 Chondroitin ACII lyase (4.2.2.5) (chondroitinase ACII)

Chondroitin ACII lyase is an exo-type eliminase from Arthrobacter aurescens.39,61 This enzyme cleaves b1!4-hexosa-

minide bonds of chondroitin, chondroitin 4-sulfate, and chondroitin 6-sulfate by an elimination reaction resulting in

disaccharides with 4,5-unsaturated GlcA at the nonreducing end (Figure 2).62 Chondroitin ACII lyase efficiently

degrades hyaluronan but not dermatan sulfate, which is a competitive inhibitor of the enzyme.63 The initial rate of the

enzymatic degradation of chondroitin 6-sulfate, chondroitin, and hyaluronan have been reported to be 1.1, 1.95, and

3.2, respectively, compared to that of chondroitin 4-sulfate.62 Chondroitin ACII lyase is different from chondroitin ACI

lyase produced from Flavobacterium in that it does not adequately cleave the b1!4-galactosaminide bond linked to a

GlcA in dermatan sulfate/chondroitin sulfate copolymer. The recognition site for chondroitin ACII lyase is a

disaccharide because only the monosaccharide on both sides of the cleavage site is involved in the enzyme specificity.

In contrast, chondroitin ABC lyase recognizes disaccharide at both sides of the cleavage site.49 Due to the different

mechanisms of substrate recognition the two enzymes yield different products after prolonged incubation with

proteoglycan (Figure 3). Specifically, chondroitin ABC lyase generates a 4,5-unsaturated linkage hexasaccharide

(DGlcA-GalNAc-GlcA-Gal-Gal-Xyl-O-Ser), whereas ACII lyase generates tetrasaccharide (DGlcA-Gal-Gal-Xyl-O-Ser)

at the linkage region between a core protein and glycosaminoglycan moiety of proteoglycan.
3.10.3.1.3.4 Chondroitin B lyase (4.2.2.?) (chondroitinase B, dermatanase)

Chondroitin B lyase is an endo-type eliminase produced from F. heparinum that cleaves dermatan sulfate at

b1!4-galactosaminide bonds between 2-acetamido-2-deoxy-D-galactose, N-acetyl-D-galactosamine (GalNAc) and

IdoA, resulting in disaccharides or oligosaccharides with 4,5-unsaturated uronic acid at the nonreducing end
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(Figure 4).37,56,64–67 This enzyme does not act on chondroitin 4-sulfate or chondroitin 6-sulfate which do not have

IdoA. Interestingly, dermatan (desulfated dermatan sulfate) is not a substrate of chondroitin B lyase, suggesting that

sulfation of C4 is required for the recognition by this enzyme. Dermatan sulfate having a sulfate group at C2 of IdoA is

a better substrate for this enzyme.

3.10.3.1.3.5 Chondroitin C lyase (4.2.2.?) (chondroitinase C)

Chondroitin C lyase is an endo-type eliminase produced from F. heparinum. This enzyme cleaves b1!4-galactosa-

minidic bonds in chondroitin 6-sulfate, resulting in tetrasaccharides and disaccharides with 4,5-unsaturated uronic

acid.66,68 Substrates of chondroitin C lyase are not sulfated at C4 of the galactosamine residue. The enzyme also

acts on hyaluronan at b1!4-glucosaminide bonds, generating 4,5-unsaturated disaccharides. Because of the high

degree of specificity for chondroitin 6-sulfate, chondroitin C lyase has been used for the preparation of oligosaccharide

domains such as chondroitin 4-sulfate from chondroitin 4-sulfate/chondroitin 6-sulfate hybrid copolymer.69 Recently,

it was shown that chondroitin C lyase from Flavobacterium sp. Hp 102 cleaves the b1!4-galactosaminidic bond of the

chemically synthesized pentasaccharide or hexasaccharide-serines, including the linkage structure between the

chondroitin sulfate chain and core protein.70 The enzymatic action of chondroitin C lyase does not require a GlcA

residue on the nonreducing side of the cleavage site. However, the enzyme does not act on the GalNAc-GlcA bond if

the Gal next to GlcA is 4-O-sulfated. Therefore, chondroitin C lyase is an important tool for the structural analysis of

the linkage between a core protein and the glycosaminoglycan moiety.

3.10.3.1.4 Heparin/heparan sulfate proteoglycan-degrading enzymes from bacteria
Heparin/heparan sulfate-degrading enzymes are endo-type eliminases acting on a1!4-glucosaminide bonds39,71,72 and

have long been known as heparinase or heparitinase from F. heparinum. These enzymes are often referred to by their

common names making the nomenclature inconsistent in the scientific literature and between suppliers. Particular

attention should be paid to heparin/heparan sulfate-degrading enzymes, which have similar names even when the

substrate specificities are quite different. There are currently only three commercially available enzymes; heparin

lyase I (heparinase, EC 4.2.2.7), heparin lyase II (heparitinase II, no EC number), and heparin lyase III (heparitinase I,

EC 4.2.2.8). Enzymes such as heparitinase I0, IV, and V have been purified from bacteria other than F. heparinum

and research on their substrate specificities is underway although they are not commercially available.73–75 This sub-

section deals mainly with commercially available heparin/heparan sulfate-degrading enzymes. Interestingly, the

sulfation pattern of C2 on the uronic acid adjacent to the scissile hexosaminide bond affects the enzymatic activity.

Based on this, heparin/heparan sulfate-degrading enzymes are classified into three types: (1) Sulfation of C2 on uronic

acid is necessary for the substrate to be cleaved by heparinase and heparitinase IV. (2) Heparitinase I and heparitinase

V do not act on molecules with C2-sulfated uronic acid. (3) Heparitinase II acts on substrates both with and without

C2-sulfated uronic acid. The precise substrate specificity however is more complex and depends on the structure

surrounding the recognition site.76–78 Because the reaction products contain 4,5-unsaturated uronic acid, it is not

possible to distinguish whether the sugar chains possessed IdoA or GlcA prior to digestion. Detailed substrate

specificities of these enzymes have been described in an excellent review,75 which summarizes many studies

using oligosaccharide substrates. Although cloning of these enzymes has progressed rapidly,79–82 detailed substrate

specificities using the recombinant enzymes have not yet been reported.

3.10.3.1.4.1 Heparin lyase I (EC 4.2.2.7) (heparinase)

Heparin lyase I (also called heparinase, heparitinase III, or heparinase I) is an endo-type lyase produced from

F. heparinum.83,84 This enzyme is reported to eliminate heparin at a1!4-glucosaminide bonds between 2-O-sulfo-

IdoA and N-sulfo-GlcN, generating oligosaccharides and disaccharides with 4,5-unsaturated hexuronic acid at the

nonreducing end (Figure 5).39,83–90 The recognition site of this enzyme was originally reported to be GlcN(NS, �
6S)-IdoA2S, but more recent studies have shown that GlcN(NS, � 6S)-GlcA2S is also recognized (NS represents
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N-sulfo group; 6S, 6-O-sulfo; 2S, 2-O-sulfo; 3S, 3-O-sulfo; and � , with or without).91 Because of variation in the fine

structure of heperin/heparan sulfate, the substrate specificity of heparin lyase I is difficult to define.77,78,91–97 The

enzyme does not depolymerize a typical heparan sulfate structure. The length of the substrate sugar chain is known to

affect the action of heparin lyase I,85,94,96 which does not degrade a tetrasaccharide.96 Subtle differences in substrate

specificity between oligosaccharides and polysaccharides have also been reported.77 The heparin lyase I gene has

been cloned and the substrate specificity of the corresponding recombinant enzyme was almost the same as that of the

native enzyme.79,80 Recombinant enzyme is not commercially available.
3.10.3.1.4.2 Heparin lyase II (no EC number) (heparitinase II)

Heparin lyase II is also an endo-type eliminase from F. heparinum.98 The enzyme is marketed under the name

heparitinase II or heparinase II. Although the heparin lyase II gene has been cloned,81 detailed substrate specificity

of the recombinant enzyme has not been reported. Purified heparin lyase II acts on most of the glucosaminide

bonds in heparin/heparan sulfate (Figure 6).77,78,97 The depolymerizing activity of heparin lyase II towards sugar chains

without sulfate groups is low. Heparin lyase II does not act on the glucosaminide bond between the GlcA in the common

linkage region and the GlcNAc in the repeating disaccharide unit of heparan sulfates.70,99
3.10.3.1.4.3 Heparin lyase III (EC 4.2.2.8), (heparitinase I)

Heparin lyase III is also an endo-type eliminase from F. heparinum, and is marketed under the name heparitinase I or

heparinase III. The enzyme was initially prepared as heparinase, a mixture of heparin lyase II and III,83 before the

purification of heparin lyase III was completed.100 The heparin lyase III gene has also been cloned,80,81 but detailed

substrate specificity of the recombinant enzyme has not been reported. Purified heparin lyase III acts specifically on

the low-sulfated region of heparan sulfate in contrast to heparin lyase I. Based on the nonreducing terminal structure of

the digested products, the cleaving site of heparin lyase III was thought to be a glucosaminide bond of GlcN(NS or

NAc, � 6S)-GlcA (NAc represents N-acetyl group.) (Figure 7). However, detailed investigation of the substrate
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specificity of this enzyme suggests a more complicated situation.79,89,92,93,95,100 The reaction kinetics of heparin

lyase III using polysaccharides and oligosaccharides has also been studied.96 The enzyme is reported to act on the

b1!4-glucosaminide bond between the GlcA in the common linkage region and the GlcNAc in the repeating

disaccharide unit in heparan sulfate proteoglycans.70,99,101

3.10.3.1.4.4 Heparin/heparan sulfate-degrading enzymes from other bacterial strains

Heparin/heparan sulfate-degrading enzymes other than heparitinase I0, IV, and V, from the soil bacterium

Flavobacterium sp. Hp206, are purified from the human Prevotella heparinolytica73–75 or human intestinal Bacteroides

stercoris HJ-15.102 Detailed studies on substrate specificities of these novel enzymes are eagerly awaited.

3.10.3.1.5 Keratan sulfate-degrading enzymes from bacteria
All the known enzymes acting on keratan sulfate are endo-type hydrolases. Recently, a novel keratan sulfate

hydrolase, endo-b-N-acetylglucosaminidase from Bacillus circulans, acting specifically on keratan sulfate was purified

and cloned.103 Both native and recombinant enzyme hydrolyzes bonds between the GlcNAcb1!3Gal-like keratanase

II. This subsection deals with three commercially available keratan sulfate-degrading enzymes.

3.10.3.1.5.1 Endo-b-galactosidase (EC 3.2.1.103)

Endo-b-galactosidase is an endo-type hydrolase that cleaves b-galactoside bonds, Galb1!4GlcNAc, in the non-

sulfated region of keratan sulfate (Figure 8).104,105 Although originally isolated from Pseudomonas,106 the activity has

since been found in various bacteria.107–110 Commercially available endo-b-galactosidase is an enzyme purified from
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Escherichia freundii.107,111 Intriguingly, the enzyme activity is unaffected by the presence of a sulfate group on the C6

position of glucosamine,104 but is completely inactive when C6 of Gal is sulfated.112 Endo-b-galactosidase depoly-

merizes not only keratan sulfate, but also milk oligosaccharides or glycosphingolipids. Therefore, this enzyme is useful

for the structural studies of various glycoconjugates.
3.10.3.1.5.2 Keratanase (EC 3.2.1.103)

Keratanase purified from Pseudomonas sp. is commercially available. This enzyme is called keratanase I to distinguish

it from keratanase II. It is an endo-type hydrolase that cleaves b1!4-galactoside bonds, GlcNAc6SGalb1!4GlcNAc,

and GlcNAc6SGalb1!4GlcNAc6S, in keratan sulfate (Figure 8). Keratanase I catalyzes the cleavage at galactoside

bonds where the GlcNAc residue is either sulfated or nonsulfated at the C6 position. Gal residues that lack a sulfate

group in the C6 position are not subject to cleavage. However, sulfation of GlcNAc in the C6 position is essential when

the GlcNAc is linked to Gal at the nonreducing terminal side of the cleaving site.113
3.10.3.1.5.3 Keratanase II (EC 3.2.1.?)

Keratanase II is an endo-type hydrolase acting on b1!3-glucosaminide bonds in keratan sulfate (Figure 8). Com-

mercially available keratanase II is purified from Bacillus sp. To act as a substrate for keratanase II, sulfation of

D-glucosamine (GlcN) at the C6 position is essential, whereas C6 sulfation of Gal linked to GlcN is not.
3.10.3.2 Glycosaminoglycan-Degrading Enzymes from Animals

3.10.3.2.1 Overview
In addition to the bacterial enzymes described in Section 3.10.3.1, animal endo-type glycosidases are also useful for

selectively removing glycosaminoglycan chains from proteoglycans or peptidoglycans and for liberating the oligosac-

charide domains from glycosaminoglycans. Although endoglycosidase activity in mammalian tissues and other animals

has long been recognized from the presence of their reaction products, research on the molecular properties of these

enzymes is only just beginning to yield results. The isolation of these endoglycosidases and detailed studies using the

corresponding recombinant enzymes are eagerly awaited. Rather than discussing the mechanism of biodegradation,

this chapter will deal with the action pattern of well-studied enzymes as tools for the structural analysis of glycosa-

minoglycans. Exo-type glycosidases from animals are also briefly introduced. All commercially available enzymes

discussed in this chapter are purified native proteins and not their corresponding recombinant form.
3.10.3.2.2 Hyaluronan-degrading enzymes from animals
Hyaluronan-degrading enzymes are frequently called hyaluronidases. According to the action patterns, hyaluronidases

have long been classified into three major groups:114–116 (1) hyaluronoglucosaminidase, (2) hyaluronoglucuronidase,

and (3) bacterial hyaluronan lyases (described in Section 3.10.3.1.2). Many genes encoding hyaluronidases have

recently been cloned, although detailed enzymatic studies have not been reported. This subsection deals with animal

enzymes belonging to the former two groups.
3.10.3.2.2.1 Hyaluronoglucosaminidase (IUBMBcommon name) (EC 3.2.1.35) (endo-b-N-acetylhexosaminidase,

testicular-type hyaluronidase, hyaluronate 4-glycanohydrolase)

Hyaluronoglucosaminidases, commonly referred to as testicular-type hyaluronidases, act as endo-b-N-acetylhexosa-
minidases and are considered to be significantly heterogenous enzymes. Mammalian hyaluronoglucosaminidases are

classified into two groups according to their origin:71,115 (1) testicular hyaluronidases, such as those purified from

bovine or ovine testis, which are commercially available,117,118 (2) somatic hyaluronidases isolated from somatic tissue

such as liver, kidney, or placenta,119–121 which are called lysosomal hyaluronidases. Here we refer to these enzymes,

other than testicular hyaluronidase, as somatic hyaluronidase to distinguish them from lysosomal enzymes because

hyaluronidases are found in the circulation as well as the lysosome. Somatic hyaluronidases and testicular hyaluroni-

dases have similar substrate specificities but differ in their optimal pH. Research over the last decade has demon-

strated that there are at least six hyaluronidase-like genes in the mammalian genome.122,123 Most recently, novel

hyaluronidase-like genes other than the six genes were cloned and are being analyzed. Detailed studies on the

corresponding enzymes, especially their substrate-recognition properties, are eagerly awaited. It is anticipated that the

current classification will be further refined in terms of the optimal pH of the enzyme activities (i.e., acid-active/

neutral-active enzyme classification).
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3.10.3.2.2.1.1 Testicular hyaluronoglucosaminidase (EC 3.2.1.35) Testicular hyaluronoglucosaminidase (testicu-

lar hyaluronidase) is an endoglycosidase that randomly hydrolyzes hyaluronan at internal b1!4-N-acetylglucosaminide

bonds (GlcNAcb1!4GlcA) (Figure 9).33,115,124 The enzyme also acts on b1!4-N-acetylgalactosaminide bonds,

GalNAcb1!4GlcA, of chondroitin, chondroitin 4-sulfate, chondroitin 6-sulfate, and dermatan sulfate, although the

activity toward dermatan sulfate is low (Figure 9).115,125 Exhaustive digestion with this enzyme yields mainly

tetrasaccharides or hexasaccharides with GlcA at the nonreducing end (and with GlcNAc at the reducing end).126,127

From experiments using oligosaccharide substrates it was found that commercial bovine testicular hyaluronidase

hydrolyzes even-numbered oligosaccharides bearing GlcA at the nonreducing end. In contrast, when hyaluronan,

longer than heptasaccharides, bearing GlcNAc at the nonreducing end was used as a substrate, only the second

N-acetylglucosaminide bond from the nonreducing terminal was hydrolyzed to selectively release trisaccharides.126 In

addition to the hydrolysis products, transglycosylation products were also observed.126, 128–130 Using the transglyco-

sylation reaction it is possible to elongate and/or reconstruct glycosaminoglycan chains.131–136 The optimal condition

for transglycosylation of commercial bovine testicular hyaluronidase was found to be pH 7.0 without NaCl, different

from that for hydrolysis; and pH 4.0 in the presence of NaCl. The hydrolysis reaction progresses even under the

optimal condition for this transglucosylation. The best-studied enzyme is PH-20, a mammalian neutral-active

hyaluronidase encoded by SPAM1 (sperm adhesion molecule, sometimes called PH-20/SPAM1).122,123,137–139 Recently,

HYAL5, a novel hyaluronidase-like gene whose gene product (hyal-5) is neutral-active against hyaluronan, was also

identified although the enzyme activity is not well characterized.140
3.10.3.2.2.1.2 Hyaluronoglucosaminidase from somatic tissues (formerly called lysosomal hyaluronogluco-

saminidase) (EC 3.2.1.35) Since the original purification of hyaluronidase 1 (Hyal-1) and cloning of the

corresponding cDNA (HYAL1),141 other hyaluronidase genes expressed in somatic tissues have been identified

(HYAL2 and HYAL3).122,123,142,143 The three genes encode the proteins, Hyal-1, Hyal-2, and Hyal-3, respectively.

The substrate specificity of somatic hyaluronoglucosaminidases (somatic hyaluronidases) has long been considered to

be no different from that of testicular hyaluronidases (Figure 9). Hyal-1 and Hyal-2, major mammalian hyaluronidases

in somatic tissues,138,143,144 are both acid-active endo-b-N-acetylhexosaminidases (EC 3.2.1.35), yielding hyaluronan

fragments with GlcA at the nonreducing end. Hyal-1 cannot bind hyaluronan at neutral pH and appears to be a

lysosomal enzyme, cleaving hyaluronan to disaccharides with tetrasaccharides being the major product.141–143 Hyal-2

is a transmembrane enzyme which displays size specificity for the substrate, cleaving high-molecular weight hyalur-

onan polymer to intermediate size fragments of approximately 20kDa.141,144,145 Therefore, hyaluronan polymers
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larger than 20kDa are preferred substrates for Hyal-2. Hyal-1 and Hyal-2 are believed to act in concert to degrade

high-molecular weight hyaluronan to tetrasaccharide. Although Hyal-3 is expressed in many tissues, the enzyme has

yet to be fully characterized. Despite using a variety of different assays, Hyal-3 glycosaminoglycan-degrading activity

has not been detected. Recently, MGEA5, which is neutral-active against hyaluronan, was also identified but the

detailed enzymatic properties have not been reported.146,147
3.10.3.2.2.1.3 Hyaluronoglucosaminidase from bee venom (EC 3.2.1.35) Hyaluronidase is found in the venom of

insects such as bees and spiders. Hymenoptera hyaluronidase is an endo-b-N-acetylhexosaminidase that cleaves b1!4-

N-acetylglucosaminide bonds of hyaluronan to give tetrasaccharides with GlcA at the nonreducing terminal as the

main product. The best-studied such hyaluronidase is from the venom gland of Apis mellifera. The native enzyme has

been purified148 and the corresponding gene cloned.149,150 After engineering the gene for expression151 the recombi-

nant protein was crystallized and the 3-D structure determined.152 The hyaluronidase is homologous to mammalian

testicular hyaluronidase,149 PH-20, and is neutral-active. Indeed, the enzyme displays stability over a extensive range

of temperatures and pH values.148
3.10.3.2.2.2 Hyaluronoglucuronidase from invertebrates (EC 3.2.1.36) (hyaluronate 3-glycanohydrolase)

3.10.3.2.2.2.1 Hyaluronidase from leech The first hyaluronidase to be found in invertebrates was from leech.

However, hyaluronidases have since been identified in many other invertebrate species, including crustaceans.

The hyaluronidase found in leech (Hirudinea) salivary gland153–157 is an endo-b-glucuronidase. The enzyme acts on

b1!3-glucuronide bonds between GlcA and GlcNAc, resulting in tetrasaccharides and hexasaccharides with GlcNAc at

the nonreducing terminus as the final product (Figure 9).156 This type of hyaluronidase is specific to hyaluronan

and does not depolymerize chondroitin sulfate.155 The enzyme is active under acidic conditions with an optimal pH

of 5.3.157,158 Recently, it was suggested that there are two types of leech hyaluronidase, depending on the species,153

and the one mentioned above was renamed hyaluronidase I, and the other new hyaluronidase II. Hyaluronidase II

hydrolyzes long hyaluronan chain, to oligosaccharides larger than 6500. Because of the limited degradation of

hyaluronidase II, it may be useful.
3.10.3.2.2.2.2 Hyaluronidase from parasites The genus Ancylostoma, which includes common parasites of animal

skin, also possess hyaluronan-degrading activity.159 The optimal pH of hyaluronidase from the Ancylostoma caninum

adult worm is 6 and the enzyme is active at neutral pH. By contrast, the optimal pH of hyaluronidase from A. simplex

larvae is 4 and the enzyme is inactive at neutral pH. Both these hyaluronidases also depolymerize chondroitin

4-sulfate.160 Hyaluronidase from A. braziliense hookworm larvae has activity over a broad pH optimum between

6.0 and 8.0 and does not hydrolyze chondroitin sulfate. Therefore, the enzymatic properties and substrate specificities

of these enzymes vary depending upon the species.161 It is anticipated that these enzymes from parasites more

closely resemble leech hyaluronidase than testicular hyaluronidase. Further studies are required to verify this

hypothesis.
3.10.3.2.2.2.3 Hyaluronidase from crustaceans Hyaluronidase was also purified from krill (Euphausia superba), a

member of the Crustacea family.158 Hyaluronidases from Euphausia superba as well as those from leeches are assumed

to be endo-b-glucuronidases.
3.10.3.2.2.3 Hyaluronidases from vertebrates (EC 3.2.1.?) hyaluronoglucosaminidases

3.10.3.2.2.3.1 Hyaluronidase from stonefish Hyaluronidase from vertebrates was first found in stonefish (Synanceja

horrida) venom162 and its cDNA has since been cloned.163 Tetra-, hexa-, octa-, and decasaccharides with GlcA at the

nonreducing end were the major end products, rather than disaccharides.162 The enzyme is an endo-b-N-acetylglu-
cosaminidase which specifically hydrolyzes hyaluronan (Figure 9). The action pattern of stonefish hyaluronidase is

similar to that of testicular-type hyaluronidase, although the substrate specificity is quite different from that of

testicular-type hyaluronidase. Stonefish hyaluronidase does not cleave other glycosaminoglycans such as chondroitin

sulfate or dermatan sulfate. The optimum pH of the enzyme is 6.0.
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3.10.3.2.2.3.2 Hyaluronidase from snake venom Although there are many reports of hyaluronidases from snake

venom, including both land and sea snakes,164 the enzymes have not been fully characterized. Thus, it is unclear

whether hyaluronidases from different snakes have the same enzymatic properties. Hyaluronidases from snake venom

are also reported to be endo-b-N-acetylglucosaminidases. The enzymes cleave b1!4-N-acetylglucosaminide bonds

of hyaluronan to give oligosaccharides with GlcA at the nonreducing terminus. Exhaustive digestion results in

the formation of tetrasaccharides as the main product.113,165,166 Most hyaluronidases from snakes are neutral-active,

according to a report in which the optimal pH values of hyaluronidases from different species of snake were

determined.167 Some snake hyaluronidases can cleave chondroitin as well as hyaluronan, while other snake

enzymes, such as those from Indian cobra (Naja naja) venom or Southern Copperhead (Agkistrodon contortrix contortrix)

venom, are specific to hyaluronan and do not cleave other glycosaminoglycans such as chondroitin, chondroitin

sulfates, dermatan sulfate, heparin, or chitosan.113,165,166

3.10.3.2.3 Chondroitin sulfate/dermatan sulfate-degrading enzymes from animals
Endoglycosidases acting specifically on chondroitin sulfate/dermatan sulfate have only recently been described.

Hyal-4 (hyaluronoglucosaminidase-4), the gene product of HYAL4, is a novel hyaluronidase paralog and is considered

to be the first chondroitinase identified in vertebrates with no activity against hyaluronan.116,122,123,142,143 Some reviews

describe Hyal-4 as a neutral-active glycosidase that specifically cleaves chondroitin and chondroitin sulfates, although

to date there have been no detailed reports to support this proposal. No endoglycosidases that specifically degrade

dermatan sulfate have been identified.
3.10.3.2.4 Heparin/heparan sulfate proteoglycan-degrading enzymes from animals
In 1975, an endoglycosidase activity from rat liver that specifically degrades heparan sulfate was described.168 Many

papers have since reported that normal tissues or cells, such as fibroblasts, mast cells, and platelets, degrade heparin/

heparan sulfate. Furthermore, malignant tumor cells are particularly efficient at degrading heparin/heparan sulfate. All

heparin/heparan sulfate-degrading enzymes reported to date are endo-b-glucuronidases. Some enzymes were initially

reported to be endo-b-glucosaminidases and then later corrected to be endo-b-glucuronidases Heparin/heparan sulfate-

degrading enzymes have been purified or cloned from various sources such as human platelets, rat liver, human placenta,

mouse mast cells, mouse melanoma cells, and rat intestine.169–183 Mammalian heparin/heparan sulfate-degrading

enzyme is a hydrolase and is quite different from heparitinases and heparinases, which are eliminases produced by

bacteria. The common name for heparin/heparan sulfate-degrading enzyme is often confused with ‘heparinase’,

‘heparitinase’, ‘heparanase’, and ‘endoglucuronidase’. To simplify the nomenclature the name ‘heparanase’ is now

used to distinguish the enzymes from those of bacterial origin.184 Despite a large number of studies involving

heparanases, the substrate-recognition properties of these enzymes have proved difficult to determine. Prior to the

cloning of a heparanase cDNA from various human tissues in 1999, it was suggested that mammalian heparanases

could be classified into at least three types based on their enzymatic properties as shown by the following examples.

3.10.3.2.4.1 Heparanase from mouse mastcytoma

Heparanase from mouse mastcytoma degrades heparin to fragments with an average molecular weight of 10000–

15000. Because the size range of the reaction product is the same as commercially available heparin, the enzyme

cannot be used to degrade this polymer.175 The mouse mastcytoma heparanase is thought to cleave heparin

polysaccharide in the ratio of 1 in 20 glucuronide bonds, suggesting that the substrate-recognition process involves

specific sequences in the polysaccharide. Indeed, the enzyme acts on heparin intermediates modified by either N- or

O-sulfation but not on a heparin precursor without O-sulfation.171 These results indicate that the recognition sites for

the enzyme must include an O-sulfated structure. Moreover, the enzyme does not act on heparan sulfate or on the

well-known octasaccharide structure including the antithrombin III-binding domain of heparin.171

3.10.3.2.4.2 Heparanase from human blood platelets

An endoglycosidase capable of diminishing the anticoagulant activity of commercial heparin was purified from human

platelets.169 This enzyme is an endo-b-glucuronidase that cleaves GlcAb1!4GlcN(NS, 3S, � 6S) in the antithrombin

III-binding domain in heparin.169,175 The substrate specificity was shown to be much broader than that of heparanase

from mastcytoma.171 Indeed, human blood platelet heparanase cleaves heparan sulfate. The N-sulfated, but not

O-sulfated, structure of heparin/heparan sulfate is essential for substrate recognition by this enzyme. Heparanases

from cancer cells, including leukemic cells and hepatoma, and from normal tissues, such as placenta, are similar to

platelet heparanase.
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3.10.3.2.4.3 Heparanase from melanoma cells

A heparanase isolated from murine metastatic melanoma cells cleaves heparan sulfate to yield high-molecular weight

fragments, even after prolonged incubation.185 Cultured melanoma cells secrete heparanase which can depolymerize

basal lamina heparan sulfate to fragments with a molecular weight of about one-third that of the starting material.186

Although this enzyme is also an endo-b-glucuronidase it differs from the previous two examples because it does not

cleave heparin.184 Indeed, heparin is an inhibitor of melanoma heparanase. Heparanase with similar substrate

specificity to melanoma heparanase has been found in rat liver,168,172 which degrades heparan sulfate to fragments

with a molecular weight about one-half that of the starting material.

The number of heparanases involved in endoglycosidic degradation of heparin/heparan sulfate in mammals is

unknown. In 1999, a human heparanase cDNA was independently cloned from a large number of different research

groups.179–183 The deduced amino acid sequence of the gene product was exactly the same among the different

clones (GenBank accession number AF155510, NM_006665). Subsequent biochemical analysis suggested that

mammals express primarily a single dominant heparanase.179–183,187–189 The dominant human heparanase gene pro-

duct was originally abbreviated as Hpa, encoded by HPA. Since then however, several heparin/heparan sulfate-

degrading activities were reported that differ from the dominant heparanase,190–193 although there was no definitive

evidence that mammals possess more than one endoglycosidase capable of degrading heparin/heparan sulfate.187,188

Recently, Hpa was assigned the designation humanHspe1 for heparanase-1, encoded byHSPE1, to distinguish it from

heparanase-2. The recently identified heparanases, including heparanase-1, will be discussed below.
3.10.3.2.4.4 Heparanase-1 (Hspe1)

In 1999 it was shown that a human heparanase gene cloned from various sources, such as platelets, placenta, and

hepatoma, encode the same protein.179–183 Hspe1 is homologous to bull and rat heparanase, and is highly expressed

in various tumors and metastatic cells, including metastatic melanoma cells. Enzymes involved in the metabolism of a

certain class of substrate, in many cases, form families (e.g., protease family). Intriguingly, HPSE1 is a unique gene

and does not form a gene family. The expression level of HPSE1 in normal tissues, including heart, lung, liver, and

kidney,194,195 is low. Hspe1 is active from pH 4.0–7.5, with an optimal pH around 5.5,196–199 and degrades both

heparan sulfate and heparin polysaccharides to oligosaccharides with a molecular weight of <5000.193,199 Detailed

studies on the substrate-recognition properties of heparanases purified from human platelets and human hepatoma have

been performed. Using chemically or enzymatically modified substrates as well as native substrates, the results suggest

that these heparanases cleave heparin/heparan sulfate chains at sites with a specific and quite infrequent structure,

resulting in reaction products of considerable size.193 Heparanases purified from human platelets and hepatoma require

the presence of O-sulfation, but not necessarily N-sulfation or IdoA residues, for substrate recognition.193 For example,

the antithrombin III-associated octasaccharide derived from heparin is cleaved by the heparanases at a single site

(Figure 10). An O-sulfate group at C3 of unit 4 is relatively rare in heparin/heparan chains. O-sulfation at C2

of unit 5 (hexuronic acid residue), located two monosaccharide units away from the cleavage site is essential

for substrate recognition by the heparanases.193 The presence or absence of O-sulfation at C6 of unit 4 does not

affect the cleavage.193 More recently, detailed substrate recognition of recombinant heparanase-1 was studied using

structurally defined heparin/heparan sulfate oligosaccharides, revealing the following points:200 (1) GlcN-GlcA-GlcN is

the minimum recognition structure; (2) GlcA in the sulfated region was recognized by heparanase-1; (3) The GlcN(6S)-

GlcA-GlcN(NS) sequence is essential but not sufficient to constitute a cleavage site; (4) O-sulfation at C2 of IdoA,

located two monosaccharide units away from the target GlcA, is not crucial.194,196 Further studies are awaited.
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3.10.3.2.4.5 Heparanase-2 (Hspe2)

The gene encoding heparanase-2 was originally cloned using the amino acid sequence of heparanase-1. There are

believed to be three alternative splice variants of heparanase-2.194,196 The enzymatic activity corresponding to the

principal splice form is currently under investigation, although no results have yet been published.
3.10.3.2.4.6 CHO cells heparanases

Some tissues that do not express Hpes1 and Hpse2 are known to degrade heparan sulfate proteoglycan, suggesting the

presence of alternative heparanases. For example, Chinese hamster ovary cells (CHO), which do not express HPSE1,

possess heparanase activity. Structural analysis of distinct populations of short heparan sulfate fragments from CHO

cells suggests the presence of multiple endogenous heparanases. The concerted action of these enzymes is thought

to generate short chains of heparan sulfate.196,201 Four discrete heparanases, with some differences in substrate

specificity, were partially purified from CHO cell lysate.202 C1A heparanase, the most active of the four enzymes,

was purified from CHO cells.192 An enzyme homologous to C1A heparanase has also been purified from rat liver. In

addition, it was suggested that the enzymatic properties of C1A heparanase are different from Hpa1. The sizes of

heparan sulfate fragments produced by the four heparanases are dependent on the pH of the reaction. C1A heparanase

and the other three CHO heparanases are active from pH 3.5 to 5.5.202 They cleave heparan sulfate polysaccharide to

fragments with molecular size of 6000–8000. It is also reported that CHO heparanases cleave the heparan sulfate

at junctions between modified and unmodified regions.201,203–205 Substrate-recognition studies of CHO heparanases

using basic fibroblast growth factor (bFGF)-binding domains in heparan sulfate as substrate show that 2-O-sulfation of

IdoA residues is not required for cleavage.201 Detailed studies on the enzymatic properties of CHO heparanases,

including the characterization of the three remaining CHO heparanases, are awaited.
3.10.3.2.4.7 Connective tissue activating peptide-III (CTAP-III)

In 1995 it was reported that peptides derived from the CXC chemokin, the platelet basic protein, have heparin/

heparan sulfate-degrading activity.191,196 One of the peptides was connective-tissue-activating peptide III (CTAP-III).

Genetic studies also confirmed that CTAP-III does indeed encode a heparanase and the corresponding recombinant

enzymes showed heparanase activity.190,196 Later, CTAP-III was identified as an endo-b-D-glucuronidase.193 CTAP-
III heparanase degrades both heparan sulfate polysaccharides and heparin polysaccharides to short oligosaccharides.

The enzyme is active between pH 5.0 and 7.5, with an optimal pH of 5.8.191 Studies on substrate recognition using K5

polysaccharide derivatives showed that O-sulfation, particularly on the hexuronic acid residue, appears to be essential

for enzyme recognition.193

The recent cloning of several heparanase genes has spurred rapid progress in research on this important enzyme

activity. Studies on substrate recognition using either recombinant or native enzymes are also underway.193,200,204,206,207

Based on previous reports, however, it is still unclear how many heparanases are actually involved in heparin/heparan

sulfate degradation as endoglycosidases in different tissues. Research over the forthcoming decade will form the basis

for the classification of heparanases.
3.10.3.2.5 Keratan sulfate-degrading enzymes from animals
An endo-b-galactosidase acting on repeating disaccharide units of keratan sulfate has been found in human urine.208

GlcNAc6Sb1!3Gal was identified as one of the major products when keratan sulfate from whale cartilage, bovine

cornea, or human cartilage was incubated with the partially purified enzyme. However, there has since been no

detailed report on the enzymatic properties of this endo-b-galactosidase.
3.10.3.2.6 Animal enzymes acting on the linkage region between the core protein and the
glycosaminoglycan chain of proteoglycan

Enzymes cleaving specific bonds in the repeating disaccharide units of glycosaminoglycans are described above.

However, the discovery of enzymes that cleave glycoside bonds at the linkage region between the core peptide and

glycosaminoglycan moiety of proteoglycans is of enormous importance for the analysis of these complex molecules.

Furthermore, enzymatic liberation of long glycosaminoglycan chains, based on the hydrolytic reaction, and/or their

remodeling, based on the transglycosylation reaction, is particularly pertinent to the area of glycotechnology. Current-

ly, three endoglycosidases with these characteristics have been identified.11,12,13,209 The recognition site of each

endoglycosidase is shown in Figure 11.
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3.10.3.2.6.1 Endo-b-xylosidase
Endo-b-xylosidase, originally detected in rabbit liver,210 has been purified from the midgut gland of the mollusc

Patinopecten.12,209 This enzyme is an endoglycosidase that hydrolyzes a b1!4-xyloside bond between Xyl and Ser in

the linkage region of proteoglycan, thus liberating intact chondroitin sulfate chains with Xyl at the reducing end

(Figure 11). The enzyme activity is unaffected by the composition of the glycosaminoglycan (chondroitin sulfate,

dermatan sulfate, heparin/heparan sulfate) in the repeating disaccharide units. However, the enzyme is only active

when the core protein is digested into short peptides by a protease. Long-chain oligosaccharides are much more

readily cleaved by the enzyme than shorter oligosaccharides. The optimal pH of endo-b-xylosidase is 4.0. Glycosami-

noglycan chains were also successfully linked to peptide using the transglycosylation reaction of this enzyme.14 The

efficiency of both the transglycosylation and hydrolysis reactions decreased when shorter glycosaminoglycan chains

were used as donor substrate. Other glycosidases, such as cellulases from certain fungi, also have efficient endo-b-
xylosidase activities.7,15 These enzymes are therefore valuable tools for the determination of glycosaminoglycan

structure and for remodeling of glycosaminoglycan chains. Indeed, the purification, cloning, and heterologous

expression of these enzymes are currently underway.
3.10.3.2.6.2 Endo-b-galactosidase
Endo-b-galactosidase, originally detected in rabbit liver,210 has been purified from the midgut gland of the mollusc

Patinopecten.11,209,211 This enzyme hydrolyzes a b1!3-galactoside bond of Galb1!3Gal in the linkage region

between the core protein and glycosaminoglycan moiety to liberate long polysaccharide chains with Gal at the

reducing end (Figure 11). Importantly, the enzyme specifically acts on the Gal–Gal bond in the Gal–Gal–Xyl

structure in glycosaminoglycan and not on the Gal–Xyl bond. No endoglycosidases that hydrolyze a b1!4-galactoside

bond of Galb1!4Xyl in the linkage region have been reported. This endo-b-galactosidase acts on the linkage

region of chondroitin sulfate-, dermatan sulfate-, or heparin/heparan sulfate-proteoglycan but not on the galactoside

bonds in keratan sulfate. The optimal pH of the endo-b-galactosidase is around 4.0. The enzyme acts on the

peptidoglycan product of proteoglycan after protease treatment, but not if the core protein is still largely intact.

The enzyme activity is unaffected by the chain length of glycosaminoglycan. The minimum size required for

hydrolysis by this enzyme is a hexasaccharide in the linkage region between the core protein and glycosaminoglycan

chain. The endo-b-galactosidase from Patinopecten is different from the previously known endo-b-galactosidases
isolated from different sources that act on glycoproteins or glycolipids.107,109–112,208,212
3.10.3.2.6.3 Endo-b-glucuronidase
Endo-b-glucuronidase purified from rabbit liver hydrolyzes a b1!3-glucuronide bond of GlcAb1!3Gal in the linkage

region of chondroitin sulfate proteoglycan with a very small core peptide, liberating long chondroitin sulfate chains

with GlcA at the reducing end13,209 (Figure 11). This enzyme does not hydrolyze b1!3-glucuronide bonds in the

repeating disaccharide units of chondroitin sulfate. Furthermore, the enzyme acts on peptidoglycan prepared from

proteoglycan by protease treatment, but not on proteoglycan. Rabbit endo-b-glucuronidase acts on the linkage

of both chondroitin 4-sulfate proteoglycan and chondroitin 6-sulfate proteoglycan, although chondroitin sulfate
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hexasaccharide without a linkage structure is not hydrolyzed. Sugar alcohol derivatives of chondroitin sulfate liberated

from the core peptide of proteoglycan, such as (GlcAb1!3GalNAc6S)n-GlcAb1!3Galb1!3Galb1!4xylitol (n¼the

number of repeating disaccharide units), are also good substrates provided they contain a linkage structure. However,

in this case the chain must be quite extended. The optimal pH of the endo-b-glucuronidase is 4.0. This enzyme differs

in terms of substrate recognition from any other endo-b-glucuronidase reported in the literature.156,157,171,172,174,184
3.10.3.3 Exo-type Glycosaminoglycan-Degrading Enzymes from Animals

It is conceivable that many exoglycosidases in addition to the endoglycosidases described in this section are involved

in the biodegradation of glycosaminoglycans. The biodegradation of high-molecular weight glycosaminoglycan is

thought to initially involve the formation of glycosaminoglycan fragments by endoglycosidases, followed by degradation

to monosaccharides by exoglycosidases. Many exoglycosidases acting on glycosaminoglycan, such as b-glucuronidase
(EC 3.2.1.31),213–216 a-L-iduronidase (EC 3.2.1.76),217–220 b-N-acetylhexosaminidase (EC 3.2.1.52),221,222 a-N-acet-
ylglucosaminidase (EC 3.2.1.50),223 and b-galactosidase (EC 3.2.1.23),224 are from animals including human. Some of

these enzymes have also been purified from bacteria or plants and are commercially available In addition to the

exoglycosidases listed above, b-xylosidase has been found in invertebrates. All these proteins belong to the well-

studied class of hydrolase enzymes.71 The strict substrate specificities of exoglycosidases are particularly useful for

the structural determination of the nonreducing end of oligosaccharides and for the modification of physiologically

active oligosaccharides.
3.10.4 Conclusion

This chapter has dealt with the glycosaminoglycan-degrading enzymes. The mechanism for the biodegradation of

glycosaminoglycan is extremely complex and many more enzymes that play a crucial role in this pathway have yet to

be isolated. Even with the application of genetic engineering, the discovery and characterization of these enzymes is

progressing only slowly. One major obstacle to progress in this area is the lack of an effective measurement system for

enzymatic activity and the complexity of the fine structure of glycosaminoglycan chains. The discovery of new

glycosaminoglycan-degrading enzymes, especially new endo-type enzymes for selectively liberating extended sugar

chains, is eagerly awaited.
Glossary

endo-type glycosidase (endoglycosidase) An enzyme hydrolyzing the internal bonds of glycosaminoglycan chains.

exo-type glycosidase (exoglycosidase) An enzyme hydrolyzing glycosaminoglycan chains in stepwise removal of monosac-

charide residues from the nonreducing termini.

glycal An unsaturated sugar derivative in which the hydroxyl groups, one of which is upon the C1 of the aldose (or C2 of the

ketose), are removed yielding a CH¼CH between these two positions.

glycosaminoglycan An acidic linear polysaccharide composed of repeating disaccharide units: uronic acid or galactose com-

bined with hexosamine.

hydrolase An enzyme that adds H2O to the cleavage site and breaks the bonds of the substrate.

lyase An enzyme that removes substituent from the substrate in a nonhydrolytic manner

reducing end (reducing terminal) A terminal of a sugar chain having a free anomer carbon.
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3.11.1 Introduction

3.11.1.1 Definition of Glycolipids

Glycolipids, a general term for complex carbohydrates composed of a glycan moiety and a lipid moiety, are generally

divided into two categories, glycosphingolipids (GSLs) and glycoglycerolipids, depending on the structure of the lipid

moiety (Figure 1). The former type have an alkaline-stable sphingoid base backbone and the latter an alkaline-labile

glycerol backbone. GSLs are ubiquitous components of plasma membranes of vertebrates, invertebrates, plants,

yeasts, and some bacteria1 while glyceroglycolipids are mainly present in plants and bacteria especially abundant

in archaea.2 Glyceroglycolipids are rare in mammals but a sulfated form of glyceroglycolipid (seminolipid) is the
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Figure 1 Structure of glycosphingolipid and glycoglycerolipid. The structures of GM1a and seminolipid are illustrated as

an example of glycosphingolipid and glycoglycerolipid, respectively.
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most abundant glycolipid in the testis and sperm3 and has been shown to be integral for fertilization.4 Almost all

the ‘glycolipids’ described in this chapter are GSLs. Another category of glycolipids, glycosylphosphatidylinositol

(GPI)-anchored proteins, will be discussed elsewhere in this chapter.
3.11.1.2 Structures and Functions of GSLs

More than 200 GSLs with structurally distinct glycans have been isolated from a wide variety of eukaryotic sources.

Some prokaryotes such as Sphingomonas also synthesize GSLs.5 It is worth noting that not only glycan but also

ceramide (N-acylsphingosine) moieties are quite heterogeneous in structure.6 Recently, it was revealed that GSLs

are enriched with other sphingolipids and cholesterol to form microdomains on ectoplasmic membranes.7 These lipid

microdomains, so-called GSL-enriched microdomains (GEMs) or lipid rafts, assemble receptors and signaling mole-

cules such as GPI-anchored proteins, Src family kinases, and G-proteins, mediating cell adhesion, membrane

trafficking, and signaling activities.8,9 The cholesterol-independent GEMs (glycosynapses) are also present and

mediate cell–cell interactions and signaling, which would be an essential basis to define tumor malignancy.10 GSLs are

also known to be receptors for the adhesion of pathogenic and symbiotic microbes, and for the toxins of pathogens.11
3.11.1.3 Synthesis and Degradation of GSLs

The synthesis of GSLs in mammals proceeds as follows; a monosaccharide is sequentially transferred to a ceramide

from a nucleotide sugar by one of a series of specific glycosyltransferases, all of which are located on the lumenal side
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of the Golgi membrane except glucosylceramide (GlcCer) synthase which is present on the cytosolic face of the Golgi

membrane or endoplasmic reticulum (ER).12,13 After recycling between the plasma membranes and intracellular

compartments, GSLs are finally transported to lysosomes where they are hydrolyzed sequentially from the nonreduc-

ing end by exo-type glycohydrolases (GHs). The ceramide remaining is thus hydrolyzed by an acid ceramidase in

lysosomes. Almost all the hydrolysis of GSLs and ceramide in vivo seems to require specific noncatalytic activator

proteins, and in some cases, specific phospholipids.14 The balance of synthesis and degradation of GSLs is completely

regulated in the cell. If a GH or activator protein is lacking due to a genetic deficiency, GSLs accumulate in the

lysosomes and cause a serious disease known as lysosomal storage disease or GSL-accumulate disorder.15 No endo-

type GHs are involved in the degradation of GSLs in mammals, though endo-type enzymes are relevant to the

degradation of glycoproteins and glycosaminoglycans. However, recent studies have revealed that endo-type

enzymes, so called endoglycoceramidases (EGCases)16 or ceramide glycanases (CGases),17are involved in the degra-

dation of GSLs in certain nonmammalian systems, in which glycans and ceramides are separately degraded by exo-

type GHs and ceramidase, respectively, after being released from GSLs by an endo-type GH.18

First, this chapter deals with the enzymes and noncatalytic activator proteins involved in the degradation of GSLs in

mammalian lysosomes, and the genetic deficiencies causing lysosomal storage diseases. Second, nonlysosomal

degradation of GSLs in mammals is described which may be related to microdomain-based signal transduction.19

The final section describes the GSL-degrading enzymes in nonmammalian systems indicating the unique specificity

not found in mammals, and a unique catabolic pathway of GSLs in invertebrates involving an endo-type GSL-

degrading enzyme.
3.11.2 Lysosomal Degradation of GSLs

3.11.2.1 Introduction

The lysosomal degradation of GSLs is performed by a combination of lysosomal GHs and noncatalytic activator proteins

and, in some cases, specific anion phospholipids such as bis(monoacylglycero)phosphate (BMP).20All lysosomal GHs

and activator proteins are possibly glycoproteins to protect them from the lysosomal proteases. This section describes

the acid GHs and noncatalytic activator proteins involved in the lysosomal degradation of GSLs. Lysosomal storage

diseases, which are caused by a deficiency of one of the GHs or activator proteins, will be described in detail in the

section titled ‘Lysosomal disorders of glycoconjugates’. The catabolic pathway of GSLs is summarized in Figure 2.
3.11.2.2 Acid Glycohydrolases

3.11.2.2.1 Overview
In the general biosynthetic process of lysosomal GHs, signal peptide cleavage, glycosylation with high-mannose-type

N-glycans and oligomerization take place in the ER. In the Golgi compartments, N-glycan chains are modified and

certain mannose residues are phosphorylated, enabling recognition by mannose 6-phosphate receptors.21 In someGHs

such as b-hexosaminidase (Hex)22 and a-galactosidase A (a-Gal A),23 final maturation by proteolytic processing events

occurs in the lysosomes where the internal polypeptides of subunits are linked together by disulfide bonds. Since the

peripheral sugars of GSLs are the same as those of glycoproteins and glycosaminoglycans, some lysosomal GHs such as

b-galactosidases,24 Hexs,25and sialidases26 would participate in the degradation of GSLs as well as other glycoconju-

gates. On the other hand, several enzymes such as glucocerebrosidase27 and galactocerebrosidase (GALC)28 are

specific to GSLs, because they recognize not only the glycan moiety but also the ceramide moiety.
3.11.2.2.2 Glucocerebrosidase (Glucosylceramidase; EC3.2.1.45, GH30)
Human acid b-glucocerebrosidase degrades GlcCer to D-glucose and ceramide. The enzyme also hydrolyzes glucosyl-

sphingosine (GlcSph), which lacks the fatty acid moiety of GlcCer, and synthetic b-glucosides.29 Its activity is thus

measured using 4MU b-glucoside in the presence of sodium taurocholate which inhibits the activity of the non-

lysosomal b-glucosidases.30 A specific and sensitive assay for the lysosomal enzyme has been established using a

fluorescent ceramide, C12-NBD(nitrobenzo-2-oxa-1,3-diazole)-GlcCer.31 The enzyme is a membrane glycoprotein, a

monomer of MW 63000�67000Da, and requires detergents, negatively charged lipids, and a noncatalytic activator

protein, saposin C, for optimal hydrolysis of GlcCer. A detailed kinetic analysis uncovered that the enzyme specifically

interacts with not only a glucose residue but also the sphingosyl and fatty acyl moieties of GlcCer. Conduritol-B-

epoxide (CBE) is an irreversible inhibitor of the acid b-glucosylceramidase, but not nonlysosomal b-glucosidases.32
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Figure 2 Degradation of glycosphingolipids in lysosomes. In mammals, glycosphingolipids are hydrolyzed sequentially

from the nonreducing end by exo-type GHs with assistance of noncatalytic glycoproteins (saposins or GM2-activator

protein) in lysosomes.
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cDNA cloning of the lysosome enzyme was performed33 and its sequence was disclosed.34 As a result, the enzyme

was found to consist of a catalytic module composed of 497 amino acid residues and a signal peptide of 19 residues and

belong to glycoside hydrolase (GH) family 30 which is a member of the GH-A clan. Five potential N-glycosylation

sites were found in the deduced sequence. Among them, Asn-19, Asn-59, Asn-146, and Asn-270 were shown to be

glycosylated while Asn-462 was not occupied when expressed in COS-1 cells.35 Site-directed mutagenesis revealed

that the glycosylation of Asn-19, but not the others, is important for the development of an active conformer of this

enzyme. The gene encoding the enzyme, composed of 11 exons, spans about 7kb and is located at 1q21 of

chromosome 1. The mutation of Leu-444 to Pro and Asp-370 to Ser causes typical type II and III (neurological

forms), and type I (non-neuronopathic form) Gaucher disease. The administration of the active b-glucocerebrosidase
from human placenta to patients with Gaucher disease causes a decrease in the quantity of accumulated GlcCer in the

liver and blood stream.37 Enzyme replacement therapy using CerezymeTM, a recombinant human b-glucocerebrosi-
dase, is the main treatment for type I Gaucher disease.

Recently, the structure of human acid b-glucocerebrosidase was solved by X-ray crystallography, showing that it

consists of three domains.38,39 Domain I consists of one main three-stranded, antiparallel b-sheet that is flanked by a

perpendicular amino-terminal strand and a loop. Two sulfide bridges may maintain the correct folding. Domain II

consists of two closely associated b-sheets that form an independent domain. Domain III is a (b/a)8 triose-phosphate
isomerase (TIM) barrel, which contains the catalytic site, consistent with homology to GH-A clan members. Glu-235

and Glu-340 were confirmed to be the acid/base catalyst and the nucleophile, respectively.
3.11.2.2.3 Galactocerebrosidase (Galactosylceramidase; EC3.2.1.46, GH59)
GALC is a lysosomal enzyme that hydrolyzes GalCer, a major lipid of myelin, kidney, and epithelial cells of the

small intestine and colon.40 A deficiency of the enzyme causes an autosomal recessive disorder, Globoid cell
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leukodystrophy (Krabbe disease).41 Human GALC was purified from urine and brain and its cDNA encoding 669

deduced amino acid residues was cloned from human testis and brain; the protein showed GALC activity when

expressed in COS-1cells.42,43 The GALC stably expressed in CHO cells has 50 and 30kDa forms while the active

GALC is secreted into the culture medium as a 80kDa precursor enzyme. It is taken up by fibroblasts via the

mannose 6-phosphate receptor and processed into the 50 and 30kDa proteins in lysosomes.44 The recombinant

GALC, which belongs to GH family 35, hydrolyzes GalCer as well as galactosylsphingosine (GalSph) to D-galactose

and ceramide, and D-galactose and sphingosine, respectively. The enzyme also degrades galactosyl-alkyl-acyl-

glycerol (monogalactosyldiglyceride), a precursor of the seminolipid which is the most abundant glycolipid

in spermatozoa of mammals. However, the enzyme did not degrade GlcCer or GlcSph. The gene, located in

chromosomal region 14q31,45 was about 60kb in length and consisted of 17 exons. The autosomal recessive

disease caused by a lack of GALC has been reported to occur in not only humans but also murine and canine species,

as well as rhesus monkeys.46,47 The hydrolysis of GalCer by GALC in vivo requires a noncatalytic small heat-stable

glycoprotein, saposin A. It is noteworthy that a mutation in the saposin A-coding region of the human prosaposin gene

causes the accumulation of GalCer in individuals suffering from Krabbe-disease-like symptoms.48,49 The oligoden-

drocyes and Schwann cells of twicher mice, an animal model of Krabbe disease, die due to the accumulation of GalCer

and GalSph. However, replacement of the missing GALC in mice results in widespread myelination in the brain

and spinal cord, indicating the usefulness of enzyme replacement therapy for Krabbe disease.50 Actually, enzyme

replacement therapy resulted in substantial improvements in the early clinical phenotype in a mouse model of the

disease.51

GalCer is overexpressed upon the cellular surface in a variety of cancers. In squamous cell carcinomas, GalCer

accumulates possibly due to transcriptional repression of the GALC gene caused by inhibition of the transcription

factors YY1 and AP2.52 The accumulation of GalCer promotes a reduction in cellular adhesion and inhibits apoptosis,

leading to increased cellular growth and migration which contribute to carcinogenesis.
3.11.2.2.4 a-Galactosidase A (EC 3.2.1.22, GH27)
Human a-Gal A is a lysosomal exoglycohydrolase that cleaves the terminal a-D-galactosyl residues from GSLs and

glycoproteins.53,54 The 14kb genomic sequence contains seven exons encoding 429 amino acids of a-Gal A including

a signal peptide of 31 residues. The human enzyme is a homo dimer and synthesized as a 50kDa precursor

glycoprotein. Following cleavage of the signal peptide, and the modification of carbohydrates in the Golgi and

lysosomes, the mature enzyme has a native molecular mass of 100kDa. A deficiency of the enzyme activity due to

mutations in the Gal A gene at Xq22 results in Fabry disease, an X chromosome-linked recessive disorder which is

characterized by the lysosomal accumulation of the primary substrates for the enzyme, for example, globotriaosylcer-

amide (Gb3Cer), galabiosylceramide, and blood group B substance.55 For enzyme replacement therapy, human active

Gal A is produced at high levels in insect cells using a baculovirous vector56 and in the methylotrophic yeast

Pichia pastoris.57 The purified recombinant Gal A is glycosylated and is taken up by normal and Fabry fibroblasts.58

To generate the mammalian-like sugar moiety, the human Gal A gene was expressed in a yeast Saccharomyces cerevisiae

mutant that was deficient in the outer chains of N-linked mannan. After treatment of the recombinant enzyme with

a-mannosidase, Man-6-P was exposed at the nonreducing end of the glycan moiety, leading to an efficient uptake by

fibroblasts derived from patients with Fabry disease.59
3.11.2.2.5 GM1a b-Galactosidase (EC 3.2.1.23, GH35)
This enzyme catalyzes the hydrolysis of a terminal b-galactoside linkage in the ganglioside GM1a (Galb1-3GalNAcb1-4
(NeuAca2-3)Galb1-4Glcb1-1Cer), glycoproteins, and glycosaminoglycans, as well as in a variety of artificial sub-

strates.60 The gene encoding human placental b-galactosidase encodes 677 amino acid residues including a putative

signal sequence of 23 residues and seven potential N-glycosylation sites.61 In human fibroblasts, an 84kDa precursor

protein is post-translationally processed to a 64kDa mature lysosomal form via an 88kDa intermediate form.62

Interestingly, the 64kDa monomeric enzyme aggregates with a 20–32kDa ‘protective glycoprotein’ to form a high

molecular weight complex in lysosomes. It is worth noting that under certain experimental conditions, the complex

also contains a lysosomal sialidase (neuraminidase). The human b-galactosidase gene, located at chromosome 3,

spans more than 62.5kb and contains 16 exons. Mutations in the gene result in the lysosomal storage disorders

GM1-gangliosidosis and Moquio B syndrome. A lysosomal acid b-galactosidase-deficient mouse was produced as an

animal model for GM1-gangliosidosis. Biochemical analysis revealed a marked accumulation of GM1a and asialo-GM1

in cerebral neurons in the mouse.63



198 Degradation of Glycolipids
3.11.2.2.6 b-Hexosaminidase (EC3.2.1.30, GH20)
The enzyme catalyzes the hydrolysis of b-GalNAc residues of GSLs including the ganglioside GM2 (GalNAcb1-4
(NeuAca2-3)Galb1-4Glcb1-1Cer), as well as oligosaccharides and glycosaminoglycans.64 There are two major iso-

enzymes in normal cells, hexosaminidase A (Hex A, molecular mass 120kDa), composed of a-subunit (molecular mass

54kDa) and b-subunit (molecular mass 56kDa), and hexosaminidase B (Hex B, molecular mass 130kDa), containing

two b-subunits. The a-subunit contains a single polypeptide chain while the b-subunit is composed of two polypep-

tide chains, ba (molecular mass 28kDa) and bb (molecular mass 27kDa). Thus, Hex A has an ababb structure whereas

Hex B has a 2(babb) structure. Both enzymes can hydrolyze many of the same oligosaccharides, artificial substrates,

and GSLs including asialo-GM2; however, GM2 is hydrolyzed by Hex A but not Hex B. In addition to Hex A and

Hex B, a hexosaminidase consisting of two a-subunits (aa) and designated Hex S is present.64 Although the amount

of Hex S in human tissue is very small, the enzyme was found to hydrolyze a wide range of substrates including

GM2 and SM2.65

The coding region of the human b-hexosoaminidase a-subunit encodes 529 amino acid residues contain-

ing a putative signal sequence of 17�22 residues.66 Three possible N-glycosylation sites are present in the

mature a-subunit, among which only one is actually used. The gene, located on chromosome 15, is approximately

35kb long and split into 14 exons. The gene encoding the b-subunit is located on chromosome 5, is made up of

14 exons, and has striking homology to the a-subunit in the deduced primary structure, indicating that these

genes arose from a common ancestral gene. Mutations in the a-subunit affect only A isozymes leading to Tay–Sachs

disease while mutations in the b-subunit affect both the A and B isozymes causing the disorder known as Sandhoff

disease.67
3.11.2.2.7 Sialidase (Exo-a-sialidase; EC. 3.2.1.18, GH33)
Sialidase (neuraminidase) is an enzyme that hydrolyzes the terminal a-linked sialic acid from a variety of sialoglyco-

conjugates. Mammalian sialidases are classified based on primary structure and subcellular localization as lysosomal

(NEU1), cytosolic (NEU2), plasma membrane (NEU3), and lysosomal or mitochondrial (NEU4).68 The mammalian

sialidases, all of which belong to a family of GH33, show a high degree of homology and have the F(R)YIP motif and

Asp boxes in topologically equivalent positions throughout their primary structure. Among them, NEU2, NEU3, and

NEU4 hydrolyze the a-sialic acid residues bound to GSLs.69 A genetic deficiency of lysosomal sialidase results in an

autosomal recessive disease, sialidosis, associated with tissue accumulation and urinary excretion of sialylated

oligosaccharides and GSLs (gangliosides).70
3.11.2.2.8 Arylsulfatase A (Cerebroside-sulfatase; EC3.1.6.8)
The enzyme hydrolyzes galactose 3-sulfate residues in 3-sulfo-galactosylceramide (sulfatide), as well as a number

of sulfated lipids, and phenol sulfates.71 The coding region of the human arylsulfatase-A gene encodes 507 amino

acid residues including putative signal peptides of 18 residues. The predicted sequence contains three potential

N-glycosylation sites, two of which are actually used. The enzyme is delivered to lysosomes in a mannose 6-sulfate

receptor-dependent manner.72 The gene, located on chromosome X, is approximately 3.2kb long and split into eight

exons. A deficiency of this enzyme causes the lysosomal storage of sulfatide, which is abundant in myelin and thus

affects oligodendrocytes, resulting in metachromatic leukodystrophy (MLD). The disease is characterized by a

progressive demyelination, which results in severe, and eventually lethal, neurologic symptoms.73 An arylsulfatase

A-deficient knockout mouse displays some of the disease’s features but not the widespread demyelination character-

istic of the disease.74 A soluble recombinant form of the enzyme was produced using a retroviral expression system to

develop enzyme replacement therapy for MLD.75 Administration of the recombinant enzyme to arylsufatase-knock-

out mice was effective in reducing the amount of sulfatide stored in brain and spinal cord, suggesting the enzyme

replacement therapy to be a promising approach to the treatment of this genetic disorder.76
3.11.2.2.9 Ceramidase (N-acylsphingosine amidohydrolase; EC 3.5.1.23)
A lysosomal acid ceramidase was first purified from human urine77 and then cloned.78 The enzyme was shown to be

crucial for the catabolism of ceramide in lysosomes and a genetic mutation in the gene encoding it causes Farber

disease in which ceramide is accumulated in lysosomes. The knockout of the acid enzyme was embryonic lethal in

mice.79 The human gene, located in chromosomal region 8p21.3–p22, spans about 30kb and contains 14 exons.80 The

human acid ceramidase is a heterodimeric protein composed of a 40-kDa a-subunit and a 13kDa b-subunit. Among six
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possible putative N-glycosylation sites, sites 1–5 from the N-terminus are occupied by N-glycans. The removal of sites

1, 3, and 5 by site-directed mutagenesis inhibits the formation of a heterodimeric form while that of sites 2, 4, and 6 has

no effect.81 The enzyme catalyzes the reverse hydrolytic reaction as well, though the biological relevance of this

reaction has yet to be disclosed.82
3.11.2.3 Noncatalytic Activator Proteins

3.11.2.3.1 Overview
The lysosomal digestion of GSLs is a sequential pathway with the stepwise release of monosaccharides from

the nonreducing end. These reactions are catalyzed by lysosomal GHs as described above. Almost all of the

enzymes require noncatalytic heat-stable small glycoproteins. The known activator proteins involved in the hydrolysis

of GSLs are encoded by two distinct genes, one coding for the GM2 activator and the other for prosaposins.83 It is

worth noting that a genetic deficiency in not only GSL-degrading GHs but also activator proteins causes GSL-storage

diseases.
3.11.2.3.2 GM2 activator protein
GM2 activator protein, 17.6kDa long in its deglycosylated form, stimulates the cleavage of the terminal GalNAc of GM2

as well as asialo-GM2 (GalNAcb1-4Galb1-4Glcb1-1Cer) (GA2) by b-N-acetylhexosamindase A, by forming a complex

with these GSLs.83 The mechanism involved can be explained as follows: the target GSL is lifted from the membrane

by the activator protein to make a soluble complex that can be degraded by the soluble b-hexosamindase.84

Interestingly, genetic loss of the GM2 activator results in the AB variant of GM2 gangliosidosis in which GM2 and

GA2 are accumulated in lysosomes in neuronal cells leading to the early death of the patient. X-ray crystallography of

the nonglycosylated GM2 activator has proved some insights into the mechanism of interaction between the activator

and GM2 in which a hydrophobic cavity harbors the ceramide moiety of GM2.85
3.11.2.3.3 Saposins
Four human activator proteins, saposins A–D, are generated from one precursor protein, prosaposin consisting of 524

amino acids, by proteolysis possibly in lysosomes.83 These mature saposins, as well as prosaposin, activate several

lysosomal hydrolases involved in the metabolism of various GSLs and sphingolipids. Interestingly, the four saposins

are very similar in structure but differ in specificity and mode of activation of lysosomal hydrolases. Saposins A and

C activate the hydrolysis of GlcCer by b-glucocerebrosidase and that of GalCer by b-galactocerebrosidase, respective-
ly. Saposin B stimulates the hydrolysis of GSLs by several different enzymes such as arylsulfatase A, a-galacosidase A,
a-sialidase, and GM1 b-galactosidase. Saposins B and D assist in the degradation of sphingomyelin by sphingomye-

linase. The ceramide generated from various GSLs and SM is hydrolyzed by acid ceramidase to sphingosine and fatty

acid with the assistance of saposin D. Activator proteins responsible for hydrolysis of GSLs are shown inFigure 2. The

genetic loss of saposins B and C results in an accumulation of sulfatide and GlcCer in lysosomes, leading to clinical

symptoms similar to those for a deficiency of arylsulfatase A and glucocerebrosidase, for example, MLD and Gaucher’s

disease, respectively. These results may indicate that these activator proteins are physiologically relevant in vivo.

Prosaposin, a 70-kDa glycoprotein, also exists as an integral membrane protein as well as a soluble protein in many

biological fluids such as seminal plasma, human milk, etc. where it seems to have different physiological roles.83 It is

worth noting that prosaposin stimulates the outgrowth of neurites in neuronal cells.86

Proteins similar to saposins are found in the most primitive eukaryotes including amoebozoans and have been

named saposin-like protein. Subsequently, 235 different proteins have been designated as saposin-like proteins in

relevant databases.87 Owing to their remarkable sequence variability, a common mechanism for their action remains to

be elucidated.
3.11.3 Nonlysosomal Degradation of GSLs

3.11.3.1 Introduction and Overview

GSLs are generally recycled between plasma membranes and lysosomes in mammalian cells, that is, GSLs are

incorporated from plasma membranes via endocytosis, sorted to lysosomes via a bulk lipid flow, and finally degraded

to monosaccharides, fatty acids, and sphingosines in lysosomes as mentioned above, or alternatively, some GSLs ride a
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sarvege pathway by which they are recycled to plasma membranes without complete degradation.88 On the other

hand, several lines of evidence indicate the occurrence of nonlysosomal GHs and ceramidases which may participate

in the degradation of GSLs on plasma membranes and in other organelles.89 Some of these enzymes are located in

microdomains of plasma membranes and possibly involved in microdomain-based signal transduction by modifying

the structure of GSLs or generating signaling molecules such as ceramide and its metabolites.
3.11.3.2 Sialidase (EC. 3.2.1.18, GH33)

A plasma membrane-associated sialidase (NEU3) specific to gangliosides has been cloned and shown to be located in

lipid rafts90 and caveolae.91 The recombinant NEU3 hydrolyzes various gangliosides, GD3X being the best substrate,

followed by GM3 (NeuAca2-3Galb1-4Glcb1-1Cer), GD1a (NeuAca2-3Galb1-3GalNAcb1-4(NeuAca2-3)Galb1-4
Glcb1-1Cer), GD1bX, and GT1bX, indicating it acts on a-sialyl residues linked to GSLs via a2-3 and a2-8.
The signaling cascades via receptors of epidermal growth factor (EGF) and insulin are considered to be modulated

by gangliosides and thus the plasma membrane-associated sialidase may control the signaling cascades through the

hydrolysis of cell-surface gangliosides. Actually, the expression of the NEU3 gene in human epidermoid carcinoma

A431 cells caused the hydrolysis of GM3 to LacCer on plasma membranes, resulting in an increase in cell proliferation

through an enhancement of autophosphorylation of the EGF receptor.92 This result may indicate that GM3 sup-

presses cell proliferation as a negative regulator of the EGF receptor. On the other hand, NEU3 expression is

upregulated in human colon cancer and possibly involved in the suppression of apoptosis of the cancer cells.93

Cytosolic sialidase (NEU2) is also reported to degrade gangliosides, although its physiological significance remains

to be clarified.94
3.11.3.3 Neutral Glucosylceramidase (EC3.2.1.45, GH1)

A nonlysosomal b-glucosylceramidase was detected in various human tissues and cell types.95 The enzyme is clearly

distinguishable from the lysosomal acid b-glucocerebrosidase in that (1) it seems to bind tightly to plasma membranes,

(2) it is insensitive to CBE which is a potent inhibitor of the lysosomal enzyme, (3) it was not able to hydrolyze an

artificial b-xylosidic substrate and not activated by saposin C, and (4) its activity is not deficient in patients with

Gaucher’s disease. A specific deoxynojirimycin-type inhibitor of the nonlyososomal glucocylceramidase which did not

affect lysosomal glucocerbosidase or a-glucosidase was synthesized.95 The nonlysosomal enzyme is expected to

generate ceramide from GlcCer in the plasma membrane, by which it could play a role in ceramide-mediated

signaling. In this context, a report on the production of ceramide from the ganagolioside GM3 of plasma membrane

in human fibroblasts is particularly of interest,89 although the GHs involved in the production of ceramide from GSLs

have yet to be elucidated.
3.11.3.4 Neutral and Alkaline Ceramidases (EC 3.5.1.23)

Nonlysosomal ceramidases with a neutral to alkaline pH optimum has been cloned from bacteria,96 slime mold,97 fruit

fly,98 zebrafish,99 mouse,100 rat,101 and human.102,103 Interestingly, the vertebrate neutral ceramidase homologs differ

completely from the lysosomal acid ceramidase in primary structure and intracellular localization.104 The neutral

enzyme is a typical type II plasma membrane protein, that is, the N-terminal and C-terminal residues of the enzyme

reside inside and outside of the cell, respectively. Furthermore, an ER-associated ceramidase with an extremely

alkaline pH optimum has been cloned from yeast, mouse, and human, and it differed extensively from the acid and

neutral enzymes in primary structure.105 Collectively, ceramidases are classified into three groups (lysosomal acid,

plasma membrane neutral, and ER alkaline enzymes) based on optimum pH and primary structure.106

In contrast to the lysosomal acid ceramidase, the biological significance of the neutral and alkaline enzymes is little

understood. However, there is evidence to suggest that the neutral ceramidase regulates the intracellular concentra-

tion of ceramide and thereby ceramide-mediated signaling.107,108 In general, ceramidase is crucial not only for the

regulation of ceramide content but also the generation of sphingosine in cells, since sphingosine is considered not to be

generated by de novo synthesis109 because of the specificity of delta-4 desatulase which introduces a double bond

into dihydroceramide to form ceramide but not into dihydrosphingosine.110 Sphingosine is the sole precursor for
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sphingosine 1-phosphate (S1P) which is a ligand for seven-membrane spanning, G-protein-coupled Edg receptors,

S1P1–5.
111 Interestingly, the neutral ceramidase is present on plasma membranes and in platelets and possibly

participates in the generation of S1P via production of the precursor, sphingosine.112 The enzyme seems to participate

in the generation of S1P in the vascular system in which cell- and lipoprotein-bound sphingomyelins are likely to be a

source of ceramide. The knockdown of the neutral ceramidase impaired both S1P-mediated angiogenesis and the

development of the heart during zebrafish embryogenesis, leading to a lack of circulation of blood cells. Collectively,

the enzyme is involved in the metabolism of ceramide at the plasma membranes and in the extracellular milieu, which

could regulate the generation of S1P and S1P-mediated signaling through the production of sphingosine. In mice,

knockout of the gene encoding the acid ceramidase is embryonic lethal, however that of the neutral ceramidase gene

had no significant phenotypic consequences during embryogenesis but affected the digestion and absorption of

sphingolipids from the gut after birth.113
3.11.4 Degradation of GSLs in Nonmammalian Systems

3.11.4.1 Introduction and Overview

In contrast to glycoproteins and proteoglycans (glycosaminoglycans), no endo-type glycosidases have been found to be

involved in the degradation of GSLs in mammals. On the other hand, endo-type GSL-degrading enzymes with unique

specificity have been discovered in invertebrates and microbes including pathogenic bacteria.114 In general, animal

and plant GSLs are degraded by microbes in natural habitats after death and then enter the carbon cycle of the earth;

however, there have been very few reports on the degradation of GSLs from such a point of view. Microbial and

invertebrate enzymes are frequently used as a tool to elucidate the structure and functions of GSLs.114 This section

discusses the participation of nonmammalian enzymes in the degradation of GSLs and applications to the study of

GSLs. The action points of enzymes on GSLs are shown in Figure 3.
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3.11.4.2 Endoglycoceramidase (Ceramide Glycanase EC3.2.1.123, GH5)

The enzyme cleaving the linkage between oligosaccharides and ceramides of various GSLs is designated endoglyco-

ceramidase (EGCase)115 or ceramide glycanase (CGase).116 The action mode of the enzyme is shown in Figure 4.

It recognizes both glycan and lipid portions of substrates and is therefore specific to glycolipids.117 EGCase and

CGase have been found in both prokaryotes (microorganisms) and eukaryotes (invertebrates), that is, actinomycetes

(Rhodococcus sp.),118 bacteria (Corynebacterium sp.),119 leeches (Hirudo medicinalis),120 hard-shelled clam (Merecenaria

merecenaria),121 earthworm (Lumbricus terrestaris),122 jellyfish (Cyanea nozakii),123 and hydra (Hydra magnipapillata).124

Interestingly, EGCase is widely distributed in invertebrates belonging to the phyla Cnidaria, Mollusca, and

Annelida.124 However, EGCase or CGase is likely to be missing in vertebrates including mammals. The presence of

EGCase in plants has not been proved.

The catalytic domain of EGCase is very similar to that of GH5 cellulases (endo-b-1,4-glucanases);125 both enzymes

have a (b/a)8 barrel structure, the so-called ‘TIM-barrel’; and the eight same residues form an active site, suggesting

that EGCase is a retaining GH that acts via a double-displacement mechanism like endo-b-1,4-glucanases. However,

the substrate specificity of EGCase is completely different from that of endo-b-1,4-glucanase, that is, the former

hydrolyzes GSLs but not cellulose whereas the latter hydrolyzes cellulose but not GSLs. This discrepancy will not be

likely explained until the structure of EGCase has been solved by an X-ray crystallography.

It has long been debated whether invertebrates per se synthesize EGCase or CGase, or alternatively, symbionts such

as bacteria produce it. Molecular cloning of the EGCase gene from jellyfish123 and hydra124 has solved the issue.

Furthermore, whole mount in situ hybridization and Western blotting with a specific anti-hydra EGCase antibody

revealed that the enzyme is mainly distributed in digestive cells of endodermal layers and transiently released into the

gastric cavity during the feeding process. The pathway for the catabolism of GSLs by EGCase is completely different

from that of mammals but seems to be quite ubiquitous in invertebrates except insects since EGCase activity is widely

distributed in the genera Cnidaria, Mollusca, Annelida, Porifera, Echinodermata, etc.124

Ozonolysis is used to obtain oligosaccharides from GSLs; however the procedure is somewhat time-consuming and

troublesome, and the yield is not so high. Furthermore, the ceramide moiety is destroyed by this chemical method. On
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the other hand, the use of EGCase enables one to simultaneously obtain intact oligosaccharides and ceramides from

various GSLs. The GSL-oligosaccharides are labeled fluorescently and then their structure determined by two-

dimensional high-performance liquid chromatography (HPLC).126 Furthermore, EGCase can hydrolyze cell-surface

GSLs with the aid of activator proteins.127 Using this approach, it was clarified that endogenous GSLs modulate the

EGF receptor’s phosphorylation128 and assist with the formation of synapse.129 EGCase or CGase also catalyzes the

transglycosylation reaction in which various oligosaccharides of GSLs are transferred to various 1-alkanols generating

corresponding alkyl-oligosaccharides.130–132 It is worth noting that jellyfish EGCase also catalyzes the reverse

hydrolytic reaction in which lactose is condensed to ceramide, generating LacCer. The approach using EGCase will

facilitate the study of the structure and functions of GSLs.
3.11.4.3 Sphingolipid Ceramide N-Deacylase

The enzyme that hydrolyzes theN-acyl linkage between fatty acids and sphingoid bases in ceramides of various GSLs

and sphingomyelin was designated sphingolipid ceramide N-deacylase (SCDase). It was found in Pseudomonas sp.

TK4133 and the gene, encoding 992 amino acid residues including a signal sequence of 35 residues, was cloned from

Shewanella algaG8.134 Similar activity was found in Nocardia sp. but the enzyme, designated GSL-deacylase, does not

hydrolyze sphingomyelin.135 The point at which SCDase acts on the ceramide moiety is the same as that of

ceramidase; however the two enzymes differ completely in specificity and primary structure. SCDase degrades

GSLs as well as sphingomyelin while ceramidase only degrades free ceramide and not the ceramide bound to glycans

or a phosphocholine. The specificity of SCDase is quite braod, that is, the enzyme degraded all GSLs tested, neutral

and acidic, as well as GSLs with short and long glycan chains.

Lyso-forms of GSLs, detected in normal tissues at very low levels, accumulate in tissues of individuals with

inherited sphingolipid storage diseases.136 The presence of SCDase-like enzymes in mammalian tissues is suspected;

however, sequences homologous to bacterial SCDase have yet to be found in the relevant databases. On the other

hand, SCDase-like activity has been detected in the skin of patients with atopic dermatitis.137

Interestingly, the enzyme efficiently catalyzes hydrolysis as well as the reverse (condensation) reaction under

different conditions.138 Under acidic conditions including a high concentration of Triton X-100, SCDase catalyzes

the hydrolytic reaction efficiently. In contrast, at neutral pH with a low concentration of detergent, the reverse reaction

tends to proceed. Using deacylation and N-acylation reactions, one may obtain the lyso-forms of various GSLs and

fluorescence-labeled, and radioisotope-labeled GSLs using fluorescent and radioisotope fatty acids, and lyso-GSLs.139
3.11.4.4 Endo-b-galactosidase (EC3.2.1.103, GH16)

Endo-b-galactosidase is a generic term for enzymes that act on internal b-galactosyl linkages within sugar chains of

various glycoconjugates. This section mainly deals with endo-b-galactosidases capable of hydrolyzing GSLs posses-

sing theN-acetyllactosamine (galactosyl-N-acetylglucosamine) structure. This type of enzyme was first discovered as a

keratan sulfate-degrading enzyme inEscherichia freundii,140 then later demonstrated to hydrolyze GSLs, glycoproteins,

and oligosaccharides containing the N-acetyllactosamine unit.141 Similar enzymes were isolated from Flavobacterium

keratolyticus142 and Bacteroides fragilis.143 The gene encoding endo-b-galactosidase was cloned from F. keratolyticus.144

The enzyme degrades neolactoetraosylceramide (Galb1-4GlcNAcb1-3Galb1-4Glcb1-1Cer) to Galb1-4GlcNAcb1-
3Gal and GlcCer. Interestingly, however, removal of the ceramide moiety from GSLs reduced the susceptibility of

the substrate, that is, lacto-N-tetraose (Galb1-4GlcNAcb1-3Galb1-4Glc) is hydrolyzed much more slowly than

neolacotetraosylceramide.145 The enzyme does not hydrolyze the internal b-galactosidic linkage of globo-type or

ganglio-type GSLs because they do not have the N-acetyllactosamine unit.

Endo-b-galactosidase C is the enzyme releasing Gala1-3Gal from the pentaglycosylceramide (Gala1-3Galb1-
4GlcNAcb1-3Galb1-4Glcb1-1Cer). This enzyme was first found in Clostridium perfringens146 and its gene has been

cloned.147 The enzyme also hydrolyzes glycopeptides such as bovine thyroglobulin glycopeptides to release Gala1-
3Gal. However, the enzyme does not act on the N-acetyllactosamine structure in GSLs and keratan sulfate.
3.11.4.5 Microbial Exoglycohydrolases Capable of Degrading GSLs

There have been very few reports on GSL-degrading exoglycohydroases from microbes except sialidase.148 Sialidases

from Vibrio cholerae and Clostridium perfringens, etc., hydrolyze a-sialic acid residues of polysialogangoiosides such as

GT1a and GD1a but little hydrolyze the monosialoganglioside GM1a, converting polysialogangliosides to GM1a.
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While, the sialidase isoenzymes L, M1, and M2, but not S, from Arthrobacter ureafaciens, which are derived from the

same gene, hydrolyze efficiently both polysialogangliosides and GM1a, generating asialo-GM1.149

Human fecal bacteria, Ruminococcus and Bifidobacterium, produce extracellular glycosidases which degrade lactote-

traosylceramide and neolactotetraosylceramide resulting in lactosylceramide and GlcCer as the major end products,150

although the enzymes responsible for the degradation of the GSLs have not yet been purified or cloned. On the other

hand, prokaryotic b-glucocerebrosidase, which consists of 831 amino acid residues, was cloned from a soil bacterium,

Paenibacillus sp. TS12, and found to have a neutral pH optimum.151 In contrast to an acid lysosomal b-glucocerebro-
sidase belonging to GH family 30, this microbial enzyme can be placed in GH family 3 based on sequence similarity.

Interestingly, TS12 produces all the exoglycohydrolases required for the degradation of GM1a to ceramide, indicating

that the strain produces b-hexosaminidases, b-galactosidases, and a-sialidase in addition to the b-glucosidase but does
not produce ceramidase.152 The bacterial ceramidase was first purified and cloned from Pseudomonas aeruginosa which

was isolated from patients with atopic dermatitis. 153
Glossary

ceramide A lipid composed of a sphingoid base and a fatty acid linked by an amide linkage. Glycans and a phosphocholine bind

to ceramide forming GSLs and sphingomyelin, respectively. Ceramide and the products of its metabolism (sphingosine and

sphingosine 1-phosphate) are emerging as novel lipid mediators for cell proliferation, differentiation, migration, and apoptosis.

ceramidase An enzyme that hydrolyzes the N-acyl linkage between fatty acids and sphingosines in free ceramides. Ceramidase

does not hydrolyze ceramides bound to glycans or phosphocholine and is thus distinguished from SCDase.

endo-glycohydrolase An enzyme that hydrolyzes the internal glycosidic linkage of oligosaccharides and glycoconjugates.

endoglycoceramidase (EGCase) or ceramide glycanase (CGase) An enzyme that hydrolyzes the glycosidic linkage

between oligosaccharides and ceramides of GSLs.

exo-glycohydrolase An enzyme that hydrolyzes the glycosidic linkage at the nonreducing end of oligosaccharides and

glycoconjugates.

ganglioside A GSL possessing one or more sialic acid residues.

glycolipid storage disease (lysosomal storage disease) A disease caused by a genetic deficiency of lysosomal GSL-degrading

enzymes or noncatalytic activator proteins, in which the corresponding GSLs accumulate in lysosomes.

glycosphingolipid (GSL) A class of glycolipids that possess a ceramide (N-acylsphingosine) as a lipid moiety.

lyso-GSL A GSL lacking fatty acid moiety, which is accumulated in some lysosomal sphingolipid diseases.

lysosomal GSL-degrading glycohydrolase An enzyme involved in the catabolism of GSLs in lysosomes. All the enzymes in

mammals are glycoproteins and hydrolyze GSLs via an exo-type reaction. In vivo, the hydrolysis of GSLs by the enzyme requires

noncatalytic activator proteins.

non-catalytic activator protein A small heat-stable glycoprotein stimulating the hydrolysis of GSLs in lysosomes by GSL-

degrading enzymes involving various glycohydrolases, ceramidase, and sulfatase. Activator proteins are encoded by two distinct

genes, a GM2-activator-coding gene and a prosaposin-coding gene. The four glycoproteins, similar in structure but differing in

specificity, are generated from the latter gene and have been designated saposin A, B, C, and D, respectively.

sphingolipid A class of lipids, which contain sphingoid base in a molecule, were named by J.L.W. Thudichum, the enigmatic

nature of these molecules reminding him about the riddle of the Greek Sphinx. They are integral components of lipid

microdomains with cholesterol. Sphingolipids include glycosphingolipids, sphingomyelin, ceramide, sphingoid bases, sphingo-

sine 1-phosphate, etc.

sphingolipid ceramide N-deacylase (SCDase) An enzyme that hydrolyzes the N-acyl linkage between fatty acids and

sphingosines in ceramides of various GSLs and sphingomyelin.
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3.12.1 Introduction

In this chapter, the phylogenetic variations in the glycan chains of mammals are discussed. Well-known examples of

these phylogenetic variations include the expression of Gala1-3Gal, Gala1-4Gal, Forssman antigen, N-glycolylneur-

aminic acid (NeuGc), and isoglobo-series glycan chains. Gala1-3Gal and Gala1-4Gal are discussed in Chapters 3.13

and 3.14, respectively, whereas the remaining three are discussed in this chapter. The phylogenetic variations are based

on variations in the genes that encode enzymes responsible for the biosynthesis of the glycans. We therefore review

glycan-chain expression and the molecular biological basis for these variations. The function and regulation of these

glycan chains is important for glycoscience; however, at present, there are only hypotheses regarding these processes.
3.12.2 Forssman Antigen

3.12.2.1 Structure

Forssman antigen was first described by J. Forssman in 1911 as a heterophile antigen.1 He immunized rabbits with

homogenates of guineapig organs and detected an antibody that hemolyzed sheep erythrocytes. A largenumber of studies

investigating the nature of the Forssman antigen were then published.2 Several groups proposed that Forssman antigen

is not protein, but lipid,3–5 and Siddiqui and Hakomori were the first to publish the correct structure of Forssman

antigen purified from sheep erythrocytes: GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb1-Cer (Figure 1).6 The struc-

tural characterization was also reported for Forssman antigen purified from dog intestine and kidney,7 sheep erythro-

cytes,8 goat erythrocytes,9,10 and chicken thymus and bursa of Fabricius.11 Structural analyses using mass spectrometry

and nuclear magnetic resonance (NMR) have also been reported, and confirmed the structure.12–15

The immediate precursor of Forssman antigen is Gb4Cer (GalNAcb1-3Gala1-4Galb1-4Glcb1-Cer), which is the

major glycosphingolipid (GSL) of human erythrocytes.16,17 Gb4Cer is not reactive to anti-Forssman antibody, and
209
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humans under normal conditions do not express Forssman antigen, indicating that the epitope of anti-Forssman

antibody is the terminal GalNAca1-3GalNAcb1 sequence. Forssman antigen was defined by anti-Forssman antibody,

as described by Forssman; once the antigen structure was identified, other structures sharing the antigen determinant

were isolated. Additional reported glycolipids carrying the disaccharide structure include GalNAca1-3GalNAcb1-
3Gala1-4Galb1-Cer isolated from hamster fibroblasts,18 GalNAca1-3GalNAcb1-3(Fuca1-2Galb1-3GalNAcb1-4)
Gala1-4Galb1-4Glcb1-Cer from dog gastric mucosa,19,20 GalNAca1-3GalNAcb1-3Gala1-3[GalNAcb1-4(NeuAca2-3)
Galb1-4GlcNAcb1-6]Galb1-4Glcb1-Cer from equine kidney,21 and GalNAca1-3GalNAcb1-3Gala1-3Galb1-4Glcb1-
Cer from rat adenocarcinoma.22

Forssman antigen structure as glycoproteins in nature was reported in an O-glycan structure, GalNAca1-
3GalNAcb1-3Galb1-3/4GlcNAcb1-3(Fuca1-2Galb1-3/4GlcNAcb1-6)Galb1-3GalNAc-ol, which was isolated from

dog gastric mucin.23 However, the structure was not common in terms of core and precursor structures, and, therefore,

needs further investigation. Additional studies are required to identify the Forssman epitope in glycan chains of

glycoproteins.

3.12.2.2 Distribution among Mammals and Tissue Localization

Forssman antigen was found to be a heterophile antigen; mammals positive for the antigen are guinea pig, sheep, goat,

horse, dog, mouse, and cat, whereas rabbit, rat, cow, pig, and human are negative. Chicken is also negative. This

characteristic distribution of Forssman glycolipid among mammals has been the basis of research on biosynthesis and

changes in expression in transformed cells and cancer tissues. The difference can be explained by species that are

negative for the Forssman antigen having a defect in its biosynthetic pathway. The most likely cause is a defect in

a3GalNAc transferase, which transfers GalNAc from UDP-GalNAc to globotetraosylceramide (Gb4Cer). This has

been shown to be the case in humans, and is described in detail in Section 3.12.2.4.

Because the immunogenicity of Forssman antigen is very high in Forssman-negative animals such as rabbits, good

antibodies were readily available from the initial stages of research. Using these antibodies, the tissue distribution of

Forssman antigen in guinea pig, mouse, dog, and chicken was surveyed using immunohistochemistry at a very early

stage of the technological development of immunofluorescence histochemistry.24 It was discovered that the antigen

was absent in erythrocytes of guinea pig, but present in the organs, whereas it was present in erythrocytes of sheep,

indicating tissue-specific expression of the antigen and different profiles of distribution among species. Mouse small

intestine is another example of tissue-specific expression; it contains gangliotetraosylceramide (Gg4Cer) with

4-hydroxysphinganine and a-hydroxyl fatty acid, and Forssman antigen with sphingenine and normal fatty acid.

Immunohistochemistry has demonstrated that Gg4Cer is localized in the apical membrane of intestinal epithelial

cells; in clear contrast, Forssman antigen is localized in nonepithelial tissues.25,26 This difference occurs in the

histological distribution of these two GSLs, which are biosynthesized by different pathways. The species-specific

expression of Forssman antigen can be explained by whether mammals have an intact a3GalNAc transferase gene, but

the tissue-specific expression is most likely caused by the regulation of a3GalNAc transferase at the transcription,

post-translational regulation, and other levels in a tissue-specific manner.

Another possible form of variation is differences between individuals within one species. This was studied using

kidney and spleen homogenates of inbred mouse strains using an immunoabsorption assay. No variation has yet been

observed among three inbred strains: C57BL, C3H, and DBA.27
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3.12.2.3 Transformation and Human Cancer

The change in GSL expression in viral transformation and cancer cells has been studied extensively,28–31 and the

expression of Forssman antigen has also been investigated.28 In the early stages of research on the expression of

Forssman antigen, it was reported that cultured cells of trypsinized hamster embryos did not express the antigen

detected by anti-Forssman antibody at 1 day after seeding, began giving positive signals at 2 days, and all cells became

positive after 3 days.32 HeLa cells, which are Forssman-antigen negative, became Forssman positive when cultured

in medium containing serum prepared from Forssman-positive animals.33 These results suggest that the expression

of GSLs in cultured cells is not always maintained similar to that seen in vivo, and antigens with GSL nature can be

transferred from culture medium to cells by physical transfer or endocytosis.

The change in Forssman antigen expression in virus-transformed cells was demonstrated using BHK cells and their

polyoma virus-transformed cells. The transformed BHK cell membrane exhibited higher reactivity to anti-Forssman

antibody than the parent cells, but when the untransformed BHK cell membrane was treated with trypsin, antigenic

reactivity appeared. These results suggest that acquisition of the antibody is caused by organizational changes in the

membrane of the transformed BHK cells.27 At the time of these experiments, the presence of Forssman glycolipid

was not detected by available methods because of low sensitivity, and the activity of glycosyltransferases responsible

for Forssman antigen biosynthesis was not measured. The increase in a-N-acetylgalactosaminyltransferase activity

to convert Gb4Cer to Forssman glycolipid in the homogenates of polyoma-transformed BHK cells was later demon-

strated.34 However, controversial results showing that polyoma-transformed BHK cells did not increase in chemically

detectable Forssman glycolipid concentrations were also reported.35 Further analyses of molecular mechanisms

responsible for the expression of Forssman antigen induced by virus transformation using more sensitive methods

for the detection of Forssman antigen, such as the fluorescence activator cell sorter (FACS) method36 and thin layer

chromatography (TLC) radioimmunoassay,35 are therefore necessary.

Because humans are considered to be Forssman-antigen negative, the appearance of the antigen in human cancers is

an intriguing research subject. Forssman glycolipid was isolated from ametastatic tumor of a biliary adenocarcinoma in

the liver. The reactivity of the isolated glycolipid with anti-Forssman antibody was confirmed by Ouchterlony’s

double-diffusion method.37 The presence of two types of humans in terms of Forssman antigen expression in normal

gastric and colon mucosa was reported. In addition, gastric and colon cancers that developed in 16 patients who were

Forssman negative in normal mucosa contained Forssman glycolipid, whereas those that developed in five patients

who were Forssman positive in normal mucosa did not contain Forssman glycolipid.38 Because blood group A antigens

contain the GalNAca1-3 terminal structure, the cross-reactivity of the A antigens to anti-Forssman antibody and the

synthesis of Forssman glycolipid by a3GalNAc transferase encoded by blood group A gene were investigated, but the

profile of Forssman antigen expression was not related to ABO blood group status. If humans are Forssman negative, it

should be possible to detect a natural antibody in the sera. Anti-Forssman antibody was detected in about 75% of

normal men and women. In cancer sera, the incidence of anti-Forssman antibody was decreased to about 35–40%.39–41

The molecular mechanisms related to Forssman antigen expression in humans and human cancers still remain a topic

of interest, and this is discussed from a molecular biology viewpoint in the following section.
3.12.2.4 Biosynthesis and Genes

The in vitro activity of a3GalNAc transferase to produce Forssman antigen from Gb4Cer has been analyzed using a

mouse cancer cell line,42 embryonic chicken brain,43 guinea pig tissues,44 and hamster cell lines.34 Apparent Km values

for Gb4Cer were 400, 170, and 160mM, and those for UDP-GalNAc were 100, 100, and 70mM using guinea pig tissues,

BHK cells, and polyoma-transformed BHK cells as enzyme sources, respectively.44,45 An interesting kinetic result was

discovered: when the GalNAc transferase activities were measured using a mixture of Gb3Cer and Gb4Cer as the

substrates or individually as single substrates and the microsomal fraction of hamster NIL-2K cells as the enzyme

source, the mixture of substrates exhibited greater activity than the single substrates.46 Based on these results, a baton-

pass model was proposed such that b- and a-GalNAc transferases can occur as an enzyme complex in the membrane

preparation, and a-GalNAc transferase in the complex could not be saturated with exogenously added Gb4Cer, but

could use the transient Gb4Cer synthesized by b-GalNAc transferase from Gb3Cer.
46 These results support the

concept of a multienzyme–substrate unit or enzyme cluster in glycolipid synthesis.47 The cluster of glycosyltrans-

ferases in the Golgi membrane is a promising working hypothesis and a matter for further research, together with the

fine topological organization of glycosyltransferases within the Golgi membrane.
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As already discussed, the occurrence of Forssman antigen in human cancer tissues is an interesting research area,

and a3GalNAc transferase activity was therefore measured in human carcinoma tissues.45,48,49 Two cases were

reported: increased and decreased activities in cancer tissues compared with those in normal tissues.

The cDNA of a3GalNAc transferase (UDP-GalNAc:Gb4Cer a-1,3-N-acetylgalactosaminyltransferase) was success-

ful cloned from a Madin–Darby canine kidney (MDCK) cell cDNA library by expression cloning using COS-1 cells

and a panning method using anti-Forssman monoclonal antibody.50 The deduced amino acid sequence showed that

the protein is a type-II transmembrane protein that has a short cytoplasmic domain at the N-terminus, a membrane-

spanning domain and catalytic domain at the C-terminus. The substrate specificity was determined by in vitro assay

using Gb4Cer, Galb1-4GlcNAcb1-3Galb1-4Glcb-derivative, Fuca1-2Galb1-4GlcNAcb1-3Galb1-4Glcb1-Cer, LacCer,
Gb3Cer, and GM3 as the substrate, and the membrane of COS-1 cells transfected with the cDNA as the enzyme

source. The assay showed that only Gb4Cer was used as the substrate. The amino acid sequence identity of a3GalNAc

transferase to histo-blood group A and B transferases is 42%, and that to a3Gal transferase producing Gala1-3Galb1-
4GlcNAc is 35%. The close sequence identity suggests that these transferase genes may have evolved from the same

ancestral gene by duplication and subsequent divergence.50

Based on a GenBank database sequence with high identity to canine a3GalNAc transferase, a human cDNA was

cloned by cDNA library screening with a 589-bp fragment from human exon VII as a probe.51 Reverse transcription

polymerase chain reaction (RT-PCR) and Northern blotting detected mRNA in all human tissues, with high

concentrations in the heart, placenta, lung, ovary, and peripheral leukocytes, and low concentrations in the liver,

thymus, and testis. The identities of the sequences to the canine a3GalNAc transferase were 86% for the nucleotide

sequence and 83% for the deduced amino acid sequence. The deduced amino acid sequence inferred a type-II

transmembrane protein structure with a putative catalytic domain at the C-terminus. The human a3GalNAc transfer-

ase gene is composed of at least seven exons spanning more than 8kb located on chromosome 9q34, and its genomic

organization is very similar to that of a3Gal transferase and ABO transferase genes, confirming that human a3GalNAc

transferase is the homolog of canine a3GalNAc transferase as the Forssman synthase. However, COS cells transfected

with human a3GalNAc transferase cDNA did not exhibit Forssman synthase activity. The possibility of amino acid

substitutions in the catalytic domain explaining the lack of catalytic activity was analyzed using a transfection

experiment of two chimeric constructs, which had either 122 human N-terminal amino acid residues and 125 dog

C-terminal amino acid residues, or 129 dog N-terminal amino acid residues and 118 human C-terminal amino acid

residues. The chimera having the human N-terminal region and dog C-terminal region exhibited a3GalNAc transfer-

ase activity, whereas that having the human C-terminal region did not, indicating that the human catalytic domain is

defective and nucleotide substitutions encoding the putative catalytic domain render the human protein enzymati-

cally inactive.51 It has not yet been demonstrated, however, which substitutions are responsible for the defect in

catalytic activity.

An explanation for the expression of Forssman antigen in human normal and cancer tissues is still needed. One

possibility is that because defective a3GalNAc transferase is not normalized by malignant transformation, other

glycosyltrasferases may produce a small amount of Forssman antigen and the activities of these transferases are affected

in cancer states. Alternatively, Forssman antigen detected using immunological methods may not be GalNAca1-
3GalNAcb1-3Gala1-4Galb1-4Glcb1-Cer but, instead, other glycolipids carrying the terminal GalNAca1-3GalNAcb-
structure. A third possibility is that a number of individuals with Forssman glycolipid in normal gastric and intestinal

mucosa have polymorphic mutations in the defective a3GalNAc transferase gene and have a low level of transferase

activity. Finally, a3GalNAc transferase may be composed of a family for which we have not yet cloned a member that

can explain the described phenomenon. Further studies are required to draw proper conclusions.
3.12.3 Isoglobo-Series Glycolipids

3.12.3.1 Structures and Expression

Isoglobo-series glycolipids have Gala1-3Galb1-4Glcb1-Cer as the core structure instead of Gala1-4Galb1-4Glcb1-Cer
as in globo-series glycolipids (Figure 2). In addition to phylogenetic variation related to xenotransplantation, these

glycolipids recently attracted attention because mouse natural killer T (NKT) cells are activated by Gala1-Cer, which
is not found in mammalian tissues, but rather in a marine sponge, and Gala1-3Galb1-Glcb1-Cer isolated from rat

tissues was demonstrated to have activation ability.

A glycolipid containing the isoglobo core structure, GalNAcb1-3Gala1-3Galb1-4Glcb1-Cer (iGb4Cer), was isolated

from rat lymphosarcoma, and the presence of 3-substituted Gal was determined by methylation analysis.52 It has also

been reported that the rat kidney contains Gb4Cer.
53 These results indicate that rat tissues contain globo- and
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isoglobo-series glycolipids. This was confirmed by reports that extended GSLs having globo- and isoglobo-trisaccharide

structures were isolated from the rat small intestine and characterized by methylation and NMR analyses,54 and

Gb3Cer and iGb3Cer were characterized in hepatomas of female LEC rats using methylation analysis.55 Other

extended isoglobo-series GSLs have also been reported in rat tissues.22,56–58 It is believed that the rat is able to

express globo- and isoglobo-series GSLs and has strong activity of a3Gal transferase, and expresses isoglobo-series

GSLs in high concentrations relative to other mammals. Mammals that have so far been reported to contain isoglobo-

series GSLs are hog,59 dog,60 horse,21 and cat.61 No reports have yet described humans and mice containing

isoglobo-series GSLs.
3.12.3.2 Biosynthesis

The cDNA of a3Gal transferase (UDP-Gal:LacCer a-1,3-galactosyltransferase, iGb3 synthase) has been cloned from a

rat placental cDNA library using expression cloning with Chinese hamster ovary (CHO) cells and the panning method

using anti-Forssman monoclonal antibody.62 The CHO cells and panning with anti-Forssman antibody were able to

clone iGb3Cer synthase because iGb3Cer and Gb3Cer syntheses are the rate-limiting steps for expression of the

Forssman epitope GalNAca1-3GalNAcb1- on globo- and isoglobo-backbone structures in CHO cells. The deduced

amino acid sequence of a3Gal transferase (iGb3 synthase) showed extensive homology (40–50%) with members of

the ABO gene family, including mouse a3Gal transferase (Gala1-3Gal epitope synthase), dog Forssman synthase,

and human ABO glycosyltransferases. The sequence indicates that iGb3 synthase is a type-II transmembrane protein

with a single transmembrane domain. A transfection experiment in CHO cells with the cDNA of a3Gal transferase

(Gala1-3Gal epitope synthase), which is responsible for the Gala1-3Gal epitope defective in humans and Old World

primates,63,64 indicated that CHO cells expressed glycoproteins with the Gala1-3Gal epitope, and transfection with

cDNA of a3Gal transferase responsible for iGb3Cer synthesis indicated that transfected CHO cells synthesize GSLs

with iGb3Cer as the core structure.62 LacCer was the preferred substrate for iGb3Cer synthase, but alternative

substrates included Galb1-Cer and Gb3Cer.

The cloning of a rat homolog of Gala1-3Gal epitope synthase and the comparison between rat iGb3Cer synthase and

Gala1-3Gal epitope synthase clearly demonstrated that these two synthases had low amino acid sequence identity,

42%, and different substrate specificity, such that Gala1-3Gal epitope synthase overexpressed in CHO cells can

synthesize Gala1-3Gal epitope on glycoproteins, but cannot synthesize iGb3Cer, and iGb3Cer synthase has the

distinct ability to synthesize poly Gala1-3 glycolipid structures.65 The mouse homolog of iGb3Cer synthase was

cloned from Gala1-3Gal-epitope-synthase knockout mice, indicating that the mouse iGb3Cer synthase gene exhibits

alternative splicing of exons that results in a markedly different cytoplasmic tail compared with the rat gene product;

and mouse iGb3Cer synthase is an additional enzyme capable of synthesizing the Gala1-3Gal epitope and is involved
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in xenotransplantation.66 It is still unclear whether mouse tissues contain isoglobo-series glycolipids and whether the

alternative splicing is the cause of no detectable amounts of isoglobo-series glycolipids in mice. Interestingly,

unpublished data show that the human homolog is located on chromosome 1 and is a nonprocessed pseudogene.65

Molecular modeling of transferases involved in the biosynthesis of blood group A and B, Forssman antigen, and

iGb3Cer have been reported, but clear differences were not found to explain the fine substrate specificity described

above.67

The amino acid sequence deduced from rat cDNA of a4Gal transferase (UDP-Gal:LacCer a-1,4-galactosyltransfer-
ase) is not homologous to iGb3Cer synthase and is grouped into a family of a4GlcNAc transferases that make

GlcNAca1-4Galb1-4R in mucin.68 The a4Gal transferase cDNAwas cloned from rat. This result together with cloning

of rat a3Gal transferase cDNA indicated that rats can produce globo- and isoglobo-series GSLs, which was also

supported by the results of characterization of GSLs isolated from rat tissues, as mentioned above.
3.12.3.3 Biological Functions

CD1 molecules are a family of membrane glycoproteins that are structurally homologous to major histocompatibility

complex class-I molecules. CD1 molecules belong to two groups: group I contains CD1a, b, and c, and group II

contains CD1d. CD1 molecules present antigens on antigen-presenting cells and are responsible for the selected

activation of cytotoxic T-cells or NKT cells. Antigens presented by CD1 molecules are hydrophobic lipid-related

molecules. Detailed reviews of the functions of NKT cells and CD1 molecules can be found elsewhere,69–71 and in

this section, we cover only ligands related to isoglobo-series structures.72 NKTcells function against cancers by killing

cancer cells, and function in autoimmune responses and against infectious diseases by producing interferon-gamma

(IFN-g) as a proinflammatory cytokine and interleukin-4 (IL-4) as an immunoregulatory cytokine.

In 1995, it was reported that CD1d presents a hydrophobic peptide as a CD1d–peptide complex, and the complex

stimulates CD8þ T-cells.73 The crystal structure of CD1d suggested that it forms a highly hydrophobic antigen-

binding groove.74 Also, in 1995, aGal-Cer (Gala1-acyl-4-hydroxylsphinganine), which was originally isolated from a

marine sponge,75–77 was demonstrated to have anticancer activity in mice bearing B16 melanoma.78 It was reported in

1997 that chemically synthesized aGal-Cer in the presence of dendritic cells as antigen-presenting cells induced the

proliferation of NKTcells as the most potent glycolipid. C26 as the acyl chain and t18:0 (C18-trihydroxylsphinganine,

C18-phytosphingosine) as the sphingosine were most active.79 aGal-Cer was considered not to be the native ligand for

CD1d because it was not reported in mammalian tissues. However, this study led to extensive research because it was

suggested that aGal-Cer, if not a native ligand, could be effective as an antitumor immunopotentiator. Research on

endogenous ligands was also initiated. Crystal structures were reported for human CD1b bound to phosphatidylino-

sitol or GM2,80 human CD1a bound to sulfatide (O3S3Galb1-Cer),81 and mouse CD1d bound to phosphatidylcholine.82

Structural requirements for the binding of aGal-Cer were analyzed using CD1d with mutated amino acids.83,84 Data

are therefore accumulating, but further studies on native ligands to mouse CD1d are still required. aGal-Cer is now in

a phase I trial as an immunomodulator.85–87

CD1d molecules traffic through the endocytic pathway, and their cytoplasmic endocytic motif is required for the

presentation of lipid antigens. Mediators in the endocytic pathway may be required to facilitate the release of lipid

monomers and to present them to CD1d molecules. Possible candidates included saposins, or activator proteins for

lysosomal glycolipid hydrolases, and these were tested using prosaposin-deficient fibroblasts because prosaposin is the

precursor that generates the four saposins (A, B, C, and D) via proteolysis. The results indicated that saposins are

indispensable for the binding of aGal-Cer to CD1d in the endocytic pathway, probably by mobilizing monomeric

lipids from lysosomal membranes and facilitating their association with CD1d.88,89

The involvement of iGb3Cer in NKT cell activation was demonstrated using mice genetically deficient in

b-hexosaminidase b subunit (Hexb–/–), which is responsible for the degradation of GM2, iGb4Cer, and Gb4Cer to

Gg3Cer, iGb3Cer, and Gb3Cer, respectively.
90 The deficient mice exhibited a severe reduction in the number of NKT

cells carrying CD1d, and the ability of Gb3Cer, iGb3Cer, and the lacto-series glycolipid (Gala1-3Galb1-4GlcNAcb1-
3Galb1-4Glcb1-Cer) to stimulate human NKTcells was tested. Only iGb3Cer was able to activate the cells. iGb4Cer

presented by bone marrow-derived dendritic cells stimulated mouse and human NKTcells, but bone marrow-derived

cells from Hexb–/– mice presented iGb3Cer and failed to present iG4Cer, indicating that the processing of iGb4Cer to

iGb3Cer is necessary for NKT cell recognition. Based on these lines of evidence, it is suggested that despite the

current lack of direct biochemical evidence for the presence of iGb3Cer in mice and humans, iGb3Cer or a close

structural analog is the principal self-ligand of NKTcells.
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3.12.4 N-Glycolylneuraminic Acid

3.12.4.1 Introduction

Blix first isolated sialic acid from submaxillary mucin in 1936.91 He isolated crystals from heat-treated bovine

submaxillary mucin, and later named this substance sialic acid based on its acidic nature and source material, sialo
in Greek.92 In 1941, Klenk isolated an acidic glycolipid from the brain of patients with Tay–Sachs disease and

crystallized a substance obtained from diluted acid-hydrolyzed material of the acidic glycolipid.93 He named this

substance neuraminic acid. The acidic glycolipid accumulated in the brain of Tay–Sachs disease was later determined

to be GM2, GalNAcb1-4(NeuAca2-3)Galb1-4Glcb1-Cer. The structures of these acidic substances, sialic acid and

neuraminic acid, were eventually determined to be the same, and the correct structure was reported by Gottschalk.94

A note published in Nature in 1957 reported that Blix, Klenk, and Gottschalk had reached an agreement on the

nomenclature of the substance, where sialic acid is used as the family name for substances having a core structure

called neuraminic acid (Figure 3).95

The presence of N-glycolylneuraminic acid (NeuGc) in tissues of various species has been reported by several

researchers. For example, NeuGc was isolated from hog submaxillary gland mucin96 and from the acidic glycolipid of

horse erythrocytes.4 Since then, Schauer’s group has extensively studied the structures of naturally occurring neur-

aminic acid derivatives, and, so far, over 30 molecules belonging to the sialic acid family have been found.

A comprehensive review of sialic acid is available elsewhere.97 Humans and chickens are known as NeuGc-negative

animals. Mammals other than humans contain NeuGc as a major sialic acid in tissues other than nervous tissue.

Nervous tissues in mammals contain N-acetylneuraminic acid (NeuAc) in a high concentration as a component of

gangliosides, but a very small amount of NeuGc,98 indicating the suppression of NeuGc expression in nervous tissue.

This suppression is conserved among mammals such as mouse, rat, sheep, pig, cow, monkey, and chimpanzee.

Humans are the only mammal found to lack NeuGc expression in any normal tissues. Humans appear to be very

unique in this particular phenotype, and this phenotypic difference is part of the 1.23% of genetic differences between

humans and chimpanzees.99 However, several papers have reported that some normal human tissues such as meconi-

um and fetal intestine, as well as cancer cells, contain glycolipids with NeuGc.100,101 This needs to be investigated

further to address the question of how humans can express NeuGc-containing glycolipids even though they have a

defective gene for encoding the rate-limiting enzyme for the biosynthesis of NeuGc. This is discussed in Section

3.12.4.6. In chickens, the molecular mechanisms for the expression of NeuGc in tumors induced by a virus also remain

unknown.102
3.12.4.2 Antibody against NeuGc

The treatment of serious infections such as diphtheria and tetanus before the discovery of antibiotics was an injection

of antisera produced by immunizing large mammals, such as horses, sheep, and goats, with bacterial antigens. A second

injection to patients, however, produced high rates of serious anaphylactic responses. The cause of this was thought to

be the production of heterophilic or xenogenic antibodies against some foreign materials present in the injected
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antisera. This was called the HD antibody after the names of the Czech investigators, Hanganutziu and Deicher, who

found and reported this phenomenon.103 Later, two groups independently discovered that one of the heterophilic

antigens was NeuGc-containing glycoconjugate.104 These lines of evidence indicate that the production of HD

antibody is a secondary immune response and that humans carry very low levels of natural antibody against NeuGc.

The immunogenicity of NeuGc to humans is different from the Gala1-3Gal epitope and ABO blood group antigens

because humans carry anti-Gala1-3Gal105 and anti-A or anti-B antibodies as natural antibodies. When transplanted

into humans, pig organs are rejected immediately by the anti-Gala1-3Gal natural antibody. The production of pig

deletion mutants of Gala1-3Gal epitope is therefore essential for xenotransplantation of pig organs.106 However, the

requirement for the deletion of NeuGc expression is somehow different from the Gala1-3Gal epitope, because anti-

NeuGc antibodies are low in humans and will be produced by the exposure of B cells to the antigen for a certain

period. The presence of low levels of anti-NeuGc antibodies in human sera was reported in relation to the

xenotransplantation of pig organs and treatments with recombinant therapeutic glycoproteins containing NeuGc-

like erythropoietin produced in CHO cells. However, thus far, a significant increase in anti-NeuGc antibody after

transplantation of pig kidney and injection of erythropoietin has not been detected.107–109 Recently, anti-NeuGc

antibodies in normal human sera were clearly demonstrated using improved methods with higher sensitivity.110,111

Some human sera contained high titers comparable to 0.25% of the total circulating IgG.110 To decrease the NeuGc

content in recombinant therapeutic glycoproteins produced in CHO cells, an antisense RNA strategy was tested and a

199-bp antisense fragment of mouse CMP-NeuAc hydroxylase showed 80% reduction in hydroxylase activity, which

decreased the NeuGc content from 4% to 1%.112 The biological functions of anti-NeuGc antibody in humans remain

unknown, and further research, together with that on NeuGc expression in cancer tissues, is required.
3.12.4.3 Biosynthesis

Roseman113 established that NeuAc is produced from N-acetylmannosamine and pyruvate by a bacterial enzyme.

The mammalian sialic acid synthase produces N-acetylneuraminic acid-9-phosphate from N-acetylmannosamine-6-

phosphate and phosphoenolpyruvate. The biosynthesis of NeuGc was studied using slices of pig submaxillary gland

and various radiolabeled precursors, and the presence of N-acetyl-hydroxylase, which hydroxylates NeuAc to NeuGc,

was proposed.114,115 A cell-free system was then tested, and the requirement for oxygen and nicotinamide adenine

dinucleotide phosphate (NADPH) was demonstrated.116 Critical advances were made with the finding that for

CMP-NeuAc, neither NeuAc nor NeuAc-mucin is the substrate of the hydroxylase, and hydroxylase activity is

recovered in the soluble or cytosolic fractions of pig submandibular glands,117 mouse liver118 and other tissues or

cells.119 It has been proposed that the hydroxylation of CMP-NeuAc to produce CMP-NeuGc, but neither sialyl-

transferases nor CMP-sialic acid (CMP-Sia) transporter, is a rate-limiting step for the expression of NeuGc-containing

glycoconjugates,120 The possible regulation of NeuGc expression in glycoconjugates can be performed by the CMP-

Sia transporter, which transports CMP-Sia from the cytosol to the Golgi lumen, and sialyltransferases, if they prefer

either CMP-NeuAc or CMP-NeuGc. So far, experimental results have shown that the content of NeuGc is related to

the level of cytosolic CMP-NeuGc determined by the activity of CMP-NeuAc hydroxylase.119–121

The purification of enzymes responsible for the hydroxylation was not successful until it was discovered that the

hydroxylation of CMP-NeuAc is a complex reaction carried out by multiple enzymes or proteins, one of which may be

cytochrome b5.122 The key experiment leading to this discovery involved the separation of cytosolic proteins of mouse

liver using ion-exchange chromatography with gradient elution and fractionation, which did not give hydroxylation

activity in any fractions, and the hypothesis that this may occur because of the separation of several factors into

different fractions was tested using a mixing experiment. It was demonstrated that two fractions, A and B, were

required for enzyme activity.123 A separate experiment showed that horse erythrocyte lysate was able to replace

fraction B. The active component purified from the erythrocyte was identified as soluble cytochrome b5 by amino acid

sequencing.123 The requirement of cytochrome b5 was also reported,124,125 and both detergent-solubilized membrane

and soluble types of cytochrome b5 were shown to be active.126 The reaction requires nicotinamide adenine

dinucleotide (NADH) or NADPH. The involvement of cytochrome b5 and the electron donors suggests that the

hydroxylation requires an electron-transfer system including cytochrome b5. The following scheme was proposed: in

the case of NADH, the hydroxylation of CMP-NeuAc is carried out by hydroxylase, cytochrome b5, and NADH-

dependent cytochrome b5 reductase. CMP-NeuAc hydroxylase was then purified from the cytosolic fraction of

mouse liver.127 An interesting property of the enzyme was that the hydroxylase could bind with a cytochrome b5-

immobilized column only when CMP-NeuAc was present in the application and washing buffers, demonstrating

that the hydroxylase bound to the substrate CMP-NeuAc changed conformation and exposed the binding site to

cytochrome b5.127,128 The molecular mass of the purified protein obtained using gel permeation chromatography
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and sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions indicated that

the hydroxylase was composed of a single nonglycosylated polypeptide chain. UV absorption and atomic absorption

spectrometry indicated that the purified protein did not contain heme, but rather non-heme iron. A reconstitution

experiment with the purified protein, soluble cytochrome b5, and recombinant NADH-cytochrome b5 reductase

demonstrated that these three factors are essential for the hydroxylation. The hydroxylase exhibited a 5mM Km value

for CMP-NeuAc and was stabilized with CMP-NeuAc. Pig hydroxylase was purified from the submandibular glands

and characterized as a 65kDa protein with an apparent Km of 11mM for CMP-NeuAc.129

A positive correlation between CMP-NeuAc hydroxylase and the amount of NeuGc in glycoconjugates in a panel of

porcine tissues was demonstrated by measuring NeuAc/NeuGc, hydroxylase activity, and the amount of hydroxylase

protein using enzyme-linked immunosorbent assay with antibodies.130 Immunohistochemistry and ultrastructural

immunocytochemistry with antibodies against the hydroxylase in pig lymph nodes and lymphocytes indicated that the

enzyme was detected in the cytosol, at the outer membrane of mitochondria, and on cytoplasmic tubular structures,

suggesting that the localization is related to the redox partner cytochrome b5.131 Based on the accumulation of low-

activity of hydroxylase in the developing pig small intestine detected by Western blotting, a possibility for the

regulation of NeuGc expression other than by the regulation of hydroxylase levels was suggested.132
3.12.4.4 Molecular Biology

Mouse liver cDNAwas cloned based on a partial amino acid sequence obtained from the purified hydroxylase.133 The

deduced amino acid sequence indicated that the hydroxylase is composed of 577 amino acids with a predicted

molecular mass of 66kDa. The enzyme did not contain a signal peptide sequence or a membrane-spanning domain,

which is consistent with the biochemical localization of the enzyme in the cytosol. The deduced partial amino

acid sequence of pig hydroxylase exhibits 92% identity with mouse hydroxylase, and putative binding sites for

cytochrome b5 and CMP-NeuAc, as well as a mononuclear ion center, were proposed.134 Northern blot analysis of

various mouse tissues with mouse cDNA as a probe indicated that the transcript was detected in the liver, thymus,

spleen, and kidney, but not in the brain, confirming that the expression of NeuGc is related to the level of CMP-

NeuAc hydroxylase mRNA, and the brain shows suppression of hydroxylase mRNA expression. Southern blot analysis

showed that cross-hybridizing signals were detected in the human and fish genomes, but not in the chicken, frog,

lobster, or mussel genomes.133 Interestingly, the human genome gave clear positive signals, even though normal

tissues of humans do not contain NeuGc, suggesting that the hydroxylase gene is present, but somehow inactivated.

The chicken is also NeuGc negative, and it did not give signals on the Southern blot, suggesting that the molecular

mechanism responsible for the NeuGc-negative phenotype in chickens is different from that in humans.

The molecular mechanisms explaining why humans cannot express NeuGc were further investigated. Because the

human genome gave positive signals on the Southern blot, a homologous cDNAwas cloned from an HeLa cell cDNA

library.135 The comparison of cDNA sequences of mouse and human hydroxylases indicated that both sequences were

very similar, but human cDNA lacked a 92-bp sequence. The mouse hydroxylase gene is comprised of 18 exons, and

this 92-bp sequence corresponds to exon 6. It is thought that this deletion is the cause of the defective phenotype of

NeuGc expression in humans (Figure 4).135 A full-length cDNAwas then cloned from a human library and compared

with that of the chimpanzee.136 It was proposed that humans produce a very short truncated peptide composed of

72 amino acids because of the presence of a stop codon created by the deletion of the 92-bp fragment and a frameshift

(Figure 4).136 The presence of the 72-amino-acid peptide in human tissues has not been shown yet, but the reason for

the NeuGc defect in humans is established as an ancestral deletion of the 92-bp segment from the gene, resulting in

the loss of the ability to produce CMP-NeuGc from CMP-NeuAc.
3.12.4.5 Evolution

The chimpanzee has NeuGc in its tissues. The cDNA of chimpanzee hydroxylase was cloned and the sequence showed

that chimpanzee hydroxylase does not have the deletion observed in human hydroxylase, but, rather, is homologous to

mouse hydroxylase. It was therefore concluded that the deletion occurred after the split between humans and chimpan-

zees.136 A molecular mechanism of AluY-mediated replacement was proposed based on the finding that AluSq

elements in a region containing the 92-bp exon of the hydroxylase gene was intact in all nonhuman primates examined,

and those in the human genome were replaced by AluYelements that were disseminated at least 1Ma.137 The deletion

wasdetected in18Caucasians, fourAfricanAmericans, fourKungbushmen, fourKhwepygmies, and six Japanese, and two

Neanderthal fossils had clearly detectable NeuAc, but no NeuGc, suggesting that the hydroxylase gene was inactivated

shortly before the time the brain expansion began in our ancestry, about 2.2–2.1Ma (Ma¼1 million years ago).136
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The deletion of the 92-bp fragment of the hydroxylase gene clearly indicates that humans lost the ability to express

NeuGc-containing glycan chains, which are commonly expressed in various tissues among mammals, excluding neural

cells. We do not know whether this loss had any positive or negative effects on human survival. However, fragmental

but interesting observations are accumulating. NeuGc-containing glycolipids function as receptors for Escherichia coli

K99 and cause severe diarrhea in piglets.138 The NeuGca2-6Galb glycan chain is a preferential ligand of the mouse

CD22 molecule, one of the sialic acid-binding immunoglobulin-like molecules (Siglec).139 In addition, the preference

of an influenza virus hemagglutinin for NeuGc glycan-chains is well known.140 Myelin formation in vitro is inhibited

by the induction of NeuGc expression in oligodendrocytes.141 Transgenic mice with enhanced expression of the

hydroxylase are embryo lethal, and knockout mice for the hydroxylase exhibit an enhanced secondary immune

response of B-cells. NeuGc glycan chains are more slowly cleaved by a bacterial sialidase than are NeuAc glycan

chains. The mRNA of the hydroxylase is not detectable in the brain of mammals, including humans, indicating that

the suppression of NeuGc expression in the brain is conserved among mammals. This suppression is likely related to

the development of brain morphology and functions shared by various mammals.

It has been speculated that the lack of NeuGc enabled our ancestors to expand their habitat, first by evading various

animal infectious agents in new environments ofH. erectus, and then by decreasing the infectious risk ofH. sapiens from

domestication of other vertebrates.142 Mutations of enzymes involved in the glycan chain metabolism are very

frequent, as in the cases of ABO143 and Lewis144 blood group antigens, and are rare, but occur as congenital inborn

errors of metabolism of carbohydrate hydrolases145 and congenital disorders of glycosylation146 in humans. Mutations

of the Lewis blood group antigens are known to have happened after Caucasian and Mongoloid divergence, because

particular mutations are found only in particular geographic populations.144 Mammals other than humans would also

have had the possibility for the hydroxylase gene to mutate, particularly if NeuGc was the receptor for pathogens

causing critical infections, because such mutations would surely benefit mammals in terms of survival.

Polymorphic variation of NeuGc expression was indeed reported in dogs and rats; Asian dogs express NeuGc in red

blood cells, whereas dogs originating in Europe do not,147 and several inbred strains of rats were defective in NeuGc

expression in the small intestine.148 The molecular mechanisms responsible for these polymorphic variations remain

unknown. Also worth noting is that the central nervous system acquired an unknown molecular mechanism to

suppress the expression of the hydroxylase, probably at the level of transcription, and this suppression is conserved

among mammals, including humans, suggesting that the formation and development of the central nervous system

from rodents to primates is supported by NeuAc, but not NeuGc glycan chains.
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The possible effect of the loss of NeuGc expression on genetic variation in NeuGc-related molecules also pertains

to Siglecs. Mouse Siglec-2 prefers NeuGc-terminal glycans, and human Siglec-2 can bind equally well to NeuAc- and

NeuGc-terminal glycans as ligands. It will therefore be important to address whether the changes in glycan expression

can have effects on mutations of Siglecs.149 Human–chimpanzee differences in malaria susceptibility is another

interesting case. Plasmodium falciparum is the major cause of human malaria mortality, and Plasmodium reichenowi, a

morphologically identical and genetically very similar parasite, infects chimpanzees, but not humans. This difference

in host–parasite pairs was found to be caused by the apparent evolution of the major merozoite-binding protein

(erythrocyte-binding antigen 175) of P. falciparum to take selective advantage of the excess of NeuAc on human

erythrocytes.150 These results will be important in understanding the biological meaning of species-specific glycans

and occasional polymorphic variations in glycan chains.

The presence of NeuGc in sea urchins and star fish has been reported, and the CMP-NeuAc hydroxylase of these

echinoderms is interesting from a phylogenetic viewpoint. The starfish enzyme was characterized and its cDNA was

cloned.151–153 Characteristic differences from mammalian hydroxylase include that the starfish enzyme is membrane

bound and has activity in incubation buffers containing 100mM salt, which is inhibitory to mammalian hydroxylase.

The deduced amino acid sequence was composed of 653 amino acids with a molecular mass of 75kDa, exhibited 60%

identity with mouse hydroxylase, and was 60–70 residues longer at the C-terminus, which began with approximately

40 amino acid residues followed by 15 hydrophobic residues forming a membrane-spanning domain. Fatty acid or

ceramide fatty acid a-hydroxylase contained a cytochrome b5-like domain at the N-terminal side; this seems to be a

prototype of hydroxylases that use cytochrome b5 as an electron transfer system. However, it should be noted that

starfish CMP-NeuAc hydroxylase does not have a cytochrome b5-like domain.154,155
3.12.4.6 A Tumor Marker

It remains to be revealed how some colon cancers and meconium of humans contain NeuGc,100,101 even though the

human CMP-NeuAc hydroxylase gene is defective. Two possible mechanisms have been proposed: ingested NeuGc

from foods is incorporated into cancer cells or uncharacterized enzymes involved in the biosynthesis of NeuGc become

activated in cancer cells. Anti-NeuGc antibody can histochemically stain normal blood vessels, skin eccrine glands,

kidney tubules, and other normal tissues, as well as breast carcinoma.110 Urinary excretion and incorporation of

ingested NeuGc into salivary mucin were detected in humans.110 Cultured cells of human also incorporated NeuGc-

containing glycoconjugates via endocytosis, and free NeuGc released in lysosomes can be reused as CMP-NeuGc for

glycan-chain biosynthesis.156 These results indicate that NeuGc can be incorporated into normal human tissues from

digested foods. However, questions still remain. For example, how can limited normal cells or carcinoma express

NeuGc? Does this expression depend on the endocytotic ability or the recycling ability of NeuGc in the cells? Another

possibility already discussed is that hydroxylases other than CMP-NeuAc hydroxylase that exhibit very low activity

under normal conditions could be induced in cancer tissues, such as a hydroxylase that acts on NeuAc157 or NeuAc-

containing glycoconjugates.158

How significant was the mutation of the CMP-NeuAc hydroxylase gene in humans for the differentiation between

humans and other mammals, including chimpanzees?159,160 Further studies are still needed to answer this question.
3.12.5 Perspective

It still remains not clear how significant phylogenetic variations are for living organisms and how effective these were

for survival of particular species during evolution. On the other hand, the variations become more important for the

development of xenotransplantation, the clinical use of recombinant proteins produced by cells established from

mammals other than humans, establishment of new cancer-associated antigens, and possible treatments of cancers and

infections.
Glossary

heterophile antigens If mammals do not express particular antigens and these mammals can produce antibodies against the

antigens which are expressed in other mammals, these antigens are named heterophile antigens. Examples of glycan antigens are

Forssman antigen, Gala1-3Gal epitope, and HD (Hanganatziu–Dicher) antigen which is N-glycolylneuraminic acid-containing

glycan.
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species-specific glycans Variations of glycan chain expression are unique feature in glycobiology and one of the variations is

species-specific variation. Examples are Forssman antigen (which is negative in human, rabbit, and chicken, and positive in

guinea pig, sheep, goat, and horse), Gala1-3Gal epitope (which is negative in humans and Old World monkeys and positive

in New World monkeys), and N-glycolylneuraminic acid (which is negative in humans and positive in chimpanzees and other

mammals). These glycans are interested from evolutional viewpoint, and further studies are required for understanding of

biological roles of species-specific glycans.

polymorphic variations Polymorphic variations are found in glycan expression. A typical example in humans is ABO blood

group antigens, and this variation is due to mutations of coding sequences of glycosyltransferases responsible for ABO antigen

biosynthesis. Physiological meaning of the variation in ABO blood group antigens is not clear and it is suggested that susceptibili-

ty to infectious diseases would be different in individuals with different ABO blood groups.

tumor markers Various types of tumor markers including glycans have been reported. If glycan chains, such as Forssman

antigen and N-glycolylneuraminic acid-containing glycan chains, both of which are considered to be negative in normal human

tissues, are expressed in human cancers, these glycans would be excellent tumor markers. Thus, recently, both structures have

attracted attention.

isoglobo-series glycolipids Isoglobo-series glycolipids contain the core structure, Gala1-3Galb1-4Glcb1-ceramide, which dis-

tributes in limited mammals like rat, cat, dog, hog, and horse (but not in human). Human erythrocytes contain globo-series

glycolipids, the core structure of which is Gala1-4Galb1-4Glcb1-ceramide, as the major glycolipids. Natural killer T-cells

recognize isogobo-series glycolipids as ligands. Then, isoglobo structures attract attention in terms of clinical application to

treat cancer metastasis and allergic reactions.
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3.13.1 Introduction

The a-gal epitope (Gala1-3Galb1-4GlcNAc-R or Gala1-3Galb1-3GlcNAc-R) is a carbohydrate structure which is

abundantly present on cell surface glycolipids and glycoproteins and on secreted glycoproteins in nonprimate

mammals, prosimians, and New World monkeys. This epitope is not found in nonmammalian vertebrates and in

Old World monkeys, apes, and humans. In contrast, humans, apes, and Old World monkeys naturally produce very

large amounts of an antibody against the a-gal epitope – the natural anti-Gal antibody. This distribution of the a-gal
epitope and of the anti-Gal antibody suggests that they are associated with a unique evolutionary event in primates.

Because anti-Gal constitutes �1% of immunoglobulins in humans, the a-gal epitope is also of clinical significance.

The anti-Gal antibody functions as a major immunological barrier in xenotransplantation (transplantation of organs

and tissues from various animals to humans), as it binds effectively to a-gal epitopes on cells of xenografts. This

interaction results in rapid rejection of pig organs transplanted in monkeys and humans. This effective interaction

between anti-Gal and the a-gal epitope may be exploited, however, as an important therapeutic tool for treatment of

cancer and for increasing the immunogenicity of various microbial vaccines. This review discusses the evolution of the

a-gal epitope and that of the enzyme producing it, the a-1,3-galactosyltransferase (a1,3GT), the role of this epitope in

xenotransplantation, and future possibilities for its exploitation it in medicine.
3.13.2 The a-gal Epitope and a1,3GT in Mammals

The first reports on the a-gal epitope in mammalian cells were those of Yamakawa and colleagues1 and Hakomori

and colleagues,2 demonstrating this epitope on rabbit red cell ceramide pentahexoside (CPH; Gala1-3Galb1-
4GlcNAcb1-3Galb1-4Glc-Cer). The a-gal epitope is also a major terminal structure on other rabbit red cell neolac-

toglycosphingolipids and was demonstrated to be present on uniantennary ceramide with seven carbohydrates

biantennary ceramide and triantennary with 10 and 15 carbohydrates, respectively,3–5 as well as on multiantennary

‘macroglycolipids’ with an average size of 30 carbohydrate units.6 Since its initial demonstration on rabbit red cells, the

a-gal epitope has been described on glycolipids of bovine red cells7–9 and on glycolipids of sheep, rabbit pig, and cow

kidneys,10 on mouse nucleated normal and malignant cells,11–13 rat cells,14 bovine cells,15 as well as on secreted

glycoproteins such as mouse and bovine laminin,16–18 thyroglobulin from various mammals,18–20 fibrinogen and
225
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immunoglobulins18 and recombinant proteins produced in some mammalian cells.21,22 The structure of the a-gal
epitope onN-linked carbohydrate chains of glycoproteins is illustrated at part of the right carbohydrate chain inFigure 2.

In attempt to determine whether there is a pattern in the expression of this epitope in various mammals, we

studied its presence in red cells and nucleated cells of a large number of species. Such analysis was performed by

evaluating the binding of the natural anti-Gal antibody isolated from normal human serum. We found anti-Gal to

constitute �1% of antibodies in all humans that are not immunocompromised23 and to interact specifically with the

a-gal epitope.24,25 Anti-Gal was isolated from normal human serum by affinity column and its binding was used to

indicate the presence of a-gal epitopes on various cells. Independent measurements were obtained by analyzing

the binding of the a-gal-epitope-specific lectin Bandeiraea (Griffonia) simplicifolia IB4 to the assayed cells.26 Studies

with both antibody and lectin indicated that the a-gal epitope is abundantly expressed on cells of marsupials as well as

nonprimate placental mammals (Table 1).27,28 The a-gal epitope was also found in some primates. It is abundant on

red cells and nucleated cells of prosimians such as lemurs and of New World monkeys (i.e., monkeys of South and

Central America – ‘platyrrhines’) such as marmoset, squirrel monkey, and spider monkey.27,28 Immunostaining of

neutral glycolipids from red cells demonstrated that the CPH molecule with a-gal epitopes that is abundantly

found in rabbit and cow red cells is also readily detectable in New World monkey (squirrel monkey) red cells.27

A similar expression of a-gal epitopes on multiple cell surface glycoproteins was demonstrated with thyroid cell

membranes obtained from various species and stained by anti-Gal in Western blots.29 Interestingly, of all

mammals tested, this epitope was most abundant in cow and pig glycoproteins where it was found to be expressed

on a very large number of cell membrane glycoproteins.29 No a-gal epitopes are expressed on red cells, nucleated cells,

or fresh tissues obtained from the ‘catarrhine’ primates that include Old World monkeys (monkeys of Asia and

Africa), apes, and humans27–29 (Table 1). The a-gal epitope is a carbohydrate structure found only in mammals.

Analysis of its expression on cells from other vertebrates indicated that it is completely absent on cells of fish,

amphibian, reptile, or bird origin.28 A structure resembling a-gal epitope was reported on a glycoprotein in cobra

venom, where a fucose is linked to the GlcNAc in the form of Gala1-3Galb1-4(Fuca1-3)GlcNAc-R;30 however, no

Gala1-3Galb1-4GlcNAc-R have been reported in species other than nonprimate mammals, prosimians, and

New World monkeys.

The expression of a-gal epitopes on cells of various mammalian species paralleled the detection of the glycosyl-

transferase that synthesizes this epitope, the a1,3GT (Table 1).28,29 This enzyme catalyzes within the Golgi apparatus

the synthesis of a-gal epitopes on carbohydrate chains of glycolipids and glycoproteins by the following reaction:

Galbl-4GlcNAc-R þ UDP-Gal �!�l;3GT
Galal-3Galbl-4GlcNAc-R þ UDP

N -Acetyllactosamine Uridine

diphosphate

galactose

a-gal epitope

a1,3GTactivity was first demonstrated in rabbit bonemarrow cells31 and subsequently in rabbit intestinal submucosa,32

mouse plasmacytoma cells,33 and bovine thymocytes.34 It has been simultaneously cloned from mouse35 and bovine

cells36 and transfection studies with the cloned a1,3GT gene indicated that the enzyme is functioning in the Golgi

apparatus in the same compartment as sialyltransferase, where both enzymes compete to cap the same N-acetyllacto-

samine residues on glycolipids and glycoproteins.37 Variations in the amounts of a-gal epitopes expressed on cell

membranes or on secreted glycoproteins are likely to be associated with the activity of a1,3GT relative to other

glycosyltransferases (sialyltransferases and fucosyltransferases), as well as other transferases (e.g., sulfonyltransferase)
Table 1 Distribution of a-1,3-galactosyltransferase (a1,3GT), a-gal epitopes, and the anti-Gal antibody in mammals

Mammals a1,3GT activity a-gal epitope expression Anti-Gal production

Marsupials þ þ �
Nonprimate mammals þ þ �
Prosimians þ þ �
New World monkeys þ þ �
Old World monkeys � � þ
Apes � � þ
Humans � � þ
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that cap the N-acetyllactosamines. Although the activity of a1,3GT may vary in different tissues within a given

species, the distribution of this enzyme in various mammals parallels the expression of a-gal epitopes (Table 1).

a1,3GT was found in cells and tissues of nonprimate mammals and New World monkeys, but not in Old World

monkeys and humans.28,29
3.13.3 Association between Continents’ Separation and Evolution
of the a-gal Epitope

There appears to have been two distinct events in the evolution of the a-gal epitope and a1,3GT producing it: (1) the

appearance of a1,3GT and a-gal epitopes in mammals, estimated to have occurred >120million years ago (Ma), and

(2) the inactivation of the a1,3GT gene in ancestral Old World primates, estimated to have occurred <28Ma.28,38 The

expression of a-gal epitopes in marsupials, such as opossum and kangaroo, and their absence in nonmammalian

vertebrates28 implies that a catalytically active a1,3GT gene appeared in mammals prior to divergence between

marsupial and placental mammals (estimated to have occurred �120Ma). Following its appearance, the a1,3GT gene

has been maintained in its active form in nonprimate mammals.28,29 However, this gene was inactivated in ancestral

OldWorld primates including monkeys and apes, since neither epitope nor active enzyme is present in these primates.

The expression levels of a1,3GTand of a-gal epitopes in NewWorld monkeys do not differ from those in nonprimate

mammals,27–29 strongly suggesting that the a1,3GT gene was inactivated in Old World primates after they diverged

from NewWorld monkeys. This divergence has been estimated to occur �35Ma,39–41 when the two populations were

confined to geographically separated land masses, that is, New World monkeys in the South American continent and

ancestral Old World primates, evolving into Old World monkeys, apes, and humans in the African/Asian/European

landmass. Similarly, the conservation of a-gal epitopes in lemurs may be associated with the geographical separation of

these prosimians on the island of Madagascar for �60My.

We hypothesized that the disappearance of a-gal epitope expression in ancestral Old World primates and the

subsequent appearance of the anti-Gal antibody was the result of a very strong selective pressure occurring in the

continents comprising the ‘Old World’.27,28 Since this evolutionary pressure was confined by distinct geographical

boundaries, it is likely that it was exerted by an infectious agent that was endemic to the continental mass of Africa/

Asia/Europe. Such an infectious agent could have been virus, bacteria, or protozoa endemic to the Old World, which

was detrimental to monkeys and apes and expressed a-gal epitopes, or an immunologically cross-reactive carbohydrate

structure. New World monkeys were not exposed to such a pathogen due to the geographic barriers of oceans

separating the continents. This infectious agent could have exerted selective pressure to suppress a-gal epitope
expression (i.e., inactivation of the a1,3GT gene) and to produce anti-Gal as a defense mechanism. Any virus that has

envelope glycoproteins will express a-gal epitopes after infecting cells containing a1,3GT, since the synthesis of

carbohydrate chains on viral envelope glycoproteins is mediated by the host cellular glycosylation machinery.

We demonstrated this phenomenon with eastern equine encephalitis virus and with influenza virus which express

a-gal epitopes only when propagated in cells containing active a1,3GT, but not when propagated in cells lacking

a1,3GT.42,43 Similarly, a-gal epitopes were expressed on glycoproteins of retroviruses propagated in mouse or pig

cells.44–46 The protective effect of anti-Gal against viruses expressing a-gal epitopes could bedemonstrated by incubating

them in human serum. This incubation resulted in viral destruction following the binding of anti-Gal and subsequent

activation of complement,45–47 or viral neutralization as indicated by inhibition of subsequent cell infection.42 Various

bacteria48,49 and protozoa50,51 were also found to express carbohydrate epitopes that bind anti-Gal. Similar infectious

agents could have mediated the selective pressure to eliminate a1,3GTand enable for anti-Gal production. Alterna-

tively, the putative pathogen could have used the a-gal epitope as a cellular receptor, for example, a docking receptor

for a virus, or a receptor for a bacterial toxin. The activity of enterotoxin A of Clostridium difficile is an example for such

a bacterial toxin. Studies on this toxin have indicated that its primary ligand is the a-gal epitope52 and that this toxin

can be neutralized by synthetic a-gal epitopes.53 Thus, endemic infection of OldWorld primates with a bacterial strain

producing an a-gal-binding toxin could induce a selective pressure for evolution of primates that lacked a-gal epitopes
and, thus, were not susceptible to the toxin effect. Individuals successfully suppressing a-gal epitope expression would

have lost immune tolerance to the a-gal epitope and would have produced the natural anti-Gal antibody in response to

antigenic stimulation by gastrointestinal bacteria expressing carbohydrate epitopes with structures similar to that of

the a-gal epitope. We identified a number of bacterial strains in the human intestinal flora that readily interact with

anti-Gal, including Klebsiella pneumonia, Escherichia coli, and Serratia marcescens.48 The ability of bacteria to elicit anti-

Gal response was demonstrated in a1,3GT knockout (KO) mice.49 These mice (referred to here as KO mice) lack
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a-gal epitopes due to targeted disruption of the a1,3GT gene54,55 Immunization of KO mice with E. coli was found to

induce extensive production of anti-Gal.49 Thus, once a-gal epitope synthesis was suppressed, anti-Gal production

could have initiated as a result of antigenic stimulation by the natural flora.
3.13.4 Mutations in the a1,3GT Gene Leading to Its Inactivation in Primates

The cloning of the a1,3GT gene in mouse35 and cow36 has provided the initial information required for understanding

the molecular basis for the evolutionary loss of a-gal epitopes in ancestral Old World primates. Southern blots

of human DNA probed with the cow a1,3GT gene demonstrated the presence of a homologous pseudogene in

humans.36 The human a1,3GT pseudogene was found on chromosome 9 and it contains the same exon/intron

organization as the active gene in mice.56 The longest exon (exon 9), which encodes for most of the catalytic domain

of the a1,3GT gene, was cloned in humans, and its sequence displayed two point mutations as deletions resulting in

frameshift and premature stop codons.57 Sequencing of this exon in chimpanzee demonstrated the same two

deletions, whereas the sequence in gorilla and orangutan was found to include only one of the two frameshift

mutations which results in premature stop codon.38 Analysis of the a1,3GT gene expression by sensitive reverse-

transcriptase polymerase chain reaction (PCR) assays have indicated that mRNA of this gene can be detected in

humans, orangutan, and Old World monkey cells.58,59 These transcripts displayed additional frameshift mutations in

exons 7 and 8,58,59 implying that structural mutations (i.e., deletions in the coding regions of the gene), rather than

regulatory mutations, have been the main cause for the evolutionary inactivation of the a1,3GT gene function.

In truncation studies of a1,3GT from a New World monkey (marmoset) origin, we found that removal of three

amino acids at the C-terminus is sufficient to cause the complete elimination of the catalytic activity.60 The deletions

in the a1,3GT gene in rhesus monkey and humans57–59 result in stop codons that truncate much more than three

amino acids at the C-terminus of the enzyme; thus, any proteins produced will have no catalytic activity. Interestingly,

Joziasse et al.56 reported on the detection of a second a1,3GT nonfunctioning processed pseudogene in chromosome

12 in humans. This pseudogene contains many deletions and seems to be the outcome of a conversion of a1,3GT

mRNA into cDNA that was inserted into chromosome 12.

Comparison of exon 9 sequences indicated that humans and apes share mutations not found in Old World monkeys

and that these monkeys share mutations absent in apes and humans.38 This suggests that the a1,3GT gene was

inactivated in ancestral Old World primates, after apes and monkeys diverged from each other.38,61,62 This divergence

was estimated to have occurred �28Ma.40 It is possible that the selective pressure resulting in the inactivation of the

a1,3GT gene in ancestral Old World monkeys and apes was associated with decimation and almost complete

extinction of these populations. It is of interest to note parallel changes in the primate fossil record. Apes were

evolutionarily very successful in the early Miocene (20–26Ma), as indicated by the number of different species and by

the number of ape fossils from that period.62,63 In later periods, the number of ape fossils gradually diminished to the

extent that no ape fossils from the late Miocene (�8Ma) have been found. Ape fossils have reappeared only �5Ma.63

The monkey fossil record is very scarce in periods earlier than 7Ma, and thus evolutionary changes in population size

in earlier periods cannot be evaluated.
3.13.5 The Significance of the a-gal Epitope in Xenotransplantation

An important clinical outcome of the evolutionary inactivation of the a1,3GT gene in ancestral OldWorld primates has

been the formation of the anti-Gal/a-gal epitope barrier in xenotransplantation. Because of the insufficient number of

organ donors (e.g., heart and kidney) in humans, in the recent two decades there has been an interest in the possible

use of pig organs (xenografts) as an alternative source for treatment of patients with failing organs. The choice of pig as

an organ donor is based primarily on the size similarity in various organs. Studies on pig kidneys and hearts

transplanted in Old World monkey (e.g., rhesus, cynomolgus, and baboon) have indicated that the xenograft is usually

rejected within 30min to several hours by a process designated as hyperacute rejection.64–66 In this process, anti-Gal

antibodies binding to a-gal epitopes expressed on endothelial cells of the xenograft blood vessel walls activate the

complement cascade, thus destroying these cells and inducing platelet aggregation.67–70 This results in collapse of

the xenograft vascular bed, ischemia, and rapid rejection of the graft.70 Removal of anti-Gal from the blood of the

monkey by affinity column with a-gal epitopes led to delay of the rejection for several days. However, reappearance of

anti-Gal in the circulation caused rejection of xenograft in such monkeys.71 Intravenous administration of a-gal
epitopes as oligosaccharides also resulted delay of hyperacute xenograft rejection in monkeys because of temporary

neutralization of anti-Gal.72
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Several studies in mice aimed to decrease expression of a-gal epitopes by generation of transgenic animals for a

variety of glycosyltransferases including fucosyltransferase,73,74 sialyltransferase,75 or N-acetylglucosaminyltransfer-

ase.76 These studies were based on the assumption that the introduced enzymes compete with a1,3GT in the Golgi

apparatus, directly,73–75 or indirectly.76 These approaches, although effective in decreasing the number of a-gal
epitopes, did not completely eliminate the epitope. Since as many as 1% of B-lymphocytes are quiescent cells with

anti-Gal specificity,77 transplantation of organs with even small number of a-gal epitopes is sufficient to activate the

quiescent anti-Gal B-cells and induce production of increased amounts of anti-Gal antibodies.78–80 These antibodies

then mediate the destruction of grafts expressing even small numbers of a-gal epitopes.
The realization that xenotransplantation cannot progress without complete elimination of a-gal epitopes from pig

cells prompted researchers to develop pig strains in which the a1,3GT gene is completely inactivated by the

‘knockout’ technology, that is, the targeted disruption of this gene. The possible development of nonprimate

mammals in which the a-gal epitope is absent was suggested by the findings that Old World primates suppressed

a1,3GT activity and evolved without this epitope. Indeed, the disruption of the a1,3GT gene by targeting the

neomycin resistance (neor) gene was demonstrated in mice.54,55,81,82 Mouse embryonic stem cells were transfected

with neor that was flanked by exon 9 sequences of the a1,3GT gene. This targets the transfecting gene for homologous

recombination within exon 9 (the exon containing most of the catalytic domain of a1,3GT). The resulting mice, mated

for homozygosity, lack a-gal epitopes, but for an unknown reason develop cataracts by the age of 6 weeks.54,55,81,82 As

discussed below, these mice are capable of producing anti-Gal and, thus, serve as an effective model for studying the

exploitation of this antibody for clinical purposes.

The success in cloning a1,3GT KO mice was followed by cloning of KO pigs by nuclear transfer.83–86 These KO

pigs have been reported to be phenotypically and physiologically normal. The success in generation of such pigs,

despite the very high expression of a-gal epitopes on wild-type (WT) pig cells (1–30�106 a-gal epitopes/cell),28,87

suggests that many of the important functions of cell surface carbohydrate chains (e.g., formation of a hydration layer

on cells membranes) may be carried out by carbohydrate chains with various interchangeable epitopes. The a1,3GT

KO pigs have brought xenotransplantation closer to being a clinical reality. Studies on transplantation of hearts or

kidneys from these pigs into monkeys have reported that these organs functioned for several weeks and up to

6months in one recipient of pig heart.88–91 There are many additional immunologic obstacles for the success of xe-

notransplantation, primarily in controlling the recipient’s immune response to multiple pig proteins that are immuno-

genic in primates. Nevertheless, the generation of pigs that lack a-gal epitopes has been an essential step for progress

in prevention of xenograft rejection.
3.13.6 Targeting Vaccines Expressing a-gal Epitopes to APC

The production of anti-Gal in large amounts in all humans (unless they are severely immunocompromised) may be

exploited for a variety of clinical uses, in particular in the areas of autologous cancer vaccines and microbial vaccines.

A major limit to the efficacy of any vaccines is the uptake of the vaccine by APC. When a vaccine is administered by

injection, no immune response occurs at the vaccination site, other than the uptake of the vaccinating molecules or

particulate material (e.g., cells or cell membranes) by APC. These APC transport the vaccine to the lymph nodes

draining the vaccination site, where they process the vaccinating protein molecules into peptides that are presented on

the surface of these cells in association with class I or class II major histocompatibility complex (MHC) molecules.

T-cell receptors of cytotoxic and helper T-cells can interact with the processed peptides only when they are presented

on MHC molecules of APC. This interaction results in activation of the T-cells specific for the vaccine peptides and

the initiation of the immune response to any given vaccine.92,93 Since many vaccines have no markers that identify

them for uptake by APC at the vaccination site, their uptake by APC is minimal and is mediated by random

pinocytosis, resulting in very poor immunogenicity.

In vivo administration of molecules, particulate material, or cells expressing a-gal epitopes, all result in binding of the

natural anti-Gal antibody and formation of immune complexes. We, therefore, hypothesized that this antigen/antibody

interaction may serve as a means to effectively target various vaccines to APC.94–98 APC, including macrophages,

dendritic cells, and Langerhans cells of the skin, all express Fcg receptors (FcgR) that effectively bind the Fc portion

of IgG molecules which are bound to their corresponding antigens by their combining sites99–107 (Figure 1 illustrates

this principle with tumor cells used as vaccine). Thus, in situ binding of the natural anti-Gal IgG antibody to a-gal
epitopes on various types of vaccines labels the vaccine as molecules, particles, or cells as antigens that should be

internalized by APC and transported to the lymph nodes, thereby increasing the immunogenicity of the vaccine. Anti-

Gal-mediated increase in uptake, processing, and presentation of an antigen was demonstrated with influenza virus
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Figure 1 Targeting of autologous tumor vaccines expressing a-gal epitopes to APC by the natural anti-Gal antibody. The
natural anti-Gal antibody in the treated patient binds in situ to a-gal epitopes on vaccinating tumor cells or cell membranes.

The interaction between the Fc portion of the bound anti-Gal and FcgR on APC induces effective uptake of the vaccine into

the APC and, thus, the effective internalization of tumor antigens on the tumor membranes. The internalized tumor antigens

are processed and the immunogenic tumor antigen peptides (�) are presented by the APC in association with class I or II
MHC molecules.
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expressing a-gal epitopes on the N-linked carbohydrate chains of the viral envelope hemagglutinin molecule.43 This

principle of targeting vaccines expressing a-gal epitopes to APCmay be exploited in the field of cancer immunotherapy

where the autologous tumor is used as source for the vaccinating material.
3.13.7 The a-gal Epitopes on Autologous Tumor Vaccines

Tumor cells express a variety of antigens which are unique to these cells and, thus, can serve as targets for the immune

system. These antigens are referred to as ‘tumor antigens’ and they may differ in various types of tumors and in various

patients with the same type of tumor. Many of the tumor antigens appear in tumor cells as a result of the multiple

mutations occurring in the course of the development of the malignant tissue. These antigens enable the immune

system to identify malignant cells and destroy them. However, the immune system in cancer patients fails to detect

and ‘ignores’ the tumor antigens; therefore, the developing cancer is not affected by an immune response. Cancer

immunotherapy aims to stimulate the immune system to recognize the tumor antigens as foreign antigens and, thus, to

destroy the tumor cells. Whereas large tumors can be resected by surgery, many invisible small groups of tumor cells,

called micrometastases, which are refractory to chemotherapy, cannot be eliminated, and they ultimately develop into

lethal lesions. Since the resected tumor contains tumor cells and cell membranes that express tumor antigen, this

tissue may serve as an appropriate source for vaccinating tumor antigens. However, injection of tumor cells or of tumor

membrane homogenates from the tumor removed by surgery is unlikely to elicit an immune response against the

tumor antigens. This is because tumor cells, while evolving in vivo to evade the immune system, eliminate any marker

that identifies them as cells that have to be internalized by APC and their tumor antigens processed.108,109 We could

overcome this limitation in detection of autologous tumor vaccines by APC by using recombinant a1,3GT for

synthesizing a-gal epitopes on tumor cell membranes.

We cloned the a1,3GT gene from a cDNA library of a New World monkey (marmoset) cell line,60 based on the ho-

mologous sequence in mouse.35 In order to enable secretion of the enzyme, the cloned gene was truncated to remove

the transmembrane and cytoplasmic domains. Recombinant a1,3GT could be effectively produced in E. coli,94 in

mosquito cells infected with baculovirus containing the a1,3GT gene,96 or in the yeast Pichia pastoris.110 Production of

this enzyme in the yeast expression system was found to be the most convenient because of relatively easy purification

of the secreted ra1,3GT produced, which is tagged with a (His)6 tag and, thus, can be isolated on a nickel-Sepharose

affinity column.110

Synthesis of a-gal epitopes on carbohydrate chains with terminal N-acetyllactosamine (Galb1-4GlcNAc-R or

Galb1-3GlcNAc-R) is achieved by the use of recombinant ra1,3GT. Since a large proportion of asparagine (N-)

linked carbohydrate chains of human glycoproteins and carbohydrate chains of glycolipids have N-acetyllactosa-

mines that are capped with sialic acid (Sia), a-gal epitope synthesis on such carbohydrate chains is achieved by a

two-step reaction,94–96,110 as described in Figure 2: (1) Sia is removed by neuraminidase in order to expose the

penultimate N-acetyllactosamine residues, and (2) ra1,3GT synthesizes a-gal epitopes on these N-acetyllactosamine
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Figure 2 Enzymatic reactions synthesizing a-gal epitopes on tumor cell membranes. Sia is cleaved from the carbohydrate
chains by neuraminidase. Recombinant a1,3GT synthesizes a-gal epitopes by transferring galactose from the sugar donor

uridine diphosphate galactose (UDP-Gal) to the N-acetyllactosamine residues (Galb1-4GlcNAc-R) exposed following the

removal of sialic acid. The de novo-synthesized a-gal epitopes bind anti-Gal, which targets the tumor cell membranes to

APC.
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residues by linking a galactose from the sugar donor uridine diphosphate galactose (UDP-Gal). The two enzymatic

reactions are performed within the same solution and the incubation time is 2h at 37�C. Incubation of human tumor

cells with these enzymes resulted in the expression 0.5–10�106 a-gal epitopes per cell.96,111 Anti-Gal readily binds to

these de novo-expressed a-gal epitopes and induces the very effective uptake of the tumor cells by APC, including

macrophages and dendritic cells.96,112 Tumor cells lacking a-gal epitopes are not internalized by APC in presence of

anti-Gal. Similarly, tumor cells expressing a-gal epitopes are not taken up by APC in the absence of anti-Gal

antibodies.96,112 The processed tumor cells, or tumor cell membrane expressing a-gal epitopes, can be stored frozen

until the patient reaches remission and the immune system recovers from the toxic side effects of the standard

chemotherapy and radiation therapy. At that stage, the autologous tumor vaccine expressing a-gal epitopes is

subjected to lethal radiation to kill any remaining live cell, and the patient can receive repeated injections of this

vaccine. Because of the in situ binding of anti-Gal to the synthesized a-gal epitopes and the resulting targeting of the

vaccine to APC, this treatment effectively presents the autologous tumor antigens to the immune system of the

patient. In some of the treated patients, this immunotherapy may elicit a protective immune response against

metastatic tumor cells expressing tumor antigens as those in the resected tumor used for vaccine preparation.
3.13.8 Analysis of Tumor Vaccines Expressing a-gal Epitopes
in an Experimental Animal Model

Nonprimate mammals in general cannot serve as experimental models for studying anti-Gal-mediated targeting of

tumor vaccines to APC because they synthesize a-gal epitopes and thus lack the ability to produce anti-Gal, that is,

they are immunologically tolerant to the a-gal epitope. The only available model is that of a1,3GT KO mice.54,55
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As indicated above, these mice lack a-gal epitopes; therefore, they are not immunotolerant to it and can produce anti-

Gal IgG in titers similar to those observed in humans. For anti-Gal production, the mice have to be immunized with

xenogeneic membranes expressing a-gal epitopes such as rabbit red cell membranes or pig kidney membranes.82,97,98

As a tumor model, we have used the highly tumorigenic mouse melanoma cell line B16, which is unique among mouse

cell lines in that it does not express a-gal epitopes.113 The ability of these cells to serve as vaccines, after they were

processed to express a-gal epitopes, was tested with B16 melanoma cells that underwent stable transfection with

a1,3GT gene97 and with B16 cells that were transduced with a replication defective adenovirus vector that contains

the a1,3GT gene.98 Both types of cells were found to express 0.5–1.0�105 a-gal epitopes/cell.97,98 This experimental

model simulates autologous tumor vaccine immune parameters in humans, in that the host produces anti-Gal, and the

tumor lacks a-gal epitopes. Immunization of KO mice with irradiated B16 cells expressing a-gal epitopes elicited a

protective anti-B16 immune response that in a large proportion of the vaccinated mice protected against subsequent

challenge with live B16 tumor cells.97,98 This protection was much higher than that observed in KO mice immunized

with B16 tumor cells lacking a-gal epitopes. The ability of B16 cells expressing a-gal epitopes to elicit a protective

immune response was also confirmed by other investigators who used B16 cells that underwent stable transfection

with the a1,3GT gene in a retrovirus vector.114,115 Overall, these findings imply that the in vivo anti-Gal-mediated

targeting of cells expressing a-gal epitopes to APC indeed results in increased immunogenicity of the autologous

tumor vaccine. In a clinical setting, such vaccines may elicit a protective immune response against small groups of

tumor cells (micrometastases), which, in the absence of such a protective immune response, develop into lethal

multiple lesions.
3.13.9 Conversion of Tumor Lesions into ‘Xenograft’ by Intratumoral
Expression of a-gal Epitopes

In addition to increasing immunogenicity of autologous tumor vaccines by in vitro synthesis of a-gal epitopes, anti-Gal

and a-gal epitopes may be exploited in cancer immunotherapy by in situ induction of this epitope expression within

treated tumor lesions, thereby achieving intratumoral expression of the xenograft carbohydrate phenotype. One

example is the injection of an adenovirus vector or other gene therapy vectors containing the a1,3GT gene directly

into tumor lesions. Such treatment will result in transduction of the tumor cells with this gene and the subsequent

expression of a-gal epitopes on the transduced tumor cells in a manner similar to the expression of the epitope on

tumor cells transduced in vitro by this gene.98,116,117 Transduced tumor cells expressing a-gal epitopes within the

treated lesion will bind anti-Gal and be destroyed by mechanisms similar to those observed in xenograft destruction

(e.g., pig meniscus cartilage transplanted in monkeys).67–70,118 This destruction is likely to be mediated by anti-Gal-

induced intratumoral inflammation, followed by destruction of cells binding anti-Gal primarily by complement

activation and by the antibody-dependent cell-mediated cytotoxicity (ADCC) mechanism. Anti-Gal binding to

a-gal epitopes on the tumor cells further targets them to be effectively taken up by APC, thereby converting the

treated tumor lesions into in situ autologous tumor vaccines. The resulting immune response elicited by such in situ

autologous tumor vaccines may be potent enough to destroy invisible micrometastases, which otherwise will develop

into lethal lesions.
3.13.10 Increasing Immunogenicity of Microbial Vaccines by a-gal Epitopes

The principle of increased immunogenicity of vaccines processed to express a-gal epitopes, by anti-Gal targeting to

APC, is also applicable to microbial vaccines. One example demonstrating such anti-Gal-mediated increased proces-

sing and presentation of viral antigens has used influenza virus as a model.43 Influenza virus was propagated in Madin

Darby bovine kidney (MDBK) cells which have active a1,3GT, or in embryonated chicken eggs which lack this

enzyme. As expected, the virus propagated in MDBK cells expressed a-gal epitopes on the multiple carbohydrate

chains of the envelope glycoprotein hemagglutinin, whereas the virus propagated in chicken cells lacked this

epitope.43 The inactivated viruses were incubated with mouse APC, with anti-Gal, and with a T-cell line that is

activated in the presence of hemagglutinin peptides presented on APC by class II MHC molecules. The extent of

T-cell activation was used as a readout system for presentation of the hemagglutinin peptides by APC. We found that

in presence of anti-Gal, the processing and presentation of inactivated influenza virus expressing a-gal epitopes was
�10-fold higher than that of virus lacking a-gal epitopes.43 In subsequent studies, we demonstrated the synthesis of

a-gal epitopes on influenza virus hemagglutinin molecules isolated from egg-propagated virus, by in vitro incubation

with ra1,3GT and UDP-Gal.119 These studies raise the possibility that vaccination with viral proteins or other
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microbial proteins processed to express a-gal epitopes may increase their immunogenicity in humans, as a result of

anti-Gal binding to such vaccines and targeting them to APC. Accordingly, we have recently shown that the gp120

envelope glycoprotein of HIV elicits in a1,3GT KO mice a >100 stronger immune response, if processsed enzymati-

cally to carry a-gal epitopes, in comparison to original unprocessed gp120.120
3.13.11 Conclusions

The a-gal epitope is a unique carbohydrate structure among the many different mammalian carbohydrate epitopes

in that it is synthesized in large amounts on cells of nonprimate mammals, prosimians, and New World monkeys by

a1,3GT, but it is absent in Old World monkeys, apes, and humans, all of which produce large amounts of the anti-Gal

antibody that interacts specifically with this epitope. The lack of a-gal epitopes in Old World primates is the result of

evolutionary inactivation of the a1,3GT gene in ancestral primates <28Ma. Anti-Gal in humans functions as a barrier

to pig xenografts since its binding to a-gal epitopes on xenograft cells results in immune-mediated rejection. a1,3GT

knockout pigs lack a-gal epitopes, and thus xenografts from these pigs are not affected by anti-Gal. Since anti-Gal is

naturally present in humans, it can be exploited in the clinical setting for increasing the immunogenicity of vaccines

such as autologous tumor vaccines and microbial vaccines processed to express a-gal epitopes. Binding of anti-Gal to

these epitopes on vaccines results in their effective targeting to APC, which transport the internalized vaccine to

lymph nodes. The APC process and present the immunogenic peptides for effective activation of the immune system

against the vaccinating antigens. Moreover, methods for intratumoral expression of a-gal epitopes (e.g., injection of

adenovirus containing the a1,3GT gene) will result in the xenograft-like destruction of the treated lesions and in their

conversion into an in situ autologous tumor vaccine. Additional research on the a-gal epitope and the natural anti-Gal

antibody may yield novel methods for clinical exploitation of this unique natural antibody that is present in all humans

who are not severely immunocompromised.
Glossary

a-gal epitope Gala1-3Galb1-4GlcNAc-R epitope.

a1,3GT a-1,3-Galactosyltransferase.

a1,3GT KO mouse a1,3GT knockout mouse.

Anti-Gal Natural antibody interacting specifically with a-gal epitopes.
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3.14.1 Introduction: Exploring the Origin of Glycan Differentiation

Our bodies are capable of producing a huge variety of oligosaccharide structures in different organs, tissues, and cells.

Reflecting the presence of many factors, such as sugar nucleotide-synthases, sugar nucleotide-transporters, glycosi-

dases, and enormously diversified glycosyltransferases, the glycan diversity is generated by various combinations of

relatively small kinds of monosaccharides, using different linkages, branching, and elongations, as well as sulfations

and phosphorylations of sugar moieties. One of the biological significance of glycan diversity is conferring different

affinity to carbohydrate-binding proteins (lectins), which specifically recognize certain oligosaccharide structures.

In the past years, the function of some glycans had been successfully demonstrated by knockin/knockout animal

experiments of several glycosyltransferases. If endogenous receptors of certain glycan structures have already been

identified, and deficiency of the glycan exhibits some notable symptoms, it is relatively easy to speculate their

biological functions.

The presence of many other structures of glycans, however, cannot be accounted without considering the fact that

they have a chance to be recognized by exogenous receptors derived from nonself organisms.1 Several indirect

investigations suggest that diversified glycans may be for defense against infection of bacteria, virus, and parasites,

or for scaffolds of symbiotic or commensal microbes, which often utilize carbohydrate receptors on host cells as

targets.2 Since our bodies are constantly in contact with enormous numbers of microbes, estimated to be more than an

order of magnitude larger than the total number of somatic and germ cells of host,3 a large number of different glycan

structures on host cells might be required to regulate the interaction with these microbes.

Species-specific glycans are often found by comparison of oligosaccharide structures of the same tissues, organs, or

glycoproteins obtained from different species. Although the species-specific glycans are sometimes regarded as

obstacles to elucidate biological roles of certain carbohydrate chains when employing animal models for in vivo

experiments, they have not been always considered to be the object of scientific studies. They are lacking clear-cut

evidence of their function, and are apparently dispensable for physical homeostasis, since they are not evolutionally

conserved. Nevertheless, variation of carbohydrate structures is one of the significant characteristics of glycans, and is

constantly produced in all organisms spanning bacteria to humans. The glycan diversity seems to be utilized for

communication between self and nonself, and constructed during the evolution and diversification of animals in

species-specific manner. Investigation of the mechanism to generate glycan differentiation will provide a new insight

into the evolutionary position of our bodies expressing the enormously diversified glycan structures. Although so far

only limited information exists on species-specific glycans, exploring the origin of glycan differentiation will be the

first step to understand the mechanism to produce glycan diversity.

The expression of Gala1-3Gal and N-glycolylneuraminic acid (NeuGc) are two of the better-known cases of

investigation with regard to the relationship with phylogeny (Chapters 3.12 and 3.15). Gala1-3Gal is expressed in

all mammals except human, apes, and Old World monkeys.4–6 Inactivated genes encoding a-1,3-galactosyltransferase
(a-1,3-GalT), the enzyme to form Gala1-3Gal, had been found in these primates and humans.7–10 The occurrence of

this gene mutation was estimated to be between 40 and 25 millions years ago (Ma), after the ancestors of Old World

monkeys and New World monkeys diverged from the common ancestral primates. In another example, deficiency
237
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of NeuGc in humans is unique among mammals. The human-specific inactivation of a gene encoding CMP

N-acetylneuraminic acid hydroxylase, which is one of the critical enzymes to produce CMP-NeuGc,11,12 was esti-

mated to have occurred 2.8–2.7Ma.13–16 The investigations of Gala1-3Gal and NeuGc-expression indicated that some

glycan diversifications are inscribed in genes and maintained for a long period. However, these studies are mostly on

mammals, and little systematic studies for nonmammalian vertebrates had been reported.

In this chapter, we present the investigation of species-specific glycans containing Gala1-4Gal (galabiose) sequence.

This structure is typically found in mammalian glycolipids, and recognized by some pathogens, such as uropathogenic

Escherichia coli17,18 and Shiga-like toxin type 1.19 In contrast, glycoproteins containing Gala1-4Gal were rarely found in

vertebrates except in a few species of birds and amphibians until recently. However, we had recently reported that

pigeon (Columba livia) egg white and serum glycoproteins are rich in N-glycans with Gala1-4Gal at nonreducing

termini.20–22 The investigation with egg white glycoproteins from 181 avian species also revealed that the distribution

of (Gala1-4Gal)-containing glycoproteins was not rare among avians, as was thought to be before, and is correlated with

the phylogeny of birds.23,24 The differentiated expression most likely emerged at an earlier stage of diversification of

modern birds, but some birds might have lost the facility for the expression relatively recently.
3.14.2 Gala1-4Gal in Nature

(Gala1-4Gal)-containing glycoconjugates are apparently distributed widely but not ubiquitously in nature. In mam-

mals, such as human, rat, mouse, pig, and hamster, several glycolipids are known to contain Gala1-4Gal sequences,

either at internal or at terminal position of glycan chains (Table 1). Globotriosylceramide (Gb3) possesses a trisaccha-

ride, Pk antigen (Gala1-4Galb1-4Glc-), which is originally found on red blood cells. This glycolipid is expressed

mainly in kidney and lung, but also detected in many other tissues as well as on erythrocytes and splenic pre-B cells.25

P1 antigen (Gala1-4Galb1-4GlcNAcb1-3Galb1-4Glc-) is also known as a blood-type antigen, but unlike Gb3, its

distribution seems to be limited mainly on erythrocytes. It is demonstrated that formation of Gala1-4Gal linkages on

both Pk and P1 antigens are produced by the action of the same enzyme, a-1,4-galactosyltransferase (a-1,4-GalT, also

known as Gb3 synthase), although the production of Gala1-4Gal on P1 antigens requires higher expression level of this

enzyme than that to produce Pk antigens.26

In contrast to the wide distribution of (Gala1-4Gal)-containing glycolipids, (Gala1-4Gal)-containing glycoproteins

from mammals are extremely limited. Several groups reported the presence of (Gala1-4Gal)-containing glycoproteins

from humans,27–29 but they are only determined by antibodies and/or lectins. To confirm the actual glycoformes,

isolation of the glycoproteins and detailed carbohydrate structural analysis remain to be examined.

Besides mammals, several vertebrates are known to express (Gala1-4Gal)-containing glycoproteins (Table 2 and

Figure 1), and their oligosaccharide structures are determined by high-performance liquid chromatography (HPLC),

mass spectrometry, and/or NMR analyses. In avians, salivary gland mucin from Chinese swiftlet contains O-glycans

with Gala1-4Gal.30 N-Glycans from pigeon egg white glycoproteins such as ovalbumins, ovotransferrin, and ovomu-

coid, and serum IgG also contain Gala1-4Gal at nonreducing termini.20–22 Some species of amphibians, such as

Xenopus laevis,31 Rana clamitans,32 and Ambystoma mexicanum,33 are reported to express O-glycans containing Gala1-
4Gal on their egg jelly coats. One of the fish species, Scyliorhinus caniculus, is reported to produce glycoprotein-derived
Table 1 Examples of glycolipids containing Gala1-4Gal

Namea Structuresb

P1 antigen Gala1-4Galb1-4GlcNAcb1-3Galb1-4Glcb1-10Cer
Pk antigen (Gb3, CD77) Gala1-4Galb1-4Glcb1-10Cer
P antigen (Gb4) GalNAcb1-3Gala1-4Galb1-4Glcb1-10Cer
SGG NeuAca2-3Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb1-10Cer
DSGG NeuAca2-3Galb1-3(NeuAca2-6)GalNAcb1-3Gala1-4Galb1-4Glcb1-10Cer

aGb3: globotriaosylceramide, Gb4: globotetraosylceramide, SGG: sialosyl galactosyl globoside, DSGG: disialosyl

galactosyl globoside.
bCer: ceramide, Gal: D-galactose, GalNAc: N-acetyl-D-galactosamine, Glc: D-glucose, NeuAc: N-acetylneuraminic acid.

Gala1-4Gal sequences are in italic.

Reproduced from Suzuki, N.; Laskowski, M., Jr.; Lee, Y. C. Biochim. Biophys. Acta 2006, 1760, 538–546.



Table 2 Glycoproteins containing Gala1-4Gal sequencea

Animals Location Glycoformesb References

Vertebrates
Avians

Pigeons (Columba livia) Egg white glycoproteins, serum IgG N-Glycans 20–22

Swiftlet (Genus Collocalia) Salivary gland mucin O-Glycans 30

Amphibians

Ambystoma mexicanum Egg jelly coat O-Glycans 33

Rana clamitans Egg jelly coat O-Glycans 32

Xenopus laevis Egg jelly coat O-Glycans 31

Fish

Scyliorhinus caniculus Egg Free N-glycans 34

Parasites

Tapeworm (Echinococcus granulosus) Hydatid cyst membrane, protoscoleces N-Glycans 37

aGlycoproteins which may contain Gala1-4Gal sequences but determined by only lectins and/or antibodies without
chemical structural analyses are not listed in this table.
bExamples of determined carbohydrate structures are shown in Figure 1.
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free oligosaccharides containing Gala1-4Gal sequence from eggs.34 It should be noted that the same glycoproteins

from other species do not always contain Gala1-4Gal, even though the species belong to the same class of avians,

amphibians, or fish. For example, chicken egg white glycoproteins, such as ovalbumin and ovomucoid, mainly contain

high mannose-type and hybrid-type N-glycans,35,36 and no existence of Gala1-4Gal is detected in these and other

glycoproteins in chicken.

Gala1-4Gal is also expressed in some parasites and bacteria. The tapeworm (Echinococcus gramulosus) causes hydatid

disease in dog, sheep, cattle, pig, and humans. The cyst fluid, membrane, and protoscoleces are known to contain

glycoproteins with P1 epitopes. N-glycan structures of the hydatid cyst membrane and protoscoleces were analyzed by

mass spectrometry, supporting the presence of P1 epitopes on glycoproteins.37 The liver flukes Fasciola gigantica and

F. hepatica, which cause fascioliasis, are reported to express Gb3 in their tegument.38 In bacteria, some strains of

Neisseria gonorrhoeae,39 N. meningitidis,40 Haemophilus influenzae,41,42 and Moraxella catarrhalis43–45 are reported to

contain Gala1-4Gal sequence as a part of their lipopolysaccharides/lipooligosaccharides. LgtC genes encoding the

bacterial a-1,4-galactosyltransferase are cloned from N. gonorrhoeae and N. meningitides, and utilized for in vitro

chemoenzymatic synthesis of P1 and Pk antigens.46,47

In most cases, presence of the (Gala1-4Gal)-containing glycoconjugates in animals was discovered by chance rather

than by systematic investigation. Considering the fact that Gala1-4Gal is found in various animals, this structure can

very well exist in many other species. This expectation was true in the case of avians, and it was demonstrated by

comparison of the expression of (Gala1-4Gal)-containing glycoproteins and the avian phylogeny as described in the

following section.
3.14.3 Selection of Avian Phylogeny

Phylogeny shows an evolutional history of known species evolved from a single origin. It is believed that the origin of

birds is divided from a lineage of reptiles, which may or may not be dinosaurs. The fossil record of Archaeopteryx is

estimated to be about 150Ma, and the history of birds is regarded to begin in this period, that is, late Jurassic. Since

then, many avian species have emerged, and most of them have become extinct leaving only fossil records. The

modern birds (Neornithes) are descendants of survived birds, and evidence shows that they are diversified from

monophyletic origin.

Evolution and phylogeny of modern birds was proposed from several studies, but has not been regarded as complete

with a concordant agreement of investigators. A number of methods for estimating the evolutional aspects are

developed in comparative biology, but there always remain some contradictions and disagreement. Traditionally,

phylogeny had been constructed based on morphological studies. However, uncertainty always remains with respect

to the relationship among species, because convergent evolution is often generated under the same environmental

demands, leading to morphological similarity. Later, several ‘molecular evolutionary clocks’ were utilized to measure

evolutional distances among species, such as by comparison of immunogenicity, amino acid sequences, and DNA
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Figure 1 Representative (Gala1-4Gal)-containing oligosaccharide structures of glycoproteins derived from several spe-

cies. N-glycans from pigeon ovalbumin A, pigeon serum IgG B, O-glycan from salivary gland mucin of Chinese swiftlet C,
O-glycans from egg jelly coat from Ambystoma mexicanum D, Xenopus laevis E, Rana clamitans F, free oligosaccharide
from eggs of Scyliorhinus caniculus G, and N-glycan from Echinococcus granulosus hydatid cyst membrane H are

represented in this figure. The linkages of structure H have not been assigned, but is most likely Gala1-4Gal based on

its antigenicity. Gala1-4Gal sequences are in italic. References for these structures are shown in Table 2. Monosaccharides
are denoted as follows: Fuc, fucose; Man, mannose; GlcNAc, N-acetylglucosamine; Gal, galactose; NeuAc, N-acetylneur-

aminic acid; dNloA, 3-deoxy-D-glycero-D-galacto-nonulosonic acid.
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sequences. Although the comparison of DNA sequences among species is most popular to measure degrees of genetic

similarity currently, reconstruction of avian phylogeny by this method has not been accomplished due to lack of

sufficient data sets covering more than 9000 existing species of modern birds.

Tempo of avian evolution also has not been determined clearly. Dates of the past evolutional events can be

estimated only from fossil records, but the fossils of most of the avian species are underrepresented, due to their

fragile bones and circumstances not conducive to preservation. Based on the limited fossil records, Tertiary radiation

hypothesis proposes that most of the lineages of ancient birds as well as other animals including dinosaurs had died in

mass extinction of the Cretaceous–Tertiary (K–T) boundary (c. 65Ma), and most of the living birds had diverged

explosively in the early Tertiary.48,49 On the other hand, molecular clocks based on DNA sequences among avian

orders and families conclude that nearly all modern avian orders arose in the Cretaceous, with divergence dates

generally being 100Ma or even older, and survived in the K–Textinction event.50–52 The molecular clock method is,

however, based on an assumption that the rate of genetic differentiation is constant.
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Figure 2 Relationship between expression of Gala1-4Gal in avian egg white glycoproteins and phylogeny of modern birds.

The phylogenetic tree is based on DNA–DNA hybridization by Sibley et al.53 The position of the Turniciformes in their
classification is uncertain, and is indicated with dashed line. Avian orders belonging to Ratitae (*) and Galloanserae (**) are

indicated with asterisks. Samples from Galbuliformes, Bucerotiformes, and Trogoniformes are not available (N/A). Repro-

duced from Suzuki, N.; Laskowski, M., Jr.; Lee, Y. C. Proc. Natl. Acad. Sci. USA 2004, 101, 9023–9028.
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From among several proposed avian phylogenies, we utilized the one based on DNA–DNA hybridization by Sibley

et al.53,54 (Figure 2) for comparison of the expression of Gala1-4Gal as described in the following section. Since Sibley

and his co-workers built up a large tapestry of phylogenetic tree, which includes most of the modern birds, it was

suitable for our purpose. DNA–DNA hybridization method calculates genetic distances based on melting tempera-

tures for hybridization between DNA fragments from pairs of species. The phylogeny of this method, however, leaves

some disagreements with those obtained by traditional morphology. One of the remarkable differences is Ciconii-

formes of the Sibley’s classification, which were traditionally classified as Charadriiformes (e.g., gulls), Falconiformes

(e.g., eagles), Podicipediformes (grebes), Pelecaniformes (e.g., tropic birds), Ciconiiformes (e.g., storks), Sphenesci-

formes (penguins), Gaviiformes (loons), and Procellariformes (e.g., albatrosses). It should be noted that the root of

Galloanserae (e.g., chickens, ducks) was initially placed closer to Ratitae (traditionally called Paleognathae) by DNA–

DNA hybridization interpretation as shown in Figure 2,55 but it was revised to be closer to non-Ratitae/Galloanserae

(also known as Neoaves) by Sibley et al.53 This revised position is consistent with those obtained by morphological

study and other molecular clock methods.
3.14.4 Phylogenetic Expression of (Gala1-4Gal)-Glycoproteins

The presence of (Gala1-4Gal)-glycoproteins was examined using egg whites from 20 orders, 88 families, 163 genera,

and 181 species of birds,56–60 and probed by Western blot with GS-I lectin (terminal a-Gal/GalNAc-specific) and anti-

P1 mAb (Gala1-4Galb1-4GlcNAc-specific).23 The results indicated that 104 of 181 species were positive in GS-I/anti-

P1 mAb staining, suggesting that they express Gala1-4Gal. On the other hand, avian egg whites from 180 of 181

species were stained with RCA-I lectin (higher affinity for terminal b-Gal), suggesting that these birds most likely

possess at least the precursor, Galb1-4GlcNAc-, and UDP-Gal, to form Gala1-4Galb1-4GlcNAc-sequence. In this

case, the expression of Gala1-4Gal is most likely correlated with activity of the putative a-1,4-GalT. The only one

species, which was not stained with RCA-I, was stained with only Con A, suggesting that this species does not express

precursors of Gala1-4Gal in oviduct (Table 3).



Table 3 Avian egg whites examined for lectin/mAb-staining

Order Family
(by DNA)a Abbrev.b Common nameb Latin nameb

Con
Ac

RCA-
Ic

GS-
Ic

anti-P1

mAbc

Struthioniformes

Struthionidae

OST Ostrich Struthio camelus � þ � �
Rheidae

REA Greater rhea Rhea americana � þ � �
Casuariidae

ASC Australian cassowary Casuarius casuarius � þ � �
EMU Emu Dromaius

novaehollandiae
� þ � �

Tinamiformes

Tinamidae

CTI Elegant crested-tinamou Euotromia elegans � þ � �
BTI Brushland tinamou Nothoprocta

cinerascens
þ þ � �

GTI Great tinamou Tinamus major � þ � �
Craciformes

Cracidae

RCU Razor-billed curassow Mitu tuberosa
(Crax mitu)

þ þ � �

Megapodiidae

MLF Malle fowl Leipoa ocellata � þ � �
Galliformes

Phasianidae

CPF Congo peafowl Afropavo congensis þ � � �
MGA Malay great argus Argusianus argus þ þ � �
RFG Ruffed grouse Bonasa umbellus þ þ � �
COF Coqui francolin Francolinus coqui þ þ � �
TTR White-tailed ptarmigan Lagopus leucurus þ þ � �
SVP Silver pheasant Lophura nycthermera þ þ � �
TKY Wild turkey Meleagris gallopavo þ þ � �
CTP Cabot’s tragopan Tragopan caboti � þ � �
STP Satyr tragopan Tragopan Satyra þ þ � �

Numididae

VGU Vulturine guineafowl Acryllium vulturinum þ � � �
GUI Helmet guineafowl Numida Meleagris þ � � �

Odontophoridae

SCQ Scaled quail Callipepla squamata þ þ � �
BWQ Bobwhite quail

(Northern bobwhite)

Colinus virginianus þ � � �

MTQ Mountain quail Oreortyx pictus þ þ � �
Anseriformes

Anhimidae

SOS Southern screamer Chauna torquata � þ � �
Anseranatidae

MPG Magpie goose Anseranas
semipolmata

� þ � �

Dendrocygnidae

PWD Plumed whistling-duck Dendrocygna eytoni þ þ � �
Anatidae

WOD Wood duck Aix sponsa þ þ � �
EAW Eurasian widgeon Anas penelope þ � � �
RED Redhead Aythya americana þ � � �
CNG Canada goose Branta canadensis � þ � �
BGE Barrow’s goldeneye Bucephala islandica þ � � �
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RIT Ringed teal Callonetta leucophrys
(Anas leucophrys)

þ þ � �

SWN Black swan Cygnus atratus � þ � �
Turniciformes

Turnicidae

RBQ Red-backed buttonquail Turnix maculosa þ þ þ þ
BBQ Black-breasted buttonquail Turnix melanogaster þ þ þ þ
BRQ Brown-rumped buttonquail Turnix nana þ þ þ þ
BUQ Buttonquail (Small

buttonquail)

Turnix sylvatica þ � � �

PBQ Painted buttonquail Turnix varia þ þ þ þ
Piciformes

Picidae

GTW Golden-tailed woodpecker Campethera abingoni � þ � �
CFL Common flicker Colaptes auratus � þ � �
EWN Eurasian wyneck Jynx torquilla � þ � �

Upupiformes

Upupidae

EHO Eurasian hoopoe Upupa epops þ � þ þ
Coraciiformes

Coraciidae

LBR Lilac-breasted roller Coracias caudata � þ � �
Brachypteraciidae

PGR Pitta-like ground-roller Atelornis pilloides � þ � �
Alcedinidae

MPK Madagascar pygmy-

kingfisher

Ispidina
madagascariensis

� þ � �

Halcyonidae

LGK Laughing kookaburra Dacelo novaeguineae � þ � �
SKF Sacred kingfisher Todirhamphus sanctus � þ � �

Cerylidae

BKF Belted kingfisher Megaceryle alcyon � þ � �
Meropidae

RBE Rainbow bee-eater Merops ornatus � þ � �
Coliiformes

Coliidae

SMB Speckled mousebird Colius striatus þ þ þ þ
Cuculiformes

Cuculidae

CGC Coral-billed ground-cuckoo Carpococcyx renauldi � þ þ þ
GSC Great spotted cuckoo Clamator glandarius þ þ þ þ

Centropodidae

PCO Pheasant coucal Centropus
phasianinus

þ þ þ þ

Coccyzidae

YBC Yellow-billed cuckoo Coccyzus americanus þ þ þ þ
Crotophagidae

SBA Smooth-billed ani Crotophaga ani � þ þ þ
GCC Guira cuckoo Guira guira þ þ þ þ

Neomorphidae

RDR Roadrunner (Greater

roadrunner)

Geococcyx
californianus

� þ þ þ
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Psittaciformes

Psittacidae

YPT Yellow-headed parrot

(Yellow-crowned parrot)

Amazona
ochrocephala

� þ þ þ

TPT Turquois-fronted parrot

(Blue-fronted parrot)

Amazona aestiva � þ þ þ

WCC White cockatoo Cacatua alba � þ þ þ
BGR Budgerigar Melopsittacus

undulatus
� þ þ þ

WPT White-capped parrot (White-

crowned parrot)

Pionus senilis � þ þ þ

GPT Gray parrot Psittacus erithacus � þ þ þ
Apodiformes

Apodidae

CSW Common swift Apus apus � þ þ þ
PSW Pallid swift Apus pallidus � þ þ þ
STS Sao Tome spinetail Zoonavena thomensis � þ þ þ

Trochiliformes

Trochilidae

STH Swallow-tailed hummingbird Eupetomena
macroura

� þ þ þ

Musophagiformes

Musophagidae

GGB Gray go-away-bird Corythaixoides
concolor

� þ þ þ

WCT White-cheeked turaco Turaco leucotis þ þ þ þ
Strigiformes

Tytonidae

BOW Barn owl Tyto alba þ þ þ þ
Strigidae

SNO Snowy owl Nyctea scandiaca þ þ þ þ
Podargidae

TFM Tawny frogmouth Podargus strigoides � þ þ þ
Caprimulgidae

LTN Large-tailed nightjar Caprimulgus
macrurus

þ þ � �

PWN Pennant-winged nightjar Macrodipteryx
vexillarius

þ þ � �

Columbiformes

Columbidae

RKD Rock dove Columba livia � þ þ þ
CWP Common wood-pigeon Columba palumbus � þ þ þ
PGD Picui ground-dove Columbina picui � þ þ þ
CPI Common crowned pigeon

(Western crowned-pigeon)

Goura cristata þ � � �

BCD Black-billed cuckoo-dove Macropygia
nigrirostris

� � þ þ

ECD Eurasian collared-dove Streptopelia decaocto � þ þ þ
MGP Madagascar green pigeon Treron australis � þ þ þ
WWD White-winged dove Zenaida asiatica � þ þ þ
MOD Mourning dove Zenaida macroura þ þ þ þ

Gruiformes

Otididae

WQB White-quilled bustard Eupodotis afraoides � þ � �
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Gruidae

JPC Japanese crane

(Red-crowned crane)

Grus japonensis � þ � �

WNC White-naped crane Grus vipio � þ � �
Cariamidae

BLS Black-legged seriema Chunga burmeisteri � þ þ þ
Rallidae

COO Common coot Fulica atra � þ þ þ
PUG Purple gallinule Porphyrio martinicus þ þ þ þ

Ciconiiformes

Tinocoridae

GBS Gray-breasted seedsnipe Thinocorus
orbignyianus

þ þ � �

Scolopacidae

WIL Willet Catoptrophorus
semipalmatus

þ þ � �

Jacanidae

CCJ Comb-crested jacana Irediparra gallinacea þ þ � �
Burhinidae

ETK Eurasian thick-knee Burhinus oedicnemus � þ � �
Charadriidae

BWS Black-winged stilt Himantopus
himantopus

� þ þ þ

SPL Spur-winged lapwing Vanellus spinosus � þ þ þ
Glareolidae

APC Australian pratincole Stiltia isabella � þ � �
Laridae

LNO Lesser noddy Anous tenuirostris � þ � �
WTN Whiskered tern Chlidonias hybridus þ þ � �
HGL Herring gull Larus argentatus þ þ þ þ

Accipitridae

TTE White-tailed eagle Haliaeetus albicilla � þ þ þ
BRK Brahminy kite Haliastur indus þ þ þ þ
BBB Black-breasted buzzard Hamirostra

melanosternon
� þ þ þ

AHH African harrier-hawk Polyboroides typus � þ þ þ
Falconidae

NKK Australian kestrel Falco cenchroides � þ þ þ
MER Merlin Falco columbarius � þ þ þ
CMC Chimango caracara Milvago chimango þ þ � �
CRC Crested caracara Polyborus plancus � þ þ þ

Podicipedidae

GCG Great-crested grebe Podiceps cristatus � þ þ þ
PBG Pied-billed grebe Podilymbus podiceps � þ þ þ

Phaethontidae

RTT Red-tailed tropic bird Phaethon rubricauda � þ þ þ
Anhingidae

ADR Australian darter Anhinga
novaehollandiae

� þ � �

Phalacrocoracidae

GCM Great cormorant Phalacrocorax carbo � þ � �
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Ardeidae

LBH Little blue heron Egretta caerulae � þ þ þ
MRE Mascarene reef-egret

(Dimorphic egret)

Egretta dimorpha � þ þ þ

Scopidae

HAM Hamerkop Scopus umbretta � þ þ þ
Phoenicopteridae

GFN Greater flamingo Phoenicopterus ruber � þ þ þ
Threskiornithidae

YBS Yellow-billed spoonbill Platalea flavipes þ þ � �
SIB Sacred ibis Threskiornis

aethiopicus
� þ � �

Pelecanidae

BPE Brown pelican Pelecanus occidentalis � þ � �
Ciconiidae

BST Black stork Ciconia nigra � þ þ þ
WSK Wood stork Mycteria americana � þ � �

Spheniscidae

EPQ Emperor penguin Aptenodytes forsteri � þ � �
KPE King penguin Aptenodytes

patagonicus
� þ � �

MPE Macaroni penguin Eudyptes chrysolophus þ � � �
LPE Little penguin Eudyptula minor � þ � �
APE Adelie penguin Pygoscelis adeliae þ þ þ þ
CSP Chinstrap penguin Pygoscelis antarctica � þ þ þ
GPE Gentoo penguin Pygoscelis papua þ þ þ þ
JGE Jackass penguin Spheniscus demersus � þ � �
HPE Humboldt penguin Spheniscus humboldti � þ � �

Procellariidae

WAL Wandering albatross Diomedea exulans � � � �
Passeriformes

Tyrannidae

AFC Alder flycatcher Empidonax alnorum � þ � �
GKI Great kiskadee Pitangus sulphuratus þ þ � �
BPH Black phoebe Sayornis nigricans þ þ � �

Furnariidae

WLR Wren-like rushbird Phleocryptes melanops þ þ � �
Menuridae

ABL Albert’s lyrebird Menura alberti þ þ � �
Pardalotidae

BTB Brown thornbill Acanthiza pusilla þ þ þ þ
Orthonychidae

CCH Chowchilla Orthonyx spaldingii þ þ þ þ
Pomatostomidae

GCB Gray-crowned babbler Pomatostomus
temporalis

þ þ þ þ

Laniidae

RBS Red-backed shrike Lanius collurio þ þ � �
Corvidae

MWS Masked woodswallow Artamus personatus � þ þ þ
ARV Australian raven Corvus coronoides � þ þ þ
SMO Spectacled monarch Monarcha trivirgatus þ þ þ þ
BBM Black-billed magpie Pica pica þ þ þ þ
GCU Gray currawong Strepera versicolor � þ � �
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Picathartidae

WNR White-necked rockfowl Picathartes
gymnocephalus

þ þ þ þ

Bombycillidae

CWX Cedar waxwing Bombycilla cedrorum � þ þ þ
Cinclidae

WDI White-throated dipper Cinclus cinclus � þ þ þ
Muscicapidae

BRC Blue-shouldered robin-chat Cossypha
cyanocampter

þ þ þ þ

SFC Spotted flycatcher Muscicapa striata þ þ þ þ
CSC Common stonechat Saxicola torquata þ þ þ þ
IRO Indian robin Saxicoloides fulicata þ þ þ þ
KTH Kurrichane thrush Turdus libonyanus þ þ þ þ
ROB American robin Turdus migratorius � þ þ þ

Sturnidae

GCA Gray catbird Dumetella
carolinensis

þ þ þ þ

CBM Chalk-browed mockingbird Mimus saturninus þ þ þ þ
CNS Common starling Sturnus vulgaris þ þ þ þ

Sittidae

WBN White-breasted nuthatch Sitta carolinensis þ þ þ þ
Certhiidae

ETC Eurasian tree-creeper Certhia familiaris þ þ þ þ
Paridae

TIT Varied tit Parus varius þ þ þ þ
Aegithalidae

LTT Long-tailed tit Aegithalos caudatus � þ þ þ
Hirundinidae

BNS Barn swallow Hirundo rustica þ þ þ þ
SRS Southern rough-winged

swallow

Stelgidopteryx
ruficollis

þ þ þ þ

Pycnonotidae

SGB Sombre greenbul Andropadus
importunus

þ þ þ þ

Hypocoliidae

GHY Gray hypocolius Hypocolius ampelinus þ þ þ þ
Zosteropidae

MWE Malagasy white-eye Zosterops
maderaspatanus

þ � þ þ

Silviidae

CWA Cetti’s warbler Cettia cetti � � þ þ
CGW Common grasshopper-

warbler

Locustella naevia þ þ þ þ

CCC Common chiffchaff Phylloscopus collybita þ þ þ þ
BWA Barred warbler Sylvia nisoria þ þ � �

Alaudidae

CLA Crested lark Galerida cristata þ þ þ þ
Nectariniidae

RCS Red-chested sunbird Nectarinia
erythrocerca

� þ þ þ

Passeridae

RPI Rock pipit Anthus petrosus þ þ þ þ
SCF Society finch Lonchura domestica � þ þ þ
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(continued)

CFI Crimson finch Neochmia phaeton � þ þ þ
HOS House sparrow Passer domesticus � þ � �
SPS Spanish sparrow Passer hispaniolensis � þ � �

Fringilidae

CBB Cinnamon-breasted bunting Emberiza tahapisi þ þ þ þ
BBL Brewer’s blackbird Euphagus

cyanocephalus
þ þ þ þ

SWS Swamp sparrow Melospiza georgiana þ þ þ þ
CTO Canyon towhee Pipilo fuscus þ þ þ þ

Total 20 orders/88 families/163 genera/181 species.d

aBased on DNA-DNA hybridization method. 53,54
bFollowing the Refs. 56–58

cThe criteria of lectin/mAb-staining are following: þ, all major egg white proteins (visible with coomassie R-250-staining)

were stained with lectin or mAb; �, some but not all proteins were stained with lectin or mAb; �, no proteins were stained

with lectin or mAb.
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One of the significant observations made, by comparison of the expression of Gala1-4Gal in egg white glycoproteins

with phylogeny of birds (Figure 2), is the total absence of (Gala1-4Gal)-glycoproteins in Struthioniformes (four

species), Tinamiformes (three species), Craciformes (two species), Galliformes (14 species), and Anseriformes

(10 species). According to the Sibley’s classification, these avian orders are classified to Ratitae (Struthioniformes

and Tinamiformes) and Galloanserae (Craciformes, Galliformes, and Anseriformes). Ratitae and Galloanserae are

considered as phylogenetically separated groups from other orders at an earlier stage of modern bird diversification

(100–65Ma, or even earlier).

On the other hand, the remaining 148 species, which belong to non-Ratitae/Galloanserae, were not simply

correlated with the phylogeny (Figure 2) One hundred and four species were Gala1-4Gal positive, and they are

distributed over different orders, families, and genera. However, other 44 species were Gala1-4Gal-negative. For

example, among the nine species in the five genera belonging to Spheniscidae (penguins), three species of one genus

(e.g., Adelie Penguin) were Gala1-4Gal-positive while other six species of four genera were negative at least on their

egg white glycoproteins.

The results indicate that (Gala1-4Gal)-glycoproteins are not rare among avian species. The number of modern bird

species recorded by Sibley et al. in 1990 is 9672 species in the world, and non-Ratitae/Galloanserae group is 9171 (95%

of total avian species).54 In our survey, 104 of 148 species in this group were Gala1-4Gal-positive. Assuming that the

ratio of Gala1-4Gal-positive versus total species in non-Ratitae/Galloanserae is also 104:148, 6444 species (67% of total

avian species) would be expected to express (Gala1-4Gal)-glycoproteins. If this is the case, (Gala1-4Gal)-glycopro-

teins are quite common in birds.

The expressions of (Gala1-4Gal)-glycoproteins were most likely differentiated at least 65 Ma, when Ratitae/

Galloanserae and other modern birds were divided.48 Since Gala1-4Gal expression is distributed widely in non-

Ratitae/Galloanserae, their common ancestors can be assumed to possess the ability to express (Gala1-4Gal)-glyco-

proteins. However, there is no evidence so far whether the common ancestors of modern birds including Ratitae and

Galloanserae, or even Archaeopteryx and Confuciusornis, which appeared in the Late Jurassic (150Ma) and the Early

Cretaceous (120Ma), respectively, and became extinct, had the ability to express (Gala1-4Gal)-glycoproteins.

The fact that some species of non-Ratitae/Galloanserae birds do not express (Gala1-4Gal)-glycoproteins suggests

that they might have lost this capacity relatively recently (65Ma–current). This phenomenon seems to be analogous to

the loss of Gala1-3Gal epitope and NeuGc in mammals, which have been lost during the evolution of primates.
3.14.5 Conclusion

The investigation revealed that the expression of (Gala1-4Gal)-glycoproteins might have been gained and lost at

several stages of avian diversification. The most significant event is the differentiated expression of (Gala1-4Gal)-

glycoproteins between Ratitae/Galloanserae and non-Ratitae/Galloanserae. Some species of fish and amphibians also
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express (Gala1-4Gal)-glycoproteins. However, it is not clear whether the capacity to express Gala1-4Gal in birds was

inherited from lower vertebrates or has occurred independently.

Identification of the gene(s) encoding the putative avian a-1,4-GalT(s) which directly mediates the expression of

(Gala1-4Gal)-glycoproteins is necessary for further investigation. Comparison of the (pseudo)gene sequences from

several species will provide the genetic basis of the gain and loss of Gala1-4Gal expression, as it has done for those of

Gala1-3Gal epitope and NeuGc. Especially, the differentiated expression of (Gala1-4Gal)-glycoproteins between

Ratitae/Galloanserae and other modern birds seems to have occurred earlier than those for mammals so far studied.

Finding out the activated/inactivated a-1,4-GalT gene(s) among birds will be useful for understanding the genetic

mechanism of species-specific glycan differentiaton at different evolutional stages.

The expression of (Gala1-4Gal)-glycoproteins in at least egg whites is not ubiquitous among birds, and seems to be

dispensable for avian egg whites. We can only speculate that the presence or absence of Gala1-4Gal on egg white

glycoproteins might have been advantageous or disadvantageous to protect eggs from infection of pathogenic

microbes. The loss of Gala1-4Gal in birds may also involve the potential ability to produce natural antibodies against

Gala1-4Gal, when the epitope is absent in both glycoproteins and glycolipids. It is proposed that natural anti-

carbohydrate antibodies may act as barriers to retrovirus transmission between positive and negative taxa.1 The

production of natural antibodies against Gala1-4Gal is reported in human p blood phenotypes (Chapter 3.19) lacking

both P1 and Pk antigens. Therefore, investigation of the presence of anti-Gala1-4Gal natural antibodies in birds is also

an interesting subject to elucidate the biological significance of this species-specific glycan.
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Glossary

Cretaceous–Tertiary (K–T) boundary About 65 million years ago, corresponds to the end of the Cretaceous period and the

beginning of the Tertiary period. Massive extinction of species, such as dinosaur, occurred.

DNA–DNA hybridization A technique to measure degrees of genealogical relationship among species by comparing complete

genomes. It measures the amount of heat required to melt the hydrogen bonds between the base pairs that form the links between

the two strands of the double helix of duplex DNA.

galloanserae One of parvclasses of avians, including Craciformes (curassows, chachalacas), Galliformes (chickens, pheasants,

quails, turkeys), and Anseriformes (ducks, geese, swans).

neornithes Modern birds, including both extant birds and their closely related extinct birds. It consists of more than 9000

species.

ratitae One of parvclasses of avians defined by Sibley et al., including Struthioniformes (ostriches, emus, rheas, kiwis) and

Tinamiformes (tinamous), which are traditionally classified in Paleognathae by morphological studies.
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3.15.1 Introduction

Glycolipid consists of a hydrophilic sugar head and a hydrophobic lipid tail, which localizes glycolipid in cell

membrane. Differences in its lipid portion allow glycolipids to be classified mainly into two groups: one group in

which the oligosaccharide is attached to diacylglycerol or related structures, called glycoglycerolipid; and the other in

which the oligosaccharide is attached to ceramide consisting of sphingosine and fatty acid, called glycosphingolipid

(GSL). Although many glycoglycerolipids are found in plants and bacteria, they exist also in vertebrates in small

amounts. GSLs are widely distributed from the so-called lower animals to higher animals, and widely varied structures

have been reported. In mammals, gangliosides (sialic acid-containing GSLs) are the major acidic GSLs in the central

nervous system, and it is now well known that gangliosides play roles in neural functions, cell adhesion and

proliferation, and signal transduction. Invertebrate GSLs, on the other hand, have only recently been observed to

have some strong and unusual physiological activities. For example, it has been reported that aGalCer isolated from

the sea sponge is a ligand for Va14NKT cells and inhibits cancer progression and metastasis. This remarkable

observation became possible with advances in the research on GSLs of lower animals. Furthermore, zwitterionic

GSLs which are common in Nematoda induce cytokine secretion. This chapter describes the oligosaccharide

structures of GSLs in lower animals (invertebrates), focusing on a molecular phylogeny based on the GSL structures.

It also discusses invertebrate GSL structures, which are classified into neutral, acidic, polar, and zwitterionic types.
3.15.2 Preparation and Purification of Glycosphingolipids

The procedure for the preparation of invertebrate GSLs consists of lipid extraction from the tissue, removal or

degradation of other lipids, fractionation of the neutral, acidic, polar, and zwitterionic GSLs, and finally purification of

the individual components. Briefly, the acetone-dried material or the lyophilized tissues are extracted with mixtures

of chloroform/methanol, chloroform/methanol/water, and/or propanol/hexane/water, and after alkaline hydrolysis of

co-extracted saponifiable lipids, the GSL groups are separated by anion-exchange chromatography with DEAE- and
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QAE-Sephadex columns. GSLs are fractionated into neutral, acidic, polar, and zwitterionic types on the basis of

charged groups and polarity. However, the degree of the polarity in this case does not reflect physicochemical values

but adsorption on ion-exchange resin during the separation. GSLs which are adsorbed to DEAE-Sephadex fractio-

nated as the acidic GSLs, which contain sialic acid, uronic acid, sulfuric acid, or inositol phosphate. Acidic GSLs are

also adsorbed to QAE-Sephadex. GSLs containing phosphoethanolamine or aminoethylphosphonate (C–P com-

pound) cannot be adsorbed to DEAE-Sephadex, but can be adsorbed to QAE-Sephadex; therefore, it is isolated as

the polar fraction. Zwitterionic GSLs do not bind to either ion-exchange resins, and are eluted as the neutral fraction.

Using the acetylation method for separating GSLs from sphingomyelin which is a typical zwitterionic phospholipid,

acetylated neutral and zwitterionic GSLs are separated by Florisil column chromatography. The individual GSL

components may finally be obtained by Iatrobeads column chromatography and HPLC.
3.15.3 Nomenclature for GSL of Arthropoda and Mollusca

Although numerous GSLs have been assigned trivial names from their history, the nomenclature and abbreviations

recommended by the IUPAC–IUB Joint Commission on Biochemical Nomenclature (JCBN) cover semisystemati-

cally the structures of most GSLs and are applied to vertebrate GSLs. From invertebrates, two GSL series with

characteristic carbohydrate sequences have been demonstrated. The two series are the arthro-(derived from arthro-

pod) series, and the mollu-(derived from mollusk) series, and these GSLs will be indicated by prefixes that relate to

the chemical structures found in their carbohydrate moiety.
3.15.4 GSLs in Lower Animals

3.15.4.1 Protostomia

3.15.4.1.1 Arthropoda
Arthropoda are divided taxonomically into 11 classes and located at the top of the Protostomia. They are classified into

Insecta such as mosquito, flies including Drosophila melanogaster, Crustacea such as shrimp and crab, and Diplopoda

such as millipedes, etc. In particular, studies of D. melanogaster have led to great advances in developmental genetics

and genome analysis.
3.15.4.1.1.1 Insecta

The first structural study of insect GSLs was reported in 1973 by Luukkonen et al. using cultured mosquito cells, Aedes

albopictus.1 The presence of glucosyl-, diglucosyl-, and mannnosylglucosylceramides was demonstrated in this dipter-

an insect. A systematic investigation of the insect GSL structures was reported in 1982, using the larvae of the green-

bottle fly, Lucilia caesar, of Insecta.2 In 1985, another systematic structural analysis of the dipteran insect, the pupae of

the blowfly, Calliphora vicina, was reported; this kind of comparison of GSLs among different dipteran species and

different developmental stages is important.3 The GSLs and their profiles of the dipteran insects, L. caesar and

C. vicina, are very similar, even when compared among different stages of development.2–8 The insect GSLs have

unbranched linear sugar chains, especially rich in hexosamines, up to nonahexoside, and have characteristic sequences,

and positional and anomeric linkages. From these animals, a series of GSLs containing 1 mol of mannose have been

characterized. A series of GSLs containing this characteristic oligosaccharide structure (GalNAcb1-4GlcNAcb1-
3Manb1-4Glcb1-) has been named the ‘arthro-series’, derived from the name Arthropoda, because the structure was

first encountered in this species. With the exception of Glcb1-Cer and MacCer (Manb1-4Glcb1-Cer), arthro-series
GSLs are entirely different from those known from any other animals at that time (see Section 3.15.4.1.2). And already

the chemical synthesis of a valuable neutral arthro-GSL analog has been reported.9

Recently, non-arthro-series GSLs were identified from High FiveTM insect cells as the major neutral GSL

(Table 1).10 The High FiveTM cell line was developed and originated from the ovarian cells of the cabbage looper,

Trichoplusia ni (Insecta: Lepidoptera). In the High FiveTM insect cell, the structures of the predominant tri- and

tetraglycosylceramide were characterized as Galb1-3Manb1-4Glcb1-Cer and GalNAca1-4Galb1-3Manb1-4Glcb1-Cer.
The arthro-series At3Cer (GlcNAcb1-3Manb1-4Glcb1-Cer) was present, even though only as a minor component. The

ceramide moieties in the dipteran and lepidoptera GSLs are also similar, being composed of d14:1 and d16:1

(tetradeca- and hexadeca-4-sphingenines) as the main sphingoids, and C18:0 (stearic acid), C20:0 (arachidic acid),

and C22:0 (behenic acid) as the major fatty acids. Analysis of the GSL ceramide composition in the lower animals is



Table 1 Structures of glycosphingolipids found in Arthropoda

Structure
[Abbreviation]
and source

Neutral GSL
Glcb1-Cer [GlcCer]

Lucilia caesar (L)2

Calliphora vicina
(P)3

Parafontaria
laminata
armigera33

High FiveTM

cell10

Manb1-4Glcb1-Cer [MacCer]

L. caesar (L)2

C. vicina (P)3

Euphausia
superba24

Macrobrachium
nipponense24

P. l. ar migera33

High FiveTM

cell10

GlcNAcb1-3Manb1-4Glcb 1-Cer [At3Cer]

L. caesar (L)2

C. vicina (P)3

E. superba24

M. nipponense24

P. l. ar migera33

High FiveTM

cell10

Manb1-4Glcb1-Cer
3
|

Fuca1

P. l. ar migera33

Galb1-3Manb1-4Glcb1-Cer High FiveTM

cell10

GalNAcb1-4GlcNAcb1-3Manb 1-4Glcb 1-Cer [At4Cer]

L. caesar (L)2

C. vicina (P)4

High FiveTM

cell10

GalNAca1-4Galb 1-3Manb1-4Glcb1-Cer High FiveTM

cell10

GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer [At5Cer]

L. caesar (L)5

C. vicina (P)4

Gala1-3GalNAcb 1-4GlcNAcb1-3Manb1-4Glcb1-Cer [IV3 Gala-At4Cer]
C. vicina (P)4

Galb1-3GalNAcb1-4GlcNAcb1-3Manb 1-4Glcb 1-Cer [IV3 Galb-
At4Cer]

C. vicina (P)6

Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer [At6Cer]

C. vicina (P)4

L. caesar (L)11

GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer [At7Cer]

C. vicina (P)4

L. caesar (L) 11

GalNAcb1-3GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer [At8Cer]

L. caesar (L)7

(continued)
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Galb1-3GalNAcb1-3GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer [At9Cer]

L. caesar (L)7

Acidic GSL
GlcA b1-3Galb1-3GalNAcb1-4GlcNAcb1-3Manb 1-4Glcb 1-Cer [IV3 GlcAb3Galb-

At4Cer]

C. vicina (P)6

GlcA b1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer [VI3 GlcAb-
At6Cer]

L. caesar (L) 11

Polar GSL

EtnP
|

 6
GlcNAcb1-3Manb1-4Glcb1-Cer

[III6-Etn-P-
At3Cer]

L. caesar (L)19

C. vicina (P)8

EtnP
|
6

GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[III6-Etn-P-
At4Cer]

C. vicina (P)18,8

L. caesar (L)19

Drosophila
melanogaster
(E) 12

EtnP
|
6

GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[III6-Etn-P-
At5Cer]

C. vicina (P)18,8

L. caesar (L)19

D. melanogaster
(E) 12

EtnP
|
6

Galb1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[IV3 Galb -,III6-
Etn-P-At4 Cer]

C. vicina (P)8

EtnP
|
6

Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[III6-Etn-P-
At6Cer]

L. caesar (L)19

C. vicina (P)8

D. melanogaster
(E) 12

EtnP
|
6

GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[III6-Etn-P-
At7Cer]

L. caesar (L)19

C. vicina (P)8

D. melanogaster
(E) 12

EtnP
|
6

GalNAcb1-3GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

L. caesar (L)19

EtnP EtnP
| |
6 6

GalNAcb1-4GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

D. melanogaster
(E) 12

EtnP
|
6

Galb1-3GalNAcb1-3GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

L. caesar (L)19

Table 1 (continued)

Structure
[Abbreviation]
and source
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EtnP
|
6

GlcNAcb1-3GalNAcb1-3GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

L. caesar (L)19

Acidic–polar GSL

EtnP
|
6

GlcAb1-3Galb1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[IV3 GlcAb 3Galb -
,III6 -Etn-P-
At4Cer]

C. vicina (P)6

EtnP
|
6

GlcAb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

[VI3 GlcAb -,III6-
Etn-P-At6 Cer]

L. caesar (L)19

D. melanogaster
(E)12

EtnP
|

GlcAb1-3Galb1-3GalNAcb1-4GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
6

D. melanogaster
(E)12

EtnP EtnP
|
6 6

GlcAb1-3Galb1-3GalNAcb1-4GlcNAcb1-3Galb1-3GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

D. melanogaster
(E)12

Phosphonoglycosphingolipid
MAEPn-6Glcb 1-Cer E. superba30

AEPn-4Glcb1-Cer Erimacrus
isenbeckii31

MAEPn-4Glcb 1-Cer E. isenbeckii31

Abbreviations: EtnP, 2-aminoethanolphospho-; MAEPn, (N-methyl-2-aminoethyl)hydroxyphosphoryl-; AEPn, (2-aminoethyl)
hydroxyphosphoryl-.

E, embryo; L, larvae; P, pupae.

Table 1 (continued)

Structure
[Abbreviation]
and source
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very important, because it provides one of the proofs that these GSLs are synthesized de novo and not derived directly

from food or culture media.

As acidic GSLs, a glucuronic acid-containing GSL has been characterized as GlcAb1-3At6Cer, GlcAb1-3Galb1-3
GalNAca1-4GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer, and it is of interest as the functional counterpart of gang-

liosides, the sialic acid-containing acidic GSLs in vertebrates.11 Up to date, six glucuronic acid-containing GSLs (with

or without 2-aminoethylphosphate) were isolated from Insecta and their precise chemical structures have been

characterized as containing up to nonahexosylceramide in D. melanogaster.6,11,12 Two acidic GSLs were isolated

from human cauda equina and characterized as sulfoglucuronylparagloboside and sulfoglucuronyllactosaminylpara-

globoside, which react with the serum IgM M-protein in some patients with neuropathy and plasma cell dyscrasia.13–15

These acidic GSLs carry the HNK-1 epitope, SO3-3GlcAb1-3Galb1-4GlcNAcb-, on those structures. This

M-protein binds weakly to the insect acidic GSL from L. Caesar. Using a monoclonal antibody CAF-I which recognizes

acidic GSLs of the Calliphoridae, the presence of similar GSLs was demonstrated in the GSLs isolated from Diptera:

D. melanogaster and Coleoptera:Tenebrio molitor, by thin-layer chromatography (TLC) immunostaining. Excellent

reviews are available by Wiegandt et al. on the chemistry, structure, and immunological properties of insect

GSLs.16,17

As polar GSLs, a series of phospho-GSLs have been characterized having phosphoethanolamine (EtnP) attached to

the 6-hydroxyl group of GlcNAc moiety of arthro-series GSLs.8,18,19 GSLs containing both uronic acid and EtnP have

also been characterized. From D. melanogaster, GSL containing 2mol of EtnP has been reported. Interestingly, EtnP
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substitution on GlcNAc is more extensive in Drosophila embryo, suggesting a stage-specific GSL expression.12

Investigation of GSLs in model organisms such as D. melanogaster enhances our understanding of GSL functions.20

Recently, the Drosophila neurogenic genes, egghead and brainiac, have been shown to encode a b-1,4-mannosyltransfer-

ase and a b-1,3-N-acetylglucosaminyltransferase, respectively, essential for epithelial development during oogenesis

and in the embryo.21–23 These genes are predicted by in vitro analysis to control synthesis of the core GSL in Insecta

such as At3Cer. These studies demonstrate that GSLs are essential for development of complex organisms.23

3.15.4.1.1.2 Crustacea

The Antarctic krill, Euphausia superba of Crustacea, is a major food of whales, and the freshwater shrimp, Macro-

brachium nipponense, is an animal inhabiting Lake Biwa. Arthro-series neutral GSLs were detected in these animals by

chemical structural analysis and immunochemical methods. Anti-MacCer (Manb1-4Glcb1-Cer) antibody raised with

MacCer isolated from spermatozoa of the freshwater bivalve, Hyriopsis schlegelii, and anti-At3Cer antibody raised with

At3Cer isolated from the larvae of the green-bottle fly, L. caesar, were applied to the detection of crustacean GSLs by

TLC-immunostaining and readily identified these characteristic structures.24,25 In addition, cryostat sections of

M. nipponense were stained with anti-At3Cer antibody and results indicated that At3Cer is localized in green gland,

esophagus, and gill organs.25 These studies show that specific antibodies against mannolipids should be useful in

studying the distribution of these glycolipids in other animals of the invertebrate phyla.

In the shore (brown) shrimp, Penaeus aztecus aztecus, high concentrations of GlcCer were observed in the ventral

nerve cord, brain, optic nerve, and antenna, but not in the non-neural tissue.26,27 Ceramide composition of this lipid

includes C14, C15, and C16 sphinganines and sphingenines, as well as significant amounts of C19 and C20 sphinga-

nines, and the fatty acids are mainly composed of nonhydroxy ones with more than 22 carbons long.28 These data

closely resemble the ceramide composition of mammalian brain GalCer. In addition, crustacean GlcCer localizes in

the sheath membranes surrounding axons of the ventral nerves of this animal. In the brine shrimp, Artemia franciscana,

existence of a fucosylated GSL as a major neutral GSL has been predicted.29

The predominant GSL in the Antarctic krill, E. superba, is a phosphonoglucocerebroside in the polar GSL fraction.

It was identified to be 60-O-(N-methyl-2-aminoethylphosphonyl)Glcb1-Cer (MAEPnGlcbCer).30 The ceramide moi-

ety was composed of tetradecasphingenine and octadecasphingatriene as the main sphingoids, and C22:1 and C24:1

fatty acids and their 2-hydroxy derivatives as the major fatty acids.

In the marine crab, Erimacrus isenbeckii, arthro-series GSLs were detected by TLC-immunostaining. The core

structure ofmajor GSLs is Galb1-3Manb1-4Glcb1-. As polar GSLs in this animal, phosphonoglucocerebrosides (AEPn-

4Glcb1-Cer and MAEPn-4Glcb1-Cer) have been characterized, in which 2-aminoethylphosphonate (AEPn) and its

monomethyl derivative (MAEPn) are attached to the 4-hydroxyl group of glucose,31 instead of 6-position of glucose as

seen in E. superba.30 Phosphonocerebrosides found in the animal kingdom are AEPn- and MAEPn-6Galb1-Cer in the

Mollusca, andMAEPn-6Glcb1-Cer and AEPn- andMAEPn-4Glcb1-Cer in the Arthropoda. The ceramide moieties of

AEPn-4Glcb1-Cer and MAEPn-4Glcb1-Cer in E. isenbeckii were composed of tetradeca-4-sphingenine as the sole

sphingoid, and C18:0, C20:0, C22:0, and C22:1 as the major fatty acids. By comparison, the ceramide moiety of

MAEPn-6Glcb1-Cer in E. superba was composed of tetradecasphingenine and octadecasphingatriene as characteristic

sphingoids, and C22:1 and C24:1 acid and their 2-hydroxy derivatives as the major fatty acids.

In the horseshoe crab, Limulus polyphemus, cerebrosides and ganglioside were absent in the nervous system of this

animal, despite the presence of glycerophospholipid and sphingomyelin as major components.32

3.15.4.1.1.3 Diplopoda

The periodical millipede, Parafontaria laminata armigera of Diplopoda, appears in outbreaks with an 8-year span and

was studied in two development stages, namely the 7th instar and adult. The production by this animal of a poisonous

gas, hydrogen cyanide, as a defense mechanism, has also been investigated. Its neutral GSLs have been identified as

arthro-series with the detection of Glcb1-Cer, Manb1-4Glcb1-Cer, and GlcNAcb1-3Manb1-4Glcb1-Cer. A fucosylated

mannolipid (Manb1-4(Fuca1-3)Glcb1-Cer) from this animal has a unique carbohydrate linkage characterized by a fucose

residue attached to the reducing end glucose through an a1-3 linkage, allowing prediction of polyfucosylated GSL.33 It is

also noteworthy that in the fatty acid composition of Glcb1-Cer, hydroxylated fatty acids at 2- and 3-positions comprise

more than 70% of the total fatty acids; the existence of 3-hydroxy fatty acids in animal sphingolipid is so far unique.

3.15.4.1.2 Nematoda
Nematoda have included parasitic roundworms and Caenorhabditis elegans whose genome has been completely

sequenced and cell lineage has been determined, etc. The porcine parasitic nematode, Ascaris suum, is a model
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organism for immunological studies, such as infections involving human parasitic nematode, Acanthocheilonema viteae.

The free-living nematode, C. elegans, is a conceptual model for biosynthetic studies using molecular genomics.

Sometimes Nematoda is not considered to be a separate phylum, but should be one of the seven groups making

the phylum Aschelminthes.

From 1975, the glycolipid components of the Nematoda have been verified by TLC with chemical detections in

Ascaris lumbricoides,34 Dirofilaria immitis,35 Trichuris globulosa,36 Angiostrongylus cantonensis,37 and Onchocerca gibsoni.38

A quantitative study of the incorporation of 1-[14C]-acetate into lipids of the intestinal nematode parasite, T. globulosa,

revealed the presence of GlcCer, as well as ganglioside and sulfatide. Ganglioside was present at very low concentra-

tions, around 0.1% of total lipids.36 In the Nematoda, C. elegans, GlcCer contained iso-branched d17:1 sphingosine as

major sphingoid and 2-hydroxylated C20:0–C26:0 as major fatty acids.39 Neutral GSLs from A. suum and C. elegans have

been characterized as arthro-series GSLs (Table 2), which are also detected in Insecta of Arthropoda, as mentioned

above.40–42 The GSLs with longer oligosaccharides are characteristic of nematode, such as Gala1-3GalNAcb1-4
GlcNAcb1-3Manb1-4Glcb1-Cer. Phylogenetic analysis of 18S ribosomal DNA sequences indicates a close relation-

ship between arthropods, nematodes, and all other moulting (ecdysis) phyla.43

As acidic GSLs, inositol phosphate-containing GSLs, so-called ‘phytoglycolipids’ have been characterized for the

first time from Animalia.44 This discovery accelerated research on phytoglycolipids in other species of lower animals.

Phytoglycolipids or mycoglycolipids have been found to be widespread in plants, yeast, protozoans, fungi, nematoda,

and annelida. This acidic GSL was detected in the intestine of A. suum by immunohistochemical staining with a

polyclonal antiserum.45 Another acidic GSL, sulfatide, was also found in A. suum, a compound which had not yet been

reported in invertebrate. Sulfatide was detected in the hypodermis, contractile zone of somatic muscle cells, and the

external musculature of the uterus by immunohistochemical staining.45

Zwitterionic GSLs of nematode have been characterized as a series of GSLs having phosphocholine (PC) attached

to 6-hydroxyl of N-acetylglucosamine on their characteristic neutral GSLs, while, in contrast, insecta GSLs are

substituted with EtnP on N-acetylglucosamine.46–48 Interestingly, two major GSLs in A. suum were identified as

Gala1-3GalNAcb1-4(PC-6)GlcNAcb1-3Manb1-4Glcb1-Cer (component A) and Gala1-3GalNAcb1-4(PC-6)GlcNAcb1-
3(EtnP-6)Manb1-4Glcb1-Cer (component C).49 It has been reported that these zwitterionic GSLs induce the release

of pro-inflammatory monokines, such as tumor necrosis factor-a, interleukin 1, and interleukin 6, from human

peripheral-blood mononuclear cells. Further investigation of immunomodulatory properties of the zwitterionic

GSLs was performed using immune cells from BALB/c mice; it was found that Ascaris GSLs can modulate both

innate and adaptive host immune responses by PC-dependent and independent mechanisms.50 The zwitterionic PC

substitution of nematode glycoconjugates has been shown to play an important role in host–parasite interaction

by downregulation of lymphocyte proliferative responses.51 Also, this epitope has been shown to induce the production

of pro-inflammatory and T-helper-2-type cytokines and to promote dendritic cell maturation toward T-helper 2 cell

development.52

These PC-containing zwitterionic GSLs were also determined to be highly conserved antigenic structures of

parasitic nematodes, A. suum (host animal: porcine), Setaria digitata (equine), Litomosoides sigmodontis (mouse),

Onchocerca volvulus (human), A. viteae (human), and even C. elegans (free living) using chemical structure determination

or immunochemical detection.48,53,54 In C. elegans, during embryonic and postembryonic development, the spatial and

temporal expression of the PC epitope is located predominantly in seam cells and basement membranes. In early

embryonic ontogenesis, the PC epitope was observed to be solely lipid bound, while in late embryonic and

postembryonic development this epitope was observed to be both lipid and protein bound.46

Most systematic structural analysis of zwitterionic GSLs in the porcine parasitic nematode A. suum has been

completed with excellent studies by Geyer et al.55 The chemical synthesis of a valuable zwitterionic GSL analog

has been reported.56

Molecular analysis of C. elegans genes during epithelial invagination and the formation of tubular structures during

gastrulation, neurulation, and organogenesis identified the involvement of glycosyltransferase or glycoconjugate

biosynthesis-related genes, and such studies are accumulating.57 RNAi experiments targeting enzymes of GSL

biosynthesis and choline metabolism in C. elegans have been performed.58
3.15.4.1.3 Platyhelminthes
Platyhelminthes are classified into Trematoda, Cestoda, Turbellaria, etc., and investigation of GSL structures of this

phylum (Table 3) have focused on parasitic worms. An excellent review is also available by Dennis and Wiegandt on

the chemistry, structure, and immunological properties of Platyhelminthes GSLs.17



Table 2 Structures of glycosphingolipids found in Nematoda

Structure Source

Neutral GSL
Glcb 1-Cer Ascaris suum41

Caenorhabditis elegans39,42

Man b1-4Glcb1-Cer A. suum41

C. elegans39,42

GlcNAcb 1-3Manb1-4Glcb1-Cer A. suum41

C. elegans39,42

Gala1-3GalNAcb1-4GlcNAcb1-3Manb 1-4Glcb 1-Cer A. suum41

Acidic GSL
Gala1-2Ins-1-P-Cer A. suum44,45

HSO3 -3Galb 1-Cer A. suum45

Zwitterionic GSL
PC
|
6

GlcNAcb1-3Manb1-4Glcb1-Cer

A. suum47,55

Onchocerca volvulus48

Acanthocheilonema viteae54

EtnP
|

PC
|
6 6

GlcNAcb1-3Manb1-4Glcb1-Cer

A. suum55

PC
|
6

GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

C. elegans46

A. suum47,55

O. volvulus41

PC EtnP
| |
6 6

GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

A. suum55

PC
|
6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

C. elegans46

A. suum47,55

O. volvulus41

A. viteae54

PC
| |
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

EtnP A. suum49,55

PC
|
6

GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Fuca1

A. suum55

PC
|
6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Fuca1

A. suum55

PC
|

Galb1
|
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer

A. suum47,55
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PC
|
6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Galb1

C. elegans46

A. suum47,55

Galb1 PC
| |
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Galb1

A. suum55

PC
|
6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Gal1-2Fuca1

A. suum55

Galb1 PC
| |
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Galb1
2
|

Fuca1

A. suum55

GlcNAcb1-6Galb1 PC
| |
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Galb1

A. suum55

Galb1 PC
| |
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

Gala1-3Galb1
2
|

Fuca1

A. suum55

Galb1 PC 
| |
6 6

Gala1-3GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer
3
|

GalNAcb1-3Galb1
2
|

Fuca1

A. suum55

Abbreviations: PC, phosphocholine; EtnP, 2-aminoethanolphospho-.

Table 2 (continued)

Structure Source
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Table 3 Structures of glycosphingolipids found in Platyhelminthes

Structure Source

Trematoda

Neutral GSL
Galb 1-Cer Fasciola hepatica75

Fasciola gigantica75

Schistosoma mansoni67

Glcb 1-Cer F. hepatica75

F. gigantica75

S. mansoni67

Galb 1-4Glcb 1-Cer F. gigantica75

GalNAcb 1-4Glcb 1-Cer S. mansoni62,65,67

Gala1-4Galb1-4Glcb1-Cer F. hepatica 75,76

F. gigantica75

Gala1-3Galb1-4Glcb1-Cer F. hepatica76

Galb 1-6Galb 1-4Glcb 1-Cer F. hepatica76

GlcNAcb 1-3GalNAcb 1-4Glcb 1-Cer S. mansoni65

Galb 1-6Gala1-3Galb1-4Glcb1-Cer F. hepatica 76

Galb 1-6Gala1-4Galb1-4Glcb1-Cer F. hepatica76

Galb 1-3GalNAc1-4Galb1-4Glcb1-Cer S. mansoni (E)66

Galb 1-4GlcNAcb 1-3GalNAcb 1-4Glcb 1-Cer S. mansoni65

Galb 1-6Galb 1-6Gala1-3Galb1-4Glcb1-Cer F. hepatica76

Galb 1-6Galb 1-6Gala1-4Galb1-4Glcb1-Cer F. hepatica76

GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb1-Cer F. hepatica76

GalNAca1-3GalNAcb1-4Gala1-3Galb1-4Glcb1-Cer F. hepatica76

Fuca1-3GalNAcb1-4GlcNAcb1-3GalNAcb1-4Glcb1-Cer S. mansoni (E) 66

Galb1-4GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1

S. mansoni65

Fuca1-3GalNAcb1-4GlcNAcb1-3GlcNAcb1-3GalNAcb 1-4Glcb 1-Cer S. mansoni (E) 66

Galb1-4GlcNAcb1-3GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1

S. mansoni65

Fuca1-3Galb1-4GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1

S. mansoni65

S. mansoni (E) 66

GalNAcb1-4GlcNAcb1-3GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1

S. mansoni (E) 66

Fuca1-3GalNAcb1-4GlcNAcb1-4GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1

S. mansoni (E) 66

Fuca1-3GalNAcb1-4GlcNAcb1-3GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1-2Fuca1

S. mansoni (E)64,66

Fuca1-3GalNAcb1-4GlcNAcb1-3GlcNAcb1-3GalNAcb1-4Glcb1-Cer
3
|

Fuca1-2Fuca1-2Fuca1

S. mansoni (E) 64,66

Fuc1-4GlcNAc1-2Fuc1-4GlcNAc1-2Fuc1-4GlcNAc1-2Fuc1-4GlcNAc1-3GalNAc1-3GalNAc1-4Glc1-Cer
3
|

Fuc1

3
|

Fuc1

3
|

Fuc1

3
|

Fuc1

S. mansoni (E)
63
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Acidic GSL

GlcNAca1-HPO3 -6Galb 1-Cer F. hepatica78

Cestoda

Glcb1-Cer Echinococcus multilocularis85

Spirometra erinacei92

Galb1-Cer Spirometra mansonoides84

E. multilocularis 85,77

Metroliasthes cotur nix86

Taenia crassiceps89

Taenia solium cysticerci90

Diphyllobothrium hottai94

Glcb1-3Galb1-Cer D. hottai94

Gala1-4Galb 1-Cer M. cotur nix86

Galb1-6Galb1-Cer M. cotur nix86

E. multilocularis 77

T. crassiceps89

Galb1-6Galb1-6Galb1-Cer M. cotur nix86

E. multilocularis 77

T. crassiceps89

Fuca1-3Galb 1-6Galb 1-Cer E. multilocularis 77

Glcb1-3Galb1-Cer
6
|

Galb1

D. hottai94

Galb1-6Galb1-6Galb1-6Galb1-Cer M. cotur nix86

E. multilocularis 77

T. crassiceps89

Gala1-4Galb 1-6Galb 1-6Galb 1-Cer T. crassiceps89

Galb1-6Galb1-6Galb1-Cer
3
|

Fuca1

E. multilocularis 77

Galb1-4Glcb1-3Galb1-Cer
3
|

Fuca1

S. erinacei91

D. hottai94

Galb1-4Glcb1-3Galb1-Cer
3
|

Fuca1

6
|

Galb1

S. erinacei93

D. hottai94

E, egg.

Table 3 (continued)

Structure Source
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3.15.4.1.3.1 Trematoda

Schistosomiasis is a vascular parasitic disease caused by blood flukes of the genus Schistosoma. Although there is no

good vaccine to prevent the disease, drug therapy is effective in most cases. This parasite has a complex life cycle

which alternates between a definitive vertebrate host and an intermediate freshwater snail host. There are three major

species infecting humans, Schistosoma mansoni, S. japonicum, and S. haematobium. In 1970, the composition

and biosynthesis of fatty acids and complex lipids were examined in the parasitic blood fluke, S. mansoni, and the

free-living planarian Dugesia dorotocephala.59 The report showed that D. dorotocephala contained two glycolipids,

whereas no glycolipids were detectable in S. mansoni. The small amount of glycolipids found in D. dorotocephala

was tentatively identified as cerebroside. GSL expression in the tegument has been shown by oxidation with galactose

oxidase or periodate treatment followed by reduction with tritiated borohydride for Schistosoma mansoni schistosomula

and adults.60,61 In the parasitic blood fluke, S. mansoni of Trematoda, GalCer and GlcCer have been reported to be



264 Glycophylogenetic Aspects of Lower Animals
major GSLs; no LacCer is biosynthesized by this animal.62 Compositional and methylation analysis have demon-

strated the presence of the ‘schisto-’series, GalNAcb1-4Glcb1-Cer, as well as the likely presence of polyfucosylated

GSL with a typical oligosaccharide structure.63,64 GSLs from cercariae and eggs of this animal were analyzed in

the form of their corresponding, pyridylaminated oligosaccharides, and over 10 oligosaccharide structures were

characterized including Lewis X (Lex), Galb1-4(Fuca1-3)GlcNAcb1- and pseudo-Lewis Y (Ley), Fuca1-3Galb1-4
(Fuca1-3)GlcNAcb1- epitopes.65,66 The predominant ceramide species of these GSLs are composed of C16:0 fatty

acid and C18 to -C20-phytosphingosines. An analysis of ceramide structures in the GSLs showed that monohexosyl-

ceramide and dihexosylceramide contained hydroxylatedC16:0 as themajor fatty acid in all the three life-cycle stages –

adults, cercariae, and eggs.67 Sphingoids were C18- and C20-phytosphingosines in egg ceramide monohexoside

(CMH, GlcCer:GalCer¼1:0.25), C18-sphinganine as well as C18-, C19-, and C20-phytosphingosines in cercarial

CMH (GlcCer:GalCer¼1:0.1), and C18- and C20-phytosphingosines as well as C18-sphingosine in adult CMH

(GlcCer:GalCer¼1:0.5), differing in stage-associated expression.

There are numerous reports relating to the immunochemical characterization of schistosomiasis concerning the

carbohydrate determinants in both glycoproteins and glycolipids of adult worms and their eggs.68 It is notable that Lex,

also termed CD15 (leucocyte cluster of differentiation antigen 15),69,70 SSEA I71 (stage-specific embryonic antigen I),

or fucose-containing epitope, is shared by the parasite and the mammalian host as the case of keyhole limpet

hemocyanin.72 Furthermore, Lex and pseudo-Ley GSL are stage-specifically expressed by the cercarial life-cycle

stage, and not by the adult or egg, and these characteristic epitopes are recognized by the DC-specific C-type lectin,

DC-SIGN (dendritic cell-specific ICAM-3 grabbing non-integrin, CD209).73,74

Fascioliasis is a chronic disease of veterinary andmedical importance in domestic animals and humans.Neutral GSLs

from the liver fluke, Fasciola hepatica and F. gigantica, were isolated and characterized as GalCer, GlcCer, LacCer, and

globotriaosylceramide (Gala1-4Galb1-4Glcb1-Cer), which is designated as Pk-blood group antigen or CD77.75 Addi-

tionally, isoglobotriaosylceramide (Gala1-3Galb1-4Glcb1-Cer) and Forssman antigen (GalNAca1-3GalNAcb1-3/
4Gala1-4/3Galb1-4Glcb1-Cer) were isolated as mammalian-type GSL species.76 Furthermore, highly antigenic

GSLs were characterized as Galb1–6Gal-terminating with globo- and isoglobo-series core structures. These GSLs

account for cestode serological cross-reactivity found in human Echinococcus granulosus (cestode) infection sera.77

The acidic GSL from this animal was isolated and characterized as GlcNAca1-HPO3-6Gal1-Cer.21 This GSL was

shown to be highly antigenic and strongly recognized by both animal and human F. hepatica infection sera. And the

antigenic determinant GlcNAca1-HPO3-might have a potential in the serodiagnosis of F. hepatica infections from the

result of enzyme-linked immunosorbent inhibition assay (ELISA). The ceramide moieties of most GSLs from this

animal were composed of C18- and C20-phytosphingosines as the main sphingoids, and 2-hydroxylated C18:0 as the

major fatty acid.78

3.15.4.1.3.2 Cestoda

Since 1941, the glycolipid components of the Cestoda have been verified by TLC with chemical detection in

Cysticercus fasciolaris,79 Taenia taeniaeformis,80 E. granulosus,81 Echinococcus multilocularis,82 Taenia crassiceps, Taenia

solium, and Taenia saginata.83 In 1987, hydroxylated GalCer was isolated from the tegument of the adult and the

plerocercoid larve of a pseudo-phyllidean cestode, Spirometra mansonoides.84 The predominant ceramide species of

GSL are composed of C18:0 and 2-hydroxylated C18:0 fatty acid and dihydrosphingosine and phytosphingosine.

Monohexosyleramides of E. multilocularis have been isolated and characterized as GalCer and GlcCer with C16:0 and

C26:0 fatty acids and their hydroxylated derivatives, and sphingosine and phytosphingosine as major sphingolipids.85

The combination of liquid chromatography and fast atom bombardment mass spectrometry (FAB-MS) has recently

been applied to GSL structural analysis. Most neutral GSLs from cestoda seem to be classified in the neogala-series

GSL. The major GSLs of the cestode, Metroliasthes coturnix, were isolated and characterized as a series of mono-, di-,

tri-, and tetra galactosylceramides.86 These were further characterized as Gala1-4GalCer, Galb1-6Galb1-6GalCer,

and Galb1-6Galb1-6Galb1-6GalCer. These ceramides were predominantly composed of C26:0 fatty acid and

C18–C20 sphinganine and phytosphingosine. Neutral GSLs in the metacestode stage of the parasite, E. multilocularis,

were investigated and characterized as four neogala-series GSLs, including the two fucose-containing GSLs,

Fuca1-3Galb1-6GalCer and Galb1-6(Fuca1-3)Galb1-6GalCer.77 Ceramides contained sphinganine and either non-

hydroxy fatty acids with C16, C18, C26, and C28, or hydroxyl fatty acids with C16 and C18. An immunological study

has reported that these neutral GSLs inhibit human peripheral blood mononuclear cell proliferation.87 In this

animal, several ganglioside species were also found in low quantities and identified after preparative high-

performance TLC.88 From metacestode of the fox tapeworm, T. crassiceps, the three simplest GSLs have been

isolated and determined to consist of two neogala-series GSLs and an elongated tetrahexosylceramide,

Gala1-4Galb1-6Galb1-6Galb1-6GalCer.89 The major ceramide fatty acids have particularly long chains, predominantly
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hexacosanoic and octacosanoic acids. From the human tapeworm, T. solium, GalCer was identified and was composed

mainly of phytosphinganine and C16–C24 fatty acids with predominated 2-hydroxylated derivatives. Immunoreactiv-

ities to this GSL were observed in human sera and cerebrospinal fluids.90

From the plerocercoids of the tapeworms, Spirometra erinacei, neutral GSLs were isolated and characterized as

Galb1-4(Fuca1-3)Glcb1-3Galb1-Cer and Galb1-4(Fuca1-3)Glcb1-3(Galb1-6)Galb1-Cer.91–93 These characteristic

‘spirometo-series’ GSLs were also found in Diphyllobothrium hottai in both adult worm and plerocercoid.94

A monoclonal antibody established against Galb1-4(Fuca1-3)Glcb1-3Galb1-Cer reacted with Galb1-4(Fuca1-3)
Glcb1-3(Galb1-6)Galb1-Cer and also cross-reacted with the SSEA I antigen.95 Immunohistochemical staining with

this antibody showed the epitope located in the tegument of S. erinacei and the inner surface of bothria of D. hottai.94

The ceramide was composed of sphinganine and phytosphingosine as major sphingoids, and C16:0–C28:0, their

unsaturated derivatives, and C28:1 as major fatty acids. Analysis of the ceramide moieties of monohexosylceramide

showed that the glucocerebrosides of plerocercoids contained only C18:0 fatty acid, whereas those of adult tapeworm

contained varying ceramide moieties.
3.15.4.1.4 Annelida
Although Annelida is classified into Oligochaeta, Polychaeta, Hirudinea, etc., their habitable environments are as

different as land, freshwater, brackish water, and marine. From the viewpoint of medical usage, earthworm and leech

have been used in Chinese medicine. It might be expected that compounds derived from them have pharmacological

functions. One set of annelida GSLs was examined for fruiting-inducing activity and antifungal properties; zwitter-

ionic GSLs with two or three double bonds in the sphingosine have the inducing activity (Table 4).96 A synthetic

zwitterionic GSL was found to inhibit histamine release.97,98
3.15.4.1.4.1 Oligochaeta

In 1985, the lipid composition of the ventral nerves of earthworm, Lumbricus terrestris of Oligochaeta, was investigated

as part of a systematic study of the evolution of the nervous system.28 Neither GalCer nor sulfatide, both of which are

considered to be markers for myelin, were present, while only traces of GlcCer were found. Neutral GSLs in the

earthworm, Pheretima sp. (P. hilgendorfi and P. aspergillum), have been characterized as LacCer (Galb1-4Glcb1-Cer),
which is the major GSL in vertebrates; gala-series (Galb1-6Galb1-), which is the major GSL inMollusca sea snails, and

oligosaccharide structures with Glc or Man linked a1-4 to gala-series.99–101

From this animal, a series of GSLs containing PC have been characterized as zwitterionic GSLs.102 It can be said that

this discovery has had great impact on other researchers in this field, leading to discoveries ofPC-containingGSLs in other

Annelida or Nematoda. Also nine zwitterionic GSLs were isolated from the earthworm, P. asiatica.103 The ceramide

moieties of these GSLs consisted of C22:0, C23:0, and C24:0 as major fatty acids, and branched octadeca- and

nonadeca-4-sphingenines and octadeca-4-sphingenine as the main sphingoids. Considering the similarity of the

ceramide components in both neutral and zwitterionic GSLs, it appears likely that the zwitterionic GSLs in the

earthworm are biochemically derived from the neutral GSLs. Neutral and zwitterionic GSL analogs were chemically

synthesized and assayed in an in vitro histamine release-inhibition test. Two zwitterionic GSLs appeared to act as

inhibitors of histamine release from rat basophilic leukemia cells (RBL-2H3).98

The lipid composition of GSLs of the earthworm L. terrestris was reported by other researchers, including cerebro-

sides and sulfatides containing both glucose and galactose, gangliosides containing glucosamine and sialic acid, and

sphingomyelin as well as glycerophospholipids.104

Sphingomyelin, a widespread PC-containing sphingolipid and a constituent of membranes, is absent in L. terrestris

ventral nerve,28 and it is interesting to speculate that PC-containing GSLs may have sphingomyelin-like functions in

earthworms. It is also interesting that the purified protein, lysenin, from the coelomic fluid of the earthworm Eisenia

foetida induced erythrocyte lysis and bound specifically to sphingomyelin.105,106
3.15.4.1.4.2 Polychaeta

From the marine annelid, Marphysa sanguinea, and Neanthes diversicolor, also of Polychaeta, up to 14 GSLs were

isolated and completely characterized as PC-containing zwitterionic GSLs.107–109 This was the first discovery of

PC-containing GSLs in nature.107 The ceramide consisted of C16:0, C17:0, and C18:0 fatty acids and sphingosine,

(4E,8E)-sphigadiene, and (4E,8E,10E)-sphingatriene. From the marine annelid, Pseudopotamilla occelata, also of

Polychaeta, GSLs have been characterized as follows: Galb1-Cer, Gala1-4Galb1-Cer, LacCer, and amino-CTH

(GlcNAcb1-3Galb1-4Glcb1-Cer) (the latter two structures being also found in vertebrate GSLs), as well as neutral



Table 4 Structures of glycosphingolipids found in Annelida

Structure Source

Oligochaeta

Neutral GSL
Galb 1-Cer Lumbricus terrestris28

Pheretima hilgendorfi 102

Pheretima aspergillum101

Glcb 1-Cer P. hilgendorfi 101

P. aspergillum101

Galb 1-6Galb 1-Cer P. hilgendorfi 101,102

P. aspergillum101

Galb 1-4Glcb 1-Cer P. hilgendorfi 101

P. aspergillum101

Galb 1-6Galb 1-6Galb 1-Cer P. hilgendorfi 101,102

P. aspergillum101

Glca1-4Galb1-6Galb1-Cer P. hilgendorfi 101

P. aspergillum101

Man a1-4Galb 1-6Galb 1-Cer P. hilgendorfi 101

P. aspergillum101

Galb 1-6Galb 1-6Galb 1-6Galb 1-Cer P. hilgendorfi 101

P. aspergillum101

Glca1-4Galb1-6Galb1-6Galb1-Cer P. hilgendorfi 101

P. aspergillum101

Gala1-6Galb1-6Galb1-Cer
4
|

Mana1

P. hilgendorfi 101

Glca1-4Galb1-6Galb1-6Galb1-Cer
4
|

Glca1

P. hilgendorfi 101

Zwitterionic GSL
PC-6Galb1-Cer P. hilgendorfi 98,101

P. aspergillum101

Pheretima asiatica103

PC-6Galb1-6Galb1-Cer P. hilgendorfi 98,101

P. aspergillum101

P. asiatica103

PC-6Galb1-6Galb1-6Galb1-Cer P. hilgendorfi 98,100,101

P. aspergillum101

PC-6Galb1-6Galb1-Cer
4
|

Mana1

P. hilgendorfi 100,101

P. aspergillum101

Polychaeta

Neutral GSL
Glcb 1-Cer Pseudopotamilla occelata110

Galb 1-Cer P. occelata110

Tylorrhynchus heterochetus112

Gala1-4Galb1-Cer P. occelata110

Galb 1-4Glcb 1-Cer P. occelata110

GlcNAcb 1-3Galb 1-4Glcb 1-Cer P. occelata110

Xyl b1-4Fuca1-3GlcNAcb 1-3Galb 1-4Glcb1-Cer P. occelata111

Gal2Mea1-3Fuca1-3GlcNAcb1-3Galb1-4Glcb1-Cer P. occelata111

Xylb1-4Fuca1-3GlcNAcb1-3Galb1-4Glcb1-Cer
3
|

Gal2Mea1

P. occelata111
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Acidic GSL
Ins-1-P-Cer T. heterochetus112

InsMe-1-P-Cer T. heterochetus112

Mana1-2Ins-1-P-Cer T. heterochetus112

Man-InsMe-1-P-Cer T. heterochetus112

Fuca1-5Ins-1-P-Cer T. heterochetus112

Fuc-InsMe-1-P-Cer T. heterochetus112

Fuca1-5Ins-1-P-Cer
2
|

Mana1

T. heterochetus112

Zwitterionic GSL
PC-6Galb 1-Cer Neanthes diversicolor107,108,109

T. heterochetus112

Hirudinea

Neutral GSL
Galb1-Cer Hirudo nipponica114

Gala1-6Galb 1-Cer H. nipponica114

Gala1-6Gala1-6Galb 1-Cer H. nipponica113,114

Gala1-6Galb 1-6Galb 1-Cer H. nipponica113

Gala1-6Gala1-6Gala1-6Galb1-Cer H. nipponica114

Zwitterionic GSL
PC-6Galb 1-Cer H. nipponica114

PC-6Galb 1-6Galb 1-Cer H. nipponica114

Abbreviation: PC, phosphocholine.

Table 4 (continued)

Structure Source
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GSLs containing xylose and methyl sugar with a branching fucose.110,111 Although no zwitterionic GSLs have been

detected, acidic GSLs containing inositol phosphate and mannose have been characterized.

From the brackish water lugworm, Tylorrhynchus heterochetus of Polychaeta, the simple neutral GSL, Galb1-Cer, has
been characterized, as well as a zwitterionic GSL in which PC is attached to cerebroside.112 As an acidic GSL, a group

of inositol phosphate-containing GSL has been found in which fucose and mannose are linked to inositol.113

Furthermore, existence of methyl-inositol has been shown for the first time as a component in a complex lipid,

although the linkage position of the methyl group to inositol has not been determined yet.
3.15.4.1.4.3 Hirudinea

From the freshwater leech, Hirudo nipponica of Hirudinea, neutral GSL containing two Gala1-6 core series with

different anomeric configurations have been characterized as Gala1-6Gal and Galb1-6Gal.114,115 From the leech,

Hirudo medicinalis, ceramide of GalbCer contained an unusual polyunsaturated sphingosine analog and C25:2, C27:1,

C27:3, C28:3, C29:3, C30:3, and C33:3 and hydroxylated C27:2 fatty acids.116 It would be interesting to know whether

the GSLs of this animal could be cleaved by ceramide glycanase or endoglycoceramidase. This enzyme is a GSL-

specific enzyme that hydrolyzes the glycosidic linkage between oligosaccharides and ceramides and has been found in

both prokaryotes and eukaryotes, that is, actinomycetes, bacteria, leech,117,118 short-necked clam, earthworm,119

jellyfish,120 and hydra.29 Endoglycoceramidase from the hydra, Hydra magnipapillata, has quite low activity to

invertebrate GSLs, especially Galb1-6Galb1-6Galb1-Cer from the sea snail.

The presence of zwitterionic GSLs has been found as a common feature of earthworm Pheretima sp., and GSLs

containing PC linked to GlcNAc have also been purified from leech.112 The ceramide moieties of these

GSLs consisted of C16:0, C18:0, C22:0, and C24:0 as major fatty acids, and dihydroxy-(d18:1, d19:1, and d22:3) and

trihydroxy-(t18:0 and t19:0) sphinganines.

Several interesting studies of gangliosides in this animal have been reported.121 The monoclonal antibody, A2B5,

recognizing vertebrate gangliosides, also recognizes embryonic cells in the medicinal leech, Hirudo medicinalis, and
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demonstrates that the expression of epitope is regulated in a time- and space-dependent way, and A2B5-positive

glycolipids could be isolated from embryonic leeches. The effects of antiganglioside antibodies on the electrical

activity of Retzius neurons in the leech have been studied using antiganglioside antiserum prepared by the immuni-

zation of rabbits with total bovine brain gangliosides.122
3.15.4.1.5 Mollusca
Mollusca are classified into Bivalvia such as the bivalves, Corbicula sandai and H. schlegelii from Lake Biwa, and

Gastropoda such as sea snail, Turbo cornutus, and sea hare, Aplysia kurodai, and Cephalopoda such as squid and octopus,

etc. A review is also available by Hori and Sugita on the chemistry, structure, and immunological properties of

Mollusca GSLs.123
3.15.4.1.5.1 Bivalvia

As early as 1959, a study reported an unusual glycolipid from oyster of Bivalvia.124 The glycolipids of several

species belonging to Bivalvia were later verified by TLCwith chemical detections.125 This study showed the presence

of cerebroside-like glycolipid and very polar glycolipids, and the absence of ganglioside like most inverte-

brate animals. GSL structural analysis has shown the occurrence of 3-O-methylfucose in shellfish, C. sandai,126 and

branched sugar structures containing 3-O-methylgalactosamine in oyster glycolipid.127,128 From the bivalve,

H. schlegelii 129–134 and C. sandai,135–138 a group of GSL containing mannose (mannnolipid) has been characterized by

chemical analysis. The composition and structure of invertebrate GSLs as compared to those of vertebrate GSLs are

indeed remarkably different (Table 5). Their characteristic core oligosaccharide structure (GlcNAcb1-2Mana1-3Manb1-
4Glcb1-) has been termed ‘mollu-series’, derived from the name Mollusca. It is different from the mannolipid of

Arthropoda, which was investigated later. In Mollusca neutral GSLs, fucose is located in the middle of oligosaccharide

structure and the structures are rich in methyl sugars such as 3-O-methylxylose, 3-O-methylgalactosamine, and 3-O-

methyfucose.139 Furthermore, it has been shown clearly that O-methyl sugar exists in the nonreducing end of the

oligosaccharide sequence. In the seawater bivalve, Meretrix lusoria, neutral GSL composition is very similar to that of

the freshwater bivalves.140 Using antisera against Mu4Cer, the GSL antigens are limited to certain taxonomic orders of

the shellfish species tested, namely to H. schlegeli, Cristaria plicata, and Inversidens reiniana (order Palaeoheterodonta),

and to C. sandai and M. lusoria (order Heterodonta).141

The existence of an acidic GSL containing uronic acid (4-O-methylglucuronic acid) has been clarified for the first

time in Protostomia animals, and research has also shown the presence of this acidic GSL in the taxonomically related

Palaeoheterodonta, such as H. schlegeli, Anodonta woodiana, and C. plicata.142 Moreover, immunohistochemical obser-

vations have shown clearly that this acidic GSL exists only on the surface of sperm.143 In contrast, EtnP-containing

polar GSL exists only in egg of H. schlegelii and another bivalve, C. sandai.144 This is supported by the result that

antiserum against this acidic antigen agglutinates spermatozoa of three kinds of freshwater bivalves, H. schlegeli,

A. woodiana, and C. plicata, but does not agglutinate those of C. sandai.143
3.15.4.1.5.2 Gastropoda

Gastropoda includes as minor classes the sea snail, sea hare, etc. GSLs from the sea snail, T. cornutus of Gastropoda,

contain a series of GSLs in which galactose is the only sugar. These neutral GSLs are the so-called gala-6-(neogala)

series, Galb1-6Galb1-6Galb1-6Galb1- sequence (Table 5).145 GSL belonging to the gala-6-series have been found to

occur commonly in sea snails,Monodonta labio, Chlorostoma argyrostoma turbinatum, andNerita albicilla.146 From the sea

abalone, Haliotis japonica, another series of neutral GSL structures has been characterized as fucose-containing

lactosyl derivatives.147 Particular attention has been paid to GSLs of sea snail, because polar GSLs contain C–P

compounds such as aminoethylphosphonate (AEPn), and/or its monomethylated derivative (MAEPn) on galactosyl-

ceramide (phosphonoglycosphingolipid; PnGSL).148–151 The distribution of these PnGSL’s with various sugar chains

has been investigated by FAB-MS as applied to snail GSL.152

More than 70 natural sphingoids, including sphingosine, phytosphingosine, monoenoic, and dienoic sphingoid, have

been found in the ceramide moiety of sea snail GSLs. A trienoic sphingoid, octadecaphinga-4,8,10-trienine, was found

in sphingolipids obtained from some gastropods (M. labio, Cellana eucosmia, C. a. tubinatum, and Pugilina ternatana),

pelecypods (Ostrea gigas), coelenterates (Anthopleura midori), and brachiopoda (Lingula unguis). Furthermore, evidence

has also been found for a nonadecasphigatrienine occurring in P. ternatana.153



Table 5 Structures of glycosphingolipids found in Mollusca and Brachiopoda

Structure Source

Mollusca
Bivalvia

Neutral GSL
Glcb1-Cer Hyriopsis schlegelii (E)134

H. schlegelii (S)129

Meretrix lusoria140

Galb1-Cer H. schlegelii (E) 134

H. schlegelii (S) 129

M. lusoria140

Manb1-Cer H. schlegelii (H)132

Galb1-4Glcb1-Cer H. schlegelii (H)133

H. schlegelii (E) 134

M. lusoria140

Galb1-4Galb1-Cer H. schlegelii (S)131

H. schlegelii (H) 133

H. schlegelii (E) 134

Manb1-4Glcb1-Cer Corbicula sandai135

H. schlegelii (S) 131

H. schlegelii (H) 133

H. schlegelii (E) 134

M. lusoria140

Manb1-2Manb 1-Cer H. schlegelii (H) 133

Gala1-3Manb1-4Glcb1-Cer M. lusoria140

Mana1-4Manb1-4Glcb1-Cer C. sandai136

Mana1-3Manb1-4Glcb1-Cer H. schlegelii (S) 131

H. schlegelii (H) 133

H. schlegelii (E) 134

M. lusoria140

Mana1-3Manb1-2Manb 1-Cer H. schlegelii (H) 133

GlcNAcb1-2Mana1-3Manb 1-4Glcb 1-Cer H. schlegelii (S)137

H. schlegelii (E) 134

M. lusoria140

Mana1-2?Mana1-3Manb 1-4Glcb 1-Cer H. schlegelii (E) 134

Mana1-3Manb1-4Glcb1-Cer
2
|

Galb1

H. schlegelii (E) 134

Mana1-3Manb1-4Glcb1-Cer
2
|

Xylb1

H. schlegelii (S) 131

H. schlegelii (E) 134

GlcNAcb1-2Mana1-3Manb1-4Glcb1-Cer
2
|

Xylb1

H. schlegelii (S)130

M. lusoria140

Gal4Meb1-3GalNAcb1-3Fuca1-4GlcNAcb1-2Mana1-3Manb1-4Glcb1-Cer
2
|

Xylb1

C. sandai138

Fuc3Mea1-2Xyl3Meb1
|
4

Fuca1-4GlcNAcb1-2Mana1-3Manb1-4Glcb1-Cer
3 2
| |

GalNAc3Mea1 Xylb1

H. schlegelii (S)139

M. lusoria140
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Fuc3Mea1
|
2

GlcNAc1-3Gal1-4GalNAc1-3Galb1-3Galb1-4Glcb1-Cer
2
|

GalNAc3Me1-3Gal1
2
|

Fuca1

Osteria gigas127,128

Acidic GSL

GlcA4Meb1
|
4

Fuca1-4GlcNAcb1-2Mana1-3Manb1-4Glcb1-Cer
3 2
| |

GalNAc3Mea1 Xylb1

H. schlegelii (S)142

M. lusoria140

Polar GSL

EtnP
|
6

Gal4Meb1-3GalNAcb1-3Fuca1-4GlcNAcb1-2Mana1-3Manb1-4Glcb1-Cer
2
|

Xylb1

C. sandai144

Gastropoda

Neutral GSL
Galb 1-Cer Chlorostoma argyrostoma turbinatum146

Galb 1-6Galb 1-Cer Turbo cornutus145

C. a. turbinatum146

Galb 1-6Galb 1-6Galb 1-Cer T. cornutus 145

C. a. turbinatum146

Galb 1-6Galb 1-6Galb 1-6Galb 1-Cer C. a. turbinatum146

Fuca1-3GalNAca1
|
3

Galb1-4Galb1-Cer
2
|

Fuca1

Haliotis japonica147

Polar GSL
AEPn-6Galb1-Cer T. cornutus 149

Monodonta labio150

MAEPn-6Gal b1-Cer T. cornutus 149

M. labio 150

C. a. turbinatum148,146

MAEPn-6Galb1-6Galb1-6Galb1-Cer T. cornutus 151

Fuc1-2Gal3Me1-3GalNAc1-3Gal1-4Glc-Cer
2
|

Gal1

MAEPn
|
6

C. a. turbinatum152

Table 5 (continued)

Structure Source
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Table 5 (continued)

Structure Source

Gal3Me1-3GalNAc1-3Gal1-3GalNAc1-3Gal1-4Glc-Cer
2
|

2
|

Fuc1

2
|

Fuc1 Gal1

MAEPn
|
6

C. a. turbinatum152

Opisthobranchia

Neutral GSL
Glcb1-Cer Aplysia juliana168

Galb1-Cer A. juliana168

Galb1-4Glcb1-Cer A. juliana 168

Gala1-2Galb 1-4Glcb 1-Cer A. juliana168

Fuca1-2Galb 1-4Glcb 1-Cer A. juliana168

GalNAca1-3Galb1-4Glcb1-Cer
2
|

Gala1

A. juliana168

Polar GSL

AEPn
|
6

Gala1-2Galb1-4Glcb1-Cer

A. juliana169

Gal3Mea1-3GalNAca1-3Galb1-4Glcb1-Cer
2
|

AEPn-6Gala1

Dolabella auricularia170

Gal3Meb1-3GalNAca1-3Galb1-4Glcb1-Cer
2
|

AEPn-6Gala1

Aplysia kurodai158

Gal3Meb1-3GalNAca1-3Galb1-4Glcb1-Cer
2
|

AEPn-6Gala1

AEPn
|
6

A. kurodai157

Gal3Mea1-3Galb1-4Glcb1-Cer
2
|

AEPn-6Gala1

AEPn
|
6

AEPn
|
6

A. kurodai161

Gal3Meb1-3GalNAca1-3Gala1-4Glcb1-Cer
2
|

AEPn-6Gala1

AEPn AEPn
| |
6 6

A. kurodai164
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Table 5 (continued)

Structure Source

GlcNAc4Mea1-4GalNAca1-3Galb1-4Glcb1-Cer
2
|

AEPn-6Gala1

AEPn
|
6

AEPn 
|
6

A. kurodai159

Gala1-3Gala1——3Gala1——–– 3Galb1-4Glcb1-Cer
2
|

GlcNAca1

2
|

Gal3Mea1

2
|

AEPn-6Gala1

AEPn
|
6

AEPn
|
6

A. kurodai160

O AEPn
HOOC |

4 6
C  Galb1-3GalNAca1-3Galb1-4Glcb1-Cer

3 2
H3C |

O Fuca1

A. kurodai163

Brachiopoda
Glcb 1-Cer Lingula unguis173

Man b1-4Glcb1-Cer L. unguis173

Man a1-3Manb1-4Glcb1-Cer L. unguis173

GlcNAcb 1-2Mana1-3Manb1-4Glcb1-Cer L. unguis173

GlcNAcb 1-4GlcNAcb 1-2Mana1-3Manb1-4Glcb1-Cer L. unguis173

Abbreviations: EtnP, 2-aminoethanolphospho-; MAEPn, (N-methyl-2-aminoethyl)hydroxyphosphoryl-; AEPn, (2-aminoethyl)

hydroxyphosphoryl-.

E, egg; G, gonad; H, hepatopancreas; S, sperm.
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The sea hare,A. kurodai of Gastropoda, has been investigated with interest in the comparison of lipid content in the

nervous system between sea hare and vertebrates. It has also been used in investigation of tissue-specific distribution

of GSLs, for example, in nervous tissue, skin, and egg.154,155 A group of GSLs containing 1–3 mol of AEPn with a

GalNAca1-3Galb1-4Glcb1- sequence were found in the skin,156–159 GSLs with lactosyl core in the egg,160,161 and

acidic GSLs containing pyruvic acid in the nerve fibers.162,163 Furthermore, some of these GSLs in sea hare

contain methylated sugars such as 3-O-metylgalactose and 4-O-methyl-N-acetylglucosamine, which are unique

among Mollusca GSLs. Unlike the PnGSL’s of sea snail, those of sea hare contain predominantly AEPn rather than

MAEPn.164 In the sea hare, the PnGSL containing pyruvic acid has been localized in nerve bundles.165,166 This

restricted expression suggests that the PnGSLmay have some neurobiological function.167 The GSLs containing C–P

compounds are called phosphonoglycolipids and research on those particular GSLs now forms one field in glycobiol-

ogy. Neutral GSLs and PnGSL’s were isolated from other sea hares, Aplysia juliana and Dolabella auricularia, and

shown to have a lactosyl core.168–170

3.15.4.1.5.3 Cephalopoda

Acidic GSLs were isolated from hepatopancreatic tissues of the marine squid, Todarodes pacificus, and the

pacific octopus, Octopus vulgaris of Cephalopoda.171,172 These resorcinol-positive acidic lipids were found to be

reactive with A2B5 monoclonal antibody, which reacts to c-series gangliosides. Using chemical analysis, two

major acidic lipids were identified as GT3 and GQ1c. Immunochemically, these acidic lipids were distributed in

hepatopancreas, cerebral ganglion, and eye lens at different concentrations.
3.15.4.1.6 Brachiopoda
Because Brachiopoda morphologically resemble clams, they have long been classified as Mollusca. The lamp

shell, Lingula unguis of Brachiopoda, with its morphological resemblance to bivalves, has sometimes been included
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among the Molluscoidea; this resemblance, plus the similarity of its GSL oligosaccharide core structure to that of

Mollusca, are interesting factors in considering their evolution. During the Paleozoic era, they were extremely

abundant. Since many of their fossils have been discovered, the existing Brachiopoda is called ‘living fossil’. From

this animal, a group of neutral GSLs containing the mollu-series have been characterized.173 Like the GSLs in

Mollusca, GSLs of this animal with longer oligosaccharides contain a branching fucose and O-methylated sugars

(Table 5).
3.15.4.2 Deuterostomia

3.15.4.2.1 Echinodermata
Echinodermata are divided taxonomically into five classes, namely Echinoidea (sea urchin), Asteroidea (starfish),

Holothuroidea (sea cucumber), Crinoidea (feather star), and Ophiuroidea (brittle star). Echinodermata contain several

unique GSLs.125

All Echinodermata contain only glucocerebroside (Glcb1-Cer) as the monoglycosylceramide.174,175,178–184,186–200

A diverse array of neutral GSLs is found in the sea urchin and starfish species. Eggs of the sea urchin, Anthocidaris

crassispina, contain melibiosylceramide174 as the sole diglycosylceramide, and the novel trihexosylceramide175 and

difucosylated GSL176,177 have been reported in eggs of another sea urchin, Hemicentrotus pulcherrimus. This raises the

question whether, in, for example, A. crassispina and H. pulcherrimus, structural differences in their GSLs might be

related to morphological differences in their embryonic development.175 Spermatozoa of the starfish, Asterias amur-

ensis, contain three dihexosylceramides: lactosylceramide and two diglucosylceramides, namely gentiobiosylceramide

and cellobiosylceramide.185

The sphingoids are generally composed of mixtures of phytosphingosines with both branched and linear

chains, and the fatty acids of mixtures of normal, monounsaturated, and 2-hydroxy fatty acids. GSLs isolated from

the starfish, A. amurensis,184 Ophidiaster ophidianus,186 and Cosmasterias lurida;188 the sea cucumber, Pentacta

australis;194 and the sea urchin, Temnopleurus toreumaticus,178 contain (4E,8E,10E)-2-amino-4,8,10-octadecatriene-

1,3-diol (d18:3) and (4E,8E,10E)-2-amino-9-methyl-4,8,10-octadecatriene-1,3-diol (d19:3) as sphingoid components

(Table 6).
3.15.4.2.1.1 Echinoidea (sea urchin)

Acidic GSLs, gangliosides, in the sea urchins contain (besides sialic acid) only glucose as the neutral sugar component.

Systematic studies of sea urchin gangliosides suggest a common carbohydrate backbone composed of glucose and

sialic acid, attached to Glcb1-Cer at position C6.

It seems worthwhile to note the clear contrast between the egg and sperm gangliosides of A. crassispina in their

constituents as so far elucidated.201,202 The egg gangliosides are more hydroxylated than the sperm ones in this

species: sialic acid is exclusively NeuGc in the egg gangliosides, but only NeuAc in the sperm ones; sphingoids are

exclusively phytosphingosines in the egg ones but sphingenines in the sperm ones; fatty acids are mostly 2-hydroxy

fatty acids in the egg ones while there is no hydroxyl fatty acid in the sperm ones. As the ‘more-hydroxylated’

gangliosides are also found in gonads203 and embryos204 which contain somatic cells, the ‘less-hydroxylated’ ganglio-

sides might be characteristic of spermatozoa.

The finding of sulfated gangliosides is especially noteworthy in that the sulfate group exclusively resides on the C8

of the nonreducing terminal residues of oligo- and/or polysialyl chains202–205 and that sulfation appears to be a

termination signal for elongation of oligosialyl chains.205

Some gangliosides purified from the sea urchins are potent haptens and induce an immune response, and the

antiserum obtained provides a useful reagent for the immunological analysis of the organization, distribution, locali-

zation, and function of GSL molecules in cell membranes.206–211
3.15.4.2.1.2 Asteroidea (starfish)

Sialic acid appears at not terminal but internal position in many starfish gangliosides212–214,216,218–222,225 and binds

to the glycolyl group of the penultimate sialic acid,215,217,228,230 and some gangliosides of the starfish carry

arabinose residues in furanose form as the terminal sugar substituting at positions C3 or C6 of the penultimate

galactose.212–214,216,221,222



Table 6 Structures of glycosphingolipids found in Echinodermata and Urochordata

Structure Source

Echinodermata

Neutral GSL
Sea urchin
Glcb 1-Cer Anthocidaris crassispina (E)174

Hemicentrotus pulcherrimus (E)175

Temnopleurus toreumaticus178

Gala1-6Glcb1-Cer A. crassispina (E) 174

Galb 1-6Galb 1-6Glcb 1-Cer H. pulcherrimus (E) 175

Fuca1-3GalNAcb1

4
GlcNAcb1-4Glcb1-Cer

3

Fuca1

|

|

H. pulcherrimus (E)176,177

Starfish
Glcb 1-Cer Asterias rubens179,180

Asterias pectinifera181

Acanthaster planci182

Astropecten latespinosus183

Asterias amurensis (S)184

Ophidiaster ophidianus186

Pentaceraster regulus187

Cosmasterias lurida188

Allostichaster inaequalis (G, body wall)189

Luidia maculate190

Anasterias minuta191

Linckia laevigata 192

Galb 1-4Glcb 1-Cer A. pectinifera181

A. planci182

A. amurensis (S)185

Glcb 1-6Glcb 1-Cer A. amurensis (S) 185

Glcb 1-4Glcb 1-Cer A. amurensis (S) 185

Sea cucumber
Glcb 1-Cer Cucumaria echinata193,195

Pentacta australis194

Holothuria per vicax196

Stichopus japonicus197

H. leucospilota198

Feather star
Glcb 1-Cer Comanthus japonica (27)199

Acidic GSL

Sea urchin
NeuAca2-6Glcb1-Cer Anthocidaris crassispina (S)201

NeuGca2-6Glcb1-Cer A. crassispina (E)202

NeuAca2-8NeuAca2-6Glcb 1-Cer A. crassispina (S) 201

NeuAc2-6Glc1-8NeuAc2-6Glc-Cer Strongylocentrotus intermedius (E)200

NeuAc2-8NeuAc2-6Glc1-6Glc-Cer S. inter medius (E) 200

NeuGc2-8NeuGc2-6Glc1-6Glc-Cer S. inter medius (E) 200

NeuGca2-6Glcb1-8NeuGc2-6Glcb 1-Cer S. inter medius (E, embryo) 200,204

HSO3 -8NeuGc a2-6Glcb1-Cer A. crassispina (E) 202

Echinocardium cordatum (G)203

HSO3 -8NeuAca2-6Glcb1-Cer Hemicentrous pulcherrimus (S)205

HSO3 -8NeuAca2-8NeuAca2-6Glcb 1-Cer H. pulcherrimus (S) 205

HSO3 -8NeuGc a2-6Glcb1-8NeuGca2-6Glcb1-Cer S. inter medius (embryo)204

274 Glycophylogenetic Aspects of Lower Animals



HSO3-8NeuAca2-8NeuAc a2-8NeuAca2-6Glcb 1-Cer H. pulcherrimus (S) 205

HSO3-8NeuAca2-8NeuAc a2-8NeuAca2-8NeuAc a2-6Glcb1-Cer H. pulcherrimus (S) 205

Starfish
NeuGc8Mea2-3Galb 1-4Glcb 1-Cer Aphelasrias japonica (H)217

Luidia maculate229

NeuAc8Me a2-3Galb 1-4Glcb 1-Cer L. maculate229

NeuAca 2-3Galb 1-4Glcb 1-Cer L. maculate227

Galfb1-4NeuAca2-3Galb1-4Glcb1-Cer Acanthaster planci219

NeuGc8Me2-3GalNAc1-3Gal1-4Glc-Cer Asterias rubens224

NeuAca 2-8NeuAc a2-3Galb1-4Glcb1-Cer L. maculate230

NeuGc8Mea2-11NeuGc8Mea2-3Galb1-4Glcb1-Cer A. japonica (H)217

NeuAc8Me a2-11NeuGc a2-3Galb1-4Glcb1-Cer Linckia laevigata228

Arapb1-6Galpb 1-4NeuGc2-3Galb1-4Glcb1-Cer Asterina pectinifera213

Arapb1-6Galpb 1-4NeuGc8Me2-3Gal b1-4Glcb1-Cer A. pectinifera213

L -Arafa1-3Gala1-4NeuAc a2-3Galb1-4Glcb1-Cer A. pectinifera221

Astropecten latespinosus222

NeuAca 2-9NeuAc a2-3GalNAcb1-3Galb1-4Glcb1-Cer Evasterias retifera (H)215

Galfb1-3Galpa1-4NeuAca2-3Galb 1-4Glcb 1-Cer A. planci218,225

Fucfb1-4Galpa1-4NeuAca2-3Galb 1-4Glcb 1-Cer A. planci220

NeuGc8Me2
|
6

NeuGc8Me2-3GalNAcb1-3Galb1-4Glcb1-Cer

Asterias amurensis (H) 215

Araf,p1-6Galpb 1-4NeuGc2-3Galb1-4Glcb1-Cer

Galpb1
|
8

A. rubens223

A. planci218,225

L-Arafa1
|
4

L-Arafa1-3Gala1-4NeuAca2-3Galb1-4Glcb1-Cer

A. pectinifera212

L -Arafa1-3Gala1-4NeuAc a2-3Galb1-4Glcb1-Cer A. pectinifera221

L-Arafa1-3Gala1
|
6

L-Arafa1-3Gala1-4NeuAca2-3Galb1-4Glcb1-Cer

A. pectinifera221

Araf1-3Gala1
|
6

Araf1-3Galb1-4NeuGca2-3Galb1-4Glcb1-Cer

Patiria pectinifera (H)214

Araf 1-3Gala1-4NeuGc8Me2-3Gal1-3Gal1-4NeuAc2-3Galb 1-4Glcb 1-Cer P. pectinifera (H)216

HSO3-3Galb1-4Galb1-4Glcb1-Cer L. maculate226

Sea cucumber
NeuGca2-6Glcb 1-Cer Stichopus japonicus232

Holothuria leucospilota234

Stichopus chloronotus235

NeuGca2-4NeuAc a2-6Glcb1-Cer Holothuria per vicax 231

H. leucospilota234

Fuca1-11NeuGc a2-6Glcb1-Cer S. chloronotus235

Fuca1-8NeuGc a2-4NeuAca2-6Glcb 1-Cer H. per vicax231

Fuca1-11NeuGc a2-4NeuAca2-6Glcb1-Cer H. leucospilota234

Fuca1-4NeuAc a2-11NeuGca2-4NeuAca2-6Glcb1-Cer H. per vicax233

HSO3-8NeuGca2-6Glcb 1-Cer Cucumaria echinata195

(continued)

Table 6 (continued)

Structure Source
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HSO3 -4NeuAca2-6Glcb1-Cer H. per vicax231

HSO3 -8NeuGc a2-6Glcb1-Cer S. chloronotus235

Feather star
Ins-1-P -Cer Comanthus japonica236

NeuGc9Mea2-3Ins-1-P-Cer C. japonica237

NeuGc9Mea2-11NeuGc9Mea2-3Ins-1-P-Cer C. japonica237

NeuGc9Mea2-11NeuGc9Mea2-11NeuGc9Mea2-3Ins-1-P-Cer C. japonica238

Brittle star
NeuGca2-6Glcb1-Cer Ophiocoma scolopendrina239

NeuGca2-8NeuAca2-6Glcb 1-Cer O. scolopendrina239

NeuGca2-8NeuGca2-6Glcb 1-Cer O. scolopendrina239

HSO3 -8NeuAca2-6Glcb1-Cer O. scolopendrina 239

Urochordata
Glcb 1-Cer Botrillus leachii240

Phallusia fumigate241

Galb1-4Glcb1-Cer
3
|

Fuca1

Microcosmus sulcatus242

E, egg; G, gonad; H, hepatopancreas; S, sperm.

Table 6 (continued)

Structure Source
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Since the starfish gangliosides predominantly contain N-glycolyl-8-O-methylneuraminic acid (Neu

Gc8Me)213,215–217,224,229 as a sialic acid, it would be interesting to know the biosynthesis of this methylated sialic

acid, that is to study sialate 8-O-methyltransferase and N-acetylneuraminic acid monooxygenase in these starfish

species.

The disialogangliosides in two starfish species, Aphelasrias japonica217 and Linckia laevigata,228 have the additional

NeuGc or NeuGc8Me residues at the subterminal position to which the terminal sialic acid residue is linked through

the hydroxyl group (the position C11) of the glycolic acid unit.

In general, sialic acids are bound to galactose residue in sugar chains of the gangliosides. Amino sugar-

containing gangliosides have been isolated from the starfish species, A. amurensis,215 Evasterias retifera,215 and Asterias

rubens,223,224 in which a sialic acid residue is attached to N-acetylgalactosamine. In the A. amurensis215 gangliosides,

two NeuGc8Me residues are linked to one N-acetylgalactosamine residue at C3 and C6 having a highly unusual type

of positioning of the sialic acid residues. In theE. retifera215 gangliosides, the NeuAc residues are joined by 2-9 linkage,

unusual for gangliosides. In the Acanthaster planic218,220,225 gangliosides, their oligosaccharide moieties are different in

the terminal monosaccharide moieties, characteristically having a terminal furanose-type sugar unit. The terminal b-
Galf is linked to C3 of a-Galp, however, the terminal b-Fucf is linked to C4 of a-Galp. This difference in terminal sugar

linkages seems to be derived from the coexistence of different glycosyltransferases, namely b-1,3-galactofuranosyl-
transferase and b-1,4-fucofuranosyltransferase. A sulfatide having a trisaccharide chain has been isolated from the

Luidia maculate.226 Systematic studies of the sea urchin gangliosides suggest a common carbohydrate backbone

composed of glucose and sialic acid, attached to GlcCer at position C6; on the other hand, while common structures

are indeed evident in gangliosides of the starfish species, it appears that no common structural type of ganglioside is

characteristic for starfish as a whole (Table 6).
3.15.4.2.1.3 Holothuroidea, Crinoidea, and Ophiuroidea (sea cucumber, feather star, and brittle star)

Higuchi and his colleagues have been engaged in systematic studies of acidic GSLs including gangliosides of the sea

cucumber,195,231,232–235 feather star 236,237,238 and brittle star.239 In the sea cucumber and brittle star gangliosides, the

sialic acid (NeuAc and/or NeuGc) and sialyloligosaccharide residues are linked to the position C6 of the glucocerebro-

sides; and some gangliosides of the sea cucumber carry fucose residues as the terminal sugar substituting at positions

C-4,-8, or-11 (the hydroxyl group of the glycolic acid unit) of the penultimate sialic acid residues.231,233–235

Three sea cucumber species, Cucumaria echinata,195 Holothuria pervicax,231 and Stichopus chloronotus,235 and the

brittle star, Ophiocoma scolopendrina,239 contain a sulfated ganglioside with a common structure.



Glycophylogenetic Aspects of Lower Animals 277
The feather star, Comanthus japonica, contains an inositolphosphoceramide236 which has been found in plants

and protostomia, and mono-, di-, and trisialoglycosylinositolphosphoceramides.237,238 Furthermore, the presence of

the 9-O-methyl-N-glycolylneuraminic acid residues is also unique in the naturally occurring gangliosides.237,238

3.15.4.2.2 Urochordata
TLC analysis showed the presence of cerebroside-like glycolipids and high-polarity glycolipids, but no gangliosides

in the sea ascidian, Halocynthia roretzi, Halocynthia aurantium, and Styela clava, although this animal is classified

in Deuterostomia.125 The chemical structures of GSLs (see Table 6) have been characterized as Glcb1-Cer from
the ascidian, Botrillus leachii 240 and Phallusia fumigate,241 as well as Galb1-4(Fuca1-3)Glcb1-Cer from Microcosmus

sulcatus.242 The ceramide components predominantly consisted of 2-hydroxylated fatty acids and phytosphingosine-

type sphingoids. Ascidian is a good model organism for understanding vertebrate development, because it belongs to a

chordate and its cell lineage can be traced. Furthermore, a large amount of genome-related data have been accumu-

lated, including genome sequences and gene expression patterns.
3.15.4.3 Cnidaria

In 1970, the glycolipid components of 50 species of marine invertebrates were identified by TLC with chemical

detections and the monosaccharide contents of the lipid extracts were analyzed.243 This study showed the presence of

cerebroside-like glycolipid and high-polarity glycolipids in most invertebrate animals; ganglioside was absent,

although ganglioside-like lipids are present in Echinodermata. The presence of glycolipids has been shown in the

sea anemones, Metridium s. fimbriatum and Anthopleura sp., and the jellyfish, Aurelia aurita of Cnidaria. In the sea

anemone,Metridium senile, cerebroside has been characterized as GlcbCer with 2-hydroxylated C16:0 and C20:0 acids

as major fatty acids and 9-methyl-sphingadiene as major sphingoid (Table 7).244
3.15.4.4 Porifera

Sponges of Porifera, the simplest and earliest multicellular organisms, have been well studied as models for cell-

recognition and adhesion mechanisms. Interestingly, carbohydrate self-recognition is involved in marine sponge

cellular adhesion.245 Sponges have long been recognized as a rich source of novel lipids including GSLs, hence

numerous papers have been reported from diverse chemical and pharmacological research areas. Cerebroside-like

glycolipid was found in the sea sponge,Halicloma aqueducta,Halichondria panacea, andMyxilla incrustans of Porifera.243

A mixture of cerebrosides was isolated from the lipids of sea sponge, Chondrilla nucula, and GlcCer was characterized

to contain long-chain bases and 2-hydroxy fatty acids.246 Cerebrosides were found in the sponge, Chondropsis sp., and

identified as Galb1-Cer247 and from Haliclona sp. and H. panicea as Glcb1-Cer (Table 7).248,249 From Amphimedon

viridis, GlcNa1-Cer and GlcNb1-Cer were found and named as amphicerebrosides.248 Digalactosylceramide was

found in Halichondria japonica and characterized as Gala1-4Galb1-Cer, using FAB-MS, IR, 1H-NMR analysis and

chemical methods.250

During screening of natural products for antitumor and immunostimulatory activities, especially marine sponge, it

was found that GSL from an Okinawan sponge, Agelas mauritianus, showed high in vivo antitumor activity against

murine B16 melanoma and enhanced the mixed lymphocyte reaction (MLR) in vitro.251–255 This compound was

named agelasphin GSL and is a-galactosylceramide, a-GalCer (Gala1-Cer); its synthetic analog is known as KRN7000.

After testing of various synthetic analogs for biological activities, KRN7000 was found to be a potent agent to stimulate

Va14NKTcells and was also identified as a ligand for invariant T-cell antigen receptor of Va14NKTcell.256–258 The

ceramide components influence activities through modification of presentation by CD1d molecules; the synthetic

analog has C26:0 fatty acid and phytosphingosine.256,259 Numerous studies have been reported, which are summarized

by excellent reviews,260,261 especially focusing on the role of Gala1-Cer-reactive invariant NKT cell in controlling

autoimmune response, prevention of parasite infection,262 and abortion.263

The structural analysis of sponge GSLs has accompanied the investigation of their biological activities. There are

antifungal activities of GlcNAcbCer from Halichondria cylindrata,264 and immunostimulatory activities of di- and

triglycosylceramides from four Agelas species,265 Stylissa frabeliformis, and Axinella damicornis,266 as well as nitric oxide

release inhibitor activity of triglycosylceramides from Aplysinella rhax.267 Prenylated ((CH3)2C¼CH–) GSLs featuring

a cyclopropane-containing alkyl chain have been isolated from Ectyoplasia ferox and Plakortis simplex.268,269 GlcbCer
GSL is found in Iotrochota baculifera,270 Gala1-6Glcb1-Cer in Amphimedon sp.,271 Gala1-Cer-based GSLs in Agelas

clathrodes 272 and A. damicornis 273 with various ceramide species. GSL structures of Porifera are summarized in

Table 7.



Table 7 Structures of glycosphingolipids found in Cnidaria and Porifera

Structure Source

Cnidaria

Glcb 1-Cer Metridium senile244

Porifera

Gala1-Cer Agelas mauritianus251

Agelas clathrodes272

Galb 1-Cer Chondropsis sp247

Halichondria japonica250

Glcb 1-Cer Halicona sp.248

Halichondria panicea249

Iotrochota baculifera270

GlcNAcb 1-Cer Halichondria cylindrata264

GlcNa1-Cer Amphimedon viridis248

GlcNb1-Cer A. viridis248

Gala1-2Gala1-Cer Agelas conifera265

Unidentified sponge266

Gala1-4Galb1-Cer H. japonica250

Glca1-2Gala1-Cer Agelas longissima265

Galf b1-3Gala1-Cer A. clathrodes265

Agelas axisera266

Gala1-6Glcb1-Cer Amphimedon sp.271

GalNAca1-3Gala1-Cer A. clathrodes265

GlcNAca1-4Gala1-Cer Axinella damicornis 273

Galb1-Cer Ectyoplasia ferox268

(CH3) 2 C¼CH-2 Plakortis simplex269

Glcb 1-6Galb 1-Cer E. ferox268

(CH3)2C¼CH-2

GalNAcb1-4GlcNAcb1-Cer
3
|

Fuca1

Aplysinella rhax267

GalNAca1-3Gala1-Cer
2
|

Glca1

Stylissa frabeliformis 266

GalNAca1-6Gala1-Cer
2
|

Gala1

Agelas dispar265

Rhaa 1-3GalNAc b 1-6Gala1-2Gala1-Cer A. clathrodes271
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3.15.5 Conclusions

When animals diverged evolutionarily in ancient times but retained morphological and embryological similarities,

they could be arranged at a similar place on the taxonomic tree based on their morphology. Better understanding of

molecular phylogeny as determined by comparison of genes using molecular biology, as well as other new approaches,

has been aimed and new lines of evidence are accumulating in this research field. Molecular phylogenymainly collects

information by comparison of ubiquitous protein molecules or their nucleic acid sequences. Glycosyltransferases

responsible for unique invertebrate GSL biosynthesis would be excellent molecules for this purpose. As suggested in

this chapter, it is important that information on species’ characteristic GSL structures is incorporated into the

phylogenitc tree along with molecular phylogeny using ubiquitous molecules, and the hoped-for result will be a

new type of molecular phylogeny. The varieties of characteristic GSL structures help to confer onto various species

the diversity they show. Extraction and characterization of GSLs are part of the search and discovery process for

identifying previously unknown natural products, from invertebrate sources, having antitumor or immunoreactive

properties. Characterization of ceramide composition is also important as shown by Gala1-Cer, because ceramides
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influence the way of presentation by CD1d molecules. The complex of GSL molecules is increasingly recognized to

play an important part in the interactions between animal and animal, parasite and host, and invertebrate and

vertebrate, probably involving their presence and functions at cell surfaces. Research in these areas is now expanding

in the scientific community and is benefiting greatly from various medical and pharmacological contributions.

Investigation of GSLs in model organisms such as D. melanogaster and C. elegans, both of which are genome-sequenced

species, should lead to interesting new findings. In fact, studies of the remarkable structures of invertebrate GSLs

could provide a new approach to the field of genomics. Such recent research on GSLs of model organisms such as

D. melanogaster, and its results, actually point in the direction of a new research field, ‘glycogenomics’.
Glossary

aGalCer a-Galactosylceramide was discovered in the marine sponge during a screen for antitumor agents. This structure has a

different anomeric configuration from the cerebroside which ubiquitously exists in most animals including the mammal.

arthro-series Named for the characteristic oligosaccharide structure (GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-), derived from

the name Arthropoda.

cerebroside Monohexosylceramide has been found as a major glycosphingolipid in brain tissue. In general, cerebroside is

defined as galactosylceremide, but occasionally indicates glucosylceramide as well galactocerebroside (a precursor of sulfatide)

which is prominent in brain, and as well as glucocerebroside (a precursor of ganglioside and other glycosphingolipid) which is

prominent in other tissues, are used for differentiating brain and other tissues.

fucolipid Glycosphingolipids contain fucose as sugar components, and fucose typically is found on branches attached to the core

sugar structure.

mannolipid Glycosphingolipids contain 1 or 2 mol mannose as sugar components, and are found in Protostomia animals.

mollu-series Named for the characteristic oligosaccharide structure (GlcNAcb1-2Mana1-3Manb1-4Glcb1-), derived from the

name Mollusca.

phosphonoglycosphingolipid Glycosphingolipids contain a C–P compound which has carbon and phosphorus chemical C–P

bond, such as [(2-aminoethyl)hydroxyphosphoryl].

sphingoid A component which, combined with a fatty acid, makes up ceramide; typically, this is one of the long chain bases.

Sphingosine is the most commonly occurring sphingoid structure [(2S,3R,4E)-2-aminooctadec-4-ene-1,3-diol].

zwitterionic glycosphingolipid The meaning is similar to amphoteric glycosphingolipid. First, it was defined as a glyco-

sphingolipid containing 2-aminoethanolphosphate (phosphoethanolamine); later, phosphocholine (PC) was also discovered in this

lipid class. Like neutral glycolipids, PC-containing lipids show no adsorption to anion-exchange resin, but do show a more polar

migration than neutral glycolipid on thin layer chromatography.
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3.16.1 Introduction

Proteins produced by eukaryotic cells are frequently post-translationally modified by the addition of carbohydrates.

The carbohydrate moieties of these glycoproteins not only affect their stability and conformation, but also have roles

in molecular recognition processes that occur: bacterial and viral infection, cell adhesion in inflammation and

metastasis, differentiation, development, and many other events characterized by intercellular communication. The

mechanisms underlying the many carbohydrate-mediated recognition processes are not well understood.

The major glycans of glycoproteins can be classified into two groups according to their glycan–peptide linkage

regions. Those that are linked to asparagine (Asn) residues of polypeptides are termed N-glycans, while those that

are linked to serine (Ser) or threonine (Thr) residues are called O-glycans. In N-glycans, the reducing terminal

N-acetylglucosamine (GlcNAc) is linked to the amide group of Asn, via an aspartylglycosylamine linkage. In

O-glycans, the reducing terminal N-acetylgalactosamine (GalNAc) is attached to the hydroxyl groups of Ser and

Thr residues of polypeptides. However, in addition to the abundant O-GalNAc forms, several unique types of protein

O-glycosylation have been reported, such as O-fucose, O-glucose, O-GlcNAc, O-xylose (proteoglycans), O-galactose on

hydroxylysine (collagen), and O-mannose, which will be reviewed here. The O-mannosyl linkage used to be consid-

ered specific to yeast, but has been found in mammals. Recently, O-mannosylation of the mammalian glycoprotein

dystroglycan has been shown to be important in muscle and brain development. This chapter summarizes what is

known about the structure, biosynthesis, and biology of O-mannosylation of dystroglycan.
3.16.2 Dystroglycan

a-Dystroglycan is an extracellular peripheral membrane glycoprotein anchored to the cell membrane by binding to a

transmembrane glycoprotein, b-dystroglycan (Figure 1).1,2 These two dystroglycan subunits were originally identified

as members of the sarcolemmal dystrophin–glycoprotein complex (DGC). Dystroglycan is encoded by a single gene

(DAG1), and cleaved into two proteins (a- and b-dystroglycan) by post-translational processing.3 The dystroglycan

complex is widely expressed in many tissues4 and is thought to act as a transmembrane linker between the

extracellular matrix and intracellular cytoskeleton,5 because a-dystroglycan binds with high affinity to the extracellular

matrix component, laminin,5–8 and the intracellular domain of b-dystroglycan binds to the cytoskeletal protein,

dystrophin.2,9,10 Dystroglycan mediates cell–extracellular matrix communications in a variety of cell types and is

found to play diverse and important roles in cell function, including adhesion, sarcolemmal integrity, neurological
285
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Figure 1 Molecular organization of the dystrophin–glycoprotein complex (DGC) in sarcolemma. a-Dystroglycan links

to the extracellular components (laminin, neurexin, and agrin) with b-dystroglycan, which is a transmembrane glycoprotein

and binds not only to dystrophin, a cytoskeletal protein, but also to sarcoglycan. Dystrophin binds to cytoskeletal actin at its

N-terminus and to syntrophins and a-dystrobrevin at its C-terminus. The syntrophins bind to neuronal nitric oxide synthase
(nNOS). a-Dystroglycan is known to bind to extracellular matrix proteins containing laminin G domains, such as laminin,

neurexin, and agrin.
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development, basement membrane assembly, and epithelial polarization and morphogenesis, and also acts as a

receptor for bacterial and viral infection. b-Dystroglycan has a single transmembrane domain and its C-terminus

faces the cytoplasmic side. The last 15 amino acids of b-dystroglycan bind directly to the cysteine-rich region of

dystrophin.11 This region of b-dystroglycan is proline (Pro) rich and contains a tyrosine (Tyr) phosphorylation site. The

C-terminus of b-dystroglycan also binds to the adaptor protein Grb2.12 This interaction is mediated by the SH3

domain of Grb2 that binds to Pro-rich sequences in the cytoplasmic tail of b-dystroglycan. This interaction raises the

possibility that b-dystroglycan participates in the transduction of extracellular matrix-mediated signals to the muscle

cytoskeleton.

a-Dystroglycan is heavily glycosylated. Whereas the deduced amino acid sequence predicts a�74kDa core peptide,

a-dystroglycan is identified as a broad smear in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) with apparent molecular masses of 156kDa in skeletal muscle,1 120kDa in brain and peripheral nerve,13–15 and

190kDa in the postsynaptic membrane of the Torpedo electric organ.16 The differences in the molecular masses of

a-dystroglycans obtained from different tissues seem to be not due to differences in the primary structure, but due to

tissue-specific differential glycosylation of the core protein.4,17 Chemical modification by treatment with periodic acid

or trifluoromethanesulfonic acid resulted in the loss of laminin binding,5,18 suggesting that the sugar moiety is

essential for this activity. However, enzymatic removal of N-glycans did not affect the laminin-binding activity.1 In

addition, nitrous acid treatment to degrade heparin or heparan sulfate or glycosaminoglycan lyase digestion did not

affect laminin binding.5,13,14,16,19 These results suggested that O-glycans of a-dystroglycan are important for laminin

binding. a-Dystroglycan has a mucin-type O-glycosylation site in the central region of the molecule.20 Thr, Ser, and

Pro are densely distributed between the amino acid residues 317 and 488, often clustering, and over one-half of the Pro

residues in this region are at positions�1 orþ3 relative to the Thr or Ser residues. The susceptibility of a-dystroglycan
to O-sialoglycopeptidase supports the hypothesis that a-dystroglycan is a sialylated mucin-type glycoprotein.15 The

predicted mucin domain (amino acid residues 317–488) is expected to take the form of a rigid rod, since complex

secondary and tertiary structures are hindered by heavy glycosylation.

When the localization of a-dystroglycan was examined in the rat cerebellum, its co-localization with dystrophin

was found to be similar to the finding in skeletal muscle. a-Dystroglycan is localized along Purkinje cell dendrites

and cell bodies, and in especially high concentrations in the dendritic spines.15,21 On the other hand, in blood vessels,

a-dystroglycan was found to be associated with the laminin-rich parenchymal vascular basement membrane, and

b-dystroglycan was found to be associated with the endfeet of perivascular astrocytes.21 The linkage of the astrocytic

endfeet to the vascular basement membrane is likely to be important for blood vessel formation and stabilization, and

for maintaining the integrity of the blood–brain barrier.
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The function of dystroglycan in the body has been examined by targeting the DAG1 gene in mice. However,

disruption of this gene in mice is embryonically lethal.22 Dystroglycan is involved in the development of Reichert’s

membrane and the assembly of extracellular matrix proteins.22 To allow the embryo to develop, chimeric mice were

generated from targeted embryonic stem cells. Dystroglycan-null chimeric mice showedmuscular dystrophy, although

muscle basement membrane formation was normal.23 The function of dystroglycan in specific tissues was examined

with the Cre–LoxP system. Disruption of the dystroglycan gene specifically in differentiated skeletal muscle did not

affect muscle basement membrane formation but resulted in a mild dystrophic phenotype.24 Disruption of the

dystroglycan gene in brain resulted in abnormal cerebral cortical layering resembling human cobblestone lissen-

cephaly, and abnormal cerebellar granule cell migration.25 Disruption of the dystroglycan gene in peripheral nerves

caused defects in both myelination and nodal architecture.26 These results indicate that dystroglycan is essential for

normal development. On the other hand, dystroglycan is required for polarizing epithelial cells and oocytes in

Drosophila,27 and removal of dystroglycan causes severe muscular dystrophy in zebrafish embryos.28

Recent studies demonstrate that dystroglycan plays a role in the invasion and metastasis of cancer.29 Reduced

expression of dystroglycan in prostate and breast cancers may lead to abnormal cell–extracellular matrix interactions

and thus contribute to progression to the metastatic phenotype. The apparent ratio of a-dystroglycan to b-dystroglycan
is highly variable in cancer cells, despite the fact that a-dystroglycan and b-dystroglycan are translated from a single

gene, and points to a selective loss of a-dystroglycan at the cell surface. The characteristic 30kDa proteolytic fragment

of b-dystroglycan released by a metalloprotease was detected abundantly in carcinoma cells and a-dystroglycan was

greatly reduced in these cell lines specifically.30 These results suggest that the metalloprotease, which cleaves the

dystroglycan outside of the cell membrane, is activated in certain cancer cells and disrupts the linkage of the cancer

cells and basement membrane, contributing to progression to the metastatic phenotype.

Dystroglycan is also involved in the adhesion of pathogens to host cells. Several members of the arenavirus family

including the Lassa fever virus31 and Mycobacterium leprae,32 the bacterium responsible for leprosy, bind to target cells

through interactions with a common receptor, a-dystroglycan. This raises the possibility that the glycan moieties of

a-dystroglycan contribute to the entry of these causative agents, although details of the underlying molecular events

remain to be determined.
3.16.3 Structure of O-Mannosyl Glycans

O-Mannosylation is known as a yeast-type modification, and O-mannosylated glycoproteins are abundant in the yeast

cell wall.33 In unicellular eukaryotic organisms, all O-mannosyl glycan structures elucidated so far are neutral linear

glycans consisting of 1–7 mannose residues. O-Mannosylation of proteins has been shown to be vital in yeast because

its absence may affect cell wall structure and rigidity. Additionally, a deficiency in O-mannosylation in the fungal

pathogen Candida albicans leads to defects in multiple cellular functions including expression of virulence.34 In

addition to fungi and yeast, clam worm has an O-mannosyl glycan (GlcAa1-6Man disaccharide) in skin collagen.35

Mammalian O-mannosylation is an uncommon type of protein modification that was first identified in chondroitin

sulfate proteoglycans of brain36–38 and is present in a limited number of glycoproteins of brain, nerve, and skeletal

muscle.39 We previously found that a-dystroglycan has O-mannosyl oligosaccharides, and that a sialyl O-mannosyl

glycan, Siaa2-3Galb1-4GlcNAcb1-2Man, is a laminin-binding ligand of a-dystroglycan.40 Interestingly, rabbit skeletal
muscle a-dystroglycan has the same O-mannosyl glycan.41 In addition to the O-mannosyl glycan, we also found almost

equal amounts of the core 1 structure, Galb1-3GalNAc, in rabbit skeletal muscle a-dystroglycan.41 This is consistent

with previous reports1,8 that desialylated rabbit skeletal muscle a-dystroglycan reacted with peanut agglutinin, which

is known to bind specifically to the Galb1-3GalNAc group. The core 1 glycans of a-dystroglycan are necessary

for laminin-induced acetylcholine receptor clustering but not for laminin binding.42 Subsequently, an HNK-1

epitope (sulfoglucuronyl lactosamine) carrying an O-mannosyl glycan (GlcA3Sb1-3Galb1-4GlcNAcb1-2Man) was

detected in total brain glycopeptides.43 These oligosaccharides also have 2-6-substituted mannose. Further, dystro-

glycan from sheep brain has a Galb1-4(Fuca1-3)GlcNAcb1-2Man (the X epitope) structure.44 Therefore, mammals

have a series of O-mannosyl glycans, with heterogeneity of mannose-branching and peripheral structures. The

carbohydrate moieties of a-dystroglycan have been proposed as being essential for its biological functions.45,46

However, the reason for the presence of heterogeneous glycans of a-dystroglycan in different tissues remains unclear.

Different ligand binding of a-dystroglycan in different tissues may be the reason.

We demonstrated that sialidase treatment of a-dystroglycan diminished its laminin-binding activity, indicating that

the sialic acid residues are involved in the interaction with laminin.7 Furthermore, the results of inhibition studies with

various sialylated oligosaccharides suggested that the sialyl N-acetyllactosamine structure was essential for this
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binding.40 Although brain a-dystroglycan carried the HNK-1 epitope, this epitope on a-dystroglycan may not

be critical for laminin binding.15 This finding is consistent with the result that the binding site of the HNK-1

carbohydrate of laminin is different from that of a-dystroglycan.47

An O-mannosyl sialyl tetrasaccharide, Siaa2-3Galb1-4GlcNAcb1-2Man, may be a ligand of laminin. The Siaa2-3-
Galb1-4GlcNAcb1-2Man structure is commonly found as a side chain of complex-type N-glycans. For example,

such sugar chains are found in human chorionic gonadotropin and human placental fibronectin,48,49 but they have not

been reported to bind laminins. The amino acid sequence of a-dystroglycan predicts a mucin domain in the central

region of themolecule.20 Consistent with this, an electron microscopic study of cardiac muscle a-dystroglycan reported

a rod-shaped segment with globular domains attached to both ends.50 Clustering of O-glycans in a mucin domain is

thought to be necessary for the interaction between the oligosaccharides and their ligands.51 On the other hand,

conformational analyses revealed that the side chains of complex-type N-glycans do not always stretch out parallel to

each other,52–54 suggesting that N-glycans are not suitable for clustering of sugar chains in a particular direction. The

function of Siaa2-3Galb1-4GlcNAcb1-2Man may be different depending on whether it links to the mannosyl–

chitobiosyl core of an N-glycan or directly to the core peptide via an O-glycosidic linkage.

As described above, O-mannosyl glycans obtained from brain glycoproteins have the X epitope (Galb1-4(Fuca1-3)
GlcNAcb1-R) and the HNK-1 epitope (GlcA3Sb1-3Galb1-4GlcNAcb1-R), which have roles in recognition and/or cell

adhesion. The X epitope constitutes the stage-specific embryonic antigen 1 (SSEA-1) that appears in the 8- to 16-cell

stage of the mouse embryo, where it may be involved in compaction of the blastomeres.55,56 Expression of the

X epitope is highly regulated during development and the X epitope appears to be involved in a variety of cell

interactions.57 However, the X epitope in the developing mouse embryo may not be essential for embryogenesis

in vivo.58

Expression of the HNK-1 epitope is spatially and temporally regulated during development, and the highest level

of expression is seen at the stage where the neural networks are being constructed in the central nervous system.59–61

The HNK-1 epitope is presumed to be involved in cell-to-cell interactions such as cell adhesion,62 migration,63 and

neurite extension.64 Recently, the HNK-1 epitope in the nervous system is elucidated to associate with long-term

potentiation at the Schaffer collateral CA1 synapses and with spatial memory formation.65 However, the role of HNK-1

epitope in O-mannosyl glycan remains to be elucidated.
3.16.4 Biosynthesis of O-Mannosyl Glycan

Identification and characterization of the enzymes involved in the biosynthesis of mammalian O-mannosyl glycans will

help to elucidate the function and regulation of expression of these glycans (Figure 2).

In yeast, protein O-mannosyltransferases catalyze the transfer of a mannosyl residue from dolichyl phosphate

mannose (Dol-P-Man) to Ser/Thr residues of certain proteins.33 Seven genes responsible for the formation of

mannosyl–peptide linkages have been identified in the genome of Saccharomyces cerevisiae.33 Using gene disruption

and crosses to create single, double, and triple mutants of these genes in S. cerevisiae, O-mannosylation of proteins has

been concluded to be a vital protein modification.66 Further work clearly indicated that these individual protein

O-mannosyltransferases had different specificities for protein substrates.67
Ser/Thr-protein

Protein O -mannosyltransferase
(POMT1 and POMT2)

Mana-Ser/Thr

Protein O -mannose b-1,2-N -acetylglucosaminyltransferase
(POMGnT1)

GlcNAcb1-2Mana-Ser/Thr

b-1,4-Galactosyltransferase

Galb1-4GlcNAcb1-2Mana-Ser/Thr

a-2,3-Sialyltransferase

Siaa2-3Galb1-4GlcNAcb1-2Mana -Ser/Thr

Figure 2 Biosynthetic pathway of mammalian O-mannosyl glycan.
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Attempts to detect protein O-mannosyltransferase activity and to characterize the enzyme(s) responsible for

the biosynthesis of O-mannosyl glycans in vertebrates were unsuccessful for a long time. Two human homologs,

POMT1 and POMT2, were found.68,69 POMT1 and POMT2 share almost identical hydropathy profiles that predict

both to be integral membrane proteins with multiple transmembrane domains. Recently, we developed a method

to detect the enzymatic activity of protein O-mannosyltransferase in mammalian cells and tissues. Using this method,

we demonstrated that human POMT1 and POMT2 have protein O-mannosyltransferase activity, but only when

they are co-expressed (Figure 3).70 This suggests that POMT1 and POMT2 form a heterocomplex to express

enzymatic activity similar to the complex in yeast.71 POMT1 and POMT2 are expressed in all human tissues,

but POMT1 is highly expressed in fetal brain, testis, and skeletal muscle, and POMT2 is predominantly expressed

in testis.68,69 O-Mannosylation seems to be uncommon in mammals and only a few O-mannosylated proteins have

been identified.72 It will be of interest to determine the regulatory mechanisms for protein O-mannosylation in each

tissue.

Drosophila has two POMT orthologs, dPOMT1 and dPOMT2, which correspond to human POMT1 and POMT2,

respectively.69,73 Two mutants, rt and tw, have reduced viability as well as pronounced defects in muscle development.

The rt and tw genes were identified as dPOMT1 and dPOMT2, respectively.68,69,74 As with human POMT1 and

POMT2, Drosophila dPOMT1 and dPOMT2 function only when associated with each other.74 Thus, protein

O-mannosylation may be essential for muscle development in both vertebrates and invertebrates.

A key difference between mammalian and yeast O-mannosyl glycans is that those in mammals have a GlcNAcb1-
2-Man linkage. This linkage is assumed to be catalyzed by a glycosyltransferase, UDP-GlcNAc: protein O-mannose

b-1,2-N-acetylglucosaminyltransferase (POMGnT1). POMGnT1 catalyzes the transfer of GlcNAc fromUDP-GlcNAc

to O-mannosyl glycoproteins. We developed an enzyme assay for POMGnT1, and found its activity in several

mammalian brains.75 The GlcNAcb1-2Man linkage is also found in N-glycans, where they are catalyzed by two

enzymes, UDP-GlcNAc: a-3-D-mannoside b-1,2-N-acetylglucosaminyltransferase I (GnT-I) and UDP-GlcNAc: a-6-
D-mannoside b-1,2-N-acetylglucosaminyltransferase II (GnT-II). However, we found that recombinant GnT-I and

GnT-II had no ability to catalyze the GlcNAcb1-2Man linkage in O-mannosyl glycans,75 suggesting that a new enzyme

must be responsible for the formation of this linkage. Thus, we cloned the human POMGnT1 gene.76 The nucleotide

sequence indicated that human POMGnT1 is a 660-amino-acid protein and is a type II membrane protein.

POMGnT1 did not have either GnT-I or GnT-II activity.76 As described above, GnT-I and GnT-II did not have any

POMGnT1 activity. Taken together, these results suggest that loss-of-function of POMGnT1 is not compensated by

GnT-I and GnT-II. Mammals have an absolute requirement for GnT-I during early embryogenesis. Mouse embryos
Figure 3 Relation between complex formation of POMT1–POMT2, and protein O-mannosyltransferase activities. Human

POMT1 and POMT2 have protein O-mannosyltransferase activity, but only when they are co-expressed, suggesting

that POMT1 and POMT2 form a heterocomplex to express enzymatic activity. Stoichiometry of POMT1–POMT2 in the
complex remains to be solved.
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lacking the functional GnT-I gene die at E9.5 with multisystemic abnormalities.77,78 On the other hand, over 60% of

mouse embryos with null mutations in the GnT-II gene survive to term, but 99% of newborns die during the first week

of postnatal development with multisystemic abnormalities.79 Furthermore, a human disease caused by mutations in

the GnT-II gene is known as congenital disorders of glycosylation-IIa (CDG-IIa).80 No human diseases having defects

in GnT-I have been reported, suggesting that such defects result in embryonic lethality and that GnT-I is essential for

normal human development. As described above, mammalian O-mannosyl glycan has 2,6-disubstituted mannose.

Recently a gene for this 6-branching enzyme (GnT-IX) has been cloned and is exclusively expressed in the brain.81

Seven human b-1,4-galactosyltransferases (b4GalTs) have been identified and characterized. However, it remains

unclear which enzymes can act on a disaccharide (GlcNAcb1-2Man) on a-dystroglycan. A recent study suggested that

among human b4GalTs, both b4GalT-I and b4GalT-II could act efficiently on the above substrate, but the relative

activity of b4GalT-II was higher than that of b4GalT-I.82 b4GalT-Iwas found to be expressed in many tissues but not in

the brain, while b4GalT-II was expressed at high levels in the brain. These results suggest that b4GalT-II is a major

regulator of the synthesis of O-mannosyl glycans in brain.82

The enzymes for sialylation, fucosylation, glucuronylation, or sulfation of O-mannosyl glycans have not been

identified.
3.16.5 Functional Roles of O-Mannosyl Glycans

O-Mannosylation of proteins has been clearly shown to be vital in unicellular eukaryotic organisms,66 and its absence

may severely decrease cell wall rigidity. Deficiency in protein O-mannosylation in the fungal pathogen C. albicans

was shown to cause defects in multiple cellular functions including expression of virulence.34 In yeast, protein

O-mannosylation may function as an endoplasmic reticulum (ER) quality control system by solubilizing aberrant

proteins that overflow from the ER-associated degradation pathway, thereby reducing the load for ER chaperones.83,84

O-Mannosyl glycans have also been shown to be important in muscle and brain development in mammals.72

Muscular dystrophies are genetic diseases that cause progressive muscle weakness and wasting.85 Recent data

suggest that aberrant glycosylation of a-dystroglycan is the primary cause of some forms of congenital muscular

dystrophy and neuronal migration disorder.72 Hypoglycosylated a-dystroglycan was shown to greatly reduce affinities

for extracellular matrixes such as laminin, neurexin, and agrin, and to disrupt the dystroglycan–extracellular matrix

linkage (Figure 4).86 The following subsections focus on defects of glycosylation and congenital muscular dystrophies.
3.16.5.1 Muscle–Eye–Brain Disease (MEB)

The human POMGnT1 gene is located at 1p33 and is responsible for muscle–eye–brain disease (MEB: OMIM

253280). MEB is an autosomal recessive disorder characterized by congenital muscular dystrophy, ocular abnormal-

ities, and brain malformation (type II lissencephaly).87 Patients with MEB show severe cerebral and ocular anomalies,

but some patients reach adulthood. MEB has been observed mainly in Finland.

We screened the POMGnT1 gene for mutations in patients with MEB and identified 13 mutations in these

patients.76,88 To confirm that the observed mutations are responsible for the defects in the synthesis of O-mannosyl

glycan, we expressed all of the mutant proteins and found that none of them had enzymatic activity.76,89 These
Extracellular

Normal

Aberrant glycosylation

Muscular dystrophies
(MEB, FCMD, WWS
MDC1C/LGMD2I, MDC1D, Largemyd)

Agrin

Agrin

Neurexin

Neurexin

Laminin
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-DGb

a-DG a-DG
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Figure 4 Disruption of linkage between the extracellular components (laminin, neurexin, and agrin) and a-dystroglycan
due to defects of glycosylation is thought to cause several muscular dystrophies (MEB, FCMD, WWS, MDC1C, LGMD2I,

MDC1D, and Largemyd). a-DG, a-dystroglycan; b-DG, b-dystroglycan.



Table 1 Possible muscular dystrophies caused by abnormal glycosylation of a-dystroglycan

Condition Gene Protein function Gene locus

Muscle–eye–brain disease

(MEB)

POMGnT1 O-Mannosyl glycan GlcNActransferase 1 p33

Fukuyama congenital

muscular

dystrophy (FCMD)

Fukutin Putative glycosyltransferase 9q31

Walker–Warburg

syndrome (WWS)

POMT1 Protein O-mannosyltransferase 9q34.1

POMT2 14q24.3

MDClC and Limb-girdle

muscular dystrophy 2I

(LGMD2I)

Fukutin-related

protein (FKRP)
Putative glycosyltransferase 19q13.3

Myodystrophy (Largemyd)

mouse and

large Putative glycosyltransferase 8 (mouse)

22q12.3–13.1

MDClD LARGE
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findings indicate that MEB is inherited as a loss-of-function of the POMGnT1 gene. If POMGnT1 does not func-

tion, no peripheral structure (Neu5Aca2-3Galb1-4GlcNAc, Galb1-4(Fuca1-3)GlcNAc, and GlcA3Sb1-3Galb1-
4GlcNAc) can be formed on O-mannose residues. Because these structures are involved in adhesive processes, a

defect of O-mannosyl glycan may severely affect cell migration and cell adhesion. Additionally, we found a selective

deficiency of glycosylated a-dystroglycan in MEB patients.90 This finding suggests that a-dystroglycan is a potential

target of POMGnT1 and that hypoglycosylation of a-dystroglycan may be a pathomechanism of MEB. MEB muscle

and brain phenotypes can be explained by a loss of function of a-dystroglycan due to abnormal O-mannosylation.

Abnormal glycosylation of a-dystroglycan has recently been suggested to be the cause of some muscular dystro-

phies, for example, Fukuyama-type congenital muscular dystrophy (FCMD: OMIM 253800), congenital muscular

dystrophy type 1C (MDC1C: OMIM 606612), Walker–Warburg syndrome (WWS: OMIM 236670), congenital

muscular dystrophy type 1D (MDC1D: OMIM 608840), and the mouse myodystrophy (Largemyd) (Table 1). These

are named dystroglycanopathies because these are caused by incomplete glycosylation of dystroglycan.
3.16.5.2 Walker–Warburg Syndrome (WWS)

WWS is another form of congenital muscular dystrophy that is characterized by severe brain malformation (type II

lissencephaly) and eye anomalies.91 Patients with WWS are severely affected from birth and usually die within their

first year. WWS has a worldwide distribution. Recently, 20% of WWS patients (6 of 30 unrelated WWS cases) were

found to have mutations in POMT1.92 POMT1 is highly expressed in fetal brain, testis, and skeletal muscle, which are

the affected tissues in WWS. Mutations have also been found in the POMT2 gene in this syndrome,93 in agreement

with earlier speculation.70 Together, the known defects of these two genes can account for approximately one-third of

WWS cases. This suggests that other, as yet unidentified, genes are responsible for WWS.

In WWS patients, as in MEB patients, the glycosylated a-dystroglycan was selectively deficient in skeletal

muscle.92,93 WWS and MEB are clinically similar autosomal recessive disorders that are characterized by congenital

muscular dystrophy, lissencephaly, and eye anomalies, but WWS is more severe than MEB.91,94 Patients with WWS

are severely affected from birth (brain malformation is particularly common), and few live beyond infancy. In MEB,

the cerebral and ocular anomalies are also severe, but some patients reach adulthood.87,94 The difference of severity

between the two diseases may be explained as follows. If POMGnT1, which is responsible for the formation of the

GlcNAcb1-2Man linkage of O-mannosyl glycans,76 is nonfunctional, only O-mannose residues may be present on

a-dystroglycan in MEB. On the other hand, POMT1 and POMT2mutations cause complete loss of O-mannosyl glycans

in WWS. It is possible that attachment of the single mannose residue on a-dystroglycan is responsible for the

difference in clinical severity of WWS and MEB.
3.16.5.3 Fukuyama-Type Congenital Muscular Dystrophy

Like MEB and WWS, FCMD is an autosomal recessive disorder that is characterized by congenital muscular

dystrophy, lissencephaly, and eye anomalies, and FCMD is a relatively common autosomal recessive disorder in the

Japanese population.95 It is the second most common form of childhood muscular dystrophy in Japan after Duchenne
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muscular dystrophy. Based on an average incidence of 3 per 100000 population, one in �90 persons could be

a heterozygous carrier in Japan. FCMD has been attributed to a gene on chromosome 9q31 that encodes a novel

461-amino-acid protein of unknown function.96 The protein, named fukutin because of its association with FCMD,

has an N-terminal hydrophobic region that appears to be a transmembrane domain. A sequence analysis predicts that it

is an enzyme involved in glycosylation.97 Consistent with this prediction, highly glycosylated a-dystroglycan was

selectively deficient in the skeletal muscle of FCMD patients.98 The function of fukutin in the body has been

examined by targeting the fukutin gene in mice. However, disruption of this gene in mice is embryonically lethal.

Fukutin is thought to be involved in the assembly and maintenance of basement membranes, and basement

membrane fragility may induce abnormal phenotypes observed in fukutin-null embryos and death of embryos.99,100

Chimeric mice generated with embryonic stem cells in which the fukutin gene was targeted for disruption developed

severe muscular dystrophy, with a selective deficiency of a-dystroglycan and its laminin-binding activity.101 These

mice also had central nervous and ocular abnormalities. Taken together, these results indicate that fukutin is necessary

for the maintenance of muscle integrity, cortical histogenesis, and normal ocular development, and suggest a

functional linkage between fukutin and a-dystroglycan.
3.16.5.4 Congenital Muscular Dystrophy Type 1C (MDC1C) and Limb-Girdle Muscular
Dystrophy 2I (LGMD2I)

Defective glycosylation of a-dystroglycan has also been implicated in congenital muscular dystrophy type 1C

(MDC1C), which is caused by the defect of fukutin-related protein (FKRP), a homolog of fukutin.102 MDC1C is

characterized by severe muscle weakness and degeneration, and cardiomyopathy. Mental retardation and cerebellar

cysts have been observed in some cases. Allelic mutations in the FKRP gene also cause a milder and more common

form of muscular dystrophy called limb-girdle muscular dystrophy 2I (LGMD2I: OMIM 607155), which is frequently

associated with cardiomyopathy and shows variable onsets ranging from adolescence to adulthood.103 Patients with

mutations in the FKRP gene invariably exhibit a reduced expression of a-dystroglycan, which is strongly correlated

with disease severity. A Western blot analysis showed an apparent loss of higher molecular weight forms of

a-dystroglycan. Although the function of FKRP is unknown, FKRP has been suggested to be involved in the

glycosylation of a-dystroglycan as a glycosyltransferase or a kind of modulator.104,105 Because FKRP and fukutin

are thought to be Golgi-resident proteins,104 it is possible that defects of these proteins cause abnormal processing of

a-dystroglycan.
3.16.5.5 Congenital Muscular Dystrophy Type 1D (MDC1D) and the Myodystrophy
(Largemyd) Mouse

The gene large, which is mutated in the myodystrophy (Largemyd) mouse, encodes a putative glycosyltransferase.106

However, its biochemical activity has not been confirmed. The causative mutation in Largemyd was identified as a

deletion of exons 5–7 of the large gene. This deletion results in a frameshift in the corresponding mRNA, leading to

a premature termination codon. The Largemyd mouse shows a progressive muscular dystrophy, ocular defects, and a

central nervous system phenotype characterized by abnormal neuronal migration in the cerebral cortex, cerebellum,

and hippocampus, and disruption of the basal lamina.86,107 The Largemyd mouse, like MEB and FCMD patients,

shows hypoglycosylation of a-dystroglycan in muscle and brain. The human homolog of the large gene (LARGE) may

be involved in novel forms of muscular dystrophy. A recent study described a patient with congenital muscular

dystrophy, profound mental retardation, white matter changes, and subtle structural abnormalities in the brain and

a reduction of immunologically detectable a-dystroglycan.108 The patient was found to have a missense mutation

and a 1 bp insertion in the LARGE gene. This type of muscular dystrophy was named MDC1D.

A recent study revealed that LARGE can functionally compensate a-dystroglycan glycosylation defects in many

congenital muscular dystrophies, including FCMD, MEB, and WWS.109 LARGE may also affect an alternative

glycosylation pathway of a-dystroglycan instead of the O-mannosylation pathway.110 A homolog of LARGE

(LARGE2 or GYLTL1B) has been shown to hyperglycosylate a-dystroglycan and to cause an increase in laminin

binding.111–113
3.16.6 Perspectives

In summary, O-mannosylation is an uncommon type of protein modification in mammals, but it is important in muscle

and brain development. Although highly glycosylated a-dystroglycan was found to be selectively deficient in the
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Figure 5 Possible defects of O-mannosylation of a-dystroglycan in muscular dystrophies. Mutations in POMGnT1,

POMT1, POMT2, fukutin, FKRP, LARGE (human), and large (mouse) cause defects in the glycosylation of a-dystroglycan
resulting in muscular dystrophy. The substrates of these putative enzymes, with the exception of POMGnT1, POMT1, and

POMT2, are largely unknown. It is unclear whether other, as yet uncharacterized, forms of muscular dystrophy are caused
by defects in galactosyltransferases (GalT) and sialyltransferases (SiaT).
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skeletal muscle of some muscular dystrophies and the gene products were thought to be putative glycosyltransferases,

the functions of these gene products are still unclear except for MEB and WWS (Figure 5). Further identification of

biochemical and molecular biological defects may provide new clues to the pathomechanism of muscular dystrophy.

Future studies may reveal how a-dystroglycan glycosylation contributes to muscular dystrophy and neuronal migration

disorder, how normal glycosylation restores functions of dystroglycan, and how appropriate therapeutic approaches can

be developed for incomplete glycosylation-induced dystroglycanopathies.
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3.17.1 Introduction

Sialic acids are acidic monosaccharides generally found in the terminal position on a variety of glycoconjugates. In the

over 50 years since their discovery, sialic acids have been extensively characterized as biologically important molecules

with structural diversity which are widely distributed in nature. The evidence so far accumulated indicates that sialic

acids actually play crucial roles in various biological processes by influencing chemical and biological features of

glycoproteins and glycolipids, probably due to their negative charge and by recognizing and masking biological sites in

intermolecular and intercellular interactions. Sialic acids show striking differences in quantity as well as structure

during cell differentiation, proliferation, and carcinogenesis, and may contribute as virulence factors in bacterial and

viral infection. This chapter summarizes current knowledge on sialic acids from the biological viewpoint, focusing on

occurrence and diversity in nature, metabolism, physiological significance, and pathology. Particular attention is given

to studies on sialyltransferase and sialidase that are responsible for transfer of sialic acids to and release from

glycoconjugates, respectively, and biological roles of sialic acid as receptor determinants. The bibliography is only

representative and predominantly relates to recent advanced research.
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3.17.2 Occurrence and Diversity of Sialic Acids

Sialic acids are a family of acidic nine-carbon keto sugars which are naturally occurring derivatives of neuraminic acids.

Since their first discovery by Klenk and Blix,1 purification to crystalline form and receipt of the universally accepted

name ‘sialic acid’, extensive studies have elucidated their structural diversity in nature and their biochemical

and biological significance.2–6 Sialic acids are usually found at the distal ends of carbohydrate chains of glycoproteins and

gangliosides, mostly localized in outer membranes of cells, with roles in cell differentiation and carcinogenesis. This

outer location makes them readily accessible to other cells and external signaling molecules, and facilitates rapid

responses to environmental change. They are predominantly found in the deuterostome lineage of animals (higher

invertebrates or vertebrates)2 and are generally lacking in plants, prokaryotes, and most invertebrates, although

expression has been noted in some types of microorganisms including viruses, bacteria, and protozoa.5,7 Recent

progress in analytical methods has extended their discovery to certain insects8 and fungi.9 Sialic acids are detected in

the capsular polysaccharides of certain strains of bacteria, including some Escherichia coli, Neisseria meningitides strains

and O-serotype bacteria such as Salmonella.2 Interestingly, most of these bacteria are pathogenic. Some viruses also

contain sialic acids but are not widespread. Examples are Rhabdoviruses, vesicular stomatitis virus, Rous sarcoma

virus, hepatitis B virus, and avianmyeloblastosis virus.However, some of themyxoviruses, paramyxovirues, and influenza

viruses contain no sialic acids even though they have sialidases.2 On the other hand, no mammalian species has been

found to lack sialic acids, which are generally detected in milk oligossaccharides, serum glycoproteins, epithelial and

mucus glycoproteins, and membrane glycoproteins and glycolipids. They are commonly bound through a2-3 linkage

to Gal, a2-6 linkage to Gal and GalNAc, and a2-8 linkage to other sialic acids. a2-3 Linkage to GalNAc, a2-6 linkage to
GlcNAc and Glc, a2-4 linkage to Gal and GlcNAc, and a2-9 linkage to other sialic acid also exist, although rare.

Alteration in quantity and structure occurs during cell differentiation, proliferation, and carcinogenesis.10–13

Sialic acids comprise more than 50 different derivatives of neuraminic acid (5-amino-3,5-dideoxy-D-glycero-D-

galacto-non-2-ulosonic acid).3,5 The major structural variation is evident at the carbon-5 position, substituted with

acetamido, hydroxyacetamido, or hydroxy groups to give an N-acetylneuraminic acid (Neu5Ac), an N-glycolylneur-

aminic acid (Neu5Gc), or a deaminoneuraminic acid (Kdn), respectively. Although Kdn is not structurally a

neuraminic acid, it is included as a sialic acid. Neuraminic acids with unsubstituted amino groups have been detected

in some glycoconjugates, but are thought to derive from Neu5Ac due to enzymatic deacetylation. Further structural

diversity of sialic acids arises from substitution of one or more of the hydroxy groups of Neu5Ac, Neu5Gc, or Kdn

with acetyl, methyl, lactyl, phosphate, or sulfate groups, located at C-4, C-7, C-8, and C-9. Most frequently occurring

sialic acids are Neu5Ac, Neu5Gc, and N-acetyl-9-O-acetyl-neuraminic acid (Neu5,9Ac2) (Figure 1). Only Neu5Ac is

ubiquitous, and the others are not found in all species. Human tissues normally possess only Neu5Ac but Neu5Gc

is often detected in the animal kingdom and in some human tumors in small amounts.14 In bacteria only Neu5Ac has

been identified except for Neu5,9Ac2 in a few cases. Kdn is a 5-desamino-5-hydroxy-neuraminic acid, first found in
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Figure 1 Schematic representation of the three major sialic acid derivatives.
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the eggs of rainbow trout as a component of gangliosides and glycoproteins, but increasingly detected in other

species15,16and also in cancer cells.17 Kdn is similar to the traditionally defined sialic acids in structure, occurrence,

and in its biosynthetic pathway. Recently discovered modifications of sialic acids are Neu1,5-lactam and Neu5Ac1,7-

lactone in glycoconjugates18 which are implicated in regulation of recognition by selectins and by interleukin-4,

respectively. Naturally occurring sialic acid-containing glycoconjugates thus generate diversity by modification of

sialic acids and variation in sialyl linkages to the underlying sugar chain. Modifications of sialic acids appear to be

tissue-specific and developmentally regulated.
3.17.3 Metabolism of Sialic Acids

3.17.3.1 Biosynthesis of Sialic Acids

The de novo biosynthesis of sialic acids19,20 begins with the conversion of fructose 6-phosphate (Fru-6-P) to glucos-

amine 6-phosphate (GlcN-6-P), catalyzed by glucosamine 6-phosphate synthase (L-glutamine:D-fructose 6-phosphate

amidotransferase).21 The product, GlcN-6-P, then undergoes sequential transformation as shown in Figure 2, leading

to the formation of UDP-N-acetylglucosamine (UDP-GlcNAc). The responsible enzyme is subject to feedback

inhibition by UDP-GlcNAc, which itself is the precursor for UDP-N-acetylgalactosamine (UDP-GalNAc) and

CMP-N-acetylneuraminic acid (CMP-Neu5Ac), acting as the substrate for the next two steps, catalyzed by the

bifunctional enzyme, UDP-GlcNAc 20-epimerase/N-acetylmannosamine kinase, in the formation of Neu5Ac. Again

there is feedback inhibition by the end product, CMP-Neu5Ac. The pathway thus provides both N-acetylhexosa-

mines and sialic acids for biosynthesis of glycoproteins and glycolipids. The rate limiting enzymes, GlcN-6-P synthase

and UDP-GlcNAc 20-epimerase, are particularly important steps for metabolic control of this pathway,22 and their

abnormal expression causes some pathological effects. The former has been proposed to play a role in development of

insulin resistance and vascular complications of diabetes,23,24and substantial alterations to its structure and properties

have been detected in neoplastic tissues.25 The clinical relevance of the latter enzyme has been demonstrated by

detection of a binding defect of the feedback inhibitor CMP-Neu5Ac leading to sialuria,26 and also a mutation

responsible for hereditary inclusion body myopathy.27 A recent report described crucial roles of sialylation in early

mouse development elucidated by gene targeting resulting in early embryonic lethality.26 The formation of the end

product CMP-Neu5Ac is catalyzed by CMP-Neu5Ac synthase28–30 and it is cleaved to Neu5Ac via CMP-Neu5Ac

hydrolase, which is also feedback-inhibited by UDP-GlcNAc. The pool of CMP-Neu5Ac, therefore, seems to be
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Figure 2 Sialic acid biosynthetic pathway. Dotted lines indicate the sites of feedback inhibition. Glucosamine-6-P
synthase and UDP-N-acetylglucosamine-2-epimerase/N-acetylmannosamine kinase (UDP-GlcNAc 2-epimerase, bifunct-

inal enzyme) were controlled by feedback inhibitors UDP-GlcNAc and CMP-sialic acid, respectively.
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regulated by the concentration of UDP-GlcNAc. All the enzymes involved in Neu5Ac biosynthesis are localized in

cytoplasm but the activation of Neu5Ac to CMP-Neu5Ac takes place in the cell nucleus. All other nucleotide sugars

are made in the cytoplasm and information regarding the physiological relevance of the nuclear destination for CMP-

Neu5Ac synthase is not available at present.
3.17.3.2 Enzymatic Modification of Sialic Acids

Sialic acid modifications are known to occur in animals and microorganisms, and are likely to differently influence

biological processes dependent on their substituents.3,5 For example, sialic acid-binding preferences of influenza

A virus hemagglutinins isolated from different host species are related to the type of sialic acids expressed on the host

cells, such that some hemagglutinins distinguish Neu5Ac from Neu5Gc of the host cells in receptor binding, while

influenza C virus hemagglutinins only bind to Neu5,9Ac2. Neu5Gc is generally cleaved at a slower rate than Neu5Ac

by sialidase, probably preventing attack from pathogenic bacteria and viruses. Moreover, the B-lymphocyte glycopro-

tein CD22 (siglec-2) preferentially recognizes Neu5Gc in mice, whereas sialoadhesin (siglec-1) and MAG (siglec-4a)

specifically act on Neu5Ac. Here only representatives such as N-glycolyl- and O-acetyl-modifications are briefly

introduced.

Neu5Ac is thought to be the biosynthetic precursor for all other members of the family. Neu5Gc is derived from

CMP-Neu5Ac by the addition of an oxygen atom to the N-acetyl group, catalyzed by CMP-Neu5Ac hydroxylase

(a terminal electron acceptor) in a multienzyme complex with NADH-dependent cytochrome b5-reductase and cyto-

chrome b5.31–33 The level of CMP-Neu5Ac hydroxylase is closely associated with expression of Neu5Gc in various

tissues and species. Neu5Gc is abundant in most mammals but not detectable in humans.34 The molecular basis for

this absence was elucidated by cDNA cloning of the inactive human homolog without the N-terminal region essential

for enzyme activity.35 Interestingly, this mutation does not occur in chimpanzees and great apes, in which Neu5Gc is a

major component of sialic acids in most organs except the brain, and it has been proposed that the gene was inactivated

shortly before the time when brain expansion began in humankind’s ancestry.36,37 Neu5Gc is not detected in healthy

humans as described above, but may become apparent in certain tumors, probably due to anomalous expression of a

repressed gene.

Sialic acids can be acylated at C-4,-7,-8 and/or -9. One modification, the formation of O-acetyl esters, is found in

almost all higher animals and certain bacteria, influencing various biological processes. The metabolism of acetylated

sialic acids is believed to be under the control of two groups of enzymes, O-acetyltransferase and 9-O-acetyl esterase.38

O-acetyltransferase catalyzes the introduction of acetyl ester groups on sialic acids into C-7,-8, and -9. Although

attempts at purification to homogeneity or isolation of a true cDNA have not yet been successful, activity has been

identified in Golgi fractions of several mammalian tissues. O-Acetylated sialic acids are found in gangliosides,

particularly in GD3, for example, in the retina and the central nervous system of the rat during the embryonic

development and early postnatal period and also in human melanomas, as demonstrated using a monoclonal antibody

JONES.39 O-Acetylated GD3 has also been implicated in regulation of cell apoptosis and in contrast to GD3 it gives

reverse effects on apoptosis.40,41 High extents of O-acetylation of the mucins MUC1 and MUC2 are found in human

colon mucosa, whereas O-acetylation of sialyl-Lex is reduced in colon cancer. This alteration is considered to

contribute to the upregulation of sialyl-Lex closely related to cancer progression and metastasis.42 The hydrolysis of

9-O-acetyl groups from sialic acids is catalyzed by 9-O-acetylesterase.43 In mammalian systems, two forms of the

enzyme have been described, in lysosomes and the cytosol, respectively. Observations with matched resection

margins and cancer tissues from cancer patients suggest that the level of O-acetylated sialic acids may be dependent

on the relative activities of O-acetyltransferase and lysosomal 9-O-acetylesterase.44 However, mechanisms of regula-

tion of O-acetylation and de-O-acetylation of sialic acids are still unclear and their elucidation is needed for

understanding of the biological significance of 9-O-acetylated sialic acids.45
3.17.3.3 Sialyltransferase

3.17.3.3.1 Overview
Sialyltransferases (also termed sialosyltransferases, STs) catalyze the transfer of a sialic acid moiety from a donor

substrate, CMP-Neu5Ac, to an acceptor carbohydrate. Since many physiological and pathological steps are accompa-

nied by changes in expression of sialyl glycoconjugates,46 STs, as well as sialidases, which catalyze the removal of sialic

acids, are believed to be involved in biological processes such as cell differentiation, tumorigenic transformation, and

infection, and appear to be present in all vertebrates. Recent genome-wide surveys indicated the possible existence of
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STor ST-related genes in viruses,47 invertebrates,48,49 and even a plant.50 This phylogenetic approach may increase

our knowledge regarding the physiological role played by STs and sialylation in biological processes. In this chapter,

however, we will focus mainly on human and mouse ST studies because the physiological aspects have been

investigated to the greatest extent in them. In several types of bacteria, sialic acids are found in polysialic chains of

their capsules and in cell-surface lipopolysaccharides (LPSs) or lipooligosaccharides (LOSs). These sialic acid-

containing molecules are thought to be involved in pathogenicity, probably through enhanced attachment or invasive-

ness towards animal tissues and in providing tolerance to host immune systems.
3.17.3.3.2 Nomenclature and classification of STs
The systematic nomenclature and classification of STs proposed in 1996 and based on names that are combination of

acceptor carbohydrates (Gal, GalNAc, and sialic acid) and chemical linkage, are widely accepted.51 Table 1 lists the

mammalian STs that have been deposited in public databases, provided by several organizations including HUGO.

So far a total of 20 ST genes have been detailed, which can be classified into four subfamilies: ST6Gal mediating a2-6-
linkage of sialic acid to a terminal Gal; ST3Gal mediating a2-3-linkage to a terminal Gal; ST6GalNAc mediating

a2-6-linkage to a terminal GalNAc; and ST8Sia mediating a2-8-linkage to a terminal sialic acid. Enzymatic properties

of all these STs, such as substrate specificities and tissue or developmental stage-specific expressions are briefly

summarized here. Explanations regarding these properties can be found in the cited publications along with deposited

DNA sequences with the accession numbers listed in Table 1 and in several comprehensive reviews.52–56 Systematic

and extensive cDNA cloning has resulted in immense progress in this field but in some cases, the enzymatic properties

elucidated by cDNA expression differ from those obtained by studies using the corresponding enzyme purified from
Table 1 Systematic nomenclature of the sialyltransferases

Systematic name
EC
number Previous symbol(s)

Chromosome
locationa

Accession number
of genea References

ST6Gal I 2.4.99.1 SIAT1, ST6N 3q27–q28 X62822 137, 175, 176

ST6Gal II 2.4.99.2 SIAT2 2q11–q12 AB059555,

NM_032528

177–179

ST3Gal I 2.4.99.4 SIAT4A, ST3O, SIATFL,

ST3GalA.1

8q24.22 L29555 180–184

ST3Gal II 2.4.99.4 SIAT4B, SIAT5,

ST3GalA.2, SAT IV

16q22.3 U63090 181, 185–187

ST3Gal III 2.4.99.6 SIAT6, ST3N 1p34.1 L23768, NM_174963 188, 189

ST3Gal IV 2.4.99.4 SIAT4, SIAT4C, STZ,

SAT3,

11q23–q24 X74570 180, 181, 190

ST3Gal V 2.4.99.9 SIAT9, SIATGM3S 2p11.2 AB018356 57, 191

ST3Gal VI SIAT10 3q12.2 AF119391,

NM_006100

192

ST6GalNAc I SIAT7A 17q25.3 Y11339, NM_018414 64, 193, 194

ST6GalNAc II 2.4.99.7 SIAT7, SIAT7B, SIATL1,

STHM

17q25.1 U14550, NM_006456 65, 72, 195

ST6GalNAc III SIAT7C, STY 1p31.1 NM_152996 66, 67

ST6GalNAc IV SIAT7D, SIAT3C 9q34 AB035172,

NM_175040

67, 196

ST6GalNAc V SIAT7E 1p31.1 NM_030965 197

ST6GalNAc VI SIAT7F 9q34.13 BC006564,

NM_013443

198

ST8Sia I 2.4.99.8 SIAT8, SIAT8A, SAT II,

SAT III

12p12.1–p11.2 L32867 199–202

ST8Sia II SIAT8B, STX 15q26 U33551, NM_006011 70, 203

ST8Sia III SIAT8C 18q21 AF004668 204, 205

ST8Sia IV SIAT8D, PST, PST1 5q21 L41680, NM_005668 102, 206–208

ST8Sia V SIAT8E, SAT V, SAT III 18q12.3 U91641 209

ST8Sia VI SIAT8F 10p13 NM_001004470 210

aChromosome locations and accession numbers are those of human ST genes.
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tissues or cells. For example, ST3Gal V (GM3 synthase) obtained by cDNA expression showed specificity for

lactosylceramide,57 whereas the purified enzyme exhibited additional specificity for asialoganglioside and galactosyl-

ceramide.58,59 The characteristics of STs observed in purified enzyme studies are of obvious importance regarding

biological aspects.
3.17.3.3.3 Structure of STs
Like other glycosyltransferases, STs have type 2 transmembrane topology; the N-terminus is exposed to the cytoplasm

and the C-terminus is exposed in the lumen of the Golgi apparatus where enzymatic reactions occur.53,60 STs consist of

the following four domains: an N-terminal cytoplasmic tail; a trans membrane domain; a stem region; and a C-terminal

catalytic domain. This domain organization is also generally found with other glycosyltransferases but overall

sequence homology is not very high even within a particular subfamily of STs. The cytoplasmic tail and the

transmembrane region are relatively short stretches of amino acid residues (Figure 3). These domains, as well as

the stem region are implicated in the retention of STs in the Golgi apparatus although the exact molecular mechanism

remains to be elucidated.61–63 The length of the stem region differs among STs, and differences in molecular sizes of

the enzymes are mainly attributable to this domain. As the stem region links the catalytic domain to the transmem-

brane domain, its structural aspects, such as length and flexibility, are considered to be capable of determining the

accessibility of the catalytic domain to acceptor substrates. From comparisons of the length of the stem region among

members of the ST6GalNAc subfamily it has been inferred that a longer stem (ST6GalNAc I) confers broader

substrate specificity.64–68 In addition, an analysis of ST6Gal I suggested the possibility that the stem region interacts

with the catalytic domain to induce a conformational change that in turn acts as a steric determinant for substrate

recognition.69 The C-terminal catalytic domain possesses all the information needed for a catalyst. Under certain

circumstances, this domain is released by clipping at the stem region but nonetheless the resultant soluble domain

retains its enzymatic activities to a large extent. As already noted, the overall homology of the amino acid sequences

of STs is not very high but there are four highly conserved sequence motifs in the catalytic domain, termed

sialylmotifs L, S,70–72 VS,73 and motif III,74 which facilitate homology-based screening of STs by a PCR-based

approach.54,70,75 Detailed mutation analyses have revealed functions of these conserved motifs. For example, sialyl-

motif L participates in binding of the donor CMP-Neu5Ac,76 whereas sialylmotif VS and motif III may play roles in

the binding of acceptor substrates.74 Sialylmotif S functions as a binding motif both for donor and acceptor substrates77

and sialylmotifs L and S both contain conserved Cys residues, which participate in intramolecular disulfide bonding

probably essential for the active conformation of an ST. 78 Although the structural significance of these motifs has yet

to be determined for STs of mammalian origin, structural analysis of crystallized bifunctional STof Campylobacter jejuni

revealed the architecture of the CMP-Neu5Ac binding site (corresponding to sialylmotif L) of this enzyme. The data

suggest a functional role for the highly conserved amino acid residues in addition to an importance of other less-

conserved residues in the motif.79 The amino acid sequences of catalytic domains other than the above-mentioned

conserved motifs are believed to provide structural support for enzymatic activity. In addition, recent analysis of

ST8Sia IV demonstrated the possibility that such nonconserved regions of a catalytic domain are needed for efficient

binding to its specific substrate, neural cell adhesion molecule (NCAM).80

Sialic acid moieties are also found in some bacteria in polysialic acid capsules or LPS- or LOS-bound forms. Such

surface decoration by sialic acids is one of the key determinants of virulence in pathogenic bacteria.7,12 In addition,
S III VS
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Figure 3 Sialyl motifs commonly found in human sialyltransferases. Putative transmembrane domain (TM), sialylmotifs L, S,
and VS and motif III are shown. Highly conserved amino acid residues among all of sialyltransferases so far cloned are

indicated by asterisks.
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flagellin of Campylobacter has been reported to be glycosylated by pseudaminic acid. This modification appears to be

required for flagella filament biogenesis.81 The bacteria sialylates these surface molecules by using endogenous

or exogenous (obtained from hosts) CMP-Neu5Ac.82 Molecular cloning of bacterial Sts83–92 revealed that several

bacteria possess multiple STs although their physiological significance remains to be elucidated. Future phylogenetic

studies might add to the number of sialic acid-expressing organisms, but the fact that only a few bacteria apparently

possess a system for sialic acid metabolism, leads to the hypothesis that these bacteria acquired this metabolic system

from an exogenous source by horizontal (or lateral) gene transfer.93 On the other hand, the amino-acid-sequence

identity between bacterial and animal STs is not very high even for STs with identical linkage specificities. This

indicates the occurrence of two or more ancestral genes.94 The cloning of bacterial STs has so far had diagnostic

applications95,96 and resulted in the production of sialylated glycoconjugates.97–99
3.17.3.3.4 Alterations of ST expression
Many biological processes are accompanied by changes in sialylation and the responsible molecular mecha-

nisms have been extensively studied. As results, promoter sequences and transcription factors involved in

gene expression have been elucidated for several STs.100–116 In addition, multiple use of transcription initiation

sites,117–119 alternative splicing,120 and possible RNA-editing121 have been reported. These observations on transcrip-

tional or post-transcriptional control of ST genes are undoubtedly important because they provide a clear and precise

scheme of the manner in which cells modulate the expression of STs, and thus the sialylation pattern in response to

extracellular stimuli. As they are too numerous and diverse to be covered here, we will only describe a few post-

translational modifications known to control STactivity.

Like other Golgi-resident glycosyltransferases, STs are modified by N-glycosylation; however the physiological

significance of this modification appears to differ for each separate enzyme. Introduction of mutations in the putative

N-glycosylation sites of ST3Gal I led to poor expression levels but nonetheless the mutated ST3Gal I retained

enzymatic activity comparable to that of wild type, suggesting that N-glycan contributes to enzyme stability.74

Uemura et al. showed that mutation of the N-glycosylation site of ST3Gal V lowered its enzymatic activity, again

pointing to a major role for N-glycan.122 On the other hand, N-glycosylation of ST6Gal I is not absolutely required for

activity in vivo.123 Although autopolysialylation in ST8Sia124 appears to affect the enzymatic activity, the mode of

modulation remains to be fully elucidated.125–128

A few Golgi-resident glycosyltransferases have been shown to form multienzyme complexes that are believed

to facilitate effective glycosylation. Recently, Bieberich et al. showed that mouse ST3Gal V (GM3 synthase) and

ST8Sia I (GD3 synthase) form a complex with GalNAcT in F11 neuroblastoma cells, whereas Giraudo et al. showed

that ST3Gal Vand ST8Sia I form a complex with GalT1 via their N-terminal domains in CHO-K1 cells.129,130 Dimer

formation by intermolecular disulfide bonding is observed with ST6Gal I, resulting in lowered affinity for the donor

substrate, CMP-Neu5Ac.131,132 Although there is no evidence of any physical interaction, ST8Sia II and ST8Sia IV can

function cooperatively to form longer polysialic acid chains.133 On the other hand, as mentioned above, STs can be

converted frommembrane-bound to soluble forms and then secreted. Enzymatic activity for STs has been reported for

body fluids such as milk134,135 and serum136 and this is attributable to the catalytic domain released by proteolytic

cleavage at the stem region.137 The soluble form of STs increases in response to inflammation138,139 and tumor

progression.140 Recently, Kitazume et al. demonstrated that ST6Gal I expressed in COS1 cells is cleaved by BASE1, a

membrane-bound aspartic protease, and then trimmed by a bestatin-sensitive metalloaminopeptidase localized in the

membrane fraction of the Golgi apparatus.141 It was also shown that BACE1 is responsible for the in vivo cleavage of

ST6Gal I using a BACE1-deficient mouse.142 The cleavage could regulate the enzyme level in the Golgi apparatus,

but whether or not the soluble forms play any biological role remains to be determined. Although ST expression is

believed to be primarily determined at the level of gene transcription,143–145 the above-mentioned post-translational

modifications could provide a wide variety of modulation steps that allow fine tuning of enzymatic activity. Further

work is required to elucidate how these post translational modifications are regulated in biological processes.

Many observations on developmental stage- or tissue-specific expression as well as changes with carcinogenesis

illustrate the pathophysiological significance of STs. Tumor-associated alteration of sialoglycoproteins is of great

interest for basic biology and cancer diagnosis.146,147 Many types of sialylated carbohydrates have been found to

undergo quantitative and/or qualitative changes with malignant transformation, perhaps favoring invasiveness or toler-

ance to host immune systems. Altered STexpression may also be found in tumor tissues56 as exemplified by reports

that ST6Gal I gene is up-regulated by the ras oncogene.148–150 However, another group showed ras-independent

regulation151 and that ST3GalV (GM3 synthase) is down-regulated with malignant transformation. ST inhibitors could

have potential as anti-cancer drugs.152,153
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3.17.3.3.5 ST-KO mice
In addition to the observations described above, biological functions of ST genes have been explored by experimental

manipulation. ST3Gal I KOmice proved to be viable and did not show any abnormality with regard to development or

fertility. T cell development in the thymus appeared normal; however, peripheral CD8þ T cells were decreased

in number probably via elimination by apoptosis. The number of CD4þ T cells was also decreased but to a lesser

extent.154 Studies of the KO mice also revealed that ST3Gal I modifies the affinity of the CD8 co-receptor toward

MHC I, probably by a conformational change.155 Mature CD8þ Tcells of the KO mice showed a higher affinity for

low-affinity ligands (considered as self-ligands) suggesting that the enzyme could alter the T-cell receptor (TCR)

repertoire of CD8þ T cells during development in the thymus.156 ST3Gal I deficiency is also known to lead to

decreased expression of surface 9-O-acetylated sialic acids on CD4þ Tcells.157

ST3Gal IV-deficient mice are characterized by an increase in bleeding time, accompanied by a reduction in the

plasma levels of platelets and vonWillebrand factor (VWF). In these mice, VWF clearance is enhanced, indicating that

the enzyme could block recognition of VWF by asialoglycoprotein receptors.158 Besides, the deficiency resulted in

alteration of leukocyte rolling in vitro and in vivo, probably through impaired modification of E-selectin. This

alteration was not found in ST3Gal II- or III-deficient mice, suggesting that these STs contribute differently to the

modification of selectin ligands.159

Disruption of the GM3 synthase gene caused enhanced sensitivity to insulin stimuli.160 Additional disruption of the

b1,4-N-acetylgalactosaminyltransferase (GM2/GD2 synthase) gene resulted in the elimination of the synthesis of

the ganglio-series gangliosides, which led to severe neurodegeneration.161 Simpson et al. reported that the homozy-

gous disruption of the human ST3Gal V gene is a possible cause for infantile-onset symptomatic epilepsy syndrome

associated with developmental stagnation and blindness.162

In ST6Gal I KO mice, B-cell activation following the crosslinking of surface IgM is depressed,163 presumably

because the negative regulator CD22 is unmasked from its ligand Sia2-6Gal.164–166

KOmice lacking the GD3 synthase gene also lack b-series gangliosides but do not show any apparent abnormalities

with regard to development and their life span.167 Another group reported that such mutant mice also appeared almost

normal but exhibited reduced regeneration of axotomized hypoglossal nerves,168 increased sensory responses

to thermal and mechanical stimuli169 and decreased sensitivity to tetanus toxin.170 Additional disruption of the

b-1,4-N-acetylgalactosaminyltransferase (GM2/GD2 synthase) gene resulted in mutant mice expressing GM3 as a

major ganglioside that caused lethal audiogenic seizures.167 Furthermore, decreased sensitivity to mechanical pain and

increased sensitivity to heat stimuli were observed in the double knockout mice.171

The genes responsible for polysialylation, ST8Sia II and IV, have also been studied using knockout technology.

A single gene disruption resulted in normal gross development and fertility and a mild phenotype in the nervous

system. Targeted disruption of ST8Sia IV caused postnatal decrease in the levels of polysialic acid (PSA) and impaired

long-term potentiation (LTP) and long-term depression (LTD) in Schaffer collateral-CA1 synapses.172 Targeted

disruption of ST8Sia II resulted in misguidance of the infrapyramidal mossy fibers and ectopic synapse formation

but not in impairment of CA1 or CA3 LTP. The KO mice showed behavioral alteration in fear conditions.173 Double

knockout of both ST8Sia II and IV, however, caused severe neuronal defects and growth retardation leading to death

during the postnatal stage. Surprisingly, this lethal phenotype was rescued by additional disruption of the NCAM

gene, indicating that PSA is essential for NCAM functions in the nervous system and dysfunction of NCAM can cause

lethality.174
3.17.3.4 Sialidase

3.17.3.4.1 Overview
Sialidase catalyzes the removal of a-glycosidically linked sialic acid residues from glycoproteins, glycolipids, and

oligosaccharides, which is an initial step in the degradation of these glycocongugates. In 1956, Heimer and Meyer first

proposed the term ‘sialidase’ for the enzyme responsible for releasing sialic acids211 and in the next year, Gottschalk

suggested ‘neuraminidase’ as an alternate.212 Both names have been widely used, but ‘sialidase’ is considered more

appropriate because the product of the enzyme action is known not to be neuraminic acids but rather derivatives of

neuraminic acids, namely sialic acids.213 Sialidases exist commonly in metazoan animals, from echinoderms to

mammals, and also in various viruses and microorganisms including fungi, protozoa, and bacteria even mostly lacking

sialic acids.19,213–217 In microorganisms, sialidase is likely to function for nutritional purposes and in the processes of

adhesion and invasion to host cells with pathogens.4,218 In mammals, the cellular sialic acid content is mainly

controlled metabolically by sialyltransferase and sialidase, unless amino sugar metabolism such as CMP-sialic acid
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synthesis is impaired.219 Like sialyltransferases, sialidases consistently change in their expression during cell differ-

entiation, cell growth, and malignant transformation,217 and have been actually shown to be involved in many

biological processes. Herein, we summarize briefly the properties and possible functions of endogenous sialidases

of mammalian cells in comparison with microbial sialidases.

3.17.3.4.2 Microbial sialidases
Microbial sialidases are often irregularly distributed, independent of phylogenetic relationships among species and

strains, suggesting acquisition from their host animals as the result of adaptive processes.220 Their properties are highly

diverse regarding molecular mass, Ca2þ effects and substrate specificity, with pH optima of approximately 5.0–6.0 for

bacterial, 5.5–6.5 for viral, and around 7.0 for trypanosomal trans-sialidases.5,213,218 Gene cloning studies on bacterial

sialidases from Clostridium perfringens, Vibrio cholerae, Clostridium sordellii, and Salmonella typhimurium have demon-

strated the existence of a conserved amino acid sequence motif, Asp-box (Ser-X-Asp-X-Gly-X-Thr-Try), which is

repeated at four positions in each sialidase.221 The motif has been detected not only in bacterial sialidases, but also in

almost all the sialidases that have been cloned, including examples from Trypanosoma cruzi, N9 influenza A, and even

mammals. In addition to the Asp-box, there is another conserved amino acid sequence, the FRIP-region (X-Arg-X-

Pro), near the N-terminal region in most cases. Sialidases usually hydrolyze a2-3 sialyl linkages at higher rates than a2-
6 sialyl linkages, but Arthrobacter ureafaciens sialidase preferentially hydrolyzes the latter and the Bacteroides fragilis

enzyme cleaves a2-8 sialyl linkages much more actively than a2-3 sialic acid residues.5 Viral sialidases are membrane

components destroying sialic acid-containing receptors on the surfaces of infected cells and thus are involved in the

release of progeny virions from the host cell surface and prevention of clumping of newly formed viruses.222,223 They

thus may play key roles in viral infection together with another surface glycoprotein, haemagglutinin, involved in the

binding of virus particles to receptors on host cells. The substrate specificity of viral sialidases has been observed to

undergo evolutionary changes. Early subtypes show specificity only for a2-3 sialyl linkages but later subtypes for both
a2-3 and a2-6 sialyl linkages.224 Studies of the crystal structures of some viral sialidases have facilitated rational design

of sialidase inhibitors.225 The sialic acid analogue 2-deoxy-2,3-didehydro-N-acetylneuraminic acid, Neu5Ac2en

(DANA), was described to have inhibitory activity against Vibrio cholerae sialidase,226 and subsequently based on

crystal structure the 4-guanadino analogue of Neu5Ac2en was developed as one of the most potent inhibitors of

influenza A and B sialidases,227 known commercially as Zanamivir. Selectivity for influenza viruses was found to be

five or six orders of magnitude more potent than for human placenta sialidase, and clinical use for influenza infection is

now widespread. Inhibition of sialidase activity on the endocytic pathway by pretreatment with Zanamivir resulted in

a significant decrease in progeny, indicating that sialidase activity in late endosome/lysosome traffic enhances

influenza A virus replication.228

The parasitic protozoan Trypanosoma cruzi is the agent for Chagas’ disease characterized by progressive chronic

fibrotic myocarditis with highly sialylation in mammalian hosts.229,230 Trypanosoma cruzi does not synthesize sialic

acids but acquires them from host glycoconjugates through a unique sialidase on its surface. Unlike common sialidases

and sialyltransferases, the trans-sialidase preferentially catalyzes the sialic acid transfer reaction from donor substrates,

instead of hydrolysis reactions. The enzyme is able to transfer sialic acids reversibly a2-3 linked to a terminal

b galactoside acceptor on the parasite surface without utilizing CMP-sialic acids. It shares primary sequence homology

and common motifs with bacterial and eukaryotic sialidases and is attached to the parasite surface via glycosilated

glycosyl-phosphatidyl inositol (GPI)-anchored molecules. Expression is controlled developmentally, and is high in

infective trypanosoma and low in exponentially growing epimastigotes. It has been proposed that the sialylation

process is necessary for invasion of host cells.

3.17.3.4.3 Mammalian sialidases

3.17.3.4.3.1 Structure and properties

Sialidases of mammalian origin have been implicated not only in lysosomal catabolism but also in modulation of

functional molecules involved in many biological processes, whereas sialidases from microorganisms appear to play

roles limited to nutrition and pathogenesis,215–217 as described above. Although many functional aspects are not fully

understood, partly due to enzyme instability and low activity, recent developments in gene cloning have facilitated

elucidation of important biological roles such as involvement in events contributing to cell differentiation, cell growth,

and apoptosis.

Sialidase activity in higher organisms was described for the first time in 1960 by Warren and Spearing,231 then

Carubelli et al.232 detected activity in the soluble fractions isolated from different tissues of rats, and several

reports appeared of lysosomal occurrence.233–235 Subsequently, it was detected in plasma membranes,236–239 Golgi
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fractions240 and recently in nuclear membranes.241 However, it remains uncertain whether the activities originate

from the same or different types of sialidase. Earlier studies on biochemical isolation and characterization of sialidase

from rat tissues presented evidence for the existence of four types differing in their subcellular localization and

enzymatic properties, including substrate specificity. They were classified according to their major intracellular

localization as intralysosomal,242 cytosolic,243 and membrane-associated sialidases I and II244 and several rat tissues,

including the liver and brain, were found to contain all four types. Intralysosomal sialidase possesses a narrow substrate

specificity, such that only oligosaccharides and glycopeptides serve as substrates. Sialidase found in the cytosol, in

contrast, is able to hydrolyze glycoproteins and gangliosides at near neutral pH. Both the sialidases are, however,

distinct from the membrane-associated sialidases which required detergents for solubilization and preferentially

hydrolyze gangliosides. Membrane sialidase I scarcely hydrolyzes other substrates, including oligosaccharides and

glycoproteins, while membrane sialidase II acts on oligosaccharides, glycoproteins and even on the GM2 ganglioside

having an internal sialic acid residue. Sialidase I is localized mainly in the plasma membranes and sialidase II

predominantly in lysosomal membranes. The biochemical characterization of the multiple forms of sialidases suggests

that each may play a unique role depending on its particular subcellular localization and catalytic properties. Recent

progress in molecular cloning has validated this hypothesis and enzymatic properties, including substrate specificity

and optimal pH determined by gene transfection, were found to be completely identical to those obtained in our

previous biochemical studies. The four types of sialidase so far been cloned and identified are designated as Neu1,

Neu2, Neu3, and Neu4. Consistent with the previous biochemical identification, three of them are found to be

localized predominantly in the lysosomes,245–250 cytosol251–256 and plasma membranes255,257–259 and the fourth

sialidase, Neu4, quite recently identified,260–263 has been suggested to exist in lysosomes, mitochondria, and certain

intra membranous components by gene transfection. The properties of the four forms are briefly described in cloned

order and compared in Table 2.

Cytosolic sialidase Neu2 was the first example of a mammalian sialidase for which cDNA cloning was achieved,251

and the primary structures of Neu1 and Neu3 have also now been reported. Although their sequences are not

particularly similar to those of bacterial and parasite sialidases, sequence alignment revealed that they all contain

several Asp boxes (-Ser-X-Asp-X-Gly-X-Thr-Trp-), and the Arg-Ileu-Pro sequence, the conserved sequences found in

sialidases from microorganisms as described above. Three-dimensional structures have been determined by X-ray

crystallography and compared with that of S. typhimurium sialidase.264 With the Neu2 gene251 there is no long stretch of

hydrophobic amino acid residues representing the transmembrane domain or targeting signal to membranes, which is

compatible with recovery mainly from the tissue cytosol. When the cDNA was transfected into COS cells, sialidase

activity appeared mainly in the supernatant with cell homogenates. In addition to location in cytosol, the sialidase was

also found in nucleoplasm of muscle fibers by immuno-histochemical analysis on electron microscopy,265 probably due
Table 2 Comparison of four types of mammalian sialidase

Neu1 Neu2 Neu3 Neu4

Major location Lysosomes Cytosol Plasma membrane Lysosomes262

Mitochondria263

Intracellular

membranes261,263

Major substrate Oligosaccharides Oligosaccharides Gangliosides Oligosaccharides

4MU-Neu5Ac 4MU-Neu5Ac 4MU-Neu5Ac

Glycoproteins Glycoproteins

Gangliosides Gangliosides

Optimal pH 4.4–4.6 6.0–6.5 4.6–4.8 4.4–4.5

Total amino acids

(human)

415 380 428 496 (484)

Chromosome

location

(human)

6p 21.3 2q 37 11q13.5 2q37.3

References for

gene cloning

(245–250) (251–256) (255, 257–259,271) (260–263)

Possible function Degradation in

lysosomes

Myoblast differentiation Neural differentiation ?

Cell signaling

Immune function Apoptosis
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to the presence of a nuclear localization signal near the N-terminus. The expressed sialidase showed an optimum

pH of about 6.5 and could desialylate fetuin and gangliosides as well as 4-methylumbelliferyl neuraminic acid

(4MU-Neu5Ac), a synthetic substrate. Homologues cloned from cDNA libraries of CHO,252 mouse brain,253,255 and

thymus256 and from a genomic library of human skeletal muscle254 showed high amino acid identity (98–70%) to the

rat gene. Recent studies on crystal structure of the human recombinant enzyme have furthermore provided evidence

for a canonical six-blade beta-propeller as observed for viral and bacterial sialidases with the active site in a shallow

crevice and also for the existence of residues recognizing the N-acetyl and glycerol moieties of Neu5Ac2en that are

not shared by bacterial and viral sialidases.266

The lysosomal sialidase, Neu1, has been extensively investigated as a target for sialidosis, and found to be

associated with a protective protein (carboxypeptidase A) and b-galactosidase as a complex in lysosomes,267 dissosia-

tion of the complex leading to sialidase inactivation. In 1996–1998, the Neu1 gene was shown by three groups in

humans245–247 and mice248–250 to encode a major histocompatibility complex (MHC)– related sialidase. The human

form features a lysosomal C-terminal targeting motif and evidence has been generated of a protective protein

responsible for transport to lysosomes.268 However, recent observations revealed an intracellular distribution of

sialidase from the human homologue NEU1 gene in plasma membrane as well as within lysosomes under conditions

of cell stimulation.269,270 Examination of sialidosis patients who have a sialidase deficiency revealed mutations in the

genomic DNA including frameshift insertions and missense mutations. Transfection with a cDNA restored normal

levels of sialidase activity toward 4MU-Neu5Ac in human sialidosis fibroblasts, indicating that it is a target gene for

sialidosis.247

The plasma membrane-associated sialidase, Neu3, was first cloned from a bovine brain library,257 based on the

peptide sequence information from the purified enzyme protein, and later from the human genome data base. In

COS-7 cells transiently expressing the sialidase, hydrolysis was essentially specific for gangliosides other than GM1

and GM2, in the presence of Triton X-100, and the major subcellular localization was established to be plasma

membranes by Percoll density gradient centrifugation of cell homogenates and by immunofluorescence staining of

cells, as shown in Figure 4. Analysis of the membrane topology by protease protection assay suggested that this

sialidase has a type I membrane orientation, with its amino-terminus facing the extracytoplasmic side, and that it lacks

a signal sequence. The primary sequences covering the entire coding region of the corresponding human,258,259

mouse,255 and rat271 genes displayed an 83%, 79%, and 78% overall identity with the bovine gene, respectively. With

administration of the radiolabeled ganglioside GD1a to murine Neu3-transfected cells, Neu3 was shown to hydrolyze

ganglioside substrates in intact living cells at a neutral pHmainly through cell-to-cell interactions, further supporting a

plasma membrane topology for Neu3.

Unlike the bovine and mouse Neu3 sialidases, the human ortholog NEU3 is not always detected on cell surface but

may exist in other cellular membranes and can be moved to and concentrated at leading edges in response to growth

stimuli.272 Murine Neu3 seems to be involved in cell-cell interaction though hydrlolyzing gangliosides at the surface

of neighboring cells.273

The fourth sialidase, Neu4, has recently been identified based on cDNA sequences in public databases. Examples

for murine260 and human261–263 genes have been characterized in transfected cells and the murine gene contains four

exons and an open reading frame of 501 amino acids, demonstrating greatest similarity to Neu3 (42%) among the

known murine sialidases. With regard to the subcellular localization of the human ortholog, NEU4, two different

descriptions have been reported on the basis of gene transfection studies: one demonstrated targeting to the lysosomal
Neu3 (Bovine)Neu2 (Rat)

Figure 4 Subcellular localization of sialidase analyzed by immunofluorescence staining of COS-7 cells expressing

HSV-tagged Neu2 or Neu3 sialidase.



NEU2 --------------------------------------MASL-------------P----
NEU3 ----MEEVTT---------------------------CSFNS-------------P----
NEU4 ---MMSSAAFP--RW----------------------LSMGV-------------PRTPS
NEU1 MTGERPSTALPDRRWGPRILGFWGGCRVWVFAAIFLLLSLAASWSKAENDFGLVQP----
S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

S. typhimurium

MT-VEKSVVF---------------------------KAEGE-------------H----

NEU2 ---VLQKESVF-----QSGA-HAYRIPALLYLPGQQSLLAFAEQR-ASKKDEHAELIVLR
NEU3 ---LFRQED-------DRGI--TYRIPALLYIPPTHTFLAFAEKR-STRRDEDALHLVLR
NEU4 RTVLFERE--------RTGL--TYRVPSLLPVPPGPTLLAFVEQR-LSPDDSHAHRLVLR
NEU1 ---LVTMEQLLWVSGRQIGSVDTFRIP-LITATPRGTLLAFAEARKMSSSDEGAKFIALR

---FTDQKGNTIVGSGSGGTTKYFRIP-AMCTTSKGTIVVFADARHNTASDQSFIDTAAA

NEU2 RGDYDAPTHQVQWQAQE-VVAQARLDG--HRSMNP-CPLYDAQTGTLFLFFIAIPGQVTE
NEU3 RG--LRIGQLVQWGPLK-PLMEATLPG--HRTMNP-CPVWEQKSGCVFLFFICVRGHVTE
NEU4 RG--TLAGGSVRWGALH-VLGTAALAE--HRSMNP-CPVHDAGTGTVFLFFIAVLGHTPE
NEU1 R----SMDQGSTWSPTAFIVNDGDVPD--GLNLGA-V-VSDVETGVVFLFY-SLCAH---

R----STDGGKTWNKKI-AIYNDRVNSKLSRVMDPTCIVANIQGRETILVMVGKWNNNDK

NEU2 ---QQQLQTRANVTRLCQVTSTDHGRTWSSPRDLTDAAIGPAYREWSTFAVGPGHCLQL-
NEU3 ---RQQIVSGRNAARLCFIYSQDAGCSWSEVRDLTEEVIGSELKHWATFAVGPGHGIQL-
NEU4 ---AVQIATGRNAARLCCVASRDAGLSWGSARDLTEEAIGGAVQDWATFAVGPGHGVQL-
NEU1 -------KAGCQVASTMLVWSKDDGVSWSTPRNLSLD-IGTEV-----FAPGPGSGIQKQ

TWGAYRDKAPDTDWDLVLYKSTDDGVTFSKVETNIHD-IVTKNGTISAMLGGVGSGLQL-

NEU2 -NDRARSLVVPAYAYRK------LHPIQRPIPSAFCFLSHDHGRTWARGHFVAQ------
NEU3 ---QSGRLVIPAYTYYIPSWFFCFQLPCKTRPHSLMIYSDDLGVTWHHGRLIRPM-----
NEU4 ---PSGRLLVPAYTYRVDR-RECFGKICRTSPHSFAFYSDDHGRTWRCGGLVPNL-----
NEU1 REPRKGRLIVCGHG-------------TLERDGVFCLLSDDHGASWRYGSGVSGIPYGQP

---NDGKLVFPVQMVRT-------KNITTVLNTSF-IYSTD-GITWSLPSGYCEG-----

NEU2 ------DTLECQVAEVETGE-QRVVTLNARS----HLRARVQAQSTNDGLDFQESQLV--
NEU3 ------VTVECEVAEVTGRAGHPVLYCSART----PNRCRAEALSTDHGEGFQRLALS--
NEU4 ------RSGECQLAAVDGGQAGSFLYCNARS----PLGSRVQALSTDEGTSFLPAERV--
NEU1 KQENDFNPDECQPYELPDGS----VVINARNQNNYHCHCRIVLRSYDACDTLRPRDVTFD

------FGSENNIIEFNAS-----LVNNIRN-----SGLRRSFETKDFGKTWTEFPPM--

NEU2 KKLVEPPPQGCQGSVISF-PSP--------------------------------------
NEU3 RQLCEP-PHGCQGSVVSFRPLEIPHRCQDSS-----------------------------
NEU4 ASLPET-AWGCQGSIVGF-PAPAPNRPRDDSWSVGPGSPLQPPLLGPGVHEPPEEAAVDP
NEU1 PELVD--PVVAAGAVV--------------------------------------------

DKKVDNRNHGVQGSTITI-PSGNKLVAAHS------------------------------

NEU2 ----------------RSGP------------------------GSPAQ---WLLYTHPT
NEU3 ---------------SKDAPTIQQSSPGSS-------LRLEEEAGTPSES--WLLYSHPT
NEU4 RGGQVPGGPFSRLQPRGDGPRQPGPRPGVSGDVGSWTLALPMPFAAPPQSPTWLLYSHPV
NEU1 ---------------------------------------------TSSG---IVFFSNPA

------------------------------------------------------SAQNKN

NEU2 HSWQRADLGAYLNPRPPAPEAW-SEPVLLAKG--SCAYSDLQSMGTGPDGS----PLFGC
NEU3 SRKQRVDLGIYLNQTPLEAACW-SRPWILHCG--PCGYSDLAAL----EEE----GLFGC
NEU4 GRRARLHMGIRLSQSPLDPRSW-TEPWVIYEG--PSGYSDLASIGPAPEGG----LVFAC
NEU1 HPEFRVNLTLRWSFS--NGTSWRKETVQLWPG--PSGYSSLATLEGSMDGEEQAPQLY-V

NDYTRSDISLYAHNLYSGEVKLIDAFYPKVGNASGAGYSCL-SYRKNVDKE----TLY-V

NEU2 LYEAN---DYEEIVFLMFTLKQAF-----------------PAEYLPQ
NEU3 LFECGTKQECEQIAFRLFTHREILSHLQGDCTSP--GRNPSQ--FKSN
NEU4 LYESGARTSYDEISFCTFSLREVLENVPASPKPPNLGDKPRGCCWPS
NEU1 LYEKGRNHYTESISVAK------------------------ISVYGTL

VYEANGSIEFQDLSRHL----------------------PVIKSYN

*

** *

* *

* *

*

*

*

* *

Figure 5 Sequence alignment of human sialidases and S. typhimurium. The sequences were aligned by using the PAPIA

(Parallel Protein Information Analysis) program and minor adjustments were made by eyes. The conserved F(Y)RIP motifs
are underlined and the conserved Asp boxes are indicated by boxes. The amino acid residues of the active site assigned by

crystallographic analysis of human NEU2 and S. typhimurium sialidase are indicated by open circles and asterisks,

respectively.
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Figure 6 Phylogenic analysis of functionally confirmed sialidase sequences. The analysis was carried out with ClustalX.
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lumen,262 and the other to mitochondria263 and intracellular membranes.261,263 NEU4 seems to consist of iso-forms

differing in the presence and absence of 12 N-terminal amino acid residues which act in mitochondrial targeting so

that this can explain differences in localization.263 The isoforms are also differentially expressed in a tissue-specific

manner, brain, muscle and kidney containing both, and the liver and colon possessing predominantly the short form, as

assessed by RT-PCR. Unlike other human sialidases, the enzyme possesses broad substrate specificity, including

sensitivity to mucin, similar to membrane II sialidase, as expected from the previous biochemical studies on the rat

enzymes as described earlier.244

Multiple amino acid sequence alignment of the four types of mammalian sialidases and the Salmonella typhimurium

enzyme has revealed a similarity in spatial arrangement of the conserved amino acid residues as shown in Figure 5.

A dendrogram for cloned sialidases constructed using ClustalX software (Figure 6) based on the amino acid sequences

from DDBJ (Figure 4) shows that Neu1 has a distant phylogenetic relationship with the other three sialidases Neu2,

Neu3 and Neu4, as expected from their primary sequences.
3.17.3.4.3.2 Biological functions

Neu2 has been found to be involved in muscle cell differentiation. The rat cytosolic sialidase gene is highly expressed

in skeletal muscle in a tissue-specific manner and contains two E-box pairs, known to be consensus binding sites for

muscle-specific transcription factors, in the 50-flanking enhancer/promotor region. This region exhibits transcriptional

activity in rat L6274,275 and murine C2C12276 myogenic cells, and enzyme activity as well as the mRNA level is

increased during myotube formation, implying a critical role in muscle cell differentiation. In PC12 cells the sialidase

has been suggested to participate in neuronal differentiation on the basis of nerve-growth factor-induced transcrip-

tional activation of the gene.277 Insulin-like growth factor 1-induced differentiation and hypertrophy leads to Neu2

up-regulation through activation of the PI3K/Akt/mammalian target of the rapamycin pathway in C2C12 cells.278

The Neu1 identified as a target gene in sialidosis is involved in glycoconjugate catabolism in lysosomes. In addition,

involvement in cellular signaling during immune responses has been suggested, with reports of increased activity

during mitogen-activation of T lymphocytes,279 and participation in regulation of allogenic Ia and production of

cytokine IL4 by activated T cells.280,281 During PMA-induced monocyte differentiation, Neu1 is up-regulated and

targeted together with carboxypeptidase to MHC II-positive vesicles that merge later with the plasma membrane,270

further supporting roles of Neu1 in cellular responses. It has also been suggested that Neu1 targeting to plasma

membranes facilitates elastic fiber assembly, probably through desialylation of microfibrillar glycoproteins and other

adjacent matrix glycoconjugates.282 Like Neu2, murine Neu1 has been concluded to be a potent regulator of the early

stages of myogenesis, because of the presence of several E-boxes in the 50 regulatory region and its responsiveness to

stimulation by muscle regulatory factors (MRFs) such as MyoD.283
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With regard toNeu3 function, Kopitz et al. reported that 2-deoxy-2,3-didehydro-N-acetylneuraminic acid, a sialidase

inhibitor, abolishes increases in differentiation markers in human neuroblastoma cells and that a cell surface sialidase

may take part in growth inhibition and neural differentiation by providing the reaction product GM1 as a ligand for

galectin 1, without affecting cell apoptosis.284,285 After cloning, studies at the molecular basis with the cDNA have

facilitated elucidation of physiological functions. Neu3 was proven to indeed participate in neurite formation in

mice255 and in human neuroblastoma cells,286 and in regulation and regeneration in rat hippocampus neurons.287It is

also assumed to specify axon fate by activating Trk A in neurons. Possible involvement of human NEU3 in signal

transduction was also recently described.288 The sialidase was found to be located in rafts of neuroblastoma cells289

and in caveolae of HeLa cells, closely associated with caveolin-1.290 In response to growth stimuli such as EGF

treatment, NEU3 mobilizes to membrane ruffles together with Rac-1, a small G protein participating in actin

reorganization and cell motility, and enhances cell movement.272 Furthermore, ganglioside depletion via introduction

of NEU3 resulted in activation of integrin-linked kinase/Akt with inhibition of caspase-9 in a human keratinocyte-

derived SCC12 cell line,291 and the sialidase was shown to exert a great influence on integrin-mediated signaling and

IL-6 signaling through ganglioside modulation.292 All the data suggest that NEU3 plays critical roles in signal

transduction and additional evidence was recently provided by the finding that murine Neu3 can regulate cell

apoptosis in human fibroblasts by producing ceramide from GM3 in the plasma membranes through detachment of

sugar units.293

The biological functions of Neu4 are not clear known at present, although several possibilities have been suggested.

For example, expression of Neu4 in the cells of sialidosis patients results in clearance of storage materials from

lysosomes and human ortholog NEU4 may thus be useful for new therapeutic purposes.262 In addition, NEU4 may be

involved in cell apoptosis or neural differentiation, based on the observation that the NEU4 long form having a

mitochondrial targeting signal appears to be located in mitochondria at least in a certain cells and probably regulates

levels of the GD3 known to be an apoptosis-related ganglioside, with abundant expression in nervous tissues,263

especially in mouse brain.260
3.17.3.4.3.3 Pathological implications

In addition to being a target gene for sialidosis as described above, Neu1 may play essential roles in carcinogenesis.

There appears to have a good inverse relationship between the Neu1expression level and metastatic ability of rat 3Y1

fibroblast transformants294 as well as mouse adenocarcinoma colon 26 cells.295 Introduction of the Neu1 gene into a

B16-BL6 mouse melanoma cell line, having highly invasive and metastatic potential, reduced cell and anchorage-

independent growth and increased sensitivity to apoptosis, resulting in suppression of experimental pulmonary

metastasis and tumor progression.296 Although the target molecule for the sialidase has not been specified, the results

indicate influence on malignant properties including the metastatic ability of cancer cells.

In human colon cancers, NEU3 mRNA levels have been found to be increased 3- to 100-fold as compared to

adjacent non-tumor mucosa, associated with significant sialidase activity elevation.297 In situ hybridization has

confirmed high sialidase expression in epithelial elements of the adenocarcinomas. During sodium butyrate-induced

apoptosis, human colon cancer cells show down-regulation of the NEU3 expression level and in contrast, up-

regulation of NEU1. Transfection of a NEU3 gene into cancer cells inhibits the apoptosis accompanied by increased

Bcl-2 and decreased caspase expression, while knock-down of the gene with short interfering RNA results in

acceleration of apoptotic cell death. Colon cancer tissues have been found to exhibit a marked accumulation of

lactosylceramide, a possible NEU3 product, and addition of this glycolipid to cultures reduced apoptotic cells during

sodium butyrate treatment. These results indicate that high expression of NEU3 in cancer cells leads to protection

against programmed cell death. In the colon cancer cells, NEU3 differentially regulates cell proliferation through

integrin-mediated signaling depending on the extracellular matrix.298 NEU3 causes increased adhesion to laminins

and consequent cell proliferation, but rather decrease in cell adhesion to fibronectin, collagen I and IV. Triggered by

laminins, NEU3 can clearly stimulate phosphorylation of focal adhesion kinase (FAK) and extracellular signal-related

kinase (ERK), without any activation of fibronectin. NEU3 markedly enhances tyrosine phosphorylation of intergrin

b4 only on laminin-5, with recruitment of Shc and Grb-2, and NEU3 is co-immunoprecipitated by anti-integrin b4
antibody, suggesting that the association of NEU3 with integrin b4 might facilitate promotion of integrin-derived

signaling on laminin-5.

The NEU3mRNA level is also significantly increased in renal cell carcinomas (RCCs),292 correlating with elevation

of interleukin (IL)-6, a pleiotropic cytokine that has been implicated in immune responses and the pathogenesis of

several cancers, including RCCs. In human RCC ACHN cells, IL-6 treatment has been shown to enhance NEU3

promotor luciferase activity 2.5-fold and endogenous sialidase activity significantly. NEU3 transfection or IL-6
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treatment both have resulted in suppression of apoptosis and promotion of cell motility, causing synergistic effects in

combination. NEU3 hardly affected MAPK or IL-6-induced STAT3 activation but promoted the PI3K/Akt cascade in

both IL-6 dependent and independent ways. Furthermore, IL-6 promoted Rho activation and the effect was

potentiated by NEU3, leading to increased cell motility that was affected by LY294002, a PI3K inhibitor. NEU3

silencing by siRNA resulted in the opposite: decreased Akt phosphorylation and inhibition of Rho activation. As

described in colon tumor, gycolipid analysis showed decrease in ganglioside GM3 and increase in lactosylceramide

after NEU3 transfection, these lipids apparently affecting cell apoptosis and motility. Thus, NEU3 activated by IL-6

exerts IL-6-mediated signaling largely via the PI3K/Akt cascade in a positive feedback manner and contribtutes to

expression of a malignant phenotype in RCCs. To summarize those observations on NEU3 in cancer, interestingly, the

sialidase activates the molecules including FAK, ILK, Shc, integrin b4, and also Met, often upregulated in carcino-

genesis, which may cause acceleration of the malignant phenotype in cancer cells.298 In this context, sialidase could be

a useful target for cancer diagnosis and therapy.
3.17.4 Biological Roles of Sialic Acids

3.17.4.1 Overview

Sialic acid is the most interactive molecule at the animal cell surface. Microbial pathogens such as viruses, mycoplas-

ma, bacteria, and protozoa often utilize sialic acids as essential attachment sites for infection and replication, as

exemplified by the gastric pathogen Helicobacter pylori 299 and Escherichia coli,300,301 the cause of infantile meningitis.

Several bacterial toxins, including cholera and tetanus toxins, bind to sialic acid portions of gangliosides.218 In

mammalian cells, sialic acids make important contributions to molecular and cellular recognition and interactions.

Sialic acids are now considered to function largely in two ways: one related to their hydrophilic and acidic properties

influencing physicochemical effects on glycoconjugates to which they are attached, and the other as recognition sites

or in an opposing fashion as masking sites. It is well known observation that the presence of sialic acid in serum

glycoproteins influences their life-span. The glycoproteins are rapidly cleared from circulation following removal of

terminal sialic acid residues via uptake by asialoglycoprotein receptor on hepatocytes,302,303 although functional

evidence for sialic acid removal is still lacking. Here, only an outline of sialic acid recognition is introduced with the

focus on selectins, CD44, siglecs and NCAM, detailed descriptions being provided in other chapters.
3.17.4.2 Selectins

Selectins are a family of cell surface lectins that mediate leucocyte-endothelial cell interactions in inflammatory and

immune reactions by binding sialylated, fucosylated, and sometimes sulphated carbohydrate ligands.304–306 The

selectin family consists of three closely related proteins—L-selectin, E-selectin, and P-selectin, all having a similar

primary structure. They are representative type I transmembrane glycoproteins containing an amino-terminal carbo-

hydrate recognition domain (CRD), an epidermal growth factor-like domain, various numbers of short consensus

repeats (SCR) and a relatively short cytoplasmic tail. The selectins are expressed in low amounts at the cell surface.

When the cells are activated by inflammatory stimuli, P-selectin is released from storage bodies of endothelial cells

and is mobilized to the external plasma membrane. E-selectin in synthesized de novo and transported to the

endothelial cell surface upon exposure to a range of inflammatory mediators. L-selectin is expressed in leukocytes,

but is also shed from cell surfaces into the circulation. This increased expression of selectins results in the rolling and

trafficking of leucocytes on inflamed vascular endothelium. Adhesion by all selectins is dependent on sialic acid as

evidenced by a strong sensitivity to sialidase treatment of ligand-bearing cells. Selectins recognize carbohydrate

structures such as sialyl-Lewis x, sialyl-Lewis a, or sialyl 6-sulfo Lewis x as ligands. It has been proposed that sialyl-

Lewis x is mainly involved in the recruitment of leukocytes during inflammation and sialyl 6-sulfo Lewis x in

lymphocyte homing. Fucosyltransferases are suggested to participate critically in biosynthesis of these selectin

ligands.307,308
3.17.4.3 CD44

CD44, an important adhesive molecule that is ubiquitously expressed on leukocytes and parenchymal cells, has been

suggested to play a critical role in a number of biological events, including cell migration, tumorigenesis, metastasis,

and regulation of immune responses, all as a receptor for hyaluronic acid.309 CD44 comprises a large family of

transmembrane glycoproteins that exhibit extensive molecular heterogeneity. Variation in size is generated by
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alternative RNA splicing of variable exons as well as by post-translational glycosylation. The biological functions of

CD44 are attributable to the generation of a functionally active, hyaluronic acid –binding form and sialylation appears

to negatively regulate hyaluronic acid binding.310,311 In fact, activation of a lysosomal-type sialidase is likely required

for acquisition of binding to hyaluronic acid in lipopolysaccharide–stimulated human monocytes.312,313 CD44-hya-

luronic acid interactions promote tyrosine kinase activity of HER2 and the non-receptor kinase, Src, which phosphor-

ylates cortactin and recruits it to the cell membrane. Up-regulated expression of CD44 in cancer cells is associated

with metastatic potential and also a poor prognosis.314,315 Based on extensive alternative splicing of exon v1–v10,

various isoforms exist which are further diversified by additional post-translational modifications. The v6 isoform of

CD44 seems critical for tumour metastasis: ectopic expression of v6-containing CD44 isoforms or treatment with anti-

v6 monoclonal antibodies modulates metastasis of cancer cells in animal models in vivo and tumour cell invasiveness

in vitro Furthermore, the v6 isoform seems to be required for HGF-induced c-Met activation, and CD44v6 and c-Met

have been found to physically interact. While the extracellular domain of CD44v6 is required for HGF-induced

autophosphorylation of c-Met, transfer of the signal to downstream effectors, such as MEK and MAPK, depends on

the presence of the cytoplasmic tail.316
3.17.4.4 Siglecs

Siglecs are sialic acid-binding immunoglobulin-like lectins involved in cell-cell interactions and signaling in the

haemopoietic, immune and nervous systems.317–320 Eleven members have been identified in the human genome,

sialoadhesin (Siglec-1), CD22 (Siglec-2), CD33 (Siglec-3), myelin-associated glycoprotein (MAG; Siglec-4), and

Siglecs-5 to-11 which are closely related to CD33 and are thought to have arisen by gene duplication. In the murine

genome, the eight siglec genes identified are orthologs for sialoadhesin, CD22, CD33, MAG, and Siglec-10 (desig-

nated mSiglec-G), and three other CD33 related siglecs (Siglec-E,-F, and -H) with no corresponding human forms.

Siglecs consist of an N-terminal V-set Ig-like domain that contains the sialic acid-binding site followed by variable

numbers of C2-set Ig-like domains, a transmembrane domain, and a cytoplasmic tail. Crystal structure analysis of two

siglecs, sialoadhesin321 and siglec7,322 have revealed a shallow sialic acid-binding pocket with a conserved sequence of

six amino acids in the tip of the C–C0 loop influencing the binding specificity. Siglecs differ in their specificity toward

other elements of sialoside sequences. The nature of sialic acid, its linkage to substituted sugars, and the underlying

neutral oligosaccharides can all influence recognition. CD22 exhibits high specificity for the Siaa2-6Gal linkage

whereas sialoadhesin and MAG preferentially bind sialosides with the Siaa2-3Gal linkage, and Siglecs-7

and -11 primarily target the Siaa2-8Sia linkage. There are also clear differences in the ability of siglecs to recognize

naturally occurring sialic acids. Human sialoadhesin binds Neu5Ac but not N-glycolylneuraminic acid (Neu5Gc),

whereas human CD22 binds both, and murine CD22 preferentially binds Neu5Gc. CD22 has been described to bind

to endogenous B-cell glycoproteins in cis, and masking by endogenous cis ligands has indeed been demonstrated to be

a general property of the entire siglec family, which may regulate interaction with ligands on other cells in trans.

Siglecs are expressed in the hemopoietic system including B-cells, NK cells, eosinophils, neutrophils, dendritic

cells, and minor subsets of CD8 T-cells, except for MAG that is exclusively expressed in oligodendrocytes and

Schwann cells. Most contain two conserved tyrosine-containing signaling motifs in the cytoplasmic region, one a

proximal immunoreceptor tyrosine-based inhibition motif (ITIM), and the other an ITIM-related motif. Tyrosine

phosphorylation of the ITIM provides a docking site for the Src homology 2 (SH2)-domain bearing tyrosine

phosphatase. CD22 is a negative regulator of B-cell receptor signaling through recruitment of a protein phosphatase

(SHP-1) by phosphorylated ITIM motifs in its cytoplasmic domain.323,324 CD33 and CD33-related siglecs can also

mediate recruitment of tyrosine phosphatases SHP-1 and SHP-2 and generate inhibitory signals in activated and

differentiating leukocytes.325 While sialoadhesin and MAG have no ITIM motifs in their cytoplasmic domains,

sialoadhesin is abundantly expressed on the surfaces of bone marrow macrophages and mediates binding of immature

granulocytes and interactions with T-cells during immune responses.326 MAG (Siglec-4) is important in the mainte-

nance of myelin-axon stability and mediates inhibition of axon outgrowth and regeneration after nerve injury,

specifically binding the gangliosides GD1a and GT1b, which are the major sialoglycoconjugates on mammalian

axons. Mag-null mice exhibit marked axon degeneration in their nervous tissues.327
3.17.4.5 NCAM

NCAM is a member of the immunoglobulin superfamily, comprising various isoforms with molecular weights of 120,

140, and 180kDa, generated from a single gene through alternative splicing.12,328 The extracellular portion of all



Sialic Acids 313
NCAM isoforms consists of five immunoglobulin-like and two fibronectin type III-like domains. The 120kDa NCAM

isoform is linked to the membrane through a phospholipid anchor that can be readily released into the extracellular

milieu. The 140 and 180kDa NCAMs, in contrast, are anchored to the cell membrane and have specific intracellular

domains, through which they can interact with the cytoskeleton or components of the postsynaptic density. The core

protein is further modified post-translationally through glycosylation with PSA, a linear homopolymer of a2-8-linked
sialic acids. NCAMs mediate cell–cell, cell–matrix interactions, and cell migration, especially during embryogenesis

via homo- and heterophilic interactions. Their post-translational polysialylation decreases NCAM-dependent cell

adhesion and migration, and therefore the extent of polymerization of PSA is of critical importance in regulating

NCAM functions. The highest expression is found in young animals, and in the adult it is more restricted to regions

that are capable of morphological changes and synaptic plasticity, such as the olfactory system and the dentate gyrus,

where new cells are generated. Polysialylation appears to strongly influence neurite outgrowth, synaptic plasticity, and

neural regeneration in the adult, which are all necessary for normal brain development and function.173 In addition to

neural development, the muscle-specific domain in one NCAM isoform was observed to be polysialylated and this

modification correlated with myoblast differentiation.329

Re-expression of polysialylated-NCAM has been demonstrated in some malignant tumors, although PSA is lost

from NCAMs in most adult tissues. For example, it has been reported that PSA is expressed and attached to NCAMs

in Wilms’ tumors330 and polysialylated-NCAM was also found in neuroblastomas331 and other cancers including

natural killer cell-derived lymphomas, pancreatic carcinomas with neural invasion, and small cell lung carcinomas,

suggesting a close relation to the development and metastatic potential of malignant tumors. It is assumed that PSA

allows PSA-positive cancer cells to detach from primary tumors by attenuating the NCAM adhesive properties.

As described earlier, polysialylation of NCAM is catalyzed by ST8SiaII (STX) and STSiaIV (PST), which belong to

a family of genes encoding a-2,8-sialyltransferases.128 In vertebrates, these enzymes can independently catalyze

synthesis of PSA, although they may act cooperatively. Usually expressed at high levels in embryonic tissues,

principally brain and kidney, and at lower levels in adult tissues, they feature highly conserved primary amino acid

sequences, with 59% identity, but differ in their temporal expression patterns in different tissues, mRNA expression

levels, and the apparent lengths of their PSA chains. The presence of PSA is always associated with expression of

ST8Sia II and/or IV, indicating that they are important regulators of PSA synthesis which contribute essentially to

neural development.
3.17.5 Glycopathology of Sialic Acids

3.17.5.1 Disorders of Sialic Acid Storage

So far three inborn errors related to the accumulation of free sialic acid in cells, namely, sialuria, Salla disease (SD), and

infantile free sialic acid storage disease (ISSD) have been documented. In sialuria, sialic acid accumulates in the

cytoplasm of patients’ cells, whereas in SD and ISSD, it occurs in the lysosomes. As a result, patients with these

diseases show increased excretion of sialic acid in their urine. Generally, they suffer from mental and developmental

retardation, dismorphogenesis, hepatosplenomegaly, and in severe cases, juvenile or congenital death.332

Sialuria (also termed French-type sialuria, OMIM #269921) is a rare genetic disease; only five patients have been

documented worldwide. The first was reported in 1968,333,334 characterized by a high level of sialic acid in the urine

accompanied by mild facial coarsening, hepatosplenomegaly, and hypotonia. Defects in growth or development are

not as evident as in the other two diseases. Biochemical analysis using fibroblast cells from affected individuals

revealed excess free sialic acid accumulated in the cytoplasm and a defect in the feedback regulation of the

bifunctional enzyme UDP-GlcNAc 2-epimerase/N-acetylmannosamine kinase by CMP-Neu5Ac. Impairment of its

regulation is known to lead to the overproduction of sialic acid.335,336 Three mutations (R266W, R266Q, and R263L)

were identified in the cDNA encoding the enzyme,337,338 indicating that the allosteric site of the epimerase resides

around residues 263–266. Since the mutations were heterozygous in nature a dominant inheritance pattern is likely for

the disease. Two other inborn errors, namely, autosomal recessive inclusion body myopathy (IBM2, OMIM #600737)

and Nonaka myopathy (or distal myopathy with rimmed vacuoles, OMIM #605820) are also due to mutations in the

GNE gene, but the locations of these mutations differ. The epimerase domain is involved with sialuria and the kinase

domain in the Nonaka myopathy case. Mutations associated with IBM2 are located in either the epimerase or kinase

domains or both.

Salla disease (also referred to as Finnish-type sialuria, OMIM#604369) was first reported as a lysosomal storage

disorder in a family from northern Finland by Aula et al.339 Salla refers to the area where the affected family resided.

Approximately 100 patients have subsequently been reported from Finland and Sweden, and more than 30 patients



314 Sialic Acids
from several other countries. ISSD (OMIM #269920) was also first described as a lysosomal storage disorder with

symptoms similar to SD but with a severe clinical course, an early death, and no particular ethnic prevalence.340–342

In addition to SD and ISSD, rare cases with intermediate phenotypes have been reported.343,344 Biochemical

analysis of fibroblast cells of SD patients has revealed synthesis of sialic acid and degradation of sialoglycoconjugates

to be normal, whereas the transport of lysosomal sialic acid from the lysosome across the lysosomal membrane is

impaired.345–347 Positional cloning has identified the gene SLC17A5 that encodes sialin, a family member of the

anion/cation transporter family348 and mutations that lead to impairment in its transporter activity are observed in

these diseases. More than 90% of Finnish SD patients possess a commonmissense mutation (R39C) that is designated

as the Salla(FIN) founder mutation. In northeastern Finland, the frequency of carriers with this mutation is around

1%, and far higher than in the overall Finnish population.349 This mutation has not been reported for ISSD; however,

deletion, insertion, or missense and nonsense mutations have been found, suggesting a genotype–phenotype correla-

tion at this locus. In fact, Morin et al. and Wreden et al. showed that mutations associated with milder forms of the

disease result in decreased but residual transporter activity of sialin, whereas mutations identified in severe cases

resulted in a complete loss of this activity.350,351 Biancheri et al. have identified a K136E mutation in Italians with

severe SD, and found this to cause mislocalization of sialin to a greater extent than the R39C mutation in vitro.352

Landau et al. reported cases in which patients with identical G328E mutations showed different severities of SD,

suggesting that modifier genes or environmental factors may play a role.353
3.17.5.2 Sialidosis

Sialidosis (OMIM #256550) is a lysosomal storage disorder caused by a mutation in the gene encoding lysosomal

sialidase (NEU1) that leads to accumulation of sialylated glycopeptides or oligosaccharides in lysosomes.245,247,354

More than 30 unique mutations in the NEU1 gene have so far been identified, the related publications being listed in

the OMIM database. Individuals with the disease show mental retardation, facial coarsening, cherry red spots in the

eyes, myoclonus, and hepatosplenomegaly, characteristics in common with other lysosomal storage disorders. Siali-

dosis was first reported by Spranger et al. as lipomucopolysaccharidosis355 and is now classified into two classes based

on severity and clinical onset. Type I is the milder form,356 also referred to as the cherry red spot-myoclonus syndrome.

Type II with earlier onset and more severe symptoms is also referred to as mucolipidosis I and can be further

subclassified into congenital, infantile, and juvenile forms.

The SM/J inbred strain has a naturally occurring mutation in the Neu1 gene that results in reduced enzymatic

activity,248–250 and Rottier et al. have indicated that this mutation (L209I) may alter the enzyme–substrate affinity.250

In addition to reduced activity of the mutated Neu1, Carrillo et al. showed lowered Neu1 gene expression in the SM/J

mouse.248 Despite the Neu1 gene mutation, the mouse does not show a phenotype similar to sialidosis, a discrepancy

that could be attributable to residual Neu1 activity or unknown modifier genes. However, De Geest et al. have

generated a Neu1-null mouse that shows abnormalities similar to sialidosis.357 In addition, when compared with

PPCA-null mice (model mice for galactosialidosis), Neu1-null mice showed sialidosis-specific pathological pheno-

types, indicating that these model mice may be useful for generating a better understanding of these two similar but

distinct disorders. Comprehensive and detailed descriptions of sialidosis are available on several websites.
3.17.5.3 Cancer

The subject of cell surface sialic acids on malignant cells received much attention in the 1960s and early 1970s.358,359

A number of studies suggested the increase in negative surface charge determined by electrophoretic mobility

to be correlated with reduced adhesiveness of tumor cells. Furthermore, incubation with bacterial sialidase resulted

in decreased surface charge followed by suppression of malignancy, probably due to increased immunogenicity.

However, no definite conclusions could be drawn because of some controversial experimental results. Investigations

into biochemical properties of the cell surface were then pursued extensively, and characteristic features of the

changes in cancer cells were identified.147,360–364 Carbohydrate portions of glycoproteins and glycolipids undergo

alteration in neoplasia, with increase in branched asparagine-linked and polylactosamine sugar chains as well as in

sialylation. In particular, alteration of sialic acids is associated with cancer cell behavior, such as invasiveness and

metastasis.365–369 Altered glycosylation of functionally important membrane glycoproteins may affect tumor

cell adhesion or motility, resulting in invasion and metastasis. A general increase in sialylation is often found in cell

surface glycoproteins of malignant cells, and altered sialylation of glycolipids52 is also observed as a ubiquitous

phenotype, leading to the appearance of tumor-associated antigens, aberrant adhesion, and blocking of transmembrane
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signaling.363,364 Despite a number of reports describing involvement of sialic acids in cancer, the causes of such

aberrant sialylation and precise consequences remain unclear. Sensitivity of sialic acid as a tumor marker has been

reported for a variety of cancerous conditions, but its specificity is relatively low, since there is also an increase in sialic

acid-rich glycoproteins in inflammatory diseases.

Cellular sialic acid contents are mainly controlled metabolically by sialyltransferase and sialidase. Therefore, in

addition to structural analysis of glycolipids and glycopeptides from membrane glycoproteins, examination of the

enzymes responsible for cancer-related changes in sialylation has been a major line of enquiry. There have been

several reports of important roles of sialylation, after transfection of ras oncogenes into NIH 3T3 fibroblasts or MDCK

cells. For example, Santer et al.370,371 demonstrated that an increase in tri- or tetraantennary glycopeptides from

membrane glycoproteins and its simultaneous sialylation are required for the H-ras-transformed phenotype of NIH

3T3 fibroblasts. Subsequently, Easton et al. observed altered expression of glycosyltransferases involved in the

formation of glycans with increased sialic acid density and an increased number and/or length of polylactosaminogly-

can chains after introduction of an N-ras protooncogene.148 These results are further supported by recent observation

of ras oncogene-induced selective increase in b1 integrin a2-6 sialylation causing dysfunctional collagen binding. As

described earlier, alteration of endogenous sialidases in mammalian cells appears critical for the expression of

malignant phenotype. Studies on these enzymes should facilitate understanding of the molecular mechanism

underlying sialylation changes in cancer.
3.17.6 Perspectives

Since the first discovery of sialic acid, it has been characterized as the most interactive surface molecule with a

diversity of molecular species recognizing various ligands. There was little understanding of its physiological and

pathological significance until the studies on metabolism, especially regarding sialic acid biosynthesis, sialyltransfer-

ase, and sialidase were carried. Gene cloning for the involved enzymes has greatly facilitated elucidation of the

biological and pathological roles of sialic acid. Furthermore, recent progress in research on sialic acid-dependent

receptors, including selectin and siglecs, has intimated that sialic acid is not only an important recognition site but is

also involved in cellular signaling actually by regulating functions of molecules such as receptor tyrosine kinase and

subsequently downstream cascades.

Increasing knowledge of molecular mechanisms underlying pathological alterations of sialic acid or sialic acid-

containing compounds should facilitate design of therapeutic drugs for numerous disorders. As inhibitors specific to

influenza viruses, sialidases have been developed for the control of influenza. Inflammatory diseases involving

selectin and siglec may be targeted by inhibitors of recognition, and cures for the genetic disorders including sialidosis

and Salla disease might be achieved by appropriate manipulation of the corresponding genes. Inhibitors specific for

the NEU3 sialidase upregulated in many types of cancer or for sialyltransferases ST8Sia II and ST8SiaIV involved in

certain cancer metastasis could be useful tools for prevention or therapy of cancer.
Glossary

Chagas disease Chagas disease (also referred as American trypanosomiasis) was first described by Brazilian physician Carlos

R. J. Chagas in 1909. The disease is caused by infection of protozoan parasite Trypanosoma cruzi, which is achieved mainly

by transmission through a vector insect bloodsucking conenose (Triatoma sanguisuga). Patients suffer from high fever, swelling

of face and eyelid, dysfunction of nervous system, and destruction of cardiac and skeletal muscles. The disease is distributed in

South and Central America and Mexico.

protective protein/cathepsin A Human protective protein consists of 32-kDa and 20-kDa proteins derived from 54-kDa

precursor protein. Protective protein associates with b-galactosidase and Neu1 sialidase to formmultimeric complex necessary for

protection of these enzymes. In fact, dysfunction of protective protein leads to an inherited metabolic storage disorder called as

galactosialidosis.
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3.18.1 Introduction: HA Synthases Are Special Dual-Action Glycosyltransferases

Hyaluronan (hyaluronic acid or hyaluronate; HA) is a linear heteropolysaccharide composed of [!4)-b-D-GlcA-(1!3)-b-D-
GlcNAc(1!] n disaccharide repeats (GlcA¼glucuronic acid, GlcNAc¼N-acetylglucosamine; both in pyranose form;

n¼�103–104) that is found in vertebrates and a few select microbes.1–6 The HA polysaccharide typically resides on

the cell surface or in the extracellular space. The glycosyltransferase (GT) enzymes that catalyze HA polymerization

are known as HA synthases (an older term was synthetases; HASs).7–9 All known HASs utilize UDP-sugar nucleotides

(UDP¼uridine diphospho) with magnesium or manganese ion cofactors according to the reaction in eqn [1].

n UDP-GlcAþ n UDP-GlcNAc !HAS

2n UDPþ ½-4GlcAb-3GlcNAcb-�n ½1�
The biosynthesis of an HA chain containing thousands of sugars requires considerable energy expenditure. On the

order of five ATP equivalents, two NAD cofactors, one AcetylCoA group plus the glucose and the glucosamine

monosaccharide components are utilized to form each individual HA disaccharide unit.

The current IUPAC nomenclature for the enzyme catalyzing this disaccharide repeat formation reaction is

EC 2.4.1.212. The UDP-sugar precursors are a-linked; therefore, the HASs are inverting enzymes (in contrast to

retaining enzymes) synthesizing a b-linked polymer. The polymerization rates measured in vitro are �0.5 to 3 sugars/

second, thus allowing rapid HA chain production.10–12
325
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The HAS GTactivity is found in preparations of the vertebrate plasma or the microbial cytoplasmic membranes;13–15

this is a logical locale for an enzyme catalyzing a production of a polymer destined for the exterior of the cell. With

respect to cellular topology, UDP-sugar precursors from cytoplasmic pools are polymerized by an HAS and the

growing, nascent HA chain is extruded out of the cell.

From 1993 to 1998, the deduced sequences of the genes encoding the HAS proteins were identified from many

sources.16–27 These tasks were made possible with the tools of molecular biology such as transposon mutagenesis

and expression cloning; three decades of labeling procedures and/or classical biochemical purification were unsuc-

cessful and actually generated some false leads.28–31 Functional testing of recombinant proteins revealed that the

HASs were the first class of GTs recognized in which a single polypeptide species catalyzes the transfer of two

different monosaccharides. Numerous heterologous expression studies in HA-null hosts have not uncovered any other

protein species that is required for the catalysis of HA chain polymerization. In addition, most HAS species appear to

transport or at least facilitate nascent HA chain export across the membrane with the exception of one rather distinct

HAS that appears to rely solely on other accessory transport proteins.

This finding of a dual-action enzyme is in contrast to the usual ‘one-enzyme, one-sugar linkage’ dogma of

glycobiology. It was also somewhat unexpected that these moderate sized proteins (418–588 residues for most, except

one of 972 residues) would perform multiple tasks including (1) recognition of two distinct UDP-sugars, (2) transfer of

two different monosaccharides, (3) repetitive sugar polymerization, and sometimes (4) export of a charged, hydrophilic

polymer chain across a lipid bilayer.

Interestingly, as discussed later (Section 3.18.3.3), it appears that distinct enzymes have evolved independently to

perform the same chemical reaction in eqn [1] by at least two divergent mechanisms. Therefore, in order to avoid

confusion when discussing the distinct HASs from various sources, a simplified nomenclature using the first letter of

the genus and the species name should be utilized (Table 1). The vertebrate HAS isozymes are also numbered in order

of their discovery.
3.18.2 Limited Occurrence of HA Polysaccharide and Synthases in Nature

The HA polysaccharide is not found in all life forms and thus appears to be an innovation arising about 525 Ma in the

Early Cambrian.
3.18.2.1 Vertebrate Systems

In the animal kingdom, hyaluronan and HASs have only been firmly documented in two (Cephalochordata and

Craniata) out of three branches of chordates.7 In mammals, certain compartments (e.g., joint synovium, eye), tissues

(e.g., skin, cartilage), and cell types (e.g., cumulus cells) often possess high levels of HA approaching �5–10mg ml–1

where it plays viscoelastic and/or structural roles.3,6 In addition to its physical duties, the interaction of HA with its

binding or receptor proteins is also critical in development, growth, wound healing, adhesion, and signaling as evi-

denced by myriad reports.32–35 During vertebrate metabolism, some of the polymer is degraded and/or internalized

which probably plays a role in the modulation of HA-based effects by modulating the amount and the size of the HA

polymer.36
Table 1 Nomenclature for HASs

Enzyme Species Older names References

SpHAS Streptococcus pyogenes HasA 19

SeHAS Streptococcus equisimilis 17

SuHAS Streptococcus uberis 105

XlHAS1 Xenopus laevis (frog) DG42, xhas1 20,27,70

HsHAS1,2, & 3 Homo sapiens (human) HAS 23,24,26

MmHAS1,2, & 3 Mus musculus (mouse) HAS, CHASE, mHAS 22,25,26

CvHAS Chlorella virus PBCV-1 A98R 18

PmHAS Pasteurella multocida Type A 16

A simplified nomenclature for the HASs uses the first letters of the genus and the species name of the source organism to
identify the polypeptide. Only some examples of the vertebrate HASs are shown; homologous enzymes from other

vertebrates including fish and fowl have been identified. The initial references of HAS discovery or verification are noted.
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More primitive extant animals including hydra, sponges, insects (fly Drosophila ), nematodes (worm C . elegans ),

echinoderms, and tunicates (Urochordata, the third branch of Chordata) do not contain HA polymer and/or recogniz-

able HAS genes.7,37 In contrast, the genes (or likely candidates) encoding enzymes that catalyze the formation of other

structurally related glycosaminoglycans (GAGs), chondroitin and heparin, are found by searches of all animal genomes

down to the primordial hydra (see Chapters 1.18 and 3.05). 7 It is not simply that the active HAS polypeptide is not

capable of being produced or that HAS enzyme will not function in the cells of lower organisms because expression of

murine MmHAS2 in the fly resulted in high levels of HA production; 38 primitive animals are just missing the key

catalytic HAS enzyme.

Multiple HAS isozymes are present in chordate organisms from the lancelet Amphioxus (Branchiostoma floridae ; four

genes; A. Spicer, unpublished data) to human (three genes). 39 No known animal is known to possess a single HAS

gene to suggest the earliest ancestor or founder. It appears that three gene duplication events occurred as assessed

by exon/intron boundary and sequence comparisons of genomic DNA. The frog Xenopus has three active genes and

one pseudogene while mammals have lost the nonfunctional gene. These three active HAS isozymes, which are about

55–70% identical, synthesize HA in diverse tissues at various stages of development and growth. The differential

expression of HASs and its implications on health and disease are emerging research topics (Sections 3.18.5.1 and

3.18.5.3).
3.18.2.2 Two Bacterial Systems

Many bacteria and Archaea produce polysaccharides, but only certain animal and/or human pathogens are known to

produce extracellular coatings, called capsules, composed of HA. 40 The polymer is found in some Gram-positive

Streptococci, namely groups A (Streptococcus pyogenes ; causative agent of strep throat, flesh-eating or necrotizing

fasciitis, impetigo, toxic shock, etc.) and C (S. equisimilis , S. equi, S. zooepidemicus ; causative agents of strangles,

mastitis) and S. uberis (causative agent of mastitis), and in Gram-negative Carter type A Pasteurella multocida (causative

agent of fowl cholera, shipping fever, pasteurellosis). The streptococcal HAS enzymes are �70% identical to

each other and � 20% identical to the vertebrate enzymes. The Pasteurella enzyme is totally different from all

other HASs.

These microbes often produce such high levels of HA polymer that their colonies have a wet or mucoid appearance

to the unaided eye. The HA capsules are virulence factors that allow the microbes to be more successful pathogens by

rendering host defenses, including complement-mediated killing and phagocytosis, less effective. 40,41 Depending on

the host and the strain, these microbes can cause death within a few days after infection; it is very advantageous for

the microbe to use HA, as evidenced by the much lower virulence of isogenic acapsular mutants in comparison to the

wild-type parental strains. 42,43

Furthermore, HA is not immunogenic since the polymer is a normal component of the vertebrate host body. The

capsules of other bacteria that are composed of different polysaccharides, however, are usually major targets of the

immune response. The antibodies generated against these nonself capsular polymers are often responsible for

clearance of microorganisms and long-term immunity. Therefore, the HA capsule serves P. multocida and the

streptococci as molecular camouflage.

The other roles for the bacterial HA capsules are still emerging, but they also appear to serve as an adhesive as well

as a means to manipulate host cell behavior. 40 While mimicry may be a great benefit to the microbe, it is also probable

that capsular HA allows the pathogen to tap into the intercellular adhesive system of the host body. The numerous and

omnipresent HA-binding host proteins may serve to anchor the pathogen to the host during infection. Adhesion of

Pasteurella to various phagocytic cell types has been shown; it was speculated that microbes could not be ingested if

stuck to a surface HA receptor. 44 HA-coated microbes may also induce errant signaling or modified physiology that

favors infection. Group A Streptococcus take advantage of a human HA-signaling pathway to assist bacterial invasion. 45

The HA capsule also appears to be one of the critical elements of biofilm formation in Streptococcus.46

As discussed later, the Pasteurella and the streptococcal enzymes are independently evolved proteins with very

distinct sequences and very different kinetic properties (Section 3.18.3); this observation of nature inventing at least

two catalysts for the same reaction underscores the importance of HA for these bacterial pathogens.
3.18.2.3 An Algal Virus System

A certain Phycodnavirus, Chlorella virus, that infects freshwater green algae worldwide also possesses an HAS gene.18

The CvHAS protein sequence is somewhat more similar to the vertebrate enzyme than to the streptococcal enzyme.

Early in viral infection, the algal host cell is coated with HA fibers.47 This is the first and only report of HA in the plant
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kingdom as well as the initial report of a carbohydrate-producing enzyme in a virus. Viral isolates from around the

world possess very similar HAS genes. The role of HA production during infection is unknown, but possibilities

include that the HA coat may prevent secondary infection, increase stability of the infected cell to increase viral burst

size, and/or facilitate interaction with a secondary host. It is likely that nucleic acid encoding a vertebrate HAS was

scavenged and then employed by the virus, but more evidence needs to be gathered.
3.18.3 Comparison of HASs Based on Differences in Structural and Biochemical
Properties

Classification of GTs has been based on amino acid sequence differences, postulated reaction mechanism, and the

structure of the carbohydrate product. Using sequence alignments and hydrophobic cluster analyses, many types of

putative catalytic modules are distinguishable; at this point, 87 individual GT families have been named (CAZy,

Carbohydrate-Active Enzymes database). Multiple HAS proteins have been found from disparate organisms; hence, it

is useful to compare and contrast the various catalysts to glean information related to their critical structural elements,

mechanism, and evolution.
3.18.3.1 Protein Sequence and Membrane Topology: Two Flavors

The vertebrate, viral, and streptococcal HASs (initially termed class I synthases)7 appear to have protein sequence

similarity, especially in the central region of the polypeptides. All enzymes appear to have a single GT2 family

module with similarity to the chitin synthases (see Chapter 2.14). Members of this group display integral membrane

protein characteristics including multiple predicted transmembrane helices (between four and six) and membrane-

associated regions (one or two) (see Figure 1). The general nature of these regions predicted in silico has been

confirmed for SpHAS by reporter protein fusion technology.48 Other hints that these HASs are integral membrane
Class I
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Figure 1 Schematic models of class I and class II HASs. Monosaccharides from the UDP-sugar precursors (red spheres)

inside the cell are polymerized by the HASs, dual-action GTs, into long polymer chains (red line). The polymers are

transported out of the cell to form extracellular HA coats or matrices in vertebrates and infected algae or capsules in
bacteria. The class I enzymes (left) appear to be integral membrane proteins (e.g., SpHAS, HsHAS1–3, black; lipid bilayer,

yellow) that may both catalyze sugar addition to the growing chain as well as transport the hydrophilic HA polymer across

the single membrane of eukaryotes or Gram-positive bacteria. The proteins appear to possess multiple transmembrane

helices and membrane-associated regions. Associated lipid molecules (yellow triangles) may facilitate pore formation or HA
transit. The class II enzymes (right; e.g., PmHAS) catalyze the sugar addition reaction, but require a more complicated

polysaccharide transport apparatus (blue) composed of multiple non-HAS proteins to translocate the HA polymer across

the two membranes of Gram-negative bacteria. The PmHAS enzyme, which has a water-soluble nature, probably docks via

its C-terminus (Mem Assoc) with the transport apparatus during polymer synthesis. The enzyme behaves as a fusion of two
GTs that add GlcNAc (GlcNAc-Tase containing the A1 domain) and GlcA (GlcA-Tase containing the A2 domain) to the

nascent HA chain.



Hyaluronan Biosynthesis Systems from Microbes to Man 329
proteins are that certain phospholipids (especially cardiolipin) are required for SpHAS and SeHAS catalytic activity

in vitro ,49,50 and the functional catalytic unit, as assessed by radiation inactivation, appears to contain both

a polypeptide and some lipid molecules. 51 The lipid requirement for vertebrate and viral enzymes is still not

known or proven.

On the other hand, the Pasteurella HAS (initially termed a class II HAS) 7 does not have strong sequence similarity to

the other known HASs described above. PmHAS has two GT2 family modules that do not closely resemble the

modules found in the chitin synthases. No unambiguous candidates for transmembrane helices or membrane-

associated regions are predicted in silico . The PmHAS enzyme appears to be at most a peripheral membrane protein

with neither an intrinsic affinity for bilayers nor a lipid requirement for catalytic activity (see Figure 1). Truncation

analysis suggests that a C-terminus region (residues 703–972) may be involved in docking peripherally with integral

membrane transport proteins common to many encapsulated Gram-negative bacteria. 52 The soluble PmHAS(1–703)

fragment is a completely active, robust HAS.

Unfortunately, at present the GT2 family is very large and contains many disparate types of enzymes including

cellulose synthase (EC 2.4.1.12), chitin synthase (EC 2.4.1.16), dolichyl-phosphate-b-mannosyltransferase

( E C 2 .4 .1 .8 3) , d ol ic hy l- ph os ph ate - b-glucosyltransferase (EC 2.4.1.117), b-1,3-glucan synthase (EC 2.4.1.34), b-1 ,4 -
mannan synthase (EC 2.4.1.-), and a-1,3-L -rhamnosyltransferase (EC 2.4.1.-); thus it does not further assist discrimina-

tion of the putative class I and II HASs.

However, comparative biochemical analyses of the streptococcal and vertebrate enzymes indicate that while the

proteins within the original class I designation may share some apparent similarities, these members appear to

polymerize HA in opposite directions, hence warranting further taxonomic splitting as described later (Sections

3.18.3.2 and 3.18.3.3).
3.18.3.2 Molecular Directionality of HA Chain Polymerization: Two Directions

In glycobiology, the sugars of a linear saccharide chain can be added to either the nonreducing or the reducing

terminus during biosynthesis depending on the nature of the enzyme catalyst. The long HA polysaccharide chains

made it difficult for the pioneers in the HA field to elucidate the direction of polymer synthesis by direct means; if the

polymer chain is very long, then the molar amount of the terminal saccharide(s) is very low, which results in a weak

signal to pursue during typical pulse/chase experiments or exoglycanase treatments or chemical labeling protocols.

The directionality issue was also complicated by the scenario where an enzyme preparation harvested from an HA-

producing organism possesses a nascent HA chain in the HAS active site; biosynthetic labeling of the ‘true’ initial

sugars of the polymer chain is consequently impossible. Not until the advent of recombinant enzymes was this issue

more directly addressable. In particular, the use of heterologous expression hosts that cannot produce HA chains

in vivo allows the preparation of virgin HAS catalysts that do not contain a nascent polymer chain.

The initial definitive direct proof of molecular directionality was actually obtained with the last HAS to be

discovered, PmHAS, due to more amenable nature in vitro. Recombinant Escherichia coli-derived PmHAS will

elongate certain HA-derived oligosaccharides provided exogenously in vitro; in fact, the overall HAS enzyme activity

is stimulated by �20–60-fold by supplementation of reaction mixtures with HA oligosaccharides (e.g., tetrasacchar-

ides; see Chapter 1.10).53 In experiments monitoring PmHAS-catalyzed sugar addition to a variety of oligosaccharide

acceptor molecules with known termini (including compounds with disrupted reducing or nonreducing ends as well as

normal GlcA- or GlcNAc-terminated chains), nonreducing end elongation was revealed. The native and recombinant

yeast-derived streptococcal enzyme, SpHAS, and the recombinant yeast-derived prototype vertebrate enzyme,

XlHAS, however, did not elongate any of the tested exogenous oligosaccharide acceptors; thus, this approach was

not initially fruitful.53 Later, the elongation of certain HA oligosaccharides with intact nonreducing termini by a

recombinant truncated E. coli-derived HsHAS2 enzyme provided evidence for nonreducing end growth in the

vertebrate system.54

Selective labeling of terminal sugars (saccharides from radiolabeled UDP-sugars transferred either early or late in

the reaction) and degradation employing exoglycosidases (b-hexosaminidase and/or b-glucuronidase that act only on

the nonreducing end) were used by a variety of investigators in the past to probe molecular directionality of chain

synthesis.7 However, as mentioned earlier, the issue of a nascent HA chain in the pocket of the native enzyme has

complicated interpretation of the data (especially for experiments attempting to label the initial sugars polymerized).

More recent efforts on the recombinant yeast-derived HASs (the host Saccharomyces cerevisiae cannot support HA chain

formation due to lack of UDP-GlcA synthesis in vivo) with schemes employing two labeled sugars have breathed new

life into the experimental approach. This modern rendition indicated that reducing end elongation occurs in the

streptococcal system, but in contrast, nonreducing end elongation occurs in the vertebrate system.55 The same
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reducing end directionality outcome was found for the recombinant E. coli streptococcal enzyme using similar

methodology.56 In addition, the nascent HA chains in this recombinant streptococcal system were found to contain

a terminal UDPmoiety that was exchanged rapidly during polymerization providing further evidence for reducing end

growth.
3.18.3.3 Updated HAS Enzyme Classification System: Three Classes

In light of an assortment of new HAS data collected since 1999, the original simple classification system entailing two

classes of HASs7 should be updated and revised. A proposal is to maintain all the integral-membrane HAS proteins

with a single GT2 module in class I, but further subdivide the Streptococcus HASs as class I-R (for reducing end

polymerization) and the vertebrate HASs as class I-N (for nonreducing end polymerization) (see Table 2). Another

rationale for keeping the original group together is that these enzymes probably both (1) catalyze sugar transfer and

(2) facilitate HA chain export across the membrane. The viral HAS enzyme is likely to be I-N based on its closer

sequence similarity to the vertebrate enzyme, but this tentative classification awaits experimental confirmation. The

very distinct PmHAS remains the only class II HAS.

The streptococcal and vertebrate enzymes may utilize motifs with similar sequences for the putative donor, accep-

tor, and/or catalytic sites. It is still a semiopen question whether these class I HASs either are homologous (e.g., if

the pathogenic microbe usurped a vertebrate gene to boost infection) or if functional convergent evolution (e.g.,

very useful catalysts were invented independently multiple times in history) occurred.7 Circumstantial evidence,

including the general layout of Streptococcus operons and the similar S. pneumoniae type 3 capsular polysaccharide

synthase (which makes a [!3)-b-D-GlcA-(1!4)-b-D-Glc-(1!]n. polymer), points toward the latter hypothesis for

Streptococcus and vertebrates. Further analysis will be required to resolve the actual catalytic mechanism(s), but it may

be that the roles of UDP-sugar and the nascent HA chain are different in the streptococcal system (reducing end

growth) as compared to the vertebrate or Pasteurella systems (nonreducing end growth).
3.18.4 Further Analysis of HASs and Models of Enzyme Architecture

3.18.4.1 Modes of Polymerization

Hypothetically, a polymer may be synthesized by various operating modes where the incoming sugar units are added

to the nascent chain by (1) a single monosaccharide per step or (2) multiple monosaccharides per step. It has been

theorized that certain polysaccharide polymerizing systems composed of an enzyme on the cell surface (including

microbial enzymes that make HA or cellulose) would be required to synthesize a b-linked polymer in disaccharide

units due to topological or energetic constraints.57 The newly formed disaccharide unit would then translocate out of

the catalytic site and the process is repeated to form longer chains.

However, experiments with PmHAS demonstrated that single sugars are added to the growing chain sequentially;

the intrinsic fidelity of each transfer step assures the production of the HA repeat structure.53 It has also been reported
Table 2 Three classes of HASs

Class I-R Class I-N Class II

Members SpHAS, SeHAS,

SuHAS

Vertebrate HAS1,2 & 3,

CvHAS

PmHAS

Number of GT2 modules 1 1 2

Predicted topology Integral membrane Integral membrane Peripheral (or

soluble)

Molecular directionality of chain

growth

Reducing Nonreducing Nonreducing

Intrinsic polymerization Processive Processive Nonprocessive

Number of UDP-sugar sites ? ? 2

Number of acceptor sites ? ? 2 (probably)

Originally two classes of HASs were posited in 1999.7 Based on the differences in the predicted nature of the deduced
polypeptide sequences as well as new biochemical data probing the potential reaction pathways and architecture, it

appears that at least three distinct classes of HASs exist.
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that streptococcal HAS can add a single saccharide to a nascent HA chain based on the addition of isotopic label

transfer.58 On the other hand, the truncated human HAS2 did not convert an HA tetrasaccharide into the pentasac-

charide; only mixtures of 8–16 sugars were reported, but it is not known if this finding is due to limitations of this

particular in vitro system.54
3.18.4.2 Models of Enzyme Architecture – Putative Acceptor and Donor Sites

Based on a limited number of three-dimensional (3-D) structures of simple single-action GTs, in general, these

enzymes typically contain a single active site where an array of catalytic residues (quite often acidic glutamate or

aspartate groups) are in close proximity to a site for the activated sugar donor and a site for the acceptor molecule. In

the case of the HASs where one polypeptide species with two transferase activities is involved, multiple potential

structural scenarios exist, but no crystal diffraction or nuclear magnetic resonance spectroscopy data are available

currently. Fortunately, the problem for the HASs is simplified somewhat in that a monomer of polypeptide is known to

be the minimal functional unit by radiation inactivation target size analyses on SpHAS,51 XlHAS1,59 and PmHAS (in

preparation). Therefore, more complicated situations involving oligomeric and/or subunit interfacial catalysis models

may be ruled out for all HASs.

Several general hypothetical models of dual-action, single-polypeptide GT architecture are obvious including:

(1) the ‘two acceptor-binding sites/two donor-binding sites’ model where the acceptor itself transitions from one

acceptor-binding site to the other acceptor site after each monosaccharide is added from its specific donor site during

elongation; (2) the ‘one acceptor-binding site/two donor-binding sites’ model where repetitive, cycling conformational

change of the enzyme positions the terminal sugar of the acceptor in its binding site in close proximity to the

appropriate donor site; or (3) the ‘one acceptor-binding site/one donor-binding site’ model where repetitive confor-

mational change creates/locates the appropriate catalytic machinery within acceptor- and donor-binding sites for

transferase activity. The first two models appear relatively straightforward, but, at first glance, model 3 may appear

rather outlandish until one recalls the structural similarity of the two UDP-sugar substrates. The monosaccharides of

the UDP-GlcNAc and UDP-GlcA precursors are both substituted glucose units; one could imagine that the major

conformational change required would result in alternating contact with the moieties at the C2 and the C6 positions.

Two types of putative domains, termed domain A and domain B, were proposed to be present in many b-GTs that

use nucleotide diphospho sugars as donors.57 The authors noted that processive enzymes, which add a number of sugar

residues without releasing the nascent polymer chain, possess both domains A and B, while those enzymes that add a

single sugar residue usually have only domain A. In general, domain A resides in the N-terminal half of the

polypeptide and possesses two invariant aspartate residues, while domain B resides in the C-terminal half with an

invariant aspartate residue along with a characteristic glutamine-X-X-arginine-tryptophan motif (where X¼any amino

acid). The aspartates in the domain A appear to be involved in sugar nucleotide binding based on a 3-D structure of

SpsA, a GT2 family glycosyltransferase of unknown function.60

The class I HASs do not appear to release readily the nascent chain during synthesis and possess both putative

domain A and domain B candidates. A site-directed mutagenesis study of the MmHAS1 protein suggested that the

conserved amino acid residues in both domain A (containing Aspartate242-X-Aspartate244) and domain B (containing

Glutamine380-X-X-Arginine-Tryptophan384) were essential for chito-oligosaccharide synthesis (a product reportedly

made in vitro by repeated GlcNAcb-4 addition), opposing the hypothesis that the two domains represent two separate

activity centers.61 However, in the same report, substitution of leucine 314 (in domain B) caused severe loss of HAS

function but not chito-oligosaccharide synthesis, suggesting that in the MmHAS1 protein, the GlcNAc-transferase

activity and the GlcA-transferase activity can be separated and a ‘two-centers’ model might be possible. For other

processive enzymes such as bacterial or plant cellulose synthase (forms Glcb-4 polymer) and fungal chitin synthase

(forms GlcNAcb-4 polymer), the polymerization mechanism is also not clear.

The only known class II HAS, PmHAS, possesses two tandem copies of domain A and does not contain a

recognizable candidate for domain B.52 The enzyme kinetics analyses of the PmHAS wild-type enzyme and its

mutants strongly suggest that two active sites coexist in one polypeptide (see Figure 2).52,62 PmHAS enzyme mutants

with substitutions in conserved aspartate residues of the N-terminal domain A (called A1) resulted in an enzyme that

does not polymerize HA chains, but it readily adds GlcA onto GlcNAc-terminated oligosaccharides. Analogous

mutants with lesions in the C-terminal domain A (called A2) also do not polymerize HA chains, but instead add

GlcNAc onto GlcA-terminated oligosaccharides. The two PmHAS activities – UDP-N-acetylglucosamine, glucuronic

acidyl: b-1,4-N-acetylglucosaminyl transferase (A1), and UDP-glucuronic acid, N-acetylglucosaminyl: b-1,3-glucuro-
nic acidyltransferase (A2) – reside within a single polypeptide chain.
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Figure 2 Schematic model of the two putative GT sites of PmHAS. The PmHAS enzymes contain two distinct and

relatively independent GT activities. Depicted are the experimentally determined approximate limits of each domain of
PmHAS; A1 encompasses residues �118–427 and A2 encompasses residues �428–703. Each site possesses aspartic

acid-containing motifs. The C-terminal residues 704–972 appear to be involved in membrane association (Mem Assoc), but

not required for HAS catalytic activity; deletion of this region converts the enzyme into a soluble form. Residues 1–117
(cross-hatched) are dispensable for catalysis of sugar transfer, but may contain structural scaffolding elements or play other

roles. The region of residues 222–265 of PmHAS contains groups important for discriminating between UDP-GlcNAc and

UDP-GalNAc. The location of the two putative acceptor sites for the nascent HA chain is not known. No similar definitive or

detailed information is available for the class I-R or I-N HASs.

332 Hyaluronan Biosynthesis Systems from Microbes to Man
In an in vitro complementation study, a pair of PmHAS mutant polypeptide molecules, one disrupted at A1 and the

other at A2, acted together to polymerize HA chains in a surprisingly rapid fashion approaching rates observed for

the undisrupted wild-type sequence enzyme. 52 The HA chain must be released by one mutant enzyme to be acted on

by the other mutant enzyme. Overall, PmHAS appears to be a polypeptide with two active sites involved with

coordinated but intrinsically nonprocessive activities.

In subsequent experiments, competition between GlcA-terminated and GlcNAc-terminated oligosaccharides for

PmHAS-mediated elongation was not observed. 10 Therefore, Occam’s razor (i.e., the simplest explanation is usually

correct) was invoked to consider the possibility that PmHAS functions by utilizing at least two independent acceptor-

binding sites. Model 1 (i.e., two donor sites/two acceptor sites) best depicts the observed PmHAS characteristics.

On basic physical premises, it is expected that polymerization catalyzed by a model 1 enzyme is intrinsically

nonprocessive (i.e., the nascent chain is repeatedly released and re-bound before polymer is completed), while on the

other hand, a model 2 or 3 enzyme (both with a single acceptor site) is potentially processive (i.e., the nascent chain is

not released until the polymer is completed). In several tests, including in vitro syntheses of oligosaccharides63 and

polysaccharides 64 (Sections 3.18.6.1 and 3.18.6.2), PmHAS appears to operate in a nonprocessive fashion. In vivo ,

PmHAS is probably docked with the transport machinery which may not allow the HA chain to diffuse far away from

the microenvironment of the two active sites. If the HA chain was released completely from PmHAS, then the HA

chain would escape from the cell and could not be elongated to the long chains actually observed. The prototypical

streptococcal HAS enzyme, SpHAS, and the vertebrate HAS, XlHAS1, exhibit processive behavior in vitro, thus

perhaps having a model 2 or 3 architecture.12,55
3.18.4.3 UDP-Sugar and Acceptor Substrate Specificity

In recent years, a large number of GTs have been identified at the DNA level, but the current knowledge about the

enzymes’ donor and acceptor specificity is still limited to empirical testing and/or identification of their reaction

products. Protein sequence-based bioinformatics cannot predict accurately the substrates or the reactions.

With respect to usage of the sugar nucleotides, all of the vertebrate, bacterial, and viral HASs appear to be

very selective preferring the authentic substrates, UDP-GlcA and UDP-GlcNAc, over the other natural sugars

tested.12,17,18,27 All known HASs utilize UDP-GalNAc, the C4-epimer of GlcNAc, either very poorly or not at all

(GalNAc¼N-acetylgalactosamine). UDP-GalA, the C4-epimer of UDP-GlcA, and UDP-glucose, which contains

neither a C6-carboxylate nor a C2-amide, also do not serve as substrates for any of the HASs.

HA and chondroitin are identical except that the latter GAG polymer contains GalNAc instead of GlcNAc. Domain

swapping between PmHAS and PmCS, the homologous chondroitin synthase (�90% identical) from type F

P. multocida, suggests that residues in a 44-residue region at their N-terminal A1 domains (GlcNAc-transferase)

seem to be involved in differentiating GlcNAc and GalNAc moieties of the UDP-sugar (see Figure 2).62 This

region also contains an aspartate-X-aspartate motif implicated in UDP-sugar binding. Further mutagenesis and/or

structural data will be needed to further unravel the selectivity mechanism. No similar data are available for any

class I-N or I-R HAS.
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It is predicted that the nascent HA chain occupies a binding site on every HAS as well. The elongation activity of

PmHAS was tested with a series of HA oligosaccharides of different lengths and other various analogs to reveal some

information about the acceptor specificity of PmHAS.10 The PmHAS GlcA-transferase site efficiently elongates the

HA-like tetrasaccharide GlcNAc-GlcA-GlcNAc-GlcA-MP (where MP¼methoxyphenyl group at the reducing termi-

nus), but not GlcNAc-GlcA-GlcNAc-MP, at a low concentration during short incubation periods. On the other hand,

the PmHAS GlcNAc-transferase site efficiently elongated the trisaccharide GlcA-GlcNAc-GlcA-MP. These data

suggest that the acceptor-binding sites of PmHAS contain pockets that can bind at least three or four monosaccharides

for the GlcNAc-transferase or the GlcA-transferase, respectively. The predilection for GlcA-GlcNAc-GlcA-MP over

GlcNAc-GlcA-GlcNAc-MP suggests that there are important contacts between the carboxylate groups of the two

GlcA sugars and the acceptor-binding sites of PmHAS. This finding was extended by the use of synthetic glycosides;

good activity was observed with a reagent containing two GlcA groups, fluorescein di-b-D-glucuronide, but not by a

similar analog with only a single GlcA group.10 At this time, similar information for the putative HA-binding site for

any class I enzymes is not available.
3.18.5 More Vertebrate HA and HAS Biology

Vertebrate cells respond to the components of their extracellular matrix, including HA, by altering proliferation,

migration, or metabolism.2,5,65–68 The HA literature is quite vast and fascinating; therefore, only some of the key or

recent highlights of HA and HAS biology are noted briefly below.
3.18.5.1 HAS Is Essential

HA levels vary in tissues during development and wound healing.3,6 Studies have shown that the levels of the various

HASmRNA and/or protein isoforms also vary in some systems from amphibians to mammals, but the data required for

a more cohesive view of HAS regulation are still being generated. The mRNAs of the three functional Xenopus HASs

have distinct and never-overlapping spatial expression domains during embyogenesis.69 Interestingly, the cDNA

sequence encoding XlHAS1 (then known as DG42), an abundant transcript produced during gastrulation, the most

important time of life, was available for about 8 years70 before it was proved that the enzyme was actually capable of

HA polymerization.20,27 In the mouse, a complex expression pattern also exists where the isozymes are exclusively

expressed in some regions, but the Has2 mRNA occasionally overlaps with or complements Has2 or Has3 mRNAs.71

The genesis of the HAS expression pattern is a topic of investigation. HAS2 in human keratinocytes was noted

as a primary retinoic acid and epidermal growth factor responding gene.72 It has been reported that the three

human isozyme genes in synovial fibroblasts are differentially stimulated by transforming growth factor-b (TGF-b),
interleukin-1b, and tumor necrosis factor-a (TNF-a).73 In addition to control via various morphogens, cytokines, and

growth factors, a natural antisense mRNA toHAS2,HASNT, was observed that actually inhibited HA biosynthesis and

cell proliferation of human osteosarcoma cells.74 The transcriptional regulation of HA biosynthesis may be a combi-

nation of control of the HAS genes as well as the gene for the UDP-glucose dehydrogenase,75 the sole enzyme that

creates the critical UDP-GlcA precursor from UDP-glucose.

The presence and nature of translational or enzyme activity controls for the HASs is not yet known. Recently using

green fluorescent protein/HAS fusions, it was reported that a latent pool of HASs appears to be stored in the

mammalian cell interior (endoplasmic reticulum–Golgi compartments) and the active HAS is found at the plasma

membrane.76 Inactive mutant HAS enzyme, however, is not transported to the surface. In addition, the depletion of

the UDP-sugar pools resulted in the reduction of the HAS polypeptide level at the cell surface. The nature of the

control of the trafficking (and possibly the enzyme activity) is not yet known.

Gene knockout studies in mice have shown that loss of the Has2 gene is lethal in utero.77 Mid-gestational Has2–/–

embryos only produce about 3% of the HA found in wild-type embryos indicating that Has1 and Has3 are neither

major catalysts nor can they be upregulated in response to an HA-deficient environment. Overall, these mutant

embryos are smaller and more compact, due in part to the lack of normal extracellular matrices. The extensive,

organized vascular beds observed in healthy embryos are absent in the Has2 knockout embryos. The mutant embryos

have very unusual heart defects due to the lack of HA-based stimulation of ErbB signaling as well as the absence of

cardiac jelly; thus, the essential cell migration events required for primordial heart valve formation is detrimentally

affected because the cells are not triggered to move and the target tissue is too dense for easy penetration by

the invading cells. The addition of exogenous HA can restore signaling and cellular migration typical of cardiac

morphogenesis.77
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On the other hand, the Has1 null and the Has3 null mice are viable and fertile, and have no gross behavioral or

morphological phenotypes. However, some double mutant Has2þ/�, Has3�/� offspring have teeth malocclusions

suggesting problems with migration and/or proliferation of primordial tooth crest tissues.78 These mice also have

epidermal defects and exhibit excessive scratching of their dry skin. Further studies using more controllable, tissue-

specific ablation (e.g., employing Cre recombinase/lox P systems) of selected HAS genes should help elucidate the

roles of HA during embyogenesis without wreaking global havoc as well as illuminate the functions of HA in the adult

mammal. In addition, the construction of mice with chimeric HAS genes (e.g., fusing together portions of multiple

genes to create an HAS2/HAS3 hybrid protein) in an effort to alter the innate enzymatic activity of the HASs produced

in different tissues is also underway.78
3.18.5.2 Size Matters

The size of the HA polymer has been reported to be an important factor governing the ability of this carbohydrate to

alter cellular behavior and/or proliferation. HA is thought to be synthesized initially as a�105–107 Da chain (�103–104

sugars), which then degrades (via the hyaluronidase enzyme family) during turnover in the body to generate a variety

of smaller polymers.6 Various cell-surface receptors or binding proteins, termed hyaladherins, are postulated to sense

the presence and the size of HA.32,34,68 Hyaladherins thought to play important roles include CD44 and RHAMM.

Multivalent binding and/or multimerization of receptors may potentially occur with large polymers, but not with small

chains, resulting in alteration of various signaling events.

Sometimes HA polymers of different sizes have opposite biological effects. For example, high molecular weight HA

inhibits blood vessel formation, but smaller forms (�2–3.5kDa or �10–17 sugars) stimulate angiogenesis of normal

endothelia in several model systems.79–81 In another system, chondrocytes involved in cartilage homeostasis, HA

oligosaccharides, activate inducible nitric oxide (NO) synthase and production of the potent NO signal, but large

HA polymers (120 or 1300kDa) did not.82 These small sugar molecules also induce a variety of cancer cell lines to

undergo programmed cell death or apoptosis due to inhibition of anchorage-independent growth of tumor cells by

suppressing the phosphoinositide 3-kinase/Akt cell-survival pathway. 83,84 It was recently reported that the oligosac-

charides even resensitize chemoresistant cancer lines to drugs.85 Sometimes, intermediate-size HA polymers are the

active form; �200kDa HA, but not >1MDa or small oligosaccharides, was reported to be toxic to lung cells via

inflammation and apoptotic mechanisms.86,87 The high molecular weight form of HA actually appeared to suppress

similar lung damage caused by the drug bleomycin.

In addition to the degradative pathway controlled by the action of the hyaluronidases,36 another potential mecha-

nism to control HA size (as well as quantity) is to vary biosynthesis at the synthase level; differential expression of

several synthases with distinct intrinsic enzyme activities could be an important form of regulation. In vitro compar-

isons of the three mammalian HAS isozymes show that the relative specific activities and the size distribution of

polymer products are distinct.88

The biochemical explanation for HA size control is not yet known. Experiments with the recombinant XlHAS1

in vitro demonstrated that changing a single residue adjusted the HA size distribution to either bigger or smaller sizes

depending on the substituting residue.11 Other experiments showed that increasing the ionic strength of an in vitro

reaction mixture yielded longer chains suggesting that perhaps the hydrophobic force was involved in nascent HA

chain retention.11 Stated simply, the more time a chain is held and acted on by an enzyme, the greater the HA chain

size; conversely, if the nascent chains are readily released by the HAS, then the HA size distribution will be smaller.

One likely hypothesis is that hydrophobic HAS side chains interact with the hydrophobic face of the HA sugar ring in

analogy to the phenomena recently described for bacterial hyaluronan lyases binding their HA substrate,89 but much

more work needs to done.
3.18.5.3 HASs and Cancer

In addition to the effect of the HA oligosaccharides noted above, connections between the HAS isoforms and their

relative activity to the proliferation, adhesion, and metastasis of cancer cells are being reported. The wide variety of

cell lineages and roots of malignancy again complicate the HA story, but the accumulation of new data may reveal an

Achilles’ heel to target in the future.HAS2 andHAS3 expression increased the adhesion of metastatic colon carcinoma

to laminin, which may facilitate invasion into the basement membrane.90 HAS overexpression in prostate cancer lines

increased their adhesion while antisense treatments diminished adhesion.91 Overexpression of HAS1 or HAS2

contributed to transformation and promoted growth of subcutaneous tumors, but on the other hand, the use of
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antisense HAS2 reduced this behavior.92 Many groups are assessing if there is a correlation between the particular HAS

isozyme and the severity of the malignant disease as well as exploring the potential of HAS modulation to control

cancer,93 but more research certainly needs to be performed.
3.18.6 Utility of HASs in Chemoenzymatic Syntheses

HA extracted from natural animal or microbial sources is quite polydisperse (average molecular mass ranging from

about 1 to 3 MDa � �0.5–1 for most commercially available materials). As mentioned in Section 3.18.5.2, the size of

the HA polymer matters; therefore, such preparations with a wide size distribution may give cells mixed signals (i.e., a

test sample may simultaneously contain both stimulators and inhibitors of a particular phenomena), resulting in

irreproducible or dampened effects. Organic chemical synthesis is useful for the preparation of oligosaccharides up to

about six saccharide units in length94 before yields drop and substantial nontarget products accumulate (which may be

difficult to remove or have other biological effects), but many cellular responses noted thus far do not recognize such

tiny HA chains. Partial degradation of HA chains with hyaluronidases or HA lyases followed by careful chromatogra-

phy has been used to produce longer pure oligosaccharides and smaller polysaccharide preparations. 95,96 However, as

the length increases beyond decamers, the yield drops substantially and the required fractionation methodology

becomes much more demanding.

Fortunately, information gained from probing HA biosynthesis catalyzed by a certain enzyme, PmHAS, has been

harnessed to produce both defined HA oligosaccharides that are 5–22 saccharides in length as well as nearly ideal HA

polysaccharides that range from 15 kDa to � 2 MDa.
3.18.6.1 Defined HA Oligosaccharides

The Pasteurella HAS, a dual-action polymerizing enzyme that normally elongates HA chains rapidly, possesses two

active sites. Single saccharides are added to the growing HA chain sequentially and repetitively to the nonreducing

terminus to form a long polymer. The individual steps are shown in eqns [2] and [3].

UDP-GlcNAc þ ½GlcA-GlcNAc �n ! UDP þ GlcNAc- ½ GlcA-GlcNAc�  n ½ 2�

UDP-GlcA þ ½GlcNAc-GlcA �n ! UDP þ GlcA- ½ GlcNAc-GlcA� n ½ 3�

The HAS enzyme was converted by mutagenesis into two single-action GTs (see Figures 2 and 3a; Section 3.18.4.2)

that were purified individually and immobilized onto resin supports. 63 Two reactors employing either a GlcA-

transferase (performs eqn [3]) or GlcNAc-transferase (performs eqn [2]) were utilized in an alternating fashion to

elongate short HA sugar chains (e.g., HA tetrasaccharide) in a controlled, stepwise fashion (see Figure 3b ). 63

This process allows oligosaccharides, each with a single length in the size range of 5–22 monosaccharides, to be

rapidly produced (see Figure 4). HA oligosaccharides in the upper range are reported to have biological activities

(e.g., inducing cancer cells to undergo apoptosis or stimulating angiogenesis) distinct from long polysaccharides

(Section 3.18.5.2).
3.18.6.2 Monodisperse HA Polysaccharides

3.18.6.2.1 Synchronizing HA polymerization
The recombinant PmHAS synthesizes HA chains in vitro if supplied with both required UDP-sugars in a suitable

reaction buffer as in eqn [1] (Section 3.18.1). If recombinant pmHAS is supplied an HA-like oligosaccharide in vitro,

then the overall incorporation rate is elevated up to 20–60-fold.53 The rate of initiation of a new HA chain de novo

appears to be slower than the subsequent elongation (i.e., repetitive addition of sugars to a nascent HA molecule).

Therefore, the observed stimulation of synthesis by exogenous acceptor appears to operate through bypassing the

kinetically slower initiation step allowing the elongation reaction in eqn [4] to predominate.

n UDP-GlcAþ n UDP-GlcNAcþ ½GlcA-GlcNAc�x !fast 2n UDPþ ½GlcA-GlcNAc�xþn ½4�

Reactions without acceptor exhibit a lag period interspersed with numerous, out-of-step initiation events that yield

a short HA oligosaccharide; once any HA chain is formed, the polymer is elongated rapidly. Therefore, the chains

initiated early in the reaction will be longer than those initiated later, thus resulting in a polydisperse population.
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Figure 3 Schematic of catalyst generation and dual-enzyme reactor scheme. a, Mutagenesis was used to transform the

dual-action PmHAS into two single-action catalysts (GN-T, GlcNAc-transferase; GA-T, GlcA-transferase). The resulting
enzymes were purified and immobilized onto agarose beads to form a reactor. b, A starting acceptor is combined with the

UDP-GlcNAc precursor and circulated through the GN-T reactor (GlcNAc, open circle; GlcA, solid circle). After coupling,

UDP-GlcA precursor is added and this mixture is circulated through the GA-T reactor. This stepwise synthesis is repeated

as desired (dashed line) until the final target oligosaccharide size is reached. For example, an HA4 tetrasaccharide acceptor
was passed eight times through the GN-T reactor and eight times through the GA-T reactor to produce HA20 (see Figure 4).
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Figure 4 Mass spectra of a defined HA oligosaccharide. An oligosaccharide 20 saccharides long, HA20, was synthesized
with the pair of enzyme reactors (see Figure 3). The target polymer has the appropriate mass (expected isotopic

3808.18Da, experimental 3808.58Da) as measured by matrix-assisted laser desorption ionization time-of-flight mass

spectroscopy.
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Figure 5 Monodisperse HA preparations versus natural HA and DNA standards. This agarose gel depicts the narrow size
distribution of the HAmade with synchronized reactions in vitro (S, a mixture of five independent reactions loaded in a single

lane; average molecular mass marked). The tightness of these monodisperse HA bands rivals the DNA bands (D) that

are all composed of a single molecular species. In comparison, the polydisperse HA extracted from chicken tissue or
Streptococcus bacteria (E, E0) run as smears. The size of each HA species was controlled by varying the reaction

stoichiometry of UDP-sugars to the acceptor.
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On the other hand, the polymerization by PmHAS in the presence of exogenous HA acceptor, without a lag period,

appears to be a synchronized process in vitro. All chains are elongated in parallel resulting in a more homogenous final

population of HA, as evidenced by the tight bands observed on electrophoretic gels (see Figure 5).64
3.18.6.2.2 Controlling size of HA products
As noted above, chain initiation appears to be the rate-limiting step for PmHAS-catalyzed HA production. Due to this

kinetic phenomenon, the synthase will add all available UDP-sugar precursors to the exogenous acceptor termini

before much new chain initiation occurs. If there are many termini (i.e., eqn [5] where z is large), then the available

UDP-sugars will be distributed among many molecules and thus result in many short polymer chain extensions.

Conversely, if there are few termini (i.e., eqn [5] where z is small), then the available UDP-sugars will be distributed

among a few molecules and thus result in a few long chain extensions.

n UDP-GlcAþ n UDP-GlcNAcþ z½GlcA-GlcNAc�x !fast 2n UDPþ z½GlcA-GlcNAc�xþðn=zÞ ½5�

Therefore, controlling the stoichiometric ratio of UDP-sugar to acceptor in a reaction mixture allows the size of the

HA preparation to be manipulated in the range of �15kDa to 2MDa, as illustrated in Figure 5.64
3.18.7 Potential Future Research Areas

The HASs are rather small polypeptides that are fully capable of catalyzing the rapid polymerization of the hetero-

polysaccharide HA. The identity, the number, and the nature of the substrate-binding sites are as yet totally unknown

for either of the class I enzymes. PmHAS, the only class II enzyme, appears to be a fusion of two complete GTs, but

the exact mapping of the two putative UDP-sugar-binding sites and two acceptor/nascent HA-binding sites are,

respectively, incomplete or unknown. At present, only some acidic HAS residues are contemplated to be essential

catalytic groups for class I and II enzymes. Three-dimensional structures of the HASs (hopefully with their substrates)

would certainly be illuminating.

The mechanism of catalysis remains unknown for all HASs. Are the processes of de novo chain formation and

repetitive elongation identical or is there a unique initiation step? There certainly appear to be biochemical

differences among the three putative classes of HAS enzymes; therefore, three different catalytic tales are not

unexpected!

The cell-surface HASs appear to be quite different at the protein sequence level to the other Golgi-bound GAG

synthases (EXT family for heparin/heparan and CHSy family for chondroitin), so future biochemical and mechanistic
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comparisons should also prove interesting. The evolutionary relationships between the HASs themselves and with the

multitude of GTs are also vistas to explore even though there are many missing links and no time machines.

The potential roles of the class I HAS enzymes and any bound lipid in transporting or translocating the nascent HA

polymer across the membrane are still under investigation. Is a simple pore formed (with the help of some lipids?) or is

the HAS able to counteract the nature of the hydrophilic, charged HA polymer by neutralization/complexation during

transit through the hydrophobic core of the bilayer? Also, some weak evidence from partially affected mutants and/or

transport-inhibiting drugs has been presented for ATP-binding cassette (ABC) transporters being involved in transport

in both bacteria and vertebrates;97,98 how much of a role (or any?) do these non-HAS molecules play?

The regulation of the quantity and the size of the HA polymer has potentially great significance for altering cell

behavior or adhesion in health and disease. What are the signals and the pathways for turning the HAS genes on or off

in the various tissues and organs over time? Does the body only orchestrate the various HAS isozymes or are there

other hitherto-unidentified modulatory proteins that alter HAS activity involved? If we can produce (or perhaps more

realistically, deliver) the proper HA molecules in the appropriate location of the body to induce healthy signaling,

adhesion, etc., then we should have new therapeutics for controlling cancer, increasing vascularization, or enhancing

healing of chronic wounds, ulcers, and burns in the future. PmHAS, a lethal sword of the P. multocida pathogen, has

been beaten into a plowshare for the production of useful, size-defined HA molecules. Some of these polymers, as

alluded to earlier, may be the next-generation glycomedicines. The identification of the HA sizes that are either

stimulators or inhibitors of biological activity, as well as understanding their mechanisms of action, should be hot

research areas in both academia and pharma.

HA is already employed for many therapeutic uses including ophthalmic surgical aids, joint viscosupplementation

injections, soft tissue fillers, surgical antiadhesion films, and eye and skin moisturizers.99,100 Currently, tons of HA are

manufactured by the action of the class I-N and I-R enzymes via extraction of vertebrate tissues (e.g., rooster comb) or

fermentation of native group C Streptococcus bacteria, respectively. Often, the properties of the pure HA polymer are

not sufficient for the therapeutic task; therefore, numerous chemical derivatives of HAwith altered chemophysical pro-

perties (including gels, fabrics, sponges, tissue-engineering scaffolds) are in currentmedical use or in development.101–103

Can the PmHAS specificities, reactivity, and/or architecture be altered to develop totally novel polymers via

chemoenzymatic syntheses in vitro or metabolic engineering in vivo? Can the rather recalcitrant class I HAS enzymes

also be converted into malleable catalysts? A new genetically flexible and commercially productive system, recombi-

nant Bacillus bacteria with a streptococcal HAS gene, promises to accelerate these efforts.104

In closing, the only certainty about the HASs is that this fascinating group of enzymes will tantalize researchers and

physicians in many fields for a long time to come.
Glossary

chemoenzymatic synthesis The use of enzymes to catalyze the desired chemical reactions in vitro.
glycosaminoglycan Sugar polymers that contain a hexosamine as part of the repeating units of their structure; polymers in this

family include hyaluronan, chondroitin, heparin, and keratan.

glycosyltransferase An enzyme that catalyzes the transfer of a sugar moiety onto another molecule.

heteropolysaccharide A polysaccharide composed of more than one type of monosaccharide.

hyaluronan (synonyms ‘hyaluronic acid’, ‘hyaluronate’) HA, the glycosaminoglycan with a [!4)-b-D-GlcpA-(1!3)-b-D-
GlcpNAc(1!] n disaccharide repeat structure.

hyaluronan synthase HAS, an enzyme that catalyzes polymerization of hyaluronan.

monodisperse versus polydisperse Descriptive terms for polymers with an ideal or very narrow size distribution versus a broad

size distribution, respectively.

oligosaccharide A sugar polymer composed of less than �20–25 saccharide units.

polysaccharide A sugar polymer composed of more than �20–25 saccharide units.

reducing versus nonreducing termini The reducing terminus is the end of the sugar polymer chain that contains the

monosaccharide ring that can open or mutarotate to form an aldehyde; the nonreducing terminus is the opposite end of the

chain containing the monosaccharide ring that is locked and cannot mutarotate.

synthase Any of the various enzymes that catalyze the synthesis of a substance without the use of ATP; in glycobiology, the

term has gained a secondary connotation for a sugar polymerizing enzyme that can both initiate and elongate a chain.
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Most of the nearly 300 different blood groups thus far defined are based on proteins; some, however, are characterized

by carbohydrate structures. The respective antigens are those of the blood-group systems ABO(H), Lewis, and P, as

well as the characters I, and i, and the T-antigens. A detailed presentation of these antigens is found in the monograph

Schenkel-Brunner, H., Human Blood Groups (2nd completely revised edition; Wien–New York: Springer, 2000)1 from

where this review is partially taken.
3.19.1 The ABO(H) System

The ABO system detected by Landsteiner2,3 comprises two antigen specificites, A and B. The blood group H system,

genetically independent of the ABO system, is represented by only one character, H. This antigen represents the
343



344 Blood Group Antigens
precursor substance in the biosynthetic pathway leading to A and B determinant structures. Based on this close

chemical relationship, the H system will be included in the discussion of the ABO system.

The ABO and H blood groups originally have been defined as antigenic properties of human erythrocytes.

However, their antigenic characters are not only confined to red cells but have also been found on tissue cells, and

they occur in various tissue fluids and secretions where they are bound to water-soluble substances. Furthermore,

substances with serological specificities identical or closely related to human blood group substances are widely

distributed in animals, and are also found in plants and microorganisms; these determinants, however, are only scarcely

investigated and therefore not under discussion here.
3.19.1.1 The Blood Group ABH Substances

The first investigations on blood group active glycoproteins of secretions by the groups of Morgan (Lister Institute of

Preventive Medicine, London) and Kabat (Columbia University, New York) revealed that the ABH determinant

structures are located in the carbohydrate moiety and that N-acetyl-D-galactosamine, D-galactose, and L-fucose are

essentially associated with A, B, and H specificities.

The H determinant is characterized by an a-fucose attached to O2 of a terminal b-galactose unit, the A and

B specific structures are represented by an N-acetylgalactosamine or galactose residue (a1-3)-linked to the b-galactose
unit of the H determinant, respectively (Figure 1).

These structures show that the immunodeterminant groups of the ABH antigens are characterized by a single

monosaccharide residue. The inner core regions of the carbohydrate chains are not directly involved in blood group

specificity. Structural studies on the core region of various blood group active substances revealed six main types of

carbohydrate chains carrying the ABH determinants – they are classified according to their terminal disaccharide

structure (see Oriol et al.):4

Type 1: Galðb1-3ÞGlcNAcðb1-xÞ-
Type 2: Galðb1-4ÞGlcNAcðb1-xÞ-
Type 3: Galðb1-3ÞGalNAcða1-xÞ-
Type 4: Galðb1-3ÞGalNAcðb1-xÞ-
Type 5: Galðb1-3ÞGalðb1-xÞ-
Type 6: Galðb1-4ÞGlcðb1-xÞ-

3.19.1.1.1 The Blood group ABH substances of erythrocytes
The first ABH substances isolated from human erythrocytes were glycolipids with short carbohydrate chains. Later

more complex glycosphingolipids, the so-called polyglycosyl-ceramides, were detected. Finally, it has been shown

that glycoproteins also contribute to blood group ABH activity of red cells.

Among the blood group ABH glycolipids of erythrocytes, substances with type 2 chains are predominant; 5 type 3

and type 4 chain glycolipids are present only in insignificant amounts, and type 1 chain glycolipids are not endogenous

erythrocyte substances but are absorbed from the plasma (see below). In ABH active glycoproteins of the erythrocyte

membrane, only type-2 determinants have been detected thus far.6,7 The most basic blood group A glycolipids of

types 1–4 are depicted in Figure 2 .

The type 2 chain glycosphingolipids of the erythrocyte membrane vary significantly in structure: from compounds

with very simple, short oligosaccharide chains tomolecules with complex and highly branched carbohydrate structures.

The first ABH active glycolipids of the erythrocyte membrane characterized were lacto-series glycosphingolipids

containing 5–15 monosaccharide units per molecule (see ‘A type 2’, Figure 2). They all have in common neolacto-

tetraosylceramide (¼paragloboside) as their precursor substance. This basic molecule can be extended by additional

N-acetyllactosamine units forming more complex oligosacchaide chains (see, e.g., Hanfland et al.).8,9

In the course of their investigations, Gardas and Koscielak10 found blood group ABH (and I) active glycosphingo-

lipids with highly complex oligosaccharide chains. Because of their high carbohydrate content, these substances are

water soluble but are readily absorbed in vitro by erythrocytes. These molecules cannot, however, be considered a

separate class of glycosphingolipids since lacto-series glycosphingolipids of the erythrocyte membrane contain a

spectrum of molecules ranging from glycosphingolipids with short carbohydrate chains to glycolipids with complex

oligosaccharide units. Nevertheless, the designation ‘polyglycosyl-ceramides’ proposed by Gardas and Koscielak

should be retained for practical reasons.
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Analogous to the short-chain lacto-series glycosphingolipids, the polyglycosyl-ceramides are composed of L-fucose,

D-galactose, N-acetyl-D-glucosamine, D-glucose, and ceramide. The general formula for these substances is:

Fucð3�4Þ�Gal
n
�GlcNAcðn�2Þ�Glc1�Ceramide1ðn¼ 10� 27Þ

Blood group A active substances contain two or three N-acetylgalactosamine residues per molecule.11

The oligosaccharide chains of the polyglycosyl-ceramides are highly complex structures comprising up to 60

monosaccharide residues. The carbohydrate backbone chain consists of repeating N-acetyllactosamine units, (-3)Gal

(b1-4)GlcNAc(b1-); short N-acetyllactosamine side chains may be attached to O6 of the galactose residues (with an

average of one branch at every second galactose residue). Three to four ABH determinants and about two unsub-

stituted b-galactosyl residues on an average molecule with 30–35 monosaccharide units have been deduced from the

estimated number of terminal groups.11

A schematic model of a polyglycosyl-ceramide molecule is presented in Figure 3.

The simplest structure of a type 3 chain glycosphingolipid 12 is an A type 2 ceramide hexasaccharide extended by a

terminal A or H determinant group (see ‘A type 3’, Figure 2). Further glycolipids with long-chain carbohydrates

carrying A type 3 determinants have been detected in extracts of human erythrocyte membranes. 13

In type 4 chain glycolipids, 14 A or H determinants are attached to the terminal b-N -acetylgalactosamine residue of

globoside (see ‘A Type-4’, Figure 2 ). ‘Globo-A’ is found only in blood group A1 erythrocytes and ‘globo-H’ in O or

A2 cells; ‘globo-B’ substance has not yet been detected.

Although type 4 A and H substances represent only very minor components of erythrocyte membranes, they are

present in large quantities in human kidneys and occur in certain tumor tissues.

Blood group H active glycopeptides with O-linked carbohydrate chains have been prepared from membrane

glycoproteins which Takasaki et al.7 have isolated from human O erythrocytes. The H-specific oligosaccharide unit

was identified as the trisaccharide Fuc(a1-2)Gal(b1-3)GalNAc-. In the majority of these H chains, theN-acetylgalacto-

samine carries aN-acetylneuraminic acid(a2-6) residue – this structure, however, does not seem to have any serological

activity whatsoever. These O-linked chains are presumably carried by glycophorins of the red cell membrane.
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ABH determinants have also been found on highly complex carbohydrate chains N-linked to intrinsic erythrocyte

membrane constituents.15 These substances are pronase-sensitive in situ and have been identified as band-3 and band-

4.5 proteins.16

Investigations by Fukuda et al.6 revealed that the carbohydrate units of band-3 protein are lactosaminoglycan-type

oligosaccharide chains: the core structure is composed of one chitobiose unit and three mannose residues, and carries

two poly-N-acetyllactosamine chains � a long one of 10–12 lactosamine units and a shorter one of �5–6. Both chains
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are branched – the longer chain has three to five N-acetyllactosamine side chains attached to O6 of galactose, the short

chain one or two (see Figure 13a). About half of the terminal galactose residues carry fucose(a1-2), N-acetylneur-
aminic acid(a2-3), or N-acetylneuraminic acid(a2-6) residues.

3.19.1.1.2 Blood group ABH substances of human plasma
The ABH substances from plasma are type 1 chain glycosphingolipids (see ‘A type 1’, Figure 2) which are derived

from lactotetraosylceramide as the basic precursor glycolipid.

Like the blood group Lewis antigens (see Section 3.19.2), they are passively acquired by the erythrocytes in a

reversible process.17 It is generally assumed that this class of glycosphingolipids makes only a minor contribution to

the ABH activity of erythrocytes. Absorbed plasma ABH substances, however, provide part of the ABH activity of

lymphocytes18 and thrombocytes.19
3.19.1.1.3 Secreted blood group substances (mucins)
As mentioned at the beginning of this chapter, ABH active substances are not confined to erythrocytes. They are

found throughout the body in mucus-secreting tissues of the gastrointestinal, respiratory, and genital tract and their

secretions, and are known as ‘water-soluble blood group substances’. Large quantities of ABH active mucins have

been isolated from the pathological fluid of pseudomucinous ovarian cysts (Kystoma pseudomucinosum).20

Mucin substances are oligomers of�300kDa glycoprotein subunits linked together end-to-end by disulfide bonds.21

The complexes apparently weigh up to several million daltons, depending on origin and purification method used;20

even highly purified preparations show a considerable degree of polydispersity. The substances contain 80–90%

carbohydrate.

The carbohydrate moiety of water-soluble blood group substances is composed of five monosaccharides – galactose,

N-acetylglucosamine, N-acetylgalactosamine, fucose, and N-acetylneuraminic acid. As expected, A substances contain

an increased amount of N-acetylgalactosamine. N-Acetylneuraminic acid is not part of any ABH epitope. The

oligosaccharide units of mucins are joined by O-glycosidic linkages to serine and threonine residues of the protein

backbone via an a-N-acetylgalactosamine residue.20 The overall structures of the carbohydrate chains closely resem-

ble those of ABH active glycolipids. In contrast to the ABH substances of the erythrocytes, the mucins contain both

type 1 and type 2 chains.20 In some tissues (primarily in salivary glands), 22 most of the subterminal N -acetylglucosa-

mine residues are fucosylated, and thus Le b and Le y determinants are found instead of H type 1 and H type 2,

respectively (see Section 3.19.2).

A basic model of the oligosaccharide chains found in secreted blood group substances is shown in Figure 4. Since

the mechanism of biosynthesis does not result in the production of exactly defined chain sequences, a high degree of

microheterogeneity is detected in the oligosaccharide chain structures of blood group active glycoproteins.23

The peptide moiety of the secreted blood group glycoproteins shows an unusual amino acid composition: threonine

and serine are the predominant constituents; together with proline and alanine, they make up about two-thirds of the

amino acids present.24

The findings by Donald25 of a 1:1 molar ratio of galactosamine to hydroxy amino acids in glycopeptides from B and

H active glycoproteins (in which N-acetylgalactosamine occupies only the linkage position between the oligosaccha-

ride and the carrier protein) showed that in the carbohydrate-rich domains of the glycoprotein nearly all serine and

threonine residues carry oligosaccharide chains.

3.19.1.1.4 Blood group ABH active oligosaccharides
A series of ABH active oligosaccharides have been isolated from human milk26 and urine.27 The molecules are of

differing structure and complexity and, with few exceptions, are derivatives of the disaccharide lactose, Gal(b1-4)Glc.

The majority of the ABH determinants are based on a type 1 core structure; type 2 chains are only rarely found.28

Examples of oligosaccharides isolated from human milk are shown in Figure 10.

3.19.1.1.5 Other sources of blood group ABH active material
Many glandular tissues in humans contain great quantities of ABH active glycolipids. Pancreas,29 small intestine,30 and

meconium 31 are good sources for such substances. In the pancreas, type 1 as well as type 2 chain substances are

present. 32 The glycolipids of the small intestinal mucosa contain exclusively type 1 chains,32 whereas the glycopro-

teins carry predominantly type 2 chains.33 Globo-A is the prevalent substance in the kidney of A individuals where it

makes up about half of the glycolipid-based A antigens.34 An investigation by Senior et al.35 suggests that the renal

globo-A glycolipid acts as a receptor for the attachment of uropathogenic Escherichia coli strains.
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In most cases of malignant transformation, the expression of ABH antigens is changed: in many tumour tissues,

ABH activity is lost during functional and morphological de-differentiation of the cells, whereas in tissues in

which ABH antigens are not expressed in adults but are present in fetuses (e.g., in thyroid gland, liver, and distal

colon), ABH activity may be re-expressed in malignantly transformed cells. In tumors of blood group O and

B individuals, incompatible A-like antigens occasionally appear. Further, globo-H, which cannot be detected in

normal tissue, has been found in teratocarcinoma36 and breast carcinoma cells37 of blood group O individuals, and

ganglio-H (fucosyl-GM1) has been traced in human small cell lung carcinoma tissue.38 For more details on the change

of ABH characteristics in the course of tumor formation, see, for example, the review article by Hakomori.39

Blood group ABH reactive material is also found in many animal species. A and H active glycosphingolipids have

been isolated from the intestine of dogs,40,41 and rats,42 as well as from hog gastric mucosa.43 In some cases, the

substances contain B-like determinants lacking the H-specific (a1-2)-linked fucose, such as the B active glycolipids

of rabbit erythrocytes.44 In other cases, chain types not yet detected in human material have been found, such as

ganglio- and isoglobo-series glycosphingolipids, or a glycolipid with a structure derived from lactosylceramide.45,46

Good sources for the isolation of water-soluble blood group substances are the gastric mucosa of pigs (A and/or H),

horses (A and/or B), and cattle (A, B, and H);47 the A/H substances found in hog gastric mucin in particular have

repeatedly been used for investigations on structure and biosynthesis of ABH determinants.

Strong ABH activity has also been detected in the egg jelly of amphibian spawn, for example, toads (Bufo bufo, Bufo

viridis, and Bufo calamita),48,49 water frogs (Rana esculenta and Rana ridibunda),50 brown frog (Rana latastei),51 and

treefrog (Hyla arborea).52

The occurrence of ABH active material has repeatedly been reported in plants53,54 and microorganisms.55,56 Only in

a few cases, however, have the structures of these ABH and ABH-like antigens been established.
3.19.1.2 Genetics and Biosynthesis

Occurrence and distribution of ABH specificities are controlled by three independent but closely interrelated gene

systems, ABO,57 Hh,58 and Sese.59

3.19.1.2.1 The ABO gene
The three alleles A, B, and O of the ABO locus account for the four main blood groups, A, B, AB, and O. The alleles

A and B control the formation of A and B specificity on erythrocytes and in secretions, whereas the inactive O allele

does not give rise to any blood group character.
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In the course of further investigations, many subgroups and phenotypes have been detected which are defined both

by quantitative differences in antigen content (see Section 3.19.1.3).

3.19.1.2.2 The Hh gene
TheHh gene controls the formation of H substance. This substance represents the precursor that, under the influence

of genes A and B, is converted into blood group A or B substance, respectively. Since the inactive O allele does not

alter H substance, the presence of unchanged H determinants is characteristic for O individuals.

An inactive allele of the H gene (¼h) has been defined which, when present on both chromosomes, results in the

complete lack of H activity on erythrocytes producing the rare Bombay and Parabombay phenotypes.
3.19.1.2.3 The secretor gene (Se/se)
As mentioned above, ABH antigens are not confined to erythrocytes but are also found in various secretions and tissue

fluids. The ability to secrete ABH active substances is under genetic control and inherited by the allelic genes, Se and

se, which are genetically independent of ABO and Hh. Individuals containing the allele Se in single or double dose,

the so-called ABH-secretors (less accurately designated as ‘secretors’), are able to secrete ABH active material. ABH-

nonsecretors (‘nonsecretors’) are homozygous for the recessive allele se and, although they carry ABH antigens on

erythrocytes, are not able to secrete ABH specific substances. The secretor gene also regulates the occurrence of ABH

active glycolipids in plasma and of ABH active oligosaccharides in milk and urine. It has no influence, however, on the

occurrence of ABH determinants in hematopoietic tissue.
3.19.1.2.4 ABO, Hh, and Sese genes
The carbohydrate chains of the blood group substances are built by sequential assembly of the respective monosac-

charide residues through the action of specific glycosyltransferases. According to this general scheme for the

biosynthesis of glycoconjugates and oligosaccharides, a precursor chain built under the control of a series of common

transferases is converted into the H determinant structure by the H gene-encoded a-1,2-fucosyltransferase. The

H epitope may then be converted into A or B determinants by the action of the A or B gene products, a-1,3-N-
acetylgalactosaminyl- and a-1,3-galactosyltransferase, respectively. Thus, the genes controlling the ABO(H) blood

groups are not responsible for the synthesis of an entire blood group substance; rather, they are responsible only for the

transfer of the respective immunodominant monosaccharide to a suitable acceptor substance.

The substrate specificity of the glycosyltransferases is concentrated on only a small section of the acceptor

molecule. It is, however, generally assumed that in most cases one single gene product acts on different classes of

blood group active substances (i.e., glycoproteins, glycolipids, and oligosaccharides with various types of carbohydrate

chains). The monosaccharide sequence in the chains is determined by the substrate specificity of the glycosyltrans-

ferases involved. Moreover, the synthesis of an oligosaccharide chain is interrupted when one step in the biosynthesis

sequence is blocked; if more transferases compete for one substrate, other chain types may occur in concentrations

greater than normal. For example, in ABH-nonsecretors and in ‘Bombay’ individuals, the formation of H-specific

structures is blocked and no A or B substance can be produced; the unchanged precursor chains are instead sialylated

by a sialyltransferase.

The glycosyltransferases participating in the biosynthesis of blood group antigens are found virtually everywhere in

the human organism, and glandular tissues (gastric mucosa and salivary glands in particular) have proved excellent

enzyme sources. The enzymes are also found in soluble form in serum, milk, and ovarian cyst fluid.

� The product of the A gene is an a-1,3-N-acetylgalactosaminyltransferase, which forms blood group A-specific

structures by transferring N-acetylgalactosamine residues onto H determinants.

� The product of the B gene is an a-1,3-galactosyltransferase, which forms B-specific structures by transferring

a-galactose onto H determinants.

� The silent allele O carries no genetic information for a functional glycosyltransferase.

Both A- and B-transferases are highly specific toward the blood group H structure as the sugar acceptor – the

enzymes react exclusively with those glycoconjugates and oligosaccharides carrying the terminal group Fuc(a1-2)Gal

(b1-x)-; type 1 and type 2 precursor chains lacking terminal (a1-2)-linked fucose are not active as substrates. According
to published data, both transferases show approximately equal affinities toward type 1 and type 2 H structures.

The enzymes are also highly specific for the sugar nucleotide. It has been noticed, however, that B-transferase when

incubated at elevated pH values is able to transfer A-specific a-N-acetylgalactosamine onto H structures;60 similarly,

A-transferase transfers traceable quantities of B determinant a-galactose to low molecular weight acceptors.61 This
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could explain the fact that A1 erythrocytes contain low quantities of B antigen,62 and cells from donors with extremely

high B-transferase activity react weakly but nevertheless distinctly with anti-A reagents.63 Studies on enzyme kinetics

of the A-transferase yielded similar KM values for UDP-N-acetylgalactosamine and UDP-galactose, but showed a

decreased vmax value for the galactose transfer;64 the B-transferase showed similar transfer velocity for N-acetylga-

lactosamine and galactose, but a greatly increased KM value for UDP-N-acetylgalactosamine.60

The products of the H and Se genes are both a-1,2-fucosyltransferases which form H-specific structures by

attaching a-fucose residues to the O2 position of terminal b-galactose. The alleles h and se either are amorphous or

code for enzymatically inactive proteins (see Section 3.19.1.3.4).

It has been shown that the enzyme encoded by the secretor gene (FucTF-II) is expressed only in tissues and organs

of entodermal origin, whereas the transferase encoded by the H gene is restricted to ectodermally and mesodermally

derived cells.65
3.19.1.2.5 Molecular biological investigations on the glycosyltransferases encoded by the
ABO, Hh, and Sese genes

The primary structures of the respective glycosyltransferases as deduced from the nucleotide sequences66 revealed a

type II transmembrane topology, a domain structure typical for mammalian glycosyltransferases, that is, the enzyme

molecules are composed of a short N-terminal cytoplasmic segment (about 15 amino acids), a single transmembrane

region (about 19 amino acids), and a fairly long C-terminal portion (about 327 amino acids) in which the catalytically

active domain is located.67

The most frequent A-transferase is responsible for the most frequently occurring subgroup of A, namely A1 (*A101).

The A1-transferase is a polypeptide of 354 amino acids with a calculated molecular mass of 41kDa.68 The protein is

glycosylated containing one N-glycosylation site at position 113.

The allele encoding theB-transferase (*B101) differs from the allele encoding theA1-transferase at seven nucleotides,

viz. three silent mutations (A297 ! G, C657 ! T, and G930 ! A), and four structural mutations (C526 ! G, G703 ! A,

C796 ! A, and G803 ! C) which cause amino acid changes between A- and B-transferases, that is, Arg176 ! Gly,

Gly235 ! Ser, Leu266 ! Met, and Gly268 ! Ala, respectively.69 The peptide sequences of the most frequently

occurring A and B transferases are presented in Figure 5.

Yamamoto et al. 70 studied the influence of the four amino acid substitutions on the sugar-nucleotide donor specificities

of A- and B-transferases. According to these investigations, the third and the fourth amino acid substitutions (Leu/Met at

position 266 and Gly/Ala at position 268) are crucial in determining sugar-nucleotide specificity. The second amino acid

substitution (Gly/Ser at position 235)was foundmuch less influential. The first substitution (Arg/Gly at position 176)may

be pivotal for kinetic activity.71

An entire series of different O alleles have thus far been detected. In most cases, the cDNAs were found almost

identical to A1 allelic cDNA, but contained point mutations which result in the expression of enzymatically inactive

proteins (Figure 6).

The most common mutant, *O101, is identified by a critical single-base (¼G) deletion at nucleotide 261, that is to

say, in the coding region near the N-terminus of the protein. This deletion causes a shift in the reading frame and
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creates a premature stop codon at nucleotides 352–354. When transcribed, this allele encoded an entirely differen

117-amino-acid protein without enzymatic activity.69

A less common O allele, *O301, differs from the A1 consensus allele in an arginine ! glycine substitution at codon

176 and a glycine! arginine substitution at codon 268.72 The Gly268 ! Arg substitution has been shown to eliminate

the enzymatic activity of the protein.72

More recently, a series of O alleles had been found which may be formed by crossing-over or by gene conversion

events between known alleles in the ABO system.73–75 A more detailed survey on the ABO alleles is found in a recen

article by Suzuki.76

The H-transferase is a protein of 365 amino acids with a calculated molecular weight of about 41kDa.77 Hydropathy

analysis indicated also in this case a chain topology of a type II transmembrane glycoprotein characteristic fo

membrane-bound glycosyltransferases.

When expressed in a-1,2-fucosyltransferase-deficient COS-1 cells (African green monkey kidney cells trans

formed by a SV-40 virus), the respective cDNA directed the synthesis of cell surface H-determinants and of an

a-1,2-fucosyltransferase with properties similar to those found for the human H-transferase.
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The Se (¼FUT2) gene78 is closely linked to the H-gene sharing substantial DNA sequence similarity with this

gene.79 It is expressed only in human tissues of entodermal origin80 consistent with previous observations that the

Secretor-transferase is found only in human entodermal tissues. In the Se gene of nonsecretors of Europid ancestry, a

G428 ! A nonsense mutation has been detected which changes the Trp143 codon to a stop codon, thus truncating the

enzymatically active domain on the C-terminal segment of the fucosyltransferase79 (Figure 7). Population studies on

the Secretor gene revealed that this nonsense mutation represents the common null allele in Europids and probably

also in Negrids. In nonsecretor individuals of Mongoloid ancestry, another null allele has been identified, which is

characterized by a C571 ! T mutation changing the arginine codon at position 191 to a stop codon.81,82

Further investigations have detected a series of defect mutations which are, however, confined to smaller ethnic

groups. The Sew (‘weak’ Secretor) phenotype, which is observed in relatively high frequency (up to 25%) in

individuals of Mongoloid ancestry,83 is caused by an ‘inefficient’ Secretor-transferase associated with poor expression

of salivary ABH substances (‘partial secretor phenotype’).84

In an Sew-allele, an Ile-to-Phe substitution at position 129 has been found85 (Figure 7). Transfection experiments

performed using fucosyltransferase-deficient COS-1 cells showed that this substitution does not cause complete

inactivation of the enzyme. The acceptor substrate pattern of the transferase and the KM values were very similar to

those of the wild-type transferase, whereas the vmax value of the Se
w mutant decreased to about one-fifth of the wild-

type mutant.
3.19.1.3 ABH Subgroups and Variants

Over the past decades, a number of subgroups and variants of blood groups A, B, and H have been defined which are

based on serological properties of erythrocytes and secreted blood group substances clearly differing from those of the

‘normal’ A, B, and H phenotypes. In these subgroups, the A, B, or H activity of the erythrocytes is either significantly

reduced or cannot even be detected; nevertheless, the red cells, without exception, are able to absorb the respective

antibodies. Occasionally, homologous isoagglutinins are found in serum (e.g., anti-A in A variants, anti-B in B variants,

anti-H in H variants); the antibodies, however, do not react with the individual’s own erythrocytes.
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With the exception of subgroup A2 which is fairly common in Europids (�22% of all blood group A individuals),86

the ABH subgroups are a very rare phenomenon indeed. The average frequency in Europids is about 1 in 50000; in

other races, however, some variants may occur more frequently.

The majority of the ABH subgroups are passed on by rare alleles on the ABO and H locus. Molecular biological

investigations revealed that most of the gene variants are generated from common alleles by single nucleotide

substitutions, deletions, or insertions; others have obviously originated from recombination or gene conversion-like

events. Such gene variants encode aberrant, that is, less efficient, glycosyltransferases or almost totally inactive protein

mutants. Phenotypical variations within most of the subgroups suggest a genetic heterogeneity, and it must be

assumed, therefore, that different ABH alleles may generate a similar ABH variant phenotype.

The erythrocytes of the different A subgroups vary greatly in density of blood group A determinants: assays by

quantitative immunoabsorption method have yielded values ranging from 1 to 1.5 million on A1 erythrocytes to fewer

than 2000 on Am and Ael cells.

However, the antigen site densities measured must be taken as average values and not as indicators of the antigen

content of a single erythrocyte, since normal blood contains erythrocyte populations with different antigen densities.

Mixed field agglutination is observed in cases where only few cells show high antigen content and the majority of cells

a low content (e.g., subgroups A3 and Aend). When A antigens are expressed on only few erythrocytes (e.g., less than

5% in the cases of Am and Ael variants),
87 the cells are no longer agglutinated by anti-A, but are still able to bind the

antibody.

3.19.1.3.1 The subgroups A1 and A2

The subgroups A1 and A2 are inherited by respective alleles at the ABO locus.88 These subgroups are serologically

well characterized: A1 erythrocytes react with anti-A and anti-A1 reagents, A2 erythrocytes are agglutinated only by

anti-A and show distinct H activity. Most sera of A2 individuals and almost all sera of A2B individuals contain anti-A1.

A2 erythrocytes further differ from A1 cells in density of A determinants, viz. some 300000 on A2 cells as compared to

more than 1 million determinants on A1 erythrocytes.

Studies on the A-transferases of A1 and A2 individuals have shown that both enzymes are a-1,3-N-acetylgalactosa-
minyltransferases, which transfer N-acetylgalactosaminyl residues specifically onto terminal H determinants. The

enzymes, however, differ significantly in their kinetic properties, such as reaction velocity, cation requirement, KM

values for acceptor substrates, pH optimum, and isoelectric point.89

The a-1,3-N-acetylgalactosaminyltransferase activity in sera from A1 individuals is 5–10 times higher than that in A2

subjects.90 Incorporation experiments on erythrocytes showed that although both A1- and A2-transferases isolated from

gastric mucosa or serum are able to convert O erythrocytes into A cells,91 the incorporation of N-acetylgalactosamine

and thus the formation of A determinants catalyzed by the A2-transferase was much slower than the sugar transfer

catalyzed by the A1-transferase. As was expected, O and A2 cells were easily converted to A1 erythrocytes by the action

of A1-transferase. However, after prolonged incubation, the A2-transferase was also capable of transforming O and A2

erythrocytes into A1-specific cells.
91,92

The results of several investigations suggest both qualitative and quantitative differences between A1 and A2

erythrocytes.

The fact that anti-A1 agglutinins are absorbed in significant quantities by A2 cells
93 as well as the in vitro production

of A1-specific erythrocytes from O and A2 cells by A2-transferase action clearly indicates that quantitative aspects

influence the serological differentiation between A1 and A2.

According to a hypothesis advanced by Mäkelä et al.,94 the anti-A1 antibodies of the IgM type show low affinity

toward A epitopes. Due to the high receptor density of A1 erythrocytes, the 10 valence IgMmolecules are able to form

multiple bonds and are capable of agglutinating these cells in spite of their weak affinity. The low antigen density on

A2 erythrocytes, on the other hand, allows only one bond per cell – not enough for agglutination. The agglutinability of

IgG antibodies and those IgM antibodies showing higher affinity for A sites must be influenced to a lesser degree by

the receptor density. This means that these kinds of anti-A1 agglutinins react only with erythrocytes showing a

sufficiently high density of A determinants.

On the other hand, the presence of anti-A1 antibodies which specifically agglutinate A1 cells suggests also a

qualitative difference between A1 and A2, which means that the A1-enzyme is able to transform all types of

H determinants into A, while the A2-enzyme is able to transform only a few classes of H substances. This assumption

is further corroborated by kinetic investigations of A1- and A2-transferases using various types of H acceptor substrates.

The studies by Clausen et al .95 revealed great variations in affinity toward type 3 and type 4 chain acceptor substrates:

in contrast to A1-transferase, the A2-transferase showed only very low transfer activity toward H active glycolipids with

type 3 and type 4 chains; the conversion by A2-transferase of type 2 chain H to type 2 chain A was less restricted. This



354 Blood Group Antigens
difference in specificity explains previous findings according to which type 3 and type 4 A substances are confined to

membranes of A1 erythrocytes, 
13,14 whereas A 2 cells contain only type 3 and type 4 H substances.12 These findings led

to the assumption that A type 3 glycolipid may indeed be the long sought ‘A1 substance’.

The differences between the secreted blood group glycoproteins of A1 and A2 individuals are less well studied.

It can be assumed, however, that they are also based on both quantitative (number of A determinants) and qualitative

differences (type 1 vs type 2 chains or branched vs unbranched carbohydrate chains); refer to Moreno et al. 96

Molecular biological investigations on cDNA from A2 individuals revealed several A
2 alleles (see Figure 6). The

most common allele is characterized by a single base deletion in the coding sequence near the C-terminus of the

A-transferase (*A105).97 The frameshift caused by this nucleotide deletion results in an altered A gene encoding a

protein with an additional domain of 21 amino acids at the C-terminus. This altered gene encodes an enzyme with

characteristics corresponding to those of the A2-transferase
97 – the activity of the enzyme was reduced to approxi-

mately 2–3% of the value found for the A1-enzyme. The restricted acceptor and donor substrate specificity and weaker

A-transferase activity of the A2-enzyme is probably due to steric hindrance by the additional C-terminal domain.

More recently, further alleles have been detected in A2 individuals of Japanese origin: *A106 is characterized by an

amino acid substitution at position 352 (Arg ! Trp).98 Another, fairly rare allele, *R101, has probably originated by

recombination between *B101 and *O201 in the region of nucleotides 703–771.98
3.19.1.3.2 ‘Weak A’ and ‘weak B’ variants
The so-called ‘weak A’ phenotypes are characterized by a highly reduced expression of the A antigen on erythrocytes

and in secretions. The red cells of these variants are only weakly agglutinated by anti-A or anti-(AþB) or show no

visible reaction; nevertheless, the cells are able to absorb anti-A in all cases. Saliva of ABH secretors exhibits strong

H activity but only weak A activity, and in some subgroups none at all. In some cases, the serum contains anti-A or,

more frequently, anti-A1.

The various Avariants, however, are not uniform and homogeneous phenotypes. For practical reasons, the Avariants

are combined into groups with similar characteristics (A3, Ax, Am, Ay, Aend, Afinn, Abantu, Ael).

The ‘weak B’ variants are much rarer than the A variants. They are characterized by weak reaction of the

erythrocytes with anti-B or anti-(AþB) sera, as well as by the ability of the cells to absorb anti-B. Saliva of ABH-

secretors exhibits strong H and generally distinct B activity. In some variants, the serummay contain anti-B antibodies,

which, however, do not react with the donor’s own erythrocytes under normal conditions. In general, the B subgroups

are not as well defined as the analogous A subgroups, and their classification is often controversial.
3.19.1.3.3 The Cis-AB phenotype
Cis-AB individuals99 transmit A and B characters as one genetical unit, so that AB� Omatings can produce both AB and

O offsprings. This finding shows that a single chromosome controls the formation of A and B determinants. Erythrocytes

and secretions of cis-AB individuals are characterized by weak or very weak A- and B-, as well as strong H-activity.

The cis-AB phenotype may develop according to two different mechanisms � either a rare allele at the ABO locus,

or an unequal crossing-over event.

Cis-AB type 1 originated from a structural mutation of the A or B allele, giving rise to a ‘bifunctional’ enzyme variant

capable of transferring both a-N-acetylgalactosamine and a-galactose to H-specific structures, synthesizing A and

B determinants.

Yoshida et al.’s 100 investigations on the serum transferases of various cis-AB individuals have revealed a cis-AB type 1

phenotype in two families: plasma of these individuals contained both N-acetylgalactosaminyl- and galactosyltransfer-

ase activities. The respective activities in unfractionated plasma were <10% that of the average A1 or B plasma. The

pH activity profiles of both transferases differed distinctly from those of A1, A2, and B enzymes, exhibiting higher

activities at alkaline pH.

Molecular biological investigations on the ABO gene from cis-AB type 1 individuals showed that the amino acid

sequence of the cis-AB-transferase differed from the A1-enzyme in two positions: the Pro ! Leu substitution at

position 156 which is characteristic for the A2-transferase, and the Gly ! Ala substitution at position 268 which is

characteristic for the B-transferase101 (see *C101 in Figure 6).

Cis-AB type 2 arose from unequal crossing-over within the ABO locus, resulting in a chromosome which contains

both A and B genes side by side in cis-position.

Thus far, cis-AB type 2 has been detected in only one family.102 Investigations on the serum transferases showed in

this case, as predicted, two clearly separable enzymes with pH profiles and kinetic data identical to those of A2 and

B transferase, respectively.
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3.19.1.3.4 H-deficient variants
Two kinds of H-deficient variants have been described:

� the Bombay phenotype (Oh)
103 which includes all H-deficient ABH-nonsecretors (genotype h/h se/se) and is thus

defined by a total lack of ABH activity on erythrocytes and in secretions; and

� Parabombay phenotype which includes all H-deficient ABH-secretors (genotype h/h Se);104 these individuals do

not express ABH antigens on erythrocyte membranes; they do, however, contain ABH-active substances in their

secretions.

The Bombay phenotype103 is extremely rare in Europids; in the Marathi population around Bombay, however, it

occurs at a frequency of about one in 7600.105

Investigations on the H gene-specified a-1,2-fucosyltransferase in serum showed that this enzyme – found in all

normal sera and erythrocyte stroma – cannot be detected in Bombay individuals.106 Since Oh individuals represent

ABH-nonsecretors (genotype h/h se/se), they are not able to synthesize H determinants. Consequently, even in the

presence of A and/or B gene products, A or B substances cannot be formed on erythrocytes and in secretions. Similar to

findings for A and B variants, however, H deficiency of erythrocytes is fairly heterogeneous: it can vary from complete

lack of H, to phenotypes with low but clearly detectable amounts of H107 and traces of A and/or B substances (‘cryptic

ABH substances’) on the erythrocytes of Bombay individuals carrying A and/or B genes. It has thus to be assumed that

some H gene mutants produce weakly active transferases.

Molecular biological investigations on the H gene of H-deficient individuals showed a great number of mutations.

The alleles are characterized by nucleotide substitutions which cause amino acid exchanges or create premature stop

codons. Other alleles show base deletions within the coding region, thus changing the reading frame after the deleted

nucleotide and encoding truncated proteins.

In most cases in which transfection experiments have been performed, the variant genes code for inactive forms

of the H-transferase. Some alleles, however, were shown to encode weakly active enzymes which are obviously

responsible for the weak H expression in atypical Bombay and Parabombay phenotypes. TheHis241 allele in particular

showed distinct H-transferase activity when transfected into COS-1 cells; weak transferase activity was also detected

with the His154 allele.108 In the H gene of the partially H-deficient individuals of the ‘Reunion phenotype’,109 Hw, a

C349 !Tmutation inducing a His!Tyr change at position 117 has been found.110 Transfection experiments revealed

in this case a transferase with substrate specificity and KM values similar to those of the wild-type enzyme but with a

vmax reduced by �90% (see Figure 8).
3.19.1.3.5 Acquired B
Acquired B111 is not an inherited antigen. It represents a transient somatic change in the serological specificity of

erythrocytes in the course of bacterial infections. The acquisition of a B-like character is most frequently associated

with carcinoma of the colon or rectum, or various infections of the intestinal tract. It often disappears after recovery of

the patient (see, e.g., Garratty et al.).112

The acquired B transformation is confined to blood group A erythrocytes and occurs almost exclusively in A1

individuals.86 A1-acquired B erythrocytes are agglutinated by most anti-B sera obtained from A2 and O individuals.

Biochemical investigations on acquired B transformed cells revealed that the development of the B-like character

on A1 cells is caused by bacterial deacetylases released into the circulatory system.113 The bacterial deacetylases con-

vert the group A determinant sugar, N-acetylgalactosamine, into galactosamine. Since the sterical configuration of this

reaction product is similar to that of the group B determinant sugar galactose, some anti-B antibodies may bind to the

altered antigen.
3.19.2 The Lewis System and the Antigens Lex and Ley

The blood group Lewis system comprises five antigen specificities – Lea, Leb, Lec, Led, and the embryonal Lewis

antigen, Leab (originally termed Lex) (see Issitt).114

The blood group Lewis substances of human erythrocytes are not derived from the erythrocytes themselves or from

their precursor cells, but are instead absorbed from the plasma. Marcus and Cass115 were able to show that the blood

group Lewis substances of the erythrocytes are glycolipids. It has further been demonstrated that these glycolipids

also bind to other blood cells, and are thus responsible for the Lewis activity of lymphocytes and thrombocytes.116

Similar to the antigens of the ABO(H) system, glycolipids carrying Lewis determinants are not confined to
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erythrocytes and blood plasma but are also found in various tissues; Lewis-active substances of body fluids are

glycoproteins and oligosaccharides.

Lea-reactive material has also been detected in plants.117–119 The structures, however, have not yet been

investigated.

The antigens Lex and Ley are serological characters widely distributed in human and animal organisms.120 Because

Lex and Ley are limited to tissues and secretions and are not expressed on human erythrocytes, they are not considered

blood group properties in the strict sense. Nevertheless, due to their close chemical and functional relationship with

the Lewis antigens, they are often discussed together with the Lewis system.
3.19.2.1 The Blood Group Lewis Substances

As shown in Figure 9 , the Lewis antigens are derived from a common precursor structure, a type 1 oligosaccharide

chain (see Section 3.19.1.1). The terminal disaccharide unit, Gal(b1-3)GlcNAc, carries the carbohydrate residues

characteristic of the different Lewis properties:

� The Lea determinant is characterised by an a-fucose attached to O4 of the subterminal N-acetylglucosamine

residue.

� The Leb specificity is determined by a precursor chain substituted with an Lea-specific fucose(a1-4) on GlcNAc

and a blood group H determinant fucose(a1-2) on terminal Gal. This antigen thus represents a hybrid epitope

composed of Lewis and H determinant structures.

�  The Led antigen is characterized by a-fucose at O2 of the terminal galactose residue. Led is therefore identical with

a type-1 blood group H determinant (see Section 3.19.1.1).
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� The ALeb structure is represented by an Leb determinant elongated by a blood group A-specific N-acetylgalacto-

samine(a1-3) residue.
� The Lec specificity found mainly on erythrocytes and in saliva of Lewis-negative nonsecretors is determined by an

Lex -specific 3-fucosyl- N -acetyllactosamine residue (see below), which is attached to a type 1 chain-based oligosac-

charide sequence.

� The sialyl-Lea structure is characterized by a terminal (a2-3)-linked N-acetylneuraminic acid.

� The sulfo-Lea structure is a Lea determinant sulfated at position 3 of the outer galactose.
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The blood group Lewis-specific glycosphingolipids of blood plasma are based on lacto-N-tetraosylceramide as the

carrier. These substances have also been detected in intestinal mucosa,121 pancreas, and meconium.31 Great quantities

of Lea and, in some cases, of Leb glycosphingolipids have also been isolated from tumor tissues, especially from

adenocarcinomas of the gastrointestinal tract.122

The main sources of Lewis active glycoproteins are the ‘water-soluble blood group substances’ occurring in saliva,

gastric juice, and ovarian cyst fluid. As discussed above, these substances are glycoproteins containing various amounts

of type 1 chains, which may carry Lewis determinants20,123 (see also Figure 4 ). Both milk and urine contain

oligosaccharides which carry blood group Lewis determinants26,27 (see Figure 10).

The sialyl-Lea structure has been detected on glycoproteins and glycolipids of tissue cells and secretions of Lewis-

positive individuals124 as well as on oligosaccharides of human milk.125 Great quantities of sialyl-Lea antigen have

been found in tumors of the gastrointestinal tract (stomach, colon, and pancreas) of Lewis-positive individuals.126,127

In tumor patients, the antigen can also be detected in serum so that sialyl-Lea is widely discussed as a ‘tumor marker’

(CA 19-9 or GICA¼‘gastrointestinal cancer antigen’).128
3.19.2.2 Biosynthesis of Blood Group Lewis Determinants

The blood group Lewis system is genetically independent of all other blood group systems.129 However, it was

discovered that the expression of the different Lewis phenotypes was closely connected with the ABH-secretor status

of the individual.130 The formation of the five Lewis determinants mentioned above is controlled by the gene systems

Le/le and Se/se: Lea character is found only on the erythrocytes of Lewis-positive ABH-nonsecretors, Leb only on the

cells of Lewis-positive ABH-secretors. Red blood cells of Lewis-negative ABH-secretors show Led specificity,

whereas those of Lewis-negative nonsecretors show Lec. The Lewis characteristics of the body secretions, with the

exception of significant Lea activity in saliva of Leb individuals, are identical to those of the erythrocytes.

The Lea , Leb , and Le d determinants are formed from type 1 chain precursor substances by the action of two

transferases, an a-1,4-fucosyltransferase and an a-1,2-fucosyltransferase:

� The product of the Le gene is a fucosyltransferase (¼FucTF-III), which links fucose residues to O4 of the

subterminal N-acetylglucosamine. This enzyme is involved in the synthesis of Lea and Leb determinants.

Investigations on the substrate specificity revealed that this transferase can use not only the unsubstituted

type-1 structures, but also H type 1 and (a2-3)-sialylated type 1 structures as fucosyl acceptors. 131 This enzyme

is an a-1,3/4-fucosyltransferase, since it is also able to transfer fucose( a1-3) residues onto type 2 chain precursors,
thus forming the Lex determinant structure (see below).

�  The second enzyme involved in the biosynthesis of Leb and Led determinants is the product of the secretor gene,

the ‘secretor-transferase’ (¼ FucTF-II, see above), which transfers a-fucose to O2 of the terminal galactose of type 1

and type 2 chain acceptor substrates. The enzyme does not use Lea substance as a substrate.

The occurrence of the a-1,2- and a-1,4-fucosyltransferases is strictly gene dependent, and, moreover, the enzymes

show a characteristic distribution within the organism. The restriction of the a-1,4-fucosyltransferase to systems in

which the secretor gene is expressed shows that the Lewis substances derive from entodermal tissues. Moreover, the

gene dependency of the two fucosyltransferases further illustrates the close correlation between Lewis phenotype and

secretor status as discussed.

Molecular investigations on the Lewis-gen-encoded a-1,3/4-fucosyltransferase66 revealed a 361-amino-acid trans-

membrane protein with a domain structure typical for mammalian glycosyltransferases. Transfection experiments

revealed that the cloned cDNA directed the de novo synthesis of a fucosyltransferase acting on both type 1 and type 2

acceptors and the de novo expression of Lea antigens on the cell surface.

In the Le gene of Lewis-deficient individuals, a series of different point mutations have thus far been detected

(Figure 11). The mutations changing Gly170 ! Ser, Leu146 !Met, Gly223 ! Arg, Val270!Met, or Asp336! Ala lead

to defective Lewis transferases. Other mutations, for example, Asp162 ! Asn, considerably reduced the transferase

activity compared to the wild-type enzyme.132–136

The Leu20 ! Arg substitution in one mutant is located in the transmembrane segment of the enzyme. As expected,

this mutation does not affect the catalytic characteristics of the enzyme. Transfection experiments, however, suggest

that this mutation may lead to an inappropriate anchoring of the transferase in the Golgi membrane without altering its

catalytic activity. This indicates that the Leu ! Arg mutation at position 20 may account for the so-called ‘weak

Lewis’ (¼Lew) phenotype.137

The Secretor-transferase (¼FucTF-II) responsible for the synthesis of Leb determinants is discussed above.
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3.19.2.3 The Antigens Lex and Ley

Both Lex and Ley determinants are based on a type 2 chain core structure: the Lex character is determined by a fucose

(a1-3) bound to the subterminal N-acetylglucosamine residues. Like Leb, the Ley character is a hybrid antigen

in which the type-2 precursor chain carries an Lex determinant fucose(a1-3) and an H determinant fucose(a1-2)
( Figure 9). This means that Lex and Le y are type-2 isomers of Lea and Le b determinants, respectively. Moreover,

parallel to the corresponding structures in the Lewis system, sialylated Lex138 and the difucosylated determinants

ALey33,139,140 and BLey141 have been detected.

Large amounts of glycolipids carrying Lex and Ley determinants have been isolated from adenomas or adenocarci-

nomas of the gastrointestinal tract or mammary glands.39,141,142 Lex-specific glycolipids have also been found in

human granulocytes.143,144 Dog small intestine145,146 and hog gastric mucosa147 serve as nonhuman sources of Lex and

Ley active glycolipids.

The Lex and Ley specific glycolipids are a group of polylactosaminyl-glycosphingolipids which differ in their

number of N-acetyllactosamine residues. They generally contain, and in rare cases exceed, one to three fucose(a1-3)
residues.

Lex and Ley determinants are also carried by glycoproteins. They have been found in water-soluble substances of

saliva,22 gastric mucosal mucins,148 and ovarian cyst fluid.149 They are also found attached to cell-bound polylactosa-

minoglycans of the granulocyte membrane,150,151 of small intestinal epithelial cells,33 and of various carcinoma cells.152

Oligosaccharides carrying Lex- and Ley-specific structures have been detected in milk26 and urine27 (see Figure 10).

The sialyl-Lex determinant is an antigen characteristic of granulocytes150 and the epithelium of the proximal kidney

tubuli.138 Mucin-bound sialyl-Lex has also been detected in amniotic fluid.153 The same antigen has been found in

elevated concentrations in pathologically changed tissues of cystic fibrosis patients154 and in malignantly transformed

tissues.138,155,156 Human milk contains oligosaccharides carrying the sialyl-Lex determinant.157

A series of Lex and sialyl-Lex determinants have been described which are sulfated at O3 of the terminal galactose

or at O6 of the terminal galactose or subterminal N-acetylglucosamine (see Galustian et al.).158
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The Lex determinants are formed by a-1,3-fucosyltransferases which transfer fucose to the subterminal N-acetyl-

glucosamine of a type 2 precursor chain. Five genes have been detected in humans which encode for respective

fucosyltransferases forming Lex antigenic structures, three of them being (1) the Lewis (¼FUT3) gene; (2) FUT5,

which encodes an unspecified type of an a-1,3-fucosyltransferase; and (3) FUT6, which controls the synthesis of the

‘plasma-type’ Lex. These three genes form a cluster of homologous genes on chromosome 19 at position p13.3 in the

order telomere–FUT6–FUT3–FUT5–centromere;159 sequence analyses revealed that the enzymes encoded differ in

their amino acid sequence by 10–15% only.160,161 The remaining two are (4) FUT4, the gene responsible for the

synthesis of the ‘myeloid-type’ Lex;162,163 and (5) FUT7, which encodes the leukocyte a-1,3-fucosyltransferase.164

Each of these enzymes shows a typical tissue-specific expression pattern within the organism and is characterized by a

well-defined capacity to transfer a-fucosyl residues onto distinct oligosaccharide acceptors.

The blood group H-determinant structure of Ley is synthesized by the Secretor-transferase, the a-1,2-fucosyltrans-
ferase which transfers fucose onto terminal galactose residues of type 2 chains (Le x ). The expression of Ley antigen

therefore also depends on the secretor status of the individual.22,165
3.19.2.4 The Physiological Role of Lea and Lex and their Derivatives

Lea and Lex and their derivatives play an important physiological role. Evidence is steadily increasing that the Lea and

Lex antigens and their sialyl derivatives in particular are involved in cell adhesion events and play a pivotal role in cell

recognition during various physiological and pathological processes. They are, for example, important regulators in

mammalian embryonic development; Lex is considered a differentiation antigen, that is, one which has an important

signal function in cell interaction and cell sorting during mammalian embryonic development (hence the designation

SSEA-1¼‘stage-specific embryonic antigen-1’).166 Further, the accumulation of Lea, Lex, and Ley antigens in cancer

tissues also suggests an essential role of these antigens in tumor metastasis.138,165,167,168

Sialyl and sulfatyl derivatives of Lea and Lex are important ligands for a family of adhesion molecules, the selectins,

which have key roles in homing of lymphocytes into secondary lymphoid organs and in acute inflammatory responses,

as a series of investigations revealed.169–172
3.19.3 P System

The blood group P system173 comprises three antigen specificities – P1, P,
174 and Pk. Five blood group P phenotypes

can be defined according to the presence or absence of these three serological specificities on the erythrocytes, two of

which, P1 and P2, are frequent and three, P1
k, P2

k, and p, very rare.

� P1 erythrocytes are characterized by the presence of P1 and P antigen.

� P2 cells lack the P antigen.

� In P1
k and P2

k erythrocytes, the P determinant is absent and the cells show strong Pk activity; the presence of P1

antigen distinguishes the P1
k phenotype from P2

k.

� None of the three antigenic characters are detectable on p cells.
3.19.3.1 Blood Group P Substances

In humans, the blood group P substances are constituents of cell membranes exclusively and do not occur in secretions.

They are not confined to erythrocytes but have also been detected on different leukocyte populations,175 thrombocytes,

megacaryocytes, endothelial cells,176 fibroblasts,177 and smooth muscle cells of the digestive tract and the urogenital

system.178 Certain tumor cells and malignant cell lines show an increased content of P and Pk glycolipids.179

The antigens of the P system have also been detected in various animal species, where the characters occur not only

on erythrocytes and tissue cells but also on water-soluble glycoproteins of secretions and body fluids. Strong P1(þPk)

activity has been found in the ovomucoid of turtledove eggs.180 Another excellent source for P1(þPk) activematerial is

the fluid in hydatid cysts taken from sheep liver containing live protoscolices of the tapewormEchinococcus granulosus.181

Further, P1-specific substances were found in the extracts of earthworm Lumbricus terrestris182 and the roundworm

Ascaris suum.183

P and Pk determinants have recently been identified in the lipo-oligosaccharides of the bacteria Neisseria gonor-

rhoeae, N. meningitidis, N. lactamica, and Branhamella catarrhalis (e.g., Yamasaki et al.).184
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When testing various glycolipids of the erythrocyte membrane for their inhibitory activity, Naiki and Marcus were

able to identify globoside (globotetraosylceramide) as P substance and globotriaosylceramide as Pk substance.185

Shortly thereafter, a P1 active substance was isolated and characterized as galactosyl(a1-4)paragloboside.186 The

chemical structures of the P, P1, and Pk active glycosphingolipids are presented in Figure 12.

The so-called ‘anti-p’ sera preferentially agglutinate p erythrocytes.187 It has been shown188 that these sera do not

react with a proper ‘p determinant’. They react instead with glycosphingolipids containing neuraminic acid (e.g.,

sialylparagloboside and sialyl-nor-hexaosylceramide-see Figure 12 for formulas), and may possibly also react with

protease-resistant sialoglycoproteins occuring in increased amounts in p erythrocytes.

A series of additional glycosphingolipids of the erythrocyte membrane reacts with anti-P sera.189 One of these

substances was identified as a ceramide pentasaccharide of the lacto-series with terminal (b1-3)-linked N-acetylga-

lactosamine (‘x2-component’, Figure 12). As these membrane components occur only in minute quantities, their

significant contribution to blood group P activity of red cells is questionable. It is very likely, however, that the

repeatedly observedweak P reactivity of p erythrocytes190 may be caused by such glycolipids cross-reacting with anti-P

sera.189,191 Glycosphingolipids carrying x2 and sialyl-x2 structures are widely distributed in normal and malignant

human tissues.191,192

Strong evidence for the occurrence of P and P1 active glycoproteins in erythrocyte membranes also exists.

Fractionation of the erythrocyte stroma showed considerable P1 activity present in pronase-labile material; in SDS-

polyacrylamide gelelectrophoresis the main P1 activity was found in band 4.5.193 Tonegawa and Hakomori194 were

able to show three protein fractions binding anti-globoside sera (the so-called ‘globoproteins’). In SDS-polyacryl-

amide gel electrophoresis the material with the highest activity showed an electrophoretic mobility similar to that of

glycophorin A; the substance, however, is not identical with this membrane constituent. The reactivity of the

globoproteins with anti-P sera has not yet been tested, but it is assumed that these glycoproteins carry P-like x2

determinants.

The blood group P antigens of tissue cells act as receptors for various pathogenic bacteria and viruses:

� P1 and Pk glycolipids are the preferential attachment site of pyelonephritogenic E. coli to epithelial cells of the

human urinary tract, the disaccharide motif Gal(a1-4)Gal representing the receptor for the adhesin molecules of

their fimbriae.195

� Several strains of Streptococcus suis which occasionally cause meningitis in humans bind to Pk and P1 substances.
196

� The PA-I lectin of Pseudomonas aeruginosa mediating the adherence of the bacterium to human tissues bind to Pk,

(B), and P1 determinants,197 the Gal(a1-4)Gal motif acts as a receptor for bacterial toxins, such as the verotoxins of

some pathogenic E. coli strains198 and the Shiga toxin of Shigella dysenteriae.199

� P-substance (globoside) has been shown to be the cellular receptor for parvovirus B19, the cause of Erythema

infectiosum (‘fifth disease’) in children;200 p individuals are resistant toward infection by this virus201 (see also

Chapter 3.14).
3.19.3.2 Biosynthesis of the Blood Group P Antigens

On the basis of the structures of the blood group P active glycosphingolipids, lactosylceramide represents the common

precursor of P, P1, and Pk antigens. The Pk active globotriaosylceramide is produced by the transfer of an a-galactosyl
residue to the terminal b-galactose of lactosylceramide, and the P antigen (globoside) by the addition of a b-N-
acetylgalactosamine to the globotriaosylceramide. The P1 antigen is synthesized from lactosylceramide by sequential

transfer of b-N-acetylglucosamine (! lactotriaosylceramide), b-galactose (! paragloboside), and a-galactose to the

respective terminal sugar residue.

One gene locus with two alleles is postulated as controlling the formation of P substance: the active allele, P2,

responsible for the formation of the b-1,3-N-acetylgalactosaminyltransferase (¼globoside-synthase) and the silent

allele, P2
o, which does not code for an active transferase.202

Though the terminal disaccharide structure Gal(a1-4)Gal is common to P1 and Pk antigens, there is good evidence

for two different but closely related a-1,4-galactosyltransferases synthesizing the P1 and Pk determinants. A close

relationship between the two transferases is also indicated by the simultaneous occurrence of the P of Pk antigens

whenever the P1 antigen is present; there is no known case in which P1 is detected in the absence of Pk.

In a gastric carcinoma from a p individual, significant amounts of the P active ‘x2-glycolipid’ mentioned above have

been detected. The fact that in p subjects the biosynthesis of P substance, globoside, is blocked suggested that the

x2-glycolipid is synthesized according to an independent pathway. This assumption was further corroborated by

recent investigations reported by Takeya et al.,203 who found an N-acetylgalactosaminyltransferase in human
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plasma which transferred specificallyN-acetylgalactosamine residues via a (b1-3) linkage onto acceptor substrates with
terminal Gal(b1-4)GlcNAc groups; the enzyme, however, was not able to synthesize globoside. Subsequent investiga-

tions provided evidence that this enzyme is a b-1,3-N-acetylglucosaminyltransferase with a fairly high affinity for

UDP-GalNAc.204
3.19.4 The Antigens I and i

The antigens I and i are two genetically independent characters which are closely interrelated with each other

chemically. Erythrocytes of adults normally show I activity; only in very few cases (in about 0.02% of Europids) is

this antigen absent and the cells show i activity. The erythrocytes of newborns are always i specific.205

In humans, both antigenic characters are not confined to erythrocytes but are also found on other blood and tissue

cells and in various secretions and body fluids. I and i determinants have been detected in throughout the whole

animal kingdom.

The antigens I and i represent important receptors for various autoantibodies present in patients suffering from cold

agglutinin syndrome (most of the anti-I and anti-i reagents are cold agglutinins, which react better at 4�C than at body

temperature).206
3.19.4.1 Blood Group I and i Substances

The blood group I and i determinants of human erythrocytes are located mainly on neutral glycosphingolipids,

especially polyglycosyl-ceramides10 (see Figure 3), but have also been detected on polyglycosyl-peptides of the

erythrocyte membrane-the band-3 protein in particular shows distinct I specificity.207 The blood group I and i epitopes

are composed of galactose and N-acetylglucosamine.

The i active structure is represented by linear, unbranched carbohydrate chains built of repeating N-acetyllactosa-

mine units. The carbohydrate moieties of substances isolated from i erythrocytes revealed short and virtually

unbranched oligosaccharide chains with an average length of 15 monosaccharide residues.208

The blood group I epitopes are located on highly branched (complex) oligosaccharide chains with 20–59 sugar

residues and an average of five oligosaccharide side chains.6

I active substances have been detected in milk, saliva, gastric juice, amniotic fluid, and ovarian cyst fluid. However,

in these cases, the expression of I in body secretions is independent of the I/i phenotype of the erythrocytes; I activity

occurs also in secretions of i individuals and newborns.209

Water-soluble blood group I substances from nonhuman sources are sheep gastric mucin, hydatid cyst fluid of sheep

liver (when the cysts contain living proto-scolices of the tapeworm, Echinococcus granulosus),210 and the AI active

glycoprotein from the body fluid of the round worm, Ascaris suum.211

All of these water-soluble substances are glycoproteins, where the oligosaccharide chains are O-glycosidically linked

to serine or threonine residues of the protein backbone. The carbohydrate units normally carry fucose and/or

neuraminic acid.

The expression of I and i specificities on human erythrocytes changes in the course of embryonic develop-

ment: fetal erythrocytes and red cells of newborns show strong i activity, which, in I individuals, gradually

changes to I; about 18 months after birth, the I status of adults is reached. However, body secretions of fetuses

always exhibit I specificity.212

The oligosaccharide structures of the Ii-active band 3 proteins of erythrocytes from newborns and I adults are

presented in Figure 13.
3.19.4.2 Biosynthesis of I and i Determinant Structures

Since I and i determinant structures are common constituents of animal cell membranes, it is generally accepted that

the glycosyltransferases responsible for their biosynthesis are widely distributed in the animal kingdom.

The linear oligosaccharide structures are formed by alternating action of b-1,4-galactosyl- and b-1,3-N-acetylgluco-
saminyltransferase:

b-1,3-N-Acetylglucosaminyltransferases with respective properties have been found in serum and several human

and animal tissues.213

Thus far, four different b-1,4-galactosyltransferases have been cloned, the b-1,4-galactosyltransferase I (the lactose

synthase) being the most efficient enzyme to add galactose to linear and branched poly-N-acetyllactosamines.214
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The branched oligosaccharide structures are formed by a transferase which attaches N-acetylglucosaminyl residues

to O6 of galactose. These so-called ‘branching enzymes’ have been detected in serum and various tissue cells of

human and mammalian origin.

More recent investigations revealed two types of b-1,6-N-acetylglucosaminyltransferases – the so-called ‘distally

acting type’ which transfers a GlcNAc(b1-6) unit to the penultimate galactose residue at the growing end of a linear

poly-N-acetyllactosamine chain215,216 and the ‘centrally acting type’ which transfers GlcNAc(b1-6) units to midchain

galactoses of a linear [Gal(b1-4)GlcNAc(b1-3)]n chain.
217,218
3.19.5 Polyagglutination

The phenomenon of polyagglutination is characterized by the agglutinability of erythrocytes and some other blood

cells by almost all sera from normal human adults, independent of standard blood groups.219 This unusual reactivity is

due to the fact that antibodies normally present in human sera bind to secondarily altered erythrocyte membrane

antigens. The receptors recognized by these antibodies are essential constituents of oligosaccharide chains found in

membrane glycoconjugates. They are normally hidden on human erythrocytes but become exposed in polyagglutin-

able cells.

Antibodies reacting with polyagglutinable erythrocytes occur in virtually all sera from human adults. They are also

found regularly as ‘naturally occurring’ antibodies in the sera of various animals and can be easily prepared by

immunization of rabbits with appropriate cells.

Polyagglutination is generally accompanied by hemolytic anemia and other hematological disorders. These patho-

logical conditions, however, are not caused by defects in membrane structure but are due to the accelerated

degradation of blood cells induced by endogenous serum antibodies.

The following types of polyagglutination have been described:

� forms of acquired polyagglutination (T, Tk, Tx, and Th) that develop as a result of bacterial or viral infections; the

transformation is usually transient and disappears after recovery of the patient. In these cases, the antigens are

uncovered by various enzymes released in the blood stream by viruses or microorganisms.

� Tn, a form of polyagglutination, is caused by a somatic mutation in the hematopoietic stem cells. These mutation

affects a gene responsible for the biosynthesis of glycoconjugates, and the resulting disorder in glycosylation of the

membrane constituents leads to a changed antigen pattern of the erythrocyte membrane.

In this chapter, only the antigen characters Tand Tn are discussed. They are not only confined to humans but are

also found widespread throughout the animal kingdom.
3.19.5.1 T Antigen

This so-called Thomsen–Friedenreich antigen appears in vivo during infections with influenza viruses or bacteria

(e.g., Bacteroides fragilis, Diplococcus pneumoniae, and various strains of Streptococcus, Clostridium, and Corynebacterium);220

it normally disappears after the patient’s recovery.

T-transformation is not confined to erythrocytes; it can also be detected on other blood cells, that is, leukocytes and

thrombocytes.221 Strong Tactivity repeatedly has been observed in malignant breast epithelium, gastric and colonic

carcinomas, leukemic lymphocytes and teratocarcinoma cells.222

Anti-T antibodies are present in almost all sera of adults223 and are found as ‘naturally occurring’ antibodies in

various animal species.224 The agglutinin of peanuts (Arachis hypogaea) is widely used for the identification of T-

transformed erythrocytes.225

Gottschalk’s investigations226 revealed that the appearance of Tantigen is caused by neuraminidases released in the

blood stream by microorganisms or viruses. T-transformation can also be induced in vitro by treating native erythro-

cytes with neuraminidase.227

Inhibition tests with desialylated gangliosides and oligosaccharides of known structure have revealed that the

T determinant is represented by the disaccharide unit Gal(b1-3)GalNAc228 (Figure 14). This structure forms

throughout the animal kingdom part of the carbohydrate chains of glycoconjugate constituents present in cellular

membranes and various body fluids.228 In erythrocytes, this disaccharide represents the basic structure of the O-linked

disialo-tetrasaccharide occurring in great quantities in glycophorins.229 Thus, the assumption that the Tantigens of the

red cells are localized mainly on these sialo-glycoproteins is justified.
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3.19.5.2 Tn Antigen

In contrast to T-transformation, Tn is usually persistent.230 Tn-transformation is not confined to erythrocytes – it is

detected on all blood cells.231 In each case, only a limited percentage of the cells is affected, while the other cells show

virtually normal characteristics.232,233 In serological tests, the presence of two subpopulations is manifested by mixed-

field agglutination of the erythrocytes,230 with the number of agglutinated cells ranging between 5% and 95%.234 The

investigations by Vainchenker et al.235 on cultures of various cell types revealed that the Tn-transformation affects a

pluripotent stem cell of the bone marrow.

Tn receptors are also a characteristic feature of malignantly transformed cells. Tn activity has been detected in

various carcinomas of mammary glands, lung, pancreas, and colon.236

The Tn antigen is marked by antibodies which occur regularly in sera of adults;233 they are also found as ‘naturally

occurring’ antibodies in goats, horses, sheep, rabbits, and chimpanzees.237 Anti-Tn-specific lectins occur in plants of

the genera Salvia 238,239 and Lamium,240 as well as in the seeds of Dolichos biflorus,230 and Vicia villosa.241

Inhibition tests using anti-Tn antibodies have shown that the Tn determinant is characterized by terminal N-

acetylgalactosamine.230 In human erythrocytes, this determinant is represented by unsubstituted O-linkedN-acetyl-a-
galactosamine as carried by glycophorin A and B molecules242,243 (Figure 14). Serological investigations using an anti-

Tn-specific hybridoma antibody revealed that the Tn epitope comprises a cluster of three vicinal GalNAc-Ser/Thr

residues.244

Enzymatic studies have shown that the accumulation of the GalNAc(a1-O)Ser/Thr structure in Tn-transformed

cells is due to a deficiency in the b-1,3-galactosyltransferase (‘T-transferase’), which synthesizes the T-specific

disaccharide.245,246
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94. Mäkelä, O.; Ruoslathi, E.; Ehnholm, C. J. Immunol. 1969, 102, 763–771.

95. Clausen, H.; Holmes, E.; Hakomori, S. I. J. Biol. Chem. 1986, 261, 1388–1392.

96. Moreno, C.; Lundblad, A.; Kabat, E. A. J. Exp. Med. 1971, 134, 439–457.

97. Yamamoto, F. I.; McNeill, P. D.; Hakomori, S. I. Biochem. Biophys. Res. Commun. 1992, 187, 366–374.

98. Ogasawara, K.; Yabe, R.; Uchikawa, M.; Saitou, N.; Bannai, M.; Nakata, K.; Takenaka, M.; Fujisawa, K.; Ishikawa, Y.; Juji, T.; Tokunaga, K.

Blood 1996, 88, 2732–2737.

99. Seyfried, H.; Walewska, I.; Werblinska, B. Vox Sang. 1964, 9, 268–277.

100. Yoshida, A.; Yamaguchi, H.; Okubo, Y. Amer. J. Hum. Genet. 1980, 32, 645–650.

101. Yamamoto, F. I.; McNeill, P. D.; Kominato, Y.; Yamamoto, M.; Hakomori, S. I.; Ishimoto, S.; Nishida, S.; Shima, M.; Fujimura, Y. Vox Sang.

1993, 64, 120–123.

102. Yoshida, A.; Yamaguchi, H.; Okubo, N. Amer. J. Hum. Genet. 1980, 32, 332–338.

103. Bhende, Y. M.; Deshpande, C. K.; Bhatia, H. M.; Sanger, R.; Race, R. R.; Morgan, W. T. J.; Watkins, W. M. Lancet 1952, i, 903–904.

104. Wang, B. J.; Koda, Y.; Soejima, M.; Kimura, H. Vox Sang. 1997, 72, 31–35.

105. Bhatia, H. M.; Sathe, M. S. Vox Sang. 1974, 27, 524–532.

106. Schenkel-Brunner, H.; Chester, M. A.; Watkins, W. M. Eur. J. Biochem. 1972, 30, 269–277.

107. Lanset, S.; Ropartz, C.; Rousseau, P. Y.; Guerbet, Y.; Salmon, C. Transfusion (Paris) 1966, 9, 255–258.

108. Kaneko, M.; Nishihara, S.; Shinya, N.; Kudo, T.; Iwasaki, H.; Seno, T.; Okubo, Y.; Narimatsu, H. Blood 1997, 90, 839–849.

109. Gerard, G.; Vitrac, D.; Le Pendu, J.; Muller, A.; Oriol, R. Amer. J. Hum. Genet. 1982, 34, 937–947.

110. Fernandez-Mateos, P.; Cailleau, A.; Henry, S.; Costache, M.; Elmgren, A.; Svensson, L.; Larson, G.; Samuelsson, B. E.; Oriol, R.; Mollicone, R.

Vox Sang. 1998, 75, 37–46.

111. Cameron, C.; Graham, F.; Dunsford, I.; Sickles, G.; Macpherson, C. R.; Cahan, A.; Sanger, R.; Race, R. R. Brit.Med. J. 1959, ii, 29–32.

112. Garratty, G.; Willbanks, E.; Petz, L. D. Vox Sang. 1971, 21, 45–56.

113. Riess, H.; Eckstein, R.; Binsack, T.; Ruckdeschel, G.; Mempel, W. Blut 1988, 56, 237–238.

114. Issitt, P. D., Ed. In Applied Blood Group Serology, 3rd ed.; Montgomery Scientific Publications: Miami, FL, 1985; 169–191.

115. Marcus, D. M.; Cass, L. E. Science 1969, 164, 553–555.

116. Ando, B.; Ibayashi, H. Vox Sang. 1986, 50, 169–173.

117. Melo, N. S.; Nimtz, M.; Conradt, H. S.; Fevereiro, P. S.; Costa, J. FEBS Lett. 1997, 415, 186–191.

118. Staudacher, E.; Dalik, T.; Wawra, P.; Altmann, F.; März, L. Glycoconj. J. 1995, 12, 780–786.

119. Yamamoto, S. J. Immunogenet. 1982, 9, 137–141.

120. Hakomori, S. I.; Kobata, A. In The Antigens; Sela, M. S., Ed.; Academic Press: New York, 1974; Vol. 2, pp 79–140.

121. Smith, E. L.; McKibbin, J. M.; Karlsson, K. A.; Pascher, I.; Samuelsson, B. E.; Li, Y. T.; Li, S. C. J. Biol. Chem. 1975, 250, 6059–6064.

122. Blaszczyk, M.; Pak, K. Y.; Herlyn, M.; Sears, H. F.; Steplewski, Z. Proc. Natl. Acad. Sci. USA 1985, 82, 3552–3556.

123. Tanaka, M.; Dube, V. E.; Anderson, B. Biochim. Biophys. Acta 1984, 798, 283–290.

124. Baeckström, D.; Karlsson, N.; Hansson, G. C. J. Biol. Chem. 1994, 269, 14430–14437.

125. Kitagawa, H.; Nakada, H.; Fukui, S.; Funakoshi, I.; Kawasaki, T.; Yamashina, I.; Tate, S.; Inagaki, F. Biochemistry 1991, 30, 2869–2876.

126. Kitagawa, H.; Nakada, H.; Fukui, S.; Kawasaki, T.; Yamashina, I. Biochem. Biophys. Res. Commun. 1991, 178, 1429–1436.

127. Magnani, J. L.; Nilsson, B.; Brockhaus, M.; Zopf, D.; Steplewski, Z.; Koprowski, H.; Ginsburg, V. J. Biol. Chem. 1982, 257, 14365–14369.

128. Magnani, J. L.; Steplewski, Z.; Koprowski, H.; Ginsburg, V. Cancer Res. 1983, 43, 5489–5492.

129. Grubb, R. Acta Pathol. Microbiol. Scand. 1951, 28, 61–81.

130. Grubb, R. Nature 1948, 162, 933.

131. Johnson, P. H.; Donald, A. S. R.; Feeney, J.; Watkins, W. M. Glycoconj. J. 1992, 9, 251–264.

132. Koda, Y.; Kimura, H.; Mekada, E. Blood 1993, 82, 2915–2919.

133. Nishihara, S.; Yazawa, S.; Iwasaki, H.; Nakazato, M.; Kudo, T.; Ando, T.; Narimatsu, H. Biochem. Biophys. Res. Commun. 1993, 196, 624–631.

134. Mollicone, R.; Reguigne, I.; Kelly, R. J.; Fletcher, A.; Watt, J.; Chatfield, S.; Aziz, A.; Cameron, H. S.; Weston, B. W.; Lowe, J. B.; Oriol, R.

J. Biol. Chem. 1994, 269, 20987–20994.

135. Nishihara, S.; Narimatsu, H.; Iwasaki, H.; Yazawa, S.; Akamatsu, S.; Ando, T.; Seno, T.; Narimatsu, I. J. Biol. Chem. 1994, 269, 29271–29278.

136. Pang, H.; Koda, Y.; Soejima, M.; Kimura, H. Glycoconj. J. 1999, 15, 961–967.

137. �rntoft, T. F.; Holmes, E. H.; Johnson, P.; Hakomori, S.; Clausen, H. Blood 1991, 77, 1389–1396.

138. Fukushima, K.; Hirota, M.; Terasaki, P. A.; Wakisaka, A.; Togashi, H.; Chia, D.; Suyama, N.; Fukushi, Y.; Nudelman, E. M.; Hakomori, S. I.

Cancer Res. 1984, 44, 5279–5285.

139. Slomiany, A.; Slomiany, B. L. Biochim. Biophys. Acta 1975, 388, 135–145.

140. Smith, E. L.; McKibbin, J. M.; Breimer, M. E.; Karlsson, K. A.; Pascher, I.; Samuelsson, B. E. Biochim. Biophys. Acta 1975, 398, 84–91.

141. Blaszczyk-Thurin, M.; Thurin, J.; Hindsgaul, O.; Karlsson, K. A.; Steplewski, Z.; Koprowski, H. J. Biol. Chem. 1987, 262, 372–379.

142. Nudelman, E.; Levery, S. B.; Kaizu, T.; Hakomori, S. I. J. Biol. Chem. 1986, 261, 11247–11253.



370 Blood Group Antigens
143. Fukuda, M. N.; Dell, A.; Oates, J. E.; Wu, P.; Klock, J. C.; Fukuda, M. J. Biol. Chem. 1985, 260, 1067–1082.
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3.20.1 Introduction

The bulk of the world’s anti-infective and anticancer drug leads directly derive from, or are inspired by, natural

products – many of which are glycosylated.1–3 The sugars attached to these metabolites greatly enhance

natural product chemical diversity and wield remarkable influences which range from modulating pharmacology

and pharmacokinetic properties to dictating specificity on a tissue, cellular, and/or molecular level.4,5 A number of

diverse routes for altering the glycosylation of natural products have been reported, including total/semisynthesis,6

in vivo pathway engineering (often referred to as ‘combinatorial biosynthesis’),7,8 and glycorandomization.9 This

chapter first highlights a few representative models (indolocarbazoles, polyketides, cardiotonic steroids, and glyco-

peptides) that help illustrate how sugars dictate the biological activity of a given set of metabolites. The remaining

portion of the chapter is focused upon recent advances relevant to two of the above-mentioned contemporary

complementary glycodiversification strategies – pathway engineering and glycorandomization.
3.20.2 Model Glycosylated Natural Products

3.20.2.1 Indolocarbazoles

The indolocarbazoles are typically divided into two major classes dependent upon their structure and mechanism of

action.10– 15 The first class, exemplified by rebeccamycin from Saccharothrix aerocolonigenes ( Figure 1, 1 ), contains a

common b-glucoside essential to the potent topoisomerase I poisoning effects and/or DNA-specificity/affinity.

Removal of the sugar moiety drastically reduces the capacity of the drug to interfere with topoisomerase I and the

carbohydrate is essential for both DNA binding and topoisomerase I inhibition. The stereochemistry of the glycosidic
373
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linkage in 1 was demonstrated to be critical to DNA affinity, while replacing the 4 0  - O-methyl- b-D-glucose with an
amino sugar surprisingly abolishes topoisomerase I inihibition yet enhances cytotoxicity. In a similar manner, the

addition of the 2,4-dideoxy-4-methylamino- L -xylose, as in AT2433 from Actinomadura melliaura (Figure 1, 2), in

2 greatly enhances the DNA affinity, DNA sequence selectivity and cytotoxicity yet abolishes topoisomerase

I inhibition.16 Notably, a more recent 1 analog bearing a 20  ,3 0  -anhydro- b-D-glucose revealed novel kinase inhibition
for both CDK1/cyclin B (a cyclin-dependent kinase) and CDK5/p25 (a kinase involved in the phosphorylation of

neuron cytoskeletons) – an activity reminiscent of the second structural family of naturally occurring indolocarbazoles,

exemplified by staurosporine ( Streptomyces staurosporeus ; Figure 1, 3), where the two indole nitrogens are bridged by a

single glycosyl moiety at C10 and C50 to provide molecules which function as potent protein kinase C inhibitors.

Taken together, these cumulative studies indicate that DNA, topoisomerase, and various protein kinases represent

distinct targets for indolocarbazole variants – the ultimate activities of which are controlled to a large extent by their

attached sugars. An estimated 1200 indolocarbazole derivatives have been generated via total synthesis or semisynth-

esis,12,14 the more recent focus of which has been the production of water-soluble indolocarbazole drugs, primarily via

hydrophilic substitutions on the imide nitrogen and, to a minor extent, saccharide extensions.17 Not surprisingly,

derivatives of these natural products – such as the potent topoisomerase I poisons NB-506, the fluoroglycosyl-3,9-

difluoroindolocarbazole BMS-250749,18 and the promising kinase inhibitors UCN-01, CEP-701/751, and K252a – are

currently undergoing clinical trials as anticancer agents. Several synthetic analogs are being developed worldwide, for

example, the compounds J-107088 (topoisomerase I inhibitor, Banyu Pharmaceuticals), MCR-47 (topoisomerase

I inhibitor, MediChem Research), PKC-412 (kinase inhibitor, Novartis), and SB-218078 (kinase inhibitor, SmithKline

Beecham).
3.20.2.2 Aromatic Polyketides

Among the many naturally occurring aromatic polyketides, the anthracyclines,19–22 defined as tetracyclic aglycons

that carry at least a single sugar and exemplified by the natural products daunorubicin ( Figure 1, 4, Streptomyces

peucetius), doxorubicin 5, and aclarubicin (6, Streptomyces galilaeus), represent the major class of aromatic polyketide

antitumor drugs and contain some of the most widely used conventional chemotherapeutic agents. The cytotoxic

activity of anthracyclines primarily derives from DNA intercalation and subsequent topoisomerase poisoning which

ultimately leads to apoptosis. Anthracyclines are among the best-studied DNA intercalators and there exist>25 crystal

structures of anthracycline–DNA complexes in existing public databases. From the vast structural and biophysical

information available, the glycosyl substituents of these molecules bind in the minor groove and contribute signifi-

cantly to both the noncovalent anthracycline–DNA binding and the anthracycline-induced DNA conformational

distortion. Interestingly, while electrostatic interactions between the negatively charged phosphate backbone and the

positively charged amine of the aminosugar-containing anthracyclines (e.g., 4–6) are often not apparent, the amino

sugar moiety in these metabolites is a significant contributor to DNA affinity. Yet, while this DNA binding is necessary

for topoisomerase poisoning, the external (nonintercalating) moieties (particularly modifications of the cyclohexyl and

attached sugars) are recognized as essential for therapeutic efficacy.19–22 For example, structural studies of extended

disaccharide analogs (e.g., the disaccharide analog MEN 10755) revealed two different binding sites.23 In the first site

both sugar rings lie in the minor groove, while in the second site the second sugar protrudes out from the DNA helix

and hydrogen bonds to guanine of a symmetry-related molecule. Surprisingly, this was the first structure of an

anthracycline–DNA complex where an interaction of the drug with a second DNA helix was observed and has been

argued to support the interactions of this second sugar with other cellular targets in vivo.

Cumulatively, these structural studies highlight the importance of anthracycline sugar attachments in dictating

DNA affinity, DNA sequence specificity, and presenting ligands for DNA-processing enzyme interference via

saccharide extensions. Yet, while >2000 anthracycline derivatives have been synthesized to date, the precise

mechanism of anthracycline action, and the corresponding glycosyl substituents, in vivo is still poorly understood.

In addition to the role that anthracycline carbohydrates play in DNA affinity and the formation of covalent drug-DNA-

enzyme ternary complexes described above, sugar alterations have been used to reduce toxicity (e.g., C40-doxorubicin
sugar epimer epirubicin), broaden antitumor spectrum (e.g., MEN-10755) and reduce MDR efflux (as with 6 and C30-
N, N-dimethyl- 4 ).24 Finally, anthracycline deglycosidation (hydrolysis of the sugar) is a significant contributing factor

to the cardiac toxicity of anthracyclines, and the carbohydrate-DNA recognition has also been implicated in the

catalytic redox-cycling activity of anthracyclines which leads to free radical-based cellular damage.25

Less is known about the biological activity, and the corresponding role of glycosylation, of the aromatic polyketide

models mentioned in this chapter – specifically, the angucyclines (urdamycin A, Figure 1, 7, Streptomyces fradiae

Tü 2717) and naphthacenequinones (elloramycin, Figure 1, 8 , S. olivaceus Tü 2353). The angucyclines display a broad
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range of in vivo and in vitro activities such as antibacterial and antitumor activity, inhibition of oxidative enzymes, and

blood platelet aggregation.26 Yet, while a number of analogs have been generated via the methods described herein,

information is sparse regarding specific 7 structure–activity relationships and/or mechanistic studies. Similarly, 8 has

been noted for its antitumor and antibiotic activities and likely operates via topoisomerase poisoning in a manner

similar to nonglycosylated members of this family (e.g., the tetracenomycins and saintopins). 27 As with 7 , a set of

differentially glycosylated 8 have been generated, none of which outperformed the parent natural product based upon

the limited set of studies published.28
3.20.2.3 Macrolides

Macrolides terminate protein synthesis by inhibiting the 50S ribosome via specific binding with the 23S ribosomal

subunit and various proteins. 29–31 The 16-member macrolides (e.g., tylosin, Figure 2 , 9) are generally found to bind

23S rRNA and inhibit peptidyltransferase activity while the 14-member macrolides (e.g., erythromycin and pikromy-

cin, 10 and 11, respectively) generally inhibit the translocation of peptidyl-tRNA. Extensive SAR has established that

the attached sugars are essential to bioactivity, consistent with the plethora of recently elucidated crystal structures of

macrolide-target complexes.29–31 From these studies, the sugars clearly make up the main specific contacts with the

50S subunit tunnel wall and lead to aborted growth of the nascent peptide chain. In general, bulky macrolides tend to

block peptides as small as two amino acids while inhibition by smaller macrolides results in truncated peptides of six to

eight amino acids in length. Furthermore, extended saccharide moieties on certain larger macrolides such as 9 reach as

far as the peptidyl-transferase center and thereby directly interfere with peptide-bond formation. Macrolides have also

been shown to inhibit the assembly of new 50S ribosomal subunits by binding the 50S rRNA and protein precursors.32

Interestingly, the addition of a single sugar to 10 , as in natural product megalomicin, results in a molecule with

markedly distinct antiparasitic and antiviral activities (via blocking intra-Golgi transport).33–36

Cummulatively, the work highlighted above suggests that not only do sugars influence the antibiotic acitivities of

this important drug class, but differential glycosylation of macrolides may also present the opportunity to convert

typical antibiotics into molecules capable of interacting with completely new therapeutic targets. The first macrolide

antibiotic (11 , also a naturally occurring ketolide) was discovered in 1950 and interest in 10 derivatization toward

compounds with improved pharmacological properties began in the 1960s. With respect to macrolide development,

the first-generation macrolides developed for clinical use were the natural products themselves, the second-generation

modifications focused primarily upon improved acid stability (e.g., azithromycin), and the recent third generation

‘ketolides’ (e.g., telithromycin) were developed to counteract macrolide resistance.
3.20.2.4 Glycopeptides

The glycopeptide antibiotics are structurally defined by a heptapeptide backbone appended by a variety of carbohy-

drates. 37–44 vancomycin (Vancomycin ®, Eli Lilly & Co., Figure 2, 12 ) was isolated from Streptomyces (Amycolatopsis )

orientalis in the early 1950s, introduced into practice in 1958, elucidated structurally in 1983, and was only sparsely

used during its first 30 years in the clinic.43 However, by the early 1990s, vancomycin had become known as the

treatment of last resort for severe Gram-positive infections and has since remained a critical weapon within the

physicians’ dwindling antibiotic arsenal. Other notable ‘first-generation’ glycopeptides include teicoplanin

(Targocid ® , Lepetit, 13 ), in clinical use in Europe since 1988; ristocetin A (Ristocetin® , Abott), withdrawn due to a

high incidence of thrombocytopenia; and avoparcin (Avotan®, Wyeth), used for a brief period in the past as an

agricultural feed additive to stimulate growth.43 Glycopeptides kill bacteria by binding to the N-acyl-D-Ala-D-Ala

termini of uncross-linked lipid-PP-disaccharide-pentapeptides. This binding inhibits the transglycosylase/transpepti-

dase activity required for cross-linking and thus renders the bacteria susceptible to lysis by osmotic pressure. The

glycopeptide carbohydrates (e.g., the L -vancosaminyl- D -glucose disaccharide of 12) are not directly involved in

binding D-Ala-D-Ala, but three lines of evidence implicate the critical role of these carbohydrates in bioactivity.

First, removal of the disaccharide provides an aglycon with markedly reduced antibacterial activity. Second, as

described later in this chapter, monoglycosylated glycopeptide variants derived from ‘glycorandomized’ libraries of

the parent vancomycin aglycon also show some activity against resistant pathogens.8 Third, as described in the next

paragraph, N-alkylation via reductive amination of naturally appended glycosamines of the chloroeremomycins or

teichoplanins with variant hydrophobic groups present the ability to circumvent resistant organisms.41,43–45

In VanA and VanB glycopeptide-resistant organisms, five tandemly arranged genes encode for proteins which

reprogram the peptidoglycan termini from N-acyl-D-Ala-D-Ala to N-acyl-D-Ala-D-lactate. This switch from D-Ala--

D-Ala dipeptide to D-Ala-D-lactate depsipeptide effects a thousand-fold decrease in the binding constant for vanco-
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mycin and is attributed to the loss of a single hydrogen bond and potential repulsion presented by the ester oxygen of

the terminal lactate. The VanB operon has a comparable five-gene cluster; however, while both vancomycin 12 or

teicoplanin 13 induce the transcription of the five genes of the VanA operon, only vancomycin 12 induces the

VanB operon. As described above, hydrophobic modifications of glycopeptide-appended carbohydrates have proven

beneficial against glycopeptide-resistant pathogens – the more successful analogs via this approach include

Ortivancin® (LY-333328, Eli Lilly & Co.), Dalbavancin (BI-397, Vicuron Pharmaceuticals), and TD-6424 (Thera-

vance, Inc.).41,43–45 The precise mechanism of action of these hydrophobic derivatives remains under active inves-

tigation and, based upon these ongoing studies, a number of formal hypotheses have been put forth.41,43–45 The first

suggests these compounds to bind the D-Ala-D-lactate termini via cooperative binding where the weak affinity of the

antibiotic-depsipeptide complex is increased by dimerization and membrane anchoring (afforded via the hydrophobic

substitution). The second suggests that these molecules may be selectively inhibiting an alternative enzyme (the

transglycosylase), redirecting these drug candidates from transpeptidase inhibition to new targets. Third, these mod-

ifications may also be preventing recognition by the sensor kinase (VanS/VanSB) and thereby preventing the initial

induction of glycopeptide resistance. Importantly, while glycopeptide hydrophobic substitutions favor activity against

resistant organisms, this is in delicate balance with a typical reduction of activity against glycopeptide-sensitive

organisms and unfavorable pharmacokinetics attributed to the same substitutions.
3.20.2.5 Cardiotonic Steroids

Beginning well beforeWilliamWithering’s 1785 book, An Account of the Foxglove and Some of Its Medical Uses, the cardiac

glycoside digitalis (also known as digitoxin, Figure 2, 14 ) remains the best treatment for myocardial dysfunction.

Cardiac glycosides are noncompetitive allosteric inhibitors of the a-subunit of the membrane-bound Naþ/Kþ-ATPase

a,b-dimer and inhibit the exchange of intracellular Naþ for extracellular Kþ to provide for a Ca2þ influx, which boosts

the contractility of the myofibrils of the heart muscle.46–48 In the case of digitoxin, the trisacharide or aglycon shows

little pharmacological effect and the activity dramatically increases upon the addition of the first sugar and then is

slightly reduced upon each successive sugar addition. The delicate balance between enhanced aqueous solubility and

oral bioavailability is also predominately dictated by the carbohydrates appended to cardiotonic steroids such as

digitoxin. In addition to their well-known cardiac activity, cardiac glycosides have been shown to also induce signaling

pathways via the Naþ/Kþ-ATPase and have validated anticancer properties.49–54 Cardiac glycosides were also recently

noted to inhibit the expression of certain genes overexpressed in prostate cancer cells, to provide protective effects

against polyglutamine-based diseases and to inhibit TNF-a/NF-kB signaling. Cumulatively, these fascinating mole-

cules render a vast range of therapeutically important biological activities, the mechanisms of which remain under

active investigation by many groups.
3.20.3 Pathway Engineering

With the advent of modern molecular genetics techniques and genome sequencing projects, scientists now have

unprecedented access to sequence information fromdiverse organisms, and this has fueled theburgeoning field of pathway

engineering (also referred to as combinatorial biosynthesis). The principle objective of combinatorial biosynthesis is to vary

the structure of natural productsmade by a particular organism through the replacement or alteration of the genes normally

present. Such combinatorial or engineered generation of novel polyketide skeletons through manipulation of poly-

ketide synthase (PKS) genes has proven fruitful and has been extensively reviewed.55–64 With respect to glycosylation,

Solenberg and Baltz were the first to accomplish differentially glycosylated natural products by combining the genes

from various glycopeptide-producing hosts.65 Shortly thereafter, Hutchinson and co-workers were the first to advance

this approach to specific molecular engineering by replacing the native daunosamine 4-ketosugar reductase gene with

an inverting 4-ketosugar reductase gene to ultimately convert the daunorubicin producer into an epirubicin-producing

host.66 These landmark experiments paved the way for the contemporary pathway engineering applications high-

lighted below.
3.20.3.1 Macrolides

The macrolide antibiotics, produced mainly by Actinomycetales bacteria, provide an excellent system for the develop-

ment of combinatorial approaches to novel drug discovery. All macrolide antibiotics are composed of two essential
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portions, a polyketide-derived aglycon scaffold appended with deoxysugar(s).67 Streptomyces venzuelae can produce

both 12- and 14-membered macrolactone rings with a single set of PKS genes. These aglycones (15 and 16, Scheme 1)

can be glycosylated with TDP- D-desosamine 17 by DesVII/DesVIII to give 10-deoxymethmycin 18 and narbomycin

19 . Subsequent hydroxylation by a P450 enzyme (PikC), generates methmycin 20 , neomethmycin 21, and pikromy-

cin (11 – the first characterized member of the macrolide family). In an attempt to assign functions for the

desosamine biosynthetic genes, several des gene deletion/disruption mutants (KdesI, KdesII, KdesV, and KdesVI) were

constructed, and in each case, a new deoxysugar was found to be incorporated into the macrolide products at the position

normally occupied by D-desosamine ( Scheme 2, 22 –25). 68–72 In these mutants, the endogenous GT (DesVII), with
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the help of its auxiliary protein (DesVIII), is able to couple these new sugar donors to its normal aglycon acceptors

15 and 16 . As shown in Scheme 2 , the new macrolide derivatives formed include 22 carrying a 6-deoxyglucose (26 ), 70

23 carrying a 4-N -acetylamino-4,6-dideoxyglucose ( 27), 71 24 carrying a 4,6-dideoxglucose (28), 69 and 25 carrying a

3- N-acetylamino-3,4,6-trideoxyglucose (29). 68 The acetylation of the sugar amino group observed in 27 and 29 is

believed to be due to acetylase activities not encoded in the pik gene cluster. This modification probably occurs after

the coupling of the amino sugar to the aglycone, and likely represents a self-defense mechanism in Streptomyces

venezuelae . 68 Also, the KdesI and KdesV mutants should have accumulated 32 and 34, respectively. It is believed

that the reduction of the 4- and 3-keto groups to generate the reduced sugars (in 26 and 28, respectively) seen in the

products is catalyzed by pathway-independent reductase(s), and this reduction likely occurs prior to the DesVII/

DesVIII-catalyzed coupling of the sugar to the aglycone.70 Not only did these experiments facilitate the functional

assignment of the des genes, but they also revealed the remarkable flexibility of DesVII toward its deoxysugar

substrates.

To further test the substrate flexibility of DesVII, the strM/L genes from Streptomyces griseus were heterologously

expressed in the KdesI mutant. 72 As shown in Scheme 3, these two genes are normally involved in streptomycin (36 )

biosynthesis, where StrM is proposed to be a 3,5-epimerase (32 ! 37) and StrL is the streptose synthase catalyzing the

ring contraction of 37 to give TDP- L -dihydrostreptose (37 ! 38 ).73,74 The substrate for StrM (32 ) is the same

intermediate that accumulates in the KdesI mutant. When the strM gene was introduced into the KdesI mutant, the

new macrolide derivative 22 , identical to that obtained from the KdesI mutant, was generated. Apparently, DesVII/

DesVIII failed to accept the StrM product (Scheme 3, 37 ) as a substrate. When both strM and strL were expressed in

KdesI , four new macrolide derivatives 40–43 were obtained, each containing a L-rhamnose 44 moiety. Formation of

TDP -L-rhamnose in this mutant likely proceeds via 32 ! 37 ! 39, requiring the presence of both StrM and StrL

enzymes. Thus, while the proposed role of StrL as streptose synthase ( 37 ! 38 ) remains to be verified, the above

observation reveals a new role for StrL as a TDP-4-keto-6-deoxy- L-glucose reductase (37 ! 39 ). It is also clear that

DesVII and DesVIII are capable of coupling a L-deoxysugar to their natural aglycones. More importantly, these

experiments showed that targeted gene disruption in combination with heterologous gene incorporation is a feasible

approach to synthesize hybrid macrolide antibiotics in vivo.

A recent important discovery is that efficient glycosyl transfer catalyzed by DesVII requires an auxiliary

protein, DesVIII.75 In a separate experiment, a KdesI/KdesVII S. venezuelae strain, carrying a plasmid containing the

genes (tyl1a, tylB, tylM2, and tylM3) involved in D-mycaminose biosynthesis in S. fradiae, was constructed to produce

methynolide and neomethynolide derivatives carrying a D- mycaminose 50 moiety ( Scheme 4, 48 and 49). 76 This

experiment was designed to test the ability of this S. venezuelae mutant to make D-mycaminose, to determine the

competence of the mycaminosyl GT (TylM2) to transfer its natural sugar donor, TDP-mycaminose 47, to  S. venezuelae

aglycones (15 and 16 ), and to ascertain the possible dependence of this glycosyltransfer on an auxiliary protein

(TylM3). The desI disruption resulted in the accumulation of 32 in this strain, which could be converted by the

heterologously expressed Tyl1a and TylB to 46 . Subsequent N,N-dimethylation of 46 , an established property of

DesVI, 77 led to the production of 47. Because this S. venezuelae mutant also has a disrupted desVII gene, any

glycosylation capability of this strain would be an indication of functional expression of the S. fradiae mycaminosyl

transferase TylM2, and its putative auxiliary protein, TylM3. In fact, when all four S. fradiae genes (tyl1A, tylB,

tylM2 , and tylM3 ) were present, the mutant S. venezuelae cells produced 3-O -mycaminosyl-methynolide 48 and

3- O-mycaminosyl-neomethynolide 49 . In contrast, when tylM3 was absent, no mycaminosylated aglycone could be

detected. Also, when tylactone (the natural aglycone substrate for TylM2/M3) was fed to the S. venezuelae cultures, the

strains expressing both TylM2 and TylM3 produced 40-fold more 5-O-mycaminosyl-tylactone than the strain lacking

TylM3.

Similar results were also obtained when the desosaminyltransferase MycB, from the mycinamicin pathway of

Micromonospora griseorubida,78 was expressed with or without its putative auxiliary protein, MydC, in an S. venezuela

KdesVIImutant.76 Here, all of the desosamine biosynthetic genes are intact, but the glycosyltransferase gene, desVII, is

disrupted. It was found that only in the presence of MydC could MycB effect efficient coupling of 17 onto 15 and 16 .

Since 15 and 16 differ markedly form the 16-membered aglycone substrate used by MycB and MydC in mycinamicin

biosynthesis, the fact that 18 and 19 were produced by this mutant clearly demonstrated the flexibility of MydC/

MycB toward their aglycone substrate. Thus far, a total of 16 desVIII homologs have been identified in various

deoxysugar biosynthetic gene clusters.76 They are predicted to be the auxiliary protein for the corresponding

glycosyltransferase in each pathway. The discovery of the dependence of GTs on an auxiliary protein should facilitate

the use of these glycosyltransferase/auxiliary protein pairs toward the combinatorial generation of new macrolide

compounds carrying rationally designed sugar moieties.76
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3.20.3.2 Aromatic Polyketides

Urdamycin A (Figure 1 and Scheme 5 , 7) is an angucycline-type antibiotic and anticancer agent produced by

S. fradiae Tü 2717.79–81 Structurally, it is derived from a tetracyclic polyketide carrying two L-rhodinose 51 and two

D-olivose 52 residues. 82,83 One L-rhodinose is attached to the hydroxyl group at C12b, and a trisaccharide composed of

alternating D-olivose, L-rhodinose, and D-olivose residues is attached to C9 through a C-glycosidic linkage to the first

olivosyl residue. Sequencing of the urdamycin biosynthetic gene cluster from S. fradiae Tü271784–87 led to the

identification of four GTs responsible for the addition of 51 and 52 to the aglycone (UrdGT2, UrdGT1a, UrdGT1b,

and UrdGT1c).85,86 The first GTcharacterized was UrdGT2, the inactivation of which resulted in the production of
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three new urdamycin derivatives, none of which contain the C-glycosidic deoxysugar moiety at C9.85 Hence, it was

concluded that UrdGT2 catalyzes the C-glycosyl transfer of NDP-D -olivose (65 , Scheme 6), which is most likely the

first glycosylation performed on the aglycon. Interestingly, one of the shunt products generated by the udrGT2

knockout shows higher anticancer activity than the parent compound urdamycin A,85 demonstrating that targeted

gene disruption experiments can lead to new compounds with improved activities.

To characterize the functions of the other GTs in the urd gene cluster, a mutant S. fradiae Tü2717 strain with

chromosomal deletions of the urdGT1a, urdGT1b, and urdGT1c genes (termed mutant Ax) was constructed.86 By

expressing each of the deleted GTs individually and in combinations in this mutant, the order of deoxysugar addition

in urdamycin A biosynthesis was determined (Scheme 5, 53 ! 54 ! 55 ! 7 ). An impressive array of new urdamycin

derivatives was also generated in this study. It was observed that UrdGT1b can add D -olivose to 55 and 58, and

UrdGT1c can attach L -rhodinose to both 54 and 57 .86 In addition, the overexpression of UrdGT1c in the Ax mutant

revealed that it can add a second L -rhodinose to 58 to complete the trisaccharide chain, forming urdamycin N 59. 87 If a

functional UrdGT1a is present, UrdGT1c can also add L -rhodinose to 55, generating urdamycin O 56. 87

The substrate flexibility of the urdamycin GTs was further explored through mutation of individual urd deoxysugar

biosynthetic genes.87 The proposed pathways for NDP- D -olivose ( 65) and NDP- L-rhodinose (68) biosynthesis are

shown in Scheme 6. Inactivation of urdQ , urdZ1, or urdZ3 led to the accumulation of mainly urdamycinone B 57. The

absence of L-rhodinose in any of the isolated products suggests that these three genes are needed for biosynthesis of

68 , but not 65 . The inactivation of urdR , a putative 4-ketoreductase needed solely for synthesis of 65 , led to the

production of urdamycin M 70 , which carries a C-glycosidically linked D- rhodinose at the C9 position, and no D- olivose

moieties.87 The production of D-rhodinose in this mutant (as opposed to the L-rhodinose that is normally seen)

suggests that the 4-ketoreductase UrdZ3 may be able to reduce both 66 and 67 to produce 69 and 68 , respectively.

Most importantly, these studies demonstrated that UrdGT2 can also catalyze the C-glycosylation at C9 with 69, which

is quite different than its natural substrate, 65. 87

As another recent aromatic polyketide model, ellaromycin (Figure 3, 8) is an anthracycline-like antitumor drug

produced by S. olivaceus Tü2353. It is composed of a tetracyclic aromatic polyketide decorated with a permethylated

L-rhamnose 71 moiety.88 Expression of a cosmid (16F4)-containing part of the ellaromycin (elm ) gene cluster in the

urdamycin-producing organism, S. fradiae Tü 2717, resulted in the production of a hybrid compound 73. This

compound contains the elm -derived aglycone, 8-demethyltetracenomycin C (8-DMTC, 72), and an urd-derived

sugar, D- olivose 52 .89 Although cosmid 16F4 contains all genes necessary for 8-DMTC biosynthesis, some of the L-

rhamnose biosynthetic genes and the 12-O-methyltransferase needed for ellaromycin production are absent.89,90

When 16F4 was expressed in an S. fradiae Tü 2717/ D PKS mutant, not only was 73 formed, but an L-rhodinosylte-

tracenomycin 74 was also produced. 91 Interestingly, by deleting the urdamycin PKS genes, it was possible to increase

the yield of hybrid macrolides by freeing up the urdamycin sugars for attachment to the ellaromycin aglycon. In the

same study, 16F4 was also expressed in the mithramycin 75 producer, Streptomyces argillaceus , whose mtm gene cluster

encodes enzymes involved in the production of three deoxysugars, D- olivose ( 52), D- oliose 76, and D- mycarose 77
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(Figure 3). In this experiment, three hybrid macrolides were produced: 73, D-mycarosyltetracenomycin 78 and 80, a

derivative with a diolivosyl moiety attached to 8-DMTC 72.91

To determine whether the GT responsible for the coupling of these sugars to 72 was encoded in the elm cluster of

16F4, or by the host organisms, the S. fradiae Tü 2717/ D PKS and S. argillaceus strains were fed 72 in the absence of
cosmid 16F4.91 The failure to detect any glycosylated tetracenomycins in these experiments provided the first evi-

dence that the GT responsible for the glycosylations of 8-DMTC 72 was encoded by one of the elm genes in the 16F4
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cosmid. This result was later confirmed by expression of 16F4 in an S. argillaceus mutant that lacked the mitramycin

GTs,92 and by co-expression of 16F4 and the mithramycin sugar biosynthetic genes (without the mtm GTs) in Strepto-

myces lividans, a nonantibiotic producing strain. 91 In both cases, only 73 and 78 were obtained, providing compelling

evidence that an ellaromycin GT couples the mithramycin sugars, 52 and 77, to the ellaromycin aglycon, 72 .

The sugar-flexible glycosyltransferase (named ElmGT) in cosmid 16F4 was subsequently identified, sequenced,

and integrated into the Streptomyces albus chromosome.93 When selected deoxysugar genes were heterologously

expressed in this ElmGT-producing S. albus strain, which was then fed a variety of aglycons, it was shown that

ElmGT can attach L-rhamnose 44 and L-olivose 81 moieties to 72, forming hybrid compounds 82 and 83 , respectively

(Figure 3). This study also showed that two mithramycin GTs, MtmGI and MtmGII, are responsible for synthesi-

zing the D-diolivosyl unit 79 , which is then added as a disaccharide to 72 by ElmGT. In fact, ElmGT is one of the

more sugar-flexible GTs characterized thus far, being able to transfer L-rhodinose 51, D- olivose 52 , D- mycarose 77 ,

L-rhamnose 44, L-olivose 81 , and a D- diolivosyl disaccharide 79 , to 8-DMTC. 93 It holds promise as a useful tool for

future combinatorial biosynthetic applications.

3.20.3.3 Indolocarbazoles

Indolocarbazole alkaloids are a group of compounds that exhibit many biological activities including antitumor and

neuroprotective properties. Structurally, most of these compounds contain an indolo[2,3-a]pyrrolo[3,4-c]carbazole core
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(derived from two molecules of tryptophan, Scheme 7, 84) and an attached sugar. Among the indolocarbazoles, the

biosynthesis of rebaccamycin (Scheme 7, 94 ) from Saccharotrix aerocolonigenes and staurosporine (Scheme 8, 105 )

found in several Streptomyces species has been the most extensively studied. The similarity between the indolopyrro-

locarbazole cores of these two compounds (differing only by an extra carbonyl group in rebeccamycin) has allowed the

generation of novel, hybrid products by combinatorial biosynthetic methods. During their efforts to reconstitute

rebeccamycin biosynthesis in S. albus, Sanchez et al. were able to generate several rebeccamycin biosynthetic inter-

mediates through heterologous expression of different combinations of reb genes (86–93 , Scheme 7). 94 Furthermore,
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they discovered that replacement of a single rebeccamycin monooxygenase gene (rebC) with its staurosporine

homolog (staC) was sufficient to confer the ability of the recombinant strain to produce the staurosporine indolopyr-

rolocarbazole 95. Using this finding, they were able to generate an array of novel derivatives 96 –100 containing the

staurosporine indolopyrrolocarbazole core through expression of staC along with various combinations of reb genes.

Further structural diversity was obtained by expressing the tryptophan halogenases PyrH from Streptomyces rugosporus

LL-42D005 and Tha1 from Streptomyces albogriseolus, which chlorinate the 5- and 6-positions of tryptophan, respec-

tively. It was also found that RebH can incorporate Br onto position 7 of tryptophan if the cultures are grown in media

containing KBr. In total, over 30 rebeccamycin- and staurosporine-like compounds were generated in this study, some

of which contained biological activity.

In a separate study, Salas et al. were able to fully reconstitute staurosporine biosynthesis in S. albus.95 After

constructing a strain harboring both the genes necessary to make 95 (rebODP and staC ) and staG (the putative

glycosyltransferase), the L-ristosamine (Scheme 8, 101 ) biosynthetic genes were introduced on a separate plasmid.

This experiment demonstrated that StaG was responsible for the attachment of 101 to the indolocarbazole core

through a C–N glycosidic linkage to generate 102 . A second gene, staN , which encodes a cytochrome P450
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enzyme, was required in order to generate 104 , in which a second C–N linkage is formed between C5 0  of the sugar and
N13 of the indolocarbazole. Subsequent sugar methylations by StaMA and StaMB give the final product, staurospor-

ine 105 . Further investigation into the glycosylation event revealed that both StaG and StaN are substrate flexible.

Heterologous expression of plasmids encoding the production of different deoxysugars in the S. albus strain expressing

rebODP and staCGN demonstrated that StaG can transfer a variety of sugars (L-rhamnose 44, L-olivose 81, L-digitoxose

106 , and D- olivose 52 ) to 95 through C–N glycosidic linkages (Scheme 9, 107 –110). After glycosyl transfer, StaN can

form the second C–N linkage with L-sugars to generate 111 –113 . F ro m t he se r e su l t s , i t w as p ro po se d t ha t i n o rd er t o

establish this secondC–N linkage, the sugar needs to ‘flip’ from a 4C1 -into a 
1 C4 -conformation (Scheme 8, 102 ! 103) –

a feat which is more easily achieved with L-sugars. These studies illustrate the promising future in combinatorial

engineering of the indolocarbazole alkaloids.
3.20.3.4 Other Recent Pathway Engineering Studies

The examples detailed above represent some of the more extensively characterized systems for combinatorial

generation of hybrid macrolide antibiotics. However, other substrate-flexible antibiotic glycosyltransferases are

known, and similar combinatorial biosynthetic studies have been performed in a number of other systems. For

example, GTs from the oleandomycin96,97 and tylosin96 biosynthetic pathways were used to generate new erythromy-

cin derivatives. Heterologous expression of selected Streptomyces avermitilis L-oleandrose biosynthetic genes in

S. lividans yielded new avermectin derivatives when cultures were fed the avermectin aglycone.98 Here, it is evident

that the GT (AvrB) is capable of coupling several alternative sugars onto the avermectin aglycone.98 As further

highlighted in the next section, a number of the glycopeptide glycosyltransferases have been shown to be flexible to

both alternative NDP-sugars and cyclic heptapeptides, and these substrate flexible GTs have been used to generate

hybrid glycopeptide antibiotics both in vivo and in vitro.9,65

Together, the combinatorial biosynthetic studies described here have revealed the inherent substrate flexibility of

several glycosyltransferases (DesVII, TylM2, MydB, UrdGT2, UrdGT1b, UrdGT1c, ElmGT and StaG). Although

only a few of these substrate-flexible GTs have been characterized in much detail, GTs with similar flexibility most

likely exist in the deoxysugar biosynthetic pathways of other antibiotics. As more of these GTs are discovered, their

utility for the generation of new hybrid antibiotics in future in vivo or in vitro studies should be facilitated. Clearly, the
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successful implementation of this approach will continue to rely upon the discovery and characterization of new

deoxysugar biosynthetic pathways and the inherent or engineered promiscuity of the corresponding glycosyltrans-

ferases. Furthermore, these studies have also demonstrated that engineering novel, hybrid compounds through gene

disruption and heterologous expression techniques is a feasible method for expanding the diversity of nature’s bioactive

metabolites, and similar experimental approaches should continue to fuel the use of combinatorial biosynthesis in the

search for new drugs.
3.20.4 Glycorandomization

Efforts to alter the glycosylation of natural products have relied upon conventional strategies ranging from total/

semisynthesis to in vivo pathway engineering. In a complementary fashion, glycorandomization attempts to capitalize

upon the strengths of these existing strategies to provide robust methods to specifically generate compound libraries

which solely differ via their glycosyl substituents (i.e., glycorandomized libraries).9 This last section highlights recent

advances relevant to the two existing complementary glycorandomization strategies (Scheme 10): (1) chemoenzy-

matic glycorandomization – a biocatalytic approach dependent upon the substrate promiscuity of enzymes to activate

and attach sugars to natural products, and (2) neoglycorandomization – an efficient one-step chemical sugar ligation

reaction that does not require prior sugar protection or activation. Both strategies allow for further diversification via



GlyT

O
R1

R3

OPO3
2−R4

R2

O

OPO3
2−

OR9

R11

OPO3
2−R12

R10 R9

R11

R12

R10

E2

Sugar-1-P library Glycorandomized libraries

O
R1

R3

R4

R2

O
R5

R7

R8

R6

O
R9

R11

R12

R10

Sugar library

E1

O
R1

R3

NDPR4

R2

O
R5

R7

NDPR8

R6R5

R7

R8

R6

O

NDP

NDP-sugar library aglycon

DMF/AcOH (3:1), 40 �C

Aglycon

XH

Neoglycorandomized libraries

HN
O

N
O

CSL

Neoglycorandomization

Chemoenzymatic

glycorandomization

O
R13

R15

R16

R14

OR5

R7

R8

R6

X

CSL

O
R13

R15

OPO3
2−R16

R14 R13

R15

R16

R14 O

NDP

O
R1

R3

R4

R2

X

O
R9

R11

R12

R10

XO
R13

R15

R16

R14

X

O
Y5

R3

R4

R2

X
OR5

R7

R8

Y6

X

OR9

Y7
R12

R10

X

O
R5

R7

R8

R6 N
O

O
R1

R3

R4

R2

N
O

OR9

R11

R12

R10

N
O

O
R13

R15

R16

R14

N
O

O
Y1

R3

R4

R2

N
O

O
R5

R7

R8

Y2

N
O

O
R9

Y3 R12

R10

N
O

O
R13

R15

Y4

R14

OH

OH

OH

OH

X

O
R13

R15

Y8

R14

Scheme 10 The two routes to natural product glycorandomization. CSL, Chemoselective ligation chemistries; E1, flexible

sugar anomeric kinase; E2, flexible sugar-1-phosphate nucleotidylyltransferase; GlyT, natural product glycosyltransferase.

Complementary Routes to Natural Product Glycodiversification 389
chemoselective ligation reactions (designated CSLs in Scheme 10). In contrast to combinatorial biosynthesis or

pathway engineering, glycorandomization can extend beyond the monosaccharide building blocks found in nature

and, given that glycorandomization can be performed either in vitro or in vivo, is not restricted by genetically amenable

hosts and/or lethal ‘unnatural’ product toxicity.
3.20.4.1 Glycopeptides (Chemoenzymatic Glycorandomization Proof of Concept)

The inherent promiscuity of many natural product glycosyltransferases (GlyT) as described in the preceding ‘Pathway

Engineering’ section (Section 3.20.3) is central to the concept to chemoenzymatic glycorandomization. Conceptually,

the basis of chemoenzymatic glycorandomization derives from presenting libraries of natural and ‘unnatural’ NDP-

sugars to these promiscuous GlyT’s as a means to rapidly glycodiversify natural product-based scaffolds. As previously

described, combinatorial biosynthesis or pathway engineering can require up to 10 different enzyme combinations to

generate a single unique NDP-sugar for glycodiversification. In contrast, chemoenzymatic glycorandomization

employs a single flexible anomeric kinase (E1) and a single flexible nucleotidylyltransferase (E2) to provide robust

short activation pathways to nucleotide diphosphosugar (NDP-sugar) donor libraries from chemically synthesized or

commercially available monosaccharides.

The initial design objective for chemoenzymatic glycorandomization was to provide a robust three-enzyme (E1, E2,

and GlyT) in vitro single-vessel reaction. The key factors to overcome for this design were primarily the limited

flexibility of known anomeric kinases (E1) and sugar-1-phosphate nucleotidylyltransferases (E2). For E1, the directed

evolution of Escherichia coli galactokinase (GalK), coupled with a high-throughput multi-sugar colorimetric assay,

presented a GalK mutant (Y371H, �20Å from the active site) with a remarkable degree of kinase activity toward
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sugars as diverse as D-galacturonic acid, D-talose, L-altrose, and L-glucose – all of which failed as wild-type GalK

substrates.99,100 Subsequent structure-based engineering of this variant presented a double mutant (M173L–Y371H)

with far superior substrate flexibility.101,102 The initial demonstration ofM173L–Y371HGalK-E. coli strain to generate

‘unnatural’ sugar-1-phosphates via in vivo bioconversion has also been reported,102 and these bioconversion experi-

ments have since been expanded toward the in vivo production of >25 sugar-1-phosphate analogs (Yang and Thorson,

unpublished). For E2, wild-type Salmonella enterica LT2 a-D-glucopyranosyl phosphate thymidylyltransferase (also

known as RmlA or Ep) displayed significant flexibility toward both both nucleotide triphosphate (dTTP and UTP)

and sugar-1-phosphate substrates.103 This E2 flexibility was further enhanced via structure-based engineering to give

an enzyme capable of providing >40 NDP-sugars for glycorandomization.103–105 More recently, E2 was coupled with

E1 in vivo to generate >20 ‘unnatural’ NDP-sugars via bioconversion (Yang and Thorson, unpublished) and, under

certain in vitro conditions, was also demonstrated to efficiently utilize ATP, dATP, CTP, dCTP, GTP, and dGTP

(Moretti and Thorson, unpublished).

The first proof of concept for chemoenzymatic glycorandomization focused upon the glycopeptide vancomycin. In

this demonstration, E1–E2 were utilized to provide 33 natural and unnatural NDP-sugars to GtfE, the first of the two

vancomycin glycosyltransferases which assemble the L-vancosaminyl-1,2-D-glucosyl disaccharide upon Phegly4

hydroxyl of the heptapeptide aglycon (Scheme 11 , 114 ). In this study, GtfE accepted 31 of the 33 NDP-sugar

substrates tested to provide the first demonstrated glycorandomized library which included derivatives (115 ) poised

for downstream chemoselective ligation. 106 Chemoselective diversification of monoglycosylated derivative 115

via Huisgen 1,3-dipolar cycloaddition (Scheme 12) led to 39 additional novel vancomycin library members bearing

diverse functionality, albeit in varying cycloaddition yields.106,107 Screening representatives from this library against

methicillin-resistant Staphylococcus aureus, vancomycin-sensitive Enterococcus faecalis, and vancomycin-sensitive

Enterococcus faecium, revealed two analogs slightly more potent, and a third with equal potency, to the parent antibiotic

vancomycin. Thus, this work both highlights the complete proof of concept for chemoenzymatic glycorandomization

and also presents biological validation of glycorandomization. Chemoenzymatic glycorandomization has also been

successfully extended toward indolocarbazoles, enediynes, and avermectins (Zhang and Thorson, unpublished). In

contrast, attempts to glycorandomize the natural product novobiocin led to only four new analogs from >40 NDP-

sugars tested – a reminder of how restrictive enzymes, such as the novobiocin glycosyltransferase NovM, can

negatively impact the outcome of glycorandomization.108
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3.20.4.2 Cardiotonic Steroids (Neoglycorandomization Proof of Concept)

The restrictions imposed by certain glycosyltransferases (such as NovM highlighted in Section 3.20.4.1) served as

inspiration to seek alternative glycorandomization approaches. Neoglycorandomization is based upon the chemose-

lective formation of a neoglycosidic bond between a reducing sugar and a secondary alkoxylamine-containing aglycon.

In contrast to the traditional chemical glycosylation reactions which rely upon tedious sugar donor protection and

activation schemes, the ‘neoglycosylation’ reaction advantageously utilizes unprotected and nonactivated reducing

sugar donors under mild conditions. Early examples of this chemoselective reaction revealed that, unlike primary

alkoxylamines which provide open-chain oxime isomers, secondary alkoxylamines react to form closed-ring neoglyco-

sides.109,110 The natural glycoside digitoxin was selected as a model platform to test the concept of neoglycorando-

mization (Scheme 13).111 A library of 78 digitoxin derivatives was synthesized and purified in parallel from 39

reducing sugars and aglycons 116 a/ 116 b, which were easily obtained from digitoxin in three simple chemical steps.

The reducing sugars employed included L-sugars, deoxy sugars, dideoxy sugars, disaccharides, uronic acids, and sugars

containing reactive handles, all of which reacted successfully to provide the first neoglycorandomized library. The

digitoxin neoglycosides showed only slight degradation under acidic conditions (t1/2�1 month, pH 5.0), and crystallo-

graphic studies revealed structural similarities to O-glycosides. High-throughput cytotoxicity assay of this library

against nine human cancer cell lines representing a broad range of carcinomas including breast, colon, CNS, liver, lung,

and ovary, and a mouse mammary normal epithelial control line led to the discovery of analogs with striking potency

and tumor selectivity with respect to the parent natural product. Interestingly, all hits from this study contained sugars

with a common S-configured C(2’) sugar stereocenter and were also demonstrated to be significantly less potent

Naþ/Kþ-ATPase inhibitors in HEK-239 human embryonic kidney cells than digitoxin. Cummulatively, this study

presented clear validation of the glycorandomization concept and highlighted a mechanistic divergence between

cardiac glycoside cytotoxicity and Naþ/Kþ-ATPase inhibition. Alkoxylamines have been also recently incorporated

into natural glycosides such as nonribosomal peptides (Griffth and Thorson, unpublished), macrolides (Ahmed and

Thorson, unpublished), and anthracyclines (Liao and Thorson, unpublished), as well as nonglycosylated natural

products such as colchicine (Ahmed and Thorson, unpublished). In each case, the corresponding neoglycorandomized

libraries have been generated, further illustrating the broad applicability of this spectacular chemistry.
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3.20.5 Conclusions

The extensive work highlighted within this chapter reveals that scientists have clearly developed clever and potentially

practical methods for natural product-based glycodiversification. Many of the world’s anti-infective and anticancer drug

leads directly derive from, or are inspired by, glycosylated natural products. The sugars attached to these metabolites

greatly enhance the natural product chemical diversity and wield remarkable, but poorly understood, influence upon

pharmacology, pharmacokinetic properties, and/or target specificity of the parent compound. Thus, the emerging

glycodiversification strategies described herein hold spectacular future promise to understand and exploit the role of

sugars in the context of bioactive metabolites, drug candidates, drugs, and even macromolecules.
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3.21.1 Introduction

Lectins are ubiquitous carbohydrate-binding proteins of nonimmune origin. This evolutionarily conserved group

of multi-subunit and therefore multivalent proteins has been implicated in diverse biological functions that include

cell adhesion, cell recruitment, intracellular trafficking, and immune recognition.1–5 Recognition and binding of
397
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carbohydrate ligands by lectins is crucial for their biological functions. Therefore, elucidating the physical nature of

these interactions is important for understanding the functions of lectins and their carbohydrate receptors in biological

systems. The production of recombinant lectins (both native and mutant forms) and synthesis of diverse arrays of

mono- and multivalent carbohydrate analogs, together with the application of biochemical and biophysical techniques,

have provided important insights into the physical basis of the specificity of lectin–carbohydrate interactions.

The carbohydrate-binding sites of lectins are generally shallow structures on the surface of the protein that do not

undergo significant conformational changes upon ligand binding.1,6 Mannose 6-phosphate receptors are among a few

exceptions that possess relatively deep binding pockets, reminiscent of carbohydrate-binding bacterial periplasmic

receptors.7 The carbohydrate-binding sites of lectins are usually composed of amino acids from a single polypeptide

chain with certain exceptions, such as wheat germ agglutinin (WGA) where amino acids from different polypeptide

chains are involved in ligand binding.1,8

Binding of a monosaccharide or oligosaccharide possessing a single carbohydrate binding epitope to a lectin is

defined as monovalent binding. The interactions of branched chain oligosaccharides, polymeric glycans, and glyco-

proteins possessing multiple carbohydrate epitopes with lectins result in multivalent binding. The first section of

this chapter describes the molecular mechanisms of monovalent carbohydrate–lectin interactions while the second

section focuses on multivalent interactions. Other carbohydrate-binding proteins including sugar transporters, anti-

carbohydrate antibodies, and carbohydrate-processing enzymes are not covered in this chapter.
3.21.2 Monovalent Carbohydrate Binding

3.21.2.1 Physical Forces

Pauling and Delbrück9 in 1940 postulated the importance of intermolecular hydrogen bonding, van der Waals, and

electrostatic interactions in molecular complex formation. This postulate is relevant to carbohydrate–lectin interac-

tions since these physical forces help to stabilize complexes between lectins and carbohydrates. Solvent reorganization

of the hydrated surfaces of the lectin and carbohydrate as well as conformational changes of the carbohydrate also

contribute to stabilization of the complexes. A brief description of these physical forces (Figure 1) is given below.

The mechanisms of binding of different lectin groups that include viral lectins, legume lectins, cereal lectin, bulb

lectins, galectins, C-type lectins, P-type lectins, I-type lectins, fucose (Fuc)-binding lectins, and bacterial toxins have

been reported. While the physical mechanisms of carbohydrate binding are similar, lectins have evolved to recognize a

vast array of carbohydrate structures that are crucial for their diverse biological functions.
3.21.2.1.1 Hydrogen bond
The presence of multiple hydroxyl groups (OH) on a carbohydrate allows formation of multiple hydrogen bonds with

different amino acids in the binding site of a lectin. OH groups of the carbohydrate can donate and accept hydrogen

bonds simultaneously (cooperative hydrogen bonding). The OH group can potentially accept two hydrogen bonds and

donate a single hydrogen bond. Often, one acidic side chain acts as a hydrogen bond acceptor whereas main-chain
Sugar

O

1

Lectin

+ −

2

3

4

Figure 1 Physical forces that stabilize a lectin–carbohydrate complex. These forces include hydrophobic interaction
(1), Ca2þ (red circle) coordination (2), direct and water molecule-mediated hydrogen bonding (3), and ionic interactions (in

limited instances) (4). Reorganization of water molecules (yellow circles) at the binding site of the lectin also contributes to

binding.
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amide groups and side-chain amide group of asparagine (and to a lesser extent glutamine) are main hydrogen bond

donors. Charged side chains of the protein are often found as hydrogen bond donors. The side-chain OH groups of

serine, threonine, and tyrosine residues appear less frequently involved in hydrogen bonding with sugar OH groups.6

One common type of bond found in lectin–carbohydrate interaction is a bidentate hydrogen bond. Such bonds involve

two adjacent OH groups of a sugar ring and different atoms of the same amino acid residue.1,10

Compared to the fixed hydrogen bond geometry that arises between planar donors and acceptors, OH groups enjoys

much more rotational freedom in establishing hydrogen bonds with adjacent groups. This rotational freedom,

however, comes with some entropic cost. Formation of hydrogen bonds between protein OHs and sugar OHs may

be limited in part due to high entropic cost.6

Hydrogen bonds between amino acids and sugar OHs may exist in a lower dielectric environment and may be

stronger than those formed in water. Hydrogen bonds between donor and acceptors with fixed planar geometry play

important roles in the determination of specificities. Freely rotating OH groups of amino acids such as serine show

plasticity in hydrogen bond formation with sugar OH and may not distinguish between epimeric OHs.6

The ring oxygen of the sugar can serve as hydrogen bond acceptor and generally shares a donor amino acid with

another OH of the sugar. Lectins often bind to the acetamido moiety of GlcNAc, GalNAc, and N-acetylneuraminic

acid (Neu5Ac) residues. Generally, the amide group donates hydrogen bond to planar carboxyl or carboxylate oxygen

whereas the acetamido oxygen serves as an acceptor of hydrogen bonds from a serine residue. The carbonyl oxygen of

the acetamido substituent and the amide group display fixed planar geometry.6

The pattern of recognition of specific OH groups on sugars is lectin and lectin group specific. For example,

D-mannose (Man)/Glc-specific legume lectins generally bind with the 3-, 4-, and 6-OHs of the carbohydrates.

Therefore, these lectins do not discriminate between Man and Glc. However, the Man-specific bulb lectins interact

with the 2-OH in addition to other OH groups of Man, and therefore do discriminate between Man and Glc binding.

Gal specific legume lectins formhydrogen bonds with the 3-, 4-, and 6-OHofGal and often tolerate a bulky group at the

C2 position as in GalNAc. The hydrogen bond geometry with axial 4-OH of Gal is different from that of equatorial

4-OHofMan andGlc. The specificity of galectins for Gal results from the recognition of the 4- and 6-OHs of the sugar.6

Structurally unrelated monosaccharides that possess similar topographical features can sometimes bind to the same

lectin (Figure 2). For example, WGA recognizes N-acetylglucosamine, Neu5Ac, and N-acetylgalactosamine.1 The

three-dimensional structures of these monosaccharides reveals similarity at positions C2 (acetamide group) and C3

(hydroxyl group) of the pyranose ring of the two hexosamines with those of C5 and C4 on Neu5Ac, respectively. These
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Figure 2 Common structural features of Man and Fuc (a) and of Neu5Ac andN-acetylglucosamine (b). Groups that occupy

the same position in space are underlined. (a) Rotation of the Fuc molecule by 180� allows superimposition of its ring
oxygen, 4-OH, 3-OH, and 2-OH with the ring oxygen, 2-OH, 3-OH, and 4-OH of Man, respectively. (b) Conformational

similarity of N-acetylglucosamine and Neu5Ac at the underlined positions (acetamide and hydroxyl) of the pyranose rings is

observed when the sialic acid molecule is suitably rotated. The conformation of N-acetylgalactosamine (not shown) at the

relevant positions is identical with that of N-acetylglucosamine.1 Reprinted with permission from Lis, H.; Sharon, N. Chem.
Rev. 1998, 98, 637–674. Copyright (1998) American Chemical Society.
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Figure 3 In pyranose form, monosaccharides such as Man, Glc, GlcNAc (shown as group 1) and Gal and GalNAc (shown

as group 2) share a common arrangement of the 3-OH group, the ring oxygen, and the carbons at positions 5 and 6. The two

groups are distinguished by the orientation of the 4-OH groups. Within each group, the orientation and substitution at
position 2 of the ring differ. Reproduced from Drickamer, K. Structure 1997, 5, 465–468, Copyright (1997), with permission

from Elsevier.
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are the positions critical for productive contact with the binding site of the lectin. Also, Man-specific animal lectins

(e.g., the rat Man-binding proteins, MBPs) bind to Fuc because some of its structural features are similar to Man

(Figure 2).1 Homologous lectins with different specificities can recognize specific sugars with the same conserved

amino acids. In contrast, structurally different lectins with identical specificities may bind to the same ligand through

different sets of residues.8

Drickamer11 classified common monosaccharrides into two groups based on the orientation of the OH groups

(Figure 3). He proposed four principles after analyzing Man/Glc/GlcNAc-specific and Gal/GalNAc-specific animal

lectins. First, specificity for one group of sugars over others requires specific interaction with the hydroxyl group, or

groups, that distinguish the favored from the unfavored ligands. The orientation of these hydroxyl groups must be

established by reference to common structural features. Interactions with these key structural features serve to

orientate the sugar in the binding site. Second, once an orientation is established, additional selectivity can arise by

steric exclusion of groups that might be common to bound and unbound sugars but which do not interfere with

binding of the favored ligands in the established orientation. Third, positive interactions with common aspects of the

sugars generally contribute to stability of the bound complex but not to selectivity. Fourth, when lectins can bind to

multiple different sugars, the hydroxyl group or other substituents that differ among these ligands cannot contribute

substantially to the binding interaction.

A growing number of crystal structures of C-type lectins with the MBP-A-like (‘asymmetrical’) distribution of

hydrogen bond donors and acceptors have shown that the core binding site is compatible not only with any two equatorial

hydroxyl (3- and 4-OH ofMan andGlc, 2- and 3-OH of Fuc), but also with a combination of axial and equatorial hydroxyl

groups (3- and 4-OHofFuc, as in E- and P-selectin structures).12 By analyzing several known structures of complexes of

Gal- and Man/Glc-binding lectins, Elgavish and Shaanan13 suggested that a crucial level of ligand selection or

specificity of the binding site is achieved by matching the C4 epimer (equatorial/axial 4-OH) with the given

constellation of 4-OH donors/acceptors. When a match is established, the binding energy is enhanced by contributions

from other ligand- and protein-dependent factors, such as additional hydrogen bonds, van der Waals interactions,

and aromatic stacking. Poget et al.14 confirmed this observation and also noted that in C-type lectins the same rule is

also true for the 3-OH proton.

3.21.2.1.1.1 Contribution of hydrogen bonding to the thermodynamics of binding

Isothermal titration calorimetry (ITC) and crystallographic studies of lectin–carbohydrate complexes have demon-

strated the contribution of hydrogen bonds to the binding free energy and enthalpy.15–18 These studies also show that

in certain instances, additional hydrogen bonding in the extended binding sites of lectins is consistent with more

negative values of DH.19

3.21.2.1.1.1.1 Involvement of additional hydrogen bonding in extended site interaction The Ka (4.9�105M–1) and

D H (–14.4 kcal mol –1) values for concanavalin A (ConA) binding trimannoside 1 ( Figure 4) are greater than those of
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Me aMan (Ka¼ 8.2�103M–1; DH¼–8.2kcalmol–1) and constituent disaccharides, Man(a1-3)Man andMan(a1-6)Man,

which represent the two arms of the 3,6-trimannoside. These results provided direct evidence that ConA possessed an

extended binding site which is responsible for the high affinity of the trimannoside.15,20,21 Indeed, crystallographic

data clearly show that the trimannoside combining site is extended beyond the monosaccharide binding site.17 While

theMan(a1-6) residue of trimannoside occupies themonosaccharide binding site, theMan(a1-3) and ‘core’Man residues

make additional hydrogenbondswith the extended area residues. Increased number of hydrogenbonds contributes to the

higherKa and DH values. As observed from the ITC studies with a series of deoxy analogs of trimannoside, disruption

of any of these bonds adversely affect the affinity and the enthalpy of binding. The increased –DH value of the

trimannoside relative to the monosaccharide was found to be consistent with an extended binding site.

A view of the H-bonding interactions between the hydroxyl groups of the trimannoside and the binding site

of ConA, derived from the X-ray data, is shown in Figure 5. ITC studies using a complete set of deoxy analogs

(Figure 4) as well as di- and trideoxy analogs of the trimannoside15 showed excellent agreement with the X-ray data.17

The crystal structure shows that the 3-, 4-, and 6-OH groups of the Man(a1-6) residue of the trimannoside are

hydrogen-bonded in the same manner as Me aMan in its crystalline complex with ConA. These results agree with the

ITC data for the 3dMan(a1-6) 7, 4dMan( a1-6) 8 , and 6dMan(a1-6) 9 trimannoside analogs. 15 All these analogs

showed reduced Ka and DH values compared to trimannoside, indicating the contribution of the hydrogen bonds.

The X-ray data also show binding of the 3-OH of theMan(a1-3) residue to the N-H and side-chain O of Thr15 and the

4-OH of the Man( a1-3) residue to the side-chain OH of Thr15 (Figure 5). 2-OH and 4-OH of the central Man residue

were also found hydrogen-bonded to the lectin. These observations were also in agreement with the thermodynamic
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data. The Ka and DH values for the 3dMan(a1-3) 3 , 4dMan( a1-3) 4, ‘core’ 2dMan 10 , and ‘core’ 4dMan 11 analogs

were all less than the parent trimannoside because of the removal of the corresponding hydrogen bonds.15

3.21.2.1.1.1.2 Nonlinearity of the DD H and DD G values of the individual hydroxyl groups of 1 Thermodynamic data

indicate that the DD H values for the monodeoxy analogs are nonlinear. 15 For example, the combined DD H value for

the 3-OH and 4-OH of the Man(a1-3) residue of trimannoside obtained from 3 and 4, respectively, and the 2-OH and

4-OH of the central Man residue obtained from 10 and 11, respectively, was c. –8.8 kcal mol–1 . This could be compared

to the difference in DH between 1 and Me aMan of –6.2 kcal mol–1 , which reflects binding of the Man( a1-3) and the
central Man residues of 1. Furthermore, the sum of the DD H values for the 3-, 4-, and 6-OH of the Man(a1-6) residue
( 7–9), the 3- and 4-OH of the Man( a1-3) residue (3 and 4), and the 2- and 4-OH of the central Man residue (10 and 11 )

was –17.5 kcal mol–1 , which was greater than the DH for 1 of –14.4 kcal mol–1 . Thus, the sum of the DD H values for the

hydroxyl groups of 1 obtained from the monodeoxy analogs did not correspond to the measured DH of 1. In all of the

above cases, the sum of the DD H values for specific hydroxyl groups on certain Man residues of 1 obtained from

the corresponding monodeoxy analogs was greater than the measured DH for that residue(s). This nonlinear relation-

ship inDDHwas also present in the di- and trideoxy analogs. The same nonlinearity was also present in the DDG values

of the monodeoxy analogs.

The DD H and DD G values for each monodeoxy analog of 1 also did not scale with the number of H bonds at each

position as determined from X-ray crystallography. The DDH values for the monodeoxy analogs are not proportional to

the number or type of H bonds involved at specific hydroxyl groups of 1. This is of particular interest since it has been

suggested that the free energy associated with elimination of a H bond between an uncharged donor/acceptor pair is

0.5–1.5kcal/mol and between a neutral-charged pair is 3.5–4.5kcalmol–1.22 The data, however, indicate no such

relationship in the free energy difference (DDG) of monodeoxy analogs that represent the loss of one or more

H bonds such as 7 versus 8 and 9.

The presence of nonlinear relationships in the DDH and DDG values for the deoxy analogs indicates other

contributions to these terms such as solvent and protein effects. Thus, the magnitude of the DDH and DDG values

represents not only the loss of the H bond(s) involved, but also differences in the solvent and protein contributions to

binding of 1 and the deoxy analogs.
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Contributions of solvent to the DH of sugar binding to a lectin have been shown experimentally and presented in

Section 3.21.2.1.4.

3.21.2.1.1.1.3 Homologous lectins with conserved binding sites interact with the same ligand through the same set of

hydrogen bonds but with different binding thermodynamics Thermodynamic data in combination with structural

data clearly show that homologous Diocleinae lectins interact with the same set of hydroxyl groups of the trimanno-

side. The X-ray crystal structures of two members of this group namely ConA and Dioclea grangiflora lectin (DGL)

complexed with the core trimannoside17,18 show conserved contact residues for both proteins (Figure 5). Three other

Diocleinae lectins from Dioclea guianensis , Canavalia floribunda , and Canavalia brasiliensis also have these same contact

residues for the trimannoside. 23 However, the ITC data inFigure 6 also show a range of DDH values for certain deoxy

analogs which have corresponding hydroxyl groups involved in binding to the nine Diocleinae lectins. These include

DD H values ranging from 6.5 to 7.7 kcal mol–1 for 7–9 binding to Dioclea rostrata to the much lower values of 3 kcal mol–1

for ConA. 15 Thus, there is a wide variation in the DD H values of the nine Diocleinae lectins in Figure 6. This is true

not only for the same deoxy analog with different lectins, but also for different deoxy analogs that have corresponding

hydroxyl groups that bind to the same lectin. For example, analogs 3, 7, and 11 possess different DD H values in

binding to ConA and DGL, respectively, even though their respective hydroxyl groups of 1 show hydrogen bonds to

both lectins ( Figures 5 and 15). Another example comes from the comparison of ConA and C. brasiliensis . The X-ray

crystal structure of the lectin from C. brasiliensis shows only two amino acid changes relative to ConA. 24 Gly58 and

Gly70 in C. brasiliensis are replaced by Asp and Ala, respectively, in ConA. Neither of the residues is near the

carbohydrate-binding sites in both lectins, and only small changes in the quaternary structures of the two lectins

were noted. However, these two amino acid changes result in significant differences in the DD H values of both lectins’

binding to analogs 7 –9 (5 kcal mol� 1 for C. brasiliensis vs 3.0 kcal mol–1 for ConA). In addition, although the Ka values of

the two lectins for 1 are comparable (3.7 � 10 5 M–1 for C. brasiliensis and 4.9 � 10 5 M –1 for ConA), the lectin from

C. brasiliensis possesses a D H of –12.4 kcal mol–1 for 1 while ConA possesses a DH of �14.4 kcal mol–1 for 1. It is also

interesting that ConA and the C. brasiliensis lectin are reported to have different lectin-induced nitric oxide production

in murine peritoneal cells in vitro.25 Differences in the binding thermodynamics in a homologous group of lectins

where the binding residues are conserved indicate the indirect but important roles of the nonconserved residues away

from the carbohydrate-binding site. Subtle changes in the hydration of the lectins or subtle differences in their

conformation due to the minor alteration of amino acid residues away from the carbohydrate-binding sites may be

responsible for their thermodynamic binding differences.19 Effects of single-site mutations on the conformational

features of lectins have been explored by Siebert et al.26 Similar changes in the thermodynamics of binding of lectins

with amino acid substitutions away from the carbohydrate binding site have been reported. For example, galectin-1
C. brasiliensis

C. floribunda

D. rostrata

D. guianensis

D. violacea

D. virgata

D. grandiflora

C. grandiflora

T
rim

an
no

si
de

(1
)

2d
(1

-3
)(

2)

3d
(1

-3
)(

3)

4d
(1

-3
)(

4)

6d
(1

-3
)(

5)

2d
(1

-6
)(

6)

3d
(1

-6
)(

7)

Carbohydrates

0

1

2

3

4

5

6

7

8

4d
(1

-6
)(

8)

6d
(1

-6
)(

9)

2d
 c

or
e(

10
)

4d
 c

or
e(

11
)

Concanavalin A

∆∆
H

 (
kc

al
/m

ol
)

Figure 6 Bar graph showingDDH values of the seven Diocleinae lectins as well as ConA and DGL for deoxy analogs 2–11.19
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from Chinese hamster ovary cells was reported to undergo significant changes in DH and TDS but not DG in binding to

LacNAc when single or multiple mutations were introduced in the N-terminal region of the protein.27 Binding affinity

of influenza virus hemagglutinin (HA) is affected when certain residues remote from the binding sites are changed.28
3.21.2.1.2 Hydrophobic interactions
The presence of OH groups and the ring oxygen make carbohydrates highly polar and solvated molecules. However,

the aliphatic protons and carbons at the various epimeric centers that extend out to the exocyclic 6 positions of hexoses

and the glycerol moiety of sialic acids create nonpolar faces on sugar residues. This nonpolar face usually stacks on one

or more side chains of the aromatic amino acids such as phenylalanine, tyrosine, and tryptophan and provide

considerable driving force for complex formation. Unlike Gal, Man does not always stack on an aromatic side chain.

The equatorial position of the 4-OH of Man, compared to the axial 4-OH of Gal, gives rise to a less extensive nonpolar

surface than that of Gal (Figure 7). In Man-specific legume lectins, a conserved phenylalanine ring stacks against the

Man C5 and C6; however, no aromatic interactions have been recorded in MBPs and Galanthus nivalic lectin (GNA).6

The carbon backbone of the glycerol moiety of sialic acid may interact with aromatic amino acid as observed in

WGA. Hydrophobic interaction is also mediated through the methyl group of the acetamido moiety of GalNAc,

GlcNAc, and Neu5Ac (WGA, HA)6 and the methyl group of Fuc. Side chains of certain aliphatic amino acids (e.g.,

valine or leucine) may also be involved in hydrophobic interactions.8

Binding of blood group H type II [Fuc(a1-2)Gal(b1-4)GlcNAc] to some legume lectins is partially hydrophobic in

nature. When this trisaccharide binds to Erythrina corallodendron lectin (ECorL), the Fuc residue is involved in a

strong hydrophobic interaction, most likely with Trp135 of the lectin.29 Combining structural and thermodynamic

studies, Surolia and co-workers have shown that the binding of blood group H type-II trisaccharide to winged bean

agglutinin II (WBA II) is predominantly hydrophobic in nature (Figure 8). The GlcNAc residue and the CH3 group of

Fuc show strong hydrophobic interaction with Tyr215 (Figure 9).30,31 Hydrophobic interaction is also demonstrated to

occur between the methyl group of GalNAc of T-antigen and WBA I.32
3.21.2.1.3 Divalent metal ions
For legume lectins, the divalent cations Ca2þ and Mn2þ are not directly involved in sugar binding but are important

for maintaining the integrity of carbohydrate-binding sites. They are essential for proper spatial orientation of

the residues that directly interact with the carbohydrate ligands and thus stabilize the binding site (Figure 10).
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Figure 10 A monomer of ConA with metal ions. Metal ions are shown as gray spheres. Bound ligand (trimannoside Man

(a1-3)[Man(a1-6)]Man) is shown in green ball-and-stick representation. Reproduced from Loris, R. Biochim. Biophys. Acta

2002, 1572, 198–208, copyright (2002), with permission from Elsevier.
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The Ca2þ coordinates with the side-chain carbonyl oxygen of a conserved asparagine residue. The side chain NH2 of

the same residue forms a hydrogen bond with the sugar ligand. One carboxylate oxygen of an acidic amino acid is

connected to a water molecule that in turn is coordinated with Ca2þ; the other oxygenmakes a hydrogen bond with the

carbohydrate. In this way, the side chains are spatially adjusted by Ca2þ coordination shell for optimal carbohydrate-

binding interactions. The Mn2þ, on the other hand, fixes the Ca2þ position.6
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Brewer and co-workers33 studied the role of metal ion binding in legume lectins using nuclear magnetic relaxation

dispersion measurements. They reported the detailed molecular mechanism of Mn2þ and Ca2þ binding and activation

of the saccharide-binding activity of ConA. It was shown that ConA existed as mixture of two conformational states: a

‘locked’ form and an ‘unlocked’ form. The unlocked form of the protein weakly binds metal ions and saccharide and is

the predominant conformation of demetalized ConA (apo-ConA) at equilibrium. The locked form binds two metal

ions per monomer with the resulting complex(es) possessing full saccharide-binding activity. The group measured the

kinetics of the transition of the unlocked form to the fully metalized locked conformation containing Mn2þ and Ca2þ.
It was also demonstrated that Mn2þ alone could form a locked ternary complex with ConA, and that rapid removal of

the ions resulted in a metastable form of apo-ConA in the locked conformation which slowly reverted back to the

unlocked conformation. These studies showed the relative contributions of the metal ions and protein to the affinity of

the lectin for sugars and suggested a cis–trans-isomerization of the backbone of the protein as a metal ion-dependent

mechanism of activation of ConA, which was subsequently confirmed by X-ray crystallography. A variety of paramag-

netic transition metal ion derivatives of ConA and other lectins were prepared, and electron spin resonance, nuclear

magnetic resonance (NMR), and circular dichroism studies were used to characterize the metal ion-binding sites of

the lectins.

Ca2þ participates in sugar binding in C-type lectins and helps to stabilize the protein structure. There are four

different Ca2þ-binding sites in C-type lectins (Figure 11); however, the occupancy of those sites depends on the

lectin involved. Among the four sites, Ca2þ at site 2 is involved in carbohydrate binding.12 As shown in the MBP, one

lone pair of electrons from each of two OHs of Man (3-OH and 4-OH) establishes a coordination bond with the Ca2þ,
the other lone pair accepts a hydrogen bond from a side-chain amide group, and the proton is donated to an acidic

oxygen in a hydrogen bond (Figures 12 and 29). This bonding pattern is common for all C-type lectins. The extent of

hydrogen bonding and van der Waals interactions in monosaccharide binding by other non-C-type lectins has not been

observed in MBP–Man interaction. This suggests that the direct coordination bonds between Ca2þ and sugar ligand

significantly contribute to the affinity of the monosaccharide.6 The other notable factor that supports Man binding

is the hydrophobic interaction from His189. Crystallographic and mutational analysis showed that the Ca2þ binding

site geometry did not change with the sugar specificity of the lectin. Specificity is determined through hydrogen-

bonding patterns of respective monosaccharides, for example, from Man-type asymmetrical to Gal-type symmetrical

(Figure 12).12
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Human ASGPR-I Rat MBP-A

Figure 11 Ca2þ-binding sites in C-type lectins. Ribbon diagrams of rat MBP-A and human ASGPR-I, demonstrating the

four typical locations of calcium ions in the lectins. Ca2þ ions are shown as black spheres, and numbers indicating different
Ca2þ-binding sites are shown next to the arrows. Reproduced with permission from Zelensky, A. N.; Gready, J. E. FEBS J.

2005, 272, 6179–6217. Copyright (2005) Blackwell Publishing.
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Figure 12 Ca2þ-mediated monosaccharide binding by C-type lectins. A schematic representation of a Ca2þ-hexose-
C-type lectin complex. Two hydroxyl oxygens and the ring of the hexose are shown. The Ca2þ atom is shown as a large gray

sphere, and oxygens as empty circles and ovals. Protein groups that act as hydrogen donors and acceptors are not shown.

Arrows show the direction of hydrogen bonds in mannose-specific C-type lectins, while light gray arrows indicate changed
directions in Gal-specific C-type lectins. Reproducedwith permission from Zelensky, A. N.; Gready, J. E. FEBS J. 2005, 272,
6179–6217. Copyright (2005) Blackwell Publishing.
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Carbonyl side-chain-containing residues that simultaneously coordinate with site 2 Ca2þ and recognize monosac-

charides constitute two characteristic motifs in C-type lectin-like domain (CTLD) sequence. These motifs are known

as EPN motif (E185, P186, N187) and WND motif (W204, N205, D206). It should be mentioned that some C-type

lectin domains that possess these motifs do not show any carbohydrate-binding activity, some CTLDs (e.g., Dectin-1)

do not contain this motif and do not require Ca2þ for carbohydrate binding, and in some CTLDs (e.g., antifreeze

protein) the Ca2þ at site 2 is involved in noncarbohydrate ligand binding.12 Removal of Ca2þ makes some CTLD

susceptible to proteolytic degradation and alters some other physical properties. However, the tunicate C-type lectin is

able to maintain its structural integrity in the absence of calcium ions. In lysosomes, pH-induced Ca2þ loss destabilizes

the binding site loop, and thus asialoglycoprotein receptors and macrophageMan receptor release their bound ligands.
3.21.2.1.4 Water molecules
Water on the biomolecular surface occupies less space than the polar side chains of a protein, causes some steric

constraints on bond formation, yet can participate in multiple hydrogen bonding by serving both as hydrogen bond

donor and acceptor. For all these properties, water contributes significantly to biomolecular complex formation and

affinity and specificity. The entropic cost of surface-bound highly mobile water is so large it would adversely influence

the binding affinity; however, the enthalpic gain from additional water-mediated hydrogen bonding is greater than the

entropic cost. The location of a water molecule in a binding site determines the number and nature of hydrogen bonds

it can form with other vicinal determinants.34

It has been shown with a glycogen phosphorylase inhibitor that the strength of water-mediated hydrogen bonds

between protein and sugar is comparable to direct protein sugar hydrogen bonds.6,35 Hydrogen bonds between a

saccharide and water are reported to be stronger than water–water hydrogen bonds.36 Three water molecules have

been shown to mediate Gal binding to enterotoxin and cholera toxin (CT) as well as lactose and Gal binding to

enterotoxin. Sometimes water molecules behave as fixed structural entities of the binding site and contribute to

hydrogen-bonding interactions like other participating groups of amino acids in the vicinity. In situation like this,

water molecules are considered as the extension of the binding site (e.g., arabinose-binding protein and others). Gal

interacts with one such water molecule when it binds to CT.

The interactions of the water molecules that are observed in biomolecular complexes in high-resolution crystallo-

graphic studies are energetically more favorable than bulk solvent interactions.37 Buried water molecules have a long

residence time in protein structures.34
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Before complex formation, the polar groups of both the ligand and the receptor site are expected to be extensively

hydrogen-bonded to water molecules.38 Ordered water molecules form hydrogen bonds with unligated lectins in a

way that resembles the hydrogen bonding by the sugar hydroxyl groups. Hydrogen-bonded water molecules are

displaced by sugar ligands from the binding site as seen in pea lectin and MBP-C.6 Displacement of these water

molecules is a prerequisite for complex formation. Release of surface-bound water molecules into the bulk results in

entropic gain; therefore, in many instances, removal of water molecules from a binding site shows favorable effect.

Several reports show that removal of surface water generates the driving force required for ligand–receptor complex

formation.34 Surface-bound water possesses higher energy content than those in bulk. Water molecules form an

organized layer on nonpolar surfaces. Release of these molecules to bulk solvent raises the entropy. On the other hand,

removal of less-ordered perturbed water molecules, characteristically associated with polyamphiphilic surfaces,

decreases the entropy and DH. The return of high-energy surface water to bulk would cause heat liberation and

decrease the free energy of the system.38 A favorable enthalpic contribution to binding is expected when the weakly

bound disordered water molecules are displaced by a carbohydrate ligand and return to bulk where it may form

stronger hydrogen bonds.39

Involvement of water molecules in carbohydrate–lectin interactions in aqueous solution has been shown by several

studies as described below.

3.21.2.1.4.1 Role of the ordered water molecule in the binding site of ConA

Binding of ConA to trimannoside and its derivative (in which the 2-OH of central Man was replaced with a

hydroxyethyl moiety (Figure 13) that displaced a conserved water molecule from the binding site of ConA) shows

the importance of the conserved water in ConA–trimannoside complex formation.39 Dunitz40 has reported that the

release of highly ordered water may be associated with a favorable entropy of 2 kcal mol –1 at 300 K. Analog 16 released

a highly ordered water molecule from the binding site and therefore showed more favorable entropy of binding

compared to 15 . This favorable entropic effect was compensated for by a relatively large unfavorable enthalpic

term resulting in reduced affinity compared with 15 . As a matter of fact, binding enthalpy of trimannoside 15 was

more favorable than analog 16 . The authors proposed that indirect interaction mediated by the conserved water

molecule at the binding site contributed to the favorable enthalpic effect observed with 15 and to the stability of the

ConA–trimannoside complex (Figure 14).

3.21.2.1.4.2 Relative contribution of solvent to the enthalpy of binding of saccharides to ConA and DGL

Chervenak and Toone41 obtained thermodynamic binding data from different ligand–receptor interactions (including

lectin–carbohydrate) in H2O and D2O. The enthalpy of binding in D2O was 400–1800calmol–1 less negative than the

enthalpy in H2O. Binding free energy remained unchanged due to the offsetting change in the entropy. A strong

correlation between the differential enthalpy of binding and DCp, the change in heat capacity, for binding was

observed, with a slope of 5K. The authors concluded that solvent reorganization provided 25–100% of the observed

enthalpy of binding.

3.21.2.1.4.3 ITC measurements of carbohydrate binding to ConA under osmotic stress

The number of water molecules involved in the binding of ConA to trimannoside 1, Man( a1-3)Man, Man( a1-6)Man,

and Man was determined by ITC under osmotic stress using glycerol and ethylene glycol.42 The osmotic release of

water molecules from the binding sites caused a concomitant decrease in the binding free energy. This observation, as
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the authors suggested, indicated the importance of water mediation in sugar binding by the lectin. The number of

solute-excluding water molecules coupled to the binding of sugars to ConA as a function of osmotic stress was found to

be 5, 3, 3, and 1 for Man, Man(a1-3)Man, Man(a1-6)Man, and trimannoside Man(a1-3)[Man(a1-6)]Man, respectively.

The slope of the enthalpy–entropy compensation plot was greater than unity, both in the presence and absence of

osmolyte.
3.21.2.1.4.4 Role of water molecules in the extended binding sites of ConA and DGL

The effects of solvation in carbohydrate binding have been studied with ConA and DGL.43 Binding of trimannoside 1

and its deoxy analogs 2–11 (Figure 4) to ConA and DGL in H2O and D2O showed primary solvent isotope effects in

the D H values. The solvent isotope effect in D H for DGL binding to 1 is greater than that for ConA. DG values for the
two lectins binding to 1 do not significantly change in H2O and D2O. The X-ray crystal structures of ConA17 and

DGL 18 complexed with the trimannoside 1 are similar, and the location and conformation of the bound trimannoside

as well as its hydrogen-bonding interactions are nearly identical in both lectin complexes. However, differences exist

in the location of two loops outside of the respective binding sites containing residues 114–125 and residues 222–227.

The latter residues affect the location of a network of hydrogen-bonded water molecules that interact with the

trisaccharide (Figure 15). Differences in the arrangement of ordered water molecules in the binding site of the two

lectins may account for their differences in the DDH (H2O – D2O) values.43

3.21.2.1.4.4.1 Correlation of the DDH (H2 O – D2 O) data for analogs 2–11 with differences in the location of ordered

water in the DGL and ConA complexes with trimannoside 1 The X-ray structures (Figure 15 ) of ConA 17 and

DGL 18 with 1 reveal differences in the location of ordered water in the following three regions of the two complexes.

The first region is associated with the 2-OH group on the Man( a1-3) unit of 1. The DD H (H2O – D2O) data for the

dMan( a1-3) analogs of 1 show that only the 2-deoxy analog 2 exhibits a large variation in the DD H (H2O – D2O) for
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DGL and ConA (Figure 16).43 The second region with altered order water in the two complexes is that associated

with the 4-OH group of the central Man residue of 1 . The DD H (H2O – D2O) data for the two deoxy analogs of the

central Man residue of 1 show that the 4-deoxy analog 11 exhibits a significant difference in this parameter for DGL

relative to that for ConA (Figure 16). The third area of the X-ray crystal structures of the DGL and ConA complexes

which differ in ordered water structures is near the 2-OH on the ( a1-6)-arm of 1. The DD H (H2O – D2O) data for DGL

and ConA binding to the deoxy analogs of the (a1-6)-arm of 1 show that the 2-deoxy derivative 6 possesses the largest

difference in their respective values (Figure 16).

3.21.1.4.4.2 Correlation of DDH (H2O – D2 O) values of deoxy analogs of 1 with the number and strength of solvent

hydrogen bonds to hydroxyl groups of trimannoside 1 in DGL and ConA The relative magnitude of the DD H (H2 O –

D2O) values of DGL is greater than that of ConA for deoxy analogs 2 (2dMan on ( a1-3)-arm), 6 (2dMan on ( a1-6)-arm),

and 11 (core 4dMan) (Figure 16 ). The numbers of water molecules and corresponding hydrogen bonds connected to

the 2-OH group of Man(a1-3), the 4-OH group of core Man, and the 2-OH group of Man(a1-6) are more in the DGL

complex than those in ConA complex (Figure 15). This shows a correlation with the numbers and strength of water

molecules interacting with the corresponding hydroxyl groups of the trimannoside in the respective complexes and

the magnitude of the DDH (H2O – D2O) values.

3.21.2.1.4.4.3 Correlation of the DDH (H2O – D2O) data for Me aMan and Me aGlc with differences in the location of

ordered water in the DGL and ConA complexes with trimannoside 1 Me aMan and Me aGlc ( Figure 16 ) also show a

correlation with the altered ordered water structures observed in the binding site regions of the DGL and ConA

complexed with the trimannoside (Figure 15). Since Me aMan occupies the same site as the Man( a1-6) residue of 1
and makes similar contacts with ConA (2), it is reasonable to assume that the altered ordered water near the 2-OH of
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the Man( a1-6) residue of 1 in the DGL and ConA complexes is present in their respective complexes with the

monosaccharide. The DDH (H2O – D2O) value for DGL binding to Me aMan is higher than that for ConA, which is

consistent with altered solvation of these two lectin complexes. Furthermore, the DDH (H2O – D2O) values for DGL

binding to Me aMan and Me aGlc are substantially different, while the corresponding values for ConA binding to the

two monosaccharides are almost similar (Figure 16). Since the two sugars differ in the orientation of their 2-OH

groups (axial and equatorial, respectively), these results are consistent with altered solvation of the two monosaccha-

ride complexes in both lectins, specifically at the 2-axial hydroxyl group of Man in both lectins.

3.21.2.1.4.4.4 Lack of correlation of altered water structures in the DGL and ConA complexes with the core

trimannoside and DDH values in H2O for binding of both lectins to the deoxy analogs of trimannoside 1 The ITC

solvent isotope data with analogs 2, 6, and 11 confirm that differences in the ordered water structures observed in the

X-ray crystal complexes of ConA and DGL with the trimannoside exist in their corresponding solution complexes.

However, a lack of correlation was found between the DD H values of the deoxy analogs of 1 with both lectins and the

altered water structure of the two complexes with 1. The DD H for the loss of 2-, 3-, 4-, or 6-OH groups at the Man(a1-6)
residue is �3kcalmol–1 in H2O and 2.0kcalmol–1 in D2O greater in DGL than ConA.43 However, as shown in

Figure 15, no significant difference in the water structure in the region of 3-, 4-, and 6-OH groups of the Man(a1-6)
residue was found in either complexes. The 3-OH of the Man( a1-6) unit of 1 is in contact with W60 in both

complexes, while the 4- and 6-hydroxyl groups are not directly bonded to water molecules. Thus, the altered water

structure near the a(1-6) Man of 1 does not appear to account for the higher DD H (relative to 1) values of deoxy analogs

7–9 (both in H2O and D2O) for DGL compared with ConA. On the other hand, significant differences in ordered

water exist between DGL and ConA at the 2-OH group of Man(a1-3) and the 4-OH group of core Man, yet the DDH
values of 2dMan( a1-3) analog 2 and 4dMan ‘core’ analog 11 (relative to 1) in H2O are almost similar for both the

lectins. Thus, the results indicate that altered structural water in these two regions of DGL and ConA complexes with

1 do not correlate with the DD H values in H2 O of both lectins for 2 and 11 .

3.21.2.1.5 Ionic interactions
With the exception of sialic acids and glycosaminoglycans, carbohydrates in general do not contain charged groups.

Proteins that interact with glycosaminoglycans are not discussed in this chapter. Information regarding the recognition

of charged groups on sugars by lectins has been obtained from several sialic acid binding lectins such as WGA, HA,



Figure 17 The structure of Neu5Ac with the nine carbon atoms numbered. Reprinted by permission from Macmillan
Publishers Ltd: Varki, A.; Angata, T. Glycobiology, 16, 1R–27R, copyright (2006).

(a) (b)

Figure 18 Molecular dynamics results on Man9GlcNAc2. (a) Overlay of individual snapshots taken at 100 ps intervals. The

glycan arms are color-coded (dark blue: Man3GlcNAc2 core; light blue: (a1-3)-arm; green and yellow: two (a1-6)-arms). The

overall topology of the molecule is well preserved, given the high degree of flexibility for each individual linkage. (b) Two
structures of Man9GlcNAc2 showing the range of conformations that could be adopted by the (a1-3)-arm and the core on

the basis of the flexibility of the individual linkages.45,211 Reprinted with permission from Wormald, M. R.; Petrescu, A. J.;

Pao, Y.-L.; Glithero, A.; Elliott, T.; Dwek, R. A. Chem. Rev. 2002, 102, 371–386. Copyright (2002) American Chemical

Society.
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selectins, and sialic acid-recognizing Ig-superfamily lectins (Siglecs). Sialic acids possess a carboxylate at the carbon-1

position (Figure 17) that is ionized at physiological pH. The carboxylate can potentially form salt bridge with

positively charged amino acids. However, occurrence of salt bridge in sialic acid-binding lectins is rather restricted

to few reported lectins such as the Siglecs. The carboxylate moiety is important in the recognition processes but as

seen in CT and influenza virus HA, it bonds with main-chain amide groups, polar side chains (preferably of serine),

and ordered water molecules rather than fully charged side chains.6 Presence of acidic residues at or near the binding

sites may prevent sialic acid binding. This is documented in WGAwhere sialic acid cannot bind to the S site because

of the presence of acidic residues in the lattice contact near the S site.6,44

3.21.2.1.6 Carbohydrate conformation
Monosaccharides are relatively rigid compared with oligosaccharides since the latter possess two or three torsion

angles at each glycosidic linkage that provides some degree of rotation about the bond (Figure 18).1,45 This has been

shown by molecular modeling and high-resolution NMR studies of oligosaccharides in solution.45
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Different types of glycosidic linkages may result in one or more conformers and different degrees of flexibility of an

oligosaccharide. The behavior of a particular linkage can also vary in different environments. Neighboring residues

often restrict the conformational freedom of an oligosaccharide. Molecular modeling studies indicate that the

flexibility of the overall structure is less than would be predicted from the flexibilities of all individual linkages.45

Although the freedom of rotation around the glycosidic bonds results in conformational heterogeneity in oligosaccha-

ride structures, lectins recognize and bind to a single conformation.46–50

Due to their flexibility, different oligosaccharides may possess common topographic features and bind to the same

lectin. On the other hand, different lectins may recognize different regions of the same oligosaccharide.1 The

conformation of a glycan does not generally change when linked to a peptide, but the flexibility of the peptide

backbone around the glycosylation site may be reduced.45
3.21.2.2 Carbohydrate-binding Mechanisms

3.21.2.2.1 Influenza virus HA
The hemagglutinin from flu virus is a membrane glycoprotein that binds to the sialic acid residues of cell surface

receptors during viral invasion. X-ray crystallography has provided important insight into the mechanism of sialic

binding by this viral lectin (Figure 19). One face of the pyranose ring of sialic acid is bound to the binding site while

the other face of the ring is exposed to solution. One oxygen from the carboxylate, the acetamido nitrogen, and the

8-OH and 9-OH of the glycerol are hydrogen-bonded with conserved side-chain and main-chain polar atoms. The

acetamido methyl group is in van der Waals contact with Trp153. A nonpolar surface formed by Gly134, Leu194,

His183, and Trp153 interacts with a nonpolar surface on sialic acid constituted with C9, C7, and the acetamido methyl
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group. The 4-OH, 7-OH, and the acetamido carbonyl oxygen face toward solution. About two-thirds of the solvent-

accessible surface of the sialic acid is buried after binding to the lectin. All the sugar atoms that make hydrogen bonds

with the lectin are inaccessible to solvent. As areas segregated from bulk solvent tend to have smaller dielectric

constant, these sugar atoms may form stronger hydrogen bonds to the protein than to water. The carboxylate interacts

with a main-chain amide proton (Asn137) instead of bonding to a positively charged residue.28
3.21.2.2.2 Legume lectins
Legume lectins in general interact with carbohydrates through the side chains of three invariant amino acids: an

aspartic acid, an aparagine, and an aromatic amino acid51,52 or leucine.53 The aspartic acid and asparagine also

coordinate with the calcium ion present in all legume lectins and this coordination indirectly supports carbohydrate

binding. Another characteristic of the combining site of the legume lectins is the presence of a cis-peptide bond

between the critical asparagine and the preceding amino acid. This bond is required for proper orientation of the

asparagines.1

Although the key amino acids involved in carbohydrate binding are highly conserved, legume lectins possess the

ability to distinguish between subtle differences in monosaccharide structures. This is achieved through the differen-

tial orientation of monosaccharides in the binding sites (Figure 20). For example, in Man-specific lectins such as

ConA,54,55 lentil lectin,56 and Lathyrus ochrus lectin (LOL),57 the Od1 and Od2 of asparagine accept hydrogen bonds

from 6-OH and 4-OH of Man, whereas Nd2 of asparagine donates a hydrogen bond to the 4-OH of the sugar. The

main-chain amide of glycine, which is conserved in all legume lectins except ConA, forms an additional hydrogen

bond with the 3-OH of the monosaccharide (Figure 21). In contrast, Od1 and Od2 of asparagine of Gal-specific lectins

(such as EcorL,58 peanut agglutinin (PNA),59 and soybean agglutinin (SBA)60) accept hydrogen bonds from the 4-OH

and 3-OH, while the Nd2 of asparagine and the NH of glycine donate hydrogen bonds to the 3-OH (Figure 22). In

this way, highly conserved binding site residues interact with different monosaccharide structures. Binding specificity

apparently originates from the variability of other amino acid residues in the binding site (Figure 23).

Four loop regions (known as A, B, C, and D) of the polypeptide chain of legume lectin monomer constitute the

carbohydrate-binding site. The conserved aspartic acid and glycine belong to loops A and B, respectively, whereas the

asparagine and the hydrophobic residue reside in loop C. Additional interactions are usually provided by the back-

bone atoms of amino acids in loop D. There is a clear correlation between the lengths of loop D and the monosaccha-

ride specificity of the legume lectins. Thus, in all Man-specific lectins, this loop is identical in size, consisting of 18

amino acids of variable sequence, and it is different in size from loop D found in lectins specific for Gal/GalNAc or for

oligosaccharides only.1,61

During its interaction with an oligosaccharides, the primary site (monosaccharide-binding site) of a legume lectin

receives the nonreducing residue, while other residues of the oligosaccharide make additional contacts with the
Asp
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ECorL – galactose
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Phe

Asn

Figure 20 Hydrogen bonds between side chains of conserved amino acids that ligate Glc to LOL I and Gal to ECorL.1

Reprinted with permission from Lis, H.; Sharon, N. Chem. Rev. 1998, 98, 637–674. Copyright (1998) American Chemical

Society. Courtesy Nathan Sharon.
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extended binding site of the lectin.1 Interactions of N-acetyllactosamine, Gal(b1-3)GalNAc, and trimannoside

Man(a1-3)[Man(a1-6)]Man, by EcorL,52 PNA,62,63 and ConA,17 respectively, highlight this feature.

Structural and thermodynamic studies with ConA and the trimannoside have demonstrated that extended site

interactions contribute favorably to the binding affinity.15,16 These studies also revealed the role of individual

hydroxyl group of the trimannoside in binding (discussed in Section 3.21.2.1.1). A single water molecule plays

important role in the trisaccharide-conA interaction. 17 Binding of the linear trisaccharide Man(a1-3)Man(b1-4)
GlcNAc to LOL I involves 20 water molecules.64
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3.21.2.2.3 Cereal lectin
The crystal structure of WGA, a cereal lectin, bound to sialyllactose provides important information regarding sialic

acid recognition by a lectin. A number of hydrogen bonds stabilize the complex. Unlike legume lectins, aspartic acid or

asparagine do not participate in hydrogen bonding. In addition, nonpolar contacts with aromatic amino acids65 have

also been observed (Figure 24). The contact amino acids belong to two different subunits of the lectin, a feature not

usually observed in lectins.

The carbonyl and amide groups of Neu5Ac are hydrogen-bonded to Ser62 and Glu115, respectively, of WGA.

Several van der Waals contacts are observed with the phenyl ring of Tyr73. OH-4 of sialic acid is hydrogen-bonded to

the hydroxyl group of the same tyrosine and to an ordered water molecule. The water molecule is in turn hydrogen-

bonded to Ser114 and Ser43. The carboxylate group of sialic acid is within hydrogen-bonding distance of the hydroxyl

of Ser114. Several van der Waals contacts stabilize the orientation of the sugar ring through nonpolar stacking

interactions with the aromatic side chain of Tyr66. A third aromatic side chain, that of Tyr64, interacts through

nonpolar contacts with the glycerol tail of Neu5Ac.1 The carboxylate at the carbon-1 position of sialic acid is generally

ionized at physiological pH. This negatively charged group plays critical role in binding in many other sialic acid-

specific lectins such as Siglecs (described below).

WGA possesses four functional carbohydrate-binding sites, although two of them do not show detectable affinity in

solution. Quantitative estimates for polar, nonpolar, and ionic interactions revealed that hydrogen bonding makes the

largest contribution to complex stabilization, in agreement with thermodynamic data.66

Structures of WGA complexed with a branched sialoglycopeptide that possesses both (a2-3)- and (a2-6)-linked
terminal Neu5Ac moieties show that the glycopeptide cross-links two crystallographically related dimers (Figure 25).

This is a direct structural demonstration of cross-linking activities that occur during the binding of multi-subunit

lectins and multivalent carbohydrate ligands.67,68
3.21.2.2.4 Bulb lectins
Monocotyledonous plants produce a well-conserved family of bulb lectins that show excusive specificity for Man

(Figure 26).69–73 Garlic lectin belongs to this family. This dimeric lectin binds to high Man oligosaccharides,74,75 and

like other bulb lectins, contains three equally active Man-binding sites pre subunit (Figure 27).76–79 A highly

conserved sequence motif QXDXNXVXY in all bulb lectins is essential for Man binding.80 This motif has been

attributed to the unique Man specificity of bulb lectins. Exclusive specificity of garlic lectin for Man can be explained

by the number of strong hydrogen bonds made by the O2 and O4 hydroxyls of the sugar with the protein side-chain

atoms, all of which happen to be conserved in all similar proteins. The same hydrogen-bonding pattern cannot be

achieved with Glc or Gal; therefore, these lectins cannot recognize Glc and Gal.80

Ramachandraiah and Chandra80 found six unique mannose binding protein structures out of 97 entries in the

Protein Data Bank. These six include three legume lectins, one C-type animal lectin, and two bulb lectins. Man
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contacts stabilize the orientation of the sugar ring through nonpolar stacking interactions with the aromatic side chain of

Tyr66. A third aromatic side chain, that of Tyr64, interacts through nonpolar contacts with the glycerol tail of the Neu5Ac.

Only one water molecule appears to be involved in stabilizing the lectin–sugar complex. It is tetrahedrally coordinated by
hydrogen bonds with the 4-OH of Neu5Ac, the backbone amide of Ser114, and the hydroxyl of Ser43.1,65 Reproduced from

Sharon, N. Trends Biochem. Sci. 1993, 18, 221–226, copyright (1993), with permission from Elsevier.
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residue interacts with legume lectins (such as ConA, pea lectin, and lentil lectin) through conserved amino acids and

water molecules while metal ions support the integrity of the binding site. The 2-OH and 3-OH of Man hydrogen

bond only to water molecules or main-chain nitrogens or oxygens in these structures. The 4-OH hydroxyl, however,

hydrogen-bonds to conserved asparagine and aspartic acid residues. The asparagine side chain is held in position by a

strong coordination by a calcium ion. In contrast, sugar is directly coordinated to calcium ions through the 3-OH and

4-OH in Man-binding C-type lectin. The 3-OH also hydrogen-bonds with conserved glutamic acid and asparagine

side chains, while the 4-OH hydrogen-bonds with another set of glutamic acid and asparagine side chains.

It was found80 that some features were common to all six unique Man-binding lectins despite the absence of

any sequence or structural homology in the three lectin families. For example, hydrogen-bonding patterns have many

features in common in all the proteins irrespective of sequence, fold, and topology of the individual lectins. Every

structure also has a hydrophobic residue (either a valine or an alanine) capable of van derWaals interactions with one or

the other carbon atoms of the sugar. This particular arrangement of hydrogen-bonding atoms in conjunction with

correctly oriented hydrophobic residue provided the framework necessary for Man binding. Assignment of contact

residues is very different in these three different types of lectin families. Residues involved in ligand binding belong

to a single segment in bulb lectins, to four different loops in legume lectins, and to a loop and a b-sheet in C-type

lectins.

In bulb lectins, the signature sequence or motif provides the required topology and geometry at the binding. In

legume lectins, metal ion coordination results in the appropriate positioning of the Asp/Asn side chains for

Man binding. Whereas, in C-type lectins, a calcium ion directly coordinates with the hydroxyl groups of the Man

residue. While Asp/Glu and Asn side chains are common in all of them, the hydrogen bonds they make with Man

appear to be with different sugar hydroxyls in different lectins. Similarly, van der Waals interactions with Val/Ala may

involve different carbon atoms of the sugar in different lectins. These subtle differences are expected to influence the
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orientation of carbohydrate ligand in the binding site. Differential ligand orientation may help achieve different

carbohydrate specificities.

C-type lectins can tolerate other sugars such as Gal and Glc in their binding pockets; however, bulb lectins show

very specific interaction with Man. This specificity results primarily through the recognition of 2-OH of Man by

conserved side chains in the bulb lectins. The orientation patterns in legume and C-type lectins for the O2 hydroxyl

mainly involve main-chain nitrogens and water molecules, which do not contribute to specificity.80
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Figure 27 Crystal structure of garlic lectin showing the six Man-binding sites in a lectin dimer. E, F, and G correspond to

the first, second, and third sites in the first subunit; I, J, and K refer to the three binding sites in the second subunit. The Man

molecules are shown in a CPK representation. Reprinted from Ramachandraiah, G.; Chandra, N. R.; Surolia, A.; Vijayan, M.

Glycobiology 2003, 13, 765–775, by permission of Oxford University Press.
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3.21.2.2.5 Galectins
Galectins are b-galactoside specific animal lectins that possess highly homologous carbohydrate recognition domains

(CRDs). Galectins bind to lactose, LacNAc, or related carbohydrate structures.81–85 Crystallographic studies revealed that

the structural bases of carbohydrate binding by galectin-1,-2,-3, and -7 are essentially similar.86–90 Amino acid residues of

galectins involved in carbohydrate binding belong to four adjacent b-strands. These strands are contiguous in the primary

sequences of the galectins and are conserved among the different members of this family. The 4-OH of Gal in LacNAc or

lactose is hydrogen-bonded to the side chains of three invariant amino acids – histidine, asparagine, and arginine. The 6-

OH of Gal is also hydrogen-bonded with the lectin. A conserved tryptophan is stacked against the sugar ring. In the

galectin/lactose complex (Figure 28), the Glc moiety contributes to binding via its 2-OH and 3-OH, while in the

galectin/N-acetyllactosamine complex, only the 3-OH of N-acetylglucosamine is hydrogen-bonded to the lectin.1
3.21.2.2.6 C-type lectins

3.21.2.2.6.1 Mannose-binding proteins

MBPs are soluble serum collectins that are involved in immunoglobulin-independent host defense. Crystal structures

of MBP-A complexed with an oligomannose oligosaccharide and the structures of rat liver MBP (MBP-C) with Man,

Glc, and Fuc have provided insights into the binding mechanism of C-type lectins.91–93 A protein-bound calcium ion
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interacts with the 3-OH and 4-OH of Man (Figure 29). Direct involvement of a metal ion in ligand binding is unique

to C-type lectins. However, the recently characterized PA-IIL has two calcium ions directly participating in Fuc

binding (Figure 37).94–96 The single calcium ion in Man-specific C-type lectins is coordinated to the side chains of

two glutamic acids and two asparagines that are also hydrogen-bonded to the same 3-OH and 4-OH ofMan. These four

amino acids are conserved in all Man-specific C-type lectins; two of them are displayed in the sequence Glu-Pro-Asn

(positions 185–187 in MBP-A).

In Gal-specific C-type lectins, the glutamic acid is replaced by glutamine and the asparagine by aspartic acid. This

observation suggested that the three amino acids at these positions are the primary determinant of specificity of the

C-type lectins.1 Mutant MBP-A, in which Glu185 and Asn187 were replaced by glutamine and aspartic acid,

respectively, indeed showed a three times higher affinity for Gal over Man.97 Affinity and specificity of mutant MBP-A

for Gal was further increased by replacing its His189 with a tryptophan and by inserting a glycine-rich segment of

five amino acids. The crystal structures of the Gal-specific mutant MBP-A complexed with methyl b-galactopyranoside
and N-acetylgalactosamine revealed that the 3-OH and 4-OH groups of Gal were directly coordinated to Ca2þ and

formed hydrogen bonds with amino acids that also serve as Ca2þ ligands.98 A similar binding mechanism was observed

with Man.98 However, the orientations of bound Man in the wild type and Gal in the mutant were different due to

differences in the stereochemistry of the 4-OH in Man and Gal and the fixed Ca2þ coordination geometry. Moreover,

the apolar patch, formed by the 3, 4, 5, and 6 carbons of Gal orN-acetylgalactosamine, stacked against the side chain of

Trp189. Such stacking of the monosaccharide against an aromatic amino acid, a general feature of Gal-specific lectins,

is not observed in MBP–Man complex.1

3.21.2.2.6.2 Selectins

The selectins are a group of cell surface C-type lectins that participate in the recruitment of leukocytes into the sites of

inflammation and their emigration into lymphatic tissues. E-selectin and P-selectin appear on vascular endothelium in

response to inflammation while L-selectin is expressed on leukocytes. Selectins recognize the tetrasaccharide, sialyl-

Lewisx (SLex), and its isomer sialyl-Lewisa.99–101

Selectins show relatively weak affinities (micromolar to millimolar) for SLex; however, certain glycoproteins

(P-selectin glycoprotein ligand-1 (PSGL-1), GLyCAM-1, LFA-1, MAdCAM-1,CD34) interact with selectins with

enhanced affinities.99,100,102 The mucin like PSGL-1 molecule is recognized by all three selectins. O-Linked SLex

epitopes and one or more tyrosine sulfate residues at the N-terminus of PSGL-1 polypeptide are essential components

for high-affinity interaction with P-selectin. L-selectin displays comparable structural requirements for high-affinity

binding. On the other hand, E-selectin interacts with PSGL-1 in a tyrosine sulfate-independent manner.102–104

The affinity of P-selectin for SLex-modified PSGL-1 is in the nanomolar range, while E-selectin possesses

significantly lower affinity for the same ligand. The Kd of P-selectin/SLex was determined as 7.8mM, whereas

E-selectin binds the same tetrasaccharide with 10-fold higher affinity.99



Figure 30 Stereo view of sialyl LewisX (SLeX) bound to the CRD of E-selectin (E-LE) focusing on the Fuc interaction. E-LE

is shown in green, SLeX residues are shown in purple, and the calcium ion is shown as a yellow sphere. A bound water
molecule is shown as a red sphere. Dashed lines represent calcium ligation and hydrogen bonds. Reproduced from

Somers, W. S.; Tang, J.; Shaaw, G. D.; Camphausen, R. T. Cell 2000, 103, 467–479, copyright (2000), with permission

from Elsevier.

Figure 31 Stereo view of SLeX bound to the CRD of E-selectin (E-LE) focusing on the Gal and Neu5Ac interactions.

Reproduced from Somers, W. S.; Tang, J.; Shaaw, G. D.; Camphausen, R. T. Cell 2000, 103, 467–479, copyright (2000),
with permission from Elsevier.
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The tetrasaccharide (SLex) binding sites of E- and P-selectins are comparable and the conformation of SLex

remains identical in both structures.99 The interactions are predominantly electrostatic in nature. In both structures,

3- and 4-hydroxyl groups of the Fuc residue of SLex interact with the selectin-bound calcium ion (Figure 30).

In homologous MBP-C binding site, 2-OH and 3-OH of Fuc bind to the calcium ion.92 Apart from ligating to the

bound calcium ion, the Fuc hydroxyl groups make hydrogen bonds with residues of selectins which are also involved

in calcium coordination. The 4-OH of Fuc replaces a calcium-coordinated water molecule and makes hydrogen bonds

to Asn82 and Glu80. Similarly, 3-OH of Fuc hydrogen-bonds with Asn105, displacing another calcium-ligated water

molecule. The Gal residue of the SLex tetrasaccharide makes hydrogen bonds with Tyr94 and Glu92. The carboxylate

group of sialic acid residue (Neu5Ac) makes hydrogen bonds with Tyr48 (Figure 31). The number of additional



Figure 32 (a) Electrostatic potential surface representation of parts of the CRD of P-selectin with bound SGP-3. The
peptide portion of SGP-3 is shown in green (sulfur is shown as a yellow atom) and the carbohydrate portion is blue. Selected

amino acid residues of P-selectin important for the interactions with SGP-3 are labeled in white. (b) Ball-and-stick view

of the Fuc residue of the SLex glycan of SGP-3 and its interactions with the CRD of P-selectin. P-selectin is shown in purple,

the Fuc residue in orange, and the strontium ion is shown as a green sphere. The oxygen, nitrogen, and carbon atoms are
shown as red, blue, and black spheres, respectively. The oxygen of a bound water molecule is shown as a red sphere

(asterisked). Brown lines represent metal ligation and hydrogen bonds. Reproduced from Kogelberg, H.; Feizi, T.Curr. Opin.

Struct. Biol. 2001, 11, 635–643, copyright (2001), with permission from Elsevier.
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contacts made by Neu5Ac depends on the selectin involved. In P-selectin, Ser99 is hydrogen-bonded to 4-OH of

Neu5Ac, and its C4 packs against Pro98. A different conformation of Neu5Ac residue in E-selectin binding site results

in more extensive interactions.99 In order to avoid an unfavorable contact with Arg99, the positioning of Neu5Ac is

changed in E-selectin where the carboxylate group and the glycosidic oxygen is hydrogen-bonded to Arg97. The

difference in Neu5Ac binding and a lack of productive interaction involving Asn83 were cited as the reasons for lower

affinity of P-selectin/SLex interaction.99

The X-ray structure of the P-selectin complex with glycopeptide SPG-3 (N-terminal domain of the glycoprotein

PSGL-1) shows that the peptide adopts a hairpin-like conformation, facilitating simultaneous interactions of P-

selectin with two sulfate groups and the carbohydrate residues of SPG-3 (Figure 32). The sulfate group of Tyr7 is

known as a high-affinity binding determinant and it is involved in numerous electrostatic interactions. Binding of the

sulfate group of Tyr10 to Arg85 of P-selectin results in translocation of the Asn82–Asp89 loop and subsequent slight

rearrangement of the Fuc-binding mode compared with the E- and P-selectin–SLex complexes (Figure 32). A large

surface area is buried in the P-selectin–SGP-3 complex. The anionic sulfotyrosine region binds to a region of positive

electrostatic potential on P-selectin (this area may also interact with anionic glycoconjugates such as heparin sulfate,

sulfatides, and fucoidan).100 However, the carbohydrate moieties (as in the P-selectin–SLex complex) interact with a

region of neutral and negative electrostatic potential of P-selectin (Figure 32). Arg85 and His114 of P-selectin make

important contacts with the sulfate groups on Tyr7 and Tyr10 of PSGL-1.99,105 This interaction may be missing in

E-selectin, because the corresponding residues are Gln85 and Leu114. L-selectin shows lower affinity for SGP-3

compared with P-selectin. The absence of a basic residue at position 114 that interacts with the second tyrosine sulfate

is attributed to the lower affinity of L-selectin for SGP-3.99,105
3.21.2.2.7 P-type lectins
The P-type family of animal lectins is comprised of two type I integral membrane receptor glycoproteins, namely, the

46kDa cation-dependent mannose 6-phosphate receptor (CD-MPR) and the 300 kDa insulin-like growth factor II/

cation-independent MPR (IGF-II/CI-MPR). These receptors interact with the mannose 6-phosphate (M6P) moieties

of N-linked oligosaccharides on lysosomal enzymes and help transport the enzymes from the trans-Golgi network to

prelysosomal compartments. P-type lectins do not show any sequence homologies with other lectins.106,107
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The crystal structures of the extracytoplasmic domain of CD-MPR complexed with M6P and pentamannosyl

phosphate106,108 provide important insights into the molecular basis of carbohydrate recognition by CD-MPR.

Structural data clearly establish the terminal M6P moiety as the major determinant of ligand binding and demonstrate

how the binding site interacts with a pentamannosyl phosphate.

As discussed above, the loop region residues of legume lectins and the amino acid side chains in the b-strand of

galectins exclusively interact with carbohydrates. In contrast, residues from both the loop regions and the b-strand
of CD-MPR are involved in protein–carbohydrate interactions 108 The carbohydrate-binding site of CD-MPR is deep

enough to completely surround the terminal M6P residue and the penultimate sugar ring of bound pentamannosyl

phosphate (Figure 33).108 This is in contrast with the structures of the binding sites of other lectins that are

comparatively shallow in nature. The depth of the binding pocket provides multiple interactions between CD-

MPR and its carbohydrate ligands and probably contributes to the relatively high affinity (�6–8mM) observed with

the monosaccharide, M6P. This affinity is orders of magnitude higher than those generally observed in lectin–

monosaccharide interactions. Stacking carbohydrate ligands with aromatic amino acid side chains, a common feature of

lectin–carbohydrate complex formation, is not observed in the CD-MPR/M6P complex. Instead, an intricate network of

hydrogen bonds and ionic interactions stabilizes CD-MPR/carbohydrate complexes. For example, nine amino acids

(Tyr45, Gln66, Asp103, Asn104, His105, Arg111, Glu133, Arg135, and Tyr143) make hydrogen bonds with the terminal

M6P moiety, three amino acids (Asp43, Tyr45, Gln68) are in contact with the penultimate Man, and Gln68 is also

hydrogen-bonded with the adjacent sugar.107 (Figure 34).

Interactions between the 2-OH group of the terminal M6P and the side chains of Gln66 and Arg111 play a key role

in conferring the binding specificity of CD-MPR for M6P.107 His105 is hydrogen-bonded to one of the phosphate

oxygen atoms and has been implicated in the pH-dependent binding properties of CD-MPR, a feature essential for

releasing ‘cargo’ in low-pH prelysosomal compartments. The phosphate group contributes significantly to the

enhanced affinity of M6P. This is consistent with the observation of several hydrogen bonds and ionic interactions

involving the phosphate moiety, including its interactions with the main chains of Asp103 and Asn104. Additional

contacts to the phosphate group are made by a water molecule and a Mn2þ ion.107

Analysis of structural data indicates that the presence of the Mn2þ cation enhances binding of the phosphate group

by shielding it from the negatively charged binding site residue, Asp103. However, the divalent cation does not play

any critical role in ligand binding as reported in some other lectins including C-type lectins. Lectins in general do

not show significant conformational changes upon ligand binding. However, ligand-bound and free forms of CD-MPR

show dramatic structural differences. During the ‘free-to-bound’ transition, the receptor monomers move significantly

relative to each other in order to open up the ligand-binding sites (Figure 35).107 In the the ligand-free form, loopDbends

into the unoccupied binding cleft and helps to maintain the correct orientation of the binding site residues. In other

lectins, such as mannan-binding lectins and galectins, unbound sites are generally occupied by water molecules that fill

the void otherwise held by the hydroxyl groups of sugar molecules in their bound states.107,109
Figure 33 Ligandat thebinding site ofCD-MPR. The terminal three sugar residuesof pentamannosyl phosphate (solid yellow)

are bound toCD-MPR (redmesh).108 Reproduced from Olson, L. J.; Zhang, J.; Lee, Y. C.; Dahms, N. M.; Kim, J.-J. P. J. Biol.

Chem. 1999, 274, 29889–29896, with permission of American Society for Biochemistry & Molecular Biology (ASBMB).
Copyright 1999 by ASBMB.
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Figure 36 AAA binding site complexed with Fuc.110 Reprinted by permission from Macmillan Publishers Ltd: Nature

Structural and Molecular Biology (Bianchet, M. A.; Odom, E. W.; Vasta, G. R.; Amzel, M. Nat. Struct. Biol. 2002, 9, 628–634),
copyright (2002).

(a) (b)

Figure 35 Ligand-induced conformational change of CD-MPR. (a) Crystal structure of the extracytoplasmic region of the

bovine CD-MPR in the presence of pentamannosyl phosphate. (b) Crystal structure of the unbound form of the CD-MPR at

pH 6.5. As compared with the ligand-bound form, the unbound CD-MPR exhibits several significant conformational

changes, particularly in the positions of loops C and D.107 Reproduced from Dahms, N. M.; Hancock, M. K. Biochim.
Biophys. Acta 2002, 1572, 317–340, with permission from Elsevier.
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3.21.2.2.8 Fucose-binding lectins

3.21.2.2.8.1 Anguilla anguilla agglutinin

The serum lectin of European eel (Anguilla anguilla) (Anguilla anguilla agglutinin (AAA)) is specific for Fuc and binds

to blood group H and Lewisa antigens. The structure of AAA complexed with a-L-Fuc110 revealed a new CRD

sequence motif as well as a novel animal lectin fold. The fold comprises a b-jellyroll sandwich composed of three- and

five-stranded b sheets. The O5, 3-OH, and 4-OH of a-L-Fuc interact with Arg79, Arg86, and His52. The sugar makes

van der Waals contacts with a unique disulfide bridge formed by contiguous cysteines (Figure 36). The 6-deoxy

methyl moiety docks in a hydrophobic cavity stacking against the rings of His27 and Phe45. Modeling experiments

show that binding of H type 1 and Lea trisaccharides involve additional interactions with residues in the loops

surrounding the binding pocket.110 These interactions apparently fine-tune the binding specificities of the lectin for

glycoconjugate ligands.

Multiple isoforms of the Japanese eel fucolectin show variability of critical residues in the binding pocket and

surrounding loops. This variability may cause alternative interactions with terminal and subterminal sugar units

resulting in diverse oligosaccharide specificities. This observation supports the role of AAA as an innate immunity
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protein. Moreover, the collectin-like trimeric structure of AAA suggests potential multivalent interactions with

glycoconjugates displayed on microbial surfaces. The Fuc-binding site on the AAA trimer could potentially cross-

link Fuc-containing groups that are 23Å apart on a pathogen surface. The Man-binding lectin trimer can cross-link

epitopes that are 45Å apart. Unlike C-type lectins, calcium does not participate in ligand binding; however, it is

essential for the stabilization of the AAA structure.110,111
3.21.2.2.8.2 Bacterial and fungal lectins

A soluble lectin, PA-IIL, isolated from the Gram-negative bacterium Pseudomonas aeruginosa binds preferentially

to Fuc. PA-IIL is a tetrameric lectin and its carbohydrate-binding site contains two calcium ions (Figure 37).95

A unique feature observed in the PA-IIL/Fuc complex is the direct involvement of both calcium ions in carbohydrate

binding. The 2-OH, 3-OH, and 4-OH of Fuc participate in the coordination of calcium ions. The same OH groups also

make hydrogen bonds with three amino acids in the calcium-binding site. The Fuc ring oxygen is hydrogen-bonded

with main-chain nitrogen of Ser23. The methyl group of Fuc is involved in hydrophobic interaction with Ser23 and

Thr45, and this interaction has been shown to contribute to the binding affinity.96,112 Experimental and theoretical

docking experiments suggest that the Lewisa series of oligosaccharides are probably the natural ligands of this lectin.

PA-IIL shows unusually high affinity for Fuc. The authors reasoned that extensive delocalization of charges between

the calcium ions, the side chains of the protein-binding site, and the carbohydrate ligand is responsible for the high

enthalpy of binding and therefore for the unusually high affinity (micromolar) observed in this unique mode of

carbohydrate recognition. The relatively favorable entropic term also contributes to the enhanced affinity.94

Favorable entropic effect observed for Gal binding by ECorL113 may result from the release of two tightly bound

water molecules upon sugar binding.114 Three tightly bound water molecules are released from the calcium ion of

PA-IIL upon binding Fuc that may contribute to the observed relatively favorable binding entropy.115,116 Carbohy-

drate ligand binding by C-type lectins requires one calcium ion. The pentraxin family of lectins that include serum

amyloid P (SAP) component and C-reactive protein (CRP) contains two closely spaced calcium ions that are involved

in ligand binding. However, they differ from PA-IIL since they only bind to negatively charged carbohydrates.117
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Figure 37 Interactions of PAIIL with calcium ions and Fuc with modeled hydrogen atoms. Coordination contacts are

indicated by solid lines and hydrogen bonds by dashed lines.95 Reprinted from Mitchell, E. P.; Sabin, C.; Šnajdrova, L.;
Pokorná, M.; Perret, S.; Gautier, C.; Hofr, C.; Gilboa-Garber, N.; Koča, J.; Wimmerová, M.; et al. Proteins: Struct. Funct.

Bioinform. 2005, 58, 735–746, with permission of John Wiley & Sons Inc., copyright (2005).
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The Fuc-binding lectin, RSL, from the bacterium Ralstonia solanacearum is a trimeric b-propeller protein with six

binding sites per trimer. RSL is structurally similar to the Fuc-binding fungal lectin from Aleuria aurantia (AAL). The

ligand-binding sites of AAL and RSL are very similar, and are characterized by numerous hydrogen bonds to the side

chains of polar amino acids and by strong hydrophobic interactions between aromatic residues (Figure 38). Unlike

PA-IIL, binding of carbohydrate ligand by RSL does not involve a calcium ion; nevertheless, its affinity for Fuc

is comparable to that of the former. As observed with PA-IIL, a comparatively favorable entropic effect contributes to

the high-affinity binding.118

The GlcNAc-binding lectin from the mushroom Psathyrella velutina is a seven-bladed b-propeller protein. Five
hydrogen bonds between the protein and the sugar hydroxyl and N-acetyl groups and the hydrophobic interactions

with a conserved tyrosine and histidine mediate the binding of GlcNAc by this lectin. However, unlike the other

b-propeller lectin RSL, it shows very weak affinity for its monosaccharide ligand, GlcNAc.119

Another well-characterized b-propeller protein is tachylectin-2 from Japanese horseshoe crab. Tachylectin-2 is

toroidal in shape, with five carbohydrate-binding sites found in a plane on one face.120 The structures of b-propeller
lectins and the nature of distribution of their carbohydrate-binding sites are very favorable for multivalent interaction

with sugar ligands.88
3.21.2.2.9 I-type lectins
The Siglecs (sialic acid-binding Ig-like lectins) are a subset of I-type lectins that are expressed in the hemopoietic,

immune, and the nervous system. They are type I membrane proteins with an N-terminal sialic acid binding V-set Ig

domain and varying numbers of C2-set Ig domains. Siglecs recognize sialic acid-containing glycoconjugates and

participate in signaling and adhesive functions.121–126

The X-ray crystal structure of the N-terminal domain of sialoadhesin in complex with 30-sialyllactose reveals

the dominant roles of sialic acid in complex formation (Figure 39).122 One face of the sialic acid pyranose ring lies

toward the protein surface, while the other face is exposed to solvent. Each of the ring substituents of sialic acid

interacts with the protein. The carboxylate forms a salt bridge with the guanidino group of Arg97. The acetamido

methyl group is in van derWaals contact with the indole ring of Trp2, and the terminal carbon of the glycerol side chain

(C9) contacts the aromatic side chain of Trp106. The 8- and 9-OH groups of the glycerol side chain form hydrogen

bonds with the main-chain amide and carbonyl of Leu107, respectively. The amide nitrogen of the N-acetyl group

makes a hydrogen bond with the main chain carbonyl of Arg105, and the 4-OH interacted with the main chain

carbonyl of Ser103. Interactions of sialic acid with the side chains of Trp2, Arg97, and Trp106 appear to provide the

basic sialic acid recognition template in all Siglecs, as these residues are highly conserved in their sequences.122

The Gal moiety of 30-sialyllactose binds via a lone hydrogen bond between its 6-OH group and the phenolic

hydroxyl group of Tyr44 of sialoadhesin (Figure 39).122 The conformation of bound 30-sialyllactose is similar to that of

its complex(es) with influenza hemagglutinin127 and WGA.65

Sialic acids are generally found as the terminal sugar residues of N- and O-linked glycans and glycolipids. Among

the limited number of reported sialic acid-binding mammalian proteins, Siglecs and selectins are best characterized.

The selectins interact with sialylated and sulfated Lewisx and Lewisa, whereas Siglecs recognize oligosaccharides with

terminal sialic acid. Although they are required for binding by both groups of lectins, sialic acid shows much more

dominant binding interactions with Siglecs. However, the affinity of Siglecs for sialic acid is generally weak. For

example, the affinity of sialoadhesin for methyl a-Neu5Ac is 1–3mM.128,129

The sialic acid-binding sites of Siglec-7 and sialoadhesin show the conserved nature of some of the residues

important in the interaction with sialic acid.123 An arginine (Arg124), conserved in all Siglecs, interacts with the

carboxyl group on the terminal sialic acid (Figure 40). Trp132 (equivalent of Trp106 of sialoadhesin) provides a

hydrophobic interaction with the glycerol moiety. Protein backbone hydrogen bonding with the glycerol and N-acetyl

groups observed in the sialoadhesin complex may also be formed in the Siglec-7-binding site. Nevertheless, the

following differences have also been noted: Trp2 of sialoadhesin forms a hydrophobic contact with theN-acetyl methyl

group. This tryptophan is substituted by Tyr26 in Siglec-7, which has the potential to form hydrogen bonds with the

N-acetyl carbonyl group. In Siglec-9, this residue is absent. Mutational studies with sialoadhesin showed that the Trp2-

mediated hydrophobic interaction was important for Neu5Ac recognition.122 Sialoadhesin cannot interact with

N-glycolylneuraminic acid, since presence of the additional oxygen atom in the latter form of sialic acid would be

expected to result in a steric clash (Figure 40). All Siglecs, except sialoadhesin andMAG, can bind both N-acetyl- and

N-glycolylneuraminic acid, suggesting that the hydrophobic contact with the Neu5Ac may not be important for sialic

acid recognition in all cases. This is probably the reason why Siglec-9 shows significant sialic acid binding in the

absence of an equivalent aromatic residue.123



(a) (b)

Figure 38 RSL trimer complexedwith Fuc. (a) Ribbon diagram of the complexwith Fuc (shown as sticks). (b) Fuc in binding

site 1 with hydrogen bonds represented by dashed lines. Reproduced from Kostlanová, N.; Mitchell, E. P.; Lortat-Jacob, H.;

Oscarson, S.; Lahmann, M.; Gilboa-Garber, N.; Chambat, G.; Wimmerová, M.; Imberty, A. J. Biol. Chem. 2005, 280, 27839–
27849, with permission of American Society for Biochemistry & Molecular Biology (ASBMB). Copyright 2005 by ASBMB.
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Figure 39 Interactions between the B molecule of recombinant N-terminal domain of sialoadhesin (SnD1) and
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American Society for Biochemistry & Molecular Biology (ASBMB). Copyright 2003 by ASBMB.

F
u
n
d
a
m
e
n
ta
ls

o
f
L
e
c
tin

–C
a
rb
o
h
y
d
ra
te

In
te
ra
c
tio

n
s

4
2
9



430 Fundamentals of Lectin–Carbohydrate Interactions
The members of the Siglec family possess differential linkage specificities that have been implicated to the

structures of C–C loop. Alignment of different Siglec sequences demonstrates the variability of the C–C loop region.

Interaction of subterminal sugars with the side chains of variable C–C loop may contribute to the differential linkage

specificities.123 This is reminiscent of the loop-derived specificities of legume lectin.
3.21.3 Multivalent Carbohydrate Binding

The affinities of lectins for monovalent carbohydrates are generally weak, in the millimolar to micromolar range.

However, multivalent binding interactions between carbohydrates and lectins can result in substantially higher

affinities, often in the nanomolar range. This is due, in part, to multivalency of the carbohydrate (Figure 41), and,

in some cases, to themultivalent binding properties of lectins. Themultivalent binding properties of lectins often result

from their multi-subunit structures (Figure 42). Examples include the mammalian C-type lectins including selectins

that oligomerize to form clusters;130 the Siglecs that exist as monomer, dimer, and higher oligomers;126 and galectins

that are dimeric (e.g., galectin-1), two-site (e.g., galectin-4),81 or higher oligomeric proteins (e.g., galectin-3).131 The

ligands of selectins (PSGL-1, GlyCAM-1, CD34, MAdCAM-1),102 Siglecs (CD43, PSGL-1, CD45, Muc-1),126 and

galectin-1 (CD45, CD43)132 possess multiple glycan structures including mucin domains and are therefore highly

multivalent (Figure 43). It has also recently been shown that a monomeric lectin can bind with high affinity (avidity)

to a multivalent glycoprotein.133
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Figure 41 Branched or polymeric structures of natural glycans. Reproduced with permission from Fuster, M. M.; Esko,

J. D. Nature Reviews Cancer 2005, 5, 526–542, copyright (2005) Macmillan Magazines Ltd.
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Figure 43 Interactions between P-selectin and PSGL-1. P-selectin molecule is depicted binding to each of the two

subunits of PSGL-1. The CRD of P-selectin makes contacts with an NH2-terminal SLeX-containing, core-2 O-glycan and

a nearby tyrosine sulfate residue of PSGL-1. The EGF domain and the nine short consensus repeats in the extracellular

domain of P-selectin, and the 16 decameric consensus repeats in the extracellular domain of PSGL-1 are also shown. The
monosaccharides on the O-glycans of PSGL-1 are: sialic acid (filled diamonds), Gal (open circles), GlcNAc (filled boxes),

and Fuc (filled triangles). Reproduced from McEver, R. P.; Cummings, R. D. J. Clin. Invest. 1997, 100, 485–492, with

permission of American Society for Clinical Investigation. Copyright 1997 by American Society for Clinical Investigation.
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Figure 42 Schematic representation of hepatic lectin (1), selectin (2), macrophage mannose receptor (3), collectins (4),

DC-SIGN (5), galectin (6), legume lectin (7). Modified after Drickamer, K.Curr. Opin. Struct. Biol. 1993, 3, 393–400, copyright
(1993), with permission from Elsevier.
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The importance and occurrence of multivalecy in carbohydrate–lectin interactions have been described in many

publications.130,134–142 These reports suggest that the number of carbohydrate epitopes and their spatial distribution,

as well as the number and spatial distribution of binding sites on the lectin, guide multivalent interactions which fall

into two general classes: intramolecular and intermolecular binding mechanisms. Figure 44 shows illustrations of

these two types of mechanisms.
3.21.3.1 Intramolecular Binding

3.21.3.1.1 Asialoglycoprotein receptor
Ashwell and co-workers143,144 first demonstrated the magnitude of affinity increase and the importance of multi-

valency through their studies of the rabbit hepatic lectin. The C-type Gal/GalNAc-binding mammalian hepatic lectin

(Figure 42) (known as asialoglycoprotein receptor, ASGP-R), and the GlcNAc-binding avian hepatic lectin, trimerize

through their stalk, and further dimerize to stable hexamers. On the surface of hepatocytes, the hexamers form an

array of binding sites that bind carbohydrate ligands with high affinity. Both hepatic lectins bind to their multivalent

ligand so tightly that the bound complex remains intact during endocytosis and passage to the endosomes. Studies

with C-type lectins by Lee and colleagues145–152 unequivocally established the role of multivalency in affinity
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enhancement. They demonstrated that configurational complemetarity between the binding sites and carbohydrate

ligand is the main requisite for the high affinities. Using mono- or disaccharide containing bovine serum albumin

(BSA)-based neoglycoproteins, they showed that a linear increase in the number of terminal Gal/GalNAc residues

causes an exponential increase in binding affinity. Even smaller bi- and trivalent oligosaccharides showed high affinity.

The authors suggested that the binding unit of rat hepatic lectin on the hepatocyte surface is composed of three

binding sites that are configurationally complementary to a trivalent oligosaccharide.

The authors also showed that when the lectin subunits are not organized, the same bi- and trivalent oligosaccharides

do not bind with high affinity. Similarly, rigidly organized hepatic lectin on hepatocyte surface lost affinity when it

interacted with multivalent ligands that were more flexible compared to bi- and trivalent oligosaccharides. The degree

of affinity enhancement decreased when both lectin and ligands were flexible. Lee and colleagues also studied the

multivalent binding properties of another C-type lectin known as the MBP. MBP is a trimeric lectin that can form an

aggregate of up to six trimeric units.130 Neoglycoproteins with increasing numbers ofMan residue showed exponential

enhancement of affinity; however, the slope value for MBP was smaller than that for the mammalian hepatic lectin,

and the maximum affinity leveled off around 30nM when more than 24 Man residues per molecule of BSA were

present. The relatively restricted affinity enhancement observed with MBP is probably due to the binding site

arrangements of the MBP trimer, which is more widely separated and flexible than those of the hepatic lectins.
3.21.3.1.2 Shiga-like toxin and cholera toxin
Shiga-like toxin (SLT) and CT belong to bacterial AB5 toxin family that contains an enzymatically active A subunit

and a doughnut-shaped pentameric B-subunit with 15 carbohydrate binding sites (3 sites per monomer). The sites are

arranged on one surface of the pentamer, while the A-subunit is attached to the opposite surface. Of the three binding

sites present on each monomer of B-subunit, site 1 and site 2 are more important in terms of ligand binding.153 SLT

and CT have been shown to follow similar mechanisms of multivalent binding. Bundle and colleagues153,154

synthesized a decavalent ligand named STARFISH (Figure 45) designed to bind 10 binding sites (site 1 and site

2 on each monomer) of the B-pentamer. STARFISH is composed of five spacer arms radiating from a central Glc. Two

properly spaced Pk trisaccharides were connected to the outer end of each arm. STARFISH showed over a millionfold

higher activity than the monovalent Pk trisaccharide. Crystal structures of SLT–STARFISH complexes show that

instead of binding site 1 and site 2 of the same B-subunit monomer, two Pk trisaccharides on each arm of the
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(a) (b)

Figure 46 Mode of binding of STARFISH to SLT-1. (a) Stereo diagram of the crystallographic dimer of B-subunit

pentamers of SLT-I linked by the STARFISH ligand. For the protein, b-strands are illustrated as broad arrows and a-helices
as coiled ribbons. The ligand is shown in a ball-and-stick representation, with gray bonds connecting atoms of the

carbohydrate component and magenta bonds connecting atoms of the linker. (b) Diagram of half of the STARFISH:

SLT-1 B5 sandwich. The representation is as in (a), except that dashed magenta lines show a possible conformation for

the central component of the linker, which could not be seen clearly in the electron density. Reprinted by permission
from Macmillan Publishers Ltd: Kitov, P. I.; Sadowska, J. M.; Mulvey, G.; Armstrong, G. D.; Ling, H.; Pannu, N. S.;

Read, R. J.; Bundle, D. R. Nature 403, 669–672, copyright (2000).
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STARFISH interacted with site 2 of two different B-subunits forming a 1:2 STARFISH/B-subunit sandwiched

complex (Figure 46). As seen in the hepatic lectin model, this mode of multivalent interactions results in enormous

increases in binding affinity. In subsequent publications, this group proposed a thermodynamic model that describes

this system.155

Hol and colleagues156 designed and synthesized nonbranched pentavalent and branched decavalent ligands

(Figure 47) that interact with CTwith enhanced affinity. The pentavalent ligand forms a 1:1 complex with CTand

the decavalent ligand gives rise to a 1:2 ligand/CTcomplex. Like the SLT model, reduction of entropic cost through

preordering is the main factor for high-affinity binding. During decavalent ligand binding, association of the second

B-pentamer is less favorable than the first B-pentamer. This was evident from the rapid shift of the 1:2 to 1:1 complex.

The high-affinity interaction between ganglioside GM1 pentasaccharide and CTwas suggested to originate from the

conformational preorganization of the oligosaccharide.157

The large affinity enhancements described above are due to configurational complementarity between the lectin-

binding sites and multivalent carbohydrates. The overall binding energy is close to the sum of the binding energy at

individual sites, suggesting that the overall binding energy experiences little entropic penalty. This is elegantly shown

from thermodynamic binding studies with vancomycin by Whitesides and co-workers.158

Vancomycin (V) is a glycopeptide antibiotic that is active against Gram-positive bacteria. It binds to the C-terminal

D-Ala-D-Ala (DADA) of the bacterial cell wall mucopeptide precursors and disrupts the structure of the cell

wall resulting in lysis. Whitesides and co-workers used V and DADA as models to study multivalent binding

interactions.158,159 Although this system does not involve carbohydrate–protein interactions, it provides important

insights into the thermodynamics of multivalent ligand–receptor interactions described in the above systems. The

authors studied a trivalent system of receptor and ligand derived from vancomycin (RtV3) and DADA (R0tL03),
respectively (Figure 48), where the trivalent receptor is engaged in intramolecular binding with the trivalent ligand.

This trivalent interaction showed exceptionally high affinity compared to monovalent binding.158 Although the

enhanced affinity was too high to determine by ITC (�1017M–1; the affinity of the corresponding monovalent analogs

was 106M–1), they reported an ITC-derived DH for the interaction of RtV3 and R0tL03. DH and TDS for the trivalent

binding were approximately three times greater than that of the monovalent ligand. The increased enthalpy without a

large compensatory loss in entropy was the origin of enhanced affinity and was attributed to the complementary

intramolecular binding of the trivalent receptor by the trivalent ligand. This appears to be a very important

thermodynamic model of intramolecular multivalent binding, applicable to the work of Bundle and colleagues as

well as that of Lee and colleagues in their respective lectin–carbohydrate-binding systems.130,153
3.21.3.2 Intermolecular Binding

3.21.3.2.1 Legume lectins and galectins
The carbohydrate-binding sites of legume lectins and galectins are located at the opposite ends of the protein subunits

and therefore are separated by relatively large distances (Figure 42). This arrangement of binding sites is different

from those in the C-type lectins, SLT, and CTwhere the sites are organized in the same general direction, and in
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Figure 47 Structure-based design of pentavalent and decavalent ligands of CT.156 Reprinted with permission from Zhang,
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closer proximities. In SLT and CT, a multivalent carbohydrate could interact with multiple sites of the same lectin

molecule. This contrasts with binding of a multivalent carbohydrate to the binding sites of legume lectins and

galectins that are separated from each other (Figure 44). As a consequence, the binding mechanism of multivalent

carbohydrates to legume lectins, such as ConA and DGL, and galectins is very different from that of a multi-

valent carbohydrate to C-type lectins, SLT, and CT.
3.21.3.2.1.1 Multivalent binding by legume lectins

To gain insight into the mechanisms of intermolecular multivalency, binding of synthetic multivalent carbohydrates to

ConA and DGL was studied using ITC, which directly determines the association constant (Ka), enthalpy of binding

(DH), and the number of binding sites of the protein (n value). TDS and DGwere calculated from the Gibbs free energy

equation DG¼DH – TDS¼–Rtln Ka.
160 ConA and DGL are Man/Glc-specific lectins with similar binding specificities

and possess relatively high affinities for the monovalent trisaccharide methyl 3,6-di-O-(a-D-mannopyranosyl)-

a-D-mannopyranoside (trimannoside Figure 49) as compared with Man.16 Synthetic multivalent clustered glycosides

bearing multiple terminal trimannoside residues (Figure 49) showed increased affinities for ConA and DGL in the

ITC data relative to monovalent trimannoside.161 The enhanced affinities were not as dramatic as those observed

above with STARFISH.153 The bi-, tri-, and tetravalent analogs show 6-, 11-, and 35-fold higher Ka values for ConA,

respectively, and 5-, 8-, and 53-fold higher Ka values, respectively, for DGL relative to the monovalent trimannoside161

(Table 1). The thermodynamic bases for these enhancements are described below.

3.21.3.2.1.1.1 ITC-determined n values are inversely proportional to the functional valency of multivalent carbo-

hydrates The ITC data (Table 1) indicate that the number of binding sites (n) per monomer of ConA and DGL for

trimannoside is close to 1.0.16 This agrees with X-ray crystal data for a single binding site on each monomer of ConA
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and DGL18 and confirms that trimannoside is a monovalent ligand for ConA and DGL. The theoretical values of n for

binding of bi-, tri-, and tetravalent carbohydrates to ConA and DGL are 0.5 (1.0/2), 0.33 (1.0/3), and 0.25 (1.0/4),

respectively. The values obtained from ITC experiment are consistent with the theoretical values except for the

trivalent analog.161 The n values obtained with the trivalent analog are 0.51 with ConA and 0.40 with DGL. These

values show that the structurally trivalent ligand is functionally bivalent for ConA and its interaction with DGL is a

mixture of bi- and trivalent binding. These data indicate that structural and functional valency of a multivalent ligand

may sometimes differ.

3.21.3.2.1.1.2 DH increases in direct proportion to the valency of multivalent carbohydrates binding to ConA and

DGL The results by Dam et al.161 demonstrate (Table 1) that for higher-affinity multivalent analogs, the observed

D H is approximately the sum of the DH values of the individual epitopes. Similar observations, as discussed in

previous section, have been made for the binding of a trivalent ligand and to a trivalent receptor derived from D-Ala-D-

Ala and vancomycin and for the interaction of divalent C-glycosides to ConA.162

3.21.3.2.1.1.3 TDS does not directly increase in proportion to the valency of multivalent carbohydrates binding to

ConA and DGL The ITC data of Dam et al.161 for binding of multivalent carbohydrate analogs to ConA or DGL

show that DH scales proportionally to the number of carbohydrate epitopes but TDS does not. Data for DH and TDS
for ConA and DGL, respectively, binding to multivalent analogs 17 –19 are shown in Table 1. While D H scales

proportionally, TD S is much more negative than if it proportionally scaled to the number epitopes in the carbohydrates.

For example, the observed TD S value for tetravalent 19 is –43.3 kcal mol–1 , not –28.4 kcal mol –1, if it scaled with the

T DS value of –7.1 kcal mol–1 for trimannoside ( Table 1 ). The resulting DG value of 19 would also be much greater if

TDS scaled with valency, since the difference between DH and TDS would be greater. Due to the greater negative TDS
values, DG is less negative (affinity is less enhanced) in this system compared with intramolecular multivalent binding.
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Table 1 Thermodynamic binding parameters for concanavalin A and Dioclea grandiflora lectin with multivalent sugars at

27�C161

Sugar Ka (M
�1�10�4) �DG (kcalmol�1) �DH (kcalmol�1) �TDS (kcalmol�1) n

Concanavalin A
Trimannoside (1) 39 7.6 14.7 7.1 1.0

17 250 8.7 26.2 17.5 0.53

18 420 9.0 29.0 20.0 0.51

19 1350 9.7 53.0 43.3 0.26

Dioclea grandiflora lectin (DGL)
Trimannoside (1) 122 8.3 16.2 7.9 1.0

17 590 9.2 27.5 18.3 0.51

18 1000 9.6 32.2 22.6 0.40

19 6500 10.6 58.7 48.1 0.25
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These results demonstrate the thermodynamics of binding of a multivalent ligand to separate receptors not possessing

clustered binding sites (ConA and DGL) in solution. In this case, the distances between binding sites on ConA and

DGL are too great to be spanned by a single multivalent carbohydrate.

3.21.3.2.1.1.4 Thermodynamic basis for enhanced affinities of multivalent analogs for ConA and DGL Theenhanced

affinities of the multivalent carbohydrates for ConA and DGL are associated with their epitopes binding to separate

lectin molecules. The observed Ka value for the tetravalent analog 19 (Figure 49), for example, is the average of the

four microscopic Ka values of its four epitopes, because each of the four epitopes is involved in binding to a separate lectin

molecule. It follows that since DH is constant at each epitope and is approximately the same as for monovalent trimanno-

side (Table 1), then increases in the overall macroscopic Ka values (DG) of the four epitopes require more favorable

TDS contributions of the individual four epitopes of the tetravalent analog compared with the trimannoside.161 This

was directly shown in reverse ITC experiments for di- and trivalent Man analogs binding to ConA.163

3.21.3.2.1.1.5 The epitopes of a multivalent carbohydrate possess a gradient of decreasing microscopic affinity

constants ITC-derived n value and other thermodynamic binding parameters clearly indicate that each epitope of

the multivalent analogs possesses microscopic binding parameters, such as microscopic Ka, DH, and TDS values. The

tetravalent analog 19 ( Figure 49 ) has a total of four microscopic Ka values (Ka1, Ka2, Ka3, and Ka4) for its four epitopes.

The macroscopic Ka of this analog determined by ITC is an average of the four microscopic Ka. Hill plot analysis

of ITC-generated raw data reveals that the values of the microscopic Ka’s are not equal and that Ka1>Ka2>Ka3>Ka4.

This indicates that the multivalent analog binds to the lectin with decreasing affinity (negative cooperativity). 164

The physical basis for the decreasingKa values of epitopes of multivalent ligands can be explained by the reduction in

the functional valency of the analogs as they bind an increasing number of lectin molecules. For example, Figure 50

shows the various microequilibrium constants for 19 as its four epitopes sequentially bind one, two, three, and four

molecules of ConA (or DGL). The functional valency of unbound 19 (species A) is four, the functional valency of 19

with one bound lectin molecule (species B) is three, the functional valency of 19 with two bound lectin molecules (species

C) is two, and the functional valency of 19 with three bound lectin molecules (species D) is one. Sequential occupancy

of the four epitopes of the analog would result in a gradual decrease in valency and binding affinity. Increasing

negative cooperativity as documented by the curvilinear Hill plots is consistent with the decreasing binding affinity.

Another physical factor that may play a role in the negative cooperativity shown by multivalent analogs with ConA

and DGL is the formation of noncovalent cross-linked complexes between lectin molecules and multivalent carbohy-

drates.Figure 50 is overly simplified in that each lectin molecule, represented as a monomer in the scheme, is actually

a dimer under the conditions of the experiment (pH 5.2 and low ionic strength). Hence, each lectin molecule (ConA or

DGL) is capable of binding and cross-linking the multivalent carbohydrates in the present study. It should also be

mentioned that the multivalent glycoprotein asialofetuin (ASF) shows similar negative cooperative effects during its

interaction with monomeric galectins, which are not expected to show cross-linking activities.133

3.21.3.2.1.1.6 Range of microscopic affinity constants for multivalent carbohydrates binding to ConA and DGL

Based on Figure 50, eqn [1] was derived to describe the relationship between the observed macroscopic free energy

of binding and themicroscopic free energies of binding of the various epitopes of a multivalent carbohydrate binding to

a lectin.164
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the observed (macroscopic) DG values of 19 ( DG (obs)) for ConA are the average of the four microscopic DG terms, or

DG(obs)¼ (DG1 þ D G2 þ DG 3 þ D G4)/4. The relative values of D G1 , D G2, D G3, and DG 4 must decrease on the basis of the
decreasing valencies of A, B, C, and D (which have the same valencies as tetra-, tri, bi-, and monovalent analogs). Thus, it is

expected that Ka1>Ka2>Ka3>Ka4 for 19 binding to ConA, as shown. An increasing level of cross-linking with the

progression of binding will also contribute to the decreasing microscopic binding constants.201 Reprinted with permission
from Dam, T. K.; Roy, R.; Pagé, D.; Brewer, C. F. Biochemistry 2002, 41, 1351–1358. Copyright (2002) American Chemical

Society.
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DG ðobsÞ¼fD G1 þ . . .þ D Gn g=n ½ 1�

Equation [1] states that the observed macroscopic DG value (D G(obs)), determined by ITC, of a multivalent

carbohydrate is the average of the microscopic D G values of the individual epitopes, where n is the number of

epitopes of the multivalent ligand. 164 This equation correctly estimates the difference in microscopic DG values of the
two epitopes of bivalent analog 17 binding to ConA.163 In this case, eqn [2] for the bivalent carbohydrate,

DG ðobsÞ¼fDG1 þ D G2 g=2 ½ 2�

shows that D G(obs) from a normal ITC experiment allows calculation of DG1 , the first epitope of the divalent

carbohydrate, assuming that D G2 for the second epitope is the same as that of a monovalent ligand. This latter

assumption was shown to be true from a reverse ITC experiment that allows direct determination of D G1 and DG 2. 
163

The difference between D G1 and D G2 calculated from eqn [2] using DG (obs) from a normal ITC experiment agreed

well with that determined from the reverse ITC. 163

Equation [1] can also be used to estimate the spread in microscopic D G values for the tetraantennary carbohydrates
that bound to ConA and DGL. Equation [3] describes the relationship between the macroscopic D G(obs) and four
microscopic D G values for binding of the tetraantennary analog 19 to DGL.

DG ðobsÞ¼fDG1 þ DG 2 þ D G3 þ D G4 g=4 ½ 3�

DG1 in eqn [3] is associated with the binding of the first carbohydrate epitope of tetraantennary analog 19 , DG 2
with the second carbohydrate epitope, DG3 with the third carbohydrate epitope, and DG4 with the fourth epitope. The
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ITC-measured macroscopic D G(obs) for binding of the 19 to DGL is –10.6 kcal mol–1 ,161 while DG4 in eqn [3] can be

taken as the D G(obs) for binding monovalent trimannoside to DGL which is –8.3 kcal mol –1. 161 Since DG (obs) is the
average of the four microscopic D G values, then

DG1 � D Gðobs Þ¼D Gð obsÞ�DG 4 ½4�

assuming that D G(obs) – DG2 � D G3 – DG (obs) (i.e., there is a symmetrical distribution of microscopic DG values on
either side of DG (obs)). The numerical value of DG1 calculated from eqn [4] is –12.9 kcal mol –1, which is 4.6 kcal mol –1

greater than DG4 . This difference between DG 1 and D G4 translates to a difference in microscopic K a values, Ka1 and

Ka4, of approximately 2800 times. In absolute terms, Ka1 is approximately 0.3 nM, while Ka4 is approximately 0.8 mM.

Thus, the microscopic Ka1 of the first unbound epitope of tetrantennary analog 19 binding to DGL is 2800-fold greater

than Ka4 for binding of the fourth epitope. For 19 binding to ConA, this difference between Ka1 and Ka4 is nearly 1200-

fold. 161 This indicates a decreasing gradient of microscopic binding constants of the four epitopes of 19 binding to

ConA and DGL. These differences have been postulated to be due to kinetic effects on the off-rates of the various

fractionally bound complexes of the multivalent carbohydrates. 161 The microscopic off-rate (k–1 ) for K a1 in Figure 50

( Ka1 ¼ k 1/ k –1) would be expected to be slower than the microscopic off-rate for K a2, etc., due to binding and recapture of

the first bound lectin molecule by the remaining unbound trimannoside residues of the tetravalent analog before full

dissociation of the complex.

The literature often presents ‘valency-corrected’ binding data in studies involving multivalency. Instead of using

the concentration on the basis of whole multivalent molecule (molar concentration), these ‘valency corrections’

are made on the basis of per site or per branch (equivalent concentrations) of the multivalent molecules. Two

groups 155,164 have independently demonstrated the validity and necessity of using the concentration on the

basis of whole multivalent molecule (molar concentration). Valid analysis of thermodynamic binding data can

only be achieved by expressing concentrations on a molar basis, since the units in the thermodynamic binding

equations are molar. 155,164,165
3.21.3.2.1.2 Binding of ASF to galectins

Binding of ASF, a naturally occurring 48 kDa glycoprotein that possesses nine LacNAc epitopes (Figure 51 ), to

galectin-1,-2,-3,-4,-5, and -7, and truncated, monomer versions of galectin-3 and -5 has been studied by ITC.133 The

observed Ka values for ASF binding to the galectins and two truncated forms are 50- to 80-fold greater than that of

LacNAc, the monovalent counterpart. Hill plot analysis showed that the nine LacNAc epitopes of ASF interacted with

galectins with negative cooperativity that resulted into a gradient of microscopic Ka . Noncovalent cross-linking does

not significantly contribute to negative cooperativity, since this effect was observed with both dimeric galectins such as

galectin-1,-2, and -7 as well as with monomeric galectin-3 and truncated galectin-3 and -5.

3.21.3.2.1.2.1 Range of microscopic Ka values for ASF binding to galectins The LacNAc chains of ASF possess nine

microequilibrium constants represented by Ka1, K a2, . . ., Ka9 for binding to the galectins (Figure 51). Hill plot analysis

of the ASF/galectin binding data 133 suggests that the multivalent binding mechanisms are similar to those described

above for ConA and DGL.164 Therefore, a similar analysis was used to determine the range of microscopic binding

constants.

Since the ITC-derived DG (obs) value,

DG ðobsÞ¼fDG1 þ D G2 þ D G3 þ DG 4 þ� � �þDG 9 g=9 ½5�

is the average of the nine microscopic DG values in eqn [5], and assuming that there is a symmetrical distribution of

decreasing microscopic DG values on either side of the average DG value (that is, D G8 – DG7 � DG3 – DG2, etc.), then

the value of DG(obs) is nearly equal to DG5 in eqn [5]. It follows then that if DG 9 , which represents binding of the last
free epitope of ASF to a galectin, is nearly equal to DG for LacNAc binding to a galectin, then the difference between

DG(obs) and DG9 is half the difference between DG1 and DG9. Thus, the 2.8kcalmol–1 increase in DG(obs) for ASF
binding to galectin-3 versus DG for LacNAc binding133 indicates that the difference between DG1 and DG9 for

ASF binding to galectin-3 is �5.6kcalmol–1. Since 2.8kcalmol–1 is a 78-fold increase in affinity of ASF for galectin-

3 over LacNAc, the difference in affinity of the first unbound LacNAc epitope of ASF for galectin-3 is 78�78 or

�6000-fold increase in affinity over LacNAc, with a decreasing gradient of affinities down to that of LacNAc for the

last (ninth) unbound epitope of ASF.

In fact, all of the galectins including truncated galectin-5 show Ka(obs) values that are 50–78-fold greater than that of

LacNAc for the respective galectin.133 This indicates that the first unbound epitope of ASF binds to all of the
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Figure 51 Schematic representation of galectin binding to ASF.133 Reprinted with permission from Dam, T. K.; Gabius, H.-J.;

Andre, S.; Kaltner, H.; Lensch, M.; Brewer, C. F. Biochemistry 2005, 44, 12564–12571. Copyright (2005) American Chemical
Society.
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galectins with 3000- to 6000-fold higher affinity than LacNAc and the last unbound epitope of ASF, and, therefore,

that there is a gradient of decreasing affinities for the remaining epitopes of ASF for all of the galectins. In terms of

numerical affinity constants, a 6000-fold increase in affinity of galectin-3 for the first unbound epitope of ASF is

eqivalent to a 10nM affinity constant, using the Ka value for LacNAc as an estimate for Ka9 in Figure 51. This

estimated range of nanomolar affinity constants for Ka1 is typical for all of the galectins binding to the first unbound

epitope of ASF.

It is important to point out that the above estimates of the range of affinity constants for ASF binding to the galectins

depend, in part, on the assumed affinity of the galectins binding to the last unbound epitope of ASF. In the above

calculations, that affinity constant was estimated to be similar to that of the corresponding monovalent ligand,

LacNAc. However, if the affinity of binding the galectins to the last unbound epitope of ASF is lower than LacNAc

due to steric crowding or other mechanisms, then the estimated range of enhanced affinities sites on ASF (the first

unbound LacNAc epitopes) would be even greater. Similarly, a nonsymmetrical distribution of decreasing binding

contants associated with the nine LacNAc epitopes of ASF would also affect the range of estimated affinity constants

for the epitopes. Nevertheless, a large range of decreasing microaffinity constants exists for the nine epitopes of ASF

binding to the galectins.

The implications for a gradient of decreasing affinity constants of ASF for the galectins are important. For example,

relatively low concentrations of the galectins can be expected to bind to only a few high-affinity sites on glycoprotein

receptors like ASF. In this regard, as few as three galectin-1 molecules bound to ASF have been observed to lead to

homogeneous cross-linking of the molecules into large insoluble aggregates.166 This contrasts with the requirement of

binding to all of the epitopes of lower-valency molecules such as bi-, tri-, and tetravalent carbohydrates for cross-

linking which requires much higher concentrations of lectin to occupy the higher- and lower-affinity epitopes in such

molecules. In addition, binding and cross-linking of glycoprotein receptors like ASF on the surface of a cell by a

dimeric galectin such as galectin-1 with individual affinity sites on each glycoprotein of �10 nM would result in an

overall avidity of the dimeric galectin-1 of �1016M–1. Hence, cross-linking by a dimeric galectin would be essentially

irreversible under these conditions.
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The same observations also apply to other types of lectins interacting with clustered glycan receptors. Fractional

high-affinity binding of lectins to multivalent receptors could lead to supramolecular assemblies of homogeneous

cross-linked receptors167 or heterogeneous cross-linked receptors.131 Such assemblies, in turn, can trigger cell surface

signal transduction mechanisms similar to those observed for galectin-1.168

The concept of a gradient of microscopic binding affinity also has general implications for other types of clustered

receptor systems. The concept of ‘spare receptors’ is well documented in the pharmacology literature.169 Maximum

dose-activity responses are often observed at relatively low fractional occupancy of the receptors. The present results

suggest that such ‘spare receptor’ systems may exhibit enhanced affinity for a specific ligand through a clustering

mechanism similar to that observed for ASF binding to the galectins in the present study. The enhancement in affinity

of the ligand could be as much as 1000–10 000-fold by clustering of receptors. Occupancy of a portion of the clustered

or ‘spare receptors’ by antagonist would diminish the total number of unbound receptors, but may not reduce the

‘avidity’ of the remaining clustered receptors.169 The ‘efficacy’ of the agonist effect may be related to cross-linking or

activating in some manner a fraction of the receptors that is necessary for full pharmacology effect. In the present

study, fractional occupancy by galectin molecules of a few epitopes of an ASF-like receptor molecule could lead to

cross-linking interactions and subsequent signal transduction effects such as apoptosis, as observed in the binding of

galectin-1 to human T-cell glycoprotein receptors.132
3.21.3.3 Some Other Examples of Multivalent Binding

3.21.3.3.1 Interaction of lectins with multivalent polymeric ligands
Kiessling and colleagues synthesized a series of ring-opening metathesis polymerization (ROMP)-derived multivalent

sugar ligands of different length and valency and studied their binding properties with lectins (Figure 52).138,170,171

Depending on the valency, Man-containing polymers show up to several thousandfold higher affinity (relative to the

monosaccharide Man) for ConA in hemagglutination inhibition assay.172 The enhancements, however, were found to

be modest when measured with surface plasmon resonance technology.173 The number of bound ConA tetramers

changed with the length of the polymer. For example, a shorter polymer of 21 Man residues (degree of polymeriza-

tion (DP)¼21) bound two ConA tetramers, whereas a polymer of 65 residues (DP¼65) complexed four ConA

tetramers.172,174 When the density of the Man epitopes in the polymer is high, greater numbers of lectin molecules

interact with the polymer and the rate of clustering is faster. If the density of Man is reduced to a certain level, the

binding efficiency perMan residue goes up.175 The distance between two sugar-binding sites of a ConA tetramer is 65Å.

The authors showed that a polymerwith 25–35 residues andmore could span two binding sites ofConA and that polymers

that could simultaneously bind two binding sites of a ConAmoleculewere themost potent ligands (Figure 52). 173 It was
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Figure 52 (a) Chemical Structures of ROMP-derived Man-bearing compounds. The average valency (n) was calculated by

using 1H NMR integration. (b) Proposed complex between ConA and a multivalent ROMP-derived polymer of 50 monomer

units. A complex was assembled between this polymer and ConA tetramers. The stoichiometry was chosen on the basis

of the results from transmission electron microscopy experiments and the quantitative precipitation and FRET results.
Reproduced from Gestwicki, J. E.; Strong, L. E.; Cairo, C. W.; Boehm, F. J.; Kiessling, L. L. Chem. Biol. 2002, 9, 163–169,
copyright (2002), with permission from Elsevier.
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Figure 53 Multivalent Gal-containing polymers as chemoattractant molecules. (a) Structures of ROMP-derived Gal-

bearing monovalent 25 and multivalent chemoattractants 26 and 27. (b) Plot of average angular velocity vs time for

Escherichia coli AW405 treated with chemoattractant (Gal or ligands 25–27). The ligand concentration (100mM) is given

as the total concentration of Gal or Gal residues. (c) Angular velocity of E. coli treated with various concentrations of
chemoattractant. (d) Fluorescencemicrographs of cheW E. coliRP1078 cells treated with Gal-bearingmonovalent ligand 25
(left) or multivalent ligand 27 (right). The multivalent ligand clustered the cell surface receptor as visualized with anti-MCP

antibodies. The arrow points to a sample cluster. Reprinted by permission from Macmillan Publishers Ltd: Gestwicki, J. E.;

Kiessling, L. L. Nature 415, 81–84. Copyright (2002).
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concluded that the high binding affinities obtained with these ligands were due to a combination of inter- and

intramolecular binding effects. According to the authors, rebinding due to higher epitope density and subsequent

slower dissociation rates are key factors for the observed high affinity.174

Kiessling and co-workers also employed ROMP technique for synthesizing multivalent ligands for L-selectin.

These ligands were found to be very efficient in clustering and subsequent releasing of L-selectin molecules from cell

surface.176–178 The same group also demonstrated that ROMP-derived ligands with multiple Gal residues could act as

effective chemoattractants for E. coli.179 They synthesized several multivalent ligands with an objective to cluster the

Gal-sensing chemoreceptor, Trg. Indeed, multivalent ligand-mediated chemoreceptor clustering was shown by

fluorescence microscopy. The potency of the ligands was found to be directly proportional with the valency of the

ligands (Figure 53).180

3.21.3.3.2 Multivalent inhibitors of influenza virus HA
Binding of multivalent analogs of sialic acid to the influenza virus HA has been studied extensively.141 Depending on

the structures, the analogs showed 103–106 times higher affinities than a monovalent sialic acid. The enhancements in

affinities were attributed to steric stabilization.141,181–183
3.21.3.3.3 Xenopus laevis lectin XL35
Boons and colleagues studied the interactions of Xenopus laevis lectin XL35 with jelly coat protein-derived oligosac-

charides.184 Multivalent analogs showed broad specificity and moderate affinity enhancement, compared with
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corresponding monovalent sugars. The interactions between XL35 and multivalent sugars failed to reach true

equilibrium and showed unusually slow dissociation rates. The authors suggested that this mode of multivalent interac-

tions between jelly coat protein and XL35 would help create a stable protective layer in order to prevent polyspermy.
3.21.3.3.4 Interaction of cyanovirin-N with high-mannose oligosaccharides
Cyanovirin-N (CV-N) is an 11kDa protein isolated from an extract of the cyanobacterium Nostoc ellipsosporum. CV-N

potently interacts with high-mannose oligosaccharide structures on gp120 and gp41 and thus is capable of inactivating

various strains of HIV-1, HIV-2, and simian immunodeficiency virus (SIV). 185 CV-N possesses two carbohydrate-

binding sites,186–189 and the protein shows highest affinity for oligomannose oligosaccharides such as Man8 and

Man9.
187,190 NMR and ITC studies revealed that binding of a nonamannoside to CV-N was multivalent in nature.

Nonamannoside was found to cross-link CV-N molecules through this multivalent binding.191
3.21.3.3.5 Photoswitchable cluster glycosides
Srinivas et al. synthesized several Man- and lactose-containing glycoclusters attached to photoswitchable azoben-

zenoid cores and their binding to PNA and ConA was studied by ITC.192 Binding affinities were enhanced with

increased valency of the glycoclusters. A few analogs showed biphasic binding profiles in ITC plots, indicating

cooperativity in the binding process. An important outcome of the study was that in addition to inherent cluster-

ing of the sugar units as a molecular feature, an induced clustering emanated because of the isomerization of the

trans-form of the azobenzene scaffold to the cis-isomeric form.
3.21.3.3.6 Multivalent binding by garlic lectin
The dimeric garlic lectin possesses six binding sites (three sites per monomer). Computational analysis revealed that a

given oligosaccharide could not bind to more than one site on a dimer.193 Trimannoside and higher oligosaccharides

of Man could potentially cross-link the lectin dimer. It was also shown that a given dimer pair could even be cross-

linked by two oligosaccharides. The number of such double cross-linked structures including certain tetrameric

structures increased with the size of the oligosaccharides (Figure 54).193
3.21.3.4 Carbohydrate–Lectin Cross-linking Interactions

Binding of oligomeric lectins to cell surface glycoprotein and glycolipid receptors often leads to cross-linking and

aggregation with concomitant biological responses. For example, cross-linking of glycoconjugates on the surface of cells

has been implicated in the mitogenic activities of lectins including ConA,194 in the arrest of bulk transport in ganglion

cell axons,195 in the molecular sorting of glycoproteins in the secretory pathways of cells,196 and in the apoptosis of

activated human T-cells.197 Furthermore, lectin-induced cross-linking of transmembrane glycoproteins leads to changes

in their interactionswith cytoskeletal proteins and concomitant alterations in themobility and aggregation of other surface

receptors.198 A number of mammalian lectins are involved in receptor-mediated endocytosis of glycoproteins,199

whereas others have been implicated in cellular recognition processes including apoptosis197 and metastasis.200
3.21.3.4.1 Type 1 and type 2 cross-linked complexes
Under the appropriate stoichiometric conditions, lectins undergo two general types of intermolecular cross-linking

interactions with multivalent carbohydrates, designated as type 1 and type 2 complexes (Figure 55).168 In a type 1

complex, binding between a divalent lectin and a divalent carbohydrate results in one-dimensional cross-linking.168 In

a type 2 complex, binding between a multivalent lectin and multivalent carbohydrate, where the valency of either the

lectin or carbohydrate is greater than two, results in two-dimensional (planar or tubular) or three-dimensional cross-

linking (crystalline, in some cases). Therefore, type 2 interactions can be an important source of binding specificity

between lectins and glycoconjugate receptors.201 There are many reports of the X-ray crystal structures of

lectin–carbohydrate cross-linked complexes.60,69,92,202,203
3.21.3.4.2 A multivalent carbohydrate can form a unique cross-linked complex with a lectin
in the presence of other carbohydrates

The cross-linking properties of a variety of plant and animal lectins with multivalent carbohydrates and glycoproteins

have recently been reviewed.201 Importantly, type 2 interactions can lead to the formation of homogeneous or

heterogeneous cross-linked complexes, even in the presence of mixtures of the molecules.204 Studies show that a



Figure 54 A lattice-like structure of garlic lectin formed through the binding of multivalent mannooligosaccharides.

Reprinted fromRamachandraiah, G.; Chandra, N. R.; Surolia, A.; Vijayan, M.Glycobiology 2003, 13, 765–775, by permission

of Oxford University Press.

Type II

Type I

Figure 55 Lectin–carbohydrate cross-linked complexes. Type I complexes are composed of bivalent lectins and bivalent
carbohydrates. Type II complexes are composed of lectins and carbohydrates, one of which has a valency>2. On the left, a

tetravalent lectin is complexed with a bivalent carbohydrate, whereas on the right a bivalent lectin is complexed with a

tetravalent carbohydrate. Reproduced from Brewer, C. F.; Miceli, M. C.; Baum, L. G. Curr. Opin. Struct. Biol. 2002, 12,
616–623, copyright (2002), with permission from Elsevier.
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number of lectins form homogeneous cross-linked complexes with branched-chain oligosaccharides and glycoproteins.

For example, quantitative precipitation experiments with the Man/Glc-specific lectin ConA in the presence of binary

mixtures of a series of bivalent N-linked oligomannose glycopeptides indicate that each glycopeptide forms its own

unique cross-linked complex with the lectin.205 Subsequent X-ray crystallographic studies have demonstrated

different lattice structures of crystalline cross-linked complexes of the SBA with four different divalent carbohy-

drates.203 The different lattice structures are due to differences in the structures of the cross-linking carbohydrates.203

The ability to form unique cross-linked complexes with glycoconjugates and to separate different counter-receptors

into homogeneous cross-linked aggregates has recently been implicated in the apoptotic activity of galectin-1, a

member of the b-galactosidase-specific animal lectin family (Figure 56).132 Recently, galectin-3, another member of

the galectin family, has been shown to form disorganized, heterogeneous cross-linked complexes with multivalent

carbohydrates.131 The biological properties of galectin-3, including its anti-apoptotic activities206 and ability to

antagonize the growth inhibitory activity of galectin-1 in neuroblastoma cells,207 may relate to its ability to randomly

cross-link glycoconjugates and prevent separation of different receptors. Hence, the ability of lectins to form organ-

ized or disorganized cross-linked complexes with multivalent glycoconjugate receptors, such as galectin-1 and -3,

respectively, may relate to their biological activities.
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Figure 56 Homogeneous cross-linking by galectin-1. Redistribution and segregation of cell surface glycoprotein recep-

tors of galectin-1 following binding. (a) Random distribution of units of CD45 and CD3 (circles), and units of CD43 and CD7

(squares) on the cell surface, in the absence of galectin-1. (b) Galectin-1 binding results in homotypic lattice formation of
repeating units of CD45 and CD3 (circles), and of CD43 and CD7 (squares). (c) Cross-linked complexes of galectin-1

receptors with associated cytoskeletal proteins.132
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3.21.3.4.3 The structures of the carbohydrates and lectins determine their cross-linking properties
Studies with a series of bivalent analogs and two homologous lectins, ConA and DGL, showed unique lectin- and

ligand-specific cross-linking properties.208 Bivalent ligands with different spacer length and flexibilities produce

different cross-linking kinetics and cross-linked lattice patterns with a single lectin. On the other hand, a single

bivalent ligand demonstrated completely different lattice organization and cross-linking kinetics with two different

lectins (Figure 57).208 Kiessling and co-workers have shown that the architecture of a multivalent ligand (Figure 58)

determines the rate of receptor clustering, the number of receptors in the clusters, and the average inter-receptor

distance.209,210
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Figure 57 Negative stain electron micrograph of ConA and DGL cross-linked with different bivalent carbohydrates
(28–38). NOL, no observable lattice. 208
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Figure 58 Structures of multivalent ligands used by Kiessling and colleagues.209 Reprinted with permission from
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3.21.4 Conclusions

Lectins are evolutionarily conserved proteins found in all living forms. Interactions with carbohydrate ligands are

essential for the diverse biological functions of lectins. Although carbohydrate binding is driven by essentially the

same physical forces, lectins show remarkable diversities in their carbohydrate-binding specificities. This diversity, in

part, is caused by structural variations in the carbohydrate-binding sites of the lectins as well as the structures of the

carbohydrate ligands. The weak affinity of monovalent carbohydrates for most lectins is offset by the higher avidity of

multivalent carbohydrates. The number and spatial distribution of the binding sites of the lectin and the number and

spatial distribution of epitopes of a carbohydrate determine the nature of multivalent interactions. These interactions

often lead to the formation of noncovalent cross-linked complexes, a phenomenon important for receptor clustering in

biological systems.
Glossary

functional valency Actual number of epitopes of a ligand that actively participate in binding interaction.

heterogeneous or disorganized crosslinking Cross-linking of structurally dissimilar molecule leading to the formation of

disordered lattice.

homogeneous or organized crosslinking Cross-linking of structurally similar molecule to form ordered lattice.

intermolecular binding When a multivalent ligand interacts with the binding sites of different molecules.

intramolecular binding When a multivalent ligand binds to multiple binding sites on a same molecule.

lectin Carbohydrate-binding protein of nonimmune origin.

macroscopic binding parameters Binding parameters of the whole multivalent molecule.

microscopic binding parameters Binding parameters of an individual epitope of a multivalent ligand.

monovalent binding Binding limited to a single combining site.

structural valency Number of binding epitopes present on a ligand.
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118. Kostlanová, N.; Mitchell, E. P.; Lortat-Jacob, H.; Oscarson, S.; Lahmann, M.; Gilboa-Garber, N.; Chambat, G.; Wimmerová, M.; Imberty, A.
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3.22.1 Introduction

3.22.1.1 Multivalent Display of Carbohydrates

The specific recognition of biomolecules is critical to a variety of biological events and is typically the first step in the

phenomena of cell–cell interaction. In particular, carbohydrates on cell surfaces are recognized by specific partner

molecules, such as proteins and other carbohydrates, to regulate various biological processes, that is, fertilization, cell

migration, cell growth regulation, immune defense, aging, and cancer metastasis. They also serve as attachment sites

for bacteria, viruses, toxins, and hormones.

Among carbohydrate-involving recognition events, carbohydrate–protein interactions are the most studied since

they are involved in a variety of biological processes. The specificity between carbohydrates and protein is precisely

controlled by molecular recognition based on the elaborate structure of glycoconjugates. On the other hand, the

intensity of the specific interaction seems to be controlled by a more complicated mechanism. The individual

carbohydrate–protein interaction is based on a weak hydrogen bond in aqueous solution. Furthermore, the binding

affinities are quite low; Kd generally ranges from 1 to 0.1mM. Furthermore, they often have broad specificity. Many

carbohydrate-binding proteins (CBPs) contain only shallow binding pockets and have a small number of direct

contacts with target carbohydrates.1 Nevertheless, the carbohydrate recognition by proteins is relatively strong in

naturally occurring biological systems. Therefore, there seems to be a unique mechanism for the specific and strong

carbohydrate–protein recognitions that control biological events in vivo.

Carbohydrates that naturally occur on cell surfaces usually conjugate with other biomolecules to form glycoproteins,

glycolipids, and proteoglycans. Most glycoproteins have branched carbohydrate chains within multiple glycosylation
453
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sites, and proteoglycans are heavily O-glycosylated proteins containing as many as a hundred carbohydrate residues.

Glycolipids assemble to form a glycosphingolipid microdomain, where multivalent carbohydrates are presented

toward binding partners. In addition to the multivalent display of carbohydrates in a living organism, CBPs have

multiple carbohydrate-binding sites and often aggregate into higher oligomeric structures such as viral envelope

proteins. Thus it is reasonable that multiple carbohydrate–protein interactions could cooperate to strengthen binding

to achieve the necessary affinity for biological functions.
3.22.1.2 Glycoside Cluster Effect

Lee et al. verified the importance of multivalency in carbohydrate–protein interactions using synthetic monoantennary,

diantennary, and triantennary galactosylated ligands toward hepatic lectin.2 As the sugar valency increases in the order of

mono-, di-, and tri-, the affinity of ligand to the lectin is exponentially amplified 103–106 times. This phenomenon is

more than could be accounted for by the statistical increase in the sugar concentration and is named the ‘glycoside cluster

effect’.3–5 This phenomenon can be a means for amplification of individually weak carbohydrate–protein interactions. The

power of multivalency was also observed in an antibody selection experiment. A dimeric antibody has greater affinity for

O-polysaccharide than a monomeric single-chain antibody.6 This observation is presumably the result of the interaction

between the dimeric antibodies with adjacent carbohydrate sites. These findings have gathered considerable atten-

tion and have prompted extensive efforts by synthetic chemists to design a variety of multivalent glycoligands.

Polymers,7–9 dendrimers,10 cyclodextrin,11 calyxarenes,12 proteins,13–15 peptides,16–18 and metal nanopartices19–21 are

useful scaffolds for the construction of multivalent carbohydrate presentation. They have been applied to characterize

multivalent carbohydrate binding events, modulate carbohydrate-mediated cell or virus binding, immobilize specific

cell types, and induce cell responses through selective binding with cell surface receptors. The glycopolymer and

the glycoside cluster effect have been reviewed extensively.3–5,7–9,22–30 In this chapter, the synthesis and application

of the multivalent glycoconjugates are described.
3.22.2 Synthetic Multivalent Glycopolymers

3.22.2.1 Water-Soluble Linear Polymers

Glycopolymer synthesis was first reported by Horejsi et al. in 1978.31 They co-polymerized acrylamide and ally

glycosides of various sugars in water using ammonium persulfate as an initiator and tetramethylethylenediamine

(TEMED) as a catalyst. The resulting glycopolymer exhibits similar binding activity toward lectin compared with

natural polysaccharide. Later, a new method of the synthesis of acrylamide monomers containing carbohydrate was

reported by Roy et al., in which the glycosylbromide was reacted with p-nitrophenol using phase transfer catalyst.32

They reported biomimetic polymers containing GM3 trisaccharide, 30-sulfo-Lewisx, and lectin-binding efficiency was

evaluated.33,34 Whitesides and co-workers have reported a variety of pendant glycopolymers having sialic acid, which

exhibited inhibition activity of influenza virus-mediated hemagglutination.35,36 These works demonstrated the

high potency of glycopolymers as an inhibitor of pathogens.37,38

The biotin and fluorescence-tagged acrylamide polymer bearing a-sialic acid was synthesized using two methods: co-

polymerization of acrylamide with a-sialoside acryalmide and grafting a-sialoside to a polyacrylamide backbone. The

binding of the glycopolymer to influenza virus A-X31 was measured by enzyme-linked immunosorbent assay (ELISA)

and inhibition of hemagglutination assay. Virus binding activity was 102–106 times greater than the monomeric sialic

acid,36 proving that steric stabilization plays a role in the enhancement of binding affinity for the viral lectin.

A series of cluster glycopolymers was synthesized by Nishimura and co-workers using ammonium persulfate and

the TEMED initiating system.39–43 Glycomonomers differing in the structure and length of aglycon (Figure 1) were

homopolymerized or co-polymerized with acrylamide to obtain a polymer with various carbohydrate densities.

The apparent binding constant of the glycopolymers with wheat germ agglutinin (WGA) was determined by

measuring the changes in fluorescence intensity and the blue shift of the emission maximum. Compared with the

low GlcNAc density polymer, the high-density polymer resulted in a much higher binding constant, suggesting that

this polymer binds the maximum of binding sites (3 and 4 ). The interaction of LacNAc-bearing polymers (1 and 2 )

with Erythrina corallodendron lectin was also studied using a similar method. Unlike the previous study, high-density

LacNAc polymer exhibits a lower binding constant than the low-density polymer owing to the sterically hindered sugar

branches ( negative cluster effect). These results suggest that the optimum spatial distance between two LacNAc

residues on the macromolecular ligand must exist for successful binding to the two subunits of E. corL. Thus, the
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intensity of the carbohydrate–protein interaction deeply depends on the sugar density on the polymer support. The

stronger affinity of the multipoint interaction of the multivalent glycopolymer suggests that the carbohydrate density

in the microscopic environment affects the ON/OFF regulation of biomolecular interactions. Molecular recognition of

carbohydrates seems to be regulated by the three-dimensional (3-D) topology of binding elements with proper

orientation and spacing.

Glycopolymer with branched triantennary sialooligosaccharide 12 (Figure 2) was synthesized as a glycoprotein

model based on the cluster effect concept and was expected to show potent anti-influenza virus activity.44 The

inhibitory effect of the sialopolymers on hemagglutination by three types of influenza viruses was examined. The

results revealed that the potency of the sialopolymers as an inhibitor of influenza and the preference of the virus

type are controlled by the structure and density of the carbohydrates.
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Furthermore, the antiviral activity of sialoglycopolymers were evaluated using the mouse model infected with

human influenza virus by Bovin et al.45 It was found that polyacrylamide bearing 60-sialylLacNAc (60SLN) protected

mice from the H1N1 influenza virus. So far, all human influenza viruses are known to have an affinity to 60SLN; thus

the 60SLN-containing multivalent glycopolymers could afford protection from all human epidemic strains containing

newly emerging pandemic strains.
3.22.2.2 Molecularly Imprinted Glycopolymers

These water-soluble highly flexible multivalent glycopolymers exhibit high affinity for target proteins; however, these

polymers often share binding specificity with a variety of CBPs. To prepare a tailor-made glycopolymer with tight

binding specificity as well as high affinity for a guest protein, we applied a molecular imprinting technique, where the

glycomonomers are polymerized in the presence of template guest protein.46 The concept employed for displaying

and immobilizing functional glycotags with appropriate spacing and flexibility in the sugar-CBP adducts is illustrated

in Figure 3.

The combination of mannose and mannose-binding protein was selected as a model experiment since mannose-

mediated cellular recognition seems to be one of the most important processes for controlling immunological systems.3

A polymerizable mannose monomer and Concanavalin A (ConA), the template protein, were incubated in a buffer

solution and co-polymerized with acrylamide and cross-linker using APS and TEMED as a promoter. Subsequently,

the template was denatured by heat and a high concentration of salt and the polymer was purified by gel filtration. It is

expected that the glycoligands are immobilized in the polymer network with appropriate orientation and spacing

toward the template proteins. The binding constants of glycopolymers with lectins were determined by a fluorescence
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spectroscopic method. The tailor-made glycopolymer retained a similar binding constant with the linear glycopolymer

that was not cross-linked. In addition, the tailor-made polymer exhibited 100–300 times higher affinity to the polymer

prepared in the absence of the template. This result suggests that specific cavities for the guest proteins were

constructed in the synthetic polymer network by the ‘template effect’ during the polymerization reactions. The

tailor-made glycopolymers with specific binding and high affinity were obtained by molecular imprinting.
3.22.3 Highly Efficient Enzymatic Sugar Elongation Reaction on Glycopolymers

Besides their high affinity to various CBPs, multivalent water-soluble glycopolymers are excellent acceptor substrates.

The feasibility of the enzymatic modification of synthetic glycopolymers was first demonstrated by synthesizing a

water-soluble polymer with 30-sialyl-N-acetyllactosamine using bovine milk b-1,4-galactosyltransferase and trans-

sialidase from Trypanosoma cruzi.47

The success of the enzymatic assembly of oligosaccharides on soluble polymer support is critically dependent on

satisfactory water solubility and a flexible spacer-arm suitably distanced from the backbone, providing good access to

the binding pocket of the enzymes. Here, the sugar elongation reaction on a polymer support could mimic the

glycoconjugate biosynthetic pathway in nature, where the carbohydrates are introduced to the protein in a stepwise

fashion at the Golgi apparatus by glycosyltransferases displayed on the Golgi membrane in the presence of a suitable

sugar nucleotide as a donor substrate and a protein as an acceptor substrate.

The use of a water-soluble polymer also enables easy isolation from the reaction mixtures and the monitoring of the

reaction by conventional spectroscopic techniques such as NMR, fluorescence spectroscopy, and matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Thus the enzymatic elongation of

carbohydrates on a water-soluble polymer support was expected to provide an efficient and practical methodology

for oligosaccharide synthesis, which was urgently required to understand the critical and functional roles of glyco-

conjugates in cellular biology.

We previously developed several functional linkers that could be specifically cleaved by a chemical or enzyme to

release the oligosaccharide products from the polymers (Figure 4).

For example, compound 13 contains a benzyl ether moiety that can be cleaved by conventional mild conditions of

hydrogenolysis. 48 Compound 14 has an L -phenylalanine residue in the middle of the linker, suitable for cleaving by
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treatment with a-chymotrypsin to supply oligosaccharide products as o-aminoalkyl glycosides.49 The ceramide

mimetic linker in compound 15 can be recognized by ceramide glycanase, and the oligosaccharide synthesized on

the polymer is transferred to natural ceramide or sphingosine analogs by the enzymatic transglycosylation reaction.

Recently a large number of glycosyltransferases have been cloned and some of their recombinant forms have been

produced. For example, sphingolipid IV3NeuAca, III Fuca-nLc4Cer was synthesized on a water-soluble polymer

support by four recombinant glycosyltransferases. The product was transferred from polymer support to ceramide by

treatment with ceramide glycanase to afford the target sohingolipid in 40% yield (Figure 5).50

In addition, GM3 1851 and some non-natural sphingoglycolipids 19 and 2052 were prepared by the same procedure

as shown inFigure 6, demonstrating the feasibility of the present method for the construction of carbohydrate-related

compounds.
3.22.4 Combinatorial Synthesis of Glycopeptides Using a Molecular Transporter

In the course of our studies of enzymatic synthesis of oligosaccharide on water-soluble polymer supports, our interest

has focused on the efficient synthesis of glycopeptides as important signal molecules in cellular recognition, where the

variety and specificity of recognition are determined by both the carbohydrate and peptide moieties. To achieve an

efficient glycopeptide synthesis with defined carbohydrate and peptide structures, we employed a combinatorial

chemical and enzymatic strategy based on solid-phase peptide synthesis and liquid-phase carbohydrate synthesis.53

Our synthetic strategy was as follows (Figure 7): (1) solid-phase synthesis of a photosensitive O-GlcNAc peptide

terminated by the molecular transporter 21, (2) deprotection and release of the transporter from the resin, (3)

chemoselective blotting of the molecular transporter that carries glycopeptide primers to a water-soluble polymer

with alkoxyamino functional groups, (4) one-pot sugar elongation with glycosyltransferases, and (5) release of full-

length glycopeptides by a photosensitive cleavage reaction.

The feasibility of the present method is demonstrated by constructing the glycopeptide with a sialyl LewisX

tetrasaccharide residue as a model compound. In this strategy, only the full-length glycopeptides successfully

elongated by solid-phase synthesis were blotted to polymer 22, thus they did not require purification. After a one-pot

sugar elongation reaction by b-1,4-galactosyltransferase, a-2,3-sialyltransferase, and a-1,3-fucosyltransferase, selective
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8.0mU per 1.0mmol acceptor), 37�C, 72h; D-sphingosine (5.0equiv.), 50mM sodium citrate buffer (pH 6.0), Triton CF-54,
ceramide glycanase (0.005units), 37�C, 17h; dansyl chloride (5.0equiv.), Et3N (5.0equiv.), CHCl3, 25

�C, 2h, 50%.
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cleavage by photoirradiation at 365 nm proceeded smoothly and the target product 23 was obtained in 12% overall

yield from the initial solid-phase synthesis. The precise structural characterization of product 23 was carried out by

matrix-dependent selective fragmentation in MALDI-TOF/TOF MS in the presence of DHB or a-cyano-4-hydro-
xycinnamic acid (CHCA) as a matrix.54

Next we employed the synthetic strategy described above to the preparation of MUC1 mucin glycopeptides,

important molecules for in vivo cellular regulation.55 In breast, ovarian, and other carcinomas, MUC1 mucin is

aberrantly glycosylated in comparison with mucin from corresponding normal tissues.56 Although the characteristics

of sugar moieties of MUC1 are interesting in terms of cancer-related immunogenecity, the functional role of the

oligosaccharide structure in MUC1 has not been revealed yet because of its complexity and diverse glycosylated

patterns. Taking this into consideration, MUC1 glycopeptides with various mucin core carbohydrates are critical in the

fulfillment of their essential biological roles.



NH2

NH2

22

N
HO

O
O

O O
O

O
O

O O

NHAc

O

OH

OH

OH

OH

H3C 23

Pro-Ser-Val-Pro-Val-Ser-Gly-Ser-Ala-Pro-Gly-Arg

OH

OH

HO

HO

HO

HO

HO

AcHN

HOOC

m
n

(a)

(1)

(4) (5)

(2) (3)

O

O
O

O
O CO2HNO2

OMe

H
N

N

21

:Amino acid :Sugar :Sugar amino acid

Target glycopeptides

(b)

Figure 7 Chemical and enzymatic glycopeptide synthesis using a molecular transporter 21. a, (1) Solid-phase glycopep-

tide synthesis, (2) deprotection and releasing, (3) blotting, (4) sugar elongation on water-soluble polymer, (5) glycopeptide
release; b, structure of blotting polymer 22 and Sialyl Lewisx-carrying glycopeptide 23. Reproduced from Tachibana, Y.;

Fletcher, G. L.; Fujitani, N.; Tsuda, S.; Monde, K.; Nishimura, S. Angew. Chem., Int. Ed. Engl. 2004, 43, 856–862, with

permission from Wiley-VCH Verlag GmbH & Co KG.

Water-soluble
polymer

O O
BLase cleavage site

Phe-Glu AA Glycopeptide

Heterobifunctional linker

Figure 8 Heterobifunctional linker sensitive to BLase.

460 Glycopolymers
For this purpose, heterobifunctional linkers with a protease-sensitive moiety and a reactive ketone group were

designed for accelerating the chemical and enzymatic syntheses of aMUC1 library (Figure 8).57 Dipeptide Phe-Glu is

selectively digested by Bacillus licheniformis glutamic acid-specific protease (BLase) at the C-terminus of the glutamic

acid. These primer polymers were prepared by solid-phase synthesis.

One-pot enzymatic sugar elongation reaction by b-1,4-galactosyltransferase, a-2,3-(O)-sialyltransferase, and a-2,3-(N)-
sialyltransferase was performed on the primer polymer, and the product was released by BLase to obtain 42 possible

kinds of MUC1 glycopeptides (Figure 9).

All products were purified by ultrafiltration (UF) separation and high-performance liquid chromatography (HPLC)

to yield 1.0–2.0mmol (approximately 200mg to 4mg) glycopeptides. MALDI-TOF/MS analysis supported complete

construction of all glycopeptides. The present 2-D synthetic scheme using a versatile ‘polymer blotting’ strategy will

greatly accelerate both practical enzymatic synthesis using immobilized glycosyltransferases and functional identifi-

cation of biologically important glycopeptides.
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Figure 9 MUC1 glycopeptides synthesized in combinatorial manner.
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3.22.5 Multivalent Carbohydrate Presentation on a Peptide Backbone to Control
the Topology of Carbohydrates

Although many glycopolymers exhibit high affinity for target proteins, their structure is not uniform as they contain

polymers of a broad molecular weight. Since the cluster effect can be defined as a strengthening of binding affinity by

multipoint interaction, it is possible to obtain a multivalent glycocluster with a low molecular weight by rationally



462 Glycopolymers
designing the ligand for proteins with multiple binding sites. As a novel inhibitor of verotoxin, the STARFISH

dendrimer, designed to bind topologically to the toxin, was synthesized using glucose as a scaffold. This dendrimer

exhibited 106–107 higher inhibition activity than the monomeric glycoligand.16

We created cyclic peptide scaffolds containing tridendric carbohydrate units as a potential influenza virus hemag-

glutinin (HA) inhibitor using the chemoenzymatic method.17 HA is a trimeric protein and each subunit contains a

sialooligosaccharide binding site located on the apices of an equilateral triangle, in which each binding pocket is

separated by approximately 40–50Å. We designed a cyclic glycopeptide as a novel designer glycocluster that

topologically and simultaneously binds the three sugar binding sites of HA (Figure 10).

Cyclic peptide is a versatile scaffold for multivalent carbohydrate display, since the molecular size, number, and

position of the sugar can be controlled by amino acids. The cyclic peptide sequence was determined so that the
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Figure 10 a, Design of the HA blocker; b, chemical structure of the cyclic glycopeptide. Reproduced from Niikura, K.;
Nagahori, N.; Nishimura, S.-I. Kagaku Frontier 13: Nanobioengineering; Kagaku-dojin: Tokyo, 2004; pp 24–36, with

permission from Kagaku-dojin.



Figure 11 Conformation of cyclic peptide in aqueous solution calculated from NMR spectra. Reproduced from Ohta, T.;
Miura, N.; Fujitani, N.; Nakajima, F.; Niikura, K.; Sadamoto, R.; Guo, C.T.; Suzuki, T.; Suzuki, Y., Monde; K.; Nishimura, S.

Angew. Chem., Int. Ed. Engl. 2003, 42, 5186–5189, with permission from Wiley-VCH.
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separation between sialic acid residues was 50–70 Å based on the molecular modeling study. Cyclic glycopeptides (24

and 25) presenting sialooligosaccharide via a glutamine residue were synthesized ( Figure 10b), and the binding of

cyclic glycopeptide and HA was evaluated by SPR and hemagglutination inhibition assays. The assays revealed that

glycopeptide 24 is a potent inhibitor of HA; however, glycopeptide 25 is not. The 3-D structures of cyclic peptides in

solution were calculated by 2-D nuclear Overhauser enhancement spectroscopy (NOESY) NMR, and it was revealed

that each glutamic residue of glycopeptide 24 was directed outward from the cyclic peptide ring, while glutamines of

glycopeptide 25 were directed inward (Figure 11 ).

Thus, glycopeptide 24 is a tight scaffold that displays multivalent carbohydrates with spatially controlled orienta-

tion. These results indicate that controlling the topology of carbohydrates by a tight scaffold is an efficient strategy to

obtain a designer glycocluster in which the special arrangement of multivalent sugar ligands is directed to a target

protein, offering new insight into the design of a carbohydrate-based drug.
3.22.6 Sequential Glycopeptides with Both Designated Density and Desired
Orientation of Carbohydrate Side Chains

Among the cell surface glycoconjugates, mucins are very large molecules with a high density of O-linked oligosaccha-

ride chains attached to serine or threonine.58,59 The biological roles of O-glycans might be deeply dependent on the

multivalent structures of carbohydrate branches bound to the peptide main chains. It is also known that tandem

repeating peptides bearing O-glycans have been found in a variety of mucin-type glycoproteins, and they seem to have

crucial roles in cellular adhesion. However, detailed studies on the biological functions of mucins have not been

achieved because of difficulties in the preparation of homogeneously pure glycoproteins that have a strictly defined

primary structure. Here we will describe the efficient methodology for the construction of mucin-like glycoprotein

mimics of high molecular weights with sequential (tandem repeating) structures.18,60,61

Practical synthesis of mucin-type glycoprotein analogs was performed by direct polymerization of unprotected

glycopeptide macromers in the presence of diphenylphosphorylazide (DPPA) as a promoter. Figure 12 shows

compounds synthesized in the present work, all containing a simple model of antifreeze glycoproteins (AFGPs) as

a typical functional mucin (compound 26 , syAFGPpoly). AFGPs are essential to the survival of many marine teleost

fish that reside in polar and subpolar waters where temperatures decline below the colligative freezing points of

their body fluids.62–65 The AFGP isolated from fish blood plasma consist of repeating tripeptide units (Ala-Thr-Ala)n

with a disaccharide (Galb1-3GalNAca1-) attached to each threonyl residue.66 The weight-averaged molecular weight

of the synthesized glycoproteins was estimated to range from 6600 to 11650Da by gel permeation chromato-

graphy. Sialylated glycoprotein 28 was prepared with sialyltransferase. It was suggested that both the periodate-

resorcinol method (98%) and the integration data of the 1H-NMR spectrum (100%) exhibit a quantitative sialylation
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reaction. This compound as well as enzymatically modified Tn-antigenic mucin mimics67,68 may be valuable

tools for investigating the immunological and biological significance of oligosaccharide sequences of O-linked-type

glycoproteins.

We evaluated the antifreeze activity of these AFGP analogs by measuring the inhibitory effect on ice crystal growth.

It is known that the natural AFGPs generate freezing point depression by adsorption to ice surfaces and consequent

inhibition of ice crystal growth. The formation of the characteristic bipyramidal ice crystals is one of the most

important steps to inhibit the growth of ice crystals. Figure 12B clearly shows that both syAFGPpoly 26 (a) and

natural AFGP (d) induce the formation of the typical hexagonal bipyramidal ice crystals over a certain range of

temperatures (approximately 0 to � 0.5 �  C). On the other hand, compound 27 (b) exhibited no significant inhibitory

effects and sialylated glycoprotein 28 (c) showed no capacity to form the bipyramidal crystal.

To determine the minimun number of tripeptide repeats necessary for antifreeze activity, low molecular weight

syAFGPs were prepared in a similar manner to syAFGPpoly, but at a lower temperature and with a shorter reaction time.

These syAFGPs were then separated into homogeneous fractions of precise chain lengths.

The relationship between ice crystal morphology and the chain length of syAFGPs is presented in Figure 13.

Although high concentrations of monomer syAFGP1 exhibited no thermal hysteresis, it did produce hexagonal ice

crystals (Figure 13B, a). This strongly suggests that the glycopeptide monomer is capable of interaction with ice.
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All of the tripeptide syAFGP polymers (n¼2–7) displayed concentration-dependent thermal hysteresis and produced

hexagonal bipyramidal ice crystals. In addition, there was a positive correlation between thermal hysteresis and

chain length between two and five tripeptide repeating units. There was no increase in thermal hysteresis activity

when the chain length increased from five to seven repeats, suggesting that the antifreeze activity of the syAFGP

was maximal at five repeats. These results clearly demonstrate that a two-tripeptide syAFGP2 is sufficient to control

ice crystal growth.

A series of several AFGP analogs were synthesized to further identify the structural motifs that are essential for

antifreeze activity, and activity was measured by the Clifton nanoliter osmometer and by examining ice crystal

morphology. We also measured CD spectra of the synthetic glycoproteins in aqueous solution to study the relationship

between the activity and the conformation of the glycoproteins. These results clearly concluded that the antifreeze

activity of AFGP is derived from its intrinsic conformation.

The 3-D structure of active syAFGP3 in aqueous solution was determined by NMR using a combination of NOESY

and correlation spectroscopy (COSY). The result showed that the peptide backbone folds into a left-handed helix in

which three disaccharide moieties are on the same side of the molecules, constructing a hydrophilic face. Ala-CH3

groups and acetyl methyl groups in GalNAc were clustered to form a hydrophobic face. It was surmised that it is likely

that antifreeze activity of AFGP strongly depends on the presence of an amphiphatic ordered helix similar to PPII.

Further investigations to elucidate the mechanism of action and to examine the potential use of AFGPs in clinical

applications are under way.
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3.22.7 Multivalent Enzyme Inhibitor

Neuraminidases are found in many pathogens such as viruses, bacteria, and parasites. In some cases, neuraminidases

act as a virulence factors.69 Thus, the inhibitor of virus neuraminidase is regarded as a potential agent with antiviral

and antibacterial activities. It has been reported that several polymer-based inhibitors of influenza virus are multiva-

lent in neuraminic acid A (NeuAc).8,35,70,71 The synthetic random co-polymers bearing NeuAc via C-glycoside linkage

have been shown to inhibit the agglutination of erythrocyte by influenza viruses in vitro.72 For the synthesis of C-

glycoside polymer, an enzymatic approach was reported by Linhardt.73 An NeuAc monomer with phenolic aglycon

was polymerized with soybean peroxidase to afford a molecular weight of 20000, which is similar to MG2 mucin

(MUC7). MG2 contains relatively homogeneous sialylated disaccharides and trisaccharides and binds to a wide variety

of microorganisms. The resulting C-glycoside polymer was investigated for the inhibitory effect against neuramini-

dase from Clostridium perfringens by using 4MU-labeled fluorescent substrate to give a Ki value of 900nM based on the

polymer concentration. The observed Ki was over 10-fold lower than the monomeric C-glycoside of NeuAc.

Among bacterial neuraminidases, some are known to have one or more carbohydrate-binding domains in addition to

a catalytic domain.74,75 The neuraminidases with additional lectin domains were revealed to hydrolyze multivalent

substrates with much greater efficiency than the monovalent substrate by Boons et al.76 The multivalent substrate

exhibited 100-fold smaller Km than the monovalent derivative. It seems that the catalytic and lectin domains interact

simultaneously with the multivalent substrates, leading to the affinity enhancement. Furthermore, the catalytic

activity of neuraminidases was effectively inhibited by the multivalent polymer displaying galactose, a ligand for

the lectin domain. The Ki of the galactoside polymer against neuraminidase from Vibrio cholerae is 50mM, which is

100-fold smaller than that of monovalent D-galactose. The polymer did not inhibit the neuraminidase from Salmonella

typhimurium, which does not have a lectin domain. This new concept of inhibitor that targets lection domains of the

enzyme has a great potential to develop a specific inhibitor for bacterial neuraminidase.
3.22.8 Glycopolymer Regulating Cellular Responses

Some examples of the use of multivalent glycopolymers to regulate cellular responses will be described below. Many

cell surface receptors are known to form dimeric or oligomeric complexes.77 Kiessling et al. demonstrated that the

inter-receptor communication within a lattice of receptors on cell surfaces amplify the sensory information in

chemotactic bacteria by using multivalent glycopolymer.78 The galactose-bearing polymer was synthesized by ring-

opening metathesis polymerization (ROMP), which allows the generation of multivalent ligands with distinct

valencies. The motion of bacteria in response to the chemotactics was analyzed. It was revealed that the galactose

polymer (approximately 25 monomer units) was 100- to 1000-fold more potent a chemoattractant than the monovalent

galactose derivative. It seemed that the multivalent ligand mediated the signal amplification by stabilizing the cluster

of chemoreceptors on cell surfaces.

A unique application of glycopolymer is a carbohydrate–antioxidant hybrid polymer that reduces oxidative damage

in spermatozoa and enhances fertility. In this strategy, the cell surface CBP was exploited to deliver antioxidant to the

spermatozoa. Among the specific CBPs found on spermatozoa, a galactose-binding protein (GBP) has similarity to

the hepatic asialoglycoprotein receptor (AGPR). AGPR allows hepatocytes to internalize Gal-bearing macromolecules

through receptor-mediated endocytosis, suggesting that GBP has endocytotic potential. The hybrid polymers contain-

ing antioxidant a-tocopherol by enzyme-labile aryl ester linkage, a sperm-targeting galactose as a ligand for GBP, and a

solubility-enhancing group were constructed. When the porcine sperm was treated with hybrid polymer, it caused

large increase of intracellular level of a-tocopherol and greatly reduced endogenous fatty acid degradation under

oxidation stress. It was shown that the hybrid polymer was transferred through GBP into the spermatozoa to release

antioxidant, which resulted in enhanced physiological properties, longer half-lives, and fertilization rates.

These results demonstrated that the synthetic multivalent carbohydrate ligands could serve as modulators of

cellular functions by targeting the cell surface receptors.
3.22.9 Multivalent Glycopolymer Nanoparticles for the Detection
of Molecular Recognition

It is known that the glycolipids on cell surfaces are assembled with signaling molecules and cholesterol to form dense

patches called microdomains, through which various recognition events occur. As a cell-surface model, liposomes

composed of phospholipids and glycolipids are widely used. We utilized multivalent polymerized fluorescent
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glycolipid liposomes for the detection of carbohydrate-recognition events (Figure 14).79 Glycolipid mimetics with a

diacetylene moiety that can be photopolymerized by UV irradiation was synthesized. Polymerized diacetylene has a

long-term conjugated system and exhibits UV absorbance at a visible range and fluorescence emission.80

Carbohydrate-displaying fluorescent nanoparticles were prepared by photopolymerization of the vesicles composed

of diacetylene glycolipid and phospholipids. The fluorescence intensity increased with UV irradiation (254nm) and

became nearly saturated in 1h, generating spectra with a maximum fluorescence emission at 460nm upon emission at

380nm. The nanoparticle was visualized by scanning electron microscope (SEM), which revealed a particle diameter

of around 250nm.

The binding of CBPs to the carbohydrate-displaying fluorescent nanoparticle was evaluated by measuring the

changes in fluorescence intensity upon addition of a protein solution. The binding of E-selectin to sialyl Lewis

X (sLex)-displaying nanoparticle was tested (Figure 15). The intensity of the fluorescence from nanoparticles

decreased with an increase in E-selectin concentration, whereas no fluorescence change was induced for the

nanoparticle composed of phosphatidylcholine-type lipid alone. For the binding of ConA, a mannopentaose-

displaying nanoparticle was prepared. Decreases in fluorescence intensity were also observed with the addition of

ConA to a nanoparticle solution. Next the enzymatic hydrolysis reaction by mannosidase was monitored. Unlike

protein binding to the particle, when mannosidase was added to a solution of mannopentaose-displaying nanoparti-

cles, the intensity of fluorescence increased with time. Another experiment (data not shown) revealed that the

conformational change in the ene-yne backbone of the nanoparticle upon addition of protein became sensitive
Figure 14 The use of fluorescence to detect protein binding to the carbohydrate-displaying nanoparticle. Reproduced
from Nagahori, N.; Nishimura, S.-I. Glyconanotechnology; Yuasa, H., Ed.; Nanotechnology in Carbohydrate Chemistry;

Transworld Research Network: Trivandrum, India, 2006; pp 149–166, with permission from Transworld Research Network.
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468 Glycopolymers
when the flexibility of the nanoparticle increased by controlling the degree of polymerization or by introducing

flexible lipid dioleoyl L-(a)-phosphatidylcholine (DOPC). Therefore, observed changes in fluorescence are specu-

lated to result from changes in the stress on the diacetylene network in the nanoparticle. The stress was increased with

the binding of protein and was decreased by releasing sugars from the particle surface, resulting in respective negative

or positive changes in fluorescence. A simple solution-phase sensing system using polymerized glycolipid vesicles

does not require special equipment such as surface plasmon resonance (SPR) or MS spectrometry, and thus will be

useful in the laboratory for the detection of carbohydrate-recognizing proteins and enzymes.
3.22.10 Two-Dimensional Glycolipid Polymers for the Multivalent Presentation
of Proteins

As mentioned above, a multivalent glycoliposome prepared with diacetylene-containing glycolipids can be regarded as

a model system for molecular recognition on cell surfaces. To understand the mechanism of the formation of a

microdomain on cell surfaces and the effect of clustering (assembly) of glycoconjugates, several studies have been

performed using the glycolipid monolayers as a model membrane. Artificial lipid membranes, such as monolayers

comprised of glycolipids and phospholipids, have suggested that the glycolipid domain with a nanometer scale is

formed due to phase separation. Other examples showed that the intensity of the interaction of the glycolipid

monolayer with CBPs is strongly dependent on the carbohydrate density in the monolayer, implying the significance

of carbohydrate clustering in nature.81

Here, we will describe the preparation of multivalent 2-D glycolipid films and the use of the films as scaffolds to

display CBPs in a variety of ordered arrangements.82 Diacetylene-containing glycolipids can be photopolymerized and

thus are suitable to prevent undesired lipid movement and to obtain a stable platform. CBPs were assembled on the

glycolipid membrane according to the procedure shown in Figure 16.

The mixed glycolipid at air–water interface was compressed to form a monolayer and photopolymerized by UV

irradiation at 254nm. As polymerization proceeds, the absorbance of the glycolipid films (400–700nm) increased. Then

the CBP solution was injected into the subphase to bind to the carbohydrate head of the glycolipidmonolayer. TheCBP-

bound monolayer was transferred onto a hydrophobic glass plate. The surface of the CBPs deposited on the glycolipid

filmswas observed by atomic forcemicroscopy (AFM) to show various submicron-sizedprotein patterns depending on the

CBP, glycolipid and lipid structure, and sugar density in the films (Figure 17). Cross-section analysis of the protein array

revealed uniform assembly of CBP with a height of 10nm, which corresponds to the diameter of a single CBP molecule.

To confirm that the proteins assembled on glycolipid film retained their activity, the binding of glycopolymers

bearing lactose residues to peanut lectin (PNA) immobilized on galactolipid film was evaluated by SPR. The binding

of the glycopolymer to the PNA array was observed, where Kd was estimated to be�10�6M. The interaction between

the glycopolymer and the PNA array was inhibited by lactose in the reaction mixture, revealing that the binding was

specific and that the immobilized PNA retained its sugar-binding activity.

To immobilized proteins on the solid support surface, a random nonspecific covalent approach using conventional

chemical coupling reagents or nonspecific noncovalent attachment through physical adsorption including electrostatic,

hydrophobic, and van derWaals interactions was widely employed. However, these methods carry the possibility of protein
(1) (2) (3)

Hydrophobic glass plate

Surface observation
by AFM

Figure 16 Protein immobilization on the glycolipid film. (1) Photopolymerization of the glycolipid monolayer; (2) injection of
protein for binding to the monolayer; (3) transfer of the monolayer bound with protein to a hydrophobic glass plate.

Reproduced from Nagahori, N.; Niikura, K.; Sadamoto, R.; Monde, K.; Nishimura, S.-I. Aust. J. Chem. 2003, 56, 567–576,
with permission from CSIRO Publishing.
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Figure 17 AFM images of the proteins displayed on glycolipid LB films. a, L-selectin-IgG on sulfatide-containing LB film;

b, MBP on maltotriose-containing LB film; c, an expanded image of (a); d, section analysis of the image (c) at gray line.

Cross-section analysis of the protein array showed uniform assembly of protein. Reproduced with permission from
Nagahori, N.; Niikura, K.; Sadamoto, R.; Monde, K.; Nishimura, S.-I. Aust. J. Chem. 2003, 56, 567–576 and Nagahori, N.;

Nishimura, S.-I. Glyconanotechnology; Yuasa, H., Ed.; Nanotechnology in Carbohydrate Chemistry; Transworld Research

Network: Trivandrum, India, 2006; pp 149–166.
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denaturation and loss of protein activity and defined orientation.83 Our procedure provides a mild site-specific noncovalent

attachment of protein through carbohydrate–protein interaction in which the activity of proteins is maintained and the

direction of the active sites of the protein is well controlled. The proteins bound on the glycolipid Langmuir–Blodgett (LB)

films assembled to form a proteinmonolayer with a variety of ordered patterns. This approachmay lead to the development

of a novel class of biosensors and cell-adhesive substrates that can signal biological messages to the living cells.
3.22.11 Using a Two-Dimensional Glycopolymer as a Sensing Device

After CBPs were successfully immobilized on a solid support in their active form, we next tried to utilize the arrayed

proteins.84 Real-timemonitoring of glycosyltransferase activity is desirable for understanding themechanism of carbohy-

drate-related biological functions, since glycosyltransferases are key enzymes for the biosynthesis of glycoconjugates. In

addition, a high-throughput assay is also required for screening for novel inhibitors andmodulators of glycosyltransferases

among combinatorial libraries in the pharmaceutical industry. Thus we applied the protein immobilization process to the

preparation of a highly-oriented glycosyltransferase microarray on an SPR biosensor chip to monitor the sugar elongation

reactions catalyzed by an enzyme array displayed on the surface of glycolipid LB thin films. In this experiment,

galactosyltransferase expressed as a fusion protein with maltose-binding protein (MBP-GalT) was immobilized on

glycolipid LB film by the carbohydrate-recognizing function of MBP. Figure 18 details the experiment.

A mixed LB membrane of maltotriose-carrying diacetylene lipid 29 and phospholipid 30 was prepared on an SPR

sensor chip, and then MBP-GalTwas immobilized via maltotriose–MBP specific interaction. Here, it is expected that

the catalytic sites of enzymes were displayed with ordered orientation by site-specific immobilization.

MPP-GalT immobilized on a gold sensor chip was employed for further evaluation of activity by SPR with the

addition of solutions containing glycosyl donor (UDP-Gal) and/or acceptor substrates. Glycopolymer 31 was used as an

acceptor substrate because the cluster effect makes it a good substrate for glycosyltransferases.48,49,51,52 It is also

expected that the signal intensity of SPR is amplified with a polymer-type substrate. Figure 19 (solid line) shows a

typical SPR sensorgram demonstrating the galactose transfer reaction from UDP-Gal to acceptor polymer 31 catalyzed

by MBP-GalTon a sensor chip.

When polymer acceptor 31 was injected in the presence of 0.5 mM UDP-Gal at the point indicated by A,

a large sigmoidal response (2300 RU) was recorded (solid line). The value of 2300 RU seems to be reasonable

when it is assumed that a single layer of the polymer covers the sensor surface. On the other hand, no response was
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detected (dashed line). When monomeric acceptor 32 was injected with UDP-Gal, negligibly low affinity

was detected (dashed-dot line). These results correspond with our previous observation that acceptor sugar residues

highly branched on the water-soluble polymers become excellent substrates of glycosyltransferase due to a polymeric

cluster effect. The large sigmoidal response of SPR found in the presence of both UDP-Gal and polymeric acceptor 31
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suggests that activation of GalT by the predominant binding of UDP-Gal may be an essential step for successful

galactose transfer to the acceptor substrate. X-ray crystallographic analysis of the complex of GalTwith UDP-Gal also

shows a significant conformational change, and this crucial step may be necessary for creating a properly arranged

acceptor-binding pocket.85 The simple monitoring method described here will be applied for other glycosyltransfer-

ase-MBP fusion proteins.50 The glycosyltransferase microarray chips may become a versatile tool both for investigat-

ing the mechanism of enzymatic sugar elongation reactions and for searching for novel inhibitors from synthetic

libraries of non-natural sugar nucleotides and related compounds.
3.22.12 Protein Glycomics by Chemoselective Glycoblotting
on a Polymer Nanoparticle

Protein glycosylation involves a highly dynamic process in which rapid changes in the carbohydrate structure occur

in response to cellular signals or cellular stages, resulting in key informational markers of some serious human

diseases.58,86 For example, the glycosylation patterns on IgG changes in rheumatoid arthritis87 and specific carbohy-

drates are used as tumor-associated markers in pancreatic and colon cancers.88 Although there have been substantial

advances in our understanding of the effects of glycosylation patterns on some biological systems, we still do not fully

understand the specific functional roles of carbohydrates and the relationship between their structures and functions.

The major difficulty in carbohydrate sequencing is that the purification of trace amounts of oligosaccharides requires

extremely tedious multistep processes, as crude sample mixtures prepared by enzymatic digestion from cells,

organisms, serum, etc. usually contain large amounts of impurities such as peptides, lipids, and salts. These technical

problems in the sequencing of carbohydrates make it impossible to achieve high-throughput protein glycomics. Thus

our attention was focused on the development of an efficient method of oligosaccharide purification and analysis.

Once oligosaccharides are released from glycoconjugates, they present an aldehyde or ketone group at the reducing

terminal that no biomolecules other than carbohydrates contain.89 This unique chemical characteristic of sugars

encouraged us to design a novel polymer nanoparticle for capturing carbohydrates from crude samples on the basis

of the chemoselective ligation strategy. We have developed several polymer reagents with reactive and stable

oxylamino functional groups that preferentially react with an aldehyde or ketone group at the reducing terminal of

carbohydrates. 90 A liposome composed of diacetylene-containing lipid derivative 33 and phospholipid derivatives can

be readily polymerized by UV irradiation to produce a polymer-based nanoparticle with a diameter of 200–300nm

displaying an oxylamino functional group (Figure 20). The feasibility of the polymer as a platform for the ‘trap and

release’ of the target oligosaccharides was then evaluated.

Figure 21 shows the general protocol for the isolation and analysis of carbohydrates by chemoselective glycoblot-

ting: (1) trapping carbohydrates by mixing nanoparticles with an unpurified proteolytic digest; (2) collection of

particles by spin filtration from a crude mixture of peptides, salts, and other impurities; and (3) release and subsequent

MALDI-TOF MS analysis of the target carbohydrates.

The structural characterization of human IgG N-glycans was carried out using crude IgG samples obtained from

human serum (100ml) to test the efficiency of protein glycomics by the present strategy. Then the crude digest

was directly subjected to MALDI-TOF MS analysis, and only an extremely complex spectrum was obtained

(Figure 22a). On the other hand, the MALDI-TOF MS spectrum of N-glycans of human IgG trapped and released

by glycoblotting strategy was remarkably improved (Figure 22b). Sensitive and singly charged precursor on peaks
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Figure 21 General protocol for chemoselective glycoblotting and MALDI-TOF mass analysis of carbohydrates.
Reproduced from Nishimura, S.; Niikura, K.; Kurogochi, M.; Matsushita, T.; Fumoto, M.; Hinou, H.; Kamitani, R.;

Nakagawa, H.; Deguchi, K.; Miura, N. Monde, K.; Kondo, H. Angew. Chem., Int. Ed. 2005, 44, 91–96, with permission from

Wiley-VCH.
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generated in the presence of CHCA was subsequently subjected to LIFT-TOF/TOF analysis for sequencing

oligosaccharide structures. Fragmentation patterns produced by analyzing m/z 1486 were identified with the known

pyridyl-aminated oligosaccharide. This result indicates that carbohydrate mass fingerprinting (CMF) analysis by data

fitting with the mass databases of known oligosaccharide allows precise structural identification of oligosaccharides

captured by glycoblotting strategy. The combined use of glycoblotting and high-performance MALDI-TOF/TOF

analysis provides a new promising strategy for early diagnosis and tailored treatment of a variety of diseases, as well as

high-throughput protein glycomics.
3.22.13 Summary

Biomolecular recognition of glycoconjugates in a natural biological system is regulated by the spatial and topological

arrangement of the recognition elements at both the molecular and the supramolecular cellular level. Thus, it is
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Figure 22 MALDI-TOF analysis of human IgG N-glycans. a, MALDI-TOF mass spectrum of crude N-glycans before
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indispensable to decipher and reassemble the 3-D topology of carbohydrates to develop the multivalent glycocluster

as a biomaterial and a carbohydrate-based drug that controls biological function. Multivalent presentation is a key

feature of glycoclusers described in this chapter, which allows these materials to serve as cell surface mimics to

understand and manipulate carbohydrate-protein interactions. Various water-soluble glycopolymers with high affinity

toward partner CBPs were prepared. The affinity of the glycopolymers with CBPs was found to be density dependent.

To control the topology of glycoligands in the polymer network, molecular imprinting was employed. The multivalent

water-soluble glycopolymers become good acceptor substrates of glycosyltransferases as well as exhibit high affinity to

proteins. Highly efficient enzyme-assisted carbohydrate synthesis was achieved by using the glycopolymers as a

molecular platform for the carbohydrate assembly. By combining enzyme-assisted carbohydrate synthesis and solid-

phase peptide synthesis, the rapid construction of glycopeptide libraries was demonstrated. It was also shown that

cyclic and sequential polypeptide backbone served as a scaffold for multivalent presentation of glycoligands with a

defined 3-D topology. The supramolecular assemblies of glycolipid mimetics were prepared on a solid support and a

nanoparticle as a biomembrane model. These model membranes were applied as devices for detecting molecular

recognition and enzymatic activity, in which multivalent carbohydrate presentation plays an important role. Finally,

we prepared the polymer nanoparticle that can selectively capture carbohydrate biological samples to achieve high-

throughput carbohydrate sequencing.
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Glossary

antifreeze glycoprotein (AFGP) Is essential to the survival of many marine teleost fish that reside in polar and subpolar

waters where temperatures decline below the colligative freezing points of their body fluids.

atomic force microscope (AFM) One of scanning probe microscope. Cantilever (probe) scans the surface of samples to detect

the van der Waals force between the tip and sample.

hemagglutinin (HA) Found on the surface of influenza virus and is responsible for the binding of virus to the host cells. HA is a

trimeric protein and each subunit contains a sialooligosaccharide binding site.

Langmuir-Blodgett film (LB film) The film what the monolayer on the surface of aqueous solution is transferred onto the

solid plate by vertically dipping the plate passing through the water surface.

monolayer A layer with one molecular thickness of amphiphilic compound on air-water interface.

surface plasmon resonance (SPR) Surface electromagnetic waves that propagate parallel along a metal/dielectric interface,

which is utilized to detect the molecular interaction between immobilized ligand on the sensor chip and injected analyte.
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3.23.1 Introduction

The presence of both lectins and complex carbohydrates in the biological fluids, on the surface as well as inside cells, is

well documented (see Refs.: 1 and 2 for reviews). Specific interactions between lectins and complex carbohydrates

(glycoproteins, glycolipids, polysaccharides, or proteoglycans) are involved in several basic phenomena such as

phagocytosis, endocytosis, intracellular traffic, signal transduction, cell–cell recognition, inflammation processes,

cell matrix adhesion, opsonization, cell growth control, cell regulation and differentiation, acrosome reaction, cellular

trafficking, cancer cell metastasis, etc. The physicochemical aspects as well as the biological functions of lectin–

glycoconjugate interactions depend, to some extent, on the density of the lectins and on the organization of the sugar

moieties of glycoconjugates.

The recognition of an individual simple sugar by a lectin is usually in a low-affinity range (about 103lmol�1).3

Conversely, complex oligosaccharides or saccharide clusters, as well as neoglycoproteins, bind lectins in a high-affinity

range (up to 108lmol�1). Multivalency is a strategy used by both the binding partners to circumvent the intrinsic low

affinity of carbohydrate–protein interactions. On the one hand, the carbohydrate binding proteins (lectins) often exist

as multimeric and/or possess multiple carbohydrate recognition domains and on the other hand, carbohydrate moieties

are often numerous in glycoconjugates. Multivalency leads to the possibility of establishing multiple separate

connections resulting in a strong attractive binding force.

Numerous reviews and books dealing with the preparation and the use of neoglycoproteins are available.4–14

The reader of this chapter will find in these materials a considerable numbers of references. Various methods

are available for constructing multivalent structures. Some of them frequently include conjugation of carbohydrate

ligands with proteins or other polymers:9,10,15 these glycoconjugates are called ‘neoglycoproteins’ (glycosylated

proteins) and glycopolymers, respectively. These approaches have been successful, although the products are

ambiguous in composition and structure. Alternatively, high-affinity ligands of low molecular weight (complex

oligosaccharides from natural or synthetic sources and small oligosaccharide clusters such as glycodendrimers16,17

or glycoclusters18 have been developed and can be used as tools to evidence and to study the functions of

endogenous lectins as well as devices to target molecules of interest (see Refs.: 9, 10, 19, and 20 for reviews). Such

oligosaccharides or glycoclusters may also be bound to a protein, conferring to the neoglycoprotein a very high

apparent affinity.
3.23.2 Historical Aspects

Avery and Goebel,21 in 1929, prepared neoglycoproteins referred to gluco-globulin, galacto-globulin, gluco-albumin,

and galacto-albumin: horse serum globulin and crystalline egg albumin substituted with glucosides and galactosides,

respectively. They used those neoglycoproteins as antigens to induce the production of immune sera. They demon-

strated that the sera contained two separate types of antibodies: the anticarbohydrate antibodies present in sera

prepared with the neoglycoproteins which were specific of the sugar borne by the neoglycoprotein used as immunogen

and the antiprotein antibodies. The antiprotein antibodies exhibit specificity linked to the original protein (globulin or

albumin) and the antibodies reactive with the conjugated sugar-proteins are specific for unrelated proteins containing

the same carbohydrate (galactosides or glucosides). Their results demonstrated that the carbohydrate moiety and not

the protein molecule determine the serological specificity of the conjugated antigen.21–23 Then, Goebel and Avery23

prepared a neoglycoprotein based on the capsular polysaccharide (CS) of type 3 Pneumococcus, a polymer of aldobionic

acid.24 This work was initiated on the basis that one of the free hydroxyl groups of the polysaccharide could be

replaced by a nitrobenzyl group without incurring a loss in specificity of the polysaccharide. The nitroderivative was

then reduced to the amino compound which in turn was coupled through its diazonium derivative to a protein,

yielding a neoglycoprotein made with ‘complex’ oligosaccharides. Such a conjugate had a single constituent common

to the Pneumococcus cell, namely, the CS and the conjugates should behave as a ‘synthetic antigen’, inducing specific
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antibodies upon immunization, which share similar specificity as those produced by immunization with intact

bacterial cells.

Later, Goebel25 showed that a neoglycoprotein containing the repeating unit of this polysaccharide cellobiuronic

acid – but not the neoglycoproteins containing cellobioside, glucoside, or glucuronide – gives rise in rabbits to

antibodies which are specific and characteristic of the saccharide constituent of the CS of type 3 Pneumococcus. It

was concluded that the antiserum to the synthetic antigen containing cellobiuronic acid conveys passive protection on

mice to infection with virulent Pneumococcus types 2, 3, and 8.

Several years later, Iyer and Goldstein26 prepared neoglycoproteins in order to study, in a quantitative

approach, the interaction between glycoconjugates and concanavalin A, a plant lectin specific for mannosides and

glucosides. Similarly, Privat and co-workers27 prepared neoglycoproteins bearing chitin oligomers (GlcNAcb-
(4GlcNAcb-)n with n¼0–3) and showed that those neoglycoproteins interact with another plant lectin: wheat

germ agglutinin, inducing the precipitation of the complex in a concentration-dependent manner, analogous to an

immunoprecipitation.
3.23.3 Neoglycoproteins

Neoglycoproteins have been prepared from various proteins (bovine and human serum albumin (HSA), ribonuclease,

ferritin, diphtheria toxin, streptavidin, etc.) as well as glycoproteins (ovalbumin, horse radish peroxidase, serum

globulin, etc.). It is obvious that the most interesting neoglycoproteins are those prepared from sugar-free proteins

and serum albumin is the most popular protein selected by many researchers to prepare well-defined neoglycopro-

teins. Serum albumin is highly soluble in neutral or alkaline medium and its molecular weight is large enough (roughly

Mr: 67000) to allow a heavy sugar substitution.
3.23.3.1 Serum Albumin

The properties of serum albumin are very nicely presented in reviews by Peters,28 and Carter and Ho.29 Mammalian

serum albumin contains about 60 lysines (Table 1). The three-dimensional structure of HSA has been determined by

crystallography to a resolution of 0.28nm.30,31 It comprises three homologous domains that assemble to form a heart-

shapedmolecule. Each domain is a product of two subdomains that possess common structural motifs (Figures 1 and 2).

The principal regions of ligand binding to HSA are located in hydrophobic cavities in the first subdomains II and III,

which exhibit similar chemical properties. The structure explains numerous physical phenomena and should provide

insight into future pharmacokinetic and genetically engineered therapeutic applications of serum albumin. As shown

in Figure 3 from the primary sequence, 60 lysines of bovine serum albumin (BSA) are dispersed throughout the

molecule. Serum albumin is also very rich in cysteine, as shown in Figure 2 accounting for the exceptional stability of
Table 1 Amino acid composition of BSA272

Ala 48 Arg 26 Asn 14 Asp 41 Cys 35

Gln 21 Glu 58 Gly 17 His 16 Ile 15

Leu 65 Lys 60 Met 5 Phe 30 Pro 28

Ser 32 Thr 34 Trp 3 Tyr 21 Val 38

14 nm

4 nm 
−10* 0*

* Net charges

−8*

IA IP IIA IIB IIIA IIIB

Figure 1 Schematic structure of serum albumin, adapted from Peters, 1985:28 the molecule is made of three domains

(I, II, III) containing 10, 8, and 0 negative net charges, respectively. Each domain is divided into subdomains A and B.
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the mature protein. The albumin molecule is not uniformly charged within the primary structure. At neutral pH,

Peters28 calculated a net charge of �10, �8, and 0 for domains, I, II, and III for BSA (Figure 1). Interestingly, the

lysines are well dispersed on the surface of the protein as shown in Figure 4.
3.23.3.2 Neoglycoprotein Synthesis

The coupling of saccharide residues to the surface of proteins has long been used as a straightforward strategy for the

creation of high-valence neoglycoproteins; such approaches are still in use.11 During the last two decades, advances in

the area of bioconjugate synthesis methods have led to the development of mild methods for the preparation of

neoglycoproteins suitable for vaccination purposes.11,20,32–34 The maintenance of three-dimensional conformation or

tertiary structures of the protein carriers, especially the bacterial toxins, necessitates the use of mild coupling

procedures. In fact, the choice of coupling procedures is often limited by the propensity of carrier protein to undergo

changes in the tertiary structure or denaturation under the reaction conditions. The synthesis of neoglycoproteins

primarily involves random or defined coupling sites on the surface of the protein carrier and their covalent modifica-

tion with oligosaccharides at their reducing end or functionalization of the oligosaccharides bearing a spacer arm.



MKWVTFISLL LLFSSAYSRG VFRR 

DTHKSE IAHRFKDLGE EHFKGLVLIA

FSQYLQQCPF DEHVKLVNEL TEFAKTCVAD ESHAGCEKSL

HTLFGDELCK VASLRETYGD MADCCEKQEP ERNECFLSHK

DDSPDLPKLK PDPNTLCDEF KADEKKFWGK YLYEIARRHP 

YFYAPELLYY ANKYNGVFQE CCQAEDKGAC LLPKIETMRE

KVLASSARQR LRCASIQKFG ERALKAWSVA RLSQKFPKAE

FVEVTKLVTD LTKVHKECCH GDLLECADDR ADLAKYICDN

QDTISSKLKE

CCDKPLLEKS HCIAEVEKDA IPENLPPLTA DFAEDKDVCK

NYQEAKDAFL GSFLYEYSRR HPEYAVSVLL RLAKEYEATL

EECCAKDDPH ACYSTVFDKL KHLVDEPQNL IKQNCDQFEK

LGEYGFQNAL IVRYTRKVPQ VSTPTLVEVS RSLGKVGTRC

CTKPESERMP CTEDYLSLIL NRLCVLHEKT PVSEKVTKCC

TESLVNRRPC FSALTPDETY VPKAFDEKLF TFHADICTLP 

DTEKQIKKQT ALVELLKHKP KATEEQLKTV MENFVAFVDK

CCAADDKEAC FAVEGPKLVV

STQTALA

Figure 3 Primary sequence of mature BSA.272 One lysine is in the N-terminal peptide of the preproalbumin and is lost upon

processing to the mature albumin, Mr¼66430.

Figure 4 Four views of lysyl residues (green) in HSA. Credit:284 http://www.ks.uiuc.edu/Research/vmd/.
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A variety of chemical conjugation methods have been employed for the attachment of antigenic carbohydrate

epitopes by targeting specific amino acid residues present on the carrier protein surface. Although these methods

are not site specific and lead to a variable loading of the protein carrier, they have nevertheless been the most effective

means to prepare neoglycoproteins so far. Some of the popular approaches are discussed briefly below: for compre-

hensive reviews on neoglycoproteins and artificial glycoprotein synthesis, see Refs.: 35 and 36 and on structural and

synthetic aspects of neoglycoprotein vaccines, see Ref.: 37 and Section 3.23.7.
3.23.3.2.1 Conjugation to lysine
As shown inFigure 5, several chemical reactions lead to neoglycoproteins in which lysyl residues are substituted with

a glycopolyol or with a carbohydrate moiety through a spacer arm.
3.23.3.2.1.1 Reductive amination

The conjugation of the reducing end of the oligosaccharides with the e-amino group of lysine leading to the formation

of the Schiff’s base is one of the most frequently employed methods. Since the formation of a Schiff’s base is a

reversible equilibrium-driven process, the in situ reduction of the imine formed using sodium cyanoborohydride

(NaBH3CN) drives the reaction toward the formation of stable amine adducts.38 The e-amino groups of lysines are

useful for direct coupling not only to the reducing terminal of poly- or oligosaccharides but also to aldehyde

functionalities generated on short spacer arms linked to the saccharide. The reactive aldehyde functionalities can

be easily generated from spacer arms by ozonolysis of unsaturated alkyl spacers or hydrolysis of acetals. Periodate

cleavage of saccharide residues to produce reactive aldehydes followed by reductive amination in the presence of

cyanoborohydride has also been extensively utilized. Borch and co-workers39 showed that sodium cyanoborohydride

(NaBH3CN) reduces a wide variety of organic functional groups with a remarkable selectivity. The reduction of

aldehydes and ketones is pH dependent, the reaction proceeds readily at pH 3–4. Reaction of an aldehyde or ketone

with ammonia, primary amine, or secondary amine at pH 7 in the presence of BH3CN
� leads to primary, secondary, or

tertiary amines, respectively, via reductive amination of the carbonyl group. Then, Gray38 successfully applied this

new method to transform reducing sugars to glycopolyol-amines in a good yield. Knowing that carbonyl groups are not

reduced at pH above 5, while the Schiff bases are, Gray and co-workers40 showed that a disaccharide such as cellobiose
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Figure 6 Preparation of glycosylated serum albumin according to the reductive amination procedure developed

by Gray.38 Cellobiose a, (292mmol) reacted at 37�C for about 10 days with 1mmol of BSA at pH 8.0 in the presence

of 1590mmol of sodium cyanoborohydride, allowing to reduce the Schiff base b, to a secondary amine c, the neoglyco-
protein contained about 26 residues of glucose.
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reacted with the amino groups of serum albumin at pH 8.0 leading to a protein substituted with up to 26 sugar moieties

according to the reaction shown in Figure 6. The sugar linked to an amino group of the protein is transformed during

the reduction step into a linear polyol-amine. For instance, lactose41 has been coupled to the cross-linked dimer of

bovine pancreatic ribonuclease A as well as serum albumin; in the last case, up to 20mol of lactose/mol of protein was

coupled at the end of a 5-day reaction; while the glycosamination reaction can be carried out at pH 7, the coupling

reaction was 2–3 times faster at pH 9, in agreement with Baues and Gray’s data.42 When derivatives of ribonuclease

dimer that contained up to eight N-e-1-(1-deoxylactitolyl)-lysine residues per molecule were injected into mice, 69%

of this neoglycoprotein was found in the liver after 10min; while with the nonglycosylated enzyme, the liver uptake

was only 4%, the majority of the neoglycoprotein being found in the kidneys.

Some years later, Lee and co-workers prepared thioglycosides ended with a diacetal derivative (see Figure 7)

allowing upon deprotection to o-aldehydo-alkyl 1-thio-glycopyranosides.43 The length of the spacers between the

sulfur atom and the amino groups of BSAmay be modulated in order to give more freedom to the presentation of sugar

moieties.
3.23.3.2.1.2 Use of O- and S-glycosides with a spacer arm

3.23.3.2.1.2.1 Formation of thiourea linkages Phenylisothiocyanate glycosides (see Ref.: 44 for a review) derived

from p-amino-aryl glycosides using thiophosgene45 or thiocarbonyldiimidazole46,47 have been extensively used for

conjugation of simple sugars or complex oligosaccharides onto lysines (Figure 8). Oligosaccharyl p-nitro-anilide (pNA)

pyroglutamyl glycosynthons derived from unprotected oligosaccharides provide an easy approach to synthesize

phenylisothiocyanate derivatives of complex oligosaccharides.47
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dimethyl acetal Cl-CH2-CO-NH-CH2-CH(O-CH3)2 in the presence of K2CO3 and NaHSO3 leading to tetra-O-acetylgalactosyl-

b-thio-acetylamidoacetaldehyde dimethyl acetal b, and converted in the presence of NaOCH3 (sodium methoxide)
in methanol to galactosyl-b-thio-acetylamidoacetaldehyde dimethyl acetal c, and then in mild acid medium to galactosyl-b-
thio-acetylamidoacetaldehyde d; finally, d, was allowed to react in the presence of sodium cyanoborohydride (NaCNBH3) with

BSA at neutral pH (close to 7), leading to galactosylated BSA, a neoglycoprotein e; as much as 40 thiogalactosides (one of

which is shown inside the brackets) were linked to the protein-amino groups (one ofwhich is shown outside the brackets).43,285
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The allyl trisaccharide GalNAcb-4[Fuca-3]GlcNAcb-glycoside was transformed in 96% yield into the 3-(2-amino-

ethylthio)propyl spacer by radical addition of cysteamine hydrochloride under UV irradiation, then activated with

thiophosgene and coupled to BSA48 The ligand/protein ratio of the neoglycoprotein, based on protein and amino-sugar

analyses, was 6:1mol/mol.

3.23.3.2.1.2.2 Formation of amidine linkages d-Alkylimidate glycosides (2-iminomethoxymethyl thioglycosides)

were synthesized49,50 and used to prepare neoglycoproteins (Figure 9). Such neoglycoproteins retain the number of

positive charges of the native protein because the linkage is an amidine.

3.23.3.2.1.2.3 Formation of amide linkages Other approaches to prepare neoglycoproteins via coupling to lysines

involve condensation of oligosaccharides with spacer arms (carbohydrate or non-carbohydrate-based) such as (1) oligo-

saccharide containing sugar lactones;51 (2) activated acyl azides derived from oligosaccharyl-acyl hydrazides;52

(3) oligosaccharides that contain an amino spacer with diethyl squarate;53 (4) oligosaccharides with a spacer arm

ended with a carboxylic group activated as N-hydroxysuccinimide (NHS)54 or sulfo-NHS esters; (5) a thioglycoside
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thiocarbonyl-bisimidazole46 as in Quétard and co-workers.47 Finally, the last compound c, reacted with BSA at pH 9.0

leading to a neoglycoprotein d, containing up to 54 sugar moieties.
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Figure 9 Synthesis of neoglycoproteins according to Lee and co-workers.50 Acetobromogalactose a, was converted

in the presence of thiourea CS(NH2)2 into tetra-O-acetylgalactosyl-b-pseudothiouronium b; b, was reacted with chloro-

acetonitrile in the presence of K2CO3 and NaHSO3 leading to tetra-O-acetylgalactosyl-b-thio-acetonitrile c, and converted
in the presence of NaOCH3 (sodium methoxide) in methanol into galactosyl-b-thio-imidate d; the imidate was allowed to

react with BSA at pH close to 9, leading to galactosylated BSA, a neoglycoprotein.
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corresponding to galactosyl-globoside (SSEA-3), Galb-3GalNAcb-3Gala-4Galb-4Glcb-S-CH2-CH2-COOH activated

with N,N,N0,N0-tetramethyl(succinimido)uronium tetrafluoroborate (TSTU) and coupled to BSA to give the

corresponding neoglycoprotein (11.6mol of saccharide/mol of BSA);55 (6) the preparation of neoglycoproteins

containing Fuca-2Gal and Galb-4GlcNAc glycosides, achieved by transforming 2-bromoethyl glycosides into

a methoxycarbonylethylthioethyl derivative which was used to substitute both BSA and keyhole limpet

hemocyanin (KLH).56
3.23.3.2.1.3 Use of N-glycosides with a spacer arm

3.23.3.2.1.3.1 Glycosylamines as starting material Glycosylamines (see Refs.: 57 and 58 for reviews) are easily

prepared in the presence of an excess of ammonia and can be isolated from such a medium, but they are not stable in

neutral or slightly acidic media; conversely, they become stable upon acylation (Figure 10). Glycosylamines made

from D-sugars have usually a b-configuration, the a-configuration being less stable than the b-configuration. Upon N-

acylation, the N-acylglycosylamides are stable and it is therefore possible to isolate them. N-acylglycosylamides may

also be obtained directly by action of ketene on D-glycosylamine. Glycosylamines may undergo Amadori rearrange-

ment: a transformation of glycosylamine into 1-amino-1-deoxy-2-keto derivative was shown to occur with N-

arylglycosylamines when they were heated for a few hours in ethanol solution with a weak acid as a catalyst. The

Amadori rearrangement occurs especially in the presence of both a compound having an activated methylene group

and a catalytic amount of a secondary amine or in the presence of glacial acetic acid. The mechanism involves the

addition of a proton to the nitrogen atom of the glycosylamine; therefore, when the amine is further substituted by

acylation as in N-acetylglycosylamide, the protonation is inhibited and the Amadori rearrangement is limited.

Various glycosylamines were obtained, more than a century ago, by Lobry de Bruyn59 in 1895 by dissolving a

reducing sugar in warm water and adding anhydrous methanol saturated with ammonia. Within 10 days, the

glycosylamine crystallized. A b-glycosylamine can also be obtained by dissolution of the sugar in liquid ammonia

followed by evaporation of the solvent.60 More recently, 2-acetamido-2-deoxy-b-D-glucopyranosylamine61 was

prepared with a 70�10% yield by dissolving N-acetylglucosamine in saturated aqueous ammonium hydrogen

carbonate; the solution was kept at 20�C for 45 days or at 30�C for 6 days. The main compound, however, was not

the expected glycosylamine but rather a glycosylcarbamate. However, when the crude product was purified by cation

exchange chromatography, the expected glycosylamine was eluted with 2M ammonia in a methanol–water mixture.
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Figure 10 Preparation of glycosylamide derivatives. A reducing sugar such as glucose a, may be converted to a

glycosylamine derivative b, (mainly as a b-anomer) upon incubation in methanol ammonia mixture,59 liquid ammonia,60

ammonium hydrogen bicarbonate,61 for several days (up to 10 days) at room temperature. With a solution of ammonium

hydrogenbicarbonate, byproducts canbeobtained such as anN-glycosylcarbamate62 c. A glycosylamine is easily converted
back to the initial sugar if it is not acylated. Many activated acids may be used to obtain a stable glycosylamide such as the

chloro-acetyl glucosylamide shown d. The last compound may be then converted to a glycyl-glycosylamide e.63
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Glycosylamines were also obtained62 by treating reducing sugars with 16M commercial aqueous ammonia in the

presence of NH4HCO3. The solution was heated at 42�C for 36h. The yield in the expected glycosylamine was

almost quantitative, the presence of glycosylcarbamate being rather low (<8%). Manger and co-workers63,64 prepared

N-(glycyl)-b-glycosylamides from oligosaccharides ending with a reducing N-acetylglycosylamine. Glycosylamines

were acylated with chloroacetic anhydride in 1M sodium bicarbonate, the pH being kept above 7. The N-chloro-

acetylglycosylamides obtained were then ammonolyzed by action of saturated ammonium bicarbonate at 50�C for 8h

in a sealed tube. The N-(glycyl)-glycosylamide was purified by a cation exchange chromatography on a carboxymethyl

gel. Alternatively, N-(glycyl)-glycosylamides were prepared by reaction of Fmoc-glycine in dimethylformamide

(DMF) with b-glycosylamine dissolved in a mixture of dimethylsulfoxide (DMSO) and DMF N-ethyldiisopropyl-

amine, HBTU, andHOBTinDMF at room temperature for about 2h. The overall yield ofN-(glycyl)-b-glycosylamide

upon deprotection was 55% based on the starting sugar.65

Glycosylamine derivatives of oligosaccharides may also be obtained by enzymatic hydrolysis ofN-acetylglucosaminyl-

asparagine of glyco-amino acids, glycopeptides, or glycoproteins containingN-glycanmoities (see above). The enzyme,

called PNGase F or N-glycanase, cleaves the linkage between the amino group of the b-glycosylamine and the

b-carboxylic group of the aspartyl residue, with an optimal activity in slightly alkaline medium pH 8.5 or 9.0.66

The glycosylamine derivatives of the oligosaccharides released from glycopeptides are stable in slightly alkaline

medium, but conversely they lose rapidly the amine group when they are kept in slightly acidic medium. On these

bases, Tarentino and co-workers67 showed that such b-glycosylamine derivatives of oligosaccharides released from

glycoproteins with PNGase F were very efficiently substituted at pH 8.8.

On the purpose of preparing oligosaccharide derivatives easily detected by absorption in ultraviolet light (280nm),

easily labeled by radioiodination, and easily usable for further condensation onto various molecules or matrices,

glycosylamines have been selectively acylated by reaction with an N-protected tyrosine, N-(tyrosyl)-glycosylamides

were prepared.68 The glycosylamine derivatives of oligosaccharides, isolated from glycoproteins upon enzymatic

hydrolysis and treated with ammonium bicarbonate, were reacted with Boc-Tyr-OSu (N-tert-butyloxycarbonyl-tyrosyl-

succinimidyl ester) in DMF at 50�C for 3h. Then, the conjugate was purified by gel filtration. Finally, the Boc group

was released by treating the dry oligosaccharide with trifluoroacetic acid at room temperature for 10min.

Similiarly, a b-aspartyl-glycosylamide was prepared by Otvos and co-workers.69 In this case, the 2-acetamido-2-

deoxy-1-(N0-Fmoc-b-aspartyl)-bD-glucopyranosylamide69 was obtained by coupling Fmoc-Asp-OtBu in DMF in the

presence of diisopropylcarbodiimide with the b-glycosylamine of N-acetyl-D-glucosamine dissolved in water; this

synthon was then used to prepare various glycopeptides. Various other synthons were also obtained in a similar way.

For instance, the b-glycosylamine of an heptasaccharide containing five mannoses and two N-acetylglucosamines

(Man5)-GlcNAcb-4GlcNAcb-NH2 was coupled with a pentapeptide Ac-Tyr-Asp-Leu-Thr-Ser-NH2 in dimethylsulf-

oxide in the presence of HOBT, DIEA, and HBTU, leading to the expected glycopeptide.

3.23.3.2.1.3.2 N-Glycosylamino acid derivatives as starting material An oligosaccharide, ended with a reducing

sugar, was converted into N-(b-glycosyl)-glycyl-p-nitroanilide: the oligosaccharide was dissolved in an organic solvent

such as dimethylformamide, 1-methyl-2-pyrrolidone, or dimethylsulfoxide and allowed to react with the amino group

of glycyl-p-nitroanilide, at 50�C for 5 days. As expected, this glycosylamino acid derivative was stable in alkaline

conditions, even in aqueous solution, as in the case of glycosylamines (see above), but it was not stable in neutral or

acidic conditions. Upon addition of an acylating agent, N-acetyl-imidazole, the conjugate was selectively N-acetylated

within 30min at room temperature.70 TheN1-acetyl-N1-glycosyl-glycyl-p-nitroanilide was purified by gel filtration and

was found to be quite stable in a large range of pH. The anomeric configuration of the glucose residue linked to the

amino acid was found to be b on the basis of the proton NMR analysis.

Another example is given (Figure 11) with the preparation of N-glycosyl-pyroglutamyl derivatives also called

‘glycosynthons’. The incubation of a sugar with an a-glutamyl derivative in the presence of imidazole led to a

quantitative coupling47,71 within 6h at 50�C. In the absence of imidazole the reaction was slower and more side

reactions occurred. As in the case of N-glycosylglycine derivative, the N-glycosyl pyroglutamyl derivatives were not

stable in aqueous medium, except in alkaline conditions. The conjugate was readily stabilized by adding into the

solution of an N-glycosyl-pyroglutamyl derivative, BOP and imidazole; the intramolecular acylation was complete

within 30min at room temperature. This compound was found to be stable at room temperature at any pH between 3.6

and 9, at room temperature as well as at 90�C in either slightly acidic or neutral conditions. Various N-glycosyl-

pyroglutamyl derivatives were prepared by this procedure, starting with either monosaccharides or oligosaccharides. In

all cases, the yield of the expected glycoamino acid derivatives was very high. Various N-glycopyroglutamyl-amido-

ethyldithiopyridines were prepared with a high yield (up to 94%). In all cases the conjugates appeared to have a

b-anomeric configuration with an H-1 resonance of the glycosylamide around 5.15ppm and a J1,2 coupling constant
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close to 9Hz. In the case of oligosaccharides with an N-acetylglucosamine, at the reducing end, the coupling reaction

was slower and the complete reaction was obtained after 24h.71 Therefore, unprotected reducing oligosaccharides

readily react with glutamyl derivatives and allow, in a one-pot two-step reaction, the synthesis of glycosynthons ready

for the preparation of more sophisticated glycoconjugates.

3.23.3.2.1.3.3 Preparation of glycocluster-based neoglycoproteins Neoglycoproteins prepared by coupling high-

affinity oligosaccharides or glycoclusters (small synthetic oligosaccharides such as tetrakislactosyl oligolysines) will

elicit a high-affinity toward their receptors, lectins. The use of oligosaccharides from natural origin (see above) or

obtained by synthesis can be employed to prepare neoglycoproteins. In addition, various glycoclusters have been

shown to interact with lectins with high affinity (see Lee and Lee72 for a review). This chapter is limited to

neoglycoproteins prepared from glyco-amino-acid-based clusters. In search of synthetic high-affinity ligands for the

mannose receptor, Biessen and co-workers73 synthesized a series of homologous lysine-based oligomannosides

containing 2–6 terminal a-D-mannose groups linked to the a- and e-amino groups of the linear oligolysine through a

phenylthiocarbamyl bond. The synthesized cluster mannosides were able to displace binding of biotinylated ribonu-

clease B and tissue-type plasminogen activator to isolated human mannose receptor. The affinity of these cluster

mannosides for the mannose receptor continuously increased from 5�104 to 109lmol�1 when the number of

mannose units increased from 2 to 6. The nanomolar affinity of the hexakismannoside ligand makes it one of the

most potent synthetic cluster mannoside ligands for the mannose receptor yet developed. With the aim of avoiding the

use of a phenylthiocarbamyl bond which may lead to toxic derivatives in vivo, sugar clusters may be built from
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naturally occurring amino acids. Frison and co-workers74,75 developed glycoclusters by adding glycosynthons (diman-

nosyl-pyroglutamyl derivatives, see Section 3.23.3.2.1) onto oligolysines (Figure 12). Such glycoclusters were shown

to be recognized efficiently and taken up by human dendritic cells (Figure 13). They have been used to transform

proteins into neoglycoproteins in order to enhance their uptake by dendritic cells.

This approach had been used previously by Robbins and co-workers18 showing that small multivalent synthetic

glycopeptides made of mannose residues covalently linked through a spacer arm to the a- and e-amino groups of lysine,

di- and trilysine behave as competitive inhibitors of rat alveolar macrophage uptake of a neoglycoprotein (Man-BSA).

Manno-oligosaccharides gave 50% inhibition in the mM concentration range, while the galactosyl-peptide analog

did not inhibit the uptake of Man-BSA in agreement with the fact that this uptake system did not recognize

galactose residues. A series of oligolysine-based dendritic glycosides bearing a-N-acetylneuraminyl,76 b-glucosaminyl,

b-lactosyl,77 or a-mannosyl78 residues have also been prepared. Commercially available L-lysyl-L-lysine was used79 to

construct chemically well-defined trivalent conjugates of the Lewisx oligosaccharide (lacto-N-fucopentaose) as cell

anti-adhesion agents. The conjugation method was based on the reductive amination38 of an unprotected reducing

oligosaccharide by sodium cyanoborohydride at pH close to 7, leading to a conjugate with the terminal sugar converted

into an amino-polyol derivative. Other significant advances include the highly regioselective and stereoselective

chemoenzymatic synthesis of dendrimers with peripheral N-acetyl lactosamine units.80

It is now clear that small molecular mass complex carbohydrates that are recognized by specific lectins with a very

high affinity are quite interesting: such synthetic complex oligosaccharides may be designed more precisely to tightly

fit the binding site of the targeted receptors. In addition, neoglycoproteins containing few oligosaccharides are more
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to Frison and co-workers.118
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Figure 13 Uptake of oligokisdimannose clusters by dendritic cells.74 Dendritic cells (2�105) were incubated for 2h at 37�C
with the dimannose Mana-6Man clusters (1mM). Upon a postincubation at 4�C, without □ or with ▪ monensin, cell

fluorescence was assessed by flow cytometry. 1, 2, 3, 4, 5: Dimannoside lysine-based glycoclusters: Mana-6Manb-Glp-b
Ala[Lys(Mana-6Manb-Glp-bAla)]nAla-Cys(Flu)-NH2 with n¼1, 2, 3, 4, 5; 6: lactoside lysine-based glycoclusters:

Galb-4Glcb-Glp-bAla[Lys(Galb-4Glcb-Glp-bAla)]nAla-Cys(Flu)-NH2 with n¼5.
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specific than classical neoglycoproteins bearing a large number of simple sugars, because such oligosaccharides elicit

by themselves a high apparent affinity due to avidity while neoglycoproteins made of simple sugars (low affinity) must

bear a high number of sugars to benefit the avidity effect; but when that density is too high, the neoglycoproteins are

less specific.

3.23.3.2.1.4 Other approaches

Other approaches have also been described, such as the methods using 2,4-dinitro-1,5-difluorobenzene as well as

cyanogen bromide: (i) a glycopeptide in solution at pH 7.2 was substituted with 2,4-dinitro-1,5-difluorobenzene for

15min. The conjugate was purified and allowed to react with BSA at pH 10 at room temperature overnight; the

resulting neoglycoproteins were subjected to amino sugar analysis and found to contain an estimated 3–4mol

glycopeptide per mol of protein;81 (ii) oligosaccharides treated with cyanogen bromide, which nonspecifically activates

hydroxyl groups through the formation of reactive cyanate esters, have been conjugated via the lysines, through a

stable O-alkyl isourea linkage.82
3.23.3.3 Conjugation to Cysteine

The presence of the reactive sulfhydryl group in cysteine has been exploited for the conjugation of mono/oligosac-

charide to protein carriers (Figure 14), with most strategies leading to the formation of stable thioether linkages. Some

of these approaches involve (1) reaction of a-haloacyl functionalized sugars that were derived from glycosyl amines83

or (2) formation of disulfide bridge with cysteines, using thioaldoses84 or nitropyridinesulfenyl thioglycosides.85 Oli-

gosaccharides having spacer arms with maleimido functionality were used for the synthesis of neoglycoproteins.86

Iodoacetamide derivatives of Galb-3GalNAc and the major xylose/fucose-class plant-type oligosaccharide of horse-

radish peroxidase were covalently linked to fully reduced serum albumin. These two neoglycoproteins with an average

of 18–21 sugar residues attached were assayed positively for binding to peanut agglutinin. Sialylation of the neoglyco-

protein containing Galb-3GalNAc was accomplished using a3-sialytransferase and CMP-N-acetylneuraminic acid.87
3.23.3.4 Conjugation to the Aromatic Amino Acids

p-Nitrophenyl glycosides have been converted into reactive diazonium salts to form adducts with the electron-rich

aromatic amino acids such as tyrosine or tryptophan residues of proteins21,45,88 (Figure 15). Alternatively, starting with

oligosaccharides or polysaccharides, Avery and Goebel21,23,89 prepared neoglycoproteins with sugar-specific antigen

properties; this synthesis is diagrammatically described in Figure 16.

The large number of synthetic methods available for the synthesis of neoglycoproteins and also the availability of

heterobifunctional spacers provide reasonable control over the number of sugar ligands attached to the proteins.36
3.23.4 Avidity

The purpose of this chapter is to shed light on the strength of interactions between a neoglycoprotein and a lectin. The

term ‘avidity’, prominently used for this type of interactions, is related to the enhancement of functional affinities
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attained through multiple interactions between the binding partners. While affinity describes the binding of a

monovalent ligand to its receptor, avidity is used to describe multivalent interactions,90 early studies involving

neoglycoproteins91 have established the avidity, which is also called ‘cluster effect’.92–94

Amongst the various structural models for multivalency (cluster glycosides, glycopolymers, glycodendrimers,

neoglycoproteins, glycoliposomes, etc.), neoglycoproteins have been widely used for the amplification of individual

binding affinities of mono/oligosaccharides to lectins (sugar receptors) to obtain a biologically significant ‘avid’

interaction.

A quantitative model has been proposed95 for the analysis of the thermodynamic parameters of multivalent

interactions in dilute solutions or with immobilized multimeric receptor. The microscopic parameters may be

determined from the observed binding energies for a set of oligovalent ligands by nonlinear fitting with the theoretical

model. The authors used the binding data obtained from two series of oligovalent carbohydrate inhibitors for Shiga-

like toxins to verify the theory. The decavalent and octavalent inhibitors exhibit subnanomolar activity and are the

most active soluble inhibitors known that block Shiga-like toxin binding to its native receptor. The model takes into

account all bound species and describes multivalent binding via two microscopic binding energies corresponding to

inter- and intramolecular interactions dG�
inter and dG�

intra, the relative contributions of which depend on the distribu-

tion of complexes with different numbers of occupied binding sites. The third component of the overall free energy,

called the ‘avidity entropy’ term, is a function of the degeneracy of bound states: ‘o1’, which is calculated on the basis

of the topology of interaction and the distribution of all bound species. This term grows rapidly with the number of

receptor sites and ligand multivalency; it always favors binding and explains why multivalency can overcome the loss

of conformational entropy when ligands, displayed at the ends of long tethers, are bound.
3.23.4.1 Evidencing Avidity

3.23.4.1.1 Evidencing avidity with antibodies
In 1965, Greenbury and co-workers96 convincingly showed that rabbit anti-group A antibodies, which are bivalent

(IgG type), were able to bind to group A red blood cells at much lower concentration than the Fab fragment which is

monovalent. They clearly showed that the (Fab0)2 had a behavior identical to that of the Ig itself and that the (Fab0)2
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Figure 15 Synthesis of the first known neoglycoprotein.22,23 Glucose a, was acetylated with pyridine and acetic anhydride

at 0�C leading to penta-O-acetyl glucose b, Acetobromoglucose c, prepared by the method of Fischer. Acetobromoglu-

cose was dissolved in anhydrous xylene and silver p-nitrophenolate was added leading to p-nitrophenyl tetra-O-acetyl-

b-glucoside d, This compound was deacetylated by shaking with recrystallized barium hydroxide, dissolved in water, for
24h at 4�C leading to p-nitrophenyl b-glucoside e, which was then dissolved in hot absolute ethanol and recrystallized.

Next, the p-nitrophenyl glucoside was dissolved in 95% redistilled ethanol and hydrogenated under atmospheric pressure

in the presence of platinum oxide as a catalyst leading to p-aminophenyl b-glucoside f, The reduction took place readily and

quickly, and was completed within 30min. Then, the p-aminophenyl b-glucoside was dissolved in water containing
hydrochloric acid at 0�C, and the theoretical quantity of sodium nitrite, dissolved in water, was slowly added leading to g,

A solution of this compound was slowly added to a solution of globulin or serum albumin in 10mM NaOH at near 0�C
leading to h, the first neoglycoprotein.
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had an association constant about 400 times higher than the monovalent Fab0. This avidity effect was interpreted on

the basis of the density of the blood group substances on the area where the first binding site of the antibody or the

(Fab0)2 binds.
The influence of valency on the ligand binding affinity and kinetics of an anti-carbohydrate antibodywas demonstrated

by MacKenzie and co-workers97 using SPR. They compared Se155-4 IgG, Fab, and scFv binding to immobilized

neoglycoprotein. Se155-4 antibody specificity is dominated by the abequose presented by the lipopolysaccharide

(LPS) O-antigen of Salmonella serogroup B bacteria (repeating polysaccharide unit: Abea-3Mana-4Rhaa-3Gala-2).
The Fab and scFv monomers as well as the scFv dimers were isolated from various clones, purified and clearly

characterized as monomers or dimers. The neoglycoprotein used was BSA substituted with four polysaccharide chains.

Kinetics and affinities of BSA-O-chain binding by monomeric Fab, scFv, and IgG were calculated by linear and

nonlinear analysis of sensorgram. Mean values (Table 2) were in good agreement with those obtained by equilibrium

binding and/or titration microcalorimetry. Analysis of the results clearly shows that dimerization of scFV is associated

with a fivefold increase in association rate and a 20-fold decrease in dissociation rate resulting in a 100-fold increase in

affinity. It must be noted that dissociation rate was obtained in the presence of free trisaccharide ligand (Gala-2Abea-
3Man). Dimer dissociation rate in the absence of free ligand is approximately 2�10�3�s�1 leading to a 1000-fold gain

in affinity by scFv bivalency. Se155-4 IgG did not show a faster on rate than the monovalent form. This could be

because of less flexibility or steric interactions associated with the IgG form.
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Figure 16 Synthesis of a neoglycoprotein based on a bacterial carbohydrate moiety. The capsular carbohydrate of type 3
Pneumococcus contained cellobiuronide a, Goebel and Avery23 prepared the para-aminobenzyl ethers of the specific

polysaccharide of type 3 Pneumococcus b, by allowing para-nitrobenzyl bromide c, to react in the presence of NaOH.

The nitrobenzyl ether was then reduced with dithionite to the aminobenzyl derivative d, which was converted to the

corresponding diazo derivative e, this compound was then coupled with horse serum globulin to give a neoglycoprotein
f, with antigenic properties.

Table 2 Kinetics and affinity data obtained with monomeric and dimeric antibody recognition domains

kass (M
�1 s�1) kdiss (s

�1) Ka (M
�1)

Fab 3.5 � 104 3 � 10�1 1.25 � 105

ScFv monomer 4 � 104 2.5 � 10�1 1.6 � 105

ScFv dimer 2 � 105 1 � 10�2 2 � 107

IgG 5 � 104 1 � 10�2 5 � 106
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3.23.4.1.2 Evidencing avidity with lectins
Lectins which usually have several binding sites (2, 3, 4, 6, and even 18 in some cases) may behave in a similar way.

Indeed, the binding of plant lectins to their ligands on the cell surface may be strong, even when, in solution, the

affinity constant of these ligands is low. For instance, wheat germ agglutinin mainly binds98 to the Neu5Ac residues on

the cell surface with a high affinity (>106lmol�1) while the binding constant of soluble sialylosides is much lower

(around 103lmol�1). The binding of lectins on the cell surface is quite strong because cells, which have been

incubated with a lectin, may be washed several times in a lectin-free buffer without losing any significant amount

of associated lectin. Conversely, the cell-associated lectin was readily released when lectin-coated cells were incubated

in the presence of a buffer containing a relevant soluble ligand.99 Wheat germ agglutinin, which is a dimeric

lectin (Mr¼36000) with four binding sites,27 binds with high-affinity glycoproteins bearing a cluster of oligosaccha-

rides ending with Neu5Ac residues100 as in the case of the N-terminal moiety of glycophorin. The increase of affinity

based on the spatial density of specific sugars on a ligand has been clearly established by Lee and co-workers101,102

in the case of the Ashwell lectin, a lectin from liver parenchyma cells specific for terminal galactose (or N-acetyl-

galactosamine) residues at the nonreducing end of an oligosaccharide. The affinity of a single antenna ending with a

b-galactopyranosyl residue was found to be around 103lmol�1, while that of the bis-derivative was around 106lmol�1

and these of the tris- and tetrakisderivatives101,102 were around 109lmol�1. Since then the apparent enhancement of

the binding constant related to avidity has been largely documented in the field of lectins from plant as well as from

animal origin, and has been discussed in detail in several places, including Lee and co-workers.72 The very high

affinity, up to 1012lmol�1 of influenza virus to erythrocytes, target cells or sialylated glycoproteins are related to both

the density of the viral lectin on the surface of the virus and the density of N-acetylneuraminic acid on the cell surface

(or soluble) glycoproteins (see Ref: 103 for instance). Avidity linked to multivalent character of neoglycoproteins can
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be easily observed in competitive inhibition experiments. STA, the lectin from Solanum tuberosum, agglutinates rabbit

erythrocytes. Its binding is inhibited in the presence of N-acetylglucosamine (GlcNAc). Various glycoconjugates,

including di-N-acetylchitobiose-substituted neoglycoprotein, were tested for their capacity to inhibit erythrocytes

agglutination.91 As shown in Table 3, BSA substituted with di-N-acetylchitobiosyl residues is a much better inhibitor

than di-N-acetylchitobiose itself. Lee and co-workers72 studied the affinity of various galactose terminated BSA to

the asialoglycoprotein receptor (hepatic lectin). They compared affinity of neoglycoproteins, differing by sugar

density, by measuring their capacity to inhibit the binding of 125I-orosomucoid to the lectin (Figure 17). The affinity

of Gal-terminated BSA increases exponentially whatever the form of lectin used. The affinity enhancement, due to

increasing number of galactose, can be seen up to 20 residues (rabbit hepatocytes) or 30/35 residues (affinity-purified

rabbit hepatic lectin).

The avidity of neoglycoproteins can also be observed in in vivo experiments. Beljaars and co-workers104 studied

the uptake of HSA modified with mannose-6-phosphate (M6P) by hepatic stellate cells (HSCs) which express

the mannose-6-phosphate/insulin-like growth factor II receptor. They synthesized a series of M6P-modified HSA

containing 2, 4, 10, or 28 phospho-sugar units and determined total liver uptake. At a low degree of sugar substitution

(ratios of 2 to 10) M6P-HSA remains in the plasma (liver accumulation: 9% of total administration). Increasing the

M6P/HSA ratio up to 28 caused an increase in liver accumulation (60% of total administration). Furthermore, increase

in M6P substitution was associated with an increased accumulation in HSCs.
3.23.4.2 Affinity and Avidity Determined by Surface Plasmon Resonance

The evaluation of the avidity exhibited by neoglycoproteins toward various lectins has been carried out by a wide range

of assays for the measurement of the binding affinities. The most commonly utilized assays are the determination of
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Figure 17 Inhibition of orosomucoid binding to hepatic lectin by neoglycoproteins containing various galactose

moieties: Closed circles, affinity-purified rabbit hepatic lectin; open circles, rabbit hepatocytes. Adapted from72 Lee, Y.C.;

Lee, R.T. In Neoglycoconjugates: Preparation and Applications; Lee, Y.C., Lee, R.T., Eds.; Academic Press: San Diego, CA,
1994; pp. 23–50.

Table 3 Inhibitory effect of GlcNAc and GlcNAc containing glycoconjugates on rabbit erythrocytes agglutination by StA

Inhibitors I50(�M)* Ratio

GlcNAc 700 0.2

GlcNAcb-4GlcNAc 150 1

GlcNAcb-4GlcNAcb-ONP 60 2.5

(GlcNAcb-4GlcNAc)n-BSA 0.076 �2000

*I50, minimal concentration giving 50% inhibition.
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inhibition constants by hemagglutination assay (Landsteiner hapten inhibition assay) and the enzyme-linked lectin

assay (ELLA). Although, hemagglutination and precipitation inhibition techniques have been used to determine the

relative affinity and specificity of lectins for various saccharides using neoglycoproteins, these techniques do not

provide thermodynamic or kinetic data about such interactions. In addition, various techniques such as isothermal

titration calorimetry (ITC), surface plasmon resonance (SPR), fluorimetry, and nuclear magnetic resonance have

provided important insights into carbohydrate–lectin interactions. In comparison to other techniques, SPR is particu-

larly interesting with regard to neoglycoproteins and glycopolymers, wherein the heterogeneity associated with these

derivatives can be incorporated in the elucidation of the kinetic binding constants.

3.23.4.2.1 Principle of SPR
The use of SPR allows now to easily access the kinetics data of the binding in addition to the determination of the

affinity.105 SPR has been largely used in the field of carbohydrate–lectin interactions (see Ref.: 106 for a review).

The physical basis of SPR (see Refs.: 107 and 108 for reviews) is based on the peculiar property of the interaction of

polarized light with thin metal films. With a prism near the metal interface, an evanescent wave, present in total

reflection, can excite optically the surface plasma wave. The excitation can be seen as a strong decrease in reflection

for the transverse magnetic light at a special angle of incidence. The direction of this strong decrease is related to the

refractive index of the layer in contact with the film opposite to the prism. This layer contains the immobilized

molecule of interest, and the refractive index will change according to the concentration of the compound that will be

retained by the immobilized molecule.

For instance, a lectin is immobilized on a sensor chip in the layer in contact with the gold film; when a solution

of neoglycoprotein passes in that layer, a part of it will be retained by interacting with the lectin. This additional

material increases the total amount of organic matter in the layer and as a consequence, the refractive index increases

(Figure 18). There is of course no need to label any of the partners in contrast with the interaction monitoring based

on spectrophotometry or fluorimetry.

Practically, a sensor chip is divided into four flow cells which can be used to individually measure interactions. One

of the flow cells can be used as a control. Analyte samples must be prepared and diluted in the running buffer. The

refractive index of the layer close to the gold film is monitored in real time allowing the easy determination of both

the rate and the equilibrium binding constants of macromolecular interactions.
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Figure 18 Schematic representation of an optical biosensor experiment: the analyte (a glycoconjugate, for instance) is in

solution and passes through the layer containing the receptor (a lectin) immobilized on the biosensor surface. Complex
formation is monitored by measuring changes, in the refractive index within the layer, caused by the increase in mass. In a

first step, corresponding to the association phase a, the analyte is introduced in the running buffer. Reversible interactions

lead to association governed by the association rate constant (kass) and to dissociation governed by the dissociation rate

constant (kdiss). In a second step, corresponding to the dissociation phase b, the running buffer alone (analyte-free buffer) is
injected, allowing the determination of kdiss. Typically, in order to remove all of the remaining analyte, a regeneration

procedure c, is applied before running a new cycle.
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In a first step, corresponding to the association phase, which depends on both the association kass and the

dissociation kdiss constants and the ligand concentration ‘g’ (concentration of a neoglycoprotein, for instance, when

the immobilized receptor is a lectin) according to

dR=dt ¼ kass g Rmax � Rðkass g þ kdissÞ ½1�

the signal R increases (up to a maximum Rmax) with time (t); the plot of dr/dt versus R gives a curve, of which the slope

is ‘�(kass gþkdiss)’ and the intercept is ‘kass gRmax’ for dR/dt¼0. In a second step corresponding to the dissociation

phase, the buffer alone is injected allowing the determination of the dissociation rate constant kdiss; this constant is

used to estimate the association rate constant, kass:

L0 þ G Ðkass
kdiss

LG ½2�

3.23.4.2.2 The classical kinetics analysis used in SPR
In the case of a classical bimolecular association, the Langmuir equation109 can be written, (according to Scatchard

equation110) as

Kðn� rÞ ¼ rg�1 or rðn� rÞ�1 ¼ Kg ½3�

where K is the affinity constant between a lectin and a neoglycoprotein expressed as lmol�1, n the total number of sites

on the sensor chip, r the number of sites occupied by the glycoconjugate, and g the concentration of the glycoconjugate

in the analyte solution, expressed as moll�1.
3.23.4.2.3 Determination of avidity in SPR
The avidity effect is not found when, the lectin being immobilized, a simple soluble oligosaccharide is used as a

ligand, but it can be very important when the oligosaccharide is immobilized; the apparent binding constant may

increase up to 10000-fold when the sugar density on the chip increased.111 This effect can be explained by considering

that a sensor chip, mimicking glycocalyx of a cell surface, is made of a layer which is not stirred, and therefore is

separated from the bulk flow or the surrounding medium, respectively. This model is kinetically far more complex

than the classical Langmuir two state models. The reaction is limited by the mass transport. The lectin concentra-

tion in the unstirred layer is not that of the bulk flow or of the surrounding medium. The lectin may be considered

to be entrapped in the layer and therefore did not easily escape spontaneously, except when a small soluble free ligand

is added, because in the presence of a highly diffusible ligand at high concentration, the lectin will not be able to

interact any more with its immobilized ligands. This avidity effect is about 20 times less important when a monomeric

lectin is used instead of a dimeric lectin. Shinohara and co-workers111 proposed a simple model where kass and kdiss are

affected by a factor depending on the density of the immobilized ligand D and on a mass transport parameter KT :

k0ass ¼ kass=ð1þ kassD=KT Þ and k0diss ¼ kdiss=ð1þ kassD=KTÞ ½4�

where k0ass and k0diss are apparent association and dissociation constants, and kass and kdiss are intrinsic association and

dissociation constants, respectively.

In addition, the increase in the affinity is mainly related to a modulation of k 0diss, because, in the ligand layer, a

rebinding parameter must be taken into account and then k 00
diss < k 0diss < kdiss. Therefore, the apparent affinity is

A ¼ k0ass=k
00
diss ½5�

Usually k 0ass is in the 104 to 107lmol�1s�1 range and k00diss between 10�1 and 10�4s�1. Typically, with a k 0ass¼104 and

k 00diss¼10�3, A is about 107lmol�1.

The measurement of rate constants higher than allowed by the conventional technique can also be performed by

elution of the analyte with a second analyte of low molecular weight.112 Finally, in some cases, to reach reliable

binding parameters, it may be necessary to use more sophisticated methods such as the Sips distribution.
3.23.4.2.4 Kinetics analysis according to the Sips distribution in order to take into account
the neoglycoprotein heterogeneity

It is well known that when two compounds (A and B) interact, a linear relationship between free ( f ) and bound (b)

concentrations of A allows the determination of the equilibrium constant K; this is true when the combination of
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A and B is the same for all the combining sites, that is, that there is no heterogeneity (see Ref.: 113 for a more

developed presentation). More often, the plot 1/b versus 1/f exhibits a downward curvature attributed to a

combining sites heterogeneity.114 The same behavior is relevant in the case of neoglycoproteins and lectins. In this

case, the heterogeneity comes from the neoglycoprotein (which contains on average 25 sugars) and from a nonhomo-

geneous density of immobilized lectins on the chip. The number of sugars present in a neoglycoprotein varies from

one molecule to another, because about 25 lysines are glycosylated but more than 25 are not; therefore, the

heterogeneity comes from a quantitative aspect but also from a qualitative one: the position of the sugar on the

neoglycoprotein.

To take into account the heterogeneity of polyclonal antibodies, Nisonoff and Pressman114 found convenient to use

the Sips’ distribution function115 that led the data to be fitted to a straight line. The equation was proposed by Sips115

derived from the adsorption of a gas on a solid surface; it may be transformed into an equation applicable to

equilibrium in solution; that is the case in SPR experiments where RU (resonance units) was measured at equilibrium.

According to eqn [3],

logðrðn� rÞ�1Þ ¼ a logðKgÞ ½6�

or

rðn� rÞ�1 ¼ ðKgÞa

As Rmax is related to n, R related to r, it follows:

RmaxR
�1 ¼ nr�1 ½7�

then

½RmaxR
�1 � 1�1=a ¼ ðKgÞ�1 ½8�

The slope a is called either the heterogeneity coefficient or the Sips coefficient. For a homogeneous group of sites, a is
equal to þ1; decreasing values of a correspond to increasing degrees of heterogeneity, showing an avidity effect or

reflecting an heterogeneity either related to the ligands or to the receptors. A low value of a corresponds to a high

heterogeneity.

Because the SPR signal is related to the size of the ligand, it may be advisable to use large ligands such as

neoglycoproteins in order to determine the inhibitory strength of a small ligand with a good accuracy. The interactions

between small ligands (oligosaccharides or glycoclusters) and their receptors (lectins) can be assessed by using

neoglycoproteins: the association constants Ki of the glyco-clusters used as inhibitors74 were calculated from the

apparent affinity K of a neoglycoprotein relevant for the immobilized lectin, measured in the presence of various

concentrations of the oligosaccharides. In the presence of an inhibitor i, with a Ki, the equation giving K and Ki

becomes

ðRmaxR
�1 � 1Þ1=a ¼ ð1þ iKiÞðKgÞ�1 ½9�

Experimentally, the number of resonance units R is directly obtained from the sensorgrams and Rmax is deduced from

the intercept of the linear transformation:

R�1versusð1=gÞa ½10�

3.23.4.2.5 SPR applied to study lectin/neoglycoprotein interactions

3.23.4.2.5.1 Differences in affinity of monovalent versus multivalent ligands

The combination of solution binding assays and SPR analysis116 provided new insights about the specificity displayed

by the mannose/SO3
�-4GalNAc receptor (hepatic endothelial cell lectin involved in the clearance of LH, lutropin

hormone). For this purpose, authors used a dimeric mutant, Mut11, which can only engage two terminal sulfated

GalNAc (monovalent ligands SO3
�-4GalNAcb-4GlcNAcb-2Mana (S4GGnM) and SO3

�-3GalNAcb-4GlcNAcb-2Mana
(S3GGnM)) and neoglycoproteins as multivalent ligands (S4GGnM)7-BSA and (S3GGnM)7-BSA.

Specificity of the mannose/SO3
�-4GalNAc receptor for monovalent ligands was determined by measuring the inhi-

bition of LH binding to immobilized Mut11. Ki values (25.8 and 16.2mM for S4GGnM and S3GGnM, respectively)
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were calculated from the concentration giving 50% inhibition. Ki values for multivalent ligands (0.019 and 0.17mM for

(S4GGnM)7-BSA and (S3GGnM)7-BSA, respectively) were determined by solution binding assays. These values

result in a 2000-fold increase (95mM for S3GGnM) in the affinity for the multivalent ligand as compared with

monovalent S4GGnM, showing that the receptor has a greater specificity for multivalent forms of the same structure.

Kinetics for binding both neoglycoproteins were further analyzed. With immobilized Mut1, binding of (S4GGnM)7-

BSA rapidly reached saturation and little or no dissociation was observed. Compared at the same concentrations,

(S3GGnM)7-BSA bound Mut1 to a less extent with no or little dissociation. When dissociation was studied in the

presence of 1mM SO3
�-4GalNAc, both neoglycoproteins were rapidly dissociated. Authors concluded that (1) the

association rate of (S3GGnM)7-BSA is slower than for (S4GGnM)7-BSA, (2) the individual equilibrium at each site is

rapid, and (3) the slow dissociation rate results from multivalent binding. In a second set of experiments, binding of

Mut11 to immobilized neoglycoproteins was analyzed by SPR. In both cases, equilibrium was rapidly reached and the

affinity constant was 2.5�105lmol�1 whatever the neoglycoprotein used. The authors calculated the ratio of Mut11

bound to neoglycoproteins: at saturation, (S3GGnM)7-BSA bound 8 times less Mutl than (S4GGnM)7-BSA (0.09mol/

mol vs. 0.74mol/mol).

In this study, by pointing out the utility of neoglycoproteins as multivalent ligands, the authors clearly demonstrated

that results with monovalent ligand cannot be used to predict the properties of the multivalent forms. Furthermore,

while Mut11 binds with the same affinity to both SO4-neoglycoproteins, there is a strong difference on the maximal

binding capacity. Finally, they confirmed and explained all previous results obtained (in vivo, in vitro, and in silico for

the Man/SO3
�-4GalNAc receptor: the rapid removal of (S4GGnM)7-BSA from the circulation (12 times faster than for

(S3GGnM)7-BSA); inhibition and modeling studies show that the binding site for GalNAc can accommodate the

sulfate located at C-3. Based on crystal structure, they hypothesized that S3GGnM exist under two conformations: the

favorable form, with the same properties as S4GGnM and the unfavorable form which account for low binding.
3.23.4.2.5.2 Interaction of both multivalent lectins and multivalent ligands

Mannan-binding lectin (MBL) is an oligomeric lectin (based on a homotrimeric structural unit) which recognizes

neutral sugars (mannose and N-acetylglucosamine) on microbial surface and is involved in innate immunity against

infection. Serum purified MBL is a mixture of oligomers with two major forms: MBL-I and MBL-II. Precise chemical

structure and biological properties (including carbohydrate binding) of MBL-I and MBL-II were recently investi-

gated.117 MBL-I and MBL-II were demonstrated to consist in trimer and tetramer of the homotrimeric structural unit,

respectively. Carbohydrate binding properties of trimeric and tetrameric MBLwere studied by SPR with immobilized

neoglycoproteins: GlcNAc10-BSA and Man30-BSA; lectins interacted with high affinity with both neoglycoproteins; in

contrast, with Gal30-BSA there was no interaction. The apparent binding constants K were in the giga range: 0.5 and

1.8�109lmol�1 with Man-BSA for MBL-I and MBL-II, respectively; 0.8 and 1.0�109lmol�1 with GlcNAc-BSA for

MBL-I and MBL-II, respectively. However, trimeric and tetrameric MBL showed different kinetic rate constants.

Whatever the neoglycoprotein used, trimeric showed a faster association (kass) and tetrameric exhibited a slower

dissociation (kdiss) and a higher maximal binding capacity. This result clearly shows that lectin oligomeric status has a

direct effect on its carbohydrate binding properties: increased binding capacity and higher complex stability of the

tetravalent MBL.
3.23.4.2.5.3 Use of neoglycoproteins to assess the binding strength of small ligands to lectins

The association constants for a series of lactose clusters and a series of dimannose clusters were deduced from SPR

experiments. Frison and co-workers118 chose to immobilize the lectins in order to easily compare the affinity of a series

of different glycoconjugates. The analysis of the cluster binding to plant lectins indicated that Rca, a galactose-

specific lectin, recognizes lactose clusters, and amongst them, the pentakislactose tetralysine with a high affinity,

whereas it did not recognize any dimannose clusters. Similarly, Concanavalin A did not recognize the lactose clusters

but did bind the dimannose clusters, the best ligand being the cluster made of Mana-2Man in agreement with

published data.119 Glycoclusters with a low molecular mass do not give a significant signal. In addition, the authors

favored a procedure based on the inhibition of the binding of a neoglycoprotein on an immobilized lectin. Inhibition

constants were derived from experiments using analyte in a 0.25–10mM concentration range using a serial threefold

dilution in the running buffer containing 10mgml�1 (about 0.125mM) neoglycoprotein Lac-BSA or Man-BSA, for Rca

and ConA, respectively; this concentration is the half-saturation concentration which gives the half maximal value,

RUmax/2. The Sips heterogeneity coefficient was a¼0.55 for Lac-BSA binding onto immobilized Rca and a¼0.7

for Man-BSA binding onto immobilized ConA.118 Using the same experimental approach, Frison and co-workers
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(2003) identified highly specific ligands for dendritic cell receptors: the mannose-receptor and DC-SIGN, the

dendritic cell-specific ICAM-3-grabbing nonintegrin. A series of glycoclusters made of di- or oligosaccharides contain-

ing either mannose or fucose were tested for their inhibitory effect on the binding of Man-BSA to both immobilized

lectins. In both studies, in agreement with the avidity effect, glycoclusters made of four or five lysines appeared to be

the best ligands for plant as well as animal lectins.
3.23.5 Use of Neoglycoproteins to Evidence Lectins In Situ

3.23.5.1 Evidencing Lectins in Animal Cells

Cytochemical methods leading to the identification, localization, and the quantitative (or semiquantitative) determi-

nation of cell glycoconjugates have been developed during the 1970s (see the special issue of Biologie Cellulaire in

1979 and Schrével and co-workers);4 more recently, glycosylated cytochemical markers and neoglycoproteins have

been used to visualize endogenous lectins. Here, we limit ourselves in examples concerning animals and relevant

microorganisms.
3.23.5.1.1 Evidencing lectins in animal cells with labeled neoglycoproteins
The ‘asialo-glycoprotein receptor’, ASGP-R, present on the surface of hepatocytes, is the first mammalian lectin

known; it was discovered by Ashwell and Morell (see Ref.: 120 for a review) and shown to internalize galactosyl-

terminated neoglycoproteins. By using neoglycoproteins in which glycosides were attached by amidination (Glyc-

AI)n-BSA
50 in comparison with synthetic cluster glycosides containing either one, two, or three galactosyl or lactosyl

residues per ligand, Connolly and co-workers121,122 have studied the specificity of rabbit hepatocytes. Steady-state and

kinetic experiments performed at 37�C revealed the presence of two apparent classes of binding sites totaling 6.3�105

sites/cell at 37�C; at this temperature, both classes of sites participated in internalization of bound ligands. The cells

were capable of internalizing about 60000 molecules/min per cell. Chicken hepatic lectin was isolated by affinity

chromatography on GlcNAc-BSA-substituted Sepharose 4B.123

Many different membrane-bound and soluble lectins have been characterized in various cell types, with variable

roles in cell recognition, cell adhesion, or endocytosis (see for reviews Refs.: 3, 19, and 124). Fluorescent neoglyco-

proteins have been widely used to detect lectins in different cells including lymphocytes125,126 as well as to study

the capacity of membrane lectins to internalize their ligands: the glucose receptor on Lewis lung carcinoma cells,127

the galactose and fucose receptors on L1210 lymphoid cells.128 Fluorescent neoglycoproteins bearing a-D-Man,

a-Man6P, a-L-Rha, and a-L-Fuc were shown to be internalized by immortalized normal and cystic fibrosis airway

epithelial cells.129

Human blood monocytes, freshly isolated, do not contain cell-surface mannose-specific receptors but they bind

mannose-6-phosphate and actively take up mannose 6-phosphate-bearing neoglycoproteins (6-P-Man-F-BSA).130

Two different mannose-6-phosphate receptors have been cloned,131,132 the Mr 46000 cation-dependent Man6P

receptor and the Mr 215000 cation-independent Man6P receptor (Man6P-R) which is identical with the insulin-like

growth factor (IGFII-R). Both Ca2þ-dependent and -independent receptors have been found on most cell types. The

Man6P/IGFII-R has both binding sites specific for Man6P and IGF II. This receptor targets newly synthesized

lysosomal enzymes from the Golgi to acidic prelysosomal organelles and mediates endocytosis of Man6P-containing

ligands and IGF II;133 the uptake of the lysosomal enzyme arylsulfatase A and of a Man6P-neoglycoprotein is

stimulated two- to threefold by IGF I and IGF II, and this effect persists for at least 6h. Inhibition studies using

chemically synthesized oligomannosides or neoglycoproteins demonstrated that the phosphomonoester Man6P in a

terminal nonreducing position is the major binding determinant.134 In the liver, HSCs are the principal cell type

responsible for abnormal production of collagen leading to liver fibrosis. The mannose 6-phosphate/insulin-like

growth factor II (Man6P/IGF II) receptor is expressed on HSCs and its expression is upregulated upon activation of

these cells due to acute or chronic liver injury.135 Beljaars and co-workers104 demonstrated a preferential distribution of

Man6P conjugated HSA to HSCs after systemic administration into rats. Recently, Gasanov and co-workers136

identified the Man6P/IGFII-R as a receptor for binding and invasion by Listeria monocytogenes.137

The macrophage Man/Fuc receptor was evidenced by Stahl and co-workers138,139 on cultured primary macrophages

and their hybrids; similar lectins were also shown in rabbit alveolar macrophages140 as well as on dendritic cells.141,142

Equilibrium binding analysis performed with 125I,Man43-BSA indicated that the apparent affinity of cell surface

receptor for ligand increased, reaching a Ka of 3�109lmol�1 under conditions of maximal stimulation of binding.143
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Sialoadhesin is a macrophage-restricted adhesion molecule that recognizes Neu5Aca-3Gal structure. A multivalent

neoglycoprotein probe carrying this oligosaccharide was prepared allowing the determination of the binding activity of

sialoadhesin on native rat macrophages. Macrophages from mesenteric and axillary lymph nodes exhibited 36-fold

higher activity than those from the spleen. The Ka values (up to 109lmol�1) of the probe binding to macrophages of

the two organs were indistinguishable.144

CD 69 antigen of human lymphocytes is a calcium-dependent carbohydrate-binding protein;145 N-acetylglucosa-

mine and N-acetylgalactosamine are amongst the best inhibitors of this lectin: 2�104lmol�1 giving 50% inhibition of

binding of CD 69 to GlcNAc-BSA.

Neoglycoproteins have been used for detecting carbohydrate-binding proteins in various cell types: in tumor

cells,127,146,147 in keratinocytes,148 in brain vessels, and in the developing rat cerebellum.149 Mannose-containing

neoglycoproteins were shown to bind ependymal cell cilia and penetrated rapidly the brain tissue. Such a phenome-

non was not seen with glucose- or galactose-containing neoglycoprotein molecules. Co-injection of mannose-

containing nonfluorescent neoglycoproteins with the other fluorescent compounds (including fluorescent sugar-free

BSA) resulted in the penetration of the fluorescent compounds into the brain tissue. This internalization into brain

was attributed to desegregation of junctions between ependymal cells.150

DC-SIGN, DC-specific-ICAM-grabbing nonintegrin, a membrane lectin recently identified on dendritic cells,151

has a single carbohydrate recognition domain with mannose-type specificity. DC-SIGN has functions of cell adhesion

receptor mediating both DC migration and Tcell activation and also functions as an HIV receptor. Engering and co-

workers142 showed that DC-SIGN internalizes antigens and mannosylated BSA; however, as they were not able to

inhibit internalization by using specific anti-DC-SIGN antibodies, they suggested that mannosylated BSA was

internalized by the mannose receptor also present on DC. By using HeLa cells expressing DC-SIGN upon transfec-

tion, we have shown that mannosylated and fucosylated BSAwere internalized by such cells75 and that DC-SIGN had

a high affinity for oligolysine-based Lewis clusters.

MR60, an intracellular D-mannose-specific receptor, from human promyelocytic HL60 cells has been characterized

and isolated;152 after permeabilization, promyelocytic, promonocytic cells and monocytes bound fluoresceinylated

Man-BSA. Under these conditions, confocal analysis confirmed the intracellular membrane localization of the labeling

and the absence of nuclear binding. MR60 was purified by column chromatography, using a mannoside immobilized

on a gel, and a cDNA was isolated that matched MR60 peptide sequences.153 MR60 was found to be identical to

ERGIC-53 a type 1 integral membrane protein, defined as a marker of the intermediate compartment that recycles

between the Golgi apparatus and endoplasmic reticulum; the first direct evidence for a lectin function of ERGIC-53

was further demonstrated: overexpressed ERGIC-53 binds to a mannose column in a calcium-dependent manner and

also co-stains with mannosylated neoglycoprotein.154
3.23.5.1.2 Use of glycosylated markers for diagnostics
Disease progression of tumors is accompanied by structural changes of the glycan chains of cellular glycoconjugates.

By introducing neoglycoproteins to histopathological colon cancer analysis, Legendre and co-workers155 addressed the

questions whether specific binding sites for main N- and O-glycan components are present and whether they harbor

potential for prognostic predictions. The tumor panel included routinely fixed tissue sections from 67 cancer cases and

six hepatic metastases as well as 20 normal biopsy specimens as control. Quantitative image analysis determined the

labeling index and the mean optical density in each case, separating tumor and peritumoral connective tissue. Specific

carbohydrate-dependent binding with inter-individual heterogeneity was observed. The distinct staining profiles

were not associated with disease stage or metastasis formation. Strong expression of lactose-binding sites in the

peritumoral connective tissue especially in terms of the labeling index was significantly correlated with reduced

survival in colorectal cancer patients with a Dukes B type. Therefore, neoglycoproteins bearing lactose appear to have

a prognostic value by probing specific lectins with this type of cancer.
3.23.5.1.3 Visualization of endogenous lectins with neoglycoproteins
Various glycosylated derivatives of peroxidase and ferritin88 specific for the most common lectins used as tools were

prepared and used to visualize glycoconjugates in a two-step procedure: first, a lectin (usually a plant lectin) was added

onto the preparation, and after washing, a glycosylated cytochemical marker was added.4,7,156 A differential labeling

was observed depending on their capability to diffuse toward the lectins.156

Glycosylated cytochemical markers have also been used to localize endogenous lectins. Mannose-specific lectins

were detected at the ultrastructural level in nuclei of lizard granulosa cells in situ by means of mannosylated ferritin.157
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Mapping of the bone marrow sinus endothelium with lectins and glycosylated ferritins allowed the identification of

differentiated microdomains and their functional significance.158 Similar labeling was made in the rat liver endotheli-

al159 showing segregated distribution of lectin binding labeled with glycosylated ferritins.

Biotinylated neoglyoproteins can be used in both fluorescence and electron microscopy in conjunction with

fluorescent derivatives of streptavidin and with streptavidin adsorbed on gold beads, respectively. Such approaches

have been used to evidence lectins in various tissues as follows:

Human breast. The presence of lectins was detected in tissue sections of human breast by employing 13

biotinylated neoglycoproteins. Benign and malignant breast lesions were more stained with mannosylated proteins

than normal breast tissue. A mixed pattern of staining localization and intensity was seen for different types of

malignancy with this neoglycoprotein. Similarly, receptors for lactose andN-acetylglucosamine could only be detected

within the cytoplasm for certain types of malignancy.160

Human carcinomas. The expression of endogenous (b-galactoside)-specific and (N-acetyl-D-galactosamine)-

specific lectins was localized in oral squamous cell carcinomas.161

Human heart. Spatial differences in lectin expression were observed between layers of endocardial tissue, myo-

cardial cell constituents, connective-tissue elements, and vascular structures.162

Rat cerebellar. Endogenous lectins were studied150 during rat cerebellar development at the optical level on

sections of fixed tissue using biotinylated neoglycoproteins, in conjunction with subsequent avidin-peroxidase

staining, showing developmental regulation. However, studies with a light microscope could not give informa-

tion on potential membrane-bound localization of carbohydrate-binding sites. Ultrastructural studies with electron

microscope demonstrated that these tools are very efficient in detecting intracellular carbohydrate-binding sites,

but failed to detect most of them expressed at the cell surface when using immunocytochemical techniques

for known receptors, probably because of the interaction of these carbohydrate-binding sites with endogenous

membrane-bound ligands.

Plasmodium falciparum. The merozoite surface was specifically labeled with a GlcNAc-BSA in a sugar-dependent

manner, as shown by affinity cytochemistry in fluorescence and electron microscopy.163 To ascertain the nature of the

sugar receptor, merozoite proteins were blotted and tested by a two-step method using biotinylated GlcNAc-BSA and

streptavidin-peroxidase conjugate.

Colloidal gold. This was used as an electron dense marker for transmission electron microscopy as well as for

scanning electron microscopy; for cytochemical use, macromolecules such as polysaccharides and glycoproteins are

adsorbed on gold granules of different sizes.164 Both a one-step method and a two-step method have been developed;

in the latter, the lectin and the marker are used sequentially. Dual detection can also be achieved by using gold

granules of different sizes: for example, hepatic binding protein specific for galactose and galactose-containing

receptors have been simultaneously localized on rat hepatocytes165 by using beads of 5 and 17nm in diameter,

respectively: Au5 labeled with asialo-ceruloplasmin and Au17 RCA.

Neoglycoproteins adsorbed on colloidal gold particles were used for the ultrastructural localization.

Boar spermatozoa. A fucose-binding protein was first detected by means of a specifically developed modified

ELLA using fluoresceinylated and glycosylated peroxidase derivatives. Fucose binding was particularly prominent at

the apical region of the sperm head. In order to gain more insight into the precise localization of the carbohydrate

binding protein, electron microscopy studies were performed using fucosyl peroxidase coupled to colloidal gold. In

ultrathin sections as well as in specimens prepared in toto for TEM an intensive binding of fucosyl-peroxidase-colloidal

gold was predominantly found at the apical part of the acrosome.166

Guinea pig middle ear mucosa. The incubation of ultrathin sections with gold-labeled p-aminophenyl N-acetyl-

b-glucosaminide-BSA (GlcNAc-BSA-gold beads) led to the binding on mucosal cilia, microvilli, rough endoplasmic

reticulum, mitochondria, and nuclei. In contrast, no binding occurred when neoglycoproteins containing mannose,

N-acetylgalactosamine, or fucose were used.167

Bovine airway smooth muscle cells. By using Man-BSA-colloidal gold conjugate; a mannose receptor, which mediates

mannosyl-rich glycoprotein-induced mitogenesis, was localized by electron microscopy to clathrin-coated pits on the

cell surface, and was found to undergo internalization into endosomes.168

Trypanosoma cruzi. GlcNAc- and Gal-binding sites were seen on the surface of about 80% and 5–10% of the

trypomastigote forms, respectively.169

Staphylococcus aureus. Neoglycoproteins adsorbed on gold beads allowed to localize sugar-binding sites on

Spurr-embedded thin sections. While cellobiosyl-BSA-, lactosyl-BSA-, and melibiosyl-BSA-gold beads did not label

the section, GlcNAc-BSA-gold beads led to a heavy labeling of both the cell wall and the cytoplasm. Inhibition of

labeling upon treatment with N-acetylglucosaminidase indicated that the labeling was due to N-acetylglucosamine

residues.170
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3.23.5.2 Use of Neoglycoproteins to Detect Nuclear Lectins and Glycoconjugate
Nuclear Import

In addition to membrane lectins, animal cells express soluble lectins that are present in both the cytosol and the

nucleus.
3.23.5.2.1 Presence of lectins in the cytosol and the nucleus of animal cells
Nuclear lectins have been directly or indirectly evidenced by using neoglycoproteins; few of them have been

characterized (see Table 4 and Wang and co-workers171 for a review). The first evidence of the presence of lectins

associated with the nucleus of mammalian cells was obtained by fluorescence microscopy using fluorescein-labeled

neoglycoproteins:172 the nuclei of rat hepatocytes were isolated, fixed in 3.5% formaldehyde and finally incubated in

the presence of fluorescent BSA or fluorescent neoglycoproteins; the best labeling was obtained with neoglycoproteins

containing either a-N-acetylgalactosaminyl or b-galactosyl residues. However, this labeling, based on nonconfocal

microscopy, was interpreted as associated with the nuclear envelope; attempts to label membrane-depleted nuclei in a

sugar-dependent manner were not successful: both fluorescent sugar-free BSA and neoglycoproteins labeled the

nuclei. Then, Sève and co-workers173 succeeded to specifically label membrane-depleted nuclei isolated from baby

hamster kidney (BHK) cells and mouse L 1210 leukemia cells with fluorescent neoglycoproteins. The presence of

nuclear sugar-binding proteins was evidenced by fluorescence microscopy and by flow cytofluorimetry using a panel

of neoglycoproteins. Among the nine neoglycoproteins used, six of them (namely a-glucosylated, b-N-acetylglucosa-
minylated, a-6-phosphoryl-mannosylated, a-L-rhamnosylated, b-lactosylated, and a-L-fucosylated BSA) strongly

labeled nuclei, while a-galactosylated, a-N-acetylgalactosaminylated, and a-mannosylated BSA led to a dull (about

one tenth) labeling. These preliminary data were then confirmed174 by flow cytometry in a comparative study using

BHK cell nuclei isolated upon cell lysis on the one hand and on permeabilized karyoplasts obtained by enucleation on

the other hand. In both cases, the labeling was quite similar, supporting the idea that the binding sites were borne by

actual nuclear structures and not by cytoplasmic or membrane-derived contaminants. Neoglycoproteins containing

approximately 25 a-glucosyl, b-N-acetylglucosaminyl, b-lactosyl, a-L-fucosyl, or a-L-rhamnosyl moieties gave a strong

labeling, all in the same range. However, a neoglycoprotein containing 45 a-L-rhamnosyl moieties gave a fourfold

stronger labeling than that obtained with one containing 23 a-L-rhamnosyl moieties, showing that for comparative

purposes it is important to use neoglycoproteins with a similar number of sugar units. Indeed, the apparent binding

constant depends on the avidity (also called cluster effect, see Section 3.23.4) which increases with the density of

sugars linked on a protein.93,94 The intra-nucleolar distribution of sugar-binding sites (the carbohydrate recognition

domains of putative lectins) was analyzed in segregated nucleoli of actinomycin D-treated HeLa cells.175 Facy and

co-workers176 found, using the human promyelocytic cell line HL60, that the nuclei bound a panel of neoglycopro-

teins, the highest efficiency being obtained with that containing a-L-rhamnosyl moieties, labeling was twofold less
Table 4 Identified nuclear lectins and associated activity

Protein Carbohydrate specificity Activity

Galectin-1 b-Galactosides Pre-mRNA

splicing

Galectin-3 b-Galactosides Pre-mRNA

splicing

Galectin-7

Galectin-10,-11,-12,

-13,-14

b-Galactosides

Annexin A1

Annexin A2 DNA replication

Annexin A4 Glycosaminoglycans (heparin, heparan sulfates, chondroı̈tin sulfates A, B, C, . . .)

Annexin A5 Heparin, heparan sulfates bisecting N-acetylglucosamine

Annexin A11 -

Pigpen GalNAc, chondroitin sulfate Cell division

CBP70 Glc/GlcNAc

Hsc70/Hsp70 GlcNAc

Human p32 Hyaluronic acid

Avian cdc37 Glycosaminoglycans (hyaluronan, heparin, heparan sulfates)
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with that containing a-glucosyl or a-galactosyl residues and ninefold less with those containing either a-fucosyl or
b-lactosyl moieties while the labeling with a neoglycoprotein containing a-6-phosphomannosyl residues was dull.

These results show that the nuclear lectin content may be cell-type dependent.

The presence of nuclear lectins in proliferating 3T3 fibroblasts was further confirmed by Moutsatsos and

co-workers177 who were working on a soluble galactose-specific lectin carbohydrate-binding protein-35 (CBP35): an

Mr 35000 carbohydrate-binding protein now known as galectin 3 (see Refs.: 178 and 179, for reviews on galectins, a

family of lectins recognizing galactosides and N-acetylgalactosaminides).180 Using immuno-fluorescence, with a rabbit

antiserum directed against CBP35, they showed that, in proliferating cells, this lectin was predominantly localized in

the nucleus.

Other nuclear lectins have since been isolated and characterized. Schröder and co-workers181 isolated a glucose-

binding protein (CBP67: Mr 67000) from rat liver nuclei and suggested a role of this lectin in targeting nuclear

ribonuclear particles (RNPs) to nuclear pore complexes. Sève and co-workers182 characterized another glucose-

specific lectin (CBP70: Mr 70000) from HeLa cells. The same team further showed that CBP70 was a glycosylated

nuclear lectin which also interacted with neoglycoproteins bearing N-acetylglucosamine.183 Lauc and co-workers184

identified and purified a stress-associated nuclear lectin (Mr 33000) from rat liver. Lefebvre and co-workers185 have

isolated nuclear and cytosolic N-acetylglucosamine specific lectins from adult rat liver by affinity chromatography on

immobilized GlcNAc.
3.23.5.2.2 Modulation of the nuclear lectin content
Nuclei from exponentially growing cells bound much greater amounts of neoglycoproteins than did nuclei from

contact-inhibited cells.174 Proliferating 3T3 mouse fibroblasts contained higher levels of the galactose-specific lectin

CBP35 than do quiescent cultures of the same cells;177 when cells in culture reached a quiescent state, the majority of

3T3 cells underwent a general decrease in the overall fluorescence intensity and lost their nuclear staining. Lauc and

co-workers186 showed that the exposure of mature rats to stress induced an increase in nuclear CBP35 bound to CBP67

(a glucose-specific lectin) that retained the ability to bind immobilized glucose. In contrast, nuclear extracts from the

liver of old rats had a lectin content independent of stress pretreatment. Recently, the expression of a functional

CBP70 lectin was shown to be stable during heat shock stress.187

Using isolated and membrane-depleted nuclei, Facy and co-workers176 analyzed the nuclear lectin content of HL60

cells before and during in vitro differentiation into monocytes by PMA treatment and into granulocytes by DMSO

treatment. The neoglycoprotein binding was found to be significantly lower in differentiated cells than in undifferen-

tiated cells. Interestingly, the cellular expression of CBP70 was enhanced during cell differentiation but was different

in tumoral (HL60-derived) versus healthy (monocyte-derived) cells of the macrophage lineage.188
3.23.5.2.3 Sugar-dependent nuclear import of glycosylated proteins
Polet and Molnar189 showed that the N-glycosylated acidic nonhistone proteins were induced to translocate from the

cytoplasm to the nucleus in lymphocytes upon mitogenesis induction or by agents such as NaF or eserine; however,

they did not document the possibility that the nuclear import could be glyco-dependent. Large proteins (Mr above

40000) do not migrate from the cytosol to the nucleus except when they contain or are substituted with specific

nuclear localization signals (NLSs). Accordingly, fluorescein-labeled serum albumin, introduced into the cytosol, did

not leave the cytosol. Duverger and co-workers190 showed that neoglycoproteins (BSA substituted with about 25 sugar

residues) introduced into cytosol by electroporation migrated into the nucleus under specific conditions related to the

nature of the linked sugars, the temperature, and duration of incubation. Serum albumin substituted with a-glucosyl,
a-L-fucosyl, or a-mannosyl residues entered the nucleus at 37�C within 30min while sugar-free serum albumin or

serum albumin substituted with b-galactosyl or 6-phosphomannosyl residues did not. These results have been

confirmed by injecting BSA and neoglycoproteins in the cytosol of living cells (Figure 19). In addition, Duverger

and co-workers191 showed that, in digitonin-permeabilized cells, BSA substituted with b-di-N-acetylchitobioside
(GlcNAcb-4GlcNAc) was transported from the cytosol to the nucleus in a sugar-dependent manner. At 4�C, all
proteins and neoglycoproteins stayed in the cytosol. The glyco-dependent nuclear import of glycosylated proteins

from the cytosol could be related to cytosolonuclear lectins shuttling between the cytosol and the nucleus. The glyco-

dependent import and the peptide NLS-dependent import, which have some common properties, have clearly

distinct characteristics (Table 5).

Duverger and co-workers192 shed light on the mechanism of the glyco-dependent process by using digitonin-

permeabilized cells. They used the following fluorescent probes: F-BSA and R-BSA (BSA substituted with a

fluorescein or rhodamine derivative, respectively), F-,NLS-BSA and R-,NLS-BSA (F-BSA and R-BSA substituted



F-BSA

Glc-BSA

Galb -4Glc-BSA

NLS-BSA

Figure 19 Nuclear import of Glc-BSA and Galb-4Glc-BSA and NLS-BSA upon cytosolic microinjection. Lissamine-
rhodamine-labeled glucosylated-BSA (Glc-BSA), lissamine-rhodamine-labeled lactosylated-BSA (Galb-4Glc-BSA) or lissa-

mine-rhodamine-labeled NLS-BSA were injected together with fluorescein-labeled sugar-free BSA (F-BSA) into the cytosol

of HeLa cells. After 2h incubation at 37�C, cells were fixed, and the intracellular localization of fluorescent proteins

(neoglycoproteins, and NLS-proteins) was analyzed by confocal microscopy, according to Duverger and co-workers.192

Table 5 Properties of both glyco-dependent import and NLS-dependent import

Glyco-dependent import
(neoglycoprotein: Glc-BSA)

NLS-dependent import
(BSA-NLS)

Energy dependence
Incubation at 37�C þ þ
Incubation at 4�C � �
Incubation in the presence of apyrase � �
Passage through the nuclear pore
Incubation in the presence of WGA � �
Involvment of peptidic NLS
Incubation in the presence of large excess NLS-BSA þ �
Involvment of specific factors/proteins
NEM treatment þ �
Incubation in the presence of nonhydrolizable GTP þ �
Incubation in the presence of importin b-specific antibody þ �
‘þ’ means that nuclear import does occur under experimental conditions; ‘�’ means that nuclear import does not occur
under experimental conditions.
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with about 10 NLS peptides, respectively), and F-,Glc-BSA and R-,Glc-BSA (F-BSA and R-BSA substituted with

about 25 a-glucopyranosyl moieties, respectively). The nuclear import of neoglycoproteins was shown to share several

traits in common with the peptide NLS-dependent process. Both processes were energy dependent: the nuclear

import did neither occur when cells were maintained at 4�C nor when cells were ATP-depleted by treatment

with apyrase. Both of them occurred through the nuclear pores: they were inhibited by wheat germ agglutinin,

a lectin which binds the nuclear pore glycoproteins and blocks the translocation step of macromolecules through the

nuclear pore.193

However, the nuclear import of neoglycoproteins did not use the pathway of proteins bearing the NLS peptide: in

digitonin permeabilized cells, the NLS-dependent nuclear import required additional cytosolic factors and was

inhibited by treatment of cells with N-ethylmaleimide, while the nuclear import of neoglycoproteins neither required

added cytosolic factors nor was sensitive to thiol-alkylation by N-ethylmaleimide. In addition, upon incubation in the

presence of a large excess of a protein bearing NLSs, the nuclear import of neoglycoproteins was not inhibited. The

specific features of the glyco-dependent nuclear import of glycosylated proteins in intact living cells were further

analyzed by Rondanino and co-workers194 by comparing the two nuclear import pathways in a microinjection
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approach. The intracellular localization of fluorescent NLS-BSA or Glc-BSA injected into the cytosol was analyzed

by confocal microscopy. Glc-BSA migrated less efficiently into the nucleus than did NLS-BSA because Glc-BSA

apparently interacted with resident cytosolic components. The import of neoglycoproteins was not affected by micro-

injection of antibodies specific for the importin/karyopherin-b, a nuclear import factor, whereas the NLS-dependent

transport was completely abolished. The nuclear import activity of Glc-BSA was found to be cell cycle dependent in

thymidine and hydroxyurea-treatedHeLa cells, with greatest efficiency during theG1/S transition and S phases, whereas

NLS-BSA was imported with the same efficiency during any stage of the cell cycle but the G2 phase.
3.23.5.3 Use of Neoglycoproteins to Decipher the Mechanism of the Acrosome Reaction

Sperm binding to the egg zona pellucida (ZP) is mediated by complementary protein–carbohydrate interaction.

Mammalian spermatozoa must undergo an exocytotic event during fertilization, the acrosome reaction (AR). In

most species studied, this process is induced by specific glycoproteins of the oocyte extracellular matrix, the zona

pellucida and it involves guanine nucleotide-binding regulatory proteins (G-proteins), resulting in an uptake of

extracellular calcium by the sperm. The following carbohydrates (N-acetylglucosamine, mannose, fucose, and galac-

tose) have been shown to be involved in human sperm-zona pellucida binding.195
3.23.5.3.1 Binding of neoglycoproteins to spermatozoa
Mannose-binding sites on human spermatozoa have been identified on the sperm head in the equatorial, pre- and

postequatorial areas.196–198 Zona recognition and binding involve the interactions of sperm surface ‘mannose-specific

lectins’ with mannose ligands on the zona pellucida. Sperm surface mannose lectins can be visualized by their ability

to bind fluorescein isothiocyanate-conjugated mannosylated bovine serum albumin (Man, Flu-BSA).

TheMan-SA neoglycoprotein specifically blocked zona binding of swim-up human spermatozoa in a concentration-

dependent manner. Unfixed sperm presented fluorescent Man-SA label over the entire acrosomal area or concen-

trated at the equatorial segment. These sites appear to require free calcium to operate, and their expression changes

with capacitation and acrosome reaction.196 It has also been shown that certain cases of male infertility may be related

to altered mannose-binding capacity and that the expression of mannose-binding sites depends on capacitation.199,200

The binding of glycodelin-A (a natural inhibitor of human sperm-egg binding) to sperm was suppressed by

mannose and fucose neoglycoproteins, while that of glycodelin-F was in addition reduced by acetylglucosamine

neoglycoprotein.201
3.23.5.3.2 Acrosome reaction induced by neoglycoproteins containing Man and GlcNAc
Several BSA-based ‘neoglycoproteins’ were shown to stimulate the acrosome reaction. The binding of Man,Flu-BSA

results in a time-dependent receptor aggregation and the induction of acrosome exocytosis in capacitated sperm

populations from fertile donors.200N-acetyl-a-glucosamine (a-GlcNAc) and a-mannose (aMan-BSA) may interact with

the putative receptor for one protein of zona pellucida: ZP3 in human spermatozoa.195,202–205 This binding results in

the exocytosis of the sperm acrosome (AR).206 The GlcNAc-BSA-induced acrosome reaction is inhibited by a small

ligand:N-acetylglucosamine (GlcNAc) and by a purified soluble hydrolase, b-N-acetylglucosaminidase. The induction

of the AR with Man-BSA was inhibited by mannose, while soluble a-mannosidase was only partially effective. These

data suggest that binding sites for GlcNAc and Man seem to be involved in the induction of the AR in human

sperm. The induction of AR in human spermatozoa by GlcNAc-BSA could be used to predict their fertilizing ability

in vitro.205

The induction of the acrosome reaction by GlcNAc-BSA and Man-BSA has been shown to involve voltage-

dependent Ca2þ channels and a Gi-like guanine regulatory protein.203,207 The GlcNAc-BSA- or Man-BSA-induced

AR was completely inhibited by preincubation of spermatozoa with calcium antagonists, indicating a link between

the binding of sugar residues of the neoglycoproteins and channel activation. The pretreatment of spermatozoa

with Pertussis toxin (PTx) inhibits GlcNAc-BSA- or Man-BSA-induced AR, whereas cholera toxin has no effect.

Therefore, the transduction mechanism for GlcNAc-BSA- and Man-BSA-induced AR involves G-proteins of the

inhibitory type (GI).204

The effect of ‘peritoneal fluid’ on the human sperm acrosome reaction (AR) was tested.208 When the AR was

induced by GlcNAc-BSA, pre-incubation with peritoneal fluid reduced (60%) the percentage of AR, while peritoneal

fluid from either the endometriosis group or infertile patients without endometriosis caused no significant differences.

These data indicated that peritoneal fluid possesses a protective factor which prevents premature AR.
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3.23.5.3.3 Acrosome reaction induced by neoglycoproteins containing Lewis oligosaccharides
Fucosylated glycoconjugates play an important role in fertilization as the recognition signal of the zona pellucida.

Using ‘critical’ concentrations of F-, Fuc-BSA neoglycoprotein as molecular probes, population densities of fucose-

binding material were found all over the human sperm surface with higher population densities in postacrosomal

sheath, neck, and midpiece.209 Lewisx (Lex; Galb-4[Fuca-3]GlcNAc) was shown to be a potent inhibitor of in vitro

sperm-ZP binding.210 This glycan is recognized by approximately 70% of the ZP3-binding sites on capacitated,

acrosome-intact mouse sperm, whereas Lewisa (Lea; Galb-3[Fuca-4]GlcNAc) is recognized by most of the remaining

sites.211 An Lex-containing neoglycoprotein (as well as an Lea-containing neoglycoprotein but to a lower extent)

induced the acrosome reaction in a dose- and capacitation-dependent manner.211 In contrast, neoglycoproteins

containing b-lactosamine (Galb-4GlcNAc), Lewisb (Fuca-2Galb-3[Fuca-4]GlcNAc), and sialyl-Lex glycans were

inactive. Consistent with these results, unconjugated Lex- and Lea-capped glycans were dose-dependent inhibitors,

which, at saturation, reduced the ZP-induced acrosome reaction by about 60% and 30%, respectively. Experiments

utilizing pharmacological inhibitors suggest that induction of the acrosome reaction by solubilized ZP and Lex- and

Lea-containing neoglycoproteins require the same calcium-dependent pathway. However, only the ZP-induced

acrosome reaction requires a functional Gi protein. Thus, Lex-containing neoglycoproteins bind to a major class of

ZP3 receptors on capacitated sperm. An Lea-containing neoglycoprotein binds a second ZP3 receptor but is a less-

potent inducer of the acrosome reaction.
3.23.6 Drug Targeting

3.23.6.1 Uptake of Neoglycoproteins Assessed by Fluorimetry

The general aim in drug targeting is to increase the efficiency of a given drug by increasing the local drug concentra-

tion and/or decreasing its clearance rate. Since Paul Ehrlich’s vision of targeted drugs as ‘magic bullets’ research in this

field has expanded, mainly since 1970. Certain membrane lectins induce the internalization of their ligands; therefore,

glycoconjugates specifically recognized by these lectins could be used as carriers of antiparasite, antiviral, and

antitumor drugs, liver cells, macrophages, and tumor cells being the main target cells.

In order to determine the efficiency of glycoconjugates as carriers for targeting to a given cell, we developed a

fluorescence-based assay.212 The fluorescence of a fluorescein bound to a neoglycoprotein is partially quenched, but

upon proteolytic cleavage the quenching is abolished. The quantum yield is maximal at neutral pH and decrease to a

very low value among with medium acidification. During the process of internalization mediated by membrane

lectins, ligands are internalized into endocytic vesicles derived from plasma membrane. Although the exact pathway

followed by the ligands is not always known, the key step is a rapid acidification of endocytotic vesicles, allowing the

dissociation of the ligands from receptors; ligands are usually delivered to lysosomes where proteolysis occurs. Upon

cell incubation at 37�C allowing endocytosis of the ligands, the endoplasmic organelles were neutralized by post-

treating cells for 30 min at 4�C in the presence of 50mM monensin.128,213 By comparing the fluorescence intensity of

cells incubated at 37�C without and with post-treatment with monensin, it is possible to evaluate the extent of uptake

and of the degradation.
3.23.6.2 Neoglycoproteins as Drug Carriers

Neoglycoproteins have been used successfully to carry and selectively deliver various types of drugs to several types of

cells. In order to be released inside a cell, the drug is associated through a linkage which is either:

1. cleavable in acidic medium (in the lumen of endosomes or lysosomes) as in the case of acido-labile heterobifunc-

tional links (maleic acid derivatives);

2. cleavable under reducing conditions as in the case of disulfide bridges; or

3. cleavable by endosomes or lysosome hydrolase as in the case of peptidyl linkers. Trouet and co-workers214 were the

first to show the interest of a covalent linkage between a drug (daunorubicin) and proteins that is stable in serum

but allows its release by lysosomal hydrolases.

In some cases, neoglycoproteins may also bind to the scavenger receptors which are known to recognize polyanionic

globular proteins. Indeed, neoglycoproteins made by reaction with O-glycosyl-phenylisothiocyanate on serum albu-

min have a low isoelectric point. Serum albumin is an acidic protein and by neutralizing some 20 lysine e-amino
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groups, the anion/cation ratio increases, and the isoelectric point is still lower. With cells expressing the scavenger

receptor, negatively charged serum albumin is quite a good ligand and neoglycoproteins may bind to both the

membrane lectin and the scavenger receptor.215
3.23.6.2.1 Targeting antitumoral drugs
Since 1980, neoglycoproteins have been shown to be suitable to target toxic drugs, such as Ara-A,216 Gelonin,127

methotrexate, 217 daunorubicine218 (see for reviews Refs.: 15, 219, and 220).

Gelonin, a single-chain plant lectin which is quite efficient in blocking protein synthesis in cell lysate, has a limited

activity on living cells. Gelonin linked through a disulfide bridge to glucosylated serum albumin was 100 times more

efficient than free gelonin in killing Lewis lung carcinoma cells which express glucose-specific membrane lectin.127

Knowing that L1210 leukemia cells are sensitive to the cytotoxic effect of methotrexate (MTX) which acts as a

metabolic inhibitor within the cells and actively internalized fucosyl serum albumin, MTX neoglycoprotein conjugate

was synthesized. The active ester derivative of MTX was added to Fuc-BSA containing 26�7 sugar units leading to a

conjugate with 17�2 MTX units which was more cytotoxic than free MTX and MTX bound to BSA indicating that

MTX bound to neoglycoprotein is more actively internalized than sugar-free serum albumin.128

Hepatocellular carcinoma (HCC) is a major health problem wordwilde. Among the therapeutic approaches,

systemic chemotherapy is sought, but the available anticancer drugs have a limited efficacy on HCCs, at the

conventional doses. In the treatment of HCCs that maintain the receptor for asialoglycoproteins ASGPs, Fiume and

co-workers proposed coupling of drugs to macromolecules that are taken up by this receptor. Twenty years ago, with

the aim of improving the chemotherapeutic index of 9-b-D-arabinofuranosyl-adenine 50 monophosphate (ara-AMP) in

the treatment of chronic hepatitis B, this drug was conjugated with lactosaminated serum albumin (L-SA), a

neoglycoprotein which only enters into hepatocytes.221 They found that this conjugate was quite stable in the

mouse bloodstream and inhibited virus hepatitis Ectromelia virus DNA synthesis in mouse liver without affecting

cellular DNA synthesis in intestine and bone marrow. The conjugate did not display any recognizable sign of acute

toxicity even at doses several fold higher than those pharmacologically active; in addition, when prepared with

homologous albumin it was not immunogenic. A clinical study was presented in 1995 by Fiume and co-workers:222

in six patients, who received a 28-day treatment, the conjugate inhibited virus growth without producing any side

effects. L-HSA-ara-AMP conjugate must be given by intravenous infusion. New hepatotropic conjugates of ara-AMP

have been recently prepared which could be administered by bolus intravenous injection or by intramuscular route.

These complexes might assure a better compliance in patients with hepatitis B virus infection for a long-lasting liver-

targeted antiviral treatment.

In view of an adjuvant chemotherapy with Lac-HSA-DOXO after the surgical removal of the tumor, the conjugate

of doxorubicin (DOXO) was coupled to lactosaminated human albumin (Lac-HSA) using the (6-maleimidocaproyl)

hydrazone derivative of the drug as an acid-sensitive linker.218,223 Lac-HSA-DOXO caused a selective drug accumu-

lation in liver, with low DOXO levels in extra-hepatic tissues. Upon injection of radioactive lactosaminated human

albumin (Lac-HSA) in rats with HCCs produced by nitroso-diethylamine, Lac-HSA accumulation in the tumors

mainly occurred via the ASGP-R, as indicated by the 20 times lower penetration of non-lactosaminated HSA.224

However, the radioactivity was 2–3 times lower in HCCs than that of surrounding liver, but several times higher than

that of extra-hepatic tissues.
3.23.6.2.2 Targeting antiviral drugs
The in vitro delivery of the anti-HIV agent 30-azido-30-deoxythymidine (AZT) as 50-monophosphate into

human T-lymphocyte MT-4 cells through covalent coupling to neoglycoproteins was investigated by Molema and

co-workers.225,226 In vivo application of this drug targeting concept may lead to increased efficacy and/or diminished

side effects caused by AZT. Using a phenyl linkage between sugar and HSA, various mannose-, fucose-, galactose-,

and glucose-containing neoglycoproteins were synthesized. The intrinsic anti-HIV activity of these neoglycoproteins

was tested in vitro in HIV-1-infectedMT-4 cells. The derivative having 40mol mannose per mole protein (Man40HSA)

shows pronounced anti-HIV-1 activity itself. This effect may be caused by interference of the Man40-HSA with the

gp120-CD4-mediated virus/MT-4 cell interaction. After conjugation with the 50-monophosphate form of the antiviral

drug AZT, AZTMP, the mannose- as well as the fucose- and galactose-containing conjugates exhibited a pronounced

activity. Conjugates of glucose-HSA and HSA displayed much less activity in spite of the fact that drug loading was

considerably higher, compared with the galactose, mannose, and fucose derivatives. In the series of mannose-

neoglycoproteins, the AZTMP-Man-HSA conjugate was shown to be more than 30 times as active against HIV-1
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compared to HSA-AZTMP and the anti-HIV-1 activity of the AZTMP-Man-HSA conjugate exceeded that of the

parent drug by more than four times. The reaction conditions for the synthesis of neoglycoprotein-AZT-

monophosphate conjugates were optimized more recently.227 The coupling of the monophosphate derivative of

3-azido-2,3-dideoxythymidine (AZTMP) to glycoproteins by water-soluble carbodiimide 1-ethyl-3-[3-(dimethyl-

amino)propyl]-3-ethylcarbodiimide (EDC) was greatly improved by also using N-hydroxysulfosuccinimide (sulfo-

NHS) in the conjugation reaction and allowed 2 AZTMP molecules/mol of neoglycoprotein.
3.23.6.2.3 Targeting macrophage immunomodulators
Macrophages can be activated by immunomodulators such as lymphokines, LPSs, and muramyl dipeptide (MDP).

MDP renders macrophages cytostatic and cytotoxic against tumorigenic target cells. In vitro, the biological effect

depends on its internalization by pinocytosis. Since (1) macrophages did not express MDP receptors228 and in vivo,

free MDP does not induce any tumoricidal activity and (2) knowing that macrophages express a mannose receptor

mediating uptake of mannosylated glycoconjugates; MDP was linked to mannosylated serum albumin.217,229 The

covalent attachment of MDP to Man-BSA or BSA (used as a negative) control was performed by carbodiimide-

mediated formation of amide linkage between the g-glutamyl-carboxyl group of MDP and a primary amino group of

the protein carrier; the number of MDP residues bound to Man-BSA was about 10. MDP-Man-BSA activate

macrophage both in vitro and in vivo; systemic injection of this conjugate led, in mice, to regression of established

spontaneous metastases originating from the primary tumor Lewis lung carcinoma cells.229 Macrophage activation by

MDP bound to neoglycoprotein release of cytotoxic factor.230

More recently, Sarkar and Das231 have shown that MDP bound to mannosyl HSA was 50 times more efficient than

free MDP in inhibiting the growth of Leishmania donovani inside peritoneal macrophages. Visceral leishmaniasis is a

widespread parasitic disease caused by the protozoan Leishmanai donovani, an obligate intracellular parasite in man

that resides and multiplies within macrophages. Moreover, in a 60-day murine model of visceral leishmaniasis, 95% of

the spleen parasite burden was reduced by MDP-Man-BSA at a dose of 0.5mgkg�1day�1 given for 4 days. Free MDP

at a similar dose had very little effect.
3.23.6.2.4 Targeting antiparasite drugs
In addition to the activation of macrophages infested by Leishmania donovani, several other antiparasite approaches

have been described. MTX coupled toMan-BSA (30mol of MTX permole of neoglycoprotein)was taken up efficiently

through themannosyl receptors present onmacrophages.230,232 The drug conjugate eliminated intracellular amastigotes

of Leishmania donovani in mouse peritoneal macrophages about 100 times more efficiently than free drug on the basis

of 50% inhibitory dose. Inhibitory effect of the conjugate was directly proportional to the density of sugar on the

neoglycoprotein carrier. MTX conjugated to BSA or other nonspecific neoglycoproteins such as Gal-BSA and Glc-BSA

have leishmanicidal effects comparable to free MTX. In a murine model of experimental visceral leishmaniasis the

drug conjugate reduced the spleen parasite burden by more than 85% in a 30-day model, whereas the same

concentration of free drug caused little effect. These results indicate that MTX-neoglycoprotein conjugate binds

specifically to macrophages, and is internalized and degraded in lysosomes releasing the active drug to act on

Leishmania parasites.

The anti-leishmanial potency of doxorubicin233 conjugated Man-HSAwas tested in experimental visceral leishman-

iasis. Conjugated doxorubicin eliminated intracellular amastigotes of Leishmania donovani in peritoneal macrophages

almost 12.5 times more efficiently than did the free drug and greatly reduced and possibly eliminated spleen

intracellular parasites in four consecutive dosages at 5mgkg�1day�1 for 45 days. Free drug at a similar dose had little

effect.

Antileishmanial effect of the conjugates was competitively inhibited by Man-BSA and mannan and prevented by

inhibitors (colchicine and monensin) of receptor-mediated endocytosis.
3.23.6.2.5 Targeting oligonucleotides
Oligonucleotides (ODNs) and especially antisense ODNs have been shown to be active in inhibiting the expression of

various proteins in several biological systems but the requested concentration to elicit a biological activity is high,

around 10mM due to a poor cellular uptake and sequestration in intracellular vesicles.

A number of vehicles have been proposed as ODN carriers: they include nanoparticles, micelles, lipoproteins,

liposomes, poly-L-lysine, and glycoconjugates. We have shown that ODNs, bound to either a neoglycoprotein or a

glycosylated poly-L-lysine neutralized by gluconoylation, are more efficiently taken up by cells expressing a mem-

brane lectin able to bind the glycoconjugate. An ODN substituted on its 30 end with either a fluorescein residue or a
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radioactive tag and linked through its 50 end to a glycosylated carrier is internalized up to 40 times more efficiently in

cells which express a lectin with the ability to bind the sugars borne by the glycoconjugates.234 As an example, J774E

cells (a macrophage cell line) internalize slowly free ODNs and ODNs bound to serum albumin; they internalized

quite efficiently ODNs bound to mannosylated serum albumin and still more ODN bound to mannose-6-phosphate

containing neoglycoproteins. The ODNs are mainly present in vesicular compartments as shown by confocal

microscopy. Furthermore, on the basis of quantitative data obtained by flow cytometry, this type of targeting leads

to a clear increase in the quantity of ODNs inside the cells as compared with that present outside the cells. Upon

subcellular fractionation, a larger proportion of free ODNs was found in the cytosol and in the vesicular compartment

when ODNs were targeted than when they were used free.220 In addition, the biological activity was also significantly

increased. For instance, an ODN (specific for the sequence around the codon 12 of oncogene ras) covalently bound to

Man6P-BSA was found to be quite active at a concentration for which the same ODN protected at both ends but not

coupled to the appropriate neoglycoprotein was almost inactive.235 In all cases, the ODNs were linked to the

glycoconjugate through a disulfide bridge:

Glycoconjugate-NH-CO-ðCH2Þ6-SS-ðCH2Þ6-O-PO�
2 -5

0-oligonucleotide-30-PO�
2 -

O-ðCH2Þ6-NH-F with F ¼ fluoresceinylthiocarbamyl-or-CO-CH2-pC6H4-OH

Since the coupling step of the ODN derivative to the neoglycoprotein occurs in a low yield, an alternative method

has been developed. The ODN was not chemically linked to the neoglycoprotein but it was substituted with biotin:

Biotinyl-NH-ðCH2Þ6-SS-ðCH2Þ6-O-PO�
2 -5

0-oligonucleotide-30-PO�
2 -O-ðCH2Þ6-NH-F

Independently, streptavidin was glycosylated as in the case of serum albumin. Finally, solutions of biotinylated

ODN and of glycosylated streptavidin were mixed, leading to a stable complex which could be isolated by gel

filtration chromatography. This complex is efficiently taken up by cells expressing a membrane lectin which binds the

sugar borne by the complex.234
3.23.7 Neoglycoproteins as Sugar-Specific Antigens

As a functional entity, oligosaccharides present themselves primarily in the form of either a glycoprotein or glycolipid

or a proteoglycan. It is now well recognized that oligosaccharide portions present in one of the above conjugate forms

and their concomitant interaction with proteins are responsible for a wide range of biological aberrations. Initial

recognition events between the host cell surface bound oligosaccharide components with protein receptors are

necessary, for example, on infectivity arising from a variety of viral, parasitic, and bacterial pathogens.236–239

Oligosaccharides present at the surface of bacterial cell envelopes CPSs or as LPSs act as bacterial virulence factors

and are major targets of the host’s immune response upon infection. As a consequence, the antibodies recognizing the

cell surface oligosaccharides of bacteria as well as other microbial pathogens are produced by the host immune system.

This has been exploited for the development of purified polysaccharide vaccines. The potential of using polysacchar-

ides as vaccines was first demonstrated in 1931 by Goebel and Avery89 (see Section 3.23.2). In the past few decades,

several polysaccharide–protein conjugates have been prepared and their crucial impact in the field of antibacterial

vaccination is being increasingly understood.240 A variety of structurally defined CPSs have been applied for the

immunoprophylaxis of diseases caused by S. pneumoniae, N. meningitidis, and H. influenzae.241
3.23.7.1 Neoglycoproteins as Immune Response Triggers

Cell surface oligosaccharides belong to the class of T-cell-independent antigens, which stimulate B cells to produce

antibodies without the involvement of T cells. Upon the binding of the cell surface oligosaccharides of pathogenic

organisms with mammalian cell surface-bound immunoglobulins, an immune response is elicited resulting in the

formation of antibodies mainly of the IgM type. This event occurs without any role of T-helper cells and consequently

no memory B cells are produced. The T-cell-independent antigenic nature of oligosaccharides has been responsible

for poor immunological response to polysaccharide vaccines in infants and young children due to the immaturity of

their immune system.242 In order to improve the efficacy of the immune response, a popular strategy was to conjugate

the oligosaccharide component to a protein, and converting the T-independent antigen to a T-dependent antigen.

This strategy is also useful to render smaller oligosaccharide haptens immunogenic by their coupling to protein

carriers.

Glycoproteins function as T-dependent antigens and are recognized by surface-bound immunoglobulins, leading to

proteolysis of the protein part in the B cell to generate peptide fragments that interact with MHC class II molecules.



510 Neoglycoproteins
The recognition of peptide-MHC complex by the T-cell receptor (TCR) initiates the formation of both IgG-type

antibody-producing and memory B cells. The use of artificial glycoproteins or neoglycoproteins can be exploited

for changing the nature of immune response to the antigenic glycan determinant and inducing a class switch from

IgM to IgG antibody. Immunization with neoglycoproteins, in which the cell surface carbohydrate of a microbial

pathogen is covalently attached to an appropriate carrier protein, has been shown to exhibit long-lasting immunity to

pathogenic microorganisms and has led to the design of various candidates for generating this protective immunity

(for review of glycoconjugates on human vaccine, see Ref.: 240). The discovery that polysaccharides could be

converted to T-dependent antigens upon conjugation to a protein carrier was a major achievement in the field

of antibacterial vaccination, as illustrated by the commercialization of the first glycoconjugate vaccine, targeting

Haemophilus influenzae type b.243 Also, carbohydrate-based vaccines against Neisseria meningitidis, Streptococcus pneumo-

niae, and Salmonella enterica serotype typhi (S. typhi) are already licensed, andmany similar products are in various stages

of development.
3.23.7.2 Rational Design of Neoglycoprotein-Based Antibacterial Vaccines

A clear understanding of the oligosaccharide structure–immunogenicity relationship is necessary for the development

of an efficient antibacterial vaccine. In this neoglycoprotein model, the carbohydrate’s antigenic sites are readily

accessible to antibodies. The antigenic activity of such neoglycoproteins primarily depends on the density of

carbohydrate hapten on the carrier protein. The immune response to neoglycoproteins is dependent on the following

factors: (1) the nature of the carrier protein and its origin, that is, inherently immunogenic toxoid protein or

nonimmunogenic carrier protein; (2) the sequence as well as the conformation of the oligosaccharide antigenic

epitope; (3) the number of covalent linkages between the carbohydrate and carrier protein and also the resulting

carbohydrate/protein ratio (carbohydrate loading); and (4) the nature of the spacer arm used for the conjugation of

oligosaccharide to the carrier protein. All of these factors contribute to the three-dimensional structure of a neogly-

coprotein vaccine and the accessibility of the antigenic oligosaccharide sites to ensure its high level of immuno-

genicity. Some of the underlying structural principles governing immunogenicity are discussed below.
3.23.7.2.1 Proteins used to prepare antigenic neoglycoproteins
The family of neoglycoproteins fit into the category of glycoconjugate vaccines (Table 6) owing to their nontoxic

nature and also their ability to present large number of the immunogenic carbohydrate epitopes. A large number

of proteins from a variety of sources have been used in the construction of conjugate vaccines, namely, bacterial
Table 6 Neoglycoprotein vaccines for antibacterial immunity

Bacterium Carbohydrate epitope/carrier protein Status of development

Group B Streptococcus types
1a, 1b, 2, 3, and 4 CPS

CPS derived oligosaccharides – tetanus

toxoid

Phase II

Haemophilus influenzae
type b

CPS (high MW) – tetanus toxoid ActHib® (Pasteur Mérieux Sérums Vaccins S.A.)

Omnihib® (Smithkline-Beecham

Pharmaceuticals)

CPS (synthetic oligosaccharides) – tetanus

toxoid

QuimiHib® (Centro de Ingenierı́a Genética y

Biotecnologı́a (CIGB). Ciudad Habana. Cuba

Type b CPS (12-mers) – CRM197 HibTiter® (Wyeth-Ayerst) VaxemHib® (Chiron,

Emeryville, CA)

Neisseria meningitides
Group C Group C CPS-derived oligosaccharides –

CRM197

Meningitec® (Wyeth Pharmaceuticals)

De-O-Ac CPS-derived oligosaccharides –

tetanus toxoid

NeisVac C® (Baxter)

Group A Group A CPS – CRM197 Phase II

Streptococcus pneumoniae CPS (extracts from 7 types of

S. pneumoniae) – CRM197

Prevenar® (Wyeth Pharmaceuticals)
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proteins–toxins and other membrane proteins, non-mammalian proteins such as KLH, horseshoe crab hemocyanin

(HCH), and proteins from mammalian sources such as BSA, bovine g-globulin (BGG), HSA, and human immuno-

globulin (IgG). The proteins derived from bacteria are attractive on account of their ready availability and immunogenic

properties. In comparison to the carrier proteins of nonbacterial origin, the inherent immunogenicity of the bacterial toxins

results in its role as protective antigens in human bacterial infections and is more suited for the preparation of

neoglycoprotein antibacterial vaccines.

In most of the cases, toxoid vaccines are used to protect against infections whose pathology or symptoms are

caused by exotoxins, shed by the microorganisms (i.e., diphtheria and tetanus toxoid vaccines). One of the drawbacks

in using the bacterial derived toxoids is their inherent toxicity itself, which is reduced by the treatment of the

lysine residues with formaldehyde (for detoxification). Despite the blocking of the lysine residues, there are a

sufficient number of accessible lysine residues to ensure adequate coupling to polysaccharide components. Most

of the human vaccines are derived from tetanus toxoid244 and diphtheria toxoid,245 cross-reacting material of

diphtheria toxoid (CRM197),246 and the outer membrane protein complex of Neisseria meningitidis (OMPC).247

in comparison to the protein carriers based on bacterial toxoid proteins, the use of serum albumin-based carriers is

useful for (1) carrying preliminary immunological investigations, (2) developing polysaccharide-specific conjugate

ELISA assay reagents for measuring antibody responses, and (3) comparison to the conjugates derived from bacterial

toxoid counterparts.

Using HSA conjugates of synthetic fragments of CPS of Neisseria meningitidis serogroup A, it was possible to

know that even a fragment as small as a monosaccharide is sufficient for recognition by polyclonal Meningococcus

A antiserum.248 In order to compare the influence of the carrier protein, synthesized fragments of CPS of S. pneumoniae

type 3 were coupled to CRM197 (cross-reacting material of diphtheria toxin), KLH, and Tetanus toxoid. Such

comparative studies would be helpful in the evaluation of different structural parameters in immunological tests.
3.23.7.2.2 Oligosaccharide antigenic epitopes
The search for an efficient immunogenic compound has led to a detailed study of the nature of oligosaccharide

segments (i.e., chain length, presented epitope, and conformation), required for inducing carbohydrate-specific

immune response. Most of the studies have concentrated on the identification of minimum size required for a decent

immunogenic property rather than the identification of the most potent polysaccharide isolated from natural sources.

Besides isolated polysaccharides, oligosaccharides derived from the CPS can be used for the preparation of conjugate

vaccines.

The exact binding domain of an oligosaccharide and its conformation determine the efficiency of binding by the

specific antibodies. It has been shown that carbohydrate epitopes ranging from di- to heptasaccharide have been found

to be immunogenic.51 The conformation of an oligosaccharide plays an important role in its specific recognition by an

antibody and out of the many flexible conformations that a polysaccharide can adopt; antibodies can be raised to

recognize distinct conformational states. In addition to the complex nature of oligosaccharide sequences, the number

of pathogenic serotypes that are found for each of the bacteria also adds to the complexity in the design of

neoglycoprotein vaccines. For instance, S. pneumoniae is divided into different serotypes according to the chemical

composition and structure of the CPS and a recent survey gives an update of the known structures of pneumococcal

CPS.249 Vaccines consisting of purified CPS antigens, developed against the major serotypes of Gram-negative

N. meningitides, have been effective in adults, but were found to be less efficacious amongst infants and young

children. Neoglycoproteins incorporating the CPS were subsequently developed and shown to be effective against

meningitides in children (see Ref.: 250 for a review on meningococcal vaccines).

The polysaccharide fragments from bacterial capsule are usually obtained after hydrolysis and tedious purification

of the pure fragments. Depolymerization of CPSs to produce fragments has been extensively employed to derive the

carbohydrate moiety. Several groups have, therefore, studied the potency of oligosaccharide–protein conjugates

containing the minimum antigenic determinant needed to induce CPS-specific antibodies.

Synthetically or chemo-enzymatically derived oligosaccharides are relevant in the context of development of

chemically well-defined (homogenous glycoforms) neoglycoprotein vaccines. Furthermore, they can overcome the

problems of product heterogeneity and biological contamination associated with the use of native carbohydrate

material.

It was observed that synthetic tri- and tetrameric fragments of Haemophilus influenzae type b (Figure 20c) could

induce anti-CPS antibodies in mice and monkeys.251 A single synthetic repeating unit was found to induce type-

specific antibodies in rabbits in the case of a pneumococcal type 23F conjugate (Figure 20b), while the induction of

human IgG required a larger epitope.252 Similar observations were found in the case of Streptococcus pneumoniae type
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Figure 20 Bacterial antigenic epitopes used for neoglycoprotein vaccines: a, Streptococcus pheumoniae 6B; b, Stepto-

coccus pneumoniae 23 F; c, Haemophilus influenzae type B; and d, Shigella dysenteriae type 1.
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6B (Figure 20a) neoglycoproteins for generating protective antibody response in mice, wherein, a single tetrasaccha-

ride fragment constituting the repeating unit of CPS was conjugated to KLH.253

To examine the effect of chain length of oligosaccharide, several pneumococcal oligosaccharide conjugates con-

stituted by fragments of 8, 16, and 27 repeating units for type 3 were tested. Interestingly, no variation in antibody

titers was found with increasing chain length,254 suggesting that medium length oligosaccharides (>10 repeating units)

can express the same conformational epitope as the polysaccharide and can be utilized for conjugate vaccine

preparation.

For the development of vaccines to prevent shigellosis, synthetic oligosaccharides (1–4 tetrasaccharide repeating

units) of Shigella dysenteriae type 1 (Figure 20d) were conjugated to HSA, with average molar ratios of the saccharides

to HSA ranging from 4 to 24.225 It was observed that the protein conjugates of synthetic saccharides elicited higher

levels of serum IgG anti-LPS antibodies as compared to the neoglycoproteins derived from the attachment of acid-

hydrolyzed ShigellaLPS saccharide fragments. Also, amongst the synthetic saccharide–KLH conjugates, the conjugate

containing the largest carbohydrate, with an intermediate loading of 9, induced the highest IgG levels in mice in

comparison, the conjugates with higher loadings showed a lower level of IgG. This result has important implications in

the design of neoglycoprotein vaccines, since high saccharide loadings can lead to the inaccessibility of the T-cell

epitopes to proteolytic enzymes due to steric shielding of the protein by the carbohydrates.

Recently, a synthetic CPS antigen of Haemophilus influenza type b (Hib) was evaluated in clinical trials in Cuba.256

This synthetic conjugate exhibited long-term antibody protective titers similar to the already licensed products

prepared from Hib polysaccharide extracted from bacteria.
3.23.7.3 Neoglycoprotein Vaccines for Cancer

Abnormal changes in the structure of cell surface oligosaccharides are observed in cancer cells, and have been

associated with malignancy.257–260 These changes are a consequence of the aberrant glycosylation due to down-

regulation or upregulation of glycosyl transferases and resulting in either incomplete glycosylation or incorporation of

additional residues in the oligosaccharide sequences present on the cell surface. In comparison to the normal cells, the
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mucins on the tumor cells are underglycosylated and bear truncated O-glycosylated structures such as TN, STN,

T (Thomsen-Friedenreich) and sialylated T antigens (Figure 21). TN and T antigens are some of the earliest

oncogenes discovered and are shielded in healthy tissues but uncovered in approximately 90% of carcinoma cells.

Tumor malignancy is also marked by the overexpression of gangliosides (GD3, GD2, GM3, GM2, extended GM2, and

fucosyl GMl) which are neuraminic acid-containing glycosphingolipids. Although these glycosphingolipids are also

present in normal cells in a low density of distribution, they elicit an immune response due to their clustered

presentation in tumor cells. Overexpression of gangliosides has been observed in tumors such as melanomas, sarcomas,

neuroblastomas, astrocytomas, and small cell lung cancers.

Unlike the antigenic carbohydrate epitopes of bacterial origin, tumor-associated antigens behave as self-antigens

and poor immunogens. The problem of immune tolerance and also the possible stimulation of auto-immunity against

normal cells also expressing these self-antigens pose difficulties in the development of neoglycoprotein-based

antitumor vaccines. In the last decade, neoglycoproteins constituted by the tumor-associated carbohydrate antigens

(Figure 21) have been prepared (Table 7) and are being used for stimulating immune response against cancer.

One of the first neoglycoproteins investigated systematically for its cancer immunological response was GD3

ganglioside–KLH conjugate.261 Amongst the various protein carriers that can be utilized for the construction of

antitumor neoglycoprotein vaccines, KLH has been widely used for the preparation of conjugates of TN, sialyl TN,
Sialyl TN antigen Neu5Aca-6GalNAca-O-Ser/Thr

GM2 GalNAcb-4Galb-4Glcb-O-Cer

Neu5Aca-3

GD2 GalNAcb-4Galb-4Glcb-O-Cer

Neu5Aca-8Neu5Aca-3

Globo H

Galb-3GalNAca-O-Ser/ThrT antigen

Neu5Aca-3Galb-3GalNAca-O-Ser/ThrSialyl T antigen

TN antigen GalNAca-O-Ser/Thr

Fuca-2Galb -3GalNAcb-3Gala-4Galb-4Glcb-O-R

Fucosyl GM1 Fuca-2Galb -3GalNAcb-4Galb -4Glcb -O-Cer

Neu5Aca -3

Gb3, Pk, CD 77,

KH1 epitope

Gala-4Galb -4Glcb-Cer

Figure 21 Tumor-associated carbohydrate antigens used for development of neoglycoprotein vaccines.

Table 7 Neoglycoproteins used as antitumor vaccines

Tumor-associated
carbohydrate antigen Cancer types and occurrence

Protein carrier for the
neoglycoprotein vaccines References

TN and sialyl TN antigens Melanomas, colorectal, lung, breast OSA, BSA, KLH 273–275

Tand sialyl Tantigens Melanomas KLH 262

GM2 Neuroectodermal tumors (melanoma and

neuroblastoma)

KLH 276, 277

GD2 and GD3 Neuroectodermal tumors (melanoma and

neuroblastoma)

KLH 278,279

Globo H Adenocarninoma KLH 280

Fucosyl GM1 Small cell lung cancer KLH 281,282

KH1 Adenocarninoma KLH 283
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and Tantigens.262 These neoglycoproteins were investigated for clinical trials and the most efficacious response was

observed from sialyl TN-KLH, resulting in the production of IgM and IgG antibodies. Synthetic globo H

hexasaccharide conjugated to KLH was used as a vaccine for patients with prostate cancer who have relapsed after

primary therapies such as radiation or surgery. Globo H is one of several candidate antigens present on prostate cancer

cells that can serve as targets for immune recognition and treatment strategies.86 So far, the best results for inducing an

antibody response against defined cancer antigens has been observed with KLH and use of the potent saponin

adjuvant QS-21.

The importance of glycoclustering in the design of neoglycoproteins is exemplified by the superior response of

KLH conjugates of clustered TN antigens as compared to monomeric ones. When KLH conjugates of several TN

constructs such as monomeric TN, trivalent cluster of TN prepared on a tri-threonine peptide, and TN prepared on a

partially or fully glycosylated MUC1263 backbone, were compared by using ELISA assay against TN and FACS

reactivity against TN-positive tumor cells.264 The trivalent cluster of TN was found to be more effective than TN, and

conjugation to KLH gave the best results as compared to conjugation to BSA or polystyrene beads. However, KLH

conjugate of MUC1 peptide partially glycosylated with TN induced the strongest antibody response against TN and

tumor cells expressing TN and also antibodies against MUC1.

There are several examples of neoglycoproteins loaded with tumor antigenic carbohydrate epitopes (Table 7) and

the outcome of immunological studies and clinical trials with these conjugates is useful in the refinement of design of

these conjugates to find the most potent tumor vaccines.265,266
3.23.8 Have Neoglycoproteins Any Future?

Neoglycoconjugates are not only useful for the basic understanding of protein–carbohydrate interactions but they also

have many practical applications. Obviously, some cautions should be mentioned with regard to therapeutic purposes.

Due to their antigenic properties they are not suitable when their antigenicity is not the purpose of the therapy. With

regard to bovine spongiform encephalopathy and related central nervous diseases, neoglycoproteins made of animal

sources must be avoided; however, recombinant proteins did not suffer this restriction. However, because such

neoglycoproteins were glycosylated serum bovine or HSA, it was not possible to test such devices in clinics. Similarly,

the protein can be replaced by polymers such as polylysine or polyethylenimine; glycosylated polymers have been

used to obtain safe glycoconjugates usable as drug carriers267,268 as well as to target plasmids (see Refs.: 13, 129, 220,

and 269–271).

In conclusion, neoglycoproteins remain excellent tools for several major reasons:

1. they are easily prepared from commercially available material, not only by using monosaccharides derivatives

but also by using functionalized complex oligosaccharides of natural origin47,71 or glycoclusters obtained by

synthesis;74

2. they are quite flexible: they can be made fluorescent, biotinylated, adsorbed on gold particles;

3. they are highly soluble in usual buffers including physiological serum;

4. they are quite stable: usually they can be freeze-dried and quantitatively solubilized;

5. they are powerful reagents suitable for many cell biology studies; and

6. they are excellent tools for the isolation and characterization of plant and animal lectins, separation of cells, as well

as for the targeting of drugs, artificial vaccines, and diagnostic reagents.
Glossary

affinity The attractive force exerted in different degrees between molecules that causes them to enter into and remain

in chemical combination. Typically, a receptor binds its cognate with an affinity expressed as lmol�1, from low affinity as in the

case of a monosaccharide interacting with a lectin: about 103 up to very high affinity as in the case of biotin-binding avidin:

about 1015lmol�1.

avidity A characteristic of antibodies that tends to enhance their rate of combination or firmness of combination with antigens;

the avidity is usually related to multivalency and is sometimes called cluster effect. This characteristic is also relevant for the

interaction between lectins and (natural or synthetic) glycoconjugates.

glycocluster A small molecule made of a skeleton substituted by several (usually 3–6) mono- or oligosaccharides, for instance,

an oligolysine substituted by several glycosynthons.

glycosynthon A conjugate obtained by substituting a small molecule such as an amino acid with a monosaccharide or an

oligosaccharide
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multivalency A characteristic of a molecule containing either several ligands such as in a glycocluster, in a neoglycoprotein or a

receptor with several binding sites as in IgM with 10 binding sites, in lectins containing 3 to 12 binding sites.

neoglycoprotein Any protein that has been substituted in vitrowith several mono- or oligosaccharides: typically serum albumin

substituted with about 25 carbohydrate moieties

SPR (surface plasmon resonance) A method allowing the determination of both kinetic parameters and affinity constants

between to interacting molecules. It is based on a very efficient measure of the variation of the refractive index of a layer

containing one interacting molecule upon passing a solution containing one of its cognate.
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(AIDS), Cancéropole Grand Ouest, Association pour la Recherche sur le Cancer, Ligue Nationale contre le Cancer,

Vaincre la Mucoviscidose, Fondation Recherche Médicale. M. M. is Emeritus Professor at the University of Orléans,
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268. Derrien, D.; Midoux, P.; Petit, C.; Nègre, E.; Mayer, R.; Monsigny, M.; Roche, A. C. Glycoconj. J. 1989, 6, 241–255.

269. Frese, J.; Wu, C. H.; Wu, G. Y. Adv. Drug Delivery Rev. 1994, 14, 137–152.

270. Roche, A. C.; Fajac, I.; Grosse, S.; Frison, N.; Rondanino, C.; Mayer, R.; Monsigny, M. Cell. Mol. Life Sci. 2003, 60, 288–297.

271. Nishikawa, M. Biol. Pharm. Bull. 2005, 28, 195–200.

272. Hirayama, K.; Akashi, S.; Furuya, M.; Fukuhara, K. I. Biochem. Biophys. Res. Commun. 1990, 173, 639–646.

273. Toyokuni, T.; Hakomori, S.; Singhal, A. K. Bioorg. Med. Chem. 1994, 2, 1119–1132.

274. Holmberg, L. A.; Sandmaier, B. M. Expert Rev. Vaccines 2004, 3, 655–663.

275. Ibrahim, N. K.; Murray, J. L. Clin. Breast Cancer 2003, 3(4), S139–S143.

276. Helling, F.; Zhang, S.; Shang, A.; Adluri, S.; Calves, M.; Koganty, R.; Longenecker, B. M.; Yao, T. J.; Oettgen, H. F.; Livingston, P. O. Cancer

Res. 1995, 55, 2783–2788.

277. Chapman, P. B.; Morrissey, D. M.; Panageas, K. S.; Hamilton, W. B.; Zhan, C.; Destro, A. N.; Williams, L.; Israel, R. J.; Livingston, P. O.

Clin. Cancer Res. 2000, 6, 874–879.

278. Ragupathi, G.; Livingston, P. O.; Hood, C.; Gathuru, J.; Krown, S. E.; Chapman, P. B.; Wolchok, J. D.; Williams, L. J.; Oldfield, R. C.; Hwu,

W. J. Clin. Cancer Res. 2003, 9, 5214–5220.

279. Musselli, C.; Livingston, P. O.; Ragupathi, G. J. Cancer. Res. Clin. Oncol. 2001, 127(2), R20–R26.

280. Gilewski, T.; Ragupathi, G.; Bhuta, S.; Williams, L. J.; Musselli, C.; Zhang, X. F.; Bommann, W. G.; Spassova, M.; Bencsath, K. P.; Panageas,

K. S.; Chin, J.; Hudis, C. A.; Norton, L.; Houghton, A. N.; Livingston, P. O.; Danishefsky, S. J. Proc. Natl. Acad. Sci. USA 2001, 98, 3270–3275.

281. Dickler, M. N.; Ragupathi, G.; Liu, N. X.; Musselli, C.; Martino, D. J.; Miller, V. A.; Kris, M. G.; Brezicka, F. T.; Livingston, P. O.; Grant, S. C.

Clin. Cancer Res. 1999, 5, 2773–2779.

282. Krug, L. M.; Ragupathi, G.; Hood, C.; Kris, M. G.; Miller, V. A.; Allen, J. R.; Keding, S. J.; Danishefsky, S. J.; Gomez, J.; Tyson, L.; Pizzo, B.;

Baez, V.; Livingston, P. O. Clin. Cancer Res. 2004, 10, 6094–6100.

283. Ragupathi, G.; Deshpande, P. P.; Coltart, D. M.; Kim, H. M.; Williams, L. J.; Danishefsky, S.; Livingston, P. O. Int. J. Cancer 2002, 99, 207–212.

284. Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graph. 1996, 14, 27–28 and 33–38.

285. Lee, R. T.; Lee, Y. C. Biochemistry 1980, 19, 156–163.



Biographical Sketch

Michel Monsigny, Ph.D. (Dr-ès-Sciences) from the

University of Lille, France in 1968, with JeanMontreuil

as supervisor, on ‘Synthesis of O-glycosides of serine

and threonine and the mechanism of beta-elimination’.

Emeritus Professor of Biochemistry at the Universi-

ty of Orléans, France: Department of Glycobiology,
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3.24.1 Introduction

Siglecs are sialic acid-binding ImmunoGlobulin-like LECtinS. Siglecs are type I transmembrane proteins1 belonging

to the immunoglobulin superfamily and have been classified as I-type lectins.2,3

There are 11 known functional human siglecs and one siglec-like molecule. Siglec-1 (sialoadhesin), Siglec-2

(CD22), and Siglec-4 (myelin-associated glycoprotein, abbreviated as MAG) form a separate distantly related evolu-

tionary group. Siglecs 1–4 were the first Siglecs characterized and were first grouped together as the sialoadhesin

family.4–7 In contrast, Siglec-3 (CD33) and Siglecs 5–11 share a high degree of sequence similarity in their extra-

cellular and intracellular regions, and are hence collectively referred to as ‘CD33-related Siglecs’.8,9 The genes

encoding CD33-related siglecs map very close to each other and are clustered on chromosome 19 in humans.

Interestingly, they have been found to be rapidly evolving by different genetic mechanisms.10

Siglecs are characterized by an N-terminal V-set immunoglobulin (Ig)-like domain and 1–16 C2-set Ig-like domains

depending on the Siglec on the extracellular side. The V-set domain is responsible for the sialic acid (Sia) binding of

these proteins.11–13

It is known that different Siglecs bind to Sia (Figure 1) with different specificities based on the linkage and the

underlying glycans.4,13–15 Although ligands for Siglecs were identified using synthetic Sia probes, the in vivo natural

binding partners are yet to be characterized. It has been difficult to assess the function of Sia binding by the Siglecs in

intact cells because the Sia-binding sites are often masked by endogenous Sia of the cell surface glycoproteins

including the Siglecs themselves, which can be unmasked by sialidase treatment or sometimes by cellular activation.16

The relevance for ligand binding and the functions of siglecs will be discussed below for each of the Siglecs.

Typical for Siglecs is their differential expression pattern on various blood cells of the circulatory system, with the

exception of Siglec-4 which is expressed in the nervous system by oligodendrocytes and Schwann cells.17,18 Most

Siglecs contain immuno-tyrosine inhibitory motif (ITIM) and ITIM-like motifs in their cytoplasmic tail region.19

Among the human Siglecs, Siglec-1 and Siglec-4 are notable exceptions.
3.24.2 Human Siglecs

3.24.2.1 Siglec-1 (Sialoadhesin, Sn)

Siglec-1 was first identified as a receptor-binding unopsonized sheep erythrocytes.20,21 Later it was purified and

characterized as a Sia-recognizing receptor under the name sialoadhesin.22 A few years later, the molecular cloning

of the cDNA encoding Siglec-1 demonstrated that sialoadhesin is a typical member of the Ig-superfamily and

most closely related to three other proteins of this family with at that time unknown specificities, CD22, CD33,

and MAG.23 Whereas the genes encoding these three proteins are located in the same region of the murine and the

human genomes, the genes encoding Siglec-1 are not linked to the genes of other Siglecs and map to chromosome 20

in humans and chromosome 2 in mice.24

3.24.2.1.1 Structure
Siglec-1 is 185kDa protein with a total of 17 Ig-like domains, 1 V-set domain, and 16 C2-set domains,23 with the

N-terminal V-set domain containing the sialic acid-binding domain.25 Like all other Siglecs, sialoadhesin contains
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several potential N-glycosylation sites. Its overall structural features are shown in Figure 2. Unusual is the large

number of C2-set domains which is the highest in the Ig superfamily. A pairwise comparison of the C2-set domains led

to the conclusion that most likely the large number of C2-set domains has developed from the duplication of sets of

two domains.26
3.24.2.1.2 Specificity
In the initial characterization of Siglec-1 as a Sia-recognizing receptor it was shown that Siglec-1 prefers a2-3-linked
Sia over a2-6-linked Sia.22 Furthermore, evidence was provided that an additional Sia a2-6-linked to an internal

GalNAc enhances binding.

The binding specificity of murine Siglec-1 has been investigated in fair detail and it represents one of the most

studied Siglecs in this respect. At this point it is worth mentioning that binding characteristics of mouse and human

Siglec-1 appear to be identical27 and hence all results with mouse Siglec-1 probably could be extrapolated to human

Siglec-1 as well. Binding studies with synthetic oligosaccharides28 and gangliosides29 confirmed that Siglec-1 prefers

a2-3-linked Sia but does not differentiate very much between the underlying glycans. However, modifications of

Sia-like 9-O-acetylation or hydroxylation of the acetyl group can prevent Siglec-1 binding to sialylated ligands.14

Structural details of ligand binding have been investigated extensively for Siglec-1 compared to other Siglecs using

site-directed mutagenesis,25,30 X-ray crystallographic studies,31–34 and nuclear magnetic resonance (NMR) techni-

ques.35,36 As mentioned previously, the Sia-binding site was shown to be located in the N-terminal V-set domain.25

Further mutational studies revealed that the GFCC0C00 b-sheet centered around a conserved arginine residue in the

F-strand to be the region responsible for Sia binding. A conservative mutation of the arginine to lysine completely

abolished Sia binding.30 X-ray crystallographic analysis of Siglec-1 complexed with a2-3-sialyllactose revealed that this

conserved arginine residue (Arg97 in Siglec-1) is engaged in a salt bridge with the carboxylate group of the bound Sia.31

Furthermore, the crystal structure (Figure 3) showed two conserved tryptophan residues (Trp2 and Trp106) making

hydrophobic interactions with the acetyl group at position 5 and the glycerol side chain, respectively. Finally, hydrogen

bonds between the hydroxyl groups at C-8 and C-9 of Sia and the NH and C¼O of Leu107 stabilize the interaction as

confirmed by inhibition experiments with synthetic Sia derivatives.37
3.24.2.1.3 Occurrence and biological functions
Siglec-1 or sialoadhesin was first discovered in mouse macrophages as a molecule mediating Ca2þ-independent
binding and agglutination of sheep erythrocytes.20,21 Later it was shown to be a tissue macrophage-specific molecule

which has Sia-specific binding activity.22 Although Siglec-1 is expressed in most resident tissue macrophages, it was

not seen in brain microglia.38

Siglec-1 expression is regulated by serum factors. This was concluded from the observation that murine peritoneal

macrophages express Siglec-1 only if exposed to mouse serum. Also the lack of Siglec-1 expression on microglia was

explained by the blood–brain barrier.38 However, the factors regulating Siglec-1 expression are still unclear. Whereas

the cytokine interleukin-4 (IL-4) downregulates Siglec-1 expression in peritoneal murine macrophages,39 in rat

macrophages an upregulation has been observed with IL-4, IFN-b, IFN-g, and LPS along with glucocorticoids.40

Its extended structure is thought to allow Siglec-1 to avoid the interactions with sialylated glycoconjugate structures

present on the macrophage glycocalyx. This hypothesis has been termed as the ‘rainforest model’.41 Like all other

Siglecs, sialoadhesin contains several N-glycans which can serve as binding sites for ‘self-binding’ if appropriately

sialylated. In fact, the binding of Siglec-1 has been shown to increase upon its desialylation,42 a phenomenon which is

likely to be due to self-binding and is found with many other Siglecs. Also in vivo, the availability of Siglec-1-binding

sites appears to be regulated, as it was shown that lymph node rat macrophages express high levels of unmasked

Siglec-1 as compared to spleenic macrophages.43
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Ultrastructural localization studies revealed that Siglec-1 is highly concentrated at the contact zones between

macrophages and myelo-monocytic cells and lymphocytes in murine bone marrow and lymphoid tissues.44 Overlay

and in vitro binding assays provided evidence that Siglec-1 can function as a lymphocyte adhesion molecule of tissue

macrophages binding toT-cells and B-cells45 and quantitative binding experiments demonstrated that murine Siglec-1

binds preferentially to granulocytes.46

Several studies have been performed to identify the binding partners for Siglec-1. Nevertheless, the situation is still

largely unclear. The observation that MUC1, a heavily sialylated mucin isolated from breast cancer cells, can act as a

binding partner for Siglec-1 indicates its possible role in cancer.47 Another study suggested that CD43 is a Sia-

dependent binding partner for Siglec-1 on T-cells.48
3.24.2.2 Siglec-2 (CD22)

Siglec-2 was originally described as CD22, identified using monoclonal antibodies specifically recognizing B-cells.49

Chromosome mapping studies showed that Siglec-2 mapped to chromosome 19.50 Together with sialoadhesin, CD33,

and MAG, CD22 was assigned as a member of the sialoadhesin family within the immunoglobulin superfamily, based

on the sequence similarity and the common specificity for sialylated structures.4–7 With respect to its biological

function as inhibitory molecule in the process of B-cell activation, Siglec-2 (CD22) is probably the best-characterized

Siglec until now.
3.24.2.2.1 Structure
One of the earliest studies showed that Siglec-2 is structurally related to MAG and that it mediates adhesion to

monocytes and erythrocytes in classical rosetting assays when expressed in COS cells.51 Further analysis of the gene

encoding CD22 demonstrated that Siglec-2 is a 140kDa glycoprotein with seven Ig-like domains (Figure 3).50,52 Its

overall structural features are shown in Figure 4.
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Siglec-2 is heavily glycosylated containing 11 potential N-glycosylation sites. Six of these are found in the

N-terminal two domains. Whereas desialylation of Siglec-2 enhances ligand binding, the deletion mutation of one

N-glycosylation site within the first domain leads to the loss of Sia-binding capacity.53 However, this site is on the face

of this domain opposite to the binding site.31,54 Therefore, it is unlikely that this glycan is involved in binding. Since

the corresponding Asn is next to the Cys involved in the proposed interdomain disulfide bridge, it is more likely that

the loss of binding is due to improper folding of the domain in the mutant protein. It is worth mentioning that this

glycosylation site is well conserved in all other Siglecs as well, except for Siglec-1 and Siglec-8.
3.24.2.2.2 Specificity
In the earliest studies trying to identify CD22 ligands 2,6-sialyltransferase and CD45 had been proposed as binding

partners on B- and T-cells, respectively. Subsequently, it was shown that these interactions are indeed Sia-dependent55

and Siglec-2 was shown to bind to its ligand in a a2-6-linked Sia-dependent manner.4,56,57 Using epitope mapping with

a panel of monoclonal antibodies,58 domain deletion and recombination experiments59,25 identified domains 1 (V-set

domain) and 2 (C2-set domain) as the location of the Sia-binding site. The exact Sia binding-site location of Siglec-

2 was found to be centered around the arginine residue in the F-strand of the GFCC0C00 b-sheet of the first V-set

domain, just like in the case of Siglec-1.54

Interestingly, in contrast to Siglec-1 and Siglec-4, murine Siglec-2 strongly prefers Neu5Gc over Neu5Ac with the

same specificity for a2-6-linked Sia.14 Similar to Siglec-1 and Siglec-4, 9-O-acetylation of Sia masks the natural ligands

also of Siglec-2.60

As in the case of Siglec-1, human Siglec-2 also binds better upon desialylation and sialylation abrogates adhesion if

CD22 contains a2-6-linked Sia.61 Due to the linkage specificity this is not observed if Siglec-2 is expressed in CHO-

cells that express a2-3-linked Sia almost exclusively. In addition, for murine Siglec-2 this holds only for a2-6-linked
Neu5Gc.
3.24.2.2.3 Occurrence and biological functions
Siglec-2 was discovered as a B-cell-specific molecule.49,62 More recently, it has been shown that Siglec-2 is also

expressed in basophils63 and is secreted by neurons.64 It is also worth mentioning that like Siglec-1, Siglec-2 is

also downregulated by IL-4.65

The potential of CD22 to mediate the adhesion of monocytes and erythrocytes was identified by conventional cell

rosetting assays more than 15 years ago.51 Little later it was also shown that CD22 mediates the binding of B- and

T-cells52,66 or neutrophils.67

Although initially characterized as an adhesion molecule, binding to molecules on the same cell surface (cis-binding)

has been implicated to be relevant for the biological role of Siglec-2 by many studies, since the first observation that

sialylation of Siglec-2 itself can interfere with the detection of its binding activity,61 commonly called masking effect.

Obviously, also other sialylated molecules on the same cell surface (cis-binding) can also mask the binding sites of

Siglec-2.16 Furthermore, Siglec-2 appears to be constitutively enganged in cis-interactions and is found constitutively

unmasked in B-cells of a-2,6-sialyltransferase ST6Gal I knockout mice, showing that the masking effect is due to a2-6-
linked Sia on cis-ligands.68 The a2-6-linked trans-Sia ligands mediate accumulation of Siglec-2 to the site of cell

contact and the cis-masking does not thwart the redistribution of Siglec-2 to these cell contact sites.69 It was believed

that CD45, a B-cell surface glycoprotein, and surface IgM, carrying a2-6-linked Sia, are Sia-dependent cis-ligands of

Siglec-2 but cross-linking experiments suggested that this is not the case.70 Using a photoaffinity labeling approach, it

was elegantly shown that Siglec-2 themselves are their own Sia-dependent ligands on the cell surface, forming

homomultimeric complexes via protein–glycan interactions.71

Siglec-2 knockout mice showed that the CD22 molecule is a negative regulator of B-cells and show that upon its

knockout the B-cells become hyperreactive,72,73 but some reports proposed that Siglec-2 might be a positive regulator

of B-cells as well.74,75 The cytoplasmic tail of Siglec-2 contains three ITIM signaling conveying inhibitory signals. For

Siglec-2 these motifs have been shown to function by recruiting signaling molecules, such as SHP-1, PLC-g1, Syk,
PI3-kinase, and Lyn.76–80 Further, in vivo functions proposed for Siglec-2 include homing of B-cells.81–85

Also a role for Siglec-2 in the recognition of Sia as ‘self’ has been proposed.86 At this point it is worth reminding that Sia

are found only in higher animals and Neu5Gc is not found in humans in contrast to most other Sia-containing animals.

Humans have onlyNeu5Ac as theirmajor sialic acid. If this ‘self-indication’sialylation ismodifiedbypathogenic viruses or

bacteria by sialidases, Siglec-2 binding is disturbed and the negative regulation of Siglec-2 ismodulated leading to altered

threshold levels for B-cell activation in response to the pathogen invasion. Hence, Siglec-2 increases the threshold of

B-cell reactivity.85 This also could provide a mechanism for the B-cell avoidance of autoimmunity.86,87
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In accordance with this proposed mechanism it has been shown that interactions of CD22 with sialylated molecules

are required for Siglec-2-mediated negative regulation.88,89 From another study90 with knock-in mice expressing

Siglec-2 mutants unable to bind Sia, but with intact cytoplasmic tail it was concluded that Siglec-2 functions via two

different mechanisms, ligand-dependent and ligand-independent mechanisms. If ligand binding is necessary for the

negative regulation of Siglec-2 function, then a loss of Siglec-2 ligands should result in an activated phenotype of the

B-cells. However, a recent mouse model with a ST6Gal I knockout showed that Siglec-2 ligand deficiency suppresses

the B-cell rather than making it hyperreactive and this suppression was compensated upon additional knocking out of

CD22.91,92 This unexpected result might be due to differential mechanisms of Siglec-2 action or due to the presence

of another a-2,6-sialyltransferase different from ST6Gal I which makes possible availability of Siglec-2 ligand even in

the absence of ST6Gal I. Such an enzyme could be a second a-2,6-sialyltransferase characterized.93,94 However, it is not

clear whether this enzyme is expressed on B-cells of ST6Gal I knockout mice. In addition, expression of other Siglecs

on B-cells cannot be ruled out which does not require a2-6-linked Sia as ligands. In another study90 it was shown that

ligand-binding mutant Siglec-2 expressing B-cells showed neither suppressed phenotype nor were hypersensitive,

which is the expected phenotype fitting to the above-mentioned proposed mechanism, but rather showed normal

wild-type-like response. However, there is one report which showed that B-cells from mice suffering from systemic

lupus erythematosus, which results in an aberrant ligand-binding defective form of Siglec-2 with an intact cytoplasmic

tail, does indeed have an activated phenotype.95
3.24.2.3 Siglec-3 (CD33)

Siglec-3 has been known as CD33 for over 20 years and has been studied as a myeloid lymphoma marker in the clinical

research, long before any other Siglec was known.96 Siglec-3 was mapped to chromosome 19.97 Early work on cDNA

isolation and cloning suggested CD33 to be related to MAG (Siglec-4).98 It took another 7 years to identify the

Sia-binding activity of Siglec-3 based on its structural similarity to the Siglecs known at that time.5–7
3.24.2.3.1 Structure
Siglec-3 has an apparent molecular mass of 67kDa on sodium dodecylsulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) while its predicted mass is 40kDa. This is due to the glycosylation of Siglec-3 with its five potential

glycosylation sites. This protein has two Ig-like domains, one V-set domain and one C2-set domain, and is the smallest

member of the Siglec family (Figure 5).98 It was shown that Siglec-3 occurs in two alternative splice forms with

cell-type-specific expression.99
3.24.2.3.2 Specificity
Like Siglec-2, Siglec-3 preferentially binds to a2,6-linked Sia, but also recognizes a2-3-linked Sia.15,100

Siglec-3 always has to be unmasked for its engagement with ligands. Like in the case of Siglec-2, Siglec-3 can also be

self-masked and removal of the glycosylation site in the V-set domain increases the binding ability of this lectin by

unmasking it.53
3.24.2.3.3 Occurrence and biological functions
Apart from being expressed on myeloid lymphoma where it was discovered, Siglec-3 is expressed on umbilical cord

blood-derived natural killer cells (NK cells) and normal human activated T-lymphocytes.101,102 A thorough screening

of the hematopoietic cells later revealed that Siglec-3 is expressed on monocytes, at lower levels on macrophage

subsets and dendritic cell subsets and at low levels on granulocytes.103,104 It was also observed that myeloid precursors

and acute and chronic myeloid leukemia cells also express Siglec-3.105–107
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Because of its small size Siglec-3 cannot protrude out from the cell surface glycocalyx like Siglec-1. In contrast, it is

buried among the cell surface glycoproteins and hence is constitutively masked.

Like Siglec-2, Siglec-3 also has ITIMmotif and an ITIM-like motif which has been implicated in cell signaling and

inhibitory functions through recruitment of SHP-1 and SHP-2 tyrosine protein phosphatases.108,109 Paul et al.110

showed that Siglec-3 is phosphorylated by a Src-family kinase namely Lck. Regarding the biological function of such

phosphorylation it was shown that Siglec-3 is involved in inhibition of proliferation of normal and myeloid leukemic

cells.105 Moreover, it was also proved that Siglec-3 engagement results in apoptosis of these leukemic cells.111,106 In

agreement with the inhibitory role of Siglec-3, it has been described that CD33þ NK cells displayed lower cytotoxic

effects than their CD33� counterparts.102 Siglec-3 intracellular signaling is mediated by PI3 kinase and the inhibitory

activity of Siglec-3 required Sia recognition.112 It was also observed that Siglec-3 ligation resulted in inhibition of

cellular differentiation, such as development of dendritic cells from monocyte or CD34þ precursor cells113 and that

cross-linking of Siglec-3 inhibited NKL cell cytotoxicity.99 To further complicate the story, Siglec-3 was shown to be

serine/threonine phosphoprotein rather than the classical view of it being a tyrosine phosphoprotein and this

phosphorylation also had effects on its ligand binding.114
3.24.2.4 Siglec-4 (Myelin-Associated Glycoprotein, MAG)

Although the properties of Siglec-4 as a cell-adhesion molecule have been investigated for many years since its

description,115 its specificity for sialylated molecules has remained unnoticed until 1994.4
3.24.2.4.1 Structure
MAG is a heavily glycosylated protein of about 100kDa with 30% of its mass being made up by carbohydrates.115

MAG is expressed in two splice variant forms, L-MAG which is 72kDa and S-MAG which is 67kDa.116 It has eight

glycosylation sites, all of which are utilized, and five Ig-like domains (one V-set domain and four C2-set domains)

(Figure 6).117
3.24.2.4.2 Specificity
Like sialoadhesin,MAG recognizes Sia in an a2,3 but not in an a2-6 linkage.4,37,118 Like Siglec-1, Siglec-2, and Siglec-3,

Siglec-4 also mediates Sia binding through a conserved arginine (R118) in the first V-set domain which is necessary

for Sia-binding.119 As in the case of other Siglecs such as sialoadhesin, CD22, and CD33, Sia binding of MAG is

mediated mainly by interactions of the carboxyl group, the hydroxyl groups at positions 9, and the N-acyl group.37,28
3.24.2.4.3 Occurrence and biological functions
Siglec-4 or MAG is the only exception in the Siglec family, in that it is not being expressed by the cells of the

hematopoietic system but is rather expressed by oligodendrocytes and Schwann cells of the central and peripheral

nervous systems, respectively120–122 and Müller cells of the retina.123

Siglec-4 contains a tyrosine phosphorylation site in its cytoplasmic tail. However, in contrast to most other Siglecs,

this is not in the context of an ITIM. Under normal circumstances, MAG appears to function in the formation and

maintenance of intact myelin.17 It came as a surprise when MAG was shown in two independent studies to be one of

the major neurite outgrowth-inhibiting molecules in myelin.124,125 In this way Siglec-4 is different because it does not

appear to inhibit the signals of the cell in which it is expressed (oligodendrocytes) but rather inhibits a neighboring

effector neuronal cell. Along this line, evidence has been provided that also Siglec-4 binding can be regulated

by sialylated cis-ligands.126 However, Siglec-4 also binds to sialylated trans-ligands on neurons or the extracellular

matrix.127–129 Siglec-4 has also been seen to bind to different gangliosides in a Sia-dependent manner.29,118,130,131
Siglec-4
MAG

V C2 C2 C2 C2
S-S

S-S S-S S-S S-S

S-S

Figure 6



Siglec-5
V C2

S-S

S-S

C2
S-S

C2
S-S

S-S

Figure 7

530 Siglecs
This Sia-dependent binding seems to be nonessential for MAG for neuronal inhibition in some studies suggesting that

the Sia-binding site is distinct from its neurite outgrowth-inhibition site.119 However, data from other models suggest

that inhibition aided by MAG might indeed be Sia dependent.132
3.24.2.5 Siglec-5

Siglec-5 was first identified by molecular cloning of its cDNA from a human activated monocyte cDNA library.133
3.24.2.5.1 Structure
It is a 70kDa type I transmembrane protein that exists as 140kDa homodimer on a cell surface like Siglec-3. It has four

Ig-like domains with one N-terminal V-set domain and three C2-set domains. The V-set domain contains the

conserved arginine necessary for Sia binding. In its cytoplasmic tail, an ITIM and an ITIM-like motif characteristic

for most Siglecs can be identified.133,134 Its overall structural features are shown in Figure 7.
3.24.2.5.2 Specificity
Siglec-5 bound erythrocytes and soluble glycoconjugates in a Sia-dependent manner and recognized both a2-3-linked
and a2-6-linked Sia equally well.133–135 Another study showed that Siglec-5 had a preference for a2-3 over a2-6
linkages.15 It was shown that Siglec-5 can also bind to a2-8-linked Sia and to sialylated Tn epitopes (Neu5Aca2-
6GalNAca).100 Unlike CD33 binding of erythrocytes which strictly require pretreatment of Siglec-3-expressing cells

with sialidase to remove cis-Sia ligands to detect its binding activity, Siglec-5 shows binding without sialidase

treatment.133 In contrast to Siglec-1, Siglec-2, and Siglec-3, neither desialylation of the molecule nor the mutation

of the N-glycosylation site in the first V-set domain resulted in modification of Siglec-5-binding of Sia.136
3.24.2.5.3 Occurrence and biological functions
Siglec-5 is expressed very weakly on B-cells, at intermediate levels on monocytes and macrophages, at high levels on

neutrophils, and was also found on monocyte-derived and plasmacytoid dendritic cells.103,104,133,137 Furthermore,

Siglec-5 expression is also observed on acute myeloid leukemic cells.137

Recent studies provide first clues to Siglec-5 functions. While one study showed that Siglec-5 engagement aided in

the priming of neutrophils,138 yet another study demonstrated that Siglec-5 might actually function as an endocytic

receptor.104 Siglec-5 behaves as an inhibitory receptor like other Siglecs. It was shown that Siglec-5 inhibits FceR I, an

activating Fc-receptor by recruiting SHP-1 and SHP-2 to its ITIM motif. Not only this but the phosphorylation and

recruitment of SHP proteins decreased the Sia-binding capacity of Siglec-5, and even more surprisingly the inhibitory

function was also seen in the absence of the phosphorylation of the tyrosine in the ITIM motif.139
3.24.2.6 Siglec-6

Siglec-6 was first identified as a CD33 (Siglec-3)-related molecule in the placenta140 and later rediscovered as a

leptin-binding protein.141 Due to its amino acid sequence relatedness and Sia-binding capacity, it was categorized as a

Siglec.141
3.24.2.6.1 Structure
Siglec-6 has three Ig-like domains (one V-set and two C2-set) on the extracellular side and an ITIM and an ITIM-like

motif on its cytoplasmic tail (Figure 8). The V-set domain contains all the conserved amino acid residues needed for

Sia binding of Siglecs.
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3.24.2.6.2 Specificity
Siglec-6 selectively recognizes sialylated Tn structures.100,141 Usually, Sia-binding of Siglecs requires the carboxylate

to interact with the conserved arginine and the glycerol side chain to make contact with a conserved tryptophan.

Siglec-6 recognition of Sia seems to be unusual in that Siglec-6 apparently does not require the intact glycerol side

chain of Sia for binding.100

3.24.2.6.3 Occurrence and biological functions
Siglec-6 expression is seen on B-cells albeit to moderate amounts while high expression of Siglec-6 seen on placental

trophoblasts is unusual for Siglecs.141 Very recently, Siglec-6 expression was also observed on mast cells.142 Siglec-6 is

one of the least studied of the Siglecs and much work needs to be done to understand its possible function.
3.24.2.7 Siglec-7

Siglec-7 like other Siglecs is a type I transmembrane protein and shares structural homology with other Siglecs.143–145

Siglec-7 has been mapped to chromosome 19 in humans, to the region where most Siglec genes are clustered.10,143–145

3.24.2.7.1 Structure
Siglec-7 has three Ig-like domains, one V-set domain which carries the well-conserved arginine necessary for Sia-

binding, two C2-set domains, and ITIM and ITIM-like motifs in its cytoplasmic tail and has eight potential

glycosylation sites.143,144 Siglec-7 has a molecular weight of 75kDa when present on its naturally expressing parent

cells but when exogenously expressed on CHO cells or COS cells, it has a slightly lower molecular weight of about

65kDa due to differences in glycosylation.143,144 Its overall structural features are shown in Figure 9.

Structural studies of Siglec-7 revealed the involvement of the conserved arginine which makes salt bridge with the

carboxylate residue, a conserved tryptophan which makes hydrophobic interactions with the glycerol side chain, a

tyrosine which probably makes hydrogen bonding with the N-acetyl carbonyl. This study also suggests that the C–C0

loop could play an important role in different linkage and underlying sugar specificity shown by different Siglecs.146

A detailed structural study demonstrated that a lysine residue in the ligand-binding pocket is as important as the

conserved arginine residue which is implicated in Sia binding and a mutation of this lysine to alanine abolishes Sia

binding.147

3.24.2.7.2 Specificity
Siglec-7 bound erythrocytes and soluble glycoconjugates in a Sia-dependent manner.143–145 However, while one study

reported Siglec-7 bound to both a2-3- and a2-6-linked Sia,143 another study reported that it could bind only Sia in

a2-6 linkages.145 This discrepancy may be due to the difference in the assay methods. While the former used cell
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surface-expressed Siglec-7, the latter used soluble Fc-chimeras. Like most other Siglecs, Siglec-7 requires the glycerol

side chains on the Sia for optimum ligand binding.145 A comparison of different glycan structures in an array assay

revealed the following linkage preference of Siglec-7 for its Sia ligands: a2-8>branched a2-6>sialylated Tn>a2-6.15

This study also observed that Siglec-7 bound to a2-3-linked Sia negligibly. This Siglec-7 ligand specificity was

also confirmed by studies involving gangliosides.148,149 Siglec-7 in not masked that well by endogenously expressed

cis-Sia ligands145 and neither desialylation nor the N-glycosylation in the V-set domain appear to regulate ligand

binding.136 These studies used exogenously expressed Siglec-7 on COS cells but COS cells have low endogenous

levels of a2-6-linked Sia structures which are preferred ligands for Siglec-7. This might explain why the unmasking

effect is not observed in these assays.136 Later it was shown that Siglec-7 is, in reality, constitutively masked on NK

cell surface where it is naturally expressed.150
3.24.2.7.3 Occurrence and biological functions
Siglec-7 is expressed on NK cells, CD8þ T-cell subset, monocytes, macrophages, dendritic cells, and acute myeloid

leukemic cells.104,106,107,143,144

Studies to decipher Siglec-7 functions support the predicted role of this Siglec as an inhibitory receptor. Cross-

linking cell surface Siglec-7 resulted in reduction of NK cell cytotoxicity and cross-linking with activating receptors

resulted in their diminished activity.144 Engagement of Siglec-7 was also seen to inhibit proliferation of normal and

leukemic myeloid cells.144,151 As anticipated, Siglec-7 functions in an inhibitory manner upon ligation with trans-

ligands and is able to decrease the cytotoxic effects of NK cells.150 Conversely, disengagement of natural in vivo

trans-ligands could lead to increase in cytotoxic reactions of NK cells. In this regard, it is seen that human colon cancer

cells downregulate expression of disialyl Lea structures which are bound by Siglec-7.152 However, the disialyl Lea

structure has not yet been proved to be the natural in vivo ligands of Siglec-7. As Siglec-7 is also expressed on T-cell

subsets, its inhibitory function was also tested on these cell types and this was indeed the case.153 Additionally, like

other previously characterized Siglecs, the mechanism of Siglec-7 inhibition appears to be also mediated by SHP-1/2

recruitment at the phosphorylated tyrosine of the ITIM motif and this motif is critical for the inhibitory activity.154

Like in the case of Siglec-3 and Siglec-5, for Siglec-7, Sia-binding capacity increases upon decreased phosphorylation

of the ITIM motif. Reciprocally, increase in cytoplasmic tail phosphorylation decreases Sia-binding activity.154
3.24.2.8 Siglec-8

Siglec-8 was first discovered from an eosinophil cDNA library.155,156 The Siglec-8 gene has been mapped to

chromosome 19 of the human chromosome.156,157
3.24.2.8.1 Structure
Siglec-8 has three Ig-like domains in its extracellular side with an N-terminal Sia-binding V-set domain and two C2-set

domains (Figure 10).155,156 Unlike other Siglecs, Siglec-8 was first thought not to contain the conserved ITIM motifs

in its cytoplasmic tail.155,156 But these were soon proved to be the splice-variant forms and the ITIM containing full

length form was characterized.157
3.24.2.8.2 Specificity
Sia binding of Siglec-8 was shown with erythrocyte-binding assay initially.155,156 Like Siglec-1, Siglec-8 does not

contain an N-glycosylation site in its V-set domain,136 but Siglec-8 is also masked by endogenous Sia structures like

other Siglecs.155,156 Initial studies suggested that Siglec-8 prefers a2-3-linked Sia over a2-6-linked Sia.15,156 Later, a

detailed screening of different glycans showed that Siglec-8 shows a high affinity toward 60-O-sulfo-sLex (Neu5Aca2-3
(6-O-sulfo)Galb1-4[Fuca1-3]GlcNAc).158
Siglec-8
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3.24.2.8.3 Occurrence and biological functions
Siglec-8 expression is very specifically confined to cells involved in the allergy reactions, namely eosinophils,

basophils, and mast cells.142,155,156

Siglec-8, like other Siglecs, is an inhibitory receptor by virtue of its function due to the ITIM and ITIM-like motifs

in its cytoplasmic tail. It is seen that engagement of Siglec-8 brings about apoptosis in eosinophils159 and that the

mechanism of this apoptotic event is dependent on reactive-oxygen species, mitochondrial injury, and caspases.160

Keeping this apoptotic effect of Siglec-8 in mind, the ligand specificity toward 60-O-sulfo-sLex, and its selective

expression on inflammatory cells, it has been postulated that the expression of Siglec-8 may be a way to eliminate

these cells that have infiltrated the central nervous system since these 60-O-sulfo-sLex structures are found largely in

brain tissue.158,161 However, the in vivo ligands of Siglec-8 are yet to be characterized.
3.24.2.9 Siglec-9

Siglec-9 was identified in three independent studies: it was isolated from a cDNA library,162 it was discovered during

50-rapid amplification of cDNA-ends experiment during Siglec-7 cloning,163 and it was identified by computer

algorithm (gene prediction program) from the human genome sequence.164 The Siglec-9 gene has been mapped on

the ‘Siglec cluster’ on the human chromosome 19.163,164
3.24.2.9.1 Structure
Siglec-9 is a Siglec with three Ig-like domains, one V-set domain which is responsible for Sia binding and two

C2-set domains. Like other characterized Siglecs, Siglec-9 also has ITIM and ITIM-like motifs in its cytoplasmic

tail.162–164 Its overall structural features are shown in Figure 11.
3.24.2.9.2 Specificity
Siglec-9 binds to erythrocytes in a Sia-dependent manner, recognizing a2-3-linked and a2-6-linked Sia.162,163 Siglec-9

also binds to sialylated Tn-structures similar to Siglec-2, Siglec-3, Siglec-5, Siglec-6, Siglec-7, and Siglec-8, albeit

weakly. Only Siglec-6 binds this structure with high affinity.15,100,163
3.24.2.9.3 Occurrence and biological functions
Siglec-9 has originally been found to be expressed abundantly on monocytes and neutrophils and weakly on

NK-cell subsets and T-cell subsets162,163 and later on macrophages, dendritic cells,104 and on acute myeloid leukemic

cells.107

In decoding Siglec-9 functions, it has been shown that Siglec-9 inhibits monocyte, NK-cell, and T-cell signaling

by engaging SHP-1 and SHP-2 to the ITIMmotif.153,154 Later studies have indicated that Siglec-9 could also function

as an apoptotic receptor on neutrophils and myeloid leukemic cells.107,165 In addition, Siglec-9 apparently functions as

an endocytic receptor on acute myeloid leukemic cells.166 Siglec-10 is also mapped to the ‘Siglec cluster’ on

chromosome 19.167–169
3.24.2.10 Siglec-10

3.24.2.10.1 Structure
Siglec-10 is a Siglec that contains one V-set domain and four C2-set domains, a total of five Ig-like domains

(Figure 12).167 Several splice variants have been reported for Siglec-10.168–171
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3.24.2.10.2 Specificity
As for all Siglecs, Siglec-10 binding to erythrocyte requires cell surface Sia.167,170 Further investigations of its ligand-

binding specificity showed that Siglec-10 can bind to both a2-3-linked and a2-6-linked Sia,15,167,170 while another

study provided data suggesting that Siglec-10 prefers a2-6 over a2-3 linkages.168 Siglec-10 is also seen to bind to

sialylated Tn-epitope.15
3.24.2.10.3 Occurrence and biological functions
Siglec-10 has been detected on eosinophils, neutrophils, monocytes, activated dendritic cells, and macrophages,

subsets of NK- and B-cells and on acute myeloid leukemic cells.104,107,167,168,170

Like other Siglecs, Siglec-10 appears to be engaged in binding to cis-ligands on the cell surface. Siglec-10 has three

inhibitory motifs in its cytoplasmic tail, two ITIM and one ITIM-like motif which is implicated in its inhibitory

functions.167,170,171 Siglec-10 is phosphorylated by tyrosine kinases and the cytoplasmic tail has been shown to recruit

SHP-1 and SHP-2 phosphatases after phosphorylation of its ITIMs.168,171 Inhibitory functions of Siglec-10 have not

been described yet, although Siglec-10 appears to function as an apoptotic receptor on myeloid leukemic cells.107
3.24.2.11 Siglec-11

Very little is known about Siglec-11 until now, since it has not been studied in detail since its first description.172 The

gene encoding Siglec-11 does not map to the Siglec cluster on chromosome 19, but has been found in another location

on chromosome 19.
3.24.2.11.1 Structure
Siglec-11 is a five-domain Siglec with one V-set and four C2-set Ig-like domains on the extracellular side and with an

ITIM and an ITIM-like motif in its cytoplasmic tail.172 Its overall structural features are shown in Figure 13.
3.24.2.11.2 Specificity
Unusual binding property of Siglec-11 was observed, with this Siglec showing good binding neither with a2-6-linked
nor with a2-3-linked Sia but only with a2-8-linked polymers of Sia.172
3.24.2.11.3 Occurrence and biological functions
Siglec-11 is not found on peripheral blood cells like most other Siglecs but it is expressed on tissue macrophages and

brain microglia.172 In the same study it was also shown that Siglec-11 could recruit SHP-1 and SHP-2 phosphatases to

its ITIM upon its phosphorylation, suggesting an inhibitory role of this Siglec.
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3.24.2.12 Siglec-12

Siglec-12 is not a true Siglec in humans and is called a Siglec-like molecule. This is because it cannot bind Sia as it does

not contain the conserved arginine residue. However, it is a functional Siglec in apes in chimpanzees,173 and its gene

has been mapped to the ‘Siglec cluster’ on chromosome 19.174,175
3.24.2.12.1 Structure
Siglec-12 contains four Ig-like domains, two V-set and two C2-set domains.173 Two spliced forms of this Siglec have

also been reported.174
3.24.2.12.2 Specificity
Restoring the essential arginine in the first V-set domain actually refurbishes Sia-dependent binding of

erythrocytes,173 while another study reported Sia binding even without the essential arginine.175
3.24.2.12.3 Occurrence and biological functions
Siglec-12 is expressed on epithelial cells173 and monocytes/macrophages.175 This study also reported SHP-1 and

SHP-2 recruitment to ITIM motif upon its tyrosine phosphorylation,175 implying an inhibitory function of this

molecule. How this inhibitory role is carried out in the absence of a ligand-binding function in humans awaits further

investigation. It is very interesting to note that this molecule is present as a ligand-binding functional molecule in the

great apes. The study of this functional molecule in apes will certainly help to elucidate its role.
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3.25.1 Introduction

Cytokines are mediators of the regulatory network among lymphoid cells, hematopoietic cells, and endothelial cells.

They regulate immune response, inflammation, cell proliferation, and differentiation. Many signal transduction

mechanisms are evoked after cytokines bind to their respective receptors.1 Most cytokine receptors consist of several

specific receptor subunits. These subunits form high-affinity complexes with their respective cytokines, following

which various physiological effects are induced.1 Other characteristic cytokine actions include pleiotrophic, redundant,

autocrine, and paracrine functions. These complicated cytokine behaviors cannot be explained by the simple interaction

between a cytokine and its receptor.1 However, lectin-like characteristics of cytokines (summarized in Table 1) may

provide an insight into their multiple functions, although their physiological significance has not generally been

elucidated. Nevertheless, there are several cytokines for which functional roles of lectin-like interactions have been

determined. In this chapter, we describe two carbohydrate recognition mechanisms that are known to influence the

physiological activities of cytokines. One involves a group of cytokines that recognize both the specific N-glycan and

the specific peptide sequencewithin their receptor subunits. This binding triggers high-affinity complex formation and

induces downstream intracellular signaling. The other mechanism involves cytokines that form high-affinity com-

plexeswith their receptors via distinct glycosaminoglycan (GAG) sites orGPI-anchored glycans sites. It seems that such

a tight, oligomeric formation of (cytokine)m/(receptor subunit)n/glycoconjugate amplifies intracellular signaling.
3.25.2 Lectin-Like Characteristics of Cytokines

3.25.2.1 GAG-Binding Cytokines

A large number of cytokines have been described as GAG-binding proteins (Table 1). Most GAG-binding cytokines

interact with heparin/heparan sulfate (HS), while a few are known to interact with chondroitin sulfate or dermatan
539



Table 1 Cytokines that have lectin-like characteristics and their ligands

Cytokine Oligosaccharide ligands References

IL-1a Glycans of uromodulin 2

Disialylated biantennary 3

IL-1b Glycans of uromodulin 2

GM4 3

Sulfated N-glycan of Tamm–Horsfall glycoprotein 4

GPI-anchor glycan 5

IL-2 High-mannose type 6

Heparin 7, 8

GD1b 9

IL-3 Heparan sulfate 10,11

Chondroitin sulfate 12

IL-4 1,7 Intramolecular lactone of N-acetylneuraminic acid 3

Ganglioside 13

GAG 14

IL-5 Heparin/heparan sulfate 15

IL-6 HNK-1 epitope 3

Heparin 16

IL-7 Sialyl-Tn antigen 3

Heparin 17

IL-8 Heparin/heparan sulfate 18

IL-10 Heparin/heparan sulfate 19

IL-12 Heparin 20

IL-18 GPI-anchor glycan 21

TNF-a GPI-anchor glycan 22

Heparin 23

Interferon-a Gb3 24

Interferon-b Ganglioside 25

Interferon-g Ganglioside 26,27

Heparin/heparan sulfate 28–31

FGF-1 Heparan sulfate 32–36

Chondroitin sulfate 37

FGF-2 Heparan sulfate 32,34,35,38–40

Chondroitin sulfate 37

GM1 41,42

FGF-3 Heparin/heparan sulfate 43

FGF-4 Heparan sulfate 32,38,44,45

CD44 46

FGF-5 Heparin/heparan sulfate 40,47

FGF-6 Heparin/heparan sulfate 48

FGF-7 Heparan sulfate 34,35

Dermatan sulfate 49

FGF-8 Heparan sulfate 50,51

CD44 46

FGF-9 Heparin/heparan sulfate 52

FGF-10 Heparan sulfate 50

Chondroitin sulfate 37

FGF-11 Heparin/heparan sulfate 53

FGF-12 Heparin/heparan sulfate 54

FGF-16 Chondroitin sulfate 37

FGF-18 Heparan sulfate 50

Chondroitin sulfate 37

FGF-19 Heparin/heparan sulfate 55

FGF-22 Heparin/heparan sulfate 56

FGF-23 Heparin/heparan sulfate 57

GM-CSF Heparin/heparan sulfate 10,11,58

Midkine Heparin/heparan sulfate 59,60

Glypican-2 61

PG-M/vercican 62

Pleiotropin Chondroitin sulfate 63
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Hepatocyte growth factor (HGF) Heparin/heparan sulfate 50,64,65

Sulfoglycolipid 66

Dermatan sulfate 67

Platelet-derived growth factor (PDGF) Heparin/heparan sulfate 50,68

GM1/GM2/GM3 69,70

Vascular endothelial growth factor (VEGF) Heparin/heparan sulfate 50,71,72

Nerve growth factor GM3 73

GAG 74

Neuregulin-1 Heparan sulfate 75

Hepatoma-derived growth factor (HDGF) Heparin/heparan sulfate 76

Platelet factor 4 Heparan sulfate 77

Follistatin Heparin/heparan sulfate 78

Pigment epithelium-derived factor (PEDF) Heparin/heparan sulfate 79

Connective tissue growth factor (CTGF) Heparin/heparan sulfate 80

Bone morphogenic protein 6 (BMP6) Heparin/heparan sulfate 50

Chemokines Sulfatide 81

Heparin/heparan sulfate 82–86

Table 1 (continued)

Cytokine Oligosaccharide ligands References
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sulfate. The most common method for elucidating GAG-binding abilities involves affinity fractionation of cytokines

or GAG on Sepharose columns covalently linked to either GAG or cytokines. The bound proteins are eluted with

different concentrations of NaCl, and the concentration required for elutions is generally proportional to the Kd of the

interaction. Although this type of assay is restricted to GAG-binding events involving electrostatic interactions, and

proteins with low affinity (10�4–10�6M) do not bind under normal conditions, it is an easy and practical way of

identifying GAG-binding cytokines. Recently, surface plasmon resonance analysis has been used to reveal the real-

time interaction of GAG-binding cytokines and GAG. However, this technique requires specialized equipment – a

BIAcore SPR biosensor. NMR and X-ray crystallography provide the most precise insight into these interactions, but

these methods require high concentrations of GAG and GAG-binding proteins. From a practical viewpoint, prepara-

tion of homogeneous GAG becomes difficult as its size increases. Nevertheless, NMR or X-ray crystallography using

complexes of proteins and small disaccharides has provided much important information on these interactions.

GAG heterogeneity is one of the biggest obstacles in elucidating the binding specificity of cytokines to GAG.

Therefore, early studies focused on fibroblast growth factors FGF-1 and FGF-2, and systematic analyses of GAG

structure involved in the interaction with GAG-binding cytokines are still limited. Thus, in this section, historical

studies on the binding specificities of FGF-1 and FGF-2, and a systematic analysis of this phenomenon recently

reported by Kimata and colleagues, are presented. In 1992, enzymatic or chemical degradation of HS was found to

abolish binding of FGF-2 to HS.38,87 Heparinase-, heparitinase treatment, or deaminitive scission at low pH revealed

that iduronate-2-sulfates (IdoA2S) were essential for interaction between FGF-2 and HS. A biochemical approach,

used to define the minimal structure in HS required for binding of FGF-2, implicated a pentasaccharide sequence

with three hexuronic acid units, two N-sulfated glucosamine residues and the reducing terminal IdoA unit being 2-O-

sulfated.39 Later, a pentasaccharide containing IdoA2S was deduced from crystallographic analyses of a complex

between FGF-2 and a fully sulfated heparin hexasaccharide88 and of an FGF-2/FGF-R1/heparin 10-mer complex.89

Furthermore, Ishihara et al. found that both 2-O-sulfate groups and the negative charge of the carboxy group in

iduronate residues are required for interaction with FGF-2, utilizing 2-O-desulfated heparin, 6-O-sulfated heparin,

carboxy-reduced heparin, and carboxyamidomethylsulfonated heparin.90 At the same time, Ishihara reported that

binding of FGF-1 requires 6-O-sulfate groups in addition to 2-O-sulfate groups.91 Moreover, it was found that

high affinity for FGF-1 requires an IdoA2S-GlcNS6S-IdoA2S-trisaccharide motif.92 From these early results, it

became apparent that the FGF-1-binding region of HS was distinct from the minimal FGF-2-binding region. In

addition to these studies on FGF-1 and FGF-2, the HS sequences required for binding of FGF-4,44,45 FGF-8b,51

HGF,65,93,94 and PDGF68 have also been reported. These studies indicated that each HS-binding cytokine may

recognize a unique structure.

Systematic analysis of the binding specificity of HS-binding cytokines is also limited. However, Kimata’s group

recently reported the HS sequences that were specifically bound to various cytokines, including FGF-2, FGF-4,
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FGF-7, FGF-8, FGF-10, FGF-18, HGF, VEGF, and BMP-6. To do this, they used an octasaccharide library consisting

of 2-O-sulfated or 6-O-sulfated octasaccharides synthesized by in vitro reactions with HS 2-O-sulfotransferase or 6-O-

sulfotransferase.50 On this basis, they proposed the classification of HS-binding growth factors into five groups, as

shown in Figure 1. Group 1 has affinity for 2-O-sulfated but not 6-O-sulfated octasaccharides (FGF-2). Group 2 has

affinity for 6-O-sulfated but not 2-O-sulfated oligosaccharides (FGF-10). Group 3 has affinity for both 2-O-sulfated

and 6-O-sulfated octasaccharides but prefers 2-O-sulfated ones (FGF-18 and HGF). Group 4 proteins require both 2-O-

sulfate and 6-O-sulfate in octasaccharides for binding (FGF-4, FGF-7). Group 5 requires a longer binding domain than

octasaccharide for binding heparin (FGF-8, VEGF, BMP-6). To elucidate the binding specificities of growth factors

classified into group 5 or unknown factors, it is important to generate a more divergent oligosaccharide library, by the

combined use of various HS modification enzymes and acceptor oligosaccharides of various sizes.

As more cytokines have been recognized as HS-binding proteins, there have been more studies of consensus

sequences in the HS-binding region. Early studies revealed that XBBXBX and XBBBXXBX motifs, in which B is a

basic amino acid, usually Arg or Lys, are common HS-binding sequences for several proteins.95 In fact, X-ray

crystallographic analysis suggested that several basic amino acid residues were found to exist opposite a 2-O-sulfate

group in HS.88,89,96–98 As shown in Figure 2, in the case of FGF-2, the HS binding region consists of Lys125, Gln134,

Lys135, and Ala136,88 whereas that of FGF-1 is composed of Asn18, Lys113, Lys118, and Gln127.99 However, with the

characterization of these HS-binding proteins, it was found that binding epitopes are composed of sequentially distant

residues that form an optimal binding surface due to their special orientation in the folded state. Kimata’s group

indicated that either Gln or Lys residues found in the glycine boxes, which are commonly found in the FGF family

and thought to correspond to motifs for HS-binding sites, are conserved in FGF-2,-4,-7,-8, and -18 (Figure 1).50

Further crystallographic analyses may reveal other amino acids that are required for HS-binding sites.
3.25.2.2 High-Mannose-Type Glycan Binding IL-2

IL-2 recognizes high-mannose-type glycans, as shown in Table 1. There is a long history of research on carbohydrate

recognition by IL-2. Sherblom et al.100 and Zanetta et al.101 reported that IL-2 recognizes high-mannose-type glycans

with five or six mannosyl residues, as determined by the plate method. Later, Fukushima et al.6,102 precisely examined

the lectin-like characteristics of IL-2.

In a solid-phase [35S]rhIL-2 binding assay, which involved in vitro transcription and translation, ribonuclease B was

immobilized in each well by incubation overnight, and the remaining sites were blocked with phosphate-buffered
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Figure 1 Classification of FGFs on the basis of their different heparan-binding affinities. The sequences of the putative

heparin-binding regions of FGFs are shown together with the residues involved in 2-O-sulfate-binding (highlighted by a dark
background). The square shows the glycine box, which is thought to be the motif responsible for heparin binding.49
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Figure 2 Heparin binding to FGF-1 (A) and FGF-2 (B). a, Complex consisting of FGF-1 (ribbons) and heparin (ball-and-

stick). Interactions are shown as a dashed yellow line. b, Complex consisting of FGF-2 and the hexasaccharide fragment.

The higher-affinity binding site is colored magenta, whereas the lower-affinity binding site is colored yellow. The side
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Patterson, A. M.; Gardner, L.; Schmutz, C.; Ashton, B. A. Blood 2002, 100, 3853-3860 and Habuchi, H.; Suzuki, S.; Saito, T.;

Tamura, T.; Harada, T.; Yoshida, K.; Kimata, K. Biochem. J. 1992, 285, 805-813.
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saline (PBS) containing 3% human serum albumin. [35S]rhIL-2 was added to each well and allowed to stand for 2h at

37�C. The plates were then washed with 0.05% Tween 20 in PBS, and bound [35S]rhIL-2 was measured after being

released by 1% SDS. The binding of [35S]rhIL-2 to ribonuclease B-coated plates was concentration dependent. In

contrast, [35S]rhIL-2 did not bind to ribonuclease A, which had the same amino acid sequence as ribonuclease B but

without any N-glycan. The same results were obtained using EndoH-treated ribonuclease B-coated plates. These

results suggest that the binding of [35S]rhIL-2 to immobilized ribonuclease B occurs via Man5GlcNAc2 or Man6-

GlcNAc2, which are linked to ribonuclease B.103

The inhibitory effects of various high-mannose-type glycans on the binding of [35S]rhIL-2 to ribonuclease B-coated

plates are summarized in Table 2. For M5 and M6, the 50% inhibition concentration was estimated to be 0.2mM,

whereas for M7, M8, M9, and M3, it was greater than 1mM. Since Man5GlcNAc2Asn, Man5GlcNAc2, and

Man5GlcNAc showed the same inhibitory effects, with respect to the structural requirement of the reducing terminal

end, neither asparagine norN,N0-diacetylchitobiose structure was required, whereas Man5GlcNAc-ol did not show any

inhibitory effect. These results indicate that two nonsubstituted a-mannosyl residues linked to the a1!6 side of the

trimannosyl core and reducing terminal Manb1!4GlcNAcb1! are required for the inhibitory activity.

In order to determine the carbohydrate recognition sites of IL-2, mutant forms of in vitro translated [35S]rhIL-2 with

different levels of carbohydrate-binding activities were prepared. It had been reported by Sherblom et al.100 that the

N-terminal portion of rhIL2 exhibits a limited degree of sequence homology at Glu15, Leu19, Leu21, Asn26, Gly27,

Asn30, Cys58, and Glu67 among humanmannose-binding proteins, MBP (H),104 and two rat liver MBPs, MBP (A) and

MBP (C).105 Moreover, it is confirmed that Asp20 is the binding site of IL-2 receptor b, Gln126 is that of IL-2 receptor

g, and Lys35, Arg38, Phe42, Lys43 are binding sites of IL-2 receptor a.106 On the basis of these data, point mutations

were introduced into IL-2 cDNA by PCR, and [35S]rhIL-2 mutants were synthesized in vitro in the presence of [35S]

methionine. All of them showed single bands corresponding to 16kDa on sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), and the wild type of [35S]rhIL-2 and eight mutant forms of [35S]rhIL-2 were equally

labeled with five [35S]methionine residues per molecule. The carbohydrate-recognition activities of these IL-2 analogs

were assayed by a ribonuclease B-coated plate method. Although mutated E67Q showed the same binding activity as

the wild type, mutated N26Q showed an improved carbohydrate-binding ability compared to wild-type IL-2, whereas

mutated N26D showed diminished carbohydrate-binding activity. The carbohydrate-binding specificities of N26D

andN26Q do not seem to be altered in comparison with that of wild-type IL-2, because the binding activities of N26D

and N26Q on the ribonuclease B-coated plates were inhibited byM5 andM6, whereas M7, M8, or M9 did not produce

any inhibitory effect. The 50% inhibition concentration with M5 or M6 was 0.2mM, whereas those of M7, M8, or M9

were greater than 1mM. Since the side chain of Asn26 is directed toward the outside of the a-helix structure, as

determined by X-ray crystallography of IL-2 (as shown in Figure 3),107 even if Asn26 is replaced by Asp or Gln by

point mutation, it is thought that the three-dimensional structure of these IL-2 molecules would not be affected.

These results imply that Asn26 is involved in the carbohydrate binding of IL-2.



Table 2 Inhibition of [35S]rhIL-2 binding to plates coated with ribonuclease B by oligomannosyl derivatives

Compounds Concentration for 50% inhibition

M5: Mana1

4GlcNAcb1 4GlcNAc-Asn

6
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Mana1
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Mana1

6
3

Man5

0.2mM

Man5!4GlcNAcb1!4GlcNAc 0.2mM
Man5!4GlcNAcb1!4GlcNAc-ol 0.2mM
Man5!4GlcNAc 0.2mM
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Figure 3 Molecular models of human IL-2 and human IL-2 bound to IL-2 receptor subunits. a, A molecular model of human
IL-2 taken from the Brookhaven Protein Database, PDB (1irl), shown as a turquoise ribbon structure. The side chain of Asn26 is

shown as a ball and stick structure. Lys35, Arg38, Phe42, and Lys43, which bind to the IL-2R peptide portion, are in red. b,

A theoreticalmodel of IL-2 attached to its three receptor subunits, whichwasalso taken from thePDB (1iln). IL-2 is shown in blue;

the receptor subunits are in red (a), green (b), and turquoise (g). The Asn26 residue is in white. Reprinted with permission from
Faham, S.; Hileman, R. E.; Fromm, J. R.; Linhardt, R. J.; Rees, D. C. Science 1996, 271, 1116–1120. Copyright 1996 AAAS.
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3.25.2.3 GPI-Anchor Glycan-Binding Cytokines

3.25.2.3.1 Attachment of b-N-acetylglucosaminyl phosphate diester in GPI-anchor glycans
As shown in Table 1, IL-1b, TNF-a, or IL-18 bind to GPI-anchor glycans of GPI-anchored glycoproteins on

the cell surface. All GPI-anchor glycans from yeast to mammals have the same core structure, consisting of
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ethanolamine-PO4-6Mana1!2Mana1!6Mana1!4GlcNa1!6myo-D-inositol-PO4 linked to a lipid moiety.108

Using a hydrogen fluoride treatment method, which cleaves both GlcNAc-phosphodiester and ethanolamine phos-

phodiester, it was determined that human placental alkaline phosphatase (AP) also has the same core structure.109

However, asialo-AP, CEA, ChE, and T-H glycoprotein bound to a PVL-Sepharose column, which interacts with

bGlcNAc residues,110 and it was eluted with 0.3M GlcNAc.111 Since all the N-glycans of these glycoproteins are

mature, nonreducing terminal bGlcNAc residues seem to be present in the GPI-anchor glycan of these glycoproteins.

Several analytical methods can be used to determine how the bGlcNAc residue is attached as a GPI-anchor glycan side

chain. As summarized in Figure 4, after pronase digestion of GPI-anchored glycoproteins, glucosamine residues in

GPI-anchor glycans were deaminated by nitrous acid treatment and reduced with NaB3H4. [
3H]-anhydromannitol was

confirmed by monosaccharide composition analysis. The [3H]-GPI-anchor glycan also bound to a PVL column and was

eluted with 0.3M GlcNAc. The PVL-binding ability of the [3H]-GPI-anchor glycan was abolished by digestion

with diplococcal b-N-acetylhexosaminidase. The mild acid hydrolysate of [3H]-GPI-anchor glycan also failed to

bind the PVL column, indicating that the bGlcNAc residue does not bind to the GPI-anchor glycan via O-glycosidic

bonding. Since N-acetylglucosaminyl phosphate diester can be easily hydrolyzed by mild acid treatment,112 a

GlcNAcb1!phosphodiester residue (GlcNAc-P) should exist as a GPI-anchor glycan side chain.

Chromatofocusing and LC/ESI-MS are useful for further identification of GlcNAcb1!phosphate. For example,

purified AP was eluted from a chromatofocusing column at pH 4.6 and pH 4.8 in the ratio of 4:1.111 AP forms a

homodimer and contains 4 mol of sialic acid per molecule.113 Sialidase-treated APs were eluted at pH 5.2 and pH 5.0.

Although asialo APs were resistant to wheat germ acid phosphatase, after digestion with diplococcal b-N-acetylhex-
osaminidase, APs were eluted at pH 5.0 and pH 4.8. Subsequently, APs were thoroughly digested by wheat germ acid

phosphatase and were eluted at pH 5.4 and pH 5.2, suggesting that they had lost their negatively charged phosphate

residues. LC/ESI-MS analysis indicated that the GPI-anchor glycan consisted of two isoforms, one with and one

without an ethanolamine phosphate. Since ethanolamine phosphate diester has a single negative charge at pH 5.0,

one isoform must contain both a GlcNAc-P residue and ethanolamine phosphate as side chains, while another

isoform contains only the GlcNAc-P residue. These results suggest that b-N-acetylglucosaminyl phosphate binds to

the GPI-anchor glycans of AP.111 Combined results from LC/ESI-MS, nitrous acid deamination/NaB3H4 reduction,

periodate oxidation, chromatofocusing, and several lectin column chromatographies confirmed that the structures of

the GPI-anchor glycans derived from AP, CEA, and T-H glycoprotein commonly consisted of GlcNAcb1!phosphate

at position C6 of the second mannose residue,21 although the other side-chain portions have different carbohydrate

moieties among the respective GPI-anchored glycoproteins.
EtN- -6Mana1→2Mana1→6Mana1→4GlcN P

±

GPI-anchored glycoprotein

Chromatofocusing

Pronase

GPI glycan

HONO/NaB3H4

PVL-Sepharose
column chromatography

LC/ESI-MS

: PO3
−

EtN

P

(−)(−) (+)

Trypsin

P

6

GlcNAc b1

P

Sialidase Diplococcal
b-HexNAcase

Diplococcal
b-HexNAcase

+Diplococcal
b-HexNAcase

+Wheat germ
acid phosphatase

P

Endo-a-
glucosaminidase? PI-PLC

lipid

Mild acid
hydrolysis

inositol
GPI-anchored
glycoprotein

Figure 4 Structural analysis of the GPI glycan derived from GPI-anchored glycoproteins. b-N-acetylglucosaminyl phos-

phate diester is common to GPI-anchored glycans of AP, CEA, and T-H glycoprotein.
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3.25.2.3.2 TNF-a, IL-1b, and IL-18 binding to GPI-anchor glycans
In 1987, Muchmore et al. reported that TNF-a binds to uromodulin corresponding T-H glycoprotein in a lectin-like

manner.114 Uromodulin, which has heterogenous N-glycans and a GPI-anchor glycan, is an immunosuppressive

glycoprotein that was originally isolated from human urine.115 Since uromodulin also binds to IL-11 and IL-2,100 it

had been believed that the glycans on uromodulin may inhibit these cytokine activities. In order to determine the

precise carbohydrate-binding specificities of TNF-a, the lectin-like interaction of recombinant human TNF-a
(rhTNF-a) with various glycoproteins was investigated on enzyme-linked immunosorbent assay (ELISA) plates. As

shown inTable 3, rhTNF-a bound in a dose-dependent manner to AP,111,113 CEA,116,117 and T-H glycoprotein,118,119

which were saturated on the plates. All these molecules carry GPI-anchor glycans. On the other hand, rhTNF-a did

not bind to transferrin,120 fetuin,121 orosomucoid,122 ribonuclease B,103 ovalbumin,123,124 and thyroglobulin,125,126

although all of these latter molecules carry various N-linked glycans. These results imply that rhTNF-a recognizes the
GPI-anchor glycans of AP, CEA, and T-H glycoprotein.

The inhibitory ability of various haptenic sugars derived from GPI-anchor glycans on the carbohydrate binding of

TNF-a was subsequently examined by ELISA using AP-coated plates (Table 4).22 Mannose 6-phosphate at 10�6M

inhibited 50% of TNF-a binding to AP. In contrast, ethanolamine phosphate, inositol phosphate, and N-acetylgluco-

samine 1-phosphate did not inhibit the interaction between TNF-a and AP, even at concentrations of 1mM. Mannose

6-sulfate, mannose 1-phosphate, glucose 6-phosphate, and mannitol 6-phosphate also failed to inhibit binding, which

indicates that a mannosyl residue substituted with phosphate at the C6 position is required for the sugar-binding

ability of TNF-a.
Since IL-1b shares amino acid sequence homology with IL-18, it was determined whether IL-1b and IL-18 have the

same carbohydrate-binding activities.5,21 First, binding assays were performed using plates coated with various

glycoproteins, as shown inTable 3. Since bovine serum albumin (BSA) resulted in relatively high nonspecific binding,

human serum albumin (HSA) was used as the blocking reagent. 35S-rhIL-1b and 35S-rhIL-18 were prepared by in vitro

translation in the presence of [35S]methionine. The resulting 35S-rhIL-1b and 35S-rhIL-18 proteins were immediately

used in the binding assays. Both cytokines bound to AP, T-H glycoprotein, and CEA in a dose-dependent manner.

The binding of 35S-rhIL-1b and 35S-rhIL-18 to plates coated with 10mgml�1 CEA, AP, or T-H glycoprotein was

concentration dependent, similar to TNF-a. These interactions did not change in the presence of 1mM ethylene-

diaminetetraacetic acid (EDTA), which shows that the binding of both cytokines to AP does not require divalent

cations. However, both cytokines failed to bind transferrin, fetuin, orosomucoid, ribonuclease B, ovalbumin, or

thyroglobulin, as summarized in Table 3. These results indicate that, similar to TNF-a, IL-1b and IL-18 bind to

GPI-anchored glycoproteins. To more precisely determine the carbohydrate-binding specificity of IL-1b and IL-18,

the inhibition of 35S-rhIL-1b and 35S-rhIL-18 binding to AP of haptenic sugars derived from the GPI-anchor glycan of
Table 3 Glycan structures of glycoproteins used to survey lectin-like characteristics of TNF-a, IL-1b, and IL-18

Glycoprotein Structure of glycan (reference) TNF-a22 IL-1b5 IL-1821

Alkaline phosphatase (AP) a2!3sialyl biantennary112 þ þ þ
GPI anchor110

CEA Bi- to tetraantennary115 þ þ þ
GPI anchor116

T-H glycoprotein Bi- to tetraantennary117 þ þ þ
High-mannose type117

GPI anchor118

Transferrin a2!6sialyl biantennary119 � � �
Fetuin Mucin type120 � � �

Bi- and triantennary120

Orosomucoid Bi- to tetraantennary121 � � �
Ribonuclease B High-mannose type (Man5>6GlcNAc2)

102 � � �
Ovalbumin High-mannose type (Man6,7> Man5GlcNAc2)

122 � � �
Hybrid type123

Thyroglobulin Bi- to tetraantennary124 � � �
High-mannose type (Man9,8,7GlcNAc2)

125

Plates were coated with each glycoprotein and the level of bound cytokines was measured by ELISA or using radioactivity.



Table 4 Ability of haptenic sugars to inhibit the binding of TNF-a, IL-1b, or IL-18 to AP

Hapten

Concentration needed for 50% inhibition

TNF-a IL-1b IL-18

Mannose 6-phosphate 10�6 M 10�6 M 10�6 M

Gal2�GlcNAc2�Man3�GlcNAc NDa ND ND

Ethanolamine phosphate ND ND ND

Inositol phosphate ND ND ND

GlcNAc 1-phosphate ND ND ND

Mannose 6-sulfate ND ND ND

Mannose 1-phosphate ND ND ND

Glucose 6-phosphate ND ND ND

Mannitol 6-phosphate ND ND ND

aND: no inhibitory effect was detected, even when up to 1mM of the haptenic sugar was present.

ND, not detected.
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AP was examined. The biantennary sugar chain of AP was not inhibitory at concentrations up to 1mM. In

contrast, mannose 6-phosphate, which is a constituent of the GPI-anchor glycan of AP, was an effective inhibitor.

However, other constituents of the GPI-anchor glycan of AP were not inhibitory, at concentrations up to 1mM.

Similarly, mannose 6-sulfate, mannose 1-phosphate, glucose 6-phosphate, and mannitol 6-phosphate were not inhibi-

tory at concentrations up to 1mM. These results indicate that a second or third mannose 6-phosphate diester in the

GPI-anchor glycan is necessary for the carbohydrate binding of IL-1b and IL-18.
3.25.2.3.3 TNF-a and IL-18 distinctly recognize the second and third mannose-6-phosphate
diester in the GPI-anchor glycan

A b-N-acetylglucosaminyl phosphate diester residue is attached to the C6 position of the second mannosyl residue in

the GPI-anchor glycans of AP, CEA, and T-H glycoprotein, as shown in Figure 4. Thus, it was investigated whether

this GlcNAcb1!phosphate!6 mannose residue is involved in the binding of AP to TNF-a.22 Plates were coated with

intact AP or mild acid-treated AP and the binding of TNF-a was assessed by ELISA. The mild acid-treated AP

retained the ability to bind rhTNF-a. In contrast, mild acid and phosphatase digestion, which specifically releases the

GlcNAcb1!phosphate that is attached to the C6 position of the second mannosyl residue of AP, abrogated the

binding of AP to TNF-a. These results indicate that TNF-a specifically recognizes the second mannose 6-phosphate

diester of GPI-anchored glycans (Figure 5a).

In other studies, it was determined which mannose 6-phosphate diester moiety in GPI-anchor glycans is recognized

by IL-18.21 The second mannose 6-phosphate diester of AP was removed by mild acid and phosphatase treatment and

IL-18-binding was assayed again. Since de-GlcNAc AP and de-GlcNAcb1!phosphate AP maintained their ability to

bind 35S-rhIL-18, it seems that IL-18 specifically binds to the third mannose 6-phosphate diester in the GPI-anchor

glycan (Figure 5b). Furthermore, since it is known that the first step in the signal transduction cascade induced by

IL-18 involves its binding to IL-18Ra, the potential interaction between IL-18Ra and the GPI-anchor glycan was also

investigated. Plates were coated with intact AP, de-bGlcNAc-AP, and de-GlcNAcb1!phosphate-sAP, and the binding

of an IL-18Ra-Fc chimera was assessed using a mouse antihuman IgG Fc antibody and HRP-conjugated antimouse

IgG. While IL-18Ra bound to de-bGlcNAc-AP and did not recognize intact AP or de-GlcNAcb1!phosphate-sAP,

IL-18Rb did not bind these AP derivatives. These results suggest that both IL-18 and IL-18Ra can recognize the

GPI-anchor glycan and that IL-18 binds to the third mannose 6-phosphate diester while IL-18Ra binds to the second
exposed mannose 6-phosphate (Figure 5b).
3.25.3 Heparan Sulfate Recognition by Both FGF and its Receptor Induces
Cell Proliferation

FGF-1 and FGF-2 are the best-studied examples of how HS interacts with cytokines to modulate their activities. In

this section, several studies concerning the requirement for HS in FGF functions, structural information on the FGF/

FGFR/HS complex, and HS specificity required for tissue-specific FGF systems are presented.



6

IL-18 IL-18Ra

Mana1→2Mana1→6Mana1→4GlcN-Inositol
6

bGlcNAc

6

TNF-a

Mana1→2Mana1→6Mana1→4GlcN-Inositol

P

Protein-EtN

6

(b)

(a)

Protein-EtN

P

P

P

P P

Figure 5 Distinct recognition sites in GPI-anchor glycans of TNF-a, IL-18, and IL-18Ra. A, TNF-a; B, IL-18, and IL-18Ra.
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Before describing direct roles of HS in mediating signal transduction, it is important to consider the numerous

indirect roles for HS, including extracellular stabilization and storage of FGF. In the extracellular matrix, HS binds

FGF to protect it from proteases and to create a reservoir of inactive factors. Moreover, HS facilitates the formation of

concentration gradients and controls diffusion of the FGF response. Flaumenhaft et al. measured the radius of

diffusion of FGF-2 in the presence and absence of HS.127 HS produced effective diffusion of FGF-2, and it is

suggested that the FGF-2/HS complex is more effective in stimulating distant cells. As discussed below, HS

specificity in respective tissues is also important in mediating these functions.

To elucidate direct roles for HS in FGF function, Rapraeger et al. investigated the effects of hepalitinase or sodium

chlorate on Swiss 3T3 fibroblast proliferation and MM14-myoblast differentiation. 128 Both direct digestion of HS by

hepalitinase, and reduced sulfation by sodium chlorate, blocked the mitogenic response of 3T3 cells to FGF-2. The

requirement for HS also extended to the FGF-2-mediated repression of MM14 skeletal muscle cell differentiation.

The addition of soluble HS recovered FGF-mediated signaling in hepalitinase-treated or sodium chlorate-treated 3T3

cells. Yayon et al. also demonstrated a requirement for HS in high-affinity binding of FGF and FGFR, by using

HS-deficient Chinese hamster ovary (CHO) cells. 129 HS-deficient CHO cells, which express abundant chondroitin

sulfate proteoglycans, do not bind FGF-2, and free HS promotes binding of FGF-2 to its high-affinity receptor. These

studies indicate that HS molecules are required for stabilization of the FGF/FGFR complex and for related signal

transduction.

The binding site for FGF-2 has been identified as a pentasaccharide containing a 2-O-sulfate group (see

Section 3.25.2.1). However, a dodecasaccharide sequence is required to promote receptor signaling by FGF-2. 33

Rapraeger’s group used chlorate-treated Swiss 3T3 fibroblasts, with impaired synthesis of HS proteoglycan,128 as

target cells to assess the ability of exogenous HS-derived oligosaccharides to promote the mitogenic activity of FGF-2.

This revealed that a dodecasaccharide, as well as full-size native HS, is an efficient promoter, whereas the

corresponding decasaccharides, or smaller oligosaccharides are inactive. Neither selectively 2-O-desulfated nor

preferentially 6-O-desulfated heparin is active. Therefore, a dodecasaccharide is the minimal size of HS that can

occupy both FGF-2 and FGFR simultaneously.

Next, the mechanism by which HS facilitates FGF-mediated signaling was elucidated. Firstly, biochemical analyses

revealed that HS promotes the formation of FGF dimers and the arrangement of FGF oligomers along with HS.130–132

Analytical ultracentrifugation of FGF-2 in the presence of HS-derived saccharides shows that HS induces FGF-2

self-association. There are three possibilities for the configuration of FGF-2 molecules bound to HS: (1) the

FGF-2 molecules are located in the trans-orientation relative to HS; (2) the FGF-molecules are bound to neighboring

sites on HS but are not in contact with each other; and (3) the FGF-2 molecules are bound to neighboring sites

(in cis) on HS and are in contact with each other. However, co-crystals of FGF-2 with a heparin-derived oligo-

saccharide indicate that the latter possibility is the most likely. Secondly, as shown in Figure 6, binding of HS and

FGF to FGFR triggers receptor dimerization and both cis- or trans-FGFR autophosphorylation of up to seven



Figure 6 A model of FGFR dimerization that involves binding of the extracellular FGFR domain to the heparin-linked

FGF dimer.

Figure 7 The FGF1-FGFR2-heparin complex FGFR domains 2 (D2) and 3 (D3) are in cyan and magenta, and FGF1 is in
green. The heparin molecule is in the CPK representation.
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tyrosines in each cytoplasmic C tail of the assembled FGFR homo- or heterodimers.133 In subsequent molecular

structural studies, the nature of the FGFR active complex was addressed and two separate models of FGF

ternary complex were proposed. Schlessinger et al. presented the crystal structure of a symmetrical dimer formed by

two 1:1:1 FGF2-FGFR1-decasaccharide complexes.89 In contrast, Pellegrini et al.33 described an asymmetrical struc-

ture in which two FGFR-2 subunits were bridged by an FGF-1 dimer formed upon a single heparin decasaccharide. It

was found that two FGF-FGFR heterocomplexes are thermodynamically stabilized by one molecule of HS.99,134–136

In contrast, further analysis suggested that, under different preparation conditions, both architectures can be formed

from the same protein.137 Thus, there appear to be two potential architectures for the 2:2 FGF-FGFR signal complex,

both of which can be formed upon a single HS chain in vivo (Figure 7).
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Twenty-three members of the FGF family have been described along with four FGF receptor tyrosine kinases. The

FGFRs share a number of common structural features.138 All have an intracellular split tyrosine kinase domain, a

transmembrane sequence, and an extracellular region composed of three immunoglobulin-like domains (D1-D3)

(Figure 6). The D2 domain of the FGFRs contains a short stretch of basic amino acids referred to as the K18K loop.130

This region mediates interaction with HS139 and is essential for receptor function.

Membrane-associated HS species are far more effective in catalyzing the formation of active FGFR dimers than

soluble HS.140 Moreover, different HS and HS fragments of HS sugar moieties show different activities, and can be

inhibitory for FGF.141 Knox et al. showed different effects on FGF2 receptor affinity, binding, and signaling by using

perlecan isolated from primary endothelial cells, endothelial cell lines, or colon carcinoma cells.142 Berry et al.

indicated that different fragments of HS from smooth muscle cells mediate signaling of bound FGF-2 through

different FGFRs.143 These studies suggested that HS plays a fundamental role in the tissue-specific binding affinity,

specificity, and activity of both FGF and FGFR.
3.25.4 Recognition of Both a Specific Peptide Sequence and Man5GlcNAc2
in IL-2 Receptor a Triggers Signal Transduction

IL-21 is a cytokine synthesized by activated T-cells.144 It promotes the proliferation of IL-2-dependent T-cells and

functions as an immunomodulator of activated B-cells, macrophages, and natural killer cells.145 IL-2 mediates its

physiological functions through interaction with its receptor complex, which consists of three receptor subunits, a, b,
and g (IL-2 receptors IL-2Ra,-b, and -g).146 Although none of the receptor subunits has intrinsic tyrosine-kinase

activity, intracellular portions of the IL-2Rb and -g subunits do associate with intracellular tyrosine kinases. These

observations suggest that a complex consisting of IL-2, IL-2Ra, IL-2Rb, IL-2Rg, and tyrosine kinases might be

formed in IL-2-stimulated T-cells. However, when independently expressed, each IL-2 receptor subunit shows only

weak binding to IL-2, and the mechanism underlying the formation of a high-affinity IL-2-IL-2Ra,-b,-g complex

remains unidentified. However, the observation that IL-2 has carbohydrate recognition ability provided an opportu-

nity to resolve this mechanism.

Zanetta et al.101 proposed a cross-linking model in which IL-2 binds to not only the IL-2 receptor via the IL-2

receptor-binding sites, but also to the TCR complex containing glycosylated CD3 of human peripheral lymphocytes.

This tentative model was proposed on the basis of analysis of IL-2Rb antibody immunoprecipitates. However, they

did not directly show that phosphorylation of Lck kinase co-immunoprecipitated with IL-2Rb subunit occurs, or that a

high-mannose-type glycan inhibits IL-2-dependent cell proliferation.

Recently, it was found that the lectin activity of IL-2 is indispensable for induction of IL-2-dependent cell

proliferation.102 CTLL-2, a mouse T-cell line, proliferates in an IL-2-dependent manner. The extent of CTLL-2

cell proliferation was determined colorimetrically using MTS reagent. After mixtures containing rhIL-2 and high-

mannose-type glycans at various concentrations were left standing for 2h at 37�C, they were added to the cultured

cells. Man5GlcNAc2Asn andMan6GlcNAc2Asn dose-dependently inhibited the proliferative response of these cells to

rhIL-2 in vitro, whereas Man7GlcNAc2Asn, Man8GlcNAc2Asn, Man9GlcNAc2Asn, and Man3GlcNAc2 did not show

any inhibitory effect (Figure 8). These results suggest that IL-2 lectin activity is required for stimulation of IL-2-

dependent T-cell proliferation. In the case of IL-2-induced proliferation of CTLL-2 cells, signal transduction

occurs via tyrosine kinases including Lck,150 Jak1, Jak3,147,148,149 and Lyn.151 In order to confirm whether the lectin

activity of IL-2 modulates the cellular signal transduction mechanism, phosphorylation of Jak1, Jak3, Lck, and Lyn

were compared in the presence and absence of Man5GlcNAc2Asn. After culturing the cells in the absence of IL-2 for

6h, CTLL-2 cells in G0 phase were stimulated with IL-2 at 37�C for 30min in the presence or absence of

Man5GlcNAc2Asn. Then, the cells were solubilized and proteins in the lysates were immunoprecipitated with anti-

Jak1, anti-Jak3, anti-Lck, or anti-Lyn antibody. Tyrosine-phosphorylated proteins were identified by immunoblotting

with an antiphosphotyrosine monoclonal antibody (anti-pTyr). The levels of phosphorylated Jak1, Jak3, Lck, and Lyn

increased in IL-2-induced cells as compared to cells in G0 phase. In contrast, phosphorylation of these tyrosine kinases

was exclusively reduced in the presence of Man5GlcNAc2Asn, indicating that the carbohydrate recognition of IL-2

modulates signal transduction through Jak1, Jak3, Lck, and Lyn linked to the IL-2Rb and -g.
Although it is known that IL-2 induces the formation of an IL-2-IL-2R complex which includes the three receptor

subunits a, b, and g (IL-2Ra,-b,-g),146 the independently expressed soluble IL-2Ra,-b, and -g show low-affinity

binding to IL-2. That is, the a-subunit binds IL-2 with low affinity (Kd�10nM), the b-subunit binds IL-2 with

very low affinity (Kd�100nM), and the g-subunit has no measurable affinity for IL-2.152,153,154 However, as soon as

IL-2 forms the high-affinity complex with the IL-2Ra,-b,-g subunits, cellular signaling is triggered. If a lectin-like
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Figure 8 The effects of high-mannose-type glycans on rhIL-2-dependent proliferation of CTLL-2 cells. The extent of cell

proliferation was determined by the MTS colorimetric assay, which consisted of adding to cultures of CTLL-2 cells a mixture
of rhIL-2 (5 units/ml) and various high-mannose-type glycans incubated at 37�C for 2h. Results are means of three

experiments (P<0.05). M3, M5, M6, M7, M8, and M9 indicate Man3–9GlcNAc2Asn (see Table 2).
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interaction between IL-2 and a specific glycoprotein is the trigger for formation of the high-affinity receptor complex,

a specific glycoprotein having Man5-6GlcNAc2 should co-immunoprecipitate with the IL-2 receptor complex in the

lysates of IL-2-stimulated CTLL-2 cells using antibodies against the IL-2Ra,-b, or -g subunit. In order to detect such a

glycoprotein in these immunoprecipitates, Galanthus nivalis agglutinin (GNA), which specifically recognizes high-

mannose-type glycans,155 was used. CTLL-2 cells, which were continuously cultured in the presence of IL-2, were

solubilized with lysis buffer, proteins were immunoprecipitated with anti-IL-2Ra, anti-IL-2Rb, or anti-IL-2Rg
antibody, and each of the immunoprecipitates was fractionated by 10% SDS-PAGE and blotted onto nitrocellulose

membranes. The membranes were then treated with anti-IL-2Ra, anti-IL-2Rb, anti-IL-2Rg, anti-Lck, anti-Lyn, anti-
Jak1, or anti-Jak3 antibodies. Although individual antibodies against each subunit of IL-2R were used for immuno-

precipitation, all immunoprecipitates showed a 55kDa band corresponding to IL-2Ra upon staining with anti-IL-2Ra,
a 75kDa band corresponding to IL-2Rb upon staining with anti-IL-2Rb, a 64kDa band corresponding to IL-2Rg upon
staining with anti-IL-2Rg, a 56kDa band corresponding to Lck upon staining with anti-Lck, a 115kDa band

corresponding to Jak1 upon staining with anti-Jak1 kinase, a 115kDa band corresponding to Jak3 upon staining

with anti-Jak3, and a 56kDa band corresponding to Lyn upon staining with anti-Lyn antibody. These results indicate

that all of the immunoprecipitates obtained from IL-2-stimulated CTLL-2 cells with anti-IL-2Ra,-b, or -g antibodies
consist of the IL-2R complex which includes at a minimum, IL-2Ra,-b,-g, and the kinases Lck, Lyn, Jak1, and Jak3.

To detect the constituent to which IL-2 can bind through its carbohydrate recognition site, these immunoprecipitates

were fractionated by 10% SDS-PAGE and blotted onto nitrocellulose membranes which were stained with biotin-

ylatedGNA, which rather specifically recognizesMan5GlcNAc2Asn.
155 Since only a single 55 kDa band corresponding

to the IL-2Ra subunit was stained in each instance (Figure 9), the membranes were re-probed with an anti-IL-2Ra
subunit antibody. A protein band in the same position as the GNA-stained protein band stained positively with

the anti-IL-2Ra subunit antibody (Figure 9). When each blot was treated with EndoH, the GNA-positive band

diminished.

Since EndoH hydrolyzes high-mannose-type glycans, including Man4-9GlcNAc2 and hybrid-type glycans,156

the carbohydrate structure of IL-2Ra to which IL-2 binds appears to include Man5GlcNAc2 or Man6GlcNAc2.

Subsequently, the glycan structure of IL-2Ra was studied directly. After CTLL-2 cells were metabolically labeled

in the presence of [3H] mannose and IL-2, the constituents of the high-affinity complex were immunoprecipitated

with anti-IL-2Rg. After immunoblotting, each IL-2Ra,-b, or -g developed region was cut off. Notably, [3H] mannose-

labeled oligosaccharides were released by EndoH treatment from only the IL-2Ra-developed region. The [3H]

mannose-labeled oligosaccharides released from IL-2Ra in the high-affinity complexwere determined asMan5GlcNAc

by Bio-Gel P4 column chromatography (Fukushima and Yamashita, unpublished results). These results suggest that

among the components of the IL-2R complex in CTLL-2 cells, only the IL-2Ra subunit has the high-mannose-type

glycan with Man5GlcNAc2, and that IL-2 bifunctionally binds a high-mannose-type glycan and a specific peptide

sequence of IL-2Ra, although all of the subunits of IL-2R have several potential N-glycosylation sites.157–159



Figure 9 GNA staining of the IL-2R complex. CTLL-2 cells (1�107 cells per lane) were solubilized and immunoprecipitated

with anti-IL-2Ra subunit antibody (lanes 1 and 4), anti-IL-2Rb subunit antibody (lanes 2 and 5), or anti-IL-2Rg subunit

antibody (lanes 3 and 6). Each immunoprecipitate was fractionated by 10% SDS-PAGE, and blotted onto a nitrocellulose
membrane. Each immunoblot was stained with biotinylated GNA (lanes 1–3) and re-probed with anti-IL-2Ra subunit

antibody (lanes 4–6).
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Since the nonglycosylated rhIL-2R a subunit recognizes Lys35, Lys38, Thr42, and Lys43 residues in IL-2, 106

another peptide sequence of IL-2 may bind a high-mannose-type glycan with Man5 GlcNAc 2 which is linked to

Asn33, Asn43, or Asn200 of mouse IL-2R a. 157 As soon as IL-2 bifunctionally binds to the IL-2Ra subunit, formation of

the IL-2-IL-2R a complex might occur resulting in a change in conformation of IL-2 which increases the accessibility

to the IL-2R b and IL-2Rg subunits. This high-affinity complex of IL-2R a, IL-2R b, and IL-2R g subunits may

stimulate cellular signaling through tyrosine kinases including Jak1, Jak3, Lck, and Lyn. In order to investigate

whether human IL-2Ra also has a high-mannose-type glycan, human peripheral lymphocytes and human lymphocyte

cell lines including HL-60, U937, and Jurkat were used. IL-2Ra in these cell lines was clearly stained with GNA

(Fukushima and Yamashita, unpublished results), indicating that human T-cells are stimulated via the same mecha-

nism as mouse T-cells.

In investigating the inhibitory effects of Man5 GlcNAc 2Asn and Man 6 GlcNAc2 Asn on IL-2-dependent cell prolifer-

ation, a 2 h pre-incubation before addition of the mixture to the cells was critical and exogenous Man5 GlcNAc 2Asn

added to the mixture could not replace the glycan bound to IL-2. As soon as the high-mannose-type glycan linked to

the extracellular domain of the IL-2R a subunit binds to IL-2, it seems that IL-2 binds a specific region of the IL-2Ra
subunit and this dual recognition is too strong to be replaced by exogenous Man5 GlcNAc 2Asn. On the basis of these

results, it appears that the conformation of carbohydrate-bound IL-2 may immediately change to fit with a specific

peptide sequence in IL-2R a and that the formation of the IL-2-IL-2Ra complex may trigger formation of the high-

affinity complex which consists of all constituents required for cell signaling.

Next, the existence of some parallelism among the carbohydrate-binding activity and CTLL-2 cell proliferation

activity of wild-type and several mutant [ 35S]rhIL-2s synthesized by an in vitro transcription and translation method

was investigated. 102 The molecular forms of rhIL-2 which have cell-proliferating activity were determined from the

elution profiles on Superose 12 column chromatography. The CTLL-2 proliferation activities in the respective

fractions of [35S]rhIL-2 were mainly detected at the elution position corresponding to 30kDa (Figure 10b).

Since the molecular mass of [35S]rhIL-2 is calculated as 15 030 Da on the basis of the amino acid sequence,160 the

in vitro-translated [35S]rhIL-2 spontaneously forms a dimeric structure in the PBS buffer (Figure 10a). Among these

eight mutant forms described in Section 3.25.2.2, three [ 35S]-labeled mutants produced similar yields of dimeric forms

as the wild type, on Superose 12 column chromatography. IL-2 analogs E15D, L19D, L21D, G27A, and N30D which

generally cannot form dimers have no carbohydrate recognition or cell proliferation activities. On the other hand,

mutated N26D, N26Q, and E67Q have the same dimeric forms as the wild type (Figure 10a). It was investigated

whether the mutated forms of IL-2 showed any change in the ability to induce T-cell proliferation, as compared with

wild-type IL-2. The E67Q mutant had the same effect as wild-type IL-2 on T-cell proliferation, whereas the N26Q

mutant was more effective in inducing T-cell proliferation and had improved carbohydrate-binding activity. In

contrast, the N26D mutant showed diminished effectiveness in inducing T-cell proliferation, as well as diminished

carbohydrate-binding activity. N26D- or N26Q-induced cell proliferation was also inhibited by pre-incubation with

M5. These results suggest that Asn26 is located within the carbohydrate-recognition site of IL-2 and that Asn26 and



Figure 10 Size fractionation of [35S]rhIL-2 synthesized by in vitro transcription and translation, and the cell proliferation
activity of each fraction. [35S]rhIL-2 was subjected to gel filtration using a Superose 12 column. The cell proliferation activity

of each fraction was determined using Cell Titer 96W Aqueous one solution reagent. a, radioactivity of [35S]rhIL-2; b, cell

proliferation activity of [35S]rhIL-2. Arrows indicate the elution positions. V0, blue dextran 2000; 1, bovine serum albumin

(m.w.¼67kDa); 2, ovalbumin (m.w.¼43kDa); 3, chymotrypsinogen (m.w.¼25kDa); 4, ribonuclease A (m.w.¼13.7kDa); and
5, mannose (m.w.¼180 Da).
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the specific amino acids Lys35, Arg38, Phe42, and Lys43 in IL-2 bind both Man5GlcNAc 2 and a specific peptide in the

IL-2Ra. When a theoretical model of IL-2 attached to IL-2Ra,- b, and -g subunits was constructed on the basis
of the structural model in the Brookhaven Protein Database 161 (based on both X-ray crystallographic and NMR

studies), the position of Asn26 and the positions of the residues involved in binding each of the receptor subunits were

found to be close, but not overlapping ( Figure 3 ). This model also supports the view that IL-2 recognizes both the

IL-2 receptor subunits and high-mannose-type glycans and that binding to these ligands is necessary for IL-2-induced

cellular signal transduction. Since both the cell proliferation activity and carbohydrate recognition affinity of IL-2 are

mostly associated with the dimeric form of IL-2 (Figure 10 ), and co-crystallized IL-2 and IL-2R a exist in a ratio of 1:1
by X-ray crystallography, 162 it is considered that as soon as the (IL-2–IL-2R a,-b,- g)2 octamer is tightly formed, all the

tyrosine kinases linked to cytoplasmic domains of IL-2Rb and -g are immediately phosphorylated and cellular

signaling is effectively intensified (Figure 11 ).
3.25.5 GPI-Anchor Glycan Recognition of Cytokines in Relation
to Their Physiological Activities

3.25.5.1 Recognition of GPI-Anchor Glycan by TNF-a Induces Apoptosis of U937 Cells

Tumor necrosis factor (TNF)-a is a cytokine that plays a key role in the immune system as it mediates inflammation,

cell growth, apoptosis, and the cellular immune response. 163 As described in Section 3.25.2.3.3, TNF- a binds to the
second mannose-6-phosphate diester in the GPI-anchor glycan. Human lymphoma U937 cells were used to investi-

gate whether the recognition of GPI-anchor glycans on the cell surface is necessary for the TNF-a-stimulated

apoptosis of these cells. U937 cells were treated at 37�C for 18h with TNF-a in the presence or absence of 1mM
mannose-6-phosphate and their apoptosis was detected with the MEBSTAIN direct apoptosis kit, which labels the

30-OH ends of fragmented DNA with fluorescein-dUTP, followed by flow cytometry (Figure 12). Notably, TNF-

a-induced apoptosis of these cells (Figure 12a) was inhibited in the presence of mannose 6-phosphate (Figure 12b).

A similar result was obtained by observation of DNA ladders, which were detected by agarose gel chromatography.

These results suggest that the binding of TNF-a to the GlcNAcb1!phosphate!6-mannose residue in a GPI-anchor

glycan triggers TNF-a-induced intracellular signaling in U937 cells that leads to their apoptosis.

It was further investigated whether TNF-a-induced tyrosine phosphorylation in U937 cells is inhibited by

mannose-6-phosphate or PI-PLC treatment. Tyrosine-phosphorylated proteins in U937 cells that have been stimu-

lated by TNF-a at 37�C for 20min were detected by immunoblot analysis. These cells showed three prominent

proteins (37kDa, 33kDa, 30kDa) that were clearly tyrosine-phosphorylated in comparison to untreated control cells.
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recognition of Man5GlcNAc2 in the IL-2Ra subunit.
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If the GPI-anchor glycan recognition process triggers TNF-a-stimulated apoptosis, then tyrosine phosphorylation

of these proteins should be inhibited by mannose 6-phosphate. Co-incubation of the cells with 10�6M mannose

6-phosphate inhibited the TNF-a-dependent tyrosine phosphorylation of these proteins. A similar phenomenon was

also observed when the cells were pretreated with PI-PLC before TNF-a stimulation. These results suggest that

TNF-a binding to GPI-anchor glycans triggers the intracellular signaling pathway in U937 cells in concert with

the TNF-a receptor (TNFR), although it is still unclear which GPI-anchored glycoprotein in the plasma membrane is

involved in forming the (TNFR)-(TNF-a)-(GPI-anchor glycan) complex in U937 cells. It has been reported that

active TNF-a forms a bell-like trimer.164 Thus, it appears that TNF-a trimers bind to three TNFRs, and, at the

same time, each individual TNF-a molecule in the trimer binds to the GlcNAcb1!phosphate!6Man residue in a

GPI-anchor glycan. This results in a tight nanomeric complex (TNFR)3-(TNF-a)3-(GPI-anchor glycan)3, and then

induces intracellular signal transduction (Figure 13). However, this model is based on the observation that mannose

6-phosphate completely inhibits U937 cell apoptosis. If mannose 6-phosphate only partially inhibits other physiologi-

cal activities of TNF-a in different cell systems, this model may be limited to U937 cells.
3.25.5.2 Recognition of the Distinct GPI-Anchor Glycan Portion in CD48 by IL-18 and
IL-18 Receptor a Induces IFN-g Production in KG-1 Cells

IL-18 is a cytokine that induces T- and natural killer cells to produce interferon-g (IFN-g).165 It also has some IFN-

g-independent pro-inflammatory activities as it induces T- and natural killer cells to synthesize TNF-a, granulocyte-
macrophage colony-stimulating factor, nitric oxide, and chemokines.166 It has been reported that IL-18 binds to IL-18

receptors (IL-18Rs) a and b, and that this induces signal transduction pathways that may involve NF-kB,167

p56(lck),168 and the mitogen-activated protein kinase (MAPK).168 The mechanism by which the formation of

IL-18/IL-18Ra/IL-18Rb complex leads to intracellular signal transduction was recently determined.

It is known that human leukemia KG-1 cells produce IFN-g when they are stimulated with IL-18.166 To determine

whether the recognition of the GPI-anchor glycan by IL-18 is important for its physiological functions, it was assessed

whether mannose 6-phosphate and PI-PLC block the stimulatory effects of IL-18 on IFN-g production by KG-1 cells.

Incubation of KG-1 cells for 24h in the presence of rhIL-18 produced IFN-g in an rhIL-18-dependent manner. As

shown in Figure 14, 10�5M of mannose 6-phosphate inhibited the IFN-g production of KG-1 cells by stimulation of

IL-18. These results suggest that mannose 6-phosphate competes for IL-18 binding to the GPI-anchor glycans on the

cell surface and thereby suppresses the IL-18-induced physiological activity of KG-1 cells. Furthermore, removal of

the GPI-anchored proteins on KG-1 cells by PI-PLC treatment inhibited rhIL-18-stimulated IFN-g production

(Figure 14a) and tyrosine phosphorylation (Figure 14b). These results indicate that IL-18 binding of the third

mannose 6-phosphate diester in the GPI-anchor glycan is at least required to enhance IL-18-dependent intracellular

signal transduction and IFN-g production.
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Figure 12 Inhibitory effect of mannose 6-phosphate or PI-PLC treatment on rhTNF-a-stimulated U937 cell apoptosis and

tyrosine phosphorylation. Apoptosis of rhTNF-a-treated U937 cells was detected using the MEBSTAIN direct apoptosis kit.
a, control U937 cells and the apoptosis stimulated by rhTNF-a; b, inhibition of apoptosis in the presence of 1mM mannose

6-phosphate; c, tyrosine phosphorylation of U937 cells. The white arrowheads indicate proteins whose tyrosine phosphor-

ylation has been enhanced by rhTNF-a treatment. Lane 1, control U937 cells; lane 2, rhTNF-a-stimulated U937 cells; lane 3,
U937 cells stimulated with rhTNF-a in the presence of 1mM mannose 6-phosphate; lane 4, PI-PLC-pretreated U937 cells

stimulated by rhTNF-a.
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Later, the GPI-anchored protein involved in the IL-18/IL-18Ra/IL-18Rb complex was identified. If IL-18 and

IL-18Ra binding to a GPI-anchored glycoprotein triggers the formation of the IL-18/IL-18Ra/IL-18Rb complex,

a specific GPI-anchored glycoprotein should co-immunoprecipitate with the IL-18Ra or -b in lysates of IL-18-

stimulated KG-1 cells. The IL-18/IL-18Ra/IL-18Rb complex was immunoprecipitated using anti-IL-18Ra or

IL-18Rb antibodies and the co-immunoprecipitated GPI-anchored protein was detected with proaerolysin, which

specifically binds to GPI-anchor glycans.110 Only a single 47kDa protein was detected as a GPI-anchored protein

in these immunoprecipitates of IL-18-stimulated KG-1 cell lysates (Figure 15a, lanes 3 and 5). Although whole

GPI-anchored proteins in KG-1 cells were very heterogeneous (lane 1 of Figure 15a), it appears that this 47kDa

protein is specifically involved in the IL-18/IL-18Ra/IL-18Rb complex. CD48 is one of the GPI-anchored proteins on

T-cells and associates with protein kinase p56lck.170 An anti-CD48 antibody stained the immunoprecipitates that were

generated using anti-IL-18Ra or anti-IL-18Rb antibodies (Figure 15b, lanes 6-9). CD48 specifically immunopreci-

pitated with IL-18Ra, although many GPI-anchored glycoproteins exist on the cell surface. In order to determine why

CD48 specifically binds to IL-18Ra, it was investigated whether CD48 has bGlcNAc-deleted GPI glycan, or CD48

protein portion interacts with IL-18Ra. After KG-1 cells were treated with PI-PLC, released GPI-anchored glyco-

proteins were subjected to PVL-Sepharose column chromatography, which specifically recognizes the bGlcNAc
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Figure 15 Co-immunoprecipitation of CD48 with IL-18Ra or -b and detection of bGlcNAc residue in CD48 of KG-1 cells.

a, co-immunoprecipitation of CD48 with IL-18Ra or -b. IL-18Ra or -b was immunoprecipitated with the anti-IL-18Ra
antibody (lanes 2, 3, 6, and 7) or anti-IL-18Rb antibody (lanes 4, 5, 8, and 9) from the lysates of IL-18-stimulated (lane 3,

5, 7, and 9) or nonstimulated (lane 2, 4, 6, and 8) of KG-1 cells. The immunoprecipitates and whole lysate (lane 1) were
subjected to SDS-PAGE, blotting, and staining with proaerolysin (lanes 1–5) or anti-CD48 antibody (lanes 6–9); b, detection

of bGlcNAc residue in CD48. GPI-anchored glycoproteins on KG-1 cells were released from the cells by digestion with PI-

PLC (5munit ml�1, 37�C, 1h) and applied to PVL-Sepharose column chromatography. Flow-through components (lane 10)
and bound components (lane 11) were subjected to SDS-PAGE, blotting, and staining with anti-CD48 antibody.
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residue.110 Approximately half of the GPI-anchored proteins flowed through the column (PVL� component) and the

remaining were eluted with 0.3M GlcNAc (PVLþ component). Both PVL� and PVLþ components were applied to

SDS-PAGE, blotted, and immunostained with anti-CD48. Over 90% of CD48 molecules were PVL� components

(Figure 15b), suggesting that most CD48 molecules have a bGlcNAc-deleted GPI glycan and can bind to IL-18Ra.
Subsequently, to elucidate whether the protein portion in CD48 also interacts with IL-18Ra, soluble recombinant

human CD48 (srhCD48) without the GPI glycan was prepared and the binding between IL-18Ra and srhCD48

without GPI glycan was determined using a solid-phase binding assay. IL-18Ra bound to srhCD48-coated plates dose

dependently, and this binding was inhibited by the addition of anti-CD48. On the other contrary, IL-18Rb could

not bind to srhCD48. These results suggest that only CD48 is associated with IL-18Ra because CD48 can bind to

IL-18Ra via both GPI-glycan and the protein portion of CD48.

Mannose 6-phosphate or PI-PLC treatment inhibits the response of KG-1 cells to IL-18 stimulation in terms of

IFN-g secretion and intracellular tyrosine phosphorylation, and this may inhibit the binding of CD48 to IL-18Ra and
IL-18. These results also suggest that CD48 binding to IL-18Ra via the peptide portion is not strong enough to retain

the association after inhibition of binding via GPI glycan. IL-18 induces signal transduction pathways that may involve

NFkB,167 p56lck,168 and MAPK.168 It has not been shown that p56lck and MAPK associate with IL-18Ra and b, but
p56lck has been reported to associate with CD48.170,171 This in turn suggests that CD48 is an integral component of

the signal-transducing IL-18 complex. Since it is known that the IL-18/IL-18Ra complex binds to IL-18Rb,169 it is
likely that after IL-18Ra, IL-18, and CD48 form a complex on the cell surface, this complex immediately binds to IL-

18Rb, as presented in the model shown in Figure 16, and that this leads to signal transduction and IFN-g production.
This indicates that the GPI-anchor glycan of CD48 may actually be essential for delivery of the IL-18 signal. Thus, a

novel immunomodulatory function of the GPI-anchor glycan of CD48, which occurs in response to IL-18, has been

added to its other known functions. Nevertheless it has been reported previously that GPI-anchor glycans have various
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Figure 16 Schematic model depicting the putative mechanism by which IL-18 binds to IL-18Ra, IL-18Rb, and the

GPI-anchored CD48 molecule.
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biological functions including embryogenesis and skin development in mice,172 and that they serve as receptors for

bacterial toxins, clostridial a-toxin,173 aerolysin,174 and the plant toxin enterolobin.175

Since IL-18 binds to the third mannose-6-phosphate diester, while IL-18Ra binds to both the second exposed

mannose 6-phosphate of GPI glycan and the specific peptide sequence of CD48, a b-N-acetylglucosamine residue of

the GlcNAcb1!phosphate!6-mannose residue must be removed to be recognized by IL-18Ra. The b-N-acetylglu-
cosamine residue that protects the second mannose 6-phosphate diester in the GPI-anchor glycan from exposure may

regulate the IL-18-dependent immune response.
3.25.6 Future Directions

As described in this chapter, carbohydrate recognition of cytokines and their cytokine receptor subunits is

indispensable for modulating cytokine-induced intracellular signaling. Although cytokine carbohydrate recognition

mechanisms may be grouped into several types, it appears that individual cytokines recognize distinct GAG,

GPI-anchor glycan, N-glycan, or glycosphingolipid ligands, indicating that each cytokine may have precise and unique

carbohydrate-binding specificities.

GAG-recognizing cytokines are abundant, whereas cytokines that recognize high-mannose-type or GPI-anchor

glycans are limited so far to IL-2, TNF-a, IL-1b, and IL-18. New members will be added to this group by direct

binding measurements using recombinant cytokines and immobilized high-mannose-type glycans, GPI-anchor gly-

cans, or their glycoconjugates as affinity matrices. If further studies confirm that one cytokine can recognize

several types of glycoconjugates, it may become clear that multiple carbohydrate-recognition mechanisms for

individual cytokines reflect pleiotrophic or redundant actions of cytokines in different cell types.

The availability of co-crystal structures of cytokines bound to GAG, high-mannose-type or GPI-anchor glycans

should make it possible to devise model compounds as carbohydrate agonists and antagonists. Such agents might

eventually be applied as immunomodulators.
Glossary

aerolysin Channel-forming protein secreted by virulent Aeromonas spp.
apoptosis Cell death characterized by cell shrinkage, membrane blebbing, and DNA fragmentation.

chromatofocusing Chromatography that can separate proteins depending on the isoelectric points.

deamination Chemical degradation of GPI-anchor glycan using sodium nitrate and acetic acid.

ESI-MS Electrospray ionization-mass spectrometry. Target molecule is fragmented by high excitation energy.



Carbohydrate Recognition by Cytokines and its Relevance to their Physiological Activities 559
References

1. Thomson, A. W., Lotze, M. T., Eds.; The Cytokine Handbook, Elsevier: Oxford, U.K, 2003; pp 1–1396.

2. Brown, K. M.; Muchmore, A. V.; Rosenstreich, D. L. Proc. Natl. Acad. Sci. USA 1986, 83, 9119–9123.

3. Cebo, C.; Dambrouck, T; Maes, E.; Laden, C.; Strecker, G.; Michalski, J. C.; Zanetta, J. P. J. Biol. Chem. 2001, 276, 5685–5691.

4. Tandai-Hiruma, M.; Endo, T.; Kobata, A. J. Biol. Chem. 1999, 274, 4459–4466.

5. Fukushima, K.; Hara-Kuge, S.; Ohkura, T.; Seko, A.; Ideo, H.; Inazu, T.; Yamashita, K. J. Biol. Chem. 1997, 272, 10579–10584.

6. Fukushima, K.; Yamashita, K. J. Biol. Chem. 2001, 267, 7351–7356.

7. Najjam, S.; Gibbs, R. V.; Gordon, M. Y.; Rider, C. C. Cytokine 1997, 9, 1013–1022.

8. Najjam, S.; Mulloy, B.; Theze, J.; Gordon, M.; Gibbs, R.; Rider, C. C. Glycobiology 1998, 8, 509–516.

9. Ravindranath, M. H.; Gonzales, A.; Soh, D.; Nishimoto, K.; Tam, W. Y.; Bilchik, A.; Morton, D. L.; O’Day, S. Biochem. Biophys. Res. Commun.

2001, 283, 369–373.

10. Roberts, R.; Gallagher, J.; Spooncer, E.; Allen, T. D.; Bloomfield, F.; Dexter, T. M. Nature 1988, 332, 376–378.

11. Alvarez-Silva, M.; Borojevic, R. J. Leukoc. Biol. 1996, 59, 435–441.

12. Normand, G.; Kuchler, S.; Meyer, A.; Vincendon, G.; Zanetta, J. P. J. Neurochem. 1988, 51, 665–676.

13. Chu, J. W.; Sharom, F. J. Immunology 1995, 84, 396–403.

14. Lortat-Jacob, H.; Garrone, P.; Banchereau, J.; Grimaud, J. A. Cytokine 1997, 9, 101–105.

15. Lipscombe, R. J.; Nakhoul, A. M.; Sanderson, C. J.; Coombe, D. R. J. Leukoc. Biol. 1998, 63, 342–350.

16. Mummery, R. S.; Rider, C. C. J. Immunol. 2000, 165, 5671–5679.

17. Clarke, D.; Katoh, O.; Gibbs, R. V.; Griffiths, S. D.; Gordon, M. Y. Cytokine 1995, 7, 325–330.

18. Webb, L. M.; Ehrengruber, M. U.; Clark-Lewis, I.; Baggiolini, M.; Rot, A. Proc. Natl. Acad. Sci. USA 1993, 90, 7158–7162.

19. Salek-Ardakani, S.; Arrand, J. R.; Shaw, D.; Mackett, M. Blood 2000, 96, 1879–1888.

20. Hasan, M.; Najjam, S.; Gordon, M. Y.; Gibbs, R. V.; Rider, C. C. J. Immunol. 1999, 162, 1064–1070.

21. Fukushima, K.; Ikehara, Y.; Yamashita, K. J. Biol. Chem. 2005, 280, 18056–18062.

22. Fukushima, K.; Ishiyama, C.; Yamashita, K. Arch. Biochem. Biophys. 2004, 426, 298–305.

23. Lantz, M.; Thysell, H.; Nilsson, E.; Olsson, I. J. Clin. Invest. 1991, 88, 2026–2031.

24. Maloney, M. D.; Binnington-Boyd, B.; Lingwood, C. A. Glycoconjugate J. 1999, 16, 821–828.

25. Fuse, A.; Handa, S.; Kuwata, T. Antiviral Res. 1982, 2, 161–166.

26. Besancon, F.; Ankel, H. Nature 1974, 252, 478–480.

27. Besancon, F.; Ankel, H.; Basu, S. Nature 1976, 259, 576–578.

28. Lortat-Jacob, H.; Grimaud, J. A. FEBS Lett. 1991, 280, 152–154.

29. Lortat-Jacob, H.; Baltzer, F.; Grimaud, J. A. J. Biol. Chem. 1996, 271, 16139–16143.

30. Sadir, R.; Forest, E.; Lortat-Jacob, H. J. Biol. Chem. 1998, 273, 10919–10925.

31. Vanhaverbeke, C.; Simorre, J. P.; Sadir, R.; Gans, P.; Lortat-Jacob, H. Biochem. J. 2004, 384, 93–99.

32. Guimond, S.; Maccarana, M.; Olwin, B. B.; Lindahl, U.; Rapraeger, A. C. J. Biol. Chem. 1993, 268, 23906–23914.

33. Pellegrini, L.; Burke, D. F.; von Delft, F.; Mulloy, B.; Blundell, T. L. Nature 2000, 407, 1029–1034.

34. Ye, S.; Luo, Y.; Lu, W.; Jones, R. B.; Linhardt, R. J.; Capila, I.; Toida, T.; Kan, M.; Pelletier, H.; McKeehan, W. L. Biochemistry 2001, 40,

14429–14439.

35. Ostrovsky, O.; Berman, B.; Gallagher, J.; Mulloy, B.; Fernig, D. G.; Delehedde, M.; Ron, D. J. Biol. Chem. 2002, 277, 2444–2453.

36. Robinson, C. J.; Harmer, N. J.; Goodger, S. J.; Blundell, T. L.; Gallagher, J. T. J. Biol. Chem. 2005, 280, 42274–42282.

37. Deepa, S. S.; Umehara, Y.; Higashiyama, S.; Itoh, N.; Sugahara, K. J. Biol. Chem. 2002, 277, 43707–43716.

38. Turnbull, J. E.; Fernig, D. G.; Ke, Y.; Wilkinson, M. C.; Gallagher, J. T. J. Biol. Chem. 1992, 267, 10337–10341.

39. Maccarana, M.; Casu, B.; Lindahl, U. J. Biol. Chem. 1993, 268, 23898–23905.

40. Faham, S.; Hileman, R. E.; Fromm, J. R.; Linhardt, R. J.; Rees, D. C. Science 1996, 271, 1116–1120.

41. Rusnati, M.; Tanghetti, E.; Urbinati, C.; Tulipano, G.; Marchesini, S.; Ziche, M.; Presta, M. Mol. Biol. Cell 1999, 10, 313–327.

42. Rusnati, M.; Urbinati, C.; Tanghetti, E.; Dell’Era, P.; Lortat-Jacob, H.; Presta, M. Proc. Natl. Acad. Sci. USA 2002, 99, 4367–4372.

43. Yan, G.; Fukabori, Y.; McBride, G.; Nikolaropolous, S.; McKeehan, W. L. Mol. Cell Biol. 1993, 13, 4513–4522.

44. Ishihara, M. Glycobiology 1994, 4, 817–824.

45. Allen, B. L.; Filla, M. S.; Rapraeger, A. C. J. Cell Biol. 2001, 155, 845–858.

46. Jones, M.; Tussey, L.; Athanasou, N.; Jackson, D. G. J. Biol. Chem. 2000, 275, 7964–7974.

47. Clements, D. A.; Wang, J. K.; Dionne, C. A.; Goldfarb, M. Oncogene 1993, 8, 1311–1316.

48. Pizette, S.; Batoz, M.; Prats, H.; Birnbaum, D.; Coulier, F. Cell Growth Differ. 1991, 2, 561–566.

49. Trowbridge, J. M.; Rudisill, J. A.; Ron, D.; Gallo, R. L. J. Biol. Chem. 2002, 277, 42815–42820.

50. Ashikari-Hada, S.; Habuchi, H.; Kariya, Y.; Itoh, N.; Reddi, A. H.; Kimata, K. J. Biol. Chem. 2004, 279, 12346–12354.

51. Loo, B. M.; Salmivirta, M. J. Biol. Chem. 2002, 277, 32616–32623.

52. Granerus, M.; Engstrom, W. Anticancer Res. 2003, 23, 1313–1316.

53. Vigny, M.; Raulais, D.; Puzenat, N.; Duprez, D.; Hartmann, M. P.; Jeanny, J. C.; Courtois, Y. Eur. J. Biochem. 1989, 186, 733–740.

54. Ueno, N.; Baird, A.; Esch, F.; Shimasaki, S.; Ling, N.; Guillemin, R. Regul. Pept. 1986, 16, 135–145.

55. Xie, M. H.; Holcomb, I.; Deuel, B.; Dowd, P.; Huang, A.; Vagts, A.; Foster, J.; Liang, J.; Brush, J.; Gu, Q.; Hillan, K.; Goddard, A.; Gurney, A. L.

Cytokine 1999, 11, 729–735.

56. Nakatake, Y.; Hoshikawa, M.; Asaki, T.; Kassai, Y.; Itoh, N. Biochim. Biophys. Acta. 2001, 1517, 460–463.

57. Yu, X.; Ibrahimi, O. A.; Goetz, R.; Zhang, F.; Davis, S. I.; Garringer, H. J.; Linhardt, R. J.; Ornitz, D. M.; Mohammadi, M.; White, K. E.

Endocrinology 2005, 146, 4647–4656.

58. Sebollela, A.; Cagliari, T. C.; Limaverde, G. S.; Chapeaurouge, A.; Sorgine, M. H.; Coelho-Sampaio, T.; Ramos, C. H.; Ferreira, S. T. J. Biol.

Chem. 2005, 280, 31949–31956.

59. Muramatsu, H.; Muramatsu, T. Biochem. Biophys. Res. Commun. 1991, 177, 652–658.

60. Zou, P.; Zou, K.; Muramatsu, H.; Ichihara-Tanaka, K.; Habuchi, O.; Ohtake, S.; Ikematsu, S.; Sakuma, S.; Muramatsu, T. Glycobiology 2003, 13,

35–42.

61. Kurosawa, N.; Chen, G. Y.; Kadomatsu, K.; Ikematsu, S.; Sakuma, S.; Muramatsu, T. Glycoconj. J. 2001, 18, 499–507.



560 Carbohydrate Recognition by Cytokines and its Relevance to their Physiological Activities
62. Zou, K.; Muramatsu, H.; Ikematsu, S.; Sakuma, S.; Salama, R. H.; Shinomura, T.; Kimata, K.; Muramatsu, T. Eur. J. Biochem. 2000, 267,

4046–4053.

63. Bao, X.; Mikami, T.; Yamada, S.; Faissner, A.; Muramatsu, T.; Sugahara, K. J. Biol. Chem. 2005, 280, 9180–9191.

64. Delehedde, M.; Lyon, M.; Vidyasagar, R.; McDonnell, T. J.; Fernig, D. G. J. Biol. Chem. 2002, 277, 12456–12462.

65. Lyon, M.; Deakin, J. A.; Mizuno, K.; Nakamura, T.; Gallagher, J. T. J. Biol. Chem. 1994, 269, 11216–11223.

66. Kobayashi, T.; Honke, K.; Miyazaki, T.; Matsumoto, K.; Nakamura, T.; Ishizuka, I.; Makita, A. J. Biol. Chem. 1994, 269, 9817–9821.

67. Lyon, M.; Deakin, J. A.; Gallagher, J. T. J. Biol. Chem. 2002, 277, 1040–1046.

68. Feyzi, E.; Lustig, F.; Fager, G.; Spillmann, D.; Lindahl, U.; Salmivirta, M. J. Biol. Chem. 1997, 272, 5518–5524.

69. Sachinidis, A.; Kraus, R.; Seul, C.; Meyer, zu; Brickwedde, M. K.; Schulte, K.; Ko, Y.; Hoppe, J.; Vetter, H. Eur. J. Cell Biol. 1996, 71, 79–88.

70. Farooqui, T.; Kelley, T.; Coggeshall, K. M.; Rampersaud, A. A.; Yates, A. J. Anticancer Res. 1999, 19, 5007–5013.

71. Soker, S.; Svahn, C. M.; Neufeld, G. J. Biol. Chem. 1993, 268, 7685–7691.

72. Rouet, V.; Hamma-Kourbali, Y.; Petit, E.; Panagopoulou, P.; Katsoris, P; Barritault, D.; Caruelle, J. P.; Courty, J. J. Biol. Chem. 2005, 280,

32792–32800.

73. Chakraborty, M.; Chatterjee, D. Cell Mol. Neurobiol. 2001, 21, 101–107.

74. Akeson, R.; Warren, S. L. Exp. Cell Res. 1986, 162, 347–362.

75. Pankonin, M. S.; Gallagher, J. T.; Loeb, J. A. J. Biol. Chem. 2005, 280, 383–388.

76. Sue, S. C.; Chen, J. Y.; Lee, S. C.; Wu, W. G.; Huang, T. H. J. Mol. Biol. 2004, 343, 1365–1377.

77. Luster, A. D.; Greenberg, S. M.; Leder, P. J. Exp. Med. 1995, 182, 219–231.

78. Innis, C. A.; Hyvonen, M. J. Biol. Chem. 2003, 278, 39969–39977.

79. Simonovic, M.; Gettins, P. G.; Volz, K. Proc. Natl. Acad. Sci. USA 2001, 98, 11131–11135.

80. Ball, D. K.; Rachfal, A. W.; Kemper, S. A.; Brigstock, D. R. J. Endocrinol. 2003, 176, R1–7.

81. Sandhoff, R.; Grieshaber, H.; Djafarzadeh, R.; Sijmonsma, T. P.; Proudfoot, A. E.; Handel, T. M.; Wiegandt, H.; Nelson, P. J.; Grone, H. J.

Biochim. Biophys. Acta. 2005, 1687, 52–63.

82. Witt, D. P.; Lander, A. D. Curr. Biol. 1994, 4, 394–400.

83. Hoogewerf, A. J.; Kuschert, G. S.; Proudfoot, A. E.; Borlat, F.; Clark-Lewis, I.; Power, C. A.; Wells, T. N. Biochemistry 1997, 36, 13570–13578.

84. Kuschert, G. S.; Coulin, F.; Power, C. A.; Proudfoot, A. E.; Hubbard, R. E.; Hoogewerf, A. J.; Wells, T. N. Biochemistry 1999, 38, 12959–12968.

85. Ali, S.; Palmer, A. C.; Banerjee, B.; Fritchley, S. J.; Kirby, J. A. J. Biol. Chem. 2000, 275, 11721–11727.

86. Middleton, J.; Patterson, A. M.; Gardner, L.; Schmutz, C.; Ashton, B. A. Blood 2002, 100, 3853–3860.

87. Habuchi, H.; Suzuki, S.; Saito, T.; Tamura, T.; Harada, T.; Yoshida, K.; Kimata, K. Biochem. J. 1992, 285, 805–813.

88. Faham, S.; Hileman, R. E.; Fromm, J. R.; Linhardt, R. J.; Rees, D. C. Science 1996, 271, 1116–1120.

89. Schlessinger, J.; Plotnikov, A. N.; Ibrahimi, O. A.; Eliseenkova, A. V.; Yeh, B. K.; Yayon, A.; Linhardt, R. J.; Mohammadi, M.Mol. Cell 2000, 6,

743–750.

90. Ishihara, M.; Shaklee, P. N.; Yang, Z.; Liang, W.; Wei, Z.; Stack, R. J.; Holme, K. Glycobiology 1994, 4, 451–458.

91. Ishihara, M. Glycobiology 1994, 4, 817–824.
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P. Rougé, UMR CNRS-UPS, Castanet-Tolosan, France

W. J. Peumans, Ghent University, Ghent, Belgium

� 2007, Elsevier Ltd. All rights reserved.
3.26.1 Introduction 564

3.26.1.1 General Comments and Considerations 564

3.26.1.2 Brief Historical Overview 565

3.26.1.3 Definition 565

3.26.1.4 Nomenclature and Terminology 565

3.26.2 Lectins and Lectin Domains 566

3.26.2.1 Lectins Consisting Exclusively of Carbohydrate-Binding Domains 566

3.26.2.2 Chimeric Proteins with Lectin Domains 566

3.26.3 Subdivision in Families of Structurally and Evolutionary Related Proteins 566

3.26.3.1 Overview of Identified Plant Lectin Families 567

3.26.3.1.1 Amaranthin family 567

3.26.3.1.2 Cucurbitaceae phloem lectins 567

3.26.3.1.3 Heveins 568

3.26.3.1.4 Jacalins 570

3.26.3.1.5 Legume lectins 572

3.26.3.1.6 Monocot Man-binding lectins 574

3.26.3.1.7 Plant lectins with ricin-B domains 575

3.26.3.1.8 Other plant lectins 577

3.26.3.2 Evolutionary Relationships between Plant Lectins and Lectins from Other Taxa 577

3.26.3.2.1 Amaranthin family 577

3.26.3.2.2 Cucurbitaceae phloem lectins 577

3.26.3.2.3 Heveins 578

3.26.3.2.4 Jacalins 578

3.26.3.2.5 Legume lectins 578

3.26.3.2.6 Monocot Man-binding lectins 578

3.26.3.2.7 Plant lectins with ricin-B domains 579

3.26.4 Structural Basis of the Carbohydrate-Binding Activity and Specificity 579

3.26.4.1 Structure of the Different Sugar-Binding Domains 579

3.26.4.2 Overall Structure of the Carbohydrate-Binding Domains 579

3.26.4.2.1 Amaranthin family 579

3.26.4.2.2 Cucurbitaceae phloem lectins 579

3.26.4.2.3 Heveins 581

3.26.4.2.4 Jacalins 581

3.26.4.2.5 Legume lectins 581

3.26.4.2.6 Monocot Man-binding lectins 581

3.26.4.2.7 Plant lectins with ricin-B domains 583

3.26.4.3 Oligomerization of Lectin Domains/Subunits into Multivalent Native Proteins 583

3.26.4.4 Structural Basis of the Sugar-Binding Activity and Specificity 584

3.26.4.4.1 The recognition of simple sugars 584

3.26.4.4.2 The recognition of complex glycans 587

3.26.5 Function of Plant Lectins 588

3.26.5.1 Classical Concepts 588

3.26.5.1.1 Role of lectins interacting with foreign glycans 588

3.26.5.1.2 Role in nitrogen storage, defense, and recognition of foreign organisms 590
563



564 Plant Lectins
3.26.5.2 Novel Concepts 591

3.26.5.2.1 Identification of low-expressed cytoplasmic/nuclear plant lectins 591

3.26.5.2.2 Cytoplasmic/nuclear plant lectins are ubiquitous among plants 591

3.26.5.2.3 Cytoplasmic/nuclear plant lectins bind endogenous receptor glycoconjugates 592

3.26.5.2.4 Role of lectins in signaling 592

3.26.6 Linking Molecular and Functional Evolution of Plant Lectins 593
3.26.1 Introduction

3.26.1.1 General Comments and Considerations

Numerous wild and cultivated plant species contain proteins called ‘lectins’, ‘agglutinins’, or ‘phytohemagglutinins’.

All three terms were originally used as a collective noun for a group of proteins that share the ability to clump

(agglutinate) – in a macroscopically visible way – animal red blood cells. Only after it was demonstrated that the blood-

clumping activity relies on a specific sugar-binding activity, the terms lectins/(phyto)hemagglutinins became inti-

mately associated with carbohydrate-binding proteins. Though originally discovered in plants, proteins with a similar

agglutinating activity have been found in animals, fungi, bacteria, and viruses. In the absence of any information about

possible relationships, a simple subclassification on a taxonomic basis into plant, animal, fungal, bacterial, and viral

lectins/agglutinins was adopted. At present, there is still some redundancy in terminology. Preference is given to the

terms ‘lectins’ and ‘agglutinins’, which apply to proteins from all living organisms. However, the term ‘phytohemag-

glutinin’ is still occasionally used as a collective noun for plant lectins/agglutinins even though this causes some

confusion because the very same name is the standard term for the Phaseolus vulgaris lectin, which is one of the most

intensively used mitogens.

The ‘historical’ classification of all cell-agglutinating proteins into a single group is highly artificial because it is

solely based on one common but rather aspecific biological activity and does not take into account any structural or

evolutionary aspects. Sequence data and structural analyses provided ample evidence that lectins are a complex

composite of protein families differing from each other with respect to both their overall fold and the structure of their

sugar-binding site(s). Moreover, it became evident that some lectin families are confined to a single kingdom, whereas

others are found in virtually all major taxa. In addition, sequence data revealed the occurrence of chimeric proteins

comprising a domain equivalent to (part of) a classical lectin and one or more unrelated domains. Since such chimeric

carbohydrate-binding proteins are – at least in animals – very prominent and, in addition, play an essential role in many

physiological processes, there is a tendency in modern lectinology to consider carbohydrate-recognition domains as

the functional units.1–3

Plant lectins made a crucial contribution to the early development of a scientific domain that eventually gave rise to

modern glycobiology and glycomics. Though the intrinsic properties/biological activities undoubtedly account for part

of this success, it is important to realize that preference was often given to plant lectins simply because virtually no

other lectins could readily be isolated in reasonable quantities. Once the emphasis in lectin research shifted from an

analytical toward a functional approach, plant lectins progressively lost interest in favor of animal lectins. As a result,

most concepts developed with respect to the role and modalities of lectin-mediated protein–carbohydrate interactions

in growth, development, reproduction, and defense of living organisms are based on studies with animal/human and,

to a lesser extent, bacterial lectins. At present, there is little, if any, evidence that the functions and mode of action of

animal/human lectins can be extrapolated to plant lectins. On the contrary, there seem to be fundamental differences

between plants and animals at the glycomics level.35

This chapter aims to give an overview of the state-of-the-art in the field of plant lectin research in general and in the

study of functional aspects of carbohydrate–protein interactions in plants in particular. Since plant lectins have been the

subject of several recent review papers and (part of) books, no classical encyclopedic enumeration is included.4–8 Instead,

a comprehensive overview is presented of the different carbohydrate-binding domains found in plants supplemen-

ted with more detailed information about recently discovered novel lectins. Thereby, the possible evolutionary

relationship between the different types of plant lectins and lectins from other taxa is also highlighted. To

corroborate the structural basis of the sugar-binding activity and specificity, a concise overview is given of the overall

fold of the different carbohydrate-binding domains and the atomic structure of the site(s) they contain. Next to the

description of the occurrence and structure, the function of plant lectins is discussed. A clear distinction is made

between the classical concepts that were developed on the basis of studies with highly expressed plant lectins and
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novel concepts that are currently being developed following the identification of low-expressed cytoplasmic/nuclear

lectins.4,5 To reconcile the apparently totally different functions of structurally related lectins, the link between

molecular and functional evolution of plant lectins is critically assessed.

3.26.1.2 Brief Historical Overview

The documented scientific history of plant lectins starts in 1888 with Stillmark’s dissertation Über Ricin ein giftiges

Ferment aus den Samen von Ricinus communis L. und einigen anderen Euphorbiaceen, in which he linked the toxicity

of castor beans to the presence of a proteinaceous hemagglutinating factor called ‘ricin’.9 After the identification of

similar toxins in other plants, Elfstrand introduced in 1898 the term hemagglutinin for all plant proteins that clump

blood cells.10 In the following decade, Landsteiner and Raubitschek (1907) reported that several legumes contain

nontoxic hemagglutinins, which implied that there is no canonical link between plant toxicity and the presence of

hemagglutinins.11 During the subsequent 30 years, progress in plant lectin research was merely confined to the

identification of an increasing number of plant lectins and some initial studies of their biological activities, which in

the late 1940s eventually led to the observation that some plant lectins exhibit a marked preference for a particular

blood group within the ABO system.12,13 The discovery of ‘blood group specificity’ was not only a conceptual

breakthrough but also gave rise to the introduction of the term ‘lectin’ (which is derived from ‘legere’, the latin

verb for ‘to select’). Once the blood group specificity was established, subsequent attempts to determine the

underlying mechanism soon revealed that the agglutination activity of lectins relies on a specific sugar-binding

activity.14 This finding was of paramount importance, because from then on lectins were no longer regarded as

agglutinating factors but rather as sugar-binding proteins that could be distinguished from other proteins on the basis

of a well-defined functional criterion. Accordingly, the emphasis in plant lectin research shifted toward studies of the

carbohydrate-binding activity and specificity. Concomitantly with the development of modern (protein) biochemistry

in the 1960s and 1970s, a biochemical approach took over in plant lectin research. Purification of the first plant lectin

was already achieved in 1936 by Summer andHowell, who prepared crystalline Concanavalin A (ConA) from jack bean

(Canavalia ensiformis).15 However, ConAwas only characterized in 1967. ConAwas also the first plant lectin for which

a complete sequence and three-dimensional structure was reported.16,17 In the early 1980s, the introduction of

molecular biology added a new dimension to plant lectin research. Cloning of the first plant lectin gene from soybean

was achieved in 1983.18 During the last two decades, integration of biochemistry/biophysics and molecular biology

gave rise to a multidisciplinary research domain aimed primarily at resolving the question of the physiological role of

plant lectins.

3.26.1.3 Definition

The issue of the definition of a plant lectin has been the subject of a long-lasting debate in the late 1970s and early

1980s. Most of the controversy concerned those lectins that are poorly active agglutinins and chimeric lectins that

possess, in addition to their sugar-binding activity, a catalytic activity. To conclude the debate, a definition was

introduced that is based on a single and simple criterion, namely the presence of at least one noncatalytic domain that

binds reversibly to a specific carbohydrate. Accordingly, plant lectins were defined as ‘‘all plant proteins possessing at

least one non-catalytic domain, which binds reversibly to a specific mono- or oligosaccharide.’’19

3.26.1.4 Nomenclature and Terminology

At present, there is no uniform nomenclature for plant lectins. For a long time, newly discovered lectins received a

trivial name, which was usually a composite of a fragment of the (scientific) name of the source plant followed by the

suffix ‘-in’. For example, ricin and abrin refer to lectins found in Ricinus communis and Abrus precatorius, respectively.

Alternatively, lectins were named after the plant or the plant material in which they were found and subsequently

referred to by a three-letter abbreviation. Classical examples are peanut agglutinin (PNA), soybean lectin (SBL),

Phaseolus hemagglutinin (PHA), and wheat germ agglutinin (WGA). In a later phase, this system of three-letter

abbreviations was to a certain extent uniformed by using the first letter of the genus and species name followed by

L for lectin or A for agglutinin. Typical examples are Pisum sativum agglutinin (PSA), Solanum tuberosum agglutinin

(STA), and Galanthus nivalis agglutinin (GNA). In some cases, additional information was added to the three-letter

abbreviation in order to distinguish different lectins from a single plant. For example, the Sambucus nigra agglutinins

are referred to as SNA-I to SNA-V (in chronological order of their discovery). Though practical, the system eventually

lost its transparency, as due to the steadily increasing number of new lectins some three-letter abbreviations refer to

two or more lectins from different species (as is illustrated by the lectins from Cicer arietinum, Colchicum autumnale, and
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Carangana arborescens, all the three referred to as CAA). To circumvent this problem, some authors introduced

abbreviations comprising the first three letters of the genus and species names followed by ‘-a’ (from agglutinin).

For example, the lectin from tobacco (Nicotiana tabacum) has been called Nictaba.
3.26.2 Lectins and Lectin Domains

Adopting the presence of at least one functional sugar-binding domain as a criterion substantially widened the range of

proteins that fit the definition and correspondingly increased the heterogeneity/complexity of plant lectins as a group.

To reduce the apparent complexity, lectins are subdivided on the basis of their overall structure into proteins that

consist exclusively of carbohydrate-binding domains and proteins in which one or more carbohydrate-binding domains

are fused to unrelated domain(s) (chimerolectins). Since the final structure – in terms of polypeptide composition – of

lectins is often determined by post-translational proteolytic cleavage(s), structures are described here in terms of

‘protomers’. Thereby a protomer is defined as the whole of the final processing product(s) of the primary translation

products encoded by the lectin mRNAs.

3.26.2.1 Lectins Consisting Exclusively of Carbohydrate-Binding Domains

Depending on the overall structure of the mature proteins, lectins built up of carbohydrate-binding domains only are

subdivided into ‘merolectins’, ‘hololectins’, and ‘superlectins’.19 Merolectins are defined as monomeric proteins

consisting of a single carbohydrate-binding domain. They are by definition monovalent and accordingly are unable

to agglutinate cells. Classical examples of merolectins are hevein and hevein-like proteins. Hololectins contain at least

two carbohydrate-binding domains that are either identical or very similar and – what is most important – recognize

the same or a structurally related sugar. Since hololectins are by definition di- or multivalent, they can cross-link cells

and accordingly behave as genuine agglutinins. The majority of all previously characterized plant lectins belong to the

hololectins. Superlectins also contain at least two carbohydrate-binding domains, but in this case the two domains are

different and recognize structurally different sugars. Due to their multivalency, superlectins behave as agglutinins.

Hitherto, only a few superlectins have been described. The best-known example is the tulip lectin TxLC-I, in which a

mannose (Man)-binding and an N-acetylgalactosamine (GalNAc)-binding domain are tandemly arrayed.

3.26.2.2 Chimeric Proteins with Lectin Domains

Chimerolectins are defined as proteins in which one or more carbohydrate-binding domains are linked to either one or

multiple unrelated domains. These unrelated domains are structural units or domains with a well-defined enzymatic or

other biological activity. For example, the Solanaceae lectins are chimeric proteins consisting of two carbohydrate-binding

units separated by an extensin-like structural domain,20 whereas class I chitinases consist of an N-terminal hevein

domain linked to a C-terminal domain with chitinase activity.21 Depending on the number of carbohydrate-binding

domains, native chimerolectins behave as merolectins (e.g., class I chitinases) or hololectins (e.g., Solanaceae lectins).
3.26.3 Subdivision in Families of Structurally and Evolutionary Related Proteins

In the past, several classification systems have been proposed to subdivide the seemingly very heterogeneous group of

plant lectins in so-called ‘‘natural groups.’’ Most of the early attempts were (partly) based on criteria (e.g., sugar

specificity) that are not directly linked to intrinsic relationships and hence led to classifications that were of some

practical use but did barely reflect genuine molecular relationships.8,22,23 Though already inferred from biochemical/

biophysical analyses, the development of the concept of the occurrence of distinct families of evolutionarily related

plant lectins required a minimum of sequence information. A first comprehensive analysis of plant lectin sequences,

and plant transcriptome/genome sequence data, which was accomplished in 1998, allowed classifying the great

majority of all plant lectins identified at that time into seven families of structurally and evolutionary related

proteins.7 In the meantime, numerous novel plant lectins have been identified and characterized. Apart from a few

exceptions, all these lectins can be attributed to one of the seven families. Moreover, a significant number of these

novel lectins are (nearly) identical or at least very similar to some previously described plant lectins. However, there

have also been important advances in three domains.4,5 First, transcriptome analyses indicated that some lectin

families are far more widespread than was believed on the basis of biochemical data. Second, transcriptome analyses

revealed the occurrence of low-expressed cytoplasmic/nuclear orthologs of previously identified abundant vacuolar

plant lectins. Third, analysis of transcriptome/genome sequencing data yielded firm evidence that chimerolectins are
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widespread in plants and that most, if not all, known carbohydrate-binding domains are part of one or more types of

chimeric proteins. None of these novel developments urges a revision of the general classification system. However,

the data generated during the late 1990s yielded important new information for almost all lectin families. This section

contains an updated overview – in an alphabetic order – of the different plant lectin families.
3.26.3.1 Overview of Identified Plant Lectin Families

3.26.3.1.1 Amaranthin family
The term amaranthin, which was originally introduced for the Amaranthus caudatus seed lectin, is now used as a

collective noun for a small group of closely related lectins found in different Amaranthus species. No genuine

homologs/orthologs have been identified outside the genus Amaranthus. Amaranthins are homodimers built up of

33kDa protomers (Figure 1). Sequencing of the protein and cloning of the corresponding gene indicated that

amaranthin is synthesized without signal peptide and undergoes, apart from the removal of a C-terminal tetrapeptide,

no post-translational modification.24,25 Amaranthins have not been localized yet but they are believed to reside in the

cytoplasmic/nuclear compartment. Detailed specificity studies revealed that amaranthin preferentially recognizes the

Tantigen disaccharide Gal(b1-3)GalNAc.24

Both sequence and structural data indicate that the amaranthin subunits consist of two in-tandem homologous

subdomains of approximately 150 amino acid residues. Accordingly, one can reasonably assume that these subdomains

rather than the 33kDa lectin subunits correspond to the basic carbohydrate-binding unit. Hitherto, no lectins/proteins

corresponding to a single amaranthin subdomain have been isolated or identified.

Besides hololectins, the amaranthin family comprises also chimerolectin(s). A gene was identified in wheat that

encodes a ‘cytolytic toxin’ (Hfr-2) consisting of an N-terminal domain equivalent to amaranthin and a C-terminal

domain resembling cytolytic toxins from bacteria.26

No gene encoding a protein with an amaranthin domain could be identified in the Arabidopsis thaliana genome.
3.26.3.1.2 Cucurbitaceae phloem lectins
Until recently, the family of Cucurbitaceae phloem lectins was exclusively associated with a small group of

chitin-binding agglutinins found in the phloem exudates of a number of Cucurbitaceae species.27 These lectins,

also called phloem proteins PP2, are dimeric proteins built up of protomers of 215–225 amino acid residues. Protein

and cDNA/genomic sequence data indicate that the protomers are synthesized without signal peptide and undergo,

apart from a possible modification of the N-terminal methionine, no post-translational processing (Figure 2a).
Proteins with amaranthin domains

Nonchimeric proteins(a)

Chimeric proteins(b)

Key to figure symbols

Signal peptide Co-and post-translational processing

Quaternary association

Protomer boundary

N-glycan

Propeptide

(c)

Am

Am

Am Am CT CTHfr-2

Am Am Am Amaranthin

Cytolytic toxin domain

Am Am

AmAm

Figure 1 Schematic overview of the synthesis and structure of proteins with amaranthin domain(s). a, Biosynthesis and

oligomerization of nonchimeric proteins; b, overall structure of chimeric proteins with amaranthin domains; c, key to figure

symbols. Hfr-2, a pore-forming toxin-like protein upregulated in wheat by virulent Hessian fly larval feeding, comprises
besides the amaranthin domains a cytolytic domain.
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These PP2 proteins are synthesized on free ribosomes in the companion cells of the vascular tissue and eventually are

translocated into the phloem sap.28–30

Recently, it has become evident that the true Cucurbitaceae phloem lectins represent only a special subgroup of a

much more extended lectin family. Tobacco leaves were found to accumulate a jasmonate-inducible, chitin-binding

lectin that, based on its amino acid sequence, definitely belongs to the same protein family as the Cucurbitaceae

phloem lectins.31 This so-called N. tabacum agglutinin (Nictaba) is a homodimer of 165 amino acid residue protomers.

It is synthesized in the cytoplasm and undergoes, apart from the removal of the N-terminal methionine residue, no

post-translational modification (Figure 2a). After synthesis, the lectin is partly translocated into the nucleus. Nictaba is

expressed in all leaf cells except in the vascular tissues and hence cannot be considered a phloem specific protein.

Sequence alignments revealed that PP2 proteins contain both an N-terminal sequence of approximately 60 residues

and a short cysteine-rich C-terminus that are absent from the Nictaba sequence. Since Nictaba is a potent agglutinin

and hence comprises a fully functional carbohydrate-binding domain, it seems likely that the extra sequences at the

N- and C-termini of the true Cucurbitaceae phloem lectins are accessory domains or peptides. The identification in at

least two Cucurbitaceae species of a chitin-binding 17kDa phloem lectin that lacks the same extra sequences cannot

but support this conclusion.32 Though only the resolution of a three-dimensional structure can give a definitive

answer, it is tempting to speculate that the carbohydrate-binding domain of the lectin family is equivalent to Nictaba

rather than to the more complex PP2 proteins.

Besides tobacco, genuine orthologs of Nictaba are expressed in several other Solanaceae species. Moreover, there is

evidence for the occurrence of slightly different phloem specific homologs in, for example, Apium graveolens as well as

in A. thaliana.32

Analysis of the A. thaliana genome revealed the occurrence of three different types of chimeric proteins with

a domain equivalent to Nictaba. In these chimeric proteins, a C-terminal domain equivalent to Nictaba is fused to an

N-terminal domain corresponding to an F-box, a ‘‘disease resistance protein (TIR class)’’ domain, and an AIG1

(avirulence-induced gene) domain (Figure 2b). The total number of genes amounts to 14, 4, and 1, respectively. Genes

encoding F-box/Nictaba chimers have also been identified in the rice genome and according to transcriptome analyses

are expressed in most, if not all, species for which a reasonable number of sequences has been deposited.32 No

information is available for what concerns the presence/expression of the two other types of chimeric proteins.
3.26.3.1.3 Heveins
Many plant proteins owe their chitin-binding activity to the presence of one or more carbohydrate-binding domains

known as hevein domains. The name of this domain is derived from ‘hevein’, a 43-amino-acid polypeptide found in
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the latex of Hevea brasiliensis (rubber tree).33 As pointed out in detail in previous review papers, the family of chitin-

binding proteins with hevein domains is highly heterogeneous with respect to both the overall structure of the

protomers/native proteins and the post-translational modification of the primary translation products.7,34 Since nearly

identical proteins originate from totally different precursors through differential post-translational modifications, the

heterogeneity of this lectin family can best be explained in terms of the overall (domain) structure of the

corresponding genes (Figure 3). Basically, two major types of primary translation products are distinguished. In a

first type, a cassette comprising a single or multiple in-tandem arrayed hevein domain(s) is inserted between an

N-terminal signal peptide and a C-terminal propeptide (though in some cases the C-terminal propeptide is absent)

(Figure 3a). The second type groups genuine chimeric proteins, in which the primary translation product comprises,

besides the signal peptide and possible C-terminal propeptide, one or more hevein domains fused to an unrelated

domain (Figure 3b).34 In some proteins, a single hevein domain is linked to a chitinase domain as in class I and class IV

chitinases,21 or a domain equivalent to the so-called Barwin domain.35 There are also a few examples where a module

of two consecutive hevein domains is linked to a chitinase or a chitinase-like domain. A completely different chimeric

structure is encountered in Solanaceae lectins, in which two modules of double hevein domains are separated by a

serine–proline-rich linker (Figure 3b).20,36

Co- and post-translational processing of these primary translation products eventually yield a wide variety of mature

proteins. Precursors of the first type are simply converted into protomers comprising a single or multiple hevein domains,

which can associate to give dimers. In some cases, the protomers are cleaved into smaller polypeptides. Some chimeric
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precursors also are ‘minimally’ processed by removal of the signal peptide (and possibly C-terminal propeptide) as is

illustrated by the class I and class IV chitinases. However, similar precursors can be reduced to their hevein domain(s).

The precursors of the Solanaceae lectins are proteolytically ‘minimally’ processed. However, they undergo a major post-

translational modification consisting of an extensive O-glycosylation of the serine/proline rich linker sequence.

All proteins with hevein domains identified thus far are synthesized with a signal peptide and hence follow the

secretory pathway. Apart from a few exceptions, they are not N-glycosylated. Most proteins with hevein domains are

targeted to the vacuole or functionally homologous organelles. However, some class I chitinases are secreted into the

extracellular space.

Proteins with hevein domains are widespread in Viridiplantae. Some types (e.g., class I chitinases and PR-4

proteins) are most probably ubiquitous in spermatophyta. In contrast, the classical genuine lectins are apparently

confined to small taxonomic groups. For example, wheat germ agglutinin and related lectins are exclusively found in a

small subgroup of the Poaceae.7 Similarly, the potato agglutinin-type chimeric lectins are only found in a few genera of

the family Solanaceae.

Lectins with hevein domain(s) are found in all plant tissues. In general, they are present in readily detectable to

moderately high concentrations and are rarely abundant proteins (like the Datura stramonium and D. innoxia seed

lectins).

The hevein domain is classically considered a canonical chitin-binding domain with a binding site that preferen-

tially accommodates tri- and tetramers of N-acetylglucosamine (GlcNAc).37,38 However, recent specificity studies

indicated, for example, that the tomato lectin has a higher affinity for N-glycans than for chito-oligosaccharides.39

This finding, together with earlier observations that various lectins with hevein domains have a high affinity for

N-glycosylated animal glycoproteins,22 urges to revise the concept of the hevein domain as a typical chitin-binding

structural unit.
3.26.3.1.4 Jacalins
The family of jacalin-related lectins comprises all proteins with one or more domains that are structurally equivalent to

a galactoside-binding lectin from jackfruit (Artocarpus integrifolia) seeds that according to its origin was named ‘jacalin’.

Until 1996, jacalin was considered the prototype of a small family of Tantigen disaccharide Gal(b1-3)GalNAc binding

lectins found in a small subgroup of the family Moraceae (including Artocarpus species and Maclura pomifera).40,41

However, this idea had to be abandoned after the identification in rhizomes of the hedge bindweed (Calystegia sepium;

family Convolvulaceae) of a Man-binding lectin that, based on its amino acid sequence, definitely belongs to the same

protein family as jacalin.42 In the meantime, many other jacalin-related lectins and/or corresponding genes have been

identified. As a result, the ‘jacalins’ can no longer be considered a small lectin family.

At present, the jacalin-related lectins are subdivided into two subfamilies with a distinct specificity, molecular

structure, and subcellular location (Figure 4a). The galactose (Gal)-specific jacalin-related lectins, which are typified

by jacalin itself, are built up of four cleaved protomers comprising a small (b) (20 amino acid residues) and a large (a)
(133 amino acid residues) subunit and exhibit a clear preference for Gal over Man.43 The lectins are synthesized in the

endoplasmic reticulum (ER) as preproteins that undergo a complex co- and post-translational processing (involving

the removal of the signal peptide, an N-terminal propeptide, and an internal tetrapeptide, and N-glycosylation of the

a-chain) and are targeted into the vacuolar compartment.44 Besides jackfruit seeds, Gal-specific jacalin-related lectins

have been identified in seeds of other Artocarpus species and M. pomifera, and in bark of Morus nigra.45 No orthologs

were found in any other plant, indicating that the Gal-specific jacalin-related lectins are a small subfamily confined to

(part of) the family Moraceae. Man-specific jacalin-related lectins are built up of protomers comprising either a single

or multiple (2–6) in-tandem arrayed domains of approximately 150 amino acids, each exhibiting an exclusive

specificity toward Man. The lectins are synthesized on free ribosomes and undergo, apart from a modification of

the N-terminal methionine residue or the removal of a short N-terminal peptide, no post-translational modification.

Localization studies confirmed that they are retained in the cytoplasmic/nuclear compartment.46 The molecular

structure of the native proteins depends on the number of jacalin domains per protomer and the degree of oligomeri-

zation in different molecular forms. Most Man-specific jacalin-related lectins studied thus far are built up of two, four,

or eight single-domain protomers.47,48 However, lectins consisting of multidomain protomers have also been isolated

and characterized (e.g., lectins from Castanea crenata49 and Parkia platycephala,50 Man-binding myrosinase-binding

proteins from Brassica napus).47 The documented occurrence in flowering plants, cycads,51 and ferns52 leaves no

doubt that Man-specific jacalin-related lectins are fairly widespread in Viridiplantae. In addition, the presence of

expressed orthologs in virtually all plant species for which a reasonable number of sequences have been deposited

indicates that this lectin family might be ubiquitous.
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Some, but certainly not all, jacalin-related lectins are abundant proteins. They have been found in seeds and in

different types of vegetative (storage) tissues. Most of the characterized lectins are fairly abundant proteins that can

easily be detected and isolated. There are also a few examples of very abundant jacalin-related lectins. For example,

jacalin is by far the most prominent protein in jackfruit seeds. Similarly, the Gal- and Man-specific lectins account for

26% and 53%, respectively, of the total protein in the bark of the black mulberry.45

Besides hololectins, the subfamily of Man-specific jacalin-related lectins comprises different types of chimeric

proteins (Figure 4b). Proteins consisting of an N-terminal ‘dirigent’ domain fused to a C-terminal jacalin domain were

identified in several grass species (e.g., b-glucosidase aggregating factor from Zea mays,53 ver2 protein from Triticum

aestivum,54,55 and OsJAC1 from Oryza sativa56). In the genome of A. thaliana genes occur that encode putative proteins

consisting of one (At3g16390 and At2g33070) or two (At3g16410) N-terminal jacalin domains fused to a set of five

Kelch motifs as well as two genes encoding a putative F-box protein with a C-terminal jacalin domain (At3g59590 and

At3g59610). Putative proteins consisting of an N-terminal tyrosine protein kinase domain followed by two

(ABA94732) or three jacalin domains (ABA94721 and ABA94728) were found in the genome of O. sativa. Another

putative chimeric rice protein is a putative LZ-NBS-LRR class RGA protein (consisting of an NB-ARC domain, a

leucine-rich repeat, and a jacalin domain) (BAD23344).
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3.26.3.1.5 Legume lectins
At present, the term ‘legume lectin’ is reserved for a family of proteins that are structurally and evolutionary related to a

well-defined type of lectin that was originally discovered in seeds of legumes like jack bean, common bean, pea,

peanut, and soybean. Other types of lectins found in legumes (like jacalin-related lectins, type-2 ribosome-inactivating

proteins (RIPs), and proteins with hevein domains) are by definition excluded.

Legume lectins have a long history and for a long time were the most intensively studied lectin family. Initially,

research efforts were focused on a few legumes with (extremely) lectin-rich seeds (like jack bean, common bean), but

subsequently lectins have been searched in virtually all available Fabaceae species. Not surprisingly, a high number of

legume lectins have been isolated, characterized, and cloned from many different species. Since the ‘classical’ legume

lectins (i.e., those found in the family Fabaceae) have been extensively reviewed at many occasions,7,57–59 the present

discussion concentrates on novel developments achieved during the last decade.

Until recently, legume lectins were exclusively found in legumes. However, the isolation and cloning of a struc-

turally and evolutionary closely related agglutinin from leaves of Glechoma hederacea demonstrated that homologs/

orthologs of the classical legume lectins occur also in the family Lamiaceae.60,61 Within the family Fabaceae, lectins

are widespread. Though exact figures can hardly be given, the list of legume species from which lectins have been

isolated and characterized probably exceeds 100. Moreover, expressed orthologs have been identified in numerous

other legume species. At present, the G. hederacea agglutinin is the only Lamiaceae lectin that has been cloned

and sequenced. However, it can be assumed that all previously identified Lamiaceae lectins (e.g., those found in

Salvia sp.,62,63 Clerodendron sp.,64 Molucella laevis65,66) must be classified into the legume lectin family, and that

accordingly this protein family is also widespread within the family Lamiaceae.

The family of legume lectins (from both Fabaceae and Lamiaceae species) is fairly homogeneous for what concerns

the overall structure of the corresponding genes, the biosynthesis/processing/topogenesis of the protomers, and the

molecular structure of the native lectins.58 All lectins are synthesized in the ER as preproteins or pre-pro-proteins of

approximately 250–280 amino acid residues and subsequently enter the secretory pathway. After co-translational

removal of the signal peptide, most, but not all lectins, are post-translationally modified by N-glycosylation and/or

additional proteolytic cleavages, and targeted to their final destination (in casu vacuoles or functionally homologous

organelles) (Figure 5a). Depending on the proteolytic modifications that take place, the final protomers consist of a

single intact polypeptide of approximately 250 amino acid residues or two shorter cleavage products. Many, but

certainly not all, legume lectins are N-glycosylated at one or two positions.

The biosynthesis and processing described above holds true for all legume lectins except for species belonging

to the Diocleae tribe (comprising the genera Canavalia and Dioclea). Molecular cloning and biosynthesis studies

of the latter lectins have revealed an unexpected and unique mode of protein processing, which was first described

for ConA.67 ConA is synthesized as an inactive glycosylated preprolectin, which is co-translationally converted

into a (inactive) glycosylated prolectin (proConA) by the removal of the signal peptide (Figure 5a). In the next

processing step, an internal glycosylated peptide is excised from proConA. The resulting peptides are transposed and

religated, and the processing is terminated by the removal of a tetrapeptide from the N-terminus of the ligation

product.

An additional modification that occurs in legume lectins includes the (noncovalent) attachment of divalent cations

(Ca2þ and Mn2þ) at highly conserved metal-binding sites. Each protomer contains a single carbohydrate-binding site

and hence is monovalent. However, all legume lectins associate into dimers or tetramers and accordingly behave as di-

or tetravalent hololectins. In most cases, the different protomers associate through noncovalent interactions. However,

there are also a few examples where the protomers are pairwise linked through an interchain disulfide bridge. Though

this simplified scheme of quaternary associations applies to many lectins, it is often complicated by the occurrence of

multiple molecular forms (often referred to as ‘isolectins’) that, when expressed in the very same cells, can give rise to

the formation of heterodimers or -tetramers (as is exemplified by the association of the P. vulgaris L- and E-subunits

into L4 and E4 homotetramers and L3E1 , L2E2, and L1E3 heterotetramers).68 Even when the protomers encoded by

different lectin genes do not associate with each other, the simultaneous expression of multiple lectin genes in a single

tissue often results in a complex composite of multiple lectins differing from each other in molecular structure and

specificity.

Though the overall fold of the basic carbohydrate-binding unit is strictly conserved, the legume lectin family

exhibits a marked heterogeneity in sugar-binding activity and specificity, which is far more pronounced than in any

other plant lectin family.69,70 Within the Fabaceae, lectins have been found with a (nominal) specificity directed

against Gal, GalNAc, mannose/glucose (Man/Glc), fucose (Fuc), GlcNAc, and sialic acid, as well as numerous lectins

that bind exclusively more complex glycan structures.7 In contrast, all lectins from Lamiaceae species exhibit a similar

specificity that is primarily directed against the Tantigen [GalNAc(a1-O)Ser/Thr].71,72
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Several proteins have been identified in Phaseolus sp. that share a high sequence identity/similarity with genuine

conspecific lectins but possess sugar-binding sites with no or a very low residual sugar-binding activity. Some of these

Phaseolus lectin-related proteins are strong inhibitors of animal a-amylases, whereas others (called arcelins) are

considered insecticidal proteins.73–75 Besides Phaseolus, lectin-related proteins devoid of sugar-binding activity were

found in the bark of the legume tree Cladrastis lutea.76

Hitherto, legume lectins were exclusively isolated from Fabaceae and Lamiaceae species. This does not necessarily

imply that such lectins are absent from other plants. In the genome of A. thaliana, three genes encoding a putative

protein (GenBank accession numbers AT3G09035, AT5G01090, and AT3G54080) with reasonable sequence identity

to the legume lectins have been identified.77 However, it remains to be demonstrated that these A. thaliana homologs

possess sugar-binding activity.

Legume lectins are often erroneously regarded as typical seed proteins. Though it is true that seeds of many

legumes are rich sources of lectins, they are also found in various vegetative tissues. Moreover, the highest lectin

levels are not found in seeds but in vegetative storage tissues. For example, lectins represent 50–95% of the total
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protein in bark of some legume trees (e.g., Sophora japonica, Robinia pseudoacacia,Maackia amurensis), whereas in seeds

the lectins are far less abundant than the genuine storage proteins and accordingly represent <5–10% of the

seed protein.

At present, no chimeric proteins have been identified that comprise a functional legume lectin domain. However,

analysis of the A. thaliana genome revealed the occurrence of an extended family of genes encoding putative receptor

kinases consisting of an N-terminal domain resembling the legume lectins and a C-terminal protein kinase domain

(Figure 5b).77,78 Similar receptor kinase genes are apparently present in the genomes of other plants and, according

to transcriptome analyses, are also expressed.79,80 Though one can reasonably assume that the lectin-like domain

of these receptor kinases plays some role, it remains to be demonstrated that it recognizes and binds specific

carbohydrates.

3.26.3.1.6 Monocot Man-binding lectins
The name monocot Man-binding lectins was introduced as a collective noun in the mid-1990s for a group of closely

related lectins that exhibit an exclusive specificity toward mannose and until then seemed to be confined to a few taxa

of the monocotyledons (Liliopsida).81 Though appropriate at that time, the term has become too restrictive because

very similar lectins have been identified in plants other than Liliopsida as well as in bacteria82,83 and animals.84

Therefore, it is preferable to name the family after the first identified member (in casu the G. nivalis agglutinin or

GNA) and replace the outdated term by, for example, ‘GNA-related plant lectins’.5

Though GNA was already isolated and characterized in 1987,85 it was only recognized as a novel type of lectin in

1991 after the protein was sequenced and the corresponding gene was cloned.86 X-ray diffraction analysis further

revealed that the GNA subunit corresponds to a structural domain with three distinct Man-binding sites.87 In the

subsequent years, very similar lectins were identified first in a number of other Amaryllidaceae species and later in

species of diverse monocot families (e.g., Alliaceae, Liliaceae, Orchidaceae, Araceae, Bromeliaceae, Ruscaceae,

Iridaceae).7,88,89 Later, GNA-like lectins were also described in dicots (e.g., Hernandia moerenhoutiana, family

Hernandiaceae) (GenBank accession number AAD45250), gymnosperms (Taxus media, family Taxaceae),90 and in a

liverwort (Marchantia polymorpha, family Marchantiaceae).91 More recently, transcriptome analyses revealed the

expression in some plants of proteins that consist of a domain homologous to GNA but unlike GNA (and all other

previously identified GNA-related lectins) are synthesized without signal peptide and propeptide, and therefore

presumably encode cytoplasmic/nuclear proteins. To distinguish these newly discovered lectins from the classical

(vacuolar) GNA-related lectins, they are referred to as ‘cytoplasmic GNA-orthologs’.5

The family of (classical vacuolar) plant lectins with GNA domains is a composite of proteins with different molecular

structures. This apparent heterogeneity can readily be explained in terms of differences in overall structure of the lectin

genes and post-translational processing of the primary translation products (Figure 6). Most lectins are synthesized as pre-

pro-proteins consisting of a single GNA domain flanked by an N-terminal signal peptide and a C-terminal propeptide.

Co- and post-translational processing eventually yields mature polypeptides of approximately 110 amino acid residues

that, apart from a few exceptions, associate into either dimers or tetramers. In some lectin genes, the GNA domain is

duplicated, giving rise to primary translation products in which a cassette of two in-tandem arrayed lectin domains

(separated by a short linker sequence) is inserted between an N-terminal signal peptide and a C-terminal propeptide.

Removal of the signal peptide and propeptide yields a lectin protomer with a double GNA domain. Depending on the

absence/occurrence of a proteolytic removal of the linker, the protomer remains intact or is converted into two separate

domains.7,92,93 The two-domain protomers exist as such or associate into dimers or tetramers giving rise to complex

lectin molecules. In some lectins, the composing GNA domains are nearly identical, whereas in others they share only

a limited sequence identity. Irrespective of the eventual molecular structure, the presence of a signal peptide implies

that the lectins with GNA domains are synthesized on the ER and follow the secretory pathway. Some lectin

precursors are N-glycosylated in the C-terminal propeptide or in the linker sequence between two domains, but

until now no glycosylated mature lectins have been identified. The exact subcellular location of the lectins is not

known but one can reasonably assume that they are targeted into a yet unidentified vacuolar compartment.

Most of the vacuolar GNA orthologs characterized thus far have been isolated from vegetative tissues. In general,

they are abundant proteins representing between 1% and 10% of the total protein. In some typical vegetative storage

organs, they account for >50% of the total protein. Vacuolar GNA orthologs are apparently less common in seeds.

Hitherto, only a single seed lectin (from H. moerenhoutiana) was described.

Besides the numerous ‘vacuolar’ GNA-related lectins, a few expressed ‘cytoplasmic GNA-orthologs’ have been

identified in T. aestivum, Z. mays, and Medicago truncatula.5 At present, the corresponding proteins have not been

isolated and characterized yet. However, the discovery of these cytoplasmic GNA orthologs has important conse-

quences for the unraveling of the physiological role and molecular evolution of plant lectins (see below).
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GNA-related lectins are considered a family of Man-specific lectins. Though they all bind the same monosaccharide,

GNA-related lectins from different plants exhibit marked differences in fine specificity toward oligomannosides.94,95

Some GNA domains apparently exhibit a different monosaccharide specificity. For example, one of the two lectin

domains of the tulip lectin TxLC-I apparently recognizes GalNAc.96 It is also worth mentioning that not all GNA

domains possess three functional Man-binding sites. GNA domains have been identified in which one or two sites are

not active.97 Moreover, a sweet protein was identified in fruits of Curculigo latifolia that shares a high sequence identity

with GNA but is completely devoid of sugar-binding activity.98

Sequencing of the A. thaliana genome revealed the occurrence of a large number of genes encoding chimeric

proteins with a domain that shares a reasonable sequence identity with GNA. Since none of these proteins has been

identified yet and, in addition, it remains questionable whether the (truncated) GNA domains possess any functional

carbohydrate-binding sites, these chimeric proteins are not discussed here. The same applies to similar proteins/genes

found in other plants.
3.26.3.1.7 Plant lectins with ricin-B domains
One of the most widespread carbohydrate-binding domains in nature is the so-called ricin-B domain. This domain,

which consists of three in-tandem arrayed subdomains of approximately 40 amino acid residues, was originally

identified in ricin but later also in many bacterial, fungal, and animal/human proteins.99–101

In plants, several types of proteins have been identified that consist, either exclusively or partly, of ricin-B domain(s).

Since in some cases totally different precursors give rise – through differential post-translational modifications – to

native lectins with a nearly identical molecular structure, the heterogeneity of plant lectins with ricin-B domains can

best be illustrated in terms of the overall structure of the corresponding genes (Figure 7). Hitherto, no genes have been

described that encode a protein consisting of a single ricin-B domain. The simplest gene identified thus far controls

the root-specific expression in cucumber (Cucumis sativus) of a xylem sap protein (called XSP30),102 that is synthesized

as a precursor comprising an N-terminal signal peptide followed by two in-tandem arrayed ricin-B domains

(Figure 7a). Genuine orthologs/homologs of the XSP30 gene have not been identified yet in other plants. However,

in several Sambucus species, slightly more complex genes encoding primary translation products consisting of an
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Figure 7 Schematic overview of the synthesis and structure of lectins with ricin-B domain(s). a, Biosynthesis and

oligomerization of lectins derived from nonchimeric precursors. XSP30 refers to a xylem sap protein from Cucumis sativus.

SNA-IV and SNA ld stand for Sambucus nigra agglutinin-IV and S. nigra dimeric leaf lectin, respectively. b, Biosynthesis and
oligomerization of lectins derived from type-2 RIP precursors. SNA-I and SNA-II refer to S. nigra agglutinins I and II,

respectively. TrSNA-I corresponds to the C-terminal ricin-B domain of SNA-I. RCA and PMRIP 4M refer to the Ricinus

communis agglutinin and Polygonatummultiflorum tetrameric type-2 RIP, respectively. See legend to Figure 1 for the key to

the figure symbols.
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N-terminal signal peptide followed by a propeptide and two in-tandem arrayed ricin-B domains have been identified.

Co- and translational processing of the preproproteins eventually yields a (glycosylated) lectin subunit built up of two

ricin-B domains. This type of lectin gene is apparently confined to Sambucus species, and most probably evolved from

a gene encoding a so-called ‘type-2 RIP’. Type-2 RIPs are synthesized on the ER as complex pre-pro-proteins

comprising an N-terminal signal peptide followed by a polynucleotide adenosine glycosidase domain

(PAG, formerly called RNA N-glycosidase or RIP domain, A-chain), a short (approximately 10–20 amino acid residues)

linker sequence, and a C-terminal domain consisting of two in-tandem ricin-B domains (B-chain) (Figure 7b).

After removal of the signal peptide, the propeptide undergoes a complex post-translational modification including

N-glycosylation and proteolytic excision of the linker between the N- and C-terminal domains. The final lectin

protomer consists of an A-chain harboring the PAG domain linked through an interchain disulfide bridge to the

B-chain with lectin activity. Type-2 RIP protomers exist as such or associate mostly through noncovalent interactions

but in some cases also through the formation of an interprotomer disulfide bond into dimers or tetramers.103 Though

this general scheme applies to the majority of all type-2 RIPs that have been isolated and characterized, two aberrant

post-translational modifications leading to proteins with a totally different structure were found to take place in
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S. nigra. In the case of the precursor of SNA-V, normal processing yields a typical type-2 RIP (SNA-V), whereas an

alternative processing involving the deletion of a fragment spanning the whole A-chain, the linker between the A- and

the first eight residues of the B-chain, results in the formation of lectin subunit corresponding to a slightly truncated

B-chain (SNA-II).104 Another aberrant processing is the formation of a small lectin corresponding to the C-terminal

ricin-B domain of the type-2 RIP SNA-I.105 Irrespective of whether this fragment is a processing or a degradation

product, it is an example of a functional plant lectin consisting of a single ricin-B domain lectin.106

Type-2 RIPs have been isolated from species covering a wide taxonomic range (including both monocots and dicots)

but are certainly not ubiquitous (as is illustrated by the absence of genes encoding ricin-B domains from the A. thaliana

genome). In some genera/families, the prevalence of type-2 RIPs and related proteins is markedly high (e.g., in the

genus Sambucus and the family Euphorbiaceae), whereas in other families they are very rare (e.g., within the Fabaceae

family, type-2 RIPs are apparently confined to Abrus sp.). When present, type-2 RIPs often occur as complex mixtures

of multiple molecular forms with different molecular structures and biological activities. In some species, type-2 RIPs

were found either in seeds (e.g., R. communis) or in vegetative tissues (e.g., Viscum album), whereas in others they occur

in both seeds and vegetative tissues (e.g., Sambucus sp.). Some type-2 RIPs are minor proteins (e.g., in Polygonatum

multiflorum), whereas others are (very) abundant (e.g., in Sambucus sp.). For example, in Sambucus species, the

combined mixture of type-2 RIPs and related lectins accounts for >95% of the total protein in the bark.

Most plant ricin-B domains preferentially bind to Gal or GalNAc. However, some lectins exhibit a clear preference

for sialylated glycans. Moreover, in S. nigra, a type-2 RIP was found that is completely devoid of carbohydrate-binding

activity.107 Besides lectins, type-2 RIPs are also enzymes capable of (catalytically) inactivating ribosomes (through the

removal of a highly conserved adenine residue in the so-called sarcin/ricin loop of the large ribosomal RNA). Due to

this activity, type-2 RIPs are extremely potent cytotoxins, at least at the condition that they succeed in entering the

cell. Type-2 RIPs are usually associated, indeed, with toxins. However, apart from ricin, abrin, and a few others, most

type-2 RIPs are only moderately or even weakly toxic. The huge difference in toxicity is not linked to differences in

the catalytic activity of the A-chain but is primarily determined by the lectin’s ability to penetrate the cell, which itself

depends on the sugar-binding specificity of the B-chain.103,108,109

3.26.3.1.8 Other plant lectins
Though the great majority of all characterized plant lectins can be classified in one of the above described families,

there are a few exceptions. Some previously described plant lectins, for example, the Euonymus europaeus lectin,110

cannot be classified because no sequence information is available and, in addition, they share no apparent structural

similarities with any other lectin. There is also a report of a lectin from Dioscorea batatas that is not related to any other

plant lectin but shares aproximately 45% sequence identity with carbonic anhydrase from A. thaliana.111 Since the

structure of this lectin has not yet been resolved, it is not clear whether the carbohydrate-binding domain comprises

the whole protein or only a subdomain.

3.26.3.2 Evolutionary Relationships between Plant Lectins and Lectins from Other Taxa

Theoccurrence in plants of at least sevendistinct lectin families raises thequestion of their evolutionary origin and possible

relationship to structurally related proteins/lectins from other living organisms. To address this issue, a brief overview is

given of the documented occurrence (or absence) outside the plant kingdom of the seven lectin domains described in the

previous section. Based on the current distribution, the origin of the modern plant lectin domains is discussed.

To get a quick overview of the documented occurrence of the lectin domains, the following databases have been

explored: (1) NCBI conserved domains (CD)111a and (2) the Pfam Protein Families database.111b In this section, the

different plant lectin domains are discussed in the alphabetic order, and whenever appropriate, the corresponding CD

and Pfam identifiers are indicated.

3.26.3.2.1 Amaranthin family
Hitherto (putative) proteins with amaranthin domain(s) (pfam07468) were exclusively identified in plants. Though

the occurrence in other organisms cannot be excluded on the basis of the available sequence information, it seems

likely that the amaranthin domain was only developed by plants.

3.26.3.2.2 Cucurbitaceae phloem lectins
Structural units equivalent to the carbohydrate-binding domain of the Cucurbitaceae phloem lectins (not yet recog-

nized as a pfam or CD) also seem to be confined to plants. Accordingly, one can reasonably assume that this lectin

domain was developed in plants rather than acquired by classical vertical inheritance from a prokaryotic ancestor.
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3.26.3.2.3 Heveins
Hevein domains (cd00035, ChtBD1, chitin-binding domain; pfam00187, chitin recognition protein) are definitely not

confined to plants. Numerous (putative) fungal proteins contain one or more domains that share a high-sequence

identity/similarity with plant hevein domains. Moreover, a greater variety of chimerolectins occurs in fungi than in

plants. Besides fungi, chimeric proteins with a hevein domain were identified in a diatom (Thalassiosira pseudonana).

In Caenorhabditis elegans also, some proteins comprise a small domain that shares a residual sequence similarity with a

plant hevein domain. However, since this C. elegans domain is shorter, its relationship to the canonical plant and fungal

hevein domains is still unclear. No hevein domains occur in bacterial genomes. The present distribution suggests that

the hevein domain developed in an early eukaryote and further evolved through classical vertical inheritance in plants,

fungi, and some – but apparently not all – eukaryotic taxa.
3.26.3.2.4 Jacalins
Proteins with jacalin domains (pfam01419) are widespread in plants but are absent from prokaryotes and frommost – if

not all – other eukaryotes. One type of animal protein (the so-called zymogen granule membrane protein 16 found in

mouse, rat, and a few other vertebrates) is classified in pfam01419. Since the sequence identity with the plant jacalin

domain is low (approximately 30%), and neither the sugar-binding activity nor the structure has been determined, it

remains to be demonstrated that the zymogen granule membrane proteins 16 are genuine members of the jacalin

family. There is also a recent report of a presumed jacalin-related lectin from a fungus (Grifola frondosa).112 However,

this fungal lectin shares only a limited sequence identity (<30%) and can only be aligned with the second half of the

plant jacalin domain. Hence, it remains to be demonstrated that it is evolutionary related to the plant jacalins.

Considering the ubiquitous occurrence in plants and the apparent absence from all prokaryotes and (almost) all

other eukaryotes, it is tempting to speculate that the genuine jacalin domain was developed by plants. Thereby, an

ancestral domain present in an early eukaryote might have served as a template. Parallel evolution of the same

ancestral domain in animals and fungi possibly resulted in distantly related modern animal and fungal homologs of the

plant jacalins.

3.26.3.2.5 Legume lectins
Proteins with a domain equivalent to the classical legume lectins (pfam00139) are common in Viridiplantae. Apart

from plants, they are also believed to occur in some other eukaryotes as well as in a few prokaryotes. Though the

presumed bacterial and nonplant legume lectin domains definitely exhibit some residual sequence similarity, they are

only remotely related to the typical legume lectins. Therefore, it is questionable whether these proteins should be

classified in the legume lectin family (pfam00139) or in the legume-like lectin family (pfam03388). This family

includes the vesicular-integral membrane protein 36 (VIP36) and ER-Golgi-intermediate compartment 53kDa

protein (ERGIC-53), which are the prototypes of a family of animal lectins sharing approximately 20% sequence

similarity with the genuine legume plant lectins. Besides animals, VIP36 and ERGIC-53, which both play an

important role in glycoprotein quality control and topogenesis, occur also in fungi but are absent from plants.1

The current taxonomic distribution of the legume lectin family and the legume-like lectin family suggests that they

originate most probably from a common ancestral domain through a parallel evolution that in plants gave rise to the

legume lectin domain family and in animals/fungi to the legume-like lectin domain. It is not clear whether the

presumed ancestral domain was developed by an early eukaryote or acquired through vertical inheritance from a

prokaryote. However, the very limited occurrence in prokaryotes suggests an eukaryotic origin of the domain that

eventually developed into the modern legume lectin domain.

3.26.3.2.6 Monocot Man-binding lectins
Proteins with GNA domain(s) (cd00028, B-lectin or bulb-type Man-specific lectin; pfam01453, B-lectin or D-Man-

binding lectin) have been identified in virtually all major taxonomic divisions ranging from viruses to vertebrates.

However, in contrast to the plant kingdom where the GNA domain is fairly prevalent, the documented occurrence

in other taxa (bacteria, fungi, animals, other eukaryotes) reflects a patchy phylogenetic distribution. For example,

within the metazoa, GNA-like lectins are apparently confined to some fishes. Though the current taxonomic

distribution can in principle be reconciled with a classical vertical inheritance from a common ancestral prokaryotic

domain into modern bacteria, plants, fungi, and metazoa, there are some phylogenetic incongruencies. Some – but not

all – bacterial GNA domains share a much higher sequence similarity, indeed, with GNA and other plant lectins than

can reasonably be expected considering the remote taxonomical distance.
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3.26.3.2.7 Plant lectins with ricin-B domains
The ricin-B domain (cd00161, RICIN, Ricin-type beta-trefoil; pfam00652) is a very common structural motif found in

a whole variety of bacterial, fungal, animal, and plant proteins. Only a small portion of the proteins classified into

pfam00652 are hololectins. Most ricin-B domains occur in chimeric proteins with dual or multiple biological activities.

Some of these chimerolectins are enzymes with a relatively simple overall structure (e.g., type-2 RIPs, animal glycosyl

transferases, bacterial glycosyl hydrolases), whereas others are very complex proteins comprising, besides a ricin-B

domain, multiple structural domains (e.g., crystallin in human ‘absent in melanoma 1-like’ protein NCBI CAI1585),

fibronectin repeats (e.g., in human hypothetical protein dkfzp686e2262), or C-type lectin repeats (e.g., human

macrophage Man-receptor). Both the taxonomic distribution and phylogeny of the ricin-B domain can readily be

explained in terms of a classical vertical inheritance from a common prokaryotic ancestor.

In summary, it can be concluded that some modern plant lectin domains were acquired from more primitive

ancestors, whereas others were developed by plants themselves. It is also worth mentioning that several carbohydrate-

binding domains, which are believed to play an essential role in growth, development, reproduction, and defense of

animals (like galectins, C-type lectins, Man-binding proteins), are absent from plants. This illustrates that there are

fundamental differences between plants and animals for what concerns the carbohydrate-binding domains they have

at their disposal.
3.26.4 Structural Basis of the Carbohydrate-Binding Activity and Specificity

3.26.4.1 Structure of the Different Sugar-Binding Domains

Structural analyses yielded detailed information about the three-dimensional structure of the carbohydrate-binding

domains of all but one plant lectin family. Each lectin domain possesses its own characteristic overall fold and location/

structure of its sugar-binding site(s). In spite of the obvious structural differences, all identified lectin domains consist

predominantly of b-sheets connected by more or less extended loops. Most native plant lectins comprise multiple

carbohydrate-binding domains. Depending on the number of binding site(s) per individual domain and the number of

domain(s), native lectins comprise from one up to at least 12 (e.g., GNA) carbohydrate-binding sites.

This section summarizes the state-of-the-art in the field of the structural analysis of plant lectins and their binding

sites. To highlight the unique structural features of each lectin family, the overview starts with a description of the

overall fold of the carbohydrate-binding domain and the location of the binding site(s). Next, some attention is given

to the formation of oligomers and the functional impact thereof in terms of multivalency. Finally, the link between the

structure of the carbohydrate-binding domains and their sugar-binding activity and specificity is discussed.
3.26.4.2 Overall Structure of the Carbohydrate-Binding Domains

3.26.4.2.1 Amaranthin family
X-ray diffraction analysis revealed that the subunits of amaranthin consist of two in-tandem arrayed homologous

domains with a b-trefoil structure linked by a short a-helical 310 segment (Protein DataBase (PDB) code 1JLX).25

Each b-trefoil domain is formed by six strands of antiparallel b-sheet capped by three b-hairpins into a short b-barrel.
The lectin consists of two protomers associated head to tail by noncovalent bonds in such a way that the N-terminal

domain of one protomer faces the C-terminal domain of the other protomer. Two shallow depressions formed at the

interfaces of the facing N-terminal and C-terminal domains build two carbohydrate-binding sites interacting with the

T antigen disaccharide [Gal(b1-3)GalNAc] (Figure 8a). This implies that the amaranthin domain itself possesses no

sugar-binding site(s) and that the establishment of a binding site requires a specific spatial arrangement of two

domains located on two separate subunits. Apart from amaranthin, no other three-dimensional structure has been

deposited for any other member of this family.
3.26.4.2.2 Cucurbitaceae phloem lectins
Hitherto, no structural data have been reported for any member of the Cucurbitaceae phloem lectin family. Predic-

tions made on the basis of the amino acid sequence indicated that Nictaba from N. tabacum31 possesses a b-sandwich
structure (P. Rougé, unpublished data). However, this prediction awaits confirmation by X-ray diffraction or NMR

analysis.



Figure 8 Examples of different oligomeric assemblies of plant lectins. Ribbon diagrams showing the oligomeric assem-
blies of a, amaranthin, b, artocarpin, c, Heltuba, d, LoLI, e, ConA, and f, GNA. The different chains and protomers are

differently colored. Bound sugars indicating the number of carbohydrate-binding sites of the oligomers are in red CPK

representation. Cartoons were rendered with the PyMol Molecular Graphics System of DeLano W.L.
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3.26.4.2.3 Heveins
Hevein from the rubber tree (H. brasiliensis) consists of a 43-amino-acid residue polypeptide comprising two short

strands of b-sheet and three short a-helices stabilized by four disulfide bridges (PDB code 1Q9B) (Figure 9a).113 The

30-amino-acid residue antimicrobial peptide Ac-AMP2 from A. caudatus has a similar structure but is truncated at the

C-terminus (PDB code 1MMC).114 Besides single-hevein domain proteins, the structure of several multihevein

domain lectins has been resolved. These lectins comprise two (UDA from Urtica dioica, PDB code 1EIS;115 and

PL-C from Phytolacca americana, PDB code 1ULK),116 three (PL-D2 from P. americana, PDB code 1ULM),116 or four

hevein domains (WGA from T. aestivum, PDB code 1K7T).117

3.26.4.2.4 Jacalins
All jacalin domains, irrespective of whether they consist of a cleaved or an uncleaved protomer, have a very similar

b-prism fold built up of three Greek key motifs. In jacalin (PDB code 1JAC), which is considered the prototype of the

Gal-specific jacalin-related lectins,118 the 20-amino-acid residue b-chain and 133-amino-acid residue a-chain form

three bundles of four antiparallel strands of b-sheet arranged in a b-prism structure around a pseudo-symmetry axis

(Figure 9b). The strands of b-sheet run parallel to the axis of the prism. Three loops (L1, L2, L3) located at one

extremity of the b-prism form the monosaccharide-binding site. Virtually identical structures were found in the

protomers of the jacalin orthologs fromM. pomifera agglutinin (MPA) (PDB code 1JOT)119 andM. nigra (MornigaG).45

Structural analysis of several Man-specific jacalin-related lectins confirmed that the protomers of artocarpin (PDB

code 1J4S),120 MornigaM (PDB code 1XXR),121 Calsepa (from C. sepium, PDB code 1OUW),122 Heltuba (from

Helianthus tuberosus, PDB code 1C3M),123 and the banana lectin (PDB code 2BMY)124 exhibit the same b-prism fold

as jacalin. Interestingly, a second carbohydrate-binding site located in the vicinity of the first site at the same end of

the b-prism has been identified in the banana lectin protomer.124

3.26.4.2.5 Legume lectins
The legume lectin family is both horizontally and vertically very well characterized at the structural level.7 All legume

lectin protomers, irrespective of whether they consist of a single (single-chain lectins: PSA (PDB code 2LTN),125 Lens

culinaris agglutinin (LCA, PDB code 2LAL),126 Lathyrus ochrus lectin I (LoLI, PDB code 1LOE)127) or two

polypeptide chains (two-chain lectins: ConA (PDB code 2CNA),128 PHA (PDB code 1FAT),129 Erythrina coralloden-

dron lectin (EcorL, PDB code 1AXZ)),130 exhibit the same canonical overall three-dimensional fold. Basically, the

lectin protomer is built up of a flat seven-stranded b-sheet (back face of the protomer) and a curved six-stranded (front

face of the protomer) b-sheet that are interconnected by turns and loops and form a flattened dome-shaped

b-sandwich structure referred as the jelly-roll tertiary fold (Figure 9c). An additional b-sheet of five short b-strands,
also referred to as S-sheet,131 acts as a linker between the two main b-sheets. Four loops emerging at the top of the

dome form the carbohydrate-binding site of the protomer (Figure 9c). At one side of the dome-shaped b-sandwich,
hydrophobic residues delineate a highly conserved so-called hydrophobic cavity that might interact with hydrophobic

ligands including the plant hormone auxin.132 Legume lectins are metalloproteins with a Ca2þ ion linked to an Asp

residue of the carbohydrate-binding site involved in a cis-peptide bond and an Mn2þ ion linked in the vicinity of the

carbohydrate-binding site. The canonical legume lectin fold is also found in the ortholog from the Lamiaceae species

G. hederacea60 as well as in the lectin-like/lectin-related P. vulgaris arcelin-1 (PDB code 1AVB)133 and a-amylase

inhibitor aAI-1 (PDB code 1DHK)134 that have lost their carbohydrate-binding capacity but display insecticidal

activity.

3.26.4.2.6 Monocot Man-binding lectins
X-ray diffraction analysis revealed that the overall fold of the carbohydrate-binding domain of the GNA-related plant

lectins is fairly well conserved. The GNA protomer (PDB code 1MSA)87 has a typical b-prism fold built up of three

four-stranded b-sheets organized around a pseudo-symmetry axis (Figure 9d). Each of these three b-sheets corre-

sponds to one of the three in-tandem arrayed subdomains I, II, and III of the GNA protomer and harbors a Man-

binding site. The b-prism organization of the GNA protomer definitely differs from the b-prism found in the jacalin

domain because the three bundles of b-sheet are arranged perpendicularly to the axis of the prism (instead of parallely,

as in jacalin).

Native GNA behaves as a homotetramer but should in fact be considered a dimer of dimers. Each dimer consists

of two protomers associated through a C-terminal strand exchange of their C-terminal ends (the completion of the

four-stranded b-sheet forming subdomain I of a protomer requires the strand of b-sheet occurring at the C-terminal
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Figure 9 Structure of the carbohydrate-binding domains of different plant lectin families and their interaction with simple

sugars. Protomers of hevein, jacalin, EcorL, and GNA are shown as prototypes for the hevein, jacalin-related lectin, legume

lectin, and GNA-related lectin families, respectively. Left: a, structure of hevein, b, jacalin, c, EcorL, and d, GNA. Strands of

b-sheet belonging to the same bundle of b-sheet or the same b-sheet are similarly colored. Beta-chain of jacalin is colored
orange. N and C indicate the N-terminal and C-terminal ends of the polypeptide chain. Right: binding of poly- or mono-

saccharides to the carbohydrate-binding site of a, hevein, b, jacalin, c, EcorL, and d, GNA. Dashed lines represent H-bonds

that anchor the oxygens of the sugars to the amino acid residues of the binding site. Aromatic residues involved in stacking
interaction with the sugars are colored orange. Cartoons were rendered with the PyMol Molecular Graphics System of

DeLano W.L.
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end of the adjacent protomer and vice versa). Association of two such dimers by predominantly hydrophobic

interactions eventually yields a flattened crown-shaped tetramer with 12 apparently functional Man-binding sites. A

similar protomeric organization was reported for the Man-specific homodimeric garlic (Allium sativum) lectin (PDB

code 1BWU),135 the bluebell (Scilla campanulata) Man-specific homotetrameric lectin SCAman (PDB code 1B2P),136

and the bluebell fetuin-specific heterotetrameric lectin SCAfet (PDB code 1DLP).137 Recently, a slightly different

protomeric structure was found in the monomeric gastrodianin from the orchid Gastrodia elata. In this protein, the

C-terminal peptide including the 12th b-strand is ‘rearranged’ in such a way that it changes from the canonical

‘C-terminal exchange’ into a ‘C-terminal self-assembly’ mode. As a result, the protomers are unable to associate into

oligomers.138

Curculin, a sweet-tasting and taste-modifying protein from C. latifolia, possesses a b-prism structure similar to that of

GNA. However, since none of the three Man-binding sites is functional, the protein is completely devoid of lectin

activity.98
3.26.4.2.7 Plant lectins with ricin-B domains
Hitherto, structural information about plant ricin-B domains was exclusively obtained from X-ray diffraction analysis

of type-2 RIPs. Detailed studies of ricin demonstrated that its lectin subunit (B-chain) (PDB code 2AAI)139 contains

two in-tandem arrayed homologous domains 1 and 2. Each domain consists of three homologous subdomains – a, b, g –
and an additional subdomain l (referred to as 1a, 1b, 1g, 1l and 2a, 2b, 2g, 2l for domain 1 and 2, respectively). Both

domains comprise three bundles of four short b-strands arranged in a b-trefoil fold around a threefold symmetry axis.

The b-trefoil is stabilized by two disulfide bridges. Two carbohydrate-binding sites were identified in the B-chain of

ricin located in subdomains 1a and 2g, respectively. Since some bacterial ricin-B domains, which are definitely

homologous to plant ricin-B domains, possess three active carbohydrate-binding sites, it seems likely that in the

plant domains two of the three potential sites lost their sugar-binding activity. Structures very similar to that of ricin

were found in abrin from A. precatorius seeds (PDB code 1ABR),140 ebulin from S. ebulus (PDB code 1HWM),141 and

mistletoe (V. album) lectin I (PDB code 1OQL).142 Moreover, according to molecular modeling, the ricin-B domains

identified in plant proteins other than type-2 RIPs (e.g., SNA-II and SNA-IV from S. nigra) also have a virtually

identical structure.143,144
3.26.4.3 Oligomerization of Lectin Domains/Subunits into Multivalent Native Proteins

Oligomerization of carbohydrate-binding domains is of paramount importance to create multivalent lectins that are

capable of establishing multiple (potentially cooperative) protein–sugar interactions and/or cross-link carbohydrates

located on different (distant) glycoconjugates. Moreover, the presence of distant carbohydrate-binding sites can

reinforce the sugar–protein interaction by anchoring extended glycans into multiple carbohydrate-binding sites of a

single lectin molecule. Some carbohydrate-binding domains possess two or three sites (e.g., GNA domain, ricin-B

domain) and hence are di- or trivalent on their own. Other domains contain only a single binding site (e.g., hevein,

jacalin domain, legume lectin domain) and thus are monovalent. In the case of the amaranthins, the basic structural

unit apparently lacks a functional site and acquires carbohydrate-binding activity only after proper association to a

second homologous domain.

As already discussed, oligomerization of protomers occurs in all plant lectin families. However, there are important

differences for what concerns the mode of association (in terms of structural arrangement), the number and type

(identical or different) of protomers involved, and the eventual spatial arrangement and number of carbohydrate-

binding sites.7

Within the amaranthin and Cucurbitaceae phloem lectin families, no structural diversity has been observed yet. All

lectins thus far identified are homodimers with two identical binding sites.

Due to the absence of multidomain lectins, the structural diversity within the legume lectin family is exclusively

determined by the degree of protomer oligomerization. No functional single-protomer lectins have yet been identi-

fied. Legume lectin protomers associate in different ways into either bivalent dimers or tetravalent tetramers. The

protomers are usually held together by noncovalent interactions but there are also a few examples where the protomers

are pairwise linked through interprotomer disulfide bonds (e.g., in the G. hederacea lectin). In the Man/Glc-specific

lectins from the Viciae tribe (PSA, LCA, LoLI), two protomers associate by their bases to form a dimeric 12-stranded

b-sandwich structure with two identical monosaccharide-binding sites located at both ends of the dimer (Figure 8d).

Lectins from other legume tribes, including the Man/Glc-specific ConA, the Gal/GalNAc-specific SBA (PDB code
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1SBF)145 and EcorL, and the Fuc-specific UEA-I (PDB code 1JXN),146 are tetramers formed by a dimerization of

dimers (Figure 8e). Different types of tetrameric association have been reported for lectins belonging to different

legume tribes.147 It should also be mentioned that many legumes contain heterotetrameric lectins consisting of two

different types of protomers (e.g., PHA).

Within the ricin-B lectin family also, the structural diversity depends exclusively on the degree of protomer

oligomerization. All members of this family consist of protomers with a cassette of two in-tandem arrayed ricin-B

domains. In some lectins the protomers consist exclusively of such a cassette, whereas in type-2 RIPs this cassette is

linked to a PAG domain. Depending on the degree of oligomerization, the native lectins comprise one, two, or four

double ricin-B domains and accordingly possess two, four, and eight binding sites, respectively.

In contrast to the former families, the multivalency of proteins with hevein domains is not only exclusively

determined by the oligomerization of the protomers but also depends on the number of carbohydrate-binding domains

per protomer. Single-domain protomers apparently do not form oligomers and hence occur as monovalent lectins (e.g.,

hevein). Apart from UDA, which consists of a single two-domain protomer, all multidomain protomers identified

thus far associate into dimers. Depending on the number of hevein domains per protomer, which amounts to two (e.g.,

PL-C), three (e.g., PL-D), four (e.g., WGA), or seven (e.g., PL-B), the native lectins possess four, five, eight, and

14 binding sites, respectively. Dimerization of the chimeric protomer of the potato lectin yields a protein with eight

binding sites.

Starting from structurally very similar protomers, plants succeeded in assembling native jacalin-related lectins with

strikingly different molecular structures using different modes of oligomeric arrangement. Single-domain protomers

associate into either homodimers with two identical carbohydrate-binding sites (e.g., Calsepa and other Convolvula-

ceae lectins, the lectin from the fern Phlebodium aureum), homotetramers (e.g., all Moraceae lectins: jacalin, artocarpin,

MPA, MornigaM, and MornigaG) with four identical carbohydrate-binding sites (Figure 8b), or homo-octamers with

eight functional carbohydrate-binding sites (e.g., Heltuba fromH. tuberosus) (Figure 8c). Two-domain protomers occur

as such (e.g., in the cycad Cycas revoluta) or associate into hexa-/octamers (e.g., in Japanese chestnut (C. crenata))

yielding native lectins with two and possibly even 12/16 carbohydrate-binding sites. Additional structural variation is

introduced by the oligomerization of multidomain protomers. For example, dimerization of three-domain subunits of

the P. platycephala lectin yields a native lectin with six functional carbohydrate-binding sites exposed on the rim of a

toroid-shaped structure (PDB code 1ZGR).148

The multivalency of the GNA-related lectins also is determined by a combination of degree of oligomerization and the

number of carbohydrate-binding domains per protomer. Single-domain protomers associate – apart from a small group of

monomeric orchid proteins – into either homodimers (e.g., the Listera ovata agglutinin (LOA)) or homotetramers (e.g.,

GNA) harboring 6 and 12 functional Man-binding sites (Figure 8f). The only known exception is the A. ursinum bulb

lectin AUAG1/G2, which is a heterodimer of two different but two closely related single-domain protomers. Two-

domain protomers also occur as such or associate into homodimers or -tetramers. However, proteolytic cleavage of

these two-domain protomers into individual domains creates an additional complexity with respect to the overall

structure of the native lectins. For example, the two-domain protomer of the garlic bulb lectin ASA-I does not oligomerize

but is cleaved into two slightly different single-domain fragments that are held together by noncovalent interactions and

behave as a heterodimer. In those cases, where the two-domain protomers form homodimers (e.g., the Arum maculatum

agglutinin (AMA)) or homotetramers (e.g., the tulip lectin TxLCI), cleavage of the protomers eventually results in the

formation of heterotetramers and hetero-octamers, respectively. This implies that the total number of potential binding

sites varies between three (e.g., gastrodianin) and 12 (e.g., GNA) or possibly even 24 (as in TxCLI).
3.26.4.4 Structural Basis of the Sugar-Binding Activity and Specificity

3.26.4.4.1 The recognition of simple sugars
The recognition of simple sugars by plant lectins primarily depends on the interaction of some oxhydryls of the sugars

with a few amino acid residues located in the carbohydrate-binding site. This carbohydrate-binding site usually

corresponds to a shallow depression exposed at the surface of the protein. In general, the specific interaction between

both partners involves a network of hydrogen bonds (H-bonds) often reinforced by a hydrophobic stacking of the

pyranose ring of the sugar to the aromatic ring of Tyr or Phe residues located in the close vicinity of the carbohydrate-

binding site. Usually acidic residues like Asp or Glu participate in the carbohydrate-binding site by virtue of their

ability to form multiple H-bonds with the sugars. These residues also account for the pronounced electronegative

character of the carbohydrate-binding area of most plant lectins.
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For some lectin families, structure–function relationships – in terms of specific recognition of monosaccharides – are

reasonably well understood. The jacalin family is of particular interest for what concerns the binding of monosaccha-

rides because the distinction between Man-specific and Gal-specific homologs relies on subtle differences in the

structure of the respective binding sites. Moreover, it appears that the monosaccharide specificity of jacalin toward Gal

is not absolute because the lectin binds – albeit with a much lower affinity – also other monosaccharides like GalNAc,

Man, and Glc.43 X-ray diffraction analysis of jacalin-Gal (PDB code 1JAC) and jacalin-Man complexes (PDB code

1KUJ) revealed that both Gal and Man bind to the monosaccharide-binding site of the lectin through a very similar

network of H-bonds. Basically, the monosaccharide-binding cavity of jacalin consists of four amino acid residues Gly1,

Tyr122, Trp123, and Asp125, which are all located at the top of the b-prism and form a network of H-bonds with O3,

O4, O5, and O6 of Gal, GalNAc, Man (C2-epimer), and Glc (C4-epimer) (Figures 9b and 10a). Structural analysis of

Heltuba indicated that the first Gly (Gly18 in Heltuba) and the last Asp residues (Asp139 in Heltuba) are conserved

between jacalin and this typical Man-specific jacalin-related lectin, whereas Tyr122 and Trp123 in loop L3 of jacalin

are replaced by Asp136 and Val137, respectively, in Heltuba. However, these amino acid changes do not affect the

monosaccharide-binding scheme because they interact with the sugars through their backbone NH (second residue)

or CO group (third residue), respectively (Figure 10a). Interestingly, in all structures resolved for jacalin-related lectins

in complex with simple or complex sugars, all four residues forming the monosaccharide-binding site nicely superim-

pose. This implies that the proteolytic processing that cleaves loop L1 to generate a Gly1-NH2 residue at

the N-terminus of the a-chain of jacalin, MPA, and MornigaG has little effect on the positioning of the backbone N

atom of this conserved residue, which invariably interacts with O3 of simple sugars. Most probably, the similar

positioning of the amino acid residues involved in the binding of simple sugars accounts for the documented

polyspecific character of jacalin,43 MornigaG and MornigaM,149 and artocarpin.150 However, depending on the

axial (Gal) or equatorial (Man) position of O4, additional H-bonds between Gly1N-O4 and AspOD2-O4 reinforce

the preferential interaction of Gal-specific and Man-specific jacalin-related lectins with Gal and Man, respectively

(Figure 10b). Subtle differences in the strength and orientation of the H-bonds that anchor the sugars to the amino

acid residues forming the monosaccharide-binding sites enhance the preferential interaction of the Gal-specific

jacalin-related lectins (jacalin, MornigaG) and Man-specific jacalin-related lectins (artocarpin, Calsepa, Heltuba) for

Gal and Man, respectively.

Detailed structural information has been reported for the carbohydrate-binding site of numerous legume lectins. As

an example, the binding of Gal to the carbohydrate-binding site of the E. corallodendron lectin EcorL (PDB code

1AXZ) is discussed here in some detail. Binding of Gal involves a network of seven H-bonds that anchor O3, O4, O5,

and O6 of the sugar to residues Asp89, Gly107, Asn133, and Gln219, which are located in three loops forming the

carbohydrate-binding site at the top of the dome-shaped protomer (Figure 9c). The interaction is reinforced by

hydrophobic stacking of the pyranose ring to Tyr106 and Phe131, which are also located in two of the three loops.

Asp89, which establishes three H-bonds with O3 and O4, plays a key role in the binding of Gal. Obviously, the

specificity and strength of the interaction depends on the number and orientation of the H-bonds that anchor the sugar

to the carbohydrate-binding site. Other legume lectins of similar (Gal/GalNAc) or different (Man/Glc, Fuc) specifi-

cities offer a very similar binding scheme, which however differs by the orientation of the sugar in the carbohydrate-

binding site, the number of H-bonds involved in the binding, and the strength of the hydrophobic stacking. In

addition, the enhanced affinity usually observed with methyl-O1- or 1-O-phenylated sugars most probably results

from some additional hydrophobic interactions with hydrophobic residues located in the close vicinity of the

carbohydrate-binding site.

Detailed structural studies elucidated the exclusive monosaccharide specificity of the GNA domain toward Man at

the atomic level. The strict specificity of GNA (PDB code 1MSA) and other monocot Man-binding lectins toward

Man is due to the fact that two of the four H-bonds anchoring the sugar to the carbohydrate-binding site are formed

with the axial O2. The formation of these H-bonds with the axial O2 itself relies on the particular orientation of the

side chains of the Asp (D) and Asn (N) residues in the (QXDXNXVXY) consensus sequence of the carbohydrate-

binding site. The apparently weak H-bond interaction is reinforced by a hydrophobic interaction between the

pyranose ring ofMan and the hydrophobic residue (usually Val) involved in the carbohydrate-binding site. Accordingly,

O1, O5, and O6 of Man do not participate in the binding (Figure 9d).

X-ray diffraction analysis of ricin provided detailed information about the binding of monosaccharides into each

of the two slightly different ricin-B domains in the lectin chain of this type-2 RIP. Binding of Gal into subdomain 1a of
the B-chain of ricin involves a network of H-bonds formed between O3 and O4 of the sugar and amino acid residues

Asp22, Asp25, Gln35, Lys40, and Asn46, as well as hydrophobic stacking of the pyranose ring with aromatic

residue Trp37 (PDB code 2AAI).139 A slightly different binding scheme accounts for the binding of GalNAc into
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subdomain 2g. In this case, H-bonds are formed between O3 and O4 and Ala237, Asp234, His251, and Asn255, and the

binding is completed by a stacking interaction with Tyr248. A nearly identical set of H-bonds and hydrophobic

interactions is established upon binding of Gal to the B-chain of ebulin (PDB code 1HWM)143 and the V. album lectin

ML-I (PDB code 1OQL).142

3.26.4.4.2 The recognition of complex glycans
Though many plant lectins bind with a fairly high affinity to specific monosaccharide(s) and by virtue of this activity

are widely used as versatile tools in biological and biomedical research, the biological relevance of the recognition and

binding of a particular monosaccharide is probably very low because simple sugars do not act most probably as natural

receptors for any plant lectin. Moreover, specificity studies clearly demonstrated that all plant lectins exhibit a much

higher affinity for oligosaccharides/complex glycans than for any monosaccharide. Structural analyses confirmed

that the monosaccharide-binding site of plant lectins usually accommodates a single well-defined sugar unit of a

bulky N-glycan chain but also indicated that other amino acid residues located in the vicinity of the primary site

participate in the binding of other sugar units so that a more extended carbohydrate-binding site is created. Water-

mediated H-bonds often participate in the binding of these complex glycan chains. According to the multiple H-bonds

that anchor the glycan chain to the carbohydrate-binding site, the affinity of plant lectins for complex N-glycans is

much higher (in the 10–6–10–8 M range) than that measured for simple sugars (in the range 10–3–10–4 M range).

Though one can reasonably assume that amaranthins and lectins with Nictaba domains also recognize complex

glycans, the presumed presence of extended binding sites cannot be properly assessed on the basis of the available

structural data.

The presence of an extended site in the hevein domain, which was already inferred from specificity studies, was

confirmed by the structural analysis of hevein itself and a number of other lectins. Interaction of a ‘mimimal’ hevein

domain with N,N0,N0 0-triacetylchitotriose (GlcNAc)3 (PDB code 1T0W)151 involves a network of six H-bonds (with

residues Glu1, Ser19, and Tyr30) and two strong stacking interactions with residues Trp21 and Trp23 (Figure 9a).

A similar network of H-bonds and stacking interactions was observed in the interaction of the hevein domains of the

U. dioica isolectin VI with N,N0,N0 0-triacetylchitotriose (PDB code 1EEH).152

Jacalin and jacalin-related lectins offer an interesting example of how the shape and size of the carbohydrate-

binding site can affect the binding of complex glycans. Basically, the carbohydrate-binding site of Man-specific

jacalin-related lectins (Calsepa, Heltuba, MornigaM) consists of three loops L1, L2, and L3 containing two conserved

Gly (L1) and Asp (L3) residues and two other variable residues (Asp136 and Val137 in Heltuba) that also belong to

loop L3 (Figure 10a). In jacalin or MPA, a proteolytic processing eliminates the L1 loop and creates a Gly1-NH2

residue at the N-terminus of the a-chain. The crescent-shaped carbohydrate-binding cavity located at the top of the

Man-specific jacalin-related lectin protomers is widened at both extremities so that large oligosaccharide chains are

allowed (Figure 10c). Loop 2 that forms the roof of the carbohydrate-binding cavity has been suggested to play a key

role in the specific binding of complex carbohydrates to jacalin-related lectins.152 A careful examination of the

available X-ray-solved jacalin-related lectins in complex with various oligosaccharides partly supports this assumption.

Upon binding to the carbohydrate-binding cavity, complex oligosaccharides usually anchor to the monosaccharide

binding site by a terminal sugar unit, whereas the remaining of the oligosaccharide chain binds to one or another side

of the crescent-shaped carbohydrate-binding cavity. As shown for the binding of Man(a1-2)Man andMan(a1-3)Man to

Heltuba, Asp136Od1 of loop 3 creates a few H-bonds with the sugar residues (a1-3)-linked to the terminal sugar

anchored in the monosaccharide-binding site of the lectins (Figure 10d). The interaction of the Tn antigen [GalNAc

(a1-O)Ser/Thr] with Gal-specific jacalin-related lectins (jacalin, MPA) confirms the importance of the size and shape

of the carbohydrate-binding cavity for the specific binding of complex saccharides. Whereas jacalin and MPA

specifically accommodate the Tn antigen, docking experiments of the Tn antigen into the carbohydrate-binding

cavity of MornigaM revealed a steric clash between the Ser moiety and the side chain of an Lys106 residue located at

the C-terminus of loop 2. This bulky Lys residue blocks the cavity at one extremity and thus prevents the binding of

the Tn antigen and, presumably, of oligosaccharides in which GalNAc occurs in terminal, nonreducing position

(Figure 10d). This shortening of the carbohydrate-binding cavity has no equivalent in other X-ray solved jacalin-

related lectins. However, the carbohydrate-binding cavity of MornigaM still remains largely open at the opposite

extremity that should allow saccharides with a 3-substituted GalNAc at the reducing site to interact with the lectin.

Structural analysis yielded a wealth of information about the presence and structure of extended sugar-binding sites

and provided a molecular basis for the marked differences in carbohydrate-binding specificity within the legume

lectin family. For example, the Lathyrus ochrus seed lectin LoLII (as well as many other Man/Glc-specific

legume lectins from the Viciae tribe) strongly interacts with N-acetyllactosamine-type glycans with a Fuc residue

(a1-6)-linked to the Asn-bound GlcNAc.153 ConA, which is also a Man/Glc-specific legume lectin, binds the same
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N-acetyllactosamine-type glycans but does not distinguish between fucosylated and unfucosylated forms.154 X-ray

diffraction analysis of LoLII complexed with an N2 glycopeptide (18kDa) from human lactotransferrin (PDB code

1LGB) and a fucosylated biantennary glycopeptide (2.1kDa) from lactotransferrin (PDB code 1LGC)155 revealed the

molecular mechanism of a lectin–complex glycan interaction. The (a1-3)-linkedMan residue of the trimannoside core

of the glycan binds to the monosaccharide-binding pocket of LoLII by a network of H-bonds similar to that anchoring

Man to the carbohydrate-binding pocket of LoLI (PDB code 1LOE) (Figures 11a and 11b). Other sugar residues

forming the two antennas of the glycan create additional H-bonds with different residues at subsites located in the

vicinity of the monosaccharide-binding pocket (Figures 11c and 11d). Some of these H-bonds are mediated by water

molecules present at the surface of the isolectin. The Fuc residue (a1-6)-linked to the Asn-bound GlcNAc (that

anchors the N-glycan to an Asn residue of the peptide N2) also interact with the lectin by three H-bonds and a

hydrophobic stacking interaction, that account for the strong affinity of fucosylated N-glycans toward LoLII.

Specificity studies indicated that lectins with GNA domains also exhibit a much higher affinity for oligomannosides

than for Man itself and, in addition, revealed marked differences in fine specificity toward complex glycans. X-ray

diffraction analysis of GNA complexed with the convential mannopentaose Man(a1-3){Man(a1-3)[Man(a1-6)]Man

(a1-6)}Man as methyl a-glycoside (PDB code 1JPC)156 (Figures 11e and 11f) yielded detailed structural information

about the extended binding site. The trimannoside core of mannopentaose binds to an extended binding region with

the central Man occupying the monosaccharide-binding pocket while the terminal Man binds to subsites through

additional H-bonds with amino acid residues located in the vicinity of the pocket.

No data have been reported yet on the possible presence and structure of extended site(s) in ricin-B domains.

Though the occurrence of extended sites cannot be precluded, the results of specificity studies indicate that the ricin-

B is more than any other plant lectin domain directed against mono- or disaccharides.
3.26.5 Function of Plant Lectins

At present, there is still no consensus about the exact role of most plant lectins. Moreover, recent advances in the

biochemistry, physiology, and molecular biology/evolution of different lectin families combined with data generated

from genome/transcriptome/proteome analyses urged to thoroughly refine and/or revise some previously proposed

functions and to develop completely novel concepts. Based on the recent identification of several inducible cytoplas-

mic/nuclear carbohydrate-binding proteins, it has been proposed that a clear distinction must be made between lectins

that interact with glycans outside the plant cell and lectins that interact – or at least can interact – with endogenous

glycan receptors within the cytoplasmic/nuclear compartment of the plant cell.4,5 It is evident that depending on the

self/nonself nature of the receptor glycan(s), completely different functions must be attributed to the lectins. To put

the apparent functional differences in a proper perspective, a clear distinction is made here between lectins that are

destined to interact with foreign glycans and lectins that (presumably) bind to endogenous glycoconjugates.
3.26.5.1 Classical Concepts

3.26.5.1.1 Role of lectins interacting with foreign glycans
Though already in the earliest days of lectin research scientists most probably wondered why some plants accumulate

proteins that agglutinate animal cells, little attention was given to functional aspects until it turned out that plant

lectins are carbohydrate-binding proteins. Once this unique biological activity was recognized, the quest for the

physiological role became a central issue in plant lectin research and ran through it as a continuous thread for the last

four decades. Since there was no clear link between the presence/absence of lectins and a well-defined activity/

character/phenotype of the plant, and no simple experiments could be designed (because of the lack of insight in the

molecular basis of lectin–carbohydrate interactions) to directly assess the role of lectins in the plant, the first attempts

to explain the presence of sugar-binding proteins were merely speculative. Thoughmost of the formulated hypotheses

could at least conceptually be reconciled with the paradigms prevailing at the time, it soon became evident that

elaborated multidisciplinary studies of preferably a large number of different plant lectins were a prerequisite to

prove/disprove the proposed role(s) and possibly develop novel concepts. Accordingly, intensive efforts were under-

taken during the next decades to corroborate different typical plant-related aspects of lectins like the temporal and

spatial regulation of their expression, biosynthesis/processing and topogenesis, taxonomic distribution and molecular

evolution. In addition, concomitantly with the progress made in structural analyses and the elucidation of the molecular

basis of lectin–carbohydrate interactions, increasing attention was given to the identification of the ‘natural’ target

glycans of the different types of plant lectins. For this purpose, detailed studies were made of the interactions between
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(isolated) plant lectins and foreign organisms. Initially, nitrogen-fixing bacteria of the genus Rhizobium (that colonize the

root nodules of legumes) and, to a lesser extent, some other bacteria and fungi served as model organisms,157 but in a

later phase they were progressively replaced by phytophagous insects and herbivorous higher animals.19,158,159

3.26.5.1.2 Role in nitrogen storage, defense, and recognition of foreign organisms
For both historical and practical reasons, the search for the physiological role was for a long time focused on a rather

small number of plant lectins that are present in reasonable to (very) high concentrations in seeds or vegetative tissues.

Irrespective of the physiological relevance of this biased choice, the studies with abundant carbohydrate-binding

proteins provided a wealth of information that eventually helped to develop a set of well-defined concepts about the

role of at least some plant lectins.7,9,19,160

Abundant or readily detectable lectins are fairly widespread but are certainly not ubiquitous in plants. Moreover,

when seen on a global scale, the documented taxonomic distribution exhibits a ‘patchy’ character. This observation is

of paramount interest because it demonstrates that most plant lectins are not essential for normal growth, develop-

ment, and defense, and hence are ‘accessory’ or ‘luxury’ proteins. The latter concept is further supported by the high

expression levels of most lectins, which in general represent 0.1–10% of the total protein. It is not only difficult to

ascribe a specific endogenous role to abundant lectins, but it is even more difficult to explain such a role in terms of

their carbohydrate-binding activity.19 Analyses of the spatiotemporal expression patterns and biosynthesis/topogen-

esis provided additional indirect indications against a specific endogenous role. Apart from a few exceptions, plant

lectins accumulate in a developmentally regulated manner independent of external factors. This rigidly prepro-

grammed expression implies that the lectins are not part of a response of the plant to an environmental stimulus. The

majority of all lectins is synthesized on the ER and follows the secretory pathway. Some lectins eventually end up in

the extracellular space but most of them are targeted into the vacuolar compartment or specialized organelles derived

thereof (e.g., storage protein vacuoles). In principle, lectins can interact with glycoproteins or other glycoconjugates

either residing in the lumen or exposed on the luminal side of the membrane. However, no conclusive evidence has

been reported yet that such interactions take place in situ. Most lectins simply do not have the right specificity to bind

endogenous glycans, and lectins that are in principle capable of interacting with plant glycans are usually synthesized

as inactive precursors that become activated only after sequestration in specialized organelles. The obvious lack of

complementarity between the sugar-binding specificity of most plant lectins and the structure of the carbohydrates

present in nonspecific glycoconjugates is a major argument against a specific endogenous role. Most plant lectins,

irrespective of the family to which they belong, exhibit a clear preference for foreign over plant-specific glycans.160

It is striking, indeed, that many lectins bind exclusively to complex animal N- and O-glycans, and that some

typical animal glycans are recognized by different structurally unrelated plant lectins. For example, lectins recognizing

the T antigen disaccharide were identified in the amaranthin (e.g., amaranthin), jacalin-related lectin (e.g., jacalin),

legume lectin (e.g., peanut seed lectin), and ricin-B family (e.g., abrin).161 The concept that the specificity of most

plant lectins is primarily directed against foreign glycans is not exclusively based on the results of in vitro specificity

studies with purified lectins and carbohydrates/glycoproteins but is also evidenced by the detrimental effects caused

by some plant lectins on foreign organisms.162–164 Some chitin-binding lectins definitely affect the growth and

development of fungi. However, the antifungal (and possibly antibacterial) activity of lectins other than those

possessing a domain with genuine antifungal activity (like class I chitinases) is relatively weak, especially when

compared to true antifungal/antimicrobial plant proteins (e.g., defensins, thionins). In contrast, many plant lectins are

moderately to highly toxic for insects and higher animals.165–168 Since apart from the type-2 RIPs, which owe their

toxicity primarily to the presence of a PAG domain, the detrimental effects of these lectins are exclusively determined

by their carbohydrate-binding domain(s), it is evident that there must be an intimate link between toxicity and the

capability to recognize and bind animal or insect glycans. It is not a coincidence that insecticidal lectins specifically

recognize either high-mannose-type N-glycans or O-linked Tand Tn antigen structures, whereas lectins that are toxic

for higher animals exhibit a clear preference for complex-type N-glycans and complex O-glycans.

Starting from these observations, the concept was gradually developed that most plant lectins, and especially the

abundant ones, are not involved in specific recognition phenomena in the plant cell itself but are a special class of

aspecific defense proteins that help the plant to cope with attacks by phytophagous invertebrates and/or herbivorous

animals. To explain the fairly widespread occurrence of very abundant lectins in seeds as well as in different storage

organs, it is suggested that they combine a defense-related role with a function as a storage protein. The basic idea is

that some plants accumulate large quantities of lectins normally acting as storage proteins that, whenever appropriate,

can also be recruited for defense purposes.19,160

Evidently, the concept of lectins as defense- and/or storage-related proteins cannot be extrapolated to all plant

lectins. Low-expressed lectins cannot be considered storage proteins and probably do not offer protection against
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potential parasites or predators. So the question remains why plants synthesize such lectins. Possibly, they are involved

in recognition of foreign organisms. One can imagine that binding of plant lectins to the surface of, for example,

microbes or microparasites elicits a reaction or alters their behavior. Alternatively, the observed low lectin level might

just be the result of a strongly reduced expression in some species, varieties, or even individuals. Some recently made

observations (e.g., the occurrence in a wild population of G. hederacea of individual clones with very high and very low

lectin levels) clearly point into this direction.61
3.26.5.2 Novel Concepts

Irrespective of the exact role of the above-mentioned plant lectins, their obvious involvement in recognition of foreign

glycans implies that they are functionally well different from animal lectins. Extensive studies with numerous model

systems provided ample evidence, indeed, that most animal lectins recognize endogenous glycoconjugates and

accordingly are involved in specific recognition processes within the organism itself.5 Depending on their location

(extracellular, surface exposed, or intracellular), animal lectins mediate either cell–cell interactions or intracellular

protein–glycoconjugate interactions. Lectin-mediated protein–carbohydrate interactions definitely play an essential

role in all vital processes of animal cells and organisms. Taking into consideration the high degree of functional

homology between plants and animals at the genetic, biochemical, and cellular levels, one does not a priori expect

major differences at the ‘glycobiology’ level. Accordingly, it is conceptually difficult to imagine that no essential lectin-

mediated protein–carbohydrate interactions take place in plant cells.

To readdress the question of the possible occurrence in plants of lectins with a specific endogenous role, a novel

approach was followed. Starting from theoretical considerations based on the achievements in the field of animal lectin

research, a set of criteria were defined for a protein to be a candidate plant lectin with a specific endogenous role.

Thereby, it was assumed that such lectins (1) are probably present in small quantities; (2) are synthesized in response

to specific exogenous or endogenous stimuli (like biotic/abiotic stress and/or plant hormones) rather than in a

constitutive or strictly developmentally regulated fashion; (3) are located in the cytoplasmic and/or nuclear compart-

ment (because in plant cells, physiologically relevant protein–carbohydrate interactions are likely to be confined to the

cytoplasm and the nucleus); and (4) preferentially interact with endogenous plant glycans. Once the criteria were set,

potential candidates were retrieved through a comprehensive screening of the databases.

3.26.5.2.1 Identification of low-expressed cytoplasmic/nuclear plant lectins
The first identified likely candidate is a Man-specific jacalin-related lectin from rice (called Orysata). Orysata

(encoded by a salt-inducible gene called SalT ) is absent from untreated plants but is rapidly expressed in roots and

sheaths (but not in the leaf lamina) upon exposure of whole plants to salt or drought stress, or jasmonic acid and

abscisic acid.169–172 The lectin is also expressed in excised leaves after infection with an incompatible Magnaporthe

grisea race and during senescence.173 Irrespective of the inducing agent, the lectin level remains very low. Orysata has

not been localized yet but it is synthesized without signal peptide on free ribosomes and on the analogy of other Man-

specific jacalin-related lectins with a known location probably remains in the cytoplasmic/nuclear compartment.

A second likely candidate plant lectin with a specific endogenous role is the jasmonate-induced tobacco

(N. tabacum) agglutinin (called Nictaba).31 Nictaba is absent from normal (untreated) tobacco plants but is rapidly

expressed in the leaves upon exposure to jasmonic acid and its derivatives. The tobacco lectin is located in the nucleus

and the cytoplasm, and shares a reasonable sequence similarity with the Cucurbitaceae phloem lectins but is definitely

not expressed in the vascular tissues. Though originally described as a lectin with an exclusive specificity toward

oligomers of GlcNAc, recent specificity studies demonstrated that Nictaba has a higher affinity for high-mannose-type

N-glycans.174

Besides Orysata andNictaba, a putative third group of plant lectins with a specific endogenous role was identified by

plant transcriptome analysis. A few (six in total) ESTs from Z. mays, T. aestivum, andM. truncatula have been deposited

that encode cytoplasmic homologs of the vacuolar storage/defense-related GNA-like lectins.4 The corresponding

proteins have not been identified yet but according to molecular modeling studies most probably possess sugar-

binding activity.

3.26.5.2.2 Cytoplasmic/nuclear plant lectins are ubiquitous among plants
After suitable candidates were identified, the possible occurrence in other plants of orthologs/homologs or proteins

with equivalent domain(s) was checked. The rationale behind this approach was that a lectin with a specific

endogenous role is not confined to a single species or a small taxonomic group but is most likely widespread or

even ubiquitous among plants.



592 Plant Lectins
Proteins and genes comprising domain(s) equivalent to Orysata are apparently widespread. Genuine (jasmonate-

inducible) orthologs of Orysata were identified in several other Gramineae species as well as in H. tuberosus175 and

Ipomoea batatas.176 Moreover, according to transcriptome analysis, all higher plants (Tracheophyta) studied thus far

apparently express (low levels of) one or more of these lectins. The genome of A. thaliana contains an extended family

of genes encoding proteins with a single or multiple jacalin domains. One of these proteins (RTM1) is involved in the

restriction of long-distance movement of tobacco etch virus, whereas others correspond to wounding/jasmonate-

induced myrosinase-binding proteins (MBPs).177,178 Within the family Gramineae, several inducible stress/defense-

related proteins were identified in which a jacalin domain is fused to an unrelated domain. In wheat, two homologous

proteins consisting of an N-terminal domain equivalent to the dirigent proteins linked to a C-terminal jacalin domain

were identified. One of these proteins (HFR-1) is induced in leaves upon infestation with larvae of an avirulent

biotype of the Hessian fly, whereas the other (called VER2) is specifically expressed during vernalization.51,55 A

structurally similar protein occurs also in maize where it is known as a b-glucosidase-aggregating factor (BGAF).53,179

Though still fragmentary, the available information strongly indicates that the jacalin domain is widespread – if not

ubiquitous – in plants.

Apart from the tobacco lectin and the Cucurbitaceae phloem lectins, no proteins were isolated yet with a functional

Nictaba domain.31 However, as was already demonstrated in a paper describing the ‘‘diversity of the superfamily of

phloem lectins in angiosperms,’’ genes comprising a Nictaba domain are widespread in plants.32 Analysis of transcrip-

tome data indicated that orthologs/homologs of Nictaba are expressed in virtually all species for which a reasonable

number of sequences have been deposited. In the genome of A. thaliana, a set of genes with a putative Nictaba domain

was identified. Some of these genes encode Nictaba-like proteins but most of the putative gene products are chimeric

proteins comprising a C-terminal Nictaba domain linked to an unrelated N-terminal domain (being an F-box, TIR

class, or AIG1-domain). Though there is little information about the occurrence of orthologs/homologs of the

Arabidopsis genes in other species, expressed F-box/Nictaba-type chimeric proteins are apparently present in the

transcriptome of virtually all plants. Therefore, one can reasonably assume that the Nictaba domain is widespread – if

not ubiquitous – in plants.
3.26.5.2.3 Cytoplasmic/nuclear plant lectins bind endogenous receptor glycoconjugates
The apparent omnipresence supports the idea that proteins with jacalin and Nictaba domains are good candidate

lectins with a specific endogenous function. However, it still remains to be demonstrated that these lectins are capable

of interacting in situ with endogenous glycans. It is evident that such interactions can only take place if the lectins

can make physical contact with glycoconjugates that (1) are located in the same cell compartment and (2) carry

carbohydrates fitting the binding site(s) of the lectins. Specificity studies with Orysata indicated that this cytoplasmic

jacalin-related lectin has a relatively poor affinity for monosaccharides (in casuMan) but binds strongly to oligomanno-

sides and high-mannose-type N-glycans.170 Nictaba does not bind any monosaccharide but reacts well with GlcNAc

oligomers, and apparently exhibits the highest affinity for high-mannose-type N-glycans.174 The apparent preference

of both Orysata andNictaba for high-mannose-type N-glycans indicates that N-glycosylated glycoproteins are the most

likely glycan receptors for these lectins. At present, the possible occurrence in the cytoplasmic/nuclear compartment

of glycoproteins with N-linked glycans is still controversial.

Irrespective of the exact nature of the receptor glycans, conclusive evidence was obtained for both in vitro and in situ

interactions between Nictaba and nuclear/cytoplasmic tobacco proteins. Far Western blots clearly demonstrated that

Nictaba reacts in a GlcNAc oligomer-inhibitable manner, with many proteins present in a crude extract from purified

nuclei. Experiments with transiently and stably transformed tobacco BY-2 cells further indicated that a fusion protein

with green fluorescent protein (GFP) and Nictaba (GFP–Nictaba) is not randomly distributed over the cytoplasmic/

nuclear compartment but is associated with the cytoplasm-exposed surface of many subcellular structures. Therefore,

one can reasonably assume that Nictaba interacts through its carbohydrate-binding activity with endogenous glycopro-

tein receptors in the cytoplasmic/nuclear compartment.174
3.26.5.2.4 Role of lectins in signaling
The demonstration that lectin–carbohydrate interactions take place in the cytoplasmic/nuclear compartment strongly

argues for a specific endogenous role of these lectins but gives no information with respect to the impact of the
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observed interactions on the plant cell. The question remains, indeed, how the interaction between the lectins and

their natural receptors affects or regulates basic processes in the plant cell. In the absence of experimental evidence,

one can only speculate about possible working mechanisms.

For Nictaba, it was proposed that the lectin is somehow involved in the regulation of stress-associated gene

expression through modulation of O-linked GlcNAc-dependent cell signaling.31 Thereby, it was suggested that

binding of Nictaba to O-linked GlcNAc might directly affect the activity and/or stability of regulatory proteins, protein

kinases, or receptors in the cytoplasm and/or nucleus. Alternatively, the lectin might oligomerize monomeric proteins

into activated dimers or oligomers or modulate the transport of proteins and RNA between the cytoplasmic and

nuclear compartment. Since these hypotheses were developed on the assumption that the specificity of Nictaba is

primarily directed against GlcNAc oligomers, an update/extension is required in view of the obvious preference of the

lectin for high-mannose-type N-glycans.

Due to the lack of information about the presence and a fortiori identity of cytoplasmic/nuclear N-glycosylated

proteins, completely novel concepts have to be developed to explain how the interaction of these proteins

with endogenous glycans generates a specific signal or elicits a specific reaction. Binding of lectins to soluble

N-glycosylated regulatory proteins, protein kinases, or undefined receptors can have a direct effect on the stability

or activity of these compounds. Alternatively, the lectins can promote oligomerization of inactive monomers into

active oligomers. This reasoning does not apply to the N-glycosylated proteins located in membranes, which according

to the in situ localization studies with GFP–Nictaba are far more abundant than their soluble counterparts. Possibly,

binding of a lectin to these membrane glycoproteins causes a cascade of events triggering a well-defined cellular

reaction. The only problem is that the direction in which the signal is transduced is opposite from classical signaling

cascades.

Lectin-mediated protein–carbohydrate interactions are not necessarily confined to signal transduction and regu-

latory mechanisms but might also take part in the formation of lectin–glycoconjugate complexes with a structural role.

In principle, lectins can not only cross-link soluble glycoproteins but also fix soluble glycoproteins to glycoproteins

embedded in membranes or even cross-link organelles (through the formation of multiple lectin bridges). Moreover,

in those cases where a lectin domain is fused to an unrelated domain, covalent links can be established between

glycoproteins and other cellular compounds. Though not documented yet in plants, an example has been described in

Dictyostelium discoideum, where a protein consisting of an N-terminal lectin domain similar to GNA and a C-terminal

actin-binding domain cross-links Golgi vesicles to the cytoskeleton.180
3.26.6 Linking Molecular and Functional Evolution of Plant Lectins

The distinction between lectins with a storage-/defense-related role and lectins with a specific endogenous function

reflects a major functional difference but is definitely not correlated with the classification of plant lectins in families

of structurally and evolutionary related proteins. All three groups of lectins with a presumed specific endogenous role

could readily be classified, indeed, into one of the previously described lectin families. However, a closer examination

of the overall structure of the genes revealed some striking differences, which eventually allowed us to explain the

functional specialization of the lectins in terms of molecular evolution of the corresponding gene family. Alignments of

the amino acid sequences of the primary translation products clearly show that the lectins with a presumed endoge-

nous role have a more simple structure than their storage/defense-related counterparts from the same family. Within

the family of the GNA-related lectins, the cytoplasmic and vacuolar forms differ by the absence/presence of a signal

peptide and a C-terminal propeptide. Similarly, cytoplasmic and vacuolar jacalin-related lectins differ by the absence/

presence of a signal peptide, an N-terminal propeptide, and a linker tetrapeptide.5 The situation is less clear for

Nictaba because the family of Cucurbitaceae phloem lectins does not comprise any vacuolar form. However, in

comparison to the genuine phloem lectins, Nictaba and its orthologs lack both the N-terminal sequence and the

cysteine-rich C-terminus.31

The most reasonable explanation for the differences in the overall structure of the genes is that the (more complex)

storage/defense-related lectins evolved from less complex cytoplasmic forms.4,5 This conclusion in turn suggests that

plants developed or acquired carbohydrate-binding domains that were originally involved in endogenous cellular

processes and only in a later stage served as templates for the development of lectins with a storage- and/or defense-

related role.
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Glossary

chimeric protein Protein consisting of two or more structurally different domains that also occur separately or in other

combinations.

GNA-related lectin Lectin related to mannose-binding Galanthus nivalis (snowdrop) agglutinin.
legume lectin Lectin with sequence similarity to classical legume lectins from Fabaceae species.

protomer The whole of the final processing product(s) of the primary translation products encoded by the lectin mRNAs.

b-sandwich A sandwich-like structure built up of two b-sheets packed face to face against each other.

b-prism A prism-like structure built up of three b-sheets arranged like the three faces of a triangular prism.

b-trefoil A trefoil-like structure formed by b-sheets.
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72. Singh, T.; Wu, J. H.; Peumans, W. J.; Rougé, P.; Van Damme, E. J. M.; Alvarez, R. A.; Blixt, O.; Wu, A. M. Biochem. J. 2006, 393, 331–341.

73. Moreno, J.; Chrispeels, M. J. Proc. Natl. Acad. Sci. USA 1989, 86, 7885–7889.

74. Osborn, T. C.; Alexander, D. C.; Sun, S. S. M.; Cardona, C.; Bliss, F. A. Science 1988, 240, 207–210.

75. Mirkov, T. E.; Wahlstrom, J. M.; Hagiwara, K.; Finardi-Filho, F.; Kjemtrup, S.; Chrispeels, M. J. Plant Mol. Biol. 1994, 26, 1103–1113.
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79. Navarro-Gochicoa, M. T.; Camut, S.; Timmers, A. C.; Niebel, A.; Hervé, C.; Boutet, E.; Bono, J. J.; Imberty, A.; Cullimore, J. V. Plant Physiol.

2003, 133, 1893–1910.

80. Zuo, K.; Zhao, J.; Wang, J.; Sun, X.; Tang, K. DNA Seq. 2004, 15, 58–65.

81. Van Damme, E. J. M.; Smeets, K.; Peumans, W. J. The mannose-binding monocot lectins and their genes. In Lectins: Biomedical Perspectives;

Pusztai, A., Bardocz, S., Eds.; Taylor and Francis: London, 1995; pp. 59–80.

82. Parret, A. H.; Schoofs, G.; Proost, P.; De Mot, R. J. Bacteriol. 2003, 185, 897–908.

83. Parret, A. H.; Temmerman, K.; De Mot, R. Appl. Environ. Microbiol. 2005, 71, 5197–5207.

84. Tsutsui, S.; Tasumi, S.; Suetake, H.; Suzuki, Y. J. Biol. Chem. 2003, 278, 20882–20889.

85. Van Damme, E. J. M.; Allen, A. K.; Peumans, W. J. FEBS Lett. 1987, 215, 140–144.

86. Van Damme, E. J. M.; Kaku, H.; Perini, F.; Goldstein, I. J.; Peeters, B.; Yagi, F.; Decock, B.; Peumans, W. J. Eur. J. Biochem. 1991, 202, 23–30.

87. Hester, G.; Kaku, H.; Goldstein, I. J.; Wright, C. S. Nature Struct. Biol. 1995, 2, 472–479.

88. Yagi, F.; Hidaka, M.; Minami, Y.; Tadera, K. Plant Cell Physiol. 1996, 37, 1007–1012.

89. Neuteboom, L. W.; Kunimitsu, W. Y.; Webb, D.; Christopher, D. A. Plant Sci. 2002, 163, 1021–1035.

90. Kai, G.; Zhao, L.; Zheng, J.; Zhang, L.; Miao, Z.; Sun, X.; Tang, K. J. Biosci. 2004, 29, 399–407.
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150. Barre, A.; Peumans, W. J.; Rossignol, M.; Borderies, G.; Culerrier, R.; Van Damme, E. J. M.; Rougé, P. Biochimie 2004, 86, 685–691.
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167. Rahbé, Y.; Sauvion, N.; Febvay, G.; Peumans, W. J.; Gatehouse, A. M. R. Entomol. Exp. Appl. 1995, 76, 143–155.

168. Murdock, L. L.; Shade, R. E. J. Agric. Food Chem. 2002, 50, 6605–6611.

169. Claes, B.; Dekeyser, R.; Villarroel, R.; Van den Bulcke, M.; Bauw, G.; Van Montagu, M.; Caplan, A. Plant Cell 1990, 2, 19–27.

http://www.ncbi.nlm.nih.gov
http://www.sanger.ac.uk


Plant Lectins 597
170. Zhang, W.; Peumans, W. J.; Barre, A.; Houlès-Astoul, C.; Rovira, P.; Rougé, P.; Proost, P.; Truffa-Bachi, P.; Jalali, A. A. H.; Van Damme, E. J. M.
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3.27.1 Introduction and Scope

Mushrooms and related fungi are rich sources of lectins exhibiting novel carbohydrate-binding properties. Several

reviews and surveys have appeared, most of which report results of hemagglutination studies with a variety of animal

cells.1–3 Some of these studies provide clues as to the carbohydrate-binding specificity of these lectins that make them

good targets for further investigation. Another recently published survey of several mostly edible mushrooms

implicates lectins as probable insecticidal components of a number of those mushrooms.4 Lectins from Agrocybe

cylindracea have attracted recent interest. Two separate laboratories have isolated distinct, but probably related, lectins

from this edible species, one of which had apparent specificity for (a2-3)-linked sialylated glycans,5,6 in contrast to the

Polyporus squamosus lectin isolated (see Section 3.27.2.1.3) that has high specificity for (a2-6)-linked sialic acid. The

other7 was distinct in being a heterodimer exhibiting potent mitogenic activity for mouse splenocytes, and also bound
601
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sialic acid but was less well characterized in this regard. A recently isolated lectin from the culinary species Pleurotus

cornucopiae has been cloned, sequenced, and expressed in Escherichia coli.8 Its amino acid sequence showed extensive

similarity with a lectin from the nematode-trapping fungus Arthrobotrys oligospora, as well as with Agaricus bisporus

lectin,9 suggesting that such species all might have nematodicidal activity. Another species of Pleurotus, P. eous

(P. djamor), has been found to possess a lectin exhibiting antiproliferative activity on human tumor cell lines.10 Very

recently, a novel lectin was isolated from the mycelia of a nonfruiting plant pathogenic fungus, Rhizopus stolonifer. It is

specific for (a1-6)-linked L-fucose present in N-linked glycan.11 No previously characterized fucose-binding lectin has

such specificity.

This chapter will not be a compendium of all reported fungal lectins, whose list is far too long, and would include

many lectin activities that are only partially characterized. Rather, it will highlight a select group of those lectins

for which there are substantial structural and carbohydrate-binding properties that make them potentially useful for

biomedical and glycobiological applications.

Lectins have traditionally been classified into groups or families primarily based on their general carbohydrate

specificity, for example, mannose, glucose/mannnose, galactose/N-acetylgalactosamine, N-acetylglucosamine, sialic

acid, fucose, or disaccharide (complex) specificity. This general specificity is defined by the simple sugars, if any, that

inhibit the agglutinating activity of the lectin. Sources of lectins have provided an alternative to, or subdivision of, this

functional classification. As this chapter shows, focusing on a general source (i.e., mushrooms) or on general carbohy-

drate specificity provides little predictive value as to the primary or higher-order structure of the lectin, or of the

detailed structure of carbohydrate-binding sites. For example, within the grouping of mushroom lectins having

general specificity for galactose/N-acetylgalactosamine, a number of distinct and unrelated structural motifs are

found. Surprisingly, the structures of these lectins often are homologous with proteins of very different sources and/

or functions, whereas they may lack homology with other mushroom lectins of similar specificity (Chapter 3.21).

Because of such observations, the first sections of this review of mushroom lectins are organized by recently delineated

structural families, describing the lectins that have been assigned to such a family. In a following section, some

mushroom lectins that have been extensively studied, but for which structural information is insufficient to assign

them to a specific family, are considered. Table 1 lists mushroom lectins for which there is at least a tentative

assignment of structural family association, based on X-ray crystallographic data, and/or homology of primary amino

acid sequence. In the ensuing discussion, the families are considered in the order they are tabulated.
3.27.2 Structural Families of Mushroom Lectins

3.27.2.1 Ricin Family

3.27.2.1.1 Laetiporus sulfureus (Polyporaceae)
A lectin (LSL) that exhibits both agglutinating and hemolytic activity was first isolated from this species (affinity

chromatography on Sepharose) and characterized by Konska and his colleagues.12 It was reported to be a heterote-

tramer (A2B2) consisting of subunits of molecular masses 60 and 36kDa. N-Acetyllactosamine, followed by lactose,

were determined to be the best inhibitors of the lectin’s activity.12 However, Tateno and Goldstein13 found by SDS-

PAGE that when prepared in the presence of ethylenediaminetetraacetic acid (EDTA) and protease inhibitor, LSL is

a tetramer composed solely of 35kDa noncovalently linked subunits.

From a cDNA library, three similar full-length cDNAs, termed LSLa, b and c, were generated, each of which had

an open reading frame of 945 bp encoding 315 amino acid residues. These proteins share 80–90% sequence identity

and showed structural similarity to bacterial toxins including mosquitocidal toxin (MTX2) from Bacillus sphaericus and

a-toxin from Clostridium septicum. Native and recombinant forms of LSL showed similar hemagglutination and

hemolytic activity and both activities were inhibited by N-acetyllactosamine, whereas a C-terminal deletion mutant

of LSLa (LSLa-D1, containing residues 1–187 from its N-terminus) retained hemagglutinating but not hemolytic

activity.13 This result indicated that the N-terminal domain is the carbohydrate recognition domain, and the

C-terminal domain possesses hemolytic activity. Inhibition studies showed that lacto-N-neo-tetraose [Gal(b1-4)
GlcNAc(b1-3)Gal(b1-4)Glc] was the best inhibitor of both the native LSL and its recombinant LSLa and

LSLb forms.

The crystal structure ofLSL complexedwith lactose andN-acetyllactosamine was determined at a resolution of 2.6Å.

It revealed that LSL crystallizes as a hexamer, as was confirmed by analytical ultracentrifugation.14,15 The monomeric

protein (35kDa) consists of two distinct modules: an N-terminal lectin module (residues 3–150) and a pore-forming

module (residues 151–314) (Figure 1). The N-terminal lectin module is formed by a six-stranded antiparallel b-barrel



Table 1 Structural families and specificities of mushroom lectins for which structural families have been identified by X-ray

crystal structure and/or primary structure homology

Source Family Specificity Resolution (Å) References

Laetiporus sulphureus Ricin Lactose/LacNAc 2.6 14,15

Marasmius oreades (r)a Ricin Gal(a1-3)Gal 3.0 25

Polyporus squamosus Ricin Sialyl(a2-6)-N-glycan n.d.b 27

Schizophyllum commune Ricinc Lactose 3.8 30

Agaricus bisporus XCL Gal(b1-3)GalNAc 2.2 42,43

Xerocomus chr ysenteron (Boletus) XCL GalNAc 1.4 46

Aleuria aurantia b -Propellor Fucose 2.24 56–58

Pleurotus ostreatus b -Propellorc Fuc(a1-2)Gal 4.1 65

Flammulina velutipes FIPs Complex 1.7 74,77

Ganoderma lucidum FIPs Complex n.d. 72,73

Coprinus cinereus (r) Galectin Galactose 1.6 79

Agrocybe aegerita (r) Galectin Lactose 1.6 86

Grifola frondosa Jacalinb Complex n.d. 82

aData from recombinant lectin.
bn.d. Sequence data only available.
cTentative assignment, with limited X-ray structural data.
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capped on one end by three two-stranded hairpins. The lectin module has a b-trefoil scaffold that bears structural

similarities to those present in toxins known to interact with galactose-terminated oligosaccharides such as the

hemagglutinin component of the progenitor toxins from Clostridium botulinum , abrin, and ricin (Figure 2). On the

other hand, the C-terminal pore-forming module (composed of domains 2 and 3; Figure 1) exhibits three-dimensional

structural resemblances with domains 3 and 4 of the b-pore-forming toxin aerolysin from the Gram-negative bacterium

Aeromonas hydrophilia and domains 2 and 3 of the e-toxin from Clostridium per frigens. This finding reveals the existence

of common structural features within the aerolysin-like family of toxins that could be directly involved in membrane

pore formation.

The X-ray crystal strucure of LSL complexed with lactose or LacNAc showed sugar binding at two sites (b and g) of
the possible three sites ( Figure 2c). Moreover, soaking experiments revealed significantly different sugar-binding

affinities between the two sites. The g-site binds lactose at its nonreducing galactosyl moiety.15 The aromatic ring of

Phe-139 makes van der Waals interactions with the plane formed by the C3–C6 carbon atoms of the galactosyl residue

in a similar fashion seen in other protein–carbohydrate complexes. The axial C4 hydroxyl group can form hydrogen

bonds to Ne of His-125 and with the carboxyl oxygen atoms of Asp-141. The C6 hydroxyl group hydrogen bonds to

Ne2 of Gln-142. Futhermore, the ring O5 coordinates a water molecule that in turn can form hydrogen bonds with the

carboxyl oxygen of Asn-132 and the ring Ne of His-133. The only interaction involving the glucose residue is that

observed between the C30 hydroxyl group and the NH1 and NH2 atoms of Arg-123.15

In addition to the  g-site of LSL, the b-site also binds LacNAc as revealed by overnight soaking experiments in the

presence of 0.1M LacNAc. In this second binding site, the aromatic ring of Tyr-91 and the side chains of Asp-93 and

Asn-94 play similar roles to those of Phe-139, Asp-141, and Gln-142 present in the g -motif, respectively. In this case,

however, the axial C4 hydroxyl group can form hydrogen bonds only with the carboxyl oxygen atoms of Asp-93, as

there is no amino acid residue equivalent to His-125 in the g-site.15
3.27.2.1.2 Marasmius oreades (Tricholomataceae)
Crude extracts of the mushroom M. oreades were first reported to exhibit human type B erythrocyte agglutinating

activity in 1951.16,17 A lectin (MOA) from this source was isolated by affinity chromatography on a matrix of

a-galactosyl–polyacrylamide gel by Horejsi and Kocourek,18 who reported it to be a heterodimeric protein of 50kDa

consisting of subunits of 33 and 23kDa. More recently, it was shown that by including protease inhibitors and EDTA

in the extraction medium to inhibit metalloprotease activity, a homogeneous preparation of a homodimer of 33kDa

subunits was obtained.19 The lectin strongly precipitated blood group B substance, was unreactive with

type A substance, and reacted weakly with type H substance. Carbohydrate-binding studies revealed high affinity

for Gal(a1-3)Gal (but not for the isomeric ( a1-2)-, (a1-4)-, or ( a1-6)-linked disaccharides), Gal(  a1-3)Gal(b1-4)GlcNAc/

Glc, and the L-fucose-containing branched type B trisaccharide. The lectin reacted strongly with murine laminin,
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by arrows and cylinders, respectively. The starting and ending sequence numbers for each secondary structural element

are given. The lectin module is represented in green and the pore-forming module in brown. Reproduced from Mancheno,
J. M.; Tateno, H.; Goldstein, I. J.; Martinez-Ripoll, M.; Hermoso, J. A. J. Biol. Chem. 2005, 280, 17251–17259, with

permission from ASBMB.
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bovine thyroglobulin, and porcine tissues and organs, all of which contain the linear type B trisaccharide epitope. The

presence of this trisaccharide, also known as the xenotransplantation epitope, in porcine organs and tissues prevents

their transplantation into humans due to the high circulating level of the anti-a-Gal antibody in humans and OldWorld

primates.20

Preparation of oligonucleotide primers based on sequences of peptide fragments generated by trypsin- and

endopeptidase-Asp-N digestion of the M. oreades lectin allowed cloning of the lectin gene.21 It was found that

MOA cDNA encodes a protein of 293 amino acids that contains a ricin domain (Figure 3). Recombinantly expressed

and purified MOA retained the specificity and affinity observed with the native protein.21 Site-directed mutagenesis

on the basis of alignment of MOA with the a, b, and g subdomains of the homologous lactose-binding sites of the

ricin B-chain revealed that the C-terminal deletion mutant was 12.5-fold less active than the wild-type MOA.22

The C-terminal deletion mutant having additional mutations Q46A and W138A was 12 500-fold less active than the
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wild-type lectin. On the basis of the these alterations of theMOA structure, it appears that both the C- and N-terminal

domains and the a- and g-subdomains of the lectin are required for the lectin’s full activity.22

Immobilization of MOA onto Sepharose 4B gave an affinity matrix that permitted isolation of glycoproteins

containing the porcine xenotransplantation or human type B epitopes.23 The immobilized lectin bound murine

laminin, bovine thyroglobulin, as well as a small fraction of human a-macroglobulin that contained the type B antigen

from individuals of type B blood type.23

When MOAwas injected into mice, it bound selectively to the surface carbohydrates of the glomerular endolethial

cells eliciting hematuria, proteinuria, and widespread microvascular injury.24 These observations suggest the possibil-

ity of using this system as a mouse model for research on human glomerular microangiopathic injury. MOA has been

co-crystallized with the linear blood group B trisaccharide [Gal(a1-3)Gal(b1-4)GlcNAc] and preliminary X-ray

crystallization studies reported at 3.0Å.25
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3.27.2.1.3 Polyporus squamosus (Polyporaceae)
A novel lectin (PSL) with unusual carbohydrate-binding properties was isolated from the fruiting body of the polypore

mushroom P. squamosus.26 Using a combination of affinity chromatography on b-D-galactosyl-Synsorb and ion

exchange chromatography on DEAE-Sephacel, two pure isolectins were prepared: a high-affinity and a low-affinity

lectin. Gel filtration, SDS gel electrophoresis, and N-terminal amino acid sequencing indicated that the high-affinity

lectin was composed of two identical 28kDa subunits associated by noncovalent bonds. It agglutinated human A, B,

and O, and rabbit erythrocytes. However, among many glycoproteins and polysaccharides tested, it precipitated only

with human a2-macroglobulin. Detailed carbohydrate-binding studies by a variety of techniques indicated that the

lectin possessed high-affinity, extended binding sites toward nonreducing terminal Neu5Ac(a2-6)Gal(b1-4)GlcNAc/

Glc-containing chains ofN-glycans. Lower-affinity binding to b-linked galactosyl groups (lactose,N-acetyllactosamine)

was also observed. Binding to neutral and acidic glycosphingolipids was assessed by their chromatography on silica

gel plates followed by staining with conjugated lectin. Gangliosides having terminal (a2-3)-linked sialic acid failed to

bind the lectin. Only lactosylceramide gave binding.26

cDNA cloning of the high-affinity PSL isolectin revealed that it contains a domain (QXW) at its N-terminus that is

composed of three homologous subdomains (a, b, and g), that resembles the ricin B chain.27 The recombinant lectin

was expressed in E. coli in a fully active form having carbohydrate-binding properties identical with the native lectin.

A monomeric C-terminal deletion mutant lacking 40% of the lectin’s molecular mass retained sugar-binding activity,

indicating that the carbohydrate-binding sites are situated in the N-terminal portion of the lectin, whereas the

C-terminus may function in oligomerization and structural stabilization. Mutant constructs with single alanine substitu-

tions in the putative sugar-binding sites, based on sequence alignment with the B-chain of ricin, indicate that the b- and
g-domains are most probably sugar-binding sites. Availability of the recombinantly expressed lectin makes this lectin a

valuable reagent for the detection of Neu5Ac(a2-6)Gal(b1-4)GlcNAc/Glc sequences in N-linked glycoproteins. The use

of PSL in evaluating the spatiotemporal expression patterns of sialoglycoconjugates during nephron morphogenesis and

their regional and cell type-specific distribution in adult rat kidney has been reprorted.28 The X-ray crystal structure of

PSL is under investigation.
3.27.2.1.4 Schizophyllum commune (Schizophyllaceae)
Although possessing a gill-like spore-bearing surface, this mushroom is allied to the Polyporaceae. From fruiting

bodies of this species, a lectin having potent mitogenic activity toward mouse splenocytes and antiproliferative activity

toward tumor cell lines was isolated independently by different groups on a series of ion exchange columns,29 or by

affinity absorption on a column of porcine stomach mucin.30 Lactose and N-acetylgalactosamine were the most potent

inhibitors of the agglutinating activity (rabbit erythrocytes), with lactitol, 20- or 30-fucosyl-lactose, and D-galactose

being 50- to 100-fold less inhibitory. No other hexose or pentose was inhibitory; curiously, neither was the methyl

or p-nitrophenyl galactopyranoside of either anomer, nor was p-nitrophenyl N-acetyl-a- or b-D-galactosaminide.30

The lectin is a homodimer of about 32kDa subunits. N-terminal sequencing of the first 24 residues29 exhibited some

homology with a bacterial cell division protein, and weak homology with an internal sequence of the LZ-8 lectin from

Ganoder ma lucidum (see Section 3.27.2.4). Although that protein has significant homology with FIP fve 31 (see Section

3.27.2.4), little similarity is apparent between FIP fve and the S. commune sequence. Given the vast difference in

size of the FIP’s and the S. commune lectin subunits, it is doubtful that they are structurally related. However, although
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the other group30 obtained no N-terminal sequence, they obtained sequences of three tryptic peptides, two of

which exhibit very significant homology (> 50%) with the ricin-domain mushroom lectins MOA and PSL (see

Sections 3.27.2.1.2 and 3.27.2.1.3). This group has also obtained crystals, and a preliminary diffraction to 3.8 Å

resolution.30 This lectin is likely to prove to be another member of the ricin family, but further refinment of the

crystallographic measurement will be necessary to establish its structural relationships.
3.27.2.2 Mushroom Lectin (XCL) Family

3.27.2.2.1 Agaricus bisporus (Agaricaceae)
Agglutination activity in extracts of the meadow mushroom, Agaricus campestris, was first observed by Friedberger and

Brossa in 1912.32 Sage and his co-workers33,34 isolated the agglutination activity using ion exchange chromatography,

demonstrated its adsorption to type A2 and O erythrocyte ghosts, and determined it to be a heterotetramer of two

distinct 16kDa subunits. Subsequently, Presant and Kornfeld35 isolated two very similar agglutinins (isolectins) from the

commercial mushroomA. bisporus using the same procedures. Additionally, Eifler and Ziska36 isolated two immunologi-

cally cross-reacting (with anti-A. bisporus lectin) lectins from A. edulis (now considered synonymous with A. campestris).

Agaricus lectins show greatest specifity for the O-linked T-antigen, Gal(b1-3)GalNAc(a1-O)-Ser/Thr. The free T-

disaccharide is a poor inhibitor of A. bisporus agglutinin (ABA) hemagglutination or glycoprotein binding, and its

component monosaccharides are virtually noninhibitory. However, methyl a-N-acetylgalactosaminide at high concen-

trations is slightly inhibitory, while theN-tosyl a-L-seryl T-disaccharide is a strong inhibitor.37 Interestingly, lactose and
Gal(b1-6)Glc exhibit some binding, but N-acetyllactosamine does not. Immunoglobulin IgA-1, which contains an O-

linked T-disaccharide in the hinge region of the heavy chain, binds so tightly to ABA that it cannot be eluted from a

column of immobilized ABA with 200mM NH4OH. The subclass IgA-2, which lacks the hinge region and contains

only N-linked glycans, also binds to the immobilized lectin, but is readily eluted under mildly alkaline conditions.38

Wu et al.39 demonstrated the profound enhancing effect of clustering of epitopes using an enzyme-linked lectino-

sorbent assay. Clustered T, Tn (GalNAc), and the human blood group precursors type I [Gal(b1-3)GlcNAc] and

type II [Gal(b1-4)GlcNAc] glycan epitopes were bound with several orders of magnitude greater affinities than were

the monomeric saccharides.

A. bisporus lectin has potent antiproliferative affects on human epithelial cancer cells, but is totally nontoxic to

normal cells. This is consistent with its specificity for O-linked T-disaccharide, which is expressed on many cancer cell

lines but is generally cryptic in normal cells.40

A gene for A. bisporus lectin (ABL) has been cloned and sequenced.41 The sequence was claimed to be unique

among T-antigen-binding lectins, although subsequently other Gal/GalNAc-binding mushroom lectins, for example,

Xerocomus chr ysenteron lectin (see Section 3.27.2.2.2), were found to exhibit a high degree of homology. Electron

densities in a 1.5Å X-ray structure42,43 corrected and shortened by 11 residues the amino acid sequence at the C-

terminus, and established that no putative O- or N-glycosylation sites were occupied. The protein exhibited a novel

structure having a seven-stranded mixed b-sheet and four-stranded antiparallel b-sheet connected by a helix–loop–

helix region (Figure 4). Examination of crystals obtained in the presence of a variety of mono- or disaccharides

revealed the location of the T-disaccharide binding site, but, surprisingly, revealed a second binding site on each

monomer having selectivity for a reducing N-acetylglucosamine, instead of the epimeric N-acetylgalactosamine. This

second site could account for the observation noted above by Irazoqui38 that some N-linked structures bind to the

lectin, albeit with weaker affinities.
3.27.2.2.2 Xerocomus chrysenteron (Boletaceae)
A potent insecticidal lectin (XCL) was isolated from the Bolete mushroom Xerocomus (Boletus) chrysenteron by affi-

nity chromatography on lactosyl Sepharose.44 This lectin also exhibits high affinity for the T-antigen, as indicated

by inhibition of agglutination, and more recently by isothermal titration calorimetry.45 The deduced amino acid

sequence had 55% sequence identity (69% similarity) to ABA. Subsequent X-ray crystallography of the lectin to 1.4Å

resolution,46 whose publication actually preceded that of the ABA structure by a few months, revealed it to have a

novel structure that proved to be nearly identical to ABA (Figure 5). Recognizing the highly homologous sequences of

several fungal lectins, the authors proposed a new family of lectins, which they designated the XCL family.

Several other fungal lectins show significant homology in their primary sequence with XCL and ABA, including

sequences that delineate the b-strands and helical regions, so likely belong also to this structural family of lectins

(Figure 6 ). Other basidomycetes (gilled or pored mushrooms) are P. cor nucopiae (see Section 3.27.3.3) and Paxillus

involutus (Paxillaceae), a toxic mushroom with somewhat intermediate morphology between gilled (Agaricus) and
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figure. The two top (or bottom) monomers define the dimer present in the crystallographic asymmetric unit. d, The tetramer

viewed looking down the other crystallographic dyad with the T-antigen and N-acetylglucosamine represented as
ball-and-stick models. Only two N-acetylglucosamine molecules are visible because the other two are behind the

helices represented in the plane of the figure. Reproduced from Carrizo, M. E.; Capaldi, S.; Perduca, M.; Irazoqui, F. J.;

Nores, G. A.; Monaco, H. L. J. Biol. Chem. 2005, 280, 10614–10623, with permission from ASBMB.
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pore-forming (Xerocomus) mushrooms. Several ascomycetes with lectins of highly homologous sequences, or deduced

lectin-like sequences, are the filamentous fungi A. oligospora (see Section 3.27.2.2.3), Gibberella zeae, Podospora anserina

( P. pauciseta ), and Neurospora crassa (see Refs: 43, 46, and references therein). Homologous structures also occur in

cytolysins from species of sea anemones (Figures 4, 5, and 7), except that the cytolysins possess a 31-residue

N-terminal extension with structure likely involved in membrane pore formation.46

The toxic action of the Xerocomus lectin is not well defined. Unlike ricin-type toxins, XCL (and ABA, which is also

likely to be toxic to insects) is a homodimer and does not possess a ribosome-inhibiting RNase subunit, nor does it

possess the membrane-associating region of the cytolysins. Binding and internalization of the lectin in epithelial cells

may inhibit uptake of nuclear localization sequence-containing peptides, as has been demonstrated for ABA.47
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Figure 5 Stereo views of the three-dimensional structure of the XCL monomer. a, Ribbon diagram. The four-stranded
b-sheet (b2–b5–b6–b7) and the six-stranded b-sheet (b1–b3–b4–b8–b9–b10) are shown in yellow and cyan, respectively.

The two short helices flanking the four-stranded b-sheet are shown in orange. b, Stereo a-carbon trace in the same

orientation as (a) with balls and numbers marking every 10 residues. Figures were prepared by MOLSCRIPT. Reproduced
from Birck C.; Damian, L.; Marty-Detraves, C.; Lougarre, A.; Schulze-Briese, C.; Koehl, P.; Fournier, D.; Paquereau, L.;

Samama, J. P. J. Mol. Biol. 2004, 344, 1409–1420, with permission from Elsevier.
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3.27.2.2.3 Arthrobotrys oligospora (anamorphic fungi)
A. oligospora is a filamentous ascomycete that is of considerable interest because of its ability to attach to and kill

parasitic nematodes, suggesting its application as a biological control of these pests. Rosen et al.48 isolated a lectin

(AOL) from the fungal surface, as well as from mycelial extracts, by affinity chromatography on a mucin-Sepharose

column. Subsequent studies showed that lectin bound certain sulfated glycoconjugates, a few phospholipids, the T-

disaccharide O-Ser/Thr-linked in glycoproteins, and some galactose-containing N-linked glycans.49 As noted above,

the deduced primary sequence of AOL had a high degree of homology with ABA,9 P. cornucopiae lectin,8 and therefore

with the other putative members of the XCL family of lectins, although no X-ray structural work has been reported for

this lectin.
3.27.2.2.4 Boletopsis leucomelas (Bankeraceae)
The polypore-like mushroom Kurokawa from Japan, B. leucomelas (B. leucomeleana (Persoon) Fayod), contains an

agglutinating activity which was isolated on a column of N,N 0-diacetylchitobiose-Sepharose. Although its N-terminus

is blocked, it contains an internal amino acid sequence, MGGSGTSGTIR,50 that conserves five of the six residues in



Figure 6 Structure-based sequence alignment of XCL with the other members of the XCL family and with the two

actinoporins of known structure. Invariant residues between the two families are shown in red background. In each family,

invariant and conserved residues are indicated by red type and green type, respectively. The secondary structure elements
for XCL, equinatoxin II (EqtII), and sticholysin II (CytII) (same color code as the protein name) are indicated by coils for

a-helices and arrows for b-strands. Reproduced from Birck C.; Damian, L.; Marty-Detraves, C.; Lougarre, A.; Schulze-

Briese, C.; Koehl, P.; Fournier, D.; Paquereau, L.; Samama, J. P. J. Mol. Biol. 2004, 344, 1409–1420, with permission from

Elsevier.
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this region (residues 45–57 of ABA) of the six other fungal lectins or putative lectins of this family. The pentultimate

residue in this peptide, isoleucine, is leucine in all other sequences, while the threonine (underlined) is conserved in

all but the Neurospora crassa-deduced lectin-like sequence, where it is serine (Figure 6). The lectin induces apoptosis

in a human monoblastic leukemia cell line, a property not exhibited by ABA, however. Subsequent studies using

frontal affinity chromatography showed that the lectin binds to the agalactodiantennary N-linked structure, with or
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Figure 7 Structural comparison of XCL and StnII. a, Stereo view showing XCL (cyan) and StnII (purple) after superposition
of 68 a-carbon atoms from the eight common b-strands in the two structures. The 31-residue N-terminal extension of StnII

has been omitted for clarity. In this orientation, the b3–b4 loops and the helical connections appear on opposite sides of the

b-sandwich. b, Topology diagram of XCL. a-Helices and b-strands are represented by cylinders and arrows, respectively.

The b-strand identifiers and the residue range for each strand are given. Bold parts highlight the dissimilar regions between
XCL and StnII. c, Topology diagram of StnII using the same conventions as described above. Reproduced from Birck C.;

Damian, L.; Marty-Detraves, C.; Lougarre, A.; Schulze-Briese, C.; Koehl, P.; Fournier, D.; Paquereau, L.; Samama, J. P.

J. Mol. Biol. 2004, 344, 1409–1420, with permission from Elsevier.
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without a bisecting N-acetylglucosamine. Surprisingly, however, it fails to interact with the N,N0-diacetylchitobiosyl
glycoside, suggesting that it requires non-reducing N-acetylglucosaminide moieties in close proximity.51 Further

structural studies will be needed to ascertain if this lectin, from a fairly distant-related mushroom and of different

binding specificity, is another member of the XCL lectin family.
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3.27.2.3 b-Propeller-Fold Lectins

3.27.2.3.1 Aleuria aurantia (Pezizaceae)
The L-fucose-binding lectin (AAL) from fruiting bodies of the orange peel fungus, Aleuria aurantia, was first reported

by Kochibe and Furukawa.52 Using a combination of ammonium sulfate precipitation, gel filtration, affinity chroma-

tography on desialylated porcine submaxillary mucin peptide coupled to Sepharose 4B with elution by L-fucose, and

carboxymethyl-cellulose chromatography, they obtained an electrophoretically homogeneous protein. The lectin was

shown to be a homodimer of molecular weight approximately 72kDa, with single polypeptide chains of 31kDa. High

levels of hydroxylic and acidic amino acids, glycine, and alanine and the absence of cysteine, methionine, and

carbohydrate were reported for the lectin. The lectin agglutinated human A, B, and (O)H erythrocytes, and bound

L-fucose with association constant Ka¼6.1�104M�1, with one binding site per monomer.52 Although the lectin binds

many L-fucosyl-terminated oligosaccharides, it appears to be most specific for the monomeric sugar.52 Cloning and

expression of the lectin inE. coliwas carried out by Fukumori and colleagues.53,54 The primary sequence of 312 amino

acid residues was determined and found to contain six internal repeats of about 50 amino acids.55 The recombinant

product, expressed in E. coli, displayed the same immunological and carbohydrate properties as the native lectin and

agglutinated human type O erythrocytes.53,54 An immobilized lectin column was shown to bind L-Fuc(a1-6)GlcNAc

with highest affinity among the fucosylated oligosaccharides tested. A second group (Amano et al.)55 expressed AAL

in Pichia pastoris; the product was active in agglutination assay and exhibited enhanced thermostability over the

E. coli-expressed product, which was attributed to its content of carbohydrate.

Several reports on the X-ray crystallographic structure of AAL have appeared in recent years.56–58 All are in agreement

that the lectin possesses a six-bladed b-propeller fold. Each blade is composed of four b–strands (Figure 8). The first

complete study (Wimmerova et al.),57 followed shortly by a second report,58 identified five fucose molecules located in

binding pockets between adjacent propeller blades with strong similarities between the sites due to repeats in the

amino acid sequences. The fucose-binding sites are exposed on each side of the dimer at distances ranging from 50

to 70Å from each other. Aromatic rings from Trp/Tyr stack against the flat nonpolar face of fucose. Since the six

b-propeller blades are not identical, there are some differences between the five binding sites. In sites I, III, and V, the

fucose is present as the b-anomer whereas it is found in the a-anomeric configuration in site IV and a mixture of the

two anomeric forms in site II. From the electron density map it was deduced that the oxygen atoms O3–O5 of fucose

are involved in hydrogen bonds with the side chains of the amino acids. The second paper58 confirmed the b-propeller
structure but found only three fucose-binding ligands at the five sites. Chemical modification with tetranitromethane

and site-directed mutagenesis studies based on the involvement of tyrosine and tryptophan in the binding sites

revealed the nonequivalence of the five binding sites.59
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Figure 8 Overall structure of the AAL monomer. Blue, cyan, green, yellow, orange, and red ribbons show blades 1–6,

respectively. Purple ellipsoids indicate fucose-binding sites 1–5 and the corresponding site 6. Three stickmodels at sites 1, 2,
and 4 show fucose molecules. Reprinted with permission from Fujihashi, M.; Peapus, D. H.; Kamiya, N.; Nagata, Y.; Miki, K.

Biochemistry 2003, 42, 11093–11099. Copyright (2003) American Chemical Society.
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Imobilization of AAL to Sepharose 4B allowed isolation of fucosyl glycoproteins from erythrocyte membrane

preparations.60 Desialylation improved yields of the fucosylated glycoproteins.
3.27.2.3.2 Melastiza chateri and Aspergillus oryzae

Another related ascomycete bearing fruiting bodies,M. chateri, was found to contain an L-fucose-specific lectin having

a high degree of sequence homology to AAL.61 Presumably, it also forms the six-bladed b-propeller fold, although no

X-ray structural work has been reported for this lectin. The pathogenic, mycelial ascomycete fungus, A. oryzae

(A. flavus v. oryzae), contains a lectin having about 30% sequence identity with AAL, and which possesses six tandem

repeats, suggestive of the six-bladed b-propeller structure. Its agglutination activity is also inhibited by L-fucose.62
3.27.2.3.3 Pleurotus ostreatus (Tricholomataceae)
Extracts of the fruiting bodies of the mushroom P. ostreatus (oyster mushroom) contain hemagglutinating activity,63,64

from which a lectin was isolated on immobilized hog gastric mucin. Upon SDS-PAGE, the lectin was revealed to

contain two protein bands, at 44 and 41kDa, and it possessed a native molecular weight of 87kDa by HPLC gel

filtration. The lectin was later shown to be a homodimer, suggesting that the 41kDa subunit might have arisen

as a result of proteolytic cleavage. Amino acid composition was characteristic of lectins in having low amounts of

sulfur-containing amino acids and generous amounts of hydroxyl and acidic amino acids. Carbohydrate analysis

showed a content of 14% neutral carbohydrate consisting of mannose and N-acetylglucosamine. Among the sugars

inhibiting agglutination of erythrocytes, N-acetylgalactosamine was best followed closely by lactose and methyl a- and
b-galactosides.64

Subsequently, Wang et al.65 isolated the same lectin using ion exchange matrices and liquid chromatography. The

lectin had the same physical–chemical properties as previously reported. Additionally, the authors reported its lability

to heat, acid, and alkali. The N-terminal amino acid sequence, as well as sequences of other peptide fragments, was

reported and shown to have limited sequence homology with the Aleuria aurentia lectin. Inhibition of hemagglutina-

tion by sugars gave somewhat different results from those of Conrad and Rutiger:64 melibiose was the best inhibitor

although lactose and galactose were also good inhibitors.65 The lectin was shown to exert potent antitumor activity in

mice bearing sarcoma S-180 and hepatoma H-22. The carbohydrate-binding specificity of the P. ostreatus lectin was

also studied by surface plasmon resonance.66 It was confirmed that the lectin recognizes b-galactosyl-terminated

oligosaccharide chains: lactose followed by Gal(b1-4)[Fuc(a1-3)]Glc and galactose. A preliminary report on the X-ray

crystal structure of the oyster mushroom at 4.0Å has appeared.67 A lectin that binds N-acetylglucosamine was isolated

from fresh sclerotia of the mushroom Pleurotus tuber-regium (Lentinus tuber-regium) by a combination of ammonium

sulfate fractionation, DEAE-cellulose chromatography, followed by absorption and elution by N-acetylglucosamine

from an N-acetylglucosamine-agarose column.68 The lectin had a molecular mass of 32kDa and agglutinated trypsin-

treated rabbit erythrocytes, but not untreated cells. This lectin does not appear to be structurally related to the

P. ostreatus lectin, despite the close taxonomic relationship of the two species.
3.27.2.3.4 Ralstonia solanacearum

Finally, although is is outside the general scope of this chapter, the lectin from the plant pathogenic bacterium

R. solanacearum should be mentioned (see Chapter 3.28).69 This lectin recognizes L-fucose in a wide variety of

structures; like AAL, it agglutinates all H-positive human erythrocytes regardless of their type. The lectin has a

subunit molecular mass of about 9kDa, with a tandem repeat that is substantially homologous with the six tandem

repeats of AAL. In subsequent work,70 it was found that the lectin possesses two fucose-binding sites per monomer.

Furthermore, X-ray crystallographic studies showed that the monomers contain two small four-stranded antiparallel

b-sheets, and that they trimerize through a threefold axis to form a six-bladed propeller structure, much like that of

AAL. Unlike AAL, however, all six putative binding sites in the trimer are capable of binding ligands.
3.27.2.4 Fungal Immunomodulatory Protein (FIP Fve) of Flammulina velutipes
(Tricholomataceae)

The edible mushroom Flammulina velutipes, popular in Asian cuisine and commercially available as Enokitake, or

Golden Needle mushrooms, contains a lectin that agglutinates human erythrocytes nonspecifically. The lectin was

isolated by extraction with 5% acetic acid, followed by precipitation with 95% saturated (NH4)2SO4, and subsequent

ion exchange chromatography sequentially on cationic and anionic resins.31 The lectin stimulated proliferation of
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human peripheral blood lymphocytes, although at a concentration approximately 20-fold higher than required by the

powerful mitogen phytohemagglutinin. It protected N,O-bis(trimethylsilyl)acetamide (BSA)-sensitized mice against

anaphylaxis, and also against hindpaw edema induced by the antigenic compound 48/80. The agglutination activity

was not inhibited by simple monosaccharides, N-acetylamino sugars, or by lactose, but thyroglobulin was found to

inhibit hemagglutination,71 suggesting that agglutination involves binding of an extended glycan moiety. Ko et al.31

sequenced the entire protein of 114 amino acids by peptidase digestion and automated amino acid sequencing. The

sequence exhibited homology to another immunomodulatory protein, Ling Zhi-8 (LZ-8), isolated from the polypore

mushroom G. lucidum.72,73 LZ-8 exhibits hemagglutinating activity toward sheep erythrocytes, but not human cells. As

with the Flammulina protein, the agglutinating activity is not inhibited by simple mono- or disaccharides. Homology

also occurred with another lectin having immunomodulatory activity, that from the edible paddy straw mushroom

Volvariella volvacea (Plutaceae).74 On this basis, FIP was proposed as a new family of proteins.

More recently, FIP Fve has been subjected to X-ray crystallographic analysis.71,75 The 1.7Å structure revealed that

Fve dimer is a dumbbell-shaped molecule in which two monomers exchange N-terminal a-helices, each of which

interacts with an adjacent b-strand of the opposite monomer. Seven additional b-strands at the C-terminus form a

fibronectin III (FNIII) fold of intermediate structure between the seven-stranded s-type, and the eight-stranded

h-type, which was designated as ‘pseudo-h type’. The model also revealed that large areas of the dimer surface have

exposed amino acid residues that are common to carbohydrate-binding sites of other lectins, such as aromatic residues

and residues capable of H-bonding to sugar hydroxyl groups. This structural feature is consistent with a possible

extended binding site(s) capable of reacting with large, complex glycan moieties of cell surfaces or glycoproteins. This

structural work further confirms and legitimatizes the proposal of FIPs as a distinct and novel family of lectins.
3.27.2.5 Galectin Family

3.27.2.5.1 Coprinus cinereus (Coprinaceae)
Two isolectins having the carbohydrate specificity characteristics of the galectin family of lectins were isolated from

the inky cap mushroom C. cinereus.76 Designated Cgl-I and Cgl-II, they were the first galectin-like proteins found

outside of the animal kingdom (Chapter 3.24). The source was targeted by screening GenBank for sequences that

included a motif characteristic of all known galectins. cDNA sequences encoding the lectins were sequenced. The

isolectins exhibited 84% identity of amino acid sequence to each other, and possessed all of the key conserved

residues of galectins, although they lacked any cysteine residues found in animal galectins, as well as characteristic N-

terminal post-translational modification. rCgl–I and rCgl–II have recently been crystallized; crystals of Cgl–II

diffracted to 1.6Å resolution,77 although solution of the structures has not yet been reported.
3.27.2.5.2 Agrocybe spp. (Bolbitiaceae)
A lectin was purified fron the fruiting bodies of the edible fungus A. cylindracea by ion exchange and gel filtration

chromatography. It was homogeneous on SDS-PAGE, had a molecular mass of 30kDa by gel filtration and a

subunit mass of 15kDa.5 Cleavage of the lectin by chemical and enzymatic means gave peptides that permitted

determination of the lectin’s complete amino acid sequence.6 The calculated molecular mass of the lectin including

the blocked N-terminal acetyl group was 17 088 Da. Sequence identity with human galectin-I and the Coprinus

lectin I was 19.1% and 36.8%, respectively. A second group7 reported isolation of a heterodimeric lectin from the same

source, with subunits of 15.3 and 16.1kDa and a molecular mass of 31.5kDa. This discrepancy is yet to be resolved, but

might be due to cultural or strain differences in the source material. Inhibition of hemagglutination indicated that the

lectin binds Neu5Ac(a2-3)Gal(b1-4)GlcNAc/Glc with high affinity, does not recognize the Neu5Ac(a2-6)-isomer,

binds N-glycolylneuraminic acids with about 100-fold less affinity, and lactose and N-acetyllactosamine weakly.5

The fruiting bodies of the mushroom Agrocybe aegerita contain a lectin which is very similar to the one isolated and

characterized from A. cylindracea.78 Currently, however, A. aegerita is considered to be synonymous with A. cylindracea,

so that the minor differences reported may reflect strain, culture, or experimental variations. The pure lectin was

obtained by a combination of ammonium sulfate fractionation, ion exchange chromatography, and gel filtration. It

appears to be a homodimer of molecular mass 32kDa and subunit mass of 15.8kDa. Its amino acid composition was

very similar to the A. cylindracea lectin; however, the blocked N-terminus was apparently due to pyroglutamic acid

rather than an N-acetyl group. Analysis of the succeeding eight amino acids (QGVNIYNI) showed similarity to

residues 6–10 of A. cylindracea. No carbohydrate was present in the lectin. It had an isoelectric point of about 3.9,

consistent with its amino acid composition. The complete amino acid sequence was obtained by cloning the gene



Mushroom Lectins 615
encoding the lectin. The deduced amino acid sequence contains 158 amino acids. The recombinant lectin was

expressed in E. coli and shown to have identical physical–chemical and carbohydrate-binding properties as the native

protein. Lactose was shown to bind to the lectin. A second report on the isolation and characterization of A. aegerita

lectin by Zhao et al.79 essentially confirmed the paper by Sun et al.78 No simple sugars inhibited agglutination of

erythrocytes; among three glycoproteins tested, only hog gastric mucin was an inhibitor at a minimum concentration

of 7.32mgml�1. The lectin’s ability to agglutinate human and animal erythrocytes was unaffected by acid or alkali

treatment. It showed inhibitory activity to infection by tobacco mosaic virus.78 A. aegerita lectin also had activity

against several human tumor cell lines, for example, HeLa, SW480, and HL-60,79 and was shown to assert its toxicity

via its ability to induce apoptosis.80 Recombinant lectin has been crystallized and preliminary X-ray data at 1.9Å and

1.6Å for both recombinant lectin and its lactose complex have been published.81
3.27.2.6 Jacalin-Related Lectin

3.27.2.6.1 Grifola frondosa (Meripilaceae)
This important culinary species, which is grown commercially, was recently found to contain a lectin having potent

agglutinating activity toward rabbit erythrocytes.82 The lectin was purified from a potent protease activity, a hemolytic

activity, and other proteins by heat treatment and ion exchange chromatography. The agglutinating activity was

inhibited neither by the limited panel of mono- and disaccharides tested, nor by bovine submaxillary mucin, fetuin, or

asialofetuin, but was inhibited by porcine stomach mucin. It contained polypeptides subunits of 24kDa by SDS-

polyacrylamide gel electrophoresis, but their association in the native structure was not determined. Full-length

cDNA was cloned and sequenced, the full length sequence exhibiting significant homology with members of the

jacalin family of plant lectins. This lectin family is named for the jackfruit, Artocarpus integrifolia, the source of first-

recognized member of the family (see Chapter 3.26). Jacalin lectins are found as homo-oligomers, and as oligomers

whose monomers are comprised of a small (about 20 residues) and large subunit. The former exhibit specificity to

mannose and mannooligosaccharides, while the latter are specific for galactose/N-acetylgalactosamine.83 The hetero-

dimer arises from a post-translational clipping of a single chain, which does not alter the three-fold symmetric b-prism
fold characteristic of jacalin-related lectins, but leads to alteration of the active-site topology to accommodate the

galactose structure rather than mannose. It appears that the Grifola lectin is a homo-oligomer, at least as initially

isolated, although it does not exhibit clear-cut specificity for mannose or any other simple sugar.
3.27.3 Fungal Lectins not Characterized by X-Ray Analysis or Sequence Homology

3.27.3.1 Lyophyllum spp. (Tricholomataceae)

From the Japanese culinary mushroom L. shimeji (Kawam.), Hongo, Ng and co-workers isolated a 30kDa monomeric

protein having strong hemagglutinating activity (minimum agglutinating concentration of 1mgml�1) toward rabbit

erythrocytes.84 The agglutining activity was not inhibited by a number of free mono- or disaccharides, aminohexoses,

or N-acetylneuraminic acid, nor by the glycoproteins human chorionic gonadotropin and lactoferrin. N-Terminal

sequence of approx. 20 residues showed no homology to any other lectin, although some homology was observed

to internal sequences from plant MAP-kinases, and animal kinesins. They propose that L. shimeji agglutinin is a

novel lectin.

Very recently, a group of lectins from the closely related mushroom L. decastes (Fr.;Fr.)Sing has been isolated (Winter

and Goldstein, unpublished). Crude extracts exhibit moderately strong agglutination of rabbit erythrocytes, but only

very weak activity towards human cells. Purification was accomplished by binding to and elution from a column of

melibiose-Sepharose, using a gradient of lactose, whereby at least three peaks were observed. From the latest-eluting

fraction, a nearly pure polypeptide of about 10kDa by SDS-polyacrylamide gel electrophoresis was obtained.

MALDI-TOF mass spectrometry indicated this protein to have a molecular mass of 10276Da. Approximately

30 residues of the N-terminal sequence have been determined by automated Edman sequencing, which bears no

similarity to the L. shimeji lectin sequence described above, to RIP and Lyophyllum antifungal protein (LAP) also

described from the same species,85 or to any other fungal or plant lectin.

The lectin binds to galactose-containing structures, with apparent highest affinity for the Gal(a1-4)Gal determinant.

This specificity is in contrast to MOA, which has almost exclusive specificity for the Gal(a1-3)Gal moiety (see

Section 3.27.2.1.2). It precipitates with pigeon ovalbumin, which contains Gal(a1-4)Gal epitopes,86 but only when
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the latter has been desialylated by neuramididase or mild acid treatment. A curious bulk property of the lectin is its

propensity to form gels in solutions of greater than about 1 mg ml�1 at low temperature, even though the protein

contains neither hydroxylysine nor hydroxyproline, nor does it appear to be glycosylated, as is characteristic of the

potato or tomato lectins.

Other peak fractions eluting earlier in the lactose gradient from melibiose-Sepharose appear to contain the same

polypeptide with or without an additional protein, and do not gel in solution. The nature of these apparent isolectins

has not been established.
3.27.3.2 Ischnoderma resinosmum (Polyporaceae)

A lectin agglutinating human erythrocytes, especially those treated with pronase, was isolated and partially character-

ized from this shelf-like polypore mushroom,87 which is also known as Polyporus resinosus (Schrader) Fries, but whose

currently accepted name is I. benzoinum (Wahlenberg) P. Kunstner. Type B cells were slightly favored over type A or

O(H), but not sufficiently so as to consider it a blood type-specific lectin. Best inhibition was exhibited by lactulose

(Gal(b1-4)Fru), followed by methyl b-galactoside and lactose. Fucose, galactose, L-arabinose, and a-galactosides were
less active in that order, whereas other mono- or oligosaccharides and all aminohexoses were inactive. Its N-terminal

amino acid sequence, PANFSIGTYA, resembles a segment in the XCL family lectins beginning at about residue 28

(Figure 5), although the segment is too short to be of great significance. No homology in this short segment with the

other polypore lectins having a ricin domain structure, LSL or PSL (see Sections 3.27.2.1.1 and 3.27.2.1.3), is evident.

By specific chemical modification and its protection by ligands, as well as by NMR analysis, the binding of ligand was

found to involve histidine and tyrosine residues.88 This property is consistent with, but not exclusive to, the XCL

family of lectins. No further work with this lectin has been reported in the past 15 years.
3.27.3.3 Pleurotus cornucopiae (Tricholomataceae)

The fruiting bodies of the mushroom P. cornucopiae contains three hemagglutinating components – PCL-a,-b,-c –

isolated by DEAE- and CM-Toyopearl chromatography. They displayed similar chemical and immunochemical

properties and it was concluded that they are isolectins: two homodimers and a heterodimer, consisting of combina-

tions of two subunits of 16 and 15kDa.89 No simple sugars inhibited the agglutination activity of these lectins.

However, mucins and their asialo derivatives were potent inhibitors of hemagglutination, and it was suggested that the

T-disaccharide [Gal(b1-3)GalNAc] was the structure responsible for the lectins’ binding activity.89

Two genes encoding the lectins were cloned and their products characterized.8 Each of the genes encoded 144

amino acids, with only a difference of five amino acids between them within the coding region. The two lectins were

expressed in E. coli; both recombinant lectins showed hemagglutinating activity and were inhibited by porcine

submaxillary mucin, similar to the native lectin. The primary structure of one of the lectins was very similar to the

lectin of the nematode-trapping fungus from A. oligospora (see Section 3.27.2.2.3). The lectin from mycelial aggregates

(PCL-M) becomes active when its 40kDa subunit forms a multimer via disufide bond formation in the presence

of Ca2þ.
A lectin-deficient strain of P. cornucopiae contains a protein that was isolated, characterized, and crystallized.90 The

protein was a homotetramer, each monomer having a mass of 16.5kDa. Comparison of amino acid sequences of this

protein with proteins from the lectin-containing strain revealed limited homology, although antiserum against the

lectin-containing strain did not cross-react with the lectin-deficient strain. The complete amino acid sequence of the

lectin-deficient strain protein was determined. It also contained 144 amino acids, and was blocked at its N-terminus by

N-acetylserine.91
3.27.3.4 Sialic Acid-Binding Lectins

3.27.3.4.1 Hericium erinaceus (Hydnaceae)
The fruiting bodies of the mushroomH. erinaceus contain a lectin isolated by ammonium sulfate fractionation followed

by fractional salt elution fromDEAE-Toyopearl andMono-S columns.92 On SDS-PAGE, in the presence or absence of

2-mercatoethanol, it gave two closely spaced bands of 15 and 16 kDa. By gel filtration, an aggregate mass of 54kDa was

estimated, suggesting that it occurs as an A2B2 heterotetramer.

Carbohydrate and amino acid analysis revealed a high content of Gly, Glx, Ser, Ala, and 1.5% carbohydrate. Of

the sugars tested for their ability to inhibit lectin-mediated hemagglutination, only four monosaccharides and

an oligosaccharide were active: Neu5Gc was most active, followed by Neu5Ac, Neu5Ac(a2-3)lactose, and
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galacturonic acid. However, asialobovine serum albumin and asialofetuin were much better inhibitors of hemag-

glutination than their sialylated glycoproteins, placing some doubt on this lectin being specific for sialic acid.

Furthermore, sialidase-treated erythrocytes were 50–100 times more readily agglutinated than were the native cells.

3.27.3.4.2 Psathyrella velutina (Coprinaceae)
A lectin (PVL) from the fruiting bodies of the mushroom P. velutina (Lacrymaria lacrymabunda (Bull.) Patoulland) was

purified by affinity chromatography on chitin.93 It is a monomeric polypeptide with molecular mass of 40kDa,

estimated by gel filtration. High contents of acidic and hydroxylic amino acids and glycine characterize its amino

acid distribution. Equilibrium dialysis against N-acetylglucosamine indicated the existence of four sites per polypep-

tide chain with Ka¼6.4�103 M�1. Of the monosaccharides tested, the hemagglutination activity of the lectin (human

type O erythrocytes) was inhibited only by N-acetylglucosamine, its a- and b-methyl glycosides being essentially

indistinguisable. Unlike most other GlcNAc-binding lectins, (b1-4)-linked oligomers of N-acetylglucosamine were

less inhibitory than the free sugar and N-acetyllactosamine was a noninhibitor.93 Oligosaccharides containing GlcNAc

linked b1-3 to GalNAc or Gal were good inhibitors. Interestingly, L-Fuc linked a1-6, but not a1-3 or a1-4 to GlcNAc

(b1-3)Gal, was a very good inhibitor. A mixture of Neu5Ac(a2-3)lactose and Neu5Ac(a2-6)lactose was noninhibitory.

Asialofetuin did not inhibit, whereas asialo-agalactofetuin, exposing terminal GlcNAc groups, was a good inhibitor.

Immobilized P. velutina mushroom lectin (on Affi-Gel 10 column) was employed to characterize its carbohydrate-

binding specificity.94,95 It was shown that the lectin interacts with nonreducing terminal N-acetylglucosamine end

groups, but with neither N-acetylgalactosamine nor N-acetylneuraminic acid groups. GlcNAc(b1-3)Gal-terminated

oligosaccharides bound to the column but the (b1-6)-linked isomer is only retarded. Oligosaccharides with biantennary

GlcNAc(b1-2)Man residues bound strongly to the PVL column; however, a bisecting GlcNAc group reduced the

affinity of such oligosaccharides to the column.94,95 The claim was made by Ueda et al.96 that PVL recognizes

nonreducing terminal N-acetylneuraminic acid residues in glycoproteins and oligosaccharides. In a subsequent

study, Ueda et al.97 employed surface plasmon resonance and affinity chromatography to study the binding of PVL

to various sialoglycoproteins and their asialo derivatives. It was concluded that PVL has a dual specificity for GlcNAc-

and (a2-3)-sialyl-terminated glycoproteins, similar to wheat germ agglutinin. It was found that trisialylated glycopro-

teins were especially recognized by the lectin. Glycoproteins containing (a2-6)-linked neuraminic acid were retarded,

but not bound on immobilized PVL.

In an important biomedical application of the P. velutina lectin, it was found that the serums of individuals suffering

from rheumatoid arthritis express a high percentage of agalacto-N-glycan chains on their immunoglobulin G (IgG)

molecules.94,98 This exposes GlcNAc–terminated oligosaccharides which bind to immobilized PVL–Affi–Gel 10 col-

umns, or can be detected using biotinylated PVL in Western blotting on the H-chains of IgG derived from patients

with rheumatoid arthritis.94,95,98 Substantial galactose deficiency of IgG molecules has also been demonstrated in

individuals with HIV-1 infection.99

3.27.3.4.3 Chlorophyllum molybdites (Gomphaceae)
Extracts of the toxic mushroom from Chlorophyllum molybdites gave a novel N-glycolylneuraminic acid-binding

lectin.100 Isolated by affinity chromatography on immobilized bovine submaxillary mucin, the lectin was shown

to be a homodimer of subunit molecular mass 16kDa joined by noncovalent interactions. The pI of 3.75 indicated a

high content of acidic amino acids (27 mol.% Asx, Glx). There was also one residue each of Cys and Met.

A glycoprotein. The lectin was shown to be a glycoprotein having a carbohydrate moiety consisting of GlcNAc:

GalNAc:Gal:Man:L-Fuc in the ratio of 1.5:1.9:4.4:4.8:1.0. Although no structural data are yet available, the lectin’s

unique specificity suggests that it may be of a novel structure.

In hapten inhibition of hemagglutination analysis, N-glycolylneuraminic acid exhibited the strongest specificity

among the monosaccharides tested whereas N-acetylneuraminic acid was noninhibitory. GalNAc and Me-a-GalNAc

were also inhibitory but only at higher concentrations.

In surface plasmon resonance analysis, asialobovine submaxillary mucin, and porcine stomach mucin exhibited

the strongest binding affinity. Further analysis indicated the presence of two types of binding sites present on the

C. molybdites lectin – one that recognized N-glycolylneuraminic acid and a second which was specific for GalNAc.
3.27.4 Conclusions

In this chapter, we have limited coverage to lectins isolated primarily from mushrooms, although a few fungi not

forming macroscopic carpophores (fruiting bodies) are included, when they are structurally related to lectins isolated
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from mushrooms. Although only a very small fraction of the thousands of extant species of mushrooms have been

examined for lectin activities, the number of species in which lectin activity has been detected, purified, and

characterized to some degree is too large to be covered in this chapter. Many of the mushroom lectins reported

have been only cursorily characterized, sometimes with very questionable conclusions as to binding specificity, so have

not been included here. Instead, we have concentrated on those mushroom lectins that have been well characterized

and for which a significant amount of structural data are available, allowing their assignments to specific structural

families, or to the recognition of their potentially having heretofore unknown structures.

It is evident from this approach that the ricin-like domain lectins, identified and named from the toxin, and the toxic

lectin from the castor bean, Ricinis communis, is prevalent in the fungal kingdom as well as in vascular plants. This

suggests that the b-barrel motif characterizing this family is of ancient origin, or else under some unrecognized

selection pressure for convergent evolution. Otherwise, apart from some preliminary indication of galectin-like

structures (see Section 3.27.2.5) and one possible member of the jacalin-related family (see Section 3.27.2.6), the

fungal lectin structures (XCL, b-propeller fold, and FIP families) are distinct from the prevalent plant lectin families

(monocot mannose binding, legume lecin). Despite these different structures, all lectins, both fungal and plant, are

characterized by a high content of b-sheet structure, and by a similar spectrum of carbohydrate recognition.

As noted above, certain mushroom lectins are already finding specific biomedical application, as has been the

providence of plant lectins and some animal lectins for many years. The large number of mushroom and other fungal

lectins not yet well characterized, and the vast number of species not yet examined, suggests that this kingdom of

biotica will be a rich source for glycobiological material and study for many years.
Glossary

mushroom Macroscopic fruiting body of Ascomycota or Basidomycota fungi. Most lectins discussed are extracted from the

fruiting body, although in the few cases that have been investigated, the non-fruiting mycelium may also contain the same or

similar lectin.

RIP Ribosome inactivating protein: hetero-oligomeric proteins containing a carbohydrate-binding (lectin-like) subunit and a

ribosome-inhibiting subunit (RNAse) whose entry into the cell is facilitated by the lectin subunit binding.

MAP kinase Mitogen-activated protein kinase: serine/threonine specific protein kinase that responds to extracellular stimuli

(mitogens) to regulate various cellular activities.

SDS-PAGE Polyacrylamide gel electrophoresis conducted in the presence of the anionic denaturant sodium dodecyl sulfate.
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3.28.1 Introduction

Numerous microorganisms produce lectins of different kinds that are specific for animal cell surface carbohydrates.1,2

In viruses, the lectins occur as membrane constituents, in bacteria they are generally present on the cell surface, often

as submicroscopic multisubunit surface appendages known as fimbriae or pili, and occasionally in intracellular soluble

form, while in protozoa they are constituents of the cell envelope. Most of these lectins serve to tether the organisms

to a substratum (e.g., soil bacteria to clays or marine bacteria to corals) in order to better access nutrients, escape

deleterious agents, and withstand cleansing. In animals, they serve for the attachment (or adhesion) of the micro-

organisms to host tissues or cells, a prerequisite for infection, and are therefore among the virulence factors of the

microorganisms. Detailed knowledge of the specificity and combining sites of these lectins is of importance not only

for the understanding of a basic mechanism conserved throughout evolution, but also for the development of powerful

inhibitors of the lectins for blocking microbial adhesion to tissues. This is the aim of antiadhesion therapy of microbial

diseases.3,4

Most of the microbial lectins have only been poorly characterized. Their existence and specificity have been

inferred primarily from inhibition experiments, in which the effect of different carbohydrates is examined on adhesion

of the organisms to animal cells or on the agglutination of erythrocytes or other kinds of cell, such as yeasts.1,2

Specificity for the carbohydrate of glycolipids or glycoproteins is usually assessed by binding of the bacterial lectins to

these glycoconjugates separated on thin layer chromatograms or on blots of gel electrophoresis, respectively. Recently,

the application of glycan microarrays for specificity studies of viral and bacterial lectins has been described.5,6 In a few

cases, the specificity and association constants of carbohydrates to the isolated lectins have been measured by

physicochemical techniques, for example, by surface plasmon resonance.64

Binding of carbohydrates to lectins, including those of microbial sources, is generally characterized by a low affinity

for monovalent ligands, a drawback balanced by multivalency, which provides high avidity for complex glycans or cell

surfaces. In general, millimolar affinity is observed for lectin binding to monosaccharides, although cases of lectins
623
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with micromolar affinities are known.7 When oligosaccharides act as ligands, corresponding to an extended binding

site on the lectins, increased affinity up to the micromolar range can be observed. These interactions are typified by a

favorable enthalpy term, due to the high number of hydrogen bonds that is offset by an unfavorable entropy

contribution, attributed either to solvent rearrangement or loss of ligand conformational flexibility.

An increase of several orders of magnitude in the affinity of carbohydrates to lectins can be achieved by suitable

chemical derivatization, for example, by attachment to hydrophobic aglycones. Similar increase is obtained by their

attachment to polymeric carriers, to form multivalent ligands such as dendrimers (see Chapter 3.36).

For a small number of the microbial lectins, detailed information is available on their structure as well as that of their

combining sites and their mode of interaction with ligands. It is based primarily on high-resolution X-ray crystallogra-

phy of the lectins and their complexes with ligands (see Chapters 2.06 and 2.07). Other inputs include binding

experiments with different sugars and their derivatives using state-of-the-art techniques, site-directed mutagenesis of

the proteins, and, to a limited extent, also NMR experiments and molecular modeling.

Such studies have shown that like the lectins themselves, the sites are diverse, even when their specificity is

the same (although within a given protein family the sites may be similar).8 In general, the sites appear to be

preformed, since conformational changes occur rarely upon ligand binding. The amino acids that form the com-

bining sites are not necessarily contiguous, and are brought together in space by the folding of the polypeptide

chain. Changes in the spatial position of the amino acid residues may occur upon binding of the carbohydrate,

bringing them to an orientation which improves stereocomplementarity with the ligand. The fit between the

binding site on the protein and the carbohydrate is also affected by the shape of the ligand. Oligosaccharides are

flexible molecules with considerable freedom of rotation around the glycosidic bonds connecting the indivi-

dual monosaccharide constituents. As a result, they may assume different shapes, only one of which may fit the

combining sites.

The types of bonds involved in the formation of lectin–carbohydrate complexes are in principle not different from

those involved in the formation of complexes of proteins with other ligands, such as peptides, oligonucleotides, or

various small molecules (see Chapter 3.21). Binding between proteins and carbohydrates is stabilized primarily by a

network of hydrogen bonds and hydrophobic interactions; in rare cases, electrostatic interactions (or ion pairing) and

coordination with metal ions also play a role.9–11 Bonding is sometimes mediated by one or more water molecules.

Although in a single protein a limited set of amino acid residues contribute to the interactions with the ligand, in

general most of the side chains of the 20 amino acids can participate in ligand binding.
3.28.2 Viral Lectins

Viruses contain sugar-specific surface proteins or glycoproteins that act as hemagglutinins and are therefore classified

as lectins (Table 1). These lectins are structurally diverse and no common features can be discerned. Detailed

information based largely on X-ray crystallography is available on the interaction with carbohydrates of influenza virus

hemagglutinins. Complexes with ligands of the hemagglutinins of rotavirus, polyoma virus, and foot-and-mouth virus

have also been well studied by the same technique. No other viral lectins have however been similarly characterized.
3.28.2.1 Influenza Viruses

Influenza A and B virions are studded with two different types of spikes, the hemagglutinin (HA), specific for

N-acetylneuraminic acid that mediates receptor binding and pH-dependent membrane fusion and the neuraminidase

(correct name, ‘sialidase’), originally known as the viral receptor-destroying enzyme (RDE). In contrast, influenza

C virus possesses only one type of spike, specific for 9-O-acetyl-N-acetylneuraminic acid, which combines all three

functions, and is commonly referred to as the hemagglutinin-esterase-fusion protein (HEF). Influenza virus A is

attracting much interest because an understanding of the structural determinants and molecular mechanisms

involved in its binding to human cell receptors is central to the identification of viruses that pose a pandemic threat

(see Chapter 4.25).

The receptors recognized by influenza virus are sialic acids of cell surface glycoproteins and glycolipids. Sialic acids

are usually found in either a2-3 or a2-6 linkages to galactose, the predominant penultimate sugar of N-linked

carbohydrate side chains. The binding preference of a given HA for one or the other of these linkages correlates

with the species specificity of the virus.22,23 Thus, the HAs of all 15 antigenic subtypes found in avian influenza A and

B viruses bind preferentially to sialic acid in a2-3 linkage, and it is this form of the sialosaccharide that predominates in

avian enteric tracts where these viruses replicate. Swine influenza viruses bind sialic acid in a2-6 and sometimes also



Table 1 Viral lectins

Virus Specificity References

Flaviviruses
Dengue virus Heparan sulfate 12

Herpes viruses
Herpes simplex Heparan sulfate 13

Myxoviruses
Orthomyxo

Influenza A & B, human strains Neu5Aca6Galb4GlcNAc See text

Porcine strains Neu5Aca3/6Galb4GlcNAc ’’

Avian strains Neu5Aca3Galb4GlcNAc ’’

Influenza C Neu5,9Ac2a3Galb4GlcNAc ’’

Paramyxo 14,15

Newcastle disease Neu5Aca3Galb4GlcNAc

Sendai Neu5Aca8Neu5Ac

Rotavirus Neu5Aca See text

Nidoviruses 16,17

Coronavirus, bovine Neu5,9Ac2
Totovirus, bovine Neu5,7,9Ac3
Papoviruses
Polyoma Neu5Aca3Galb4GlcNAc See text

Neu5Aca3Galb3(Neu5Aca6)0,1GalNAc

Picornaviruses
Foot-and–mouth disease Heparan sulfate See text

Retroviruses
HIV ManOS, heparan sulfate 18–21
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a2-3 linkages, and sialic acid in both linkages is detected in porcine tracheae. Human viruses of the H1, H2, and H3

subtypes that are known to have caused pandemics in 1918, 1957, and 1968, respectively, recognize 2-6-linked sialic

acid, the major form found on cells of the human respiratory tract, and are now the focus of intense attention.

3.28.2.1.1 Influenza A virus hemagglutinin
This is the most thoroughly investigated viral lectin.23,24 Its subunit is composed of two polypeptides, HA1 and HA2,

m.w. 36 and 26kDa, respectively, covalently linked by a single disulfide bond22 (Figure 1). The hemagglutinin is a

glycoprotein, with six N-linked oligosaccharides attached to HA1 and one to HA2. One of these glycans is an

oligomannoside, while the others are complex bi- or triantennary structures, several of which contain sulfated

galactose. X-ray crystallography showed that the hemagglutinin subunit consists of a hydrophilic, C-terminal domain,

a hydrophobic membrane spanning region of 24–28 residues, an elongated triple-helical coiled stem, and a globular

domain projecting 135Å from the membrane. The globular domain consists of HA1 only, and contains the carbohy-

drate-binding site of the lectin. The subunits associate noncovalently to form trimers. The affinity of the hemaggluti-

nin of the influenza virus for its receptor is downregulated by the two N-linked oligosaccharides attached to Asn123

and Asn129 in the vicinity of the combining site.25 Thus, a mutant hemagglutinin devoid of these oligosaccharides

bound to human erythrocytes much more strongly than the native lectin.

To date, crystal structures of several human, avian, and swine influenza hemagglutinins, mostly in complexes with

the trisaccharide Neu5Aca6Galb4Glc (Sia2-6Lac) or Neu5Aca3Galb4Glc (Sia2-3Lac) and the pentasaccharide

Neu5Aca6Galb4GlcNAcb3GalbGlc (LSTc) or Neu5Aca3Galb4GlcNAcb3Galb4Glc (LSTa), analogs of the

Neu5Aca2-6- and Neu5Aca2-3-human and avian receptors, respectively, have been determined. A complete descrip-

tion of all the structures obtained is beyond the scope of this chapter. Here, only selective examples will be given of

the structures of HAs and how they interact with the corresponding ligands.

Early sequence studies have shown that for the HAs of the H2 and H3 human viruses, a minimum of two changes in

receptor-binding site amino acids, Gln226 to Leu226 and Gly228 to Ser228, correlate with the shift from avian to

human receptor binding.26 By contrast, HAs of human H1 viruses acquire the ability to bind to human receptors while

retaining Gln226 and Gly228. An understanding of how these changes occur, and a better insight into the combining

sites of the HAs, have been provided by the recent study of John Skehel and co-workers of the structures of HAs from

the 1918 pandemic virus (1918-human) with the use of HA expressed from the DNA recovered from tissues infected

with virus in 1918 and from the prototype human (1934-human) and swine (1930-swine) H1 influenza viruses.27



Figure 1 Influenza virus hemagglutinin trimer (a, side view, and b, top view) and monomer (c). In the monomer, the broad
ribbon at the top represents the HA1 subunit and the narrow one the HA2 subunit. Courtesy J. J. Skehel, National Institute

for Medical Research, Mill Hill, London.
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� Overall structure and receptor binding subdomain. The overall trimeric structures of the HAs of the three H1 viruses

(1918-human, 1934-human, and 1930-swine) HAs are similar (Figure 2), but they show notable differences to HAs

of other subtypes with respect to the arrangements of the receptor-binding subdomain among others, both within

the HA trimer and also within individual monomers. The receptor-binding sites are located as in other influenza

A virus HAs at the membrane-distal tip of each subunit of the HA trimer. Three secondary structure elements, the

190 helix (residues 190–198), the 130 loop (residues 135–138), and the 220 loop (residues 221–228), form the sides

of each site, with the base made up of the conserved residues Tyr98, Trp153, His183, and Tyr195. The conforma-

tions adopted by the 130 and 220 loops of the three H1 HAs are similar, but they are significantly different from

those of the equivalent loops in the HAs of other influenza subtypes (Figures 2b, 3, and 4). As observed with other

HAs, the terminal sialic acids of the human and avian receptors interact with binding site residues through a series

of conserved hydrogen bonds to the carboxyl and amide of the sialic acid (Figure 3).

� The 1934-human HA/human receptor complex. The electron density maps reveal well-ordered features for the Sia-1,

Gal-2, and GlcNAc-3 of the sialopentasaccharide (the numbers in bold refer to the positions of the monosaccharides

in the ligand) in this complex (Figure 3a). Gal-2 forms five hydrogen bonds that have not been previously observed

in other HA/receptor complexes. Four bonds are possible between the 2- and 3-hydroxyls of Gal-2 and the side

chains of Lys222 and Asp225, and a fifth between the 4-hydroxyl of Gal-2 and the main-chain amide of 227 that is

mediated by a water molecule.

� The 1934-human HA/avian receptor complex. Again, only the Sia-1, Gal-2, and GlcNAc-3 moieties of the sialopenta-

saccharide are ordered in this complex (Figure 3b). This observation is consistent with the results of hemaggluti-

nation assays showing dual binding specificity for this HA. The side-chain carbonyl of Gln226 forms a hydrogen

bond with the 4-hydroxyl of Gal-2, as observed in other HA/avian receptor complexes. In addition, there is a

previously unknown water-mediated interaction between the 4-hydroxyl of Gal-2, the main-chain carbonyl of

residue 225, and the side chain of Lys222 (Figure 3b).



Figure 2 Structures of 1918-human, 1934-human, and 1930-swine HAs. a, Ribbon diagram of the trimer of 1918-human

HA. Monomers 2 and 3 are in silver and gold, respectively, and the featured monomer is colored according to its individual
subdomains: receptor binding (RB) in blue, vestigial esterase (E) in yellow, and fusion subdomains (F0 and F) in magenta and

red, respectively. b, An expanded view of the superposed polypeptide backbone of the receptor-binding site of all three H1

HAs. The position of the three secondary structure units making up the site, the 190 helix, and the 130 and 220 loops, are

indicated. Also shown are the side chains of some residues important for receptor binding. Certain Ca positions are
indicated by black spheres for residues discussed in the text. Overall, the three H1 structures are very similar. c, An

expanded view of a region of the F subdomain indicating differences between H1 and H5 subtype HAs in the position of the

loop connecting helix A to helix B. Interactions between the C-terminal region of the loop and the RB and E subdomains (110
helix) influence the dispositions of the subdomains relative to the central coiled coil formed in the trimer by the B helices.

Reproduced from Gamblin, S. J.; Haire, L. F.; Russell, R. J.; Stevens, D. J.; Xiao, B.; Ha, Y.; Vasisht, N.; Steinhauer, D. A.;

Daniels, R. S.; Elliot, A.; Wiley, D. S.; Skehel, J. J. Science 2004, 303, 1838–1842.
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� The 1930-swine HA/human receptor complex. The sialic acid of the receptor is located similarly in the 1930-swine and

1934-humanHA receptor binding sites, but in the 1930 swine complex all five saccharides of the receptor analog are

detected (Figure 3c). Lys222 again forms hydrogen bonds with the 2- and 3-hydroxyls of Gal-2, although in the

present case this residue sits higher in the binding site. Asp190 hydrogen bonds to the amino nitrogen of GlcNAc-3,

Ser193 hydrogen bonds to the 2-hydroxyl of Gal-4, and there is a water-mediated interaction between Thr189 and

GlcNAc-5. The last three interactions have not been observed before in HA receptor complexes. In addition, the

sialopentasaccharide exits the binding site in an orientation not previously seen, crossing the 190 helix near its

N-terminus, about parallel to the threefold symmetry axis of the HA trimer.

� The 1930-swine HA/avian receptor complex. The electron density for the avian receptor analog bound to the 1930-

swine HA is weak and mainly represents the sialic acid moiety (Figure 3d). A similar situation was observed for an
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Figure 3 Interactions of 1934-human HA (top) and 1930-swine HA (bottom) with human receptor and with avian receptor
analogs. The view of the receptor binding site is about the same as in Figure 2b. The three secondary structure components

of the binding site are labeled in this backbone representation together with some of the most relevant side chains. The

broken lines indicate potential hydrogen bond interactions between the protein and the receptors; residues making

interactions via main-chain carbonyl groups are shown as red spheres, whereas those interacting via main-chain nitrogens
are shown as blue spheres. In all four panels, the sialosaccharides are colored yellow for carbon atoms, blue for nitrogen,

and red for oxygen. Water molecules are indicated by green spheres. a, 1934-human HA in complex with human receptor;

b, 1934-human HA in complex with avian receptor; in both cases, the HA is colored in green for backbone and carbon
atoms. c, 1930-Swine HA in complex with human receptor; d, 1930-swine HA in complex with avian receptor; in these

cases, the backbone and carbon atoms of the HA are colored in blue. The small black arrows in (a), (b), and (c) indicate that

for the two human receptor complexes the Sia-1–Gal-2 linkage adopts a cis-conformation about the glycosidic bond,

whereas for the avian complex it adopts a trans-conformation. The large black arrow in (c) indicates the direction of an axis
parallel to the trimer threefold axis. Reproduced from Gamblin, S. J.; Haire, L. F.; Russell, R. J.; Stevens, D. J.; Xiao, B.;

Ha, Y.; Vasisht, N.; Steinhauer, D. A.; Daniels, R. S.; Elliot, A.; Wiley, D. S.; Skehel, J. J. Science 2004, 303, 1838–1842.
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H5 avian HA in complex with a human receptor analog, where only a subset of the atoms for the sialic acid could be

located. These observations probably reflect the low affinity of the HAs for their respective ligands, consistent with

the preference of the 1930-swine virus for human receptor in hemagglutination assays.

� Human receptor complexes. Complexes of the human receptor analog bound to 1934-human HA (green) and 1930-

swine HA (blue) and to human H3 HA (red) are superimposed inFigure 4a. Perhaps the most important feature of

this comparison is the difference in structure adopted by the 130 and 220 loops of the receptor-binding site between
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Figure 4 Differences in the orientations of bound receptors in the receptor-binding sites of three different HAs. The

receptor-binding sites of 1934-human HA (green), 1930-swine HA (blue), and human H3 HA (red) are overlaid. The view
matrix is about the same as in Figure 3. The sialopentasaccharides are colored according to the HAs to which they are

bound. The side chains of Gln226 (H1 HAs) and Leu226 (H3 HA) are shown. a, Human receptor complexes. b, Avian

receptor complexes. Reproduced Gamblin, S. J.; Haire, L. F.; Russell, R. J.; Stevens, D. J.; Xiao, B.; Ha, Y.; Vasisht, N.;
Steinhauer, D. A.; Daniels, R. S.; Elliot, A.; Wiley, D. S.; Skehel, J. J. Science 2004, 303, 1838–1842.
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the H1 and H3 HAs. One consequence of the change in the 130-loop structure is that the sialic acid of the receptor

is tilted about 10� into the receptor-binding sites of the H1 HAs. This effect, together with different orientations

about the glycosidic bond, contributes to Gal-2 being located almost 2Å lower in the H1HAs than in the human H3

HAs. Gal-2 is able to adopt this position because structural differences in the 220 loop locate Gln226 lower in the

binding site than the equivalent Leu226 of human H3 HA. Consequently, in the H1 HAs, Gal-2 is located closer to

the 220 loop and is able to form hydrogen bonds with Lys222. In the case of the 1934-human HA, Gal-2 also

interacts with Asp225. Thus, a combination of factors relating to the structure of the 130 and 220 loops enable the

H1 HAs to make favorable hydrogen bond interactions with Gal-2 of the human receptor. Gln226 plays an

essentially passive role in this process, in marked contrast to the role played by Leu226 in the binding of human

H3 HA to human receptor. In that case, Gal-2 makes hydrophobic contacts with Leu226, and the higher position

and the nature of this side chain are important for human receptor binding.

� Avian receptor complexes. Complexes of avian receptor analogs with 1934-human HA (green), 1930-swine HA (blue),

and an avian H3 HA (red) are overlaid inFigure 4b. Again, the differences in the structure of the 130 loop between

the H1 and H3 HAs result in the sialic acid of the avian receptor being located lower in the receptor binding

site of the H1 HAs. Comparison of the 1934-human and avian H3 complexes also reveals that Gal-2 of the

avian receptor is located about 1Å lower in the binding site of the H1 complex, as is Gln226. In both complexes, the

4-hydroxyl of Gal-2 hydrogen bonds with the side-chain carbonyl of Gln226 (Figure 4b), and the coordinated

differences in position of the bound receptor and Gln226 enable this interaction to be conserved. It seems therefore

that the 1934-human HA is able to bind the avian receptor in a manner reminiscent of avian HAs, with Gln226

playing a key role.

The above data for the different complexes show the overall structures of 1930-swine and 1934-humanHA receptor-

binding sites are very similar (Figure 2b), and that both contain a glutamine residue at position 226. It has been

suggested that the 1930-swine HA binds less effectively to avian receptors than the 1934-human HA because the

position adopted by Gln226 in 1934-human HA is about 1Å higher in its complex with the avian receptor than it is

either in the human receptor complex or in the uncomplexed form (Figure 5). By contrast, the position of Gln226 in

1930-swine HA is about the same as uncomplexed and in the human and avian receptor complexes. The apparent
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Skehel, J. J. Science 2004, 303, 1838–1842.
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inability of Gln226 to adopt a higher position in the receptor-binding site seems to explain the failure of 1930-swine

HA to interact as effectively with the avian receptor. This explanation is supported by the structural observation that

in the 1934-human HA complex with avian receptor Glu190 interacts through two water molecules with Gln226

(Figure 5). This network of hydrogen bonds may be necessary to position Gln226 in the binding site for its interaction

with Gal-2. Glu190 is conserved in avian H1 HAs, all of which specifically bind a2-3-linked receptors. By contrast,

residue 190 of 1930-swine HA is an aspartic acid, which does not interact with either the 9-hydroxyl of Sia-1 or Gln226

and is thus unable to facilitate binding to avian receptor.

Irrespective of the single amino acid difference of Asp or Gly at residue 225 between the sequences of 1918-human

HAs, by recognizing human receptors, all would fulfill the first requirement of an epidemic virus: the ability to spread

in the human population. The importance of this requirement was emphasized in the 1997 outbreak of H5 ‘chicken’

influenza in Hong Kong, when the virus was extremely virulent but did not acquire the ability to bind 2-6-linked

sialosides and was therefore unable to spread. With the ability to ensure the efficiency of the initial stages of virus

infection, coupled with novel antigenicity, the human-1918 HA may have been the prime determinant of extensive

mortality in the 1918 pandemic.

Previous crystallographic analysis of the trisaccharide human receptor analog, Sia2-6Lac, bound to human H3 HA,

revealed an extended conformation24 rather than the folded conformation of the pentasaccharide human receptor

analog, LSTa. This conformation was presumed not to be representative of natural receptors because of the presence

of glucose rather than N-acetylglucosamine at position 3 and the lack of glycosylation beyond this position. The mode

of Sia2-6Lac binding, however, further demonstrates the plasticity of the HA receptor binding site in accommodating

oligosaccharides in different conformations. By contrast, Sia2-6Lac binds in a manner very similar to that of the

pentasaccharide, LSTa, again suggesting that there is no role in avian receptor binding for the saccharides beyond

GlcNAc-3. It is therefore possible that some avian HAs are capable of binding sialic acid in a2-6 linkage to galactose,

but are not capable of infecting humans because the saccharides beyond GlcNAc-3 sterically clash with the HA. For an

avian HA to change its binding specificity from avian to human receptors may therefore involve two sorts of changes,

the first, to allow binding of the a2-6-linkage, either via mutation of Gln226 to Leu226 as in H2 and H3 HAs or via a

specific positioning of Gln226 as in H1, and the second, to accommodate the additional saccharides linked to Gal-2 in

the natural receptor side chain.



Receptor

Enzyme

(a) (b)

CH3

CH3

OH

OH

HO
HN

O

O

C

C
O

O
OH

COO−
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enzyme inhibitor ligands, (yellow); N-linked carbohydrate ball and stick (purple). HEF1 is linked to HEF2 by a disulfide bond
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Reprinted by permission from Macmillan Publishers Ltd: Nature (Rosenthal, P. B.; Zhang, X.; Formanowski, F.; Fitz, W.;

Wong, C. H.; Meier-Ewert, H.; Skehel, J. J.; Wiley, D. C. Nature 1998, 396, 92–96.), Copyright (1998).
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3.28.2.1.2 Influenza C HEF
Like its homologous influenza A and B virus hemagglutinins, to which it bears limited primary sequence identity,

HEF is a homotrimer of an N-glycosylated type I membrane glycoprotein. It consists of a 65kDa N-terminal subunit

HEF1 and a 30kDa C-terminal subunit HEF2 that is membrane anchored. Despite an overall primary sequence

identity of only 11%, the similarity between the three-dimensional (3-D) structure of HEF and the hemagglutinin is

astounding (Figure 6).16,28,29 The main differences are within the N-terminal subunits, which form the globular part of

the spikes and which, in the case of HEF, contain the receptor-binding R and RDE esterase domains. The C-terminal

HEF2 subunit, together with segments ofHEF1, comprises the fusion domainF. In the trimer,HEF2 subunits constitute

the elongated membrane-anchored stalk, at the core of which long central helices form a triple-stranded interphase.

Each HEF1 subunit contains two sites that can accommodate Neu5,9Ac2. The actual receptor-binding sites are

cavities at the tip of the globular head domain with Tyr127, Thr170, and Gly172 involved in ligand binding.

Interaction with the 9-O-acetyl group, the most critical determinant for receptor recognition, is mediated among

others by the hydroxyl group of Tyr224 and the guanido group of Arg236, which contact the acetyl carbonyl oxygen.

Moreover, Phe225, Phe293, and Pro271 form a nonpolar pocket into which the acetyl methyl group can be fitted

(Figure 7). The importance of the latter site for receptor recognition is underlined by the observations that mutations

of residues adjacent to Pro271 (Asp269Asn, Thr270Leu or Ile, and Thr272Ile) are associated with increased binding

efficiency to Neu5,9Ac2 receptors.
3.28.2.2 Rhesus Rotavirus

The rotavirus hemagglutinin binds the alpha anomer of N-acetylneuraminic acid with an association constant (Ka) of

8�105M–1. It requires no additional carbohydrate moiety for binding to the sialic acid, does not distinguish between

30 and 60sialyllactose, and has approximately 10-fold lower affinity for N-glycolylneuraminic acid than for N-acetyl-

neuraminic acid.30 The rotavirus outer capsid is made of the coat glycoprotein VP7 and the spike protein VP4. Trypsin

cleaves VP4 into anN-terminal fragment, VP8*, consisting of amino acids 46–231, that contains the viral hemagglutinin
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Figure 7 HEF receptor binding. Ligand bound to the receptor-binding site. Potential hydrogen bonds are indicated in

green or red for those conserved in HA ligand binding. Four polar contacts are formed with the ligand identically in HEF and

HA: two from the hydroxyl group of HEF1 Tyr127 (Y98 in HA1) to the 8-hydroxyl and 9-amide of the ligands and two from
main-chain atoms: the carbonyl oxygen of HEF1 residue 170 (135 in HA1) to the 5-amide of the ligand and the amide of HEF1

172 (137 in HA1) to the carboxylate of the ligand. The acetyl methyl group binds in a nonpolar pocket unique to HEF, formed

by Phe225 and 293, and Pro271; the acetyl carbonyl oxygen contacts the hydroxyl group of Tyr224 and the guanidino group

of Arg236. Reprinted by permission from Macmillan Publishers Ltd: Nature (Rosenthal, P. B.; Zhang, X.; Formanowski, F.;
Fitz, W.; Wong, C. H.; Meier-Ewert, H.; Skehel, J. J.; Wiley, D. C. Nature 1998, 396, 92–96.), Copyright (1998).
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(residues 93–208) and a C-terminal fragment, VP5*, the function of which is to permeabilize the membrane to

which the virus binds. No crystals of free VP8* could be obtained, but it crystallized in complex with methyl a-linked
N-acetylneuraminic acid. NMR analyses of VP8* in solution, and X-ray studies of its complex with the above ligand,

revealed the same basic protein structure.31 It is a single, compactly folded globular domain with two cysteines (C203

and C216) and two prolines (P68 and P182) in the cis-configuration. The crystals contain a mixture of molecules with

the peptide bond G156–P157 in either the cis- or trans-configuration.

The tight fold of the b-sandwich, the cross-bracing of the b-sheets by the b-ribbon and the C-terminal a-helix, the
short loops between the strands and the dense hydrophobic cores between the major structural elements all suggest a

compact, rigid structure, that accounts for the protease resistance and stability of the VP8* core (Figure 8). The

b-sandwich of the rotavirus sialic acid binding domain has the same fold as the S-carbohydrate recognition domain

(S-CRD) of the galectins, despite the absence of a significant sequence similarity between the two (9% identity with

human galectin-3 in structurally equivalent residues).

The sialic acid-binding site of the rhesus rotavirus hemagglutinin lies above the cleft between the two b-sheets and
appears to be an open-ended, shallow groove. Of the four amino acids (Arg101, Tyr155, Tyr188, and Ser190) seen to be

involved in sialic acid binding, the last three were previously identified as likely ligand-binding residues by

mutagenesis studies. In addition to the seven hydrogen bonds (Figure 9), the sialic acid makes several van der

Waals contacts with the side chains of six amino acids, three of which are tyrosines.
3.28.2.3 Polyoma Virus

This virus is a nonenveloped, icosahedrically symmetrical particle, with a circular, double-stranded DNA genome.32

Its carbohydrate binding site is located in viral protein 1 (VP1, m.w. c. 42kDa), the major constituent of the outer shell

(capsid) of the virion. Each virion contains 360 copies of VP1, arranged in pentamers. VP1 has two antiparallel b-sheets
with a topology that resembles the jellyroll fold; some loops that connect the b-strands are extensive and contain

additional secondary structural elements (Figure 10). Themost striking feature of the capsid is the way the individual

pentamers are tied together by the C-terminal arms of the monomers; the last 63 residues emerge from each monomer

and protrude into a subunit of another pentamer, where they form a b-strand that augments a sheet in the target subunit.

Two types of strain of murine polyoma virus are known that differ in their tumorogenicity in mice and in their

specificity for sialic acid oligosaccharides. The critical difference in the structure of the viral protein (VP1) that

contains the carbohydrate-binding site of these strains is in residue 91, which is glycine in the poorly tumorogenic

strains and glutamic acid in the highly tumorogenic ones.33 Crystallographic studies at low resolution of the intact

poorly tumorogenic virus particle in complex with Sia2-3Lac34 and with a branched hexasaccharide containing both

a2-3- and a2-6-linked N-acetylneuraminic acid35,36 have located the combining site in a shallow groove and have
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Figure 8 Ribbon diagram of the sialic acid-binding domain of rotavirus. The central structural feature of VP8* is an 11-

stranded antiparallel b-sandwich, formed from a five-stranded and a six-stranded b-sheet, with an interrupted top strand.

The two b-sheets are joined by five short intersheet loops, as well as by a brief stretch of a parallel b-structure between

strand bH0 of the six-stranded sheet and strand bJ of the five-stranded one. The cleft between the sheets is filled by a dense
core of hydrophobic side chains, contributed by all strands of the sheets, except for bH. The domain contains three other

structural elements, namely a short a-helix (aA) as part of the intersheet loop, a longer a-helix (aB) at the C-terminus, and an

extended b-ribbon made up of strands bE and bF. Sialic acid is shown as a stick and ball model. Reproduced with

permission from Dormitzer, P. R.; Sun, Z. Y.; Wagner, G.; Harrison, S. C. Embo J. 2002, 21, 885–897.
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Figure 10 Structure of the recombinant VP1 pentamer of polyoma virus. Ribbon drawing of the VP1 pentamer complexed

with the disialylated oligosaccharide Neu5Aca3Galb3(Neu5Aca6)GlcNAc. One monomer is shown in red, the others in gray.

The receptor fragments are shown as ball-and-stick models. The rearranged N-terminal segments are shown in yellow (red
monomer) and orange. Reproduced from Stehle, T.; Harrison, S. C. Embo J. 1997, 16, 5139–5148.
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shown that the sialic acid as well as the galactose form contacts with the protein (Figure 11). The inability of the

highly tumorogenic strains to bind the branched ligand is due to electrostatic repulsion between the side chain of

Glu91 and the carboxylate of the a2-6-linked N-acetylneuraminic acid. These results have been confirmed and

extended in a high-resolution crystallographic study of a pentamer of VP1 from the poorly tumorogenic virus in

complex with the above pentasaccharide.32
3.28.2.4 Foot-and-Mouth Disease Virus

This virus has the basic picornavirus structure (Figure 12). Its icosahedral capsid comprises 60 copies each of four

virus-encoded proteins, VP1–VP4. X-ray crystallography of the complex of the virus with its ligand, heparin, revealed

that the combining site is located in a shallow depression on its surface, consists of contributions from the three major

capsid proteins, VP1, VP2 and VP3 and is located at the junction of these proteins. VP1, VP2, and VP3, virtually

identical for the type A andO viruses.37,38 There were virtually no changes in the protein to accommodate the sugar. In

the complex with a sulfated heparin trisaccharide HSO36GlcNH(HSO3)a[(HSO3)Idoa][(HSO3)2GlcN(HSO3)], the

key binding residue was Arg56 of VP3, which interacts ionically with two of the sulfates of the trisaccharide. The

importance of this residue is supported by the finding that field isolates of the virus, where the arginine is replaced by

histidine, do not bind heparin. Additionally, nonionic interactions observed in the virus–ligand complex include bonds

between His195 of VP1 and the iduronic acid, and a stacking interaction between the imidazole ring of this amino acid

and the hydrophobic face of the glucosamine that follows the iduronic acid.38 In strain O1BFS, the most tightly bound

heparin residues were GlcN2, Ido3, and GlcN4, and, for A1061, these were the only ones for which there was clear

electron density.

The ligands were the basic and polar residues Arg56 and Asn88 of VP3, Thr134 and Arg135 of VP2, and Lys193 of

VP1, and bridging water molecules were important (Figure 13b). As for virus strain O1BFS, there was no direct

involvement of the VP1 C-terminal residues 200RHKQI205 in binding; however, the neighboring residues His195

(O1BFS) (Figure 4b) and Lys-193 (A1061) of VP1 (Figure 13a) did contact the heparan substrate (HS), and the

C-terminus may stabilize these residues in a suitable position for HS binding.
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Figure 12 Model of foot-and-mouth disease virus in complex with the heparin trisaccharide HSO36GlcNH(HSO3)a(HSO3)

Idoa][(HSO3)2GlcN(HSO3)]. The structure shown is a pentamer; 12 such structures make up the icosahedral viral capsid.
The trisacharide is shown as a CPK model. Reproduced from Mulloy, B.; Linhardt, R. J. Curr. Opin. Struct. Biol. 2001, 11,
623–628.
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residues (labeled) are drawn as balls and sticks in the same color as the corresponding protein. They are labeled with the
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molecules are colored red. Reproduced from Fry, E. E.; Newman, J. W.; Curry, S.; Najjam, S.; Jackson, T.; Blakemore, W.;
Lea, S. M.; Miller, L.; Burman, A.; King, A. M.; et al. J. Gen. Virol. 2005, 86, 1909–1920.
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Two ligating residues were conserved between the type A and O complexes: Arg-56 of VP3 and Arg-135 of

VP2 (Figures 13a and 13b). The former switches from a histidine to an arginine in type O viruses on adaptation

to tissue culture and is a key ligand in both complexes. In the O1BFS complex, it acts as a bidentate ligand,

stabilizing sulfate groups from rings 2 and 4, whereas in the A1061 complex, it only interacts with ring 4. Arg-135

makes a hydrophobic interaction in both complexes and appears to polarize Asn-88 of VP3, increasing its affinity for

HSO3-6-NH-SO3.
3.28.3 Bacterial Lectins

3.28.3.1 Surface-Bound Lectins

A variety of bacterial species and genera express surface lectins, frequently of more than one type and with distinct

specificities2,3,39 (Table 2). A few bacteria are known to produce intracellular and soluble lectins. The diverse



Table 2 Bacterial surface lectins

Organism Carbohydrate

C. jejuni Fuca2Galb4GlcNAc

E. coli Type 1 Mana3Mana6Man

P Gala4Gal

S Neu5Aca3Galb3GalNAc

CFA/1 Neu5Aca8
F1C GalNAcb4Galb
F17 GlcNAc

K1 GlcNAcb4GlcNAc

K99 Neu5Aca3Galb4Glc

H. influenzae Neu5Aca30,1Galb4GlcNAcb3Galb4GlcNAc

H. pylori Neu5Aca3Galb4GlcNAc

Fuca2Galb3(Fuca4)Gal

K. pneumoniae Man

N. gonorrhoea Galb4GlcNAc

N. meningitidis Neu5Aca30,1Galb4GlcNAcb3Galb4GlcNAc

P. aeruginosa Galb3Glc(NAc)b3Galb4Glc

S. typhimurium Man

S. pneumoniae Neu5Aca30,1Galb4GlcNAcb3Galb4GlcNAc

S. suis Gala4Galb4Glc

Modified from Sharon, N. Biochim. Biophys. Acta 2006, 1760, 527–537.

Microbial Lectins 637
specificities ofmost of the surface lectins are among the factors determining the organ and animal tropism of the bacteria.

It is not known whether individual cells co-express multiple lectins or if each lectin is confined to a distinct cell

subpopulation of the species. We know, however, that the expression of the surface lectins is commonly regulated by a

mechanism known as phase variation, that controls the back-and-forth conversion of the lectin-expressing cells in a

bacterial population to nonexpressing ones.40 In Escherichia coli, Klebsiella pneumoniae, and Salmonella spp., the lectins

often are in the form of submicroscopic hair-like appendages, named fimbriae or pili, that protrude from the surface of the

cells. During the fimbriated phase, a typical Gram-negative bacterium carries 200–500 peritrichously arranged fimbriae.

The most prevalent and best characterized bacterial surface lectins with respect to structure, biosynthesis, and func-

tion are those expressed byE. coli, namely the mannose-specific type 1 fimbriae, the galabiose-specific P fimbriae, and

the N-acetylglucosamine-specific F17 fimbriae. They all consist of an assembly of different classes of subunit and

belong to the family of flexible ‘Cup’ fimbriae, referred to as such because they are assembled by the chaperone/usher

pathway.41 The carbohydrate-binding subunit is typically located at the end of the assembled structure.
3.28.3.1.1 Type 1 fimbriae
Type 1 fimbriae (Figures 14 and 15) are expressed by a large number ofE. coli strains, and are found in more than 95%

of E. coli isolates from intestinal and extraintestinal infections such as urinary ones.1,3,39,42 They are also produced by

other enterobacterial species, among them of K. pneumoniae, Salmonella typhimurium, and Salmonella enteritidis. The

affinity of different phenotypes of E. coli type 1 or of the isolated fimbriae to mannose or MeaMan may differ within a

factor of 15 and they can be functionally subdivided into either low-mannose-binding (M1L) or high-mannose-

binding (M1H) phenotypes.43 E. coli exhibiting these two basic phenotypes have been found to predominate in

different niches. Most isolates from the large intestine of healthy humans (c. 80%) express a distinct M1L phenotype,

whereas most isolates from urinary tract infections (>70%) express M1H variants. These naturally occurring variations

dramatically change the tissue tropism of E. coli and can be a major factor in shifting the bacterial adaptation from

commensal to pathologic habitats, a phenomenon known as pathoadaptation.44 Typically, type 1 fimbriae of E. coli

have a considerably higher affinity (up to 40 times as compared to mannose) for oligosaccharides such as Mana3-
Manb4GlcNAc or Mana6(Mana3)Mana6(Mana3)Man that are constituents of cell surface glycoproteins.45

In the urinary tract, the fimbriae mediate binding of the bacteria to the oligomannosides Man9GlcNAc2 to

Man6GlcNAc2 of uroplakin Ia, a major glycoprotein of urothelial apical plaques.46,47 Anchorage of E. coli to the

urothelial surface via type 1 fimbriae–uroplakin I interactions may play a role in their colonization of the bladder and

eventual ascent through the ureters, against urine flow, to invade the kidneys.

Structurally, the fimbriae are 1–2mm long and 7nm thick fibers, that are rod like, made up largely of repeating

immunoglobulin-like FimA subunits (m.w. 17kDa) arranged helically in a structure referred to as ‘shaft’ (Figure 16).48,49



Figure 15 Electron micrograph of isolated type 1 fimbriae. Reproduced from Eshdat, Y.; Silverblatt, F. J.; Sharon, N.
J. Bacteriol. 1981, 148, 308, with permission from American Society for Microbiology.

Figure 14 Type 1 fimbriated E. coli. Magnification �20000. Courtesy Dr. David Hasty.
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The shaft is joined to a short 3nm thick distal tip fibrillum that consists of two adapter proteins, FimF and FimG, and a

third of a different kind, FimH (m.w. 29–31kDa). The latter is the only subunit that possesses a carbohydrate-binding

site and is thus responsible for the sugar-binding activity of the fimbriae.50 FimH is also present in small numbers at

intervals along the fimbrial filament, but only the subunit at the tip appears to be able to mediate mannose-specific

adhesive interactions, whereas the subunits at the other positions are inaccessible to the carbohydrate ligand.51 Minor

sequence variations in FimH alleles from different clinical isolates have been shown to correlate with altered

carbohydrate-binding profiles of the fimbriae.44

The FimH subunits of E. coli and K. pneumoniae are 88% homologous. Still, the two organisms differ in their fine

specificity, for example, in their relative affinity for Mana3Manb4GlcNAc and p-nitrophenyl a-mannoside.52–54 Other

aromatic a-mannosides are also high-affinity ligands (up to 1000 times stronger than MeaMan) for E. coli type 1,

suggesting the presence of a hydrophobic binding region next to the monosaccharide-combining site of FimH. With



Figure 16 Structure of type 1 fimbriae. Top, schematic representation, depicting the distal end of the shaft as well as the

tip of a fimbrium (or pilus) and a typical attachment site on host cells; A, F, G, and H denote the fimbrial subunits. Bottom,

electron micrograph, in which arrowhead indicates the fimbrial tip containing the FimH subunit. Reproduced from Schilling,
J. D.; Mulvey, M. A.; Hultgren, S. J. J. Infect. Dis. 2001, 183(1), S36–S40.
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several Salmonella species examined, aromatic a-mannosides, as well as the trisaccharide Mana2Manb4GlcNAc, were

weaker inhibitors than MeaMan. The combining site of Salmonella species appears thus to be smaller than that of

E. coli and K. pneumoniae, and to be devoid of an adjoining hydrophobic region. Different combining sites were found in

other mannose-specific bacterial lectins. Therefore, although classified together on the basis of their monosaccharide

(primary) specificity, these lectins differ in their fine specificity. Swapping experiments with genetically engineered

hybrid fimbriae, in which the FimH of one species (e.g., E. coli) was presented on the shaft of the other species

(K. pneumoniae), have shown that the shaft plays a role in modulating the specificity of fimbriae, probably by imposing

conformational constraints on the carbohydrate-binding subunit.55

The first 3-D structure of a fimbrial carbohydrate-binding subunit to be solved was that of FimH in complex with

the FimC chaperone (see below) to which the mannose analog cyclohexylbutanoyl-N-hydroxyethyl-D-glucamide was

bound.56 FimH is seen folded into two all-b class domains connected by a short extended linker (Figure 17). One of

these, located in the N-terminal half of the subunit (residues 1–156), is the lectin domain, with the mannose-binding

site at its tip. The C-terminal half (residues 160–279), known as the pilin domain, serves to anchor the subunit to the

fimbriae. It binds in the cleft of FimC, although there is only limited contact between FimH and the C-terminal

domain of the chaperone. The carbohydrate recognition domain of FimH is an 11-stranded elongated b-barrel with a

jellyroll-like topology, while the pilin domain has an immunoglobulin fold that lacks the seventh (C-terminal) b-strand
present in the canonical immunoglobulin fold. In the FimC–FimH complex, the missing b-strand is donated by the

seventh strand of the N-terminal domain of the chaperone to complete the immunoglobulin-like fold of FimH. This

kind of ‘donor strand complementation’ is thought to initiate folding of FimH directly on the chaperone, thus

accounting for the function of the latter in biogenesis of the fimbriae.57

The 3-D structure of the FimC–FimH in complex with bound mannose has also been elucidated by X-ray

crystallography.58 Although mannose exists in solution as a mixture of a- and b-anomers, only the former was found

in the crystal (Figure 18). It is buried at a deep and negatively charged site at the edge of FimH, opposite to the region

through which the latter combines with the chaperone. All the mannose hydroxyls, except the anomeric one,

interacted extensively with combining site residues, almost all of which are situated at the ends of b-strands or in
the loops extending from them. Part of the hydrogen-bonding network is identical to that found in mannose

complexes of other lectins. Thus, Asp54 makes cooperative hydrogen bonds with the 4- and 6-OH and Asn140 with

the 3- and 4-OH of the ligand, similar to those made by the equivalent residues with the same sugar in the combining

sites of legume lectins with the same primary specificity.59 In addition, the N-terminal amine of the FimH

polypeptide is H-bonded to the 2-OH, 6-OH, and the ring oxygen of the mannose.58 This is one of the rare cases

in which an N-terminal amine of a protein participates in ligand binding. Phe142 of FimH interacts hydrophobically
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Figure 18 The a-anomer of mannose in the combining site of FimH. The eight marked residues combine with the mannose

by hydrogen bonds and hydrophobic interactions. Contact residues are shown as ball-and-stick model. Wat stands for
water. From Hung, C. S.; Bouckaert, J.; Hung, D.; Pinkner, J.; Widberg, C.; DeFusco, A.; Auguste, C. G.; Strouse, R.;

Langermann, S.; Waksman, G.; et al. Mol. Microbiol. 2002, 44, 903–915.59

Figure 17 Crystal structure of FimH, the carbohydrate-binding subunit of type 1 fimbriae, in complex with the FimC

chaperone. The asterisk indicates the mannose-binding pocket of FimH. Also shown is the insertion of the G1 strand of the
FimC chaperone into the hydrophobic groove formed between the A and F strands of the FimH pilin domain, an interaction

known as donor-strand complementation. Reproduced from Schilling, J. D.; Mulvey, M. A.; Hultgren, S. J. J. Infect. Dis.

2001, 183(1), S36–S40.
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with the C2–C3 bond of the mannose. The same residue, together with Ile13, Tyr 48, and Ile52, form part of a

hydrophobic ridge that surrounds the site and which may help to direct the ligand into it. Site-directed mutagenesis

showed that combining site residues Asp54, Gln133, Asn135, and Asp140 are essential for carbohydrate binding by

FimH, since their replacement by alanine, asparagine, or aspartic acid resulted in complete loss of this activity.

Examination of the binding site region of FimH has provided confirmation of the suggestion, made some two

decades ago, that the combining site of this lectin is extended, and fits best mannose-containing trisaccharides such as

Mana3Manb4GlcNAc or Mana6(Mana3)Man.45 X-ray crystallography and modeling studies of the complexes of

FimH with hydrophobic mannosides60 have furnished a molecular explanation for the high affinity of type 1 fimbriae

to such compounds (Figure 19). It is likely that the hydrophobic character of the ridge of the mannose-binding site of

FimH distinguishes E. coli type 1 fimbriae from those of Salmonella species that neither exhibit an increased affinity

for mannose with hydrophobic substituents nor for the oligomannosides mentioned earlier.
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Schembri, M.; De Genst, E.; Cools, L.; Wuhrer, M.; Hung, C. S.; Pinkner, J.; Slattegard, R.; Zavialov, A.; et al.Mol. Microbiol.

2005, 55, 441–455.
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Nearly all mutations in the combining site of FimH abolished or decreased its binding not only to mannose, but also

to urinary epithelial cells, indicating that the site may be highly conserved.44,61 Support for this conclusion comes from

the finding that there are very few variations in the sequences of the mannose-binding site of over 200 uropathogenic

strains of E. coli examined, in contrast to enterohemorrhagic strains of E. coli, in which there are sequence variations at

this site.61 On the other hand, replacement of residues 185–279 within the FimH pilin domain with a corresponding

segment of the type 1C fimbrial subunit FocH has led to a loss of the multivalent mannotriose-specific binding

property accompanied by the acquisition of a distinct mannose-specific (i.e., monovalent, M1H) binding capability.

Bacteria expressing the monovalent hybrid FimH were capable of binding strongly to uroepithelial tissue culture cells

and guinea pig erythrocytes. They could not, however, agglutinate yeasts or bind human buccal cells, functions readily

accomplished by the E. coli expressing mannotriose-specific FimH variants. Based on the relative potency of



Figure 20 Structure of P fimbriae (pili). On the left, a schematic diagram of a single P fimbrium, showing the location of
each subunit within the structure; on the right, electronmicrograph showing the two subassemblies of a P fimbrium.

Reproduced from Dodson, K. W.; Pinkner, J. S.; Rose, T.; Magnusson, G.; Hultgren, S. J.; Waksman, G. Cell 2001, 105,
733–743.

642 Microbial Lectins
inhibitory compounds of different structures, it was concluded that the receptor-binding site within the monovalent

FimH–FocH subunit has an extended structure with an overall configuration similar to that within the multivalent

FimH of natural origin.

Another class of high-affinity ligand for type 1 fimbriated E. coli are mannose-derived neoglycoproteins and

dendrimers (see Chapter 3.23 ).61a The former are proteins to which varying numbers of a-mannose residues are

covalently attached, while the latter are multifunctional spherical branched polymers of well-defined molecular size

that carry large numbers of such residues on their surface.
3.28.3.1.2 P fimbriae
In contrast to type 1 E. coli, that recognize structures present only in glycoproteins, P-fimbriated E. coli are specific for

galabiose (Gala4Gal), a structure found in glycoproteins (see Chapter3.14) as well as in membrane glycosphingolipids

of the globo-series.62–64 These bacteria bind the disaccharide when it is present either at the nonreducing position or at

an internal one of such glycolipids. They adhere mainly to the upper part of the kidney, where galabiose is more

abundant. P fimbriae are similar to type 1 fimbriae in that they too are composite structures consisting of a long, rigid

rod and a short, flexible, open helical part (Figure 20). The rigid section is about 7nm in diameter and is composed

mainly of about 1200–2400 copies of the PapA subunit (16–22kDa) arranged in a tightly packed right-handed helix.

The short flexible tip, consisting of PapEmonomers, is 2 nm in diameter and is joined to the rigid rod by PapK adapter

subunit.

The carbohydrate-binding subunit, PapG, is located exclusively at the N-terminal domain of the flexible tip and

appears to be the sole determinant of binding specificity. It has mostly a b-sheet structure that can be subdivided into

two regions (Figure 21). One is in the form of a b-barrel similar to the corresponding region of FimH; the other, with a

structure that has not been encountered elsewhere, contains the carbohydrate-binding site. Like in type 1 fimbriae,

donor strand complementation between PapG and PapK has been observed in the crystal structure of the chaperone-

subunit complex of the P fimbriae. As with type 1 fimbria, allelic variations in PapG are found with distinct receptor

specificity.

The combining site of PapG is extended and accommodates galabiose, the primary specificity determinant, binding

the disaccharide by an array of hydrogen bonds, some mediated by water molecules, and hydrophobic interactions,

with space for additional monosaccharide residues at its nonreducing end (Figure 22).

3.28.3.1.3 F17 fimbriae
These fimbriae, produced by enterotoxigenic E. coli, are 3nm wide, flexible and wire-like organelles, built up of the

major pilin subunit F17-A and exposing the F17-G subunit at their tip.65 They mediate binding of the bacteria

to N-acetylglucosamine-presenting receptors on the microvilli of the intestinal epithelium of ruminants, leading to

diarrhea or septicemia. Binding of F17 E. coli to the microvilli is inhibited by N-acetylglucosamine as well as its
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Figure 21 Ribbon presentation of the N-terminal region of PapG. The upper part, made up of seven b-strands, forms a
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from Dodson, K. W.; Pinkner, J. S.; Rose, T.; Magnusson, G.; Hultgren, S. J.; Waksman, G. Cell 2001, 105, 733–743.
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Figure 23 Localization of the sugar-binding sites of F17a-G (a), FimH (b), and PapGII (c). The proteins (represented in gray)

were superimposed, based on the structural core of the immunoglobulin fold, which was identified in the three carbohydrate-
binding subunits. Representative carbohydrate ligands are shown in black. The C-termini of the lectin domains, which

precede the linker to the pilin domain, coincide approximately. Structurally equivalent strands are labeled with their names

as defined for F17-G. The two parts of the PapGII domain are indicated: part 1 has the immunoglobulin-like core, whereas
part 2 holds the sugar-binding site. From Buts, L.; Bouckaert, J.; De Genst, E.; Loris, R.; Oscarson, S.; Lahmann, M.;

Messens, J.; Brosens, E.; Wyns, L.; De Greve, H. Mol. Microbiol. 2003, 49, 705–715.
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b1-4-linked oligomers. The appearance and molecular organization of F17 fimbriae are similar to those of type 1 and

P fimbriae, being composed of a flexible tip fibrillum with an open helical structure connected to the end of a tightly

wound helical rod made up of their major fimbrial subunit.

The high-resolution crystal structure of the lectin domain of F17-G, in complex withN-acetylglucosamine, revealed

that the monosaccharide is bound on the side of the ellipsoid-shaped protein in a conserved site around which all

natural variations of F17-G are clustered 65 (for a study of the lectin domain of a closely related strain, see Ref.: 66).

Despite lack of any sequence identity, it was unexpectedly found that the lectin domain of F17-G is similar to that

FimH and PapG, and that all three share the immunoglobulin-like fold of the structural components (pilins) of their

fimbriae (Figure 23). Analogous to the other fimbrial subunits, F17-G is a two-domain protein in which a C-terminal

pilin domain is linked with an N-terminal carbohydrate-specific lectin domain.

The binding site of the lectin domain of F17a-G, one of the several cloned variants of F17-G examined in complexwith

the N-acetylglucosamine, is formed by the carbonyl group of Ala43, the side chains of Asp88, Thr89, Trp109, Ser117,

Thr118, Gln119, and the nitrogen of Gly120 (Figure 24). Interactions between the carbohydrate and the protein

include 11 possible hydrogen bonds, of which four are mediated by water molecules, as well as the hydrophobic

stacking of the Trp109 side chain against the C5 and C6 atoms of the sugar. The N-acetyl group of N-acetylglucosa-

mine contributes significantly to the affinity of the ligand to F17a G, due to a good complementarity of van der Waals

surfaces between this group and the side chains of Thr118 and Asn44, as well as the carbonyl group of Ala43.
3.28.3.2 Soluble Bacterial Lectins

Only small number of bacterial lectins that are soluble are known (Table 3). The 3-D structures of all these in

complexes with ligands have been investigated by X-ray crystallography and in some cases also by NMR.

3.28.3.2.1 Pseudomonas aeruginosa lectins
Two soluble lectins, originally isolated from Pseudomonas aeruginosa by Nechama Gilboa-Garber in the 1970s,67,68 have

been well characterized.7 The galactose-specific PA-IL is a tetramer of four identical subunits, each consisting of
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2003, 49, 705–715.

Table 3 Soluble bacterial lectinsa

Source Name Specificity

Pseudomonas aeruginosa PA-IL Galactose

PA-IIL L-Fucose>mannose

Ralstonia solanaceareum RSL L-Fucose

RS-IIL Mannose>L-fucose

Nostoc ellipsosporum Cyanovirin N M(9), M(8)

Microcystis viridis MVL

aFor references, see text.
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121 amino acids (m.w. 12.7kDa). The subunit of the fucose- and mannose-specific PA-IIL, also a tetramer, is similar in

size to that of PA-IL, but its primary structure is different.69 The activities of both proteins are dependent upon the

presence of divalent cations. The Pseudomonas-soluble lectins are found mainly in the bacterial cytoplasm. They

are released by a subpopulation of the bacterial cells and serve to tether the bacteria to a substratum by binding to

ill-defined structures on the bacterial surface and to a receptor on animal cells that contain the corresponding sugar.

PA-IL displays medium-range affinity for galactose, with a Ka of 3.4�104M–1.70,71 Among monosaccharides, the

specificity is strictly for galactose, with the exception of N-acetylgalactosamine, albeit with a lower affinity than that

for galactose. The presence of a hydrophobic group on the anomeric position of the monosaccharide, either in a- or
b-configuration, enhances the affinity, as observed with other lectins, such as E. coli type 1 fimbriae, with the tightest

binding obtained for phenyl b-thiogalactoside. As for disaccharides, only those containing a terminal a-galactose
residue are recognized, such as Gala3Gal, Gala4Gal, and Gala6Glc, to which the lectin displays the highest affinity;

PA-IL binds also to a large number of glycoconjugates.72,73 The latter include compounds containing terminal

unsubstituted Gala4Gal disaccharide, that is, the human P1 and Pk blood group antigens, present on either red

blood cell glycosphingolipids or on pigeon egg white glycoproteins, as well as Gala3Gal, the human B blood group

antigen, and the xenoantigen present on pig tissues.
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PA-IIL is characterized by an unusually high affinity for L-fucose, with a Ka of 1.6�106M–1 and binds the Lea

trisaccharide [Galb3(Fuca4)GlcNAc] more strongly, with a Ka of 4.7�106M�1.7,74 Thermodynamic studies indicate

that these interactions are dominated by enthalpy. The entropy contribution is slightly favorable when binding to

fucose and to the highest-affinity ligand Lea. The high-resolution X-ray structures of two complexes of PA-IIL with

Lea and LNnFP-V (lacto-N-neofucopentaose-5, Galb4GlcNAcb4(Fuca3)Galb4Glc), allowed the precise determina-

tion of the conformation of a trisaccharide and a pentasaccharide (see later, Figure 28). The different types of

interaction between the oligosaccharides and the protein involve not only hydrogen bonding, but also calcium- and

water-bridged contacts, allowing a rationalization of the thermodynamic data.

Three crystal structures of PA-IL have been reported thus far: the native lectin that contains one calcium ion per

monomer, the calcium-free lectin, and the lectin with bound monosaccharide that contains both calcium and galactose

(Figure 25).75 In all cases, the quaternary structure is a tetramer, each of which monomers adopts a small jellyroll

b-sandwich fold, consisting of two curved sheets, each one constructed from four antiparallel b strands.

The most striking feature of the PA-IIL structure is the involvement of the C-terminal carboxyl group (Gly114) of

each monomer in the carbohydrate-binding site of the other monomer. Dimerization of the PA-II subunit is the result

of a head-to-tail association of two monomers that make contact through the curved five-stranded b sheet. It largely

involves hydrophobic contacts in the strands outside the Greek key motif of the protein and several hydrogen bonds at

the extremity of these strands.7,76 The buried surface is�1500Å2 per monomer. The dimers form a tetramer mainly by

the antiparallel association of b-strands comprised of amino acids 79–85 (strand 6) from each dimer with their

counterparts in the other dimer. The surface buried by the association of the dimers into tetramers is �500Å2 per

monomer.

Both lectins are unusual in binding monosaccharides via direct interaction with metal ions.7 The sugar-binding sites

of PA-IL and PA-IIL contain one and two calcium ions, respectively. In the PA-IL-galactose complex, one sugar

residue is located in each monomer, close to the calcium atom. Oxygen atoms O3 and O4 of galactose are directly

involved in the coordination sphere of the calcium ion (Figure 26). The lectin–sugar interaction also involves six

direct hydrogen bonds between the sugar hydroxyl groups and the protein and an additional one bridged by a water

molecule. Some limited hydrophobic contacts are established between the apolar face of the galactose residue and

certain hydrophobic amino acids.

In the PA-IIL-fucose complex, the fucose residue is locked onto a pair of calcium ions. Such a protein–carbohydrate

binding mode involving two calcium ions has never been observed before (Figure 27). Three hydroxyl groups of

fucose participate in the coordination of those calcium ions: O2 to the first calcium, O4 to the second calcium, and O3

to both of them. In addition to these electrostatic interactions, the three hydroxyl groups of the monosaccharide

participate in hydrogen bonds with acidic groups of the calcium-binding site. The ring oxygen of fucose is involved in

one hydrogen bond with the main chain, resulting altogether in a network of seven direct hydrogen bonds between the
Figure 25 Crystal structures PA-IL and PA-IIL. a, Tetramers with stick representation of monosaccharides and space-

filling representation of calcium ions. b, Monomers with the two b-sheets represented by different colors. From Imberty, A.;

Wimmerova, M.; Mitchell, E. P.; Gilboa-Garber, N. Microbes Infect. 2004, 6, 221–228.
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sugar and the protein. A water molecule mediates an additional hydrogen bond. The methyl group at position 6 of

fucose is located in a shallow pocket with hydrophobic character.

Analysis of the mode of binding of Lea by PA-IIL revealed a large number of contacts between the sugar and the

protein (Figure 28). All monosaccharide units of the trisaccharide interact with the protein surface either directly

(hydrogen bonding and coordination of calcium) or indirectly through bridging water molecules. In addition to the

nine direct hydrogen bonds between the fucose of Lea and the protein described, the GlcNAc residue establishes a

hydrogen bond between its O6 atom and the main-chain carbonyl group of Asp96. Two water molecules play an

important bridging role in the interaction: one bridges O1 and O2 of fucose to the amide nitrogen of Thr98, whereas

the other bridges the Gal residue (O2 and O1) to the side chain of Ser23. Hydrophobic contacts are very limited and
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only involve the methyl group of fucose with that of Thr145. The conformation adopted by Lea in the binding site is

similar to that predicted by those earlier studies, confirming the rigidity of the trisaccharide.

Among the four independent molecules of the PA-IIL–LNnFP-V complex, clear electron density can be observed

for two complete pentasaccharides (Figure 28), whereas only a tetrasaccharide and a trisaccharide can be located for

the two remaining sites. The fact that two of the oligosaccharides can be completely visualized is due the rigidity of

their linear part resulting from fortuitous crystal packing that generates extensive contacts between two adjacent

sugars centered on a pseudo twofold axis of symmetry (Figure 28c). It is this interaction that allows the very high-

resolution structure of milk pentasaccharide to be described here for the first time. The protein-binding site, together

with the calcium ions and fucose moiety, are identical with those described previously. Additional interactions with the

protein surface are established by the glucose and galactose residues of the Lex glucose analog moiety (Figure 28b).

The glucose establishes a direct hydrogen bond between its hydroxyl group at position 2 and the side chain of Asp-96.

In addition, five interactions are mediated by a water molecule, involving O1 of fucose, O1 and O6 of glucose, and O1,

O2, and O6 of galactose. Hydrophobic interactions are observed for the methyl group of fucose, but also for C6

of galactose, which interacts with the carbon of a glycerol molecule located at the protein surface. The other part of

the pentasaccharide, that is, the Glcb4GlcNAc linked to position 3 of galactose, does not interact with the protein

surface, but instead is involved in extensive interactions with the neighboring carbohydrate in the crystal lattice

(Figure 28c).

PA-IL and PA-IIL are the first calcium-dependent lectins of bacterial origin to be structurally characterized. They

do not seem to be related evolutionarily, even though they both adopt a jellyroll fold and they both use calcium for

carbohydrate binding. In PA-IL, calcium, together with a unique network of hydrogen bonds, generates a binding site
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endowed with a selective specificity for galactose. In contrast, in PA-IIL, the two calcium ions are associated with a

very high affinity (micromolar range) and a wide specificity for binding different monosaccharides. The occurrence of

metal ions in lectins is well known. Carbohydrate binding by legume lectins depends on the presence of manganese

and calcium ions, whose main role is to maintain the architecture of the binding site and not to make contacts with the

sugar ligand. Direct calcium–sugar interactions have been observed in only two families of animal lectins: pentraxins

and C-type lectins. The first family includes serum amyloid P component (SAP) and C-reactive protein (CRP), which

contain two close calcium ions involved in binding of diverse ligands. The lectin activity of SAP differs from that of

PA-IIL, since it is only directed to sulfated or phosphorylated carbohydrates. Despite the lack of sequence or fold

similarity, the galactose-binding mode of PA-IL shows a striking resemblance to those of two C-type animal lectins

complexed with galactose, that is, the QPDWG mutant of rat mannose-binding protein A and the tunicate galactose-

specific C-type lectin, TC14, from Polyandrocarpa misakiens.7,78 Nevertheless, in PA-IL, the occurrence of an

additional strong interaction with the galactose O6 group can explain the 10-fold higher galactose affinity compared

to that of the C-type animal lectins.

3.28.3.2.2 Ralstonia solanacearum lectins
Two soluble bacterial lectins have been recently isolated from the plant pathogen Ralstonia solanacearum, each with

different affinity to fucose. One of these is RSL (subunit M(r) 9.9 kDa), related to fungal lectins,79 and the other is

RS-IIL (subunit M(r) 11.6kDa), a tetrameric lectin, with high sequence similarity to PA-IIL.80

RSL consists of 90 amino acids with a tandem repeat in its amino acid sequence. It binds fucose with Ka of 5�105M–1.

Among the monosaccharides tested, only L-galactose and D-arabinose, differing from fucose just by the substituent at

C6, displayed some binding, albeit with affinity 4–5 times lower than that of fucose. RSL shows a preference for binding

to Fuca2Gal and Fuca6Gal epitopes. It possesses two binding sites per monomer and an unusually high affinity for

Fuca2Gal-containing oligosaccharides (Ka of 4�106M–1 for 2-fucosyllactose). The lectin has been crystallized with

MeaFuc and with the highest-affinity ligand 2-fucosyllactose. The X-ray crystal structure of the RSL-MeaFuc
complex revealed that each monomer consists of two small four-stranded antiparallel sheets (Figure 29). Trimeriza-

tion through a threefold or pseudo-threefold axis generates a six-bladed b-propeller architecture, very similar to that

previously described for the fungal lectin of Aleuria aurantia. Each monomer presents two fucose-binding sites,

resulting in six symmetrically arranged sugar-binding sites for the b-propeller.
The hydrogen-bonding network between fucose and protein consists of six bonds. The fucose hydroxyl O2 is

bridged to the main chain by the amide group of Ala40a in site 1 (Ala85 in site 2). Hydroxyl O3 receives hydrogen from

NE1 of Trp81 (Trp36 of neighboring monomer in site 2) and donates to the carboxyl group of Glu28 (Glu73 in site 2).

The other acidic oxygen of this carboxyl receives a hydrogen bond from O4 of fucose that is also hydrogen-bonded to

NE of Arg17 (Arg62 in site 2). Finally, the ring oxygen O5 receives a hydrogen bond from the terminal NH2 of the

same arginine. In the high-resolution structure of RSL complexed with MeaFuc, water molecules are observed bound

to the most accessible oxygens of fucose, O1, and O2, but they are not present in all sites and do not bridge to the

protein. Hydrophobic contacts play an important role in the binding of fucose; Trp76 (Trp31 of the neighboring

monomer in site 2) stacks to the fucose hydrophobic face (C3, C5, and C6) with distances smaller than 4Å. On the

other face of fucose, the sulfur atom of Cys30 (Cys75 in site 2) establishes a hydrophobic contact with the methine

carbon C2. The methyl group at C6 is inserted in a hydrophobic pocket made by isoleucine residues 59 and 61

(monomer Pro14 and Ile16 in site 2) and tryptophan residues 10 and 81 (Trp53 of the same monomer and Trp16 of the

neighboring one in site 2).

The same fucose-binding mode is observed in all of the complexes studied, with a very limited variation in the

fucose orientation. The only difference between site 1 and site 2 is the Ile59/Pro14 substitution in the hydrophobic

pocket. In all binding sites, the hydrogen bond network is fully conserved.

In the RSL-FucLac complex (intramonomer (site 1) and intermonomer (site 2)), the trisaccharide adopts very

similar conformations and establishes the same contacts with the protein. The interactions involving the fucose

residue have been described above. The galactose does not interact with the protein surface but makes an interresidue

Gal.O2-Fuc.O3 hydrogen bond with the fucose residue. The glucose residue is folded back on the protein surface with

its hydrophobic face, made by the CH of C1, C3, and C5, establishing van derWaals interactions with the plane surface

created by a side chain of Asp32 that creates a salt bridge with Arg17 (Asp77 and Arg62 in site 2). In site 2, there is an

additional stabilization by O6 interacting with the side chain of Trp53 through a bridging water molecule.

RS-IIL recognizes fucose but displays much higher affinity for mannose and fructose, which is opposite to the

preference of PA-IIL. The binding loop of the cations is fully conserved in RS-IIL as in PA-IIL, whereas the pre-

ference for mannose versus fucose can be attributed to the change of a three-amino-acid sequence in the ‘specificity

loop’. The RS-IIL crystal contains one monomer of 113 amino acids per asymmetric unit, together with two Ca2þ ions
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and one MeaMan molecule (Figure 30). The overall topology of RS-IIL is that of a nine-stranded antiparallel

b-sandwich consisting of two sheets of four and five strands respectively. In the tetrameric quaternary structure,

one interface between two monomers is created by strong complementary packing of the one hydrophobic curved

b-sheet to its counterpart, and the other interface is created via sheet extension (Figure 30). Both monomeric and

tetrameric structures are very similar to those described in detail for several crystal structures of PA-IIL.77,78 The

binding site is occupied by two Ca2þ ions and a mannose residue. The two ions are located close together, 3.75Å, and
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both display a classical seven-ligand coordination, mainly involving one loop, the conserved ‘calcium-binding loop’,

via the side chains of Glu94, Asp98, Asp100, Asn102, and Asp103. A second loop is involved through the side chain of

Asn21. In addition, the acidic group of the C-terminus Gly113 of the other monomer, which is involved in the head-to-

tail interaction, also participates in the coordination of the Ca2þ ions. All amino acids of the calcium-binding site are

strictly conserved between PA-IIL and RS-IIL, and the Ca2þ ions are bound in a similar manner.

In the RSLII-MeaMan complex (Figure 30), O2, O3, and O4 participate directly in the coordination of the Ca2þ

ions, with a special position for O3, which participates in the coordination sphere of both. The O3, O4, and O6
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hydroxyl groups of mannose are involved in hydrogen bonds with acidic amino acids of the calcium-binding loop

extending from Glu94 to Asp103. The O2 hydroxyl group establishes hydrogen bonds with the backbone oxygen of

Asn21 as well as with the C-terminus from the adjacent monomer. The ring oxygen O5 receives a hydrogen bond from

the backbone nitrogen of Ala23. One water molecule makes an additional interaction by bridging between O4 and the

backbone nitrogen of Thr97. Hydrophobic contacts appear to be very limited: only the methyl group of the MeaMan

ligand is in relatively close position to Ala23. The comparison with the binding mode of mannose in PA-IIL shows

similar contacts except in the region of O6.
3.28.3.2.3 Cyanovirin-N
Cyanovirin-N (CVN) is an 11kDa lectin from the cyanobacterium (blue-green alga) Nostoc ellipsosporum with potent

virucidal activity, that possesses the ability to inactivate all strains of human immunodeficiency virus (HIV) and simian

immunodeficiency virus (SIV) as well as other viruses such as those of influenza and Ebola.81,82 In addition, it binds

very strongly the mammalian oligomannosides Man(9) andMan(8) (Figure 31), its minimal target beingMana2Mana,
the termini of the branches of Man(8) and Man(9). The lectin consists of 101 amino acid residues organized in two

domains, with a high degree of internal sequence and structural similarity. The solution structure solved by NMR

revealed that CVN is an elongated, largely b-sheet protein that displays internal twofold pseudo-symmetry83,84

(Figure 32). The two sequence repeats (residues 1–50 and 51–101) share 32% sequence identity and are superimposable;
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they do not form, however, separate domains, since the overall fold is dependent on numerous contacts between them.

Rather, two symmetrically related domains are formed by strand exchange between the two repeats.

Among the properties of CVN is its ability to block HIVenvelope-mediated fusion. The affinity of oligosaccharide

ligands to CVN was measured by their ability to inhibit the fusion-blocking activity of CVN in an HIV fusion assay.

By this assay, it was found that CVN binds to gp120 with an equilibrium association constant Ka of 2.4�107M–1 and

an apparent stoichiometry of 2 equiv. of CVN per gp120; Man(8) acts as a divalent ligand (2 CVN:1 saccharide) with a

Ka of 5.4�107M–1, and Man(9) functions as a trivalent ligand (3 CVN:1 saccharide) with a Ka of 1.3�108M–1.

Isothermal titration calorimetry experiments of CVN binding to Man(9) confirmed the nanomolar affinity of Ka of

1.5�108M–1, and the fitted data indicated a stoichiometry equal to approximately 1:1 CVN:Man(9).

The 1:1 stoichiometry at micromolar concentrations suggested that CVN has not only a high-affinity binding site

relevant to the studies at nanomolar concentrations, but a lower-affinity site as well that facilitates cross-linking of

CVN-oligomannose at micromolar concentrations or higher. The high-affinity site has a Ka of 7.2�106M–1 and the

low-affinity site a Ka of 6.8�105M–1, as determined by isothermal titration calorimetry. The specificity studies

indicated that the minimum structure required for high-affinity binding comprises the Mana2Mana that represents

the terminal disaccharide of all three arms of Man(9). High-resolution NMR experiments demonstrate that CVN

binds the above disaccharide via two distinct binding sites of differing affinities located on opposite ends of the

protein.83 Further NMR analysis of the solution structure of a complex of CVN-Mana2Mana at a molar ratio 1:2

revealed that the lectin recognizes the stacked conformation of the disaccharide through a deep hydrophilic-binding

pocket on one side of the protein (site 2) and a semicircular cleft on the other (site 1)85 (Figure 33). With the

prominent exception of the C1 hydroxyl group of the reducing mannopyranose ring, the bound disaccharide is

positioned so that each hydroxyl group is involved in a direct or water-mediated hydrogen bond to the polar or

charged side chains comprising the binding pocket. The approximately 40Å spacing of the two binding sites provides

a simplemodel for CVN:gp120 binding. TheCVN:Mana2Mana complex provides the first high-resolution structure of

a mannose-specific protein–carbohydrate complex with nanomolar affinity and presents a new carbohydrate-binding

motif, as well as a new class of carbohydrate-binding protein, that facilitates divalent binding via a monomeric protein.

Site 1 of CVN is able to discriminate between the three related trisaccharides Mea(Mana2Mana2Man), Mea-
(Mana2Mana3Man), and Mea(Mana2Mana6Man) with remarkable selectivity, and binds these trisaccharides with

Ka values ranging from 8.1�103M�1 to 6.6�106M�1. Site 2 is less selective in that it binds all three trisaccharides

with similar Ka values ranging from 1.7 to 3.7�105M�1, but overall binds these trimannosides with higher affinities

than site 1.

3.28.3.2.4 Microsystis viridis lectin
Recently, another cyanobacterial protein known as MVL, originally isolated from a laboratory culture of Microcystis

viridisNIES-102.86 MVL has also been shown to inhibit HIV-1 fusion at nanomolar concentrations.87 Like cyanovirin,

MVL is unusual in that it binds oligosaccharides with very high affinity in the absence of multivalent interactions.
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However, it is is distinct among oligomannose-binding proteins in that it exhibits fine specificity for the

Mana6Manb4GlcNAcb4GlcNAc tetrasaccharide core found in N-linked oligomannosides.

MVL in solution is a monodisperse homodimer with four independent carbohydrate-binding sites. Each subunit

comprises two homologous domains, each consisting of 54 residues with 50% sequence identity between them,

connected by a five-residue linker. MVL exhibits no significant sequence similarity to any other known protein

family. X-ray crystallography of MVL free and bound to the pentasaccharideMan3GlcNAc2 confirmed that the protein

is a homodimer stabilized by an extensive intermolecular interface between monomers87,88 (Figure 34). Each
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monomer contains two structurally homologous domains with high sequence similarity connected by a short five-

amino-acid residue linker. Intriguingly, a water-filled channel is observed between the two monomers. Man3GlcNAc2

binds to a preformed cleft at the distal end of each domain such that a total of four independent carbohydrate

molecules associate with each homodimer. The binding cleft provides shape complementarity, including the presence

of a deep hydrophobic hole that accommodates the N-acetyl methyl at the reducing end of the carbohydrate, and

specificity arises from seven to eight intermolecular hydrogen bonds, one water-mediated bond, and a number of

hydrophobic interactions (Figure 35).
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3.29.1 Introduction

Carbohydrate-binding modules (CBMs) are loosely defined as contiguous amino acid sequences that adopt an

independent fold, have carbohydrate-binding activity but no catalytic activity, and are found within the primary

structures of carbohydrate-active enzymes (e.g., glycoside hydrolases, glycosyltransferases, polysaccharide lyases, and

carbohydrate esterases). Of course, there are exceptions: some of the first CBMs discovered were found in the

noncatalytic scaffold in proteins of clostridial cellulosomes.1,2 However, given that these proteins were involved in

the attachment of polysaccharolytic enzymes to cellulose they do fall under this loose definition. The boundaries of

this definition have blurred more recently as many more ‘CBM-like’ modules that are not appended to carbohydrate-

active enzymes have been discovered. For example, the Arabidopsis thaliana genome sequencing project has identified

putative independent xylan-binding modules in this genome; wheat germ agglutinin (WGA) is considered a lectin but

WGA-like modules are now frequently found appended to carbohydrate-active enzymes, usually enzymes active on

chitin. Furthermore, modules falling into the CBM classifications (see Section 3.29.2) are occasionally found

appended to modules known to lack activity on carbohydrates, such as the proteolytic clotting factor C a-subunit of
Tachypleus tridentatus.3 Thus, in application this CBM definition is somewhat liberal but does, for the most part, separate

these uniquemodules fromother carbohydrate-binding proteins, such as lectins, antibodies, and transport proteins, which

are typically not found associated with catalytic domains.

The field of CBM research is rather new as its beginning is in c. 1986 when van Tilbeurgh et al. observed that limited

protease treatment of a Trichoderma reesei (Hypocrea jecorina) cellulase resulted in the separation of a polypeptide

retaining the cellulolytic activity and a small polypeptide have cellulose-binding activity.4 Over the following 7 years

two more separate types of cellulase-associated domains with cellulose-binding activity were described.2,5 These

domains were collectively referred to as cellulose-binding domains (CBDs). By 1996, an amino acid sequence-based

classification had emerged that included �13 different families6 and the three-dimensional (3-D) structures of four

CBDs representing four of these families were published.7–10 However, by 1999 it became clear that numerous

so-called ‘CBDs’ were being discovered that specifically recognized carbohydrates other than cellulose. The more

inclusive term carbohydrate-binding module (CBM) was proposed to more accurately describe this class of carbohy-

drate-binding protein11,12 and this terminology now appears to be generally accepted. There are now over 40

sequence-based CBM families with 3-D structures deposited for representatives of over 30 families.

The recent explosion in CBM research is being driven by a number of factors. First, CBMs are found appended to a

large number of carbohydrate-active enzymes and these enzymes are frequently observed to have vastly reduced

capacities to perform their functions when their CBMs are genetically or proteolytically removed. Thus, understanding

CBM activity is a key aspect to understanding the overall biochemistry and biology of this large class of enzymes.

Second, and more generally, CBMs make up an interesting group of model systems for the study of protein–carbohy-

drate interactions. Lectins, and to some degree antibodies and carbohydrate-transport proteins, have been considered

the benchmark in this field for many years. However, the ability to obtain large quantities of CBMs and the ease with

which they can be genetically manipulatedmakes them ideal model systems. Furthermore, becausemany have unique

properties, such as specificity for crystalline ligands or highly polymerized ligands, these systems are yielding new
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information. Lastly, CBMs have use in numerous biotechnological applications from engineering the modular struc-

tures of industrially relevant glycoside hydrolases to research tools. Overall, CBM research is found in diverse fields

from industrial settings to biochemistry laboratories. The purpose of this chapter is to provide a foundation for

understanding the current state of this field of research. This will touch upon methods of classification, biological

functions, molecular determinants of specific CBM–carbohydrate interactions, and the biotechnological uses of CBMs.
3.29.2 Paradigms of CBM Classification

While questions surrounding the functions and structures of CBMs drive CBM research, the paradigms of CBM

classification provide context for the findings and a platform for formulating new questions. Three classification

schemes that employ structural and/or functional features are now in general use: an amino acid sequence-based

classification, a tertiary structure classification, and a structure–function classification. Table 1 summarizes the

three classifications.
Table 1 The CBM families, their structures and properties

Family Specificity Ka range (M
�1) Structure/fold Type

CBM1 Cellulose 105 Cysteine knot A

CBM2 Cellulose/xylan 103–106 b-Sandwich A and B(?)

CBM3 Cellulose 106 b-Sandwich A

CBM4 Cellulose/xylan/b1-3-glucan/mixed b-glucan 104–105 b-Sandwich B

CBM5 Chitin/cellulose 104–105 Unique A

CBM6 Cellulose/xylan/b1-3-glucan/mixed b-glucan 104–105 b-Sandwich B

CBM7 deleted deleted deleted deleted

CBM8 Cellulose 104 N/Aa ?

CBM9 Cellulose/xylan 104–106 b-Sandwich C

CBM10 Cellulose 105–106 O/B A

CBM11 b1-3-Glucan/mixed b-glucan 103–105 b-Sandwich B

CBM12 Chitin/cellulose 106 Unique ?

CBM13 Complex glycans/xylan 103–104 b-Trefoil C

CBM14 Chitin N/Aa Unique/hevein-like C

CBM15 Xylan 104–105 b-Sandwich B

CBM16 Chitin N/Aa N/Aa ?

CBM17 Cellulose 105–106 b-Sandwich B

CBM18 Chitin 104–105 Hevein C

CBM19 Chitin N/Aa N/Aa ?

CBM20 Starch 104–105 b-Sandwich B(?)

CBM21 Starch N/Aa N/Aa ?

CBM22 Xylan/mixed b-glucan 104–106 b-Sandwich B

CBM23 Mannan 105–106 N/Aa ?

CBM24 a1-3-Glucan 107 N/Aa ?

CBM25 Starch 104 b-Sandwich B(?)

CBM26 Starch 104 b-Sandwich B(?)

CBM27 Mannan 105–106 b-Sandwich B

CBM28 Cellulose 105–106 b-Sandwich B

CBM29 Cellulose/mannan 104–105 b-Sandwich B

CBM30 Cellulose 104 b-Sandwich B

CBM31 b1-3-Xylan 105 b-Sandwich ?

CBM32 Complex glycans 103 b-Sandwich C

CBM33 Chitin 106 b-Sandwich ?

CBM34 Starch N/Aa b-Sandwich B(?)

CBM35 Xylan/mannan/galactan 104 b-Sandwich B

CBM36 Xylan 104 b-Sandwich B

CBM37 Xylan/chitin/cellulose N/Aa N/Aa ?

CBM38 Inulin 105 N/Aa ?

CBM39 b1-3-Glucan N/Aa N/Aa ?

CBM40 Sialic acid 104 b-Sandwich C

CBM41 Starch 104–106 N/Aa ?

CBM42 Arabinose N/Aa b-Trefoil C

CBM43 b1-3-Glucan N/Aa N/Aa ?

aN/A, not available
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3.29.2.1 Sequence-Based Families

The premier classification of CBMs is based on amino acid similarity. There are currently 43 sequence-based CBM

families the details of which are publicly available through the continuously updated CAZy database.12a Initial

‘seeding’ of a CBM family relies on the demonstration of carbohydrate-binding activity by an isolated module or

providing reliable evidence that a module within the context of the entire enzyme has carbohydrate-binding activity.

Additional members are then included in the family on the basis of sequence identity and, thus, considered putative

CBMs. Unlike the related glycoside hydrolase and glycosyltransferase classifications,13 the CBM classification is not

predictive of functional elements. In general, the sequence identity that defines a CBM family reflects the conserva-

tion of fold and topology within the family. Different features, such as loops and side chains, can be grafted onto the

fold to create different carbohydrate-binding functionalities. For instance, family 6 comprises CBMs that bind

cellulose, xylan, b1-3-glucans, and mixed b-glucans. The different specificities are achieved through altered archi-

tectures of the same binding site or binding sites located on entirely different faces of the protein. Within family 4,

the addition or deletion of loops contour the binding sites to accommodate the structurally different sugars, cellulose

or b1-3-glucan, while the ‘core’ of the proteins still have high sequence identity. The utility of this classification,

therefore, is not in a predictive capacity but in a capacity to reveal differences in the context of similar structures. This

has made the sequence-based classification the workhorse of CBM research and has resulted in the identification

of numerous CBMs with previously unknown carbohydrate-binding specificities.
3.29.2.2 Fold-Families

CBMs have been classified into seven ‘fold-families’ based on their tertiary structures (Figure 1; Table 1).14 The

observation that CBMs can adopt any of the seven different folds is testament to their diversity. However, by far the

most common fold for CBMs is the b-sandwich (Figure 1), which the vast majority of the CBM families display. In

the context of lectins, this fold is shared with plant legume lectins, animal galectins, pentraxins, spermadhesins,

calnexin, and ERGIC-53, though no CBM has significant amino acid sequence similarity with these other proteins.
(a) (b) (c)

(d) (e) (f) (g)

Figure 1 CBM fold families shown as ‘cartoon’ representations. a, the b-sandwich represented by CBM22 from Clostridi-

um thermocellum (PDB code 1DY0); b, the b-trefoil represented by CBM13 from Streptomyces lividans (PDB code 1MC9);
c, the oligonucleotide–carbohydrate binding fold (OB) represented by CBM10 from Cellvibrio japonicus (PDB code

1QLD); d, a unique fold represented by CBM5 from Erwinia chrysanthemi (PDB code 1AIW); e, the knottin fold represented

by CBM1 from Hypocrea jecorina (PDB code 1CBH); f, the hevein fold represented by CBM18 from Urtica dioca (PDB

code 1EN2); g, the hevein-like fold represented by CBM14 (tachychitin) from Tachypleus tridentatus (PDB code 1DQC).
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In total, CBMs with this fold recognize the major biological polysaccharides: crystalline cellulose, noncrystalline

cellulose, chitin, b1-3-glucans and b1-3,1-4-mixed linkage glucans, xylan, mannan, and starch. Other families of

b-sandwich CBMs are beginning to emerge with more complex glycan-binding specificities. Thus, the b-sandwich
is an extremely versatile scaffold to support the machinery for recognizing diversely structured carbohydrates. The

b-trefoil fold-family is second largest though it only encompasses two sequence-based families, 13 and 42 (Figure 1 ).

This fold was made infamous by the Ricinus communis toxin carbohydrate-binding B-chain, which is classified into

CBM family 13. This fold possesses an internal threefold symmetry that can provide a scaffold for three functional

carbohydrate-binding sites, as in the Streptomyces sp. xylan-binding modules.15– 17 This fold family appears well suited

to recognize a diverse array of polysaccharides and complex glycans. The remaining five fold-families have somewhat

simpler folds and appear specialized for the recognition of cellulose and/or chitin (Figure 1). 14
3.29.2.3 CBM Types

CBM families can be grouped into families on the basis of amino acid identity; however, as discussed, such groupings

are predictive of fold but not functional elements. Enough diversity exists within a given family such that functional

elements, either specific amino acids or binding site topographies, are not conserved. An additional classification of

CBMs has emerged and is gaining wider acceptability for general use. This classification is much broader and is based

on both structural and functional similarities. Thus, three CBM ‘types’ have been proposed in which these protein

modules have been grouped into ‘surface-binding’ CBMs (type A), ‘glycan chain’-binding CBMs (type B), and ‘small

sugar binding’ CBMs (type C). The strength of this classification is that it relates how binding site architecture leads

to general functional properties.
3.29.2.3.1 Type A surface-binding CBMs
This class of CBM is arguably the most unique as its properties differ significantly from other types of carbohydrate-

binding proteins. It includes members of CBM families 1, 2, 3, 5, and 10 that bind to insoluble, highly crystalline

cellulose and/or chitin. By definition this type of CBM shows little or no affinity for soluble carbohydrates. Aromatic

amino acid residues are a nearly universal feature of carbohydrate-binding sites; thus, their prevalence in type A CBMs

is consistent with the majority of carbohydrate-binding proteins. However, the flat or platform-like binding sites are

indigenous to this unique kind of carbohydrate-binding protein (Figure 2). The planar architecture of the binding

sites is thought to be complementary to the flat surfaces presented by cellulose or chitin crystals. 9,18 In support of this,

site-directed mutagenesis studies consistently highlight the importance of the aromatic side chains in binding (see, e.g.,

Refs. 18 and 19). There is currently no compelling evidence to support the importance of hydrogen-bonding interactions.

This type of CBM is best understood in the context of crystalline cellulose binding (see Section 3.29.4.1.2.1 for additional

details).
3.29.2.3.2 Type B glycan chain-binding CBMs
In direct contrast to the type A CBMs, the type B CBMs, which currently includes examples from families 2, 4, 6, 11,

15, 17, 22, 27, 28, 29, 35, and 36, have clearly evolved binding-site topographies that are equipped to interact with

individual glycan chains rather than crystalline surfaces (Figure 2). Though somewhat ambiguous, members of

families 20, 25, 26, and 34 may be included in this classification. The degree of polymerization of the carbohydrate

ligand is a key aspect in the binding proficiency of this class of CBMs as biochemical studies frequently demonstrate

increased affinities up to hexasaccharides and negligible interactions with oligosaccharides with a degree of polymeri-

zation (DP) of 3 or less. Thus, these CBMs are considered to be ‘chain binders’. The structural basis of this ligand

requirement has been revealed by nuclear magnetic resonance (NMR) and X-ray crystal structures which show that

these carbohydrate binding sites are extended (>15Å) and are often described as grooves or clefts with depths that

vary from quite shallow to being able to accommodate the entire width of a pyranose ring. As with type A CBMs,

aromatic residues play a pivotal role in ligand binding, and the orientation of these amino acids are key determinants of

specificity.14,20 In contrast to the type A CBMs, direct hydrogen bonds also play an important role in defining the

affinity and ligand specificity of type B glycan chain binders.21–23 An analysis of the hydrogen bonding patterns of

type B CBMs reveals a hydrogen bonding density of 2.11 hydrogen bonds per 100Å2 of polar surface area buried upon

complex formation.14 The analogous value for lectins is 3.4524 highlighting a significant difference at the molecular

level in how type B CBMs recognize polysaccharides in comparison to lectins.



Type A Type B

Type C

Figure 2 Structures of type A, B, and C CBMs. Type A is represented by CBM2 from the Cellulomonas fimi xylanase
10A (PDB code 1EXG); type B is represented by CBM27 from the Thermotoga maritima mannanase 5 (PDB code 1OH4);

type C is represented by CBM9 from the Thermotoga maritima xylanase 10A (PDB code 1I82). Solvent-accessible surfaces

are shown in transparent gray; carbohydrate ligands are shown in ‘licorice’ representations; the secondary structure

representations are shown as ‘cartoons’.

666 Carbohydrate–Protein Interactions: Carbohydrate-Binding Modules
3.29.2.3.2.1 Subsite analysis of type B CBMs

Type B CBM-binding sites comprise several subsites, each able to accommodate an individual sugar unit of the

polymeric ligand. Subsites are usually identified by the analysis of X-ray crystal structures of CBM–ligand complexes;

however, subsites can be tentatively identified on the basis of biochemical analyses.25 Similar to the IUPAC subsite

nomenclature adopted for glycoside hydrolases, CBM-binding subsites are numbered sequentially, starting at 1, from

the reducing-end sugar. Unfortunately, because this system is not centered on catalytic machinery as a reference point,

as in the glycoside hydrolase system, it can lead to ambiguity if the subsite analysis is limited to only a portion of the

subsites. The most thorough subsite analysis of a CBM was done by Lammerts van Bueren and Boraston, who used a

combined structural and thermodynamic approach to analyze the occupation of binding subsites by b1-4-xylo-
oligosaccharides in a family 6 xylan-binding CBM from Clostridium stercorarium.26 The results indicated four subsites

with the presence of ‘primary’ subsites that provided the bulk of the binding energy. Additional subsites were

occupied in a defined order as the ligand length increased. While each CBM may differ in the order in which the

subsites are occupied, this study supplies a working model of how sequential subsite occupation builds up the free

energy of binding to polymeric ligands.
3.29.2.3.3 Type C CBMs
This class of CBM has the lectin-like property of binding optimally to mono-, di-, or trisaccharides, and thus, lacks the

extended binding-site grooves of type B CBMs (Figure 2). The type C CBMs include examples from families 9, 13,

14, 18, 32, 40, and 42. Members of families 13 (e.g., Ricin toxin B-chain), 14 (e.g., tachycitin), and 18 (e.g., WGA) were

first discovered as lectins with small-sugar binding activity and have only subsequently been included as CBMs due to

the discovery of homologs in a number of glycoside hydrolases. The only characterized member of family 9 is the

C-terminal CBM from Thermotoga maritima xylanase 10A.27–29 In general, this family of CBM is found exclusively in

xylanases and this particular CBM from Th. maritima has the remarkable property of recognizing the reducing-end

sugars of xylans and cellulose. Family 32 is a relatively new CBM family whose only currently characterized member is

the C-terminal module from the Micromonospora viridifaciens sialidase.30,31 This CBM has a very similar fold to the
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fucose-specific lectin from Anguilla anguilla and appears to bind galactose.30 Overall, identification and characteriza-

tion of type C CBMs is lagging behind type A and B CBMs, likely due to their limited presence in plant cell wall-

active glycoside hydrolases. Rather, the type C CBMs, particularly CBMs from families 13 and 32, appear more

prevalent in bacterial toxins or enzymes (glycoside hydrolases and glycosyltransferases) that are active on eukaryotic

cell surface glycans or extracellular matrix glycans (see Section 3.29.5).

It should be made clear, however, that the distinction between type B and type C CBMs can be slight.

For example, the type B CBM6 module of the Cl . stercorarium xylanase has a very similar fold to the type C lectin-

like CBM32 family, 30 but apparently binds longer oligosaccharide ligands. Furthermore, the Cellvibrio mixtus

Cel5A CBM6 contains two discrete binding sites that display characteristics of type B and type C modules, respec-

tively.32,33 However, an analysis of the hydrogen-bonding patterns in type C CBMs gives a hydrogen-bonding density

that agrees very well with lectin patterns ( �3.7 hydrogen bonds per 100 Å 2 of polar surface area buried upon complex

formation vs. 3.45); thus, based on this criterion, it is apparent that the hydrogen-bonding network between protein

and ligand is more extensive in type C CBMs than type B modules.
3.29.3 CBM Functions

CBMs are found to play several roles in nature. The primary and originally discovered role is that as an accessory

module in polysaccharide degradation, which is discussed below. CBMs are also found to function in the anabolic

process of glycan synthesis as well as in protein toxin delivery and host colonization by bacterial pathogens. However,

the latter roles are discussed in Section 3.29.5 in the context of complex glycan recognition.
3.29.3.1 Polysaccharide Degradation

The presence of CBMs in glycoside hydrolases can be a key factor in their ability to efficiently breakdown insoluble

polysaccharides. There are three general effects that CBMs have during polysaccharide degradation: a proximity

effect, a targeting effect, and a disruptive effect. Each of these will be discussed along with how the frequent

occurrence of tandem CBMs (CBMs found in multiples within glycoside hydrolases) exert their influence.
3.29.3.1.1 The proximity effect
CBMs are noncatalytic proteins that in themost basic interpretation serve one single function: to bind carbohydrate. In

the context of an entire glycoside hydrolase having both a catalytic module and a CBM means a tighter association of

the enzyme with the substrate, consequently keeping all of the components in proximity (Figure 3). This was first

hinted at by van Tilbeurgh et al.who papain treated cellobiohydrolase I (CBH I) fromH. jecorina to separate the family

1 CBM from the catalytic module.4 They observed that the activity on insoluble cellulose (Avicel) was abolished and

adsorption of the proteolyzed CBH I to Avicel was correspondingly decreased relative to the untreated enzyme.
(a) (b)

Figure 3 A schematic representation of the proximity effect. In both panels, the cellulose is shown as a dash-filled box and

the catalytic enzyme modules as gray circles. In panel b, the enzyme is shown as a catalytic module (gray circle) with an

appended CBM (black circle). Without a CBM, the enzymes do not interact tightly with the cellulose and are mainly in
solution (a). With a CBM, the enzymes adhere tightly to the cellulose and, thus, are mainly in a bound state in close proximity

to the cellulose (b).
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A similar effect was observed for a Cellulomonas fimi cellulase having a family 2 CBM.5,34,35 A more recent study by

Bolam et al. is generally attributed to have stated the effect of the CBM as a ‘proximity effect’ where substrate and

enzyme are kept in prolonged contact.36 Subsequently, the reduction of activity on insoluble substrate upon genetic or

proteolytic removal of the CBM has been shown in numerous systems including noncellulolytic enzymes such as

amylases, xylanases, and chitinases (see, e.g., Refs. 37–39). As one might expect, CBMs rarely have an influence on

the activity of glycoside hydrolases on soluble substrates. This appears to be due to the possibility that in such

reactions, which are typically well dispersed, the catalytic modules make frequent collisions with the polysaccharide.

In contrast, with aggregated polysaccharides the reactions may be ‘collision limited’ and thus aided when the enzyme

is concentrated to the aggregate by the action of the CBM.

This proximity effect is not limited to free enzymes. Cellulosomes are large hydrolytic enzyme complexes produced

by some anaerobic bacterial and fungal species 40–44 that degrade cellulose and hemicellulose.45,46 The glycoside

hydrolases are not free in solution but bound to a scaffoldin molecule through protein–protein interactions.47 Such

large enzyme complexes have been described in Cl. thermocellum where there is a family 3 CBM found within the

modular scaffoldin subunit.48 The family 3 CBM binds crystalline cellulose9,49 and mediates the interaction between

the scaffoldin molecule, any adhered enzymes, and cellulose. Thus, the CBM targets the cellulosome to the insoluble

cellulose substrate. The ability to combine more than one type of glycoside hydrolase module in tandem on the

cellulosome substructure may allow a synergistic attack on the cellulose or hemicellulose of plant cell walls.48,50 For

example, the presence of endo- and exoglycoside hydrolases would efficiently degrade a polysaccharide in a concerted

manner.51 Many cellulosomes have varying hydrolytic components, including xylanases, mannanases, lichenases,

pectate lyases, chitinases, and cellulases. These glycoside hydrolases may also contain CBMs for recognition of their

specific substrates.

3.29.3.1.2 The targeting effect
Discussion of the ‘proximity effect’ resulting from the ability of CBMs to bind carbohydrates implies a rather inelegant

and nonspecific method of attaching an enzyme to an insoluble substrate. However, this does not appear to be strictly

the case with CBMs. These modules are carbohydrate specific and more often than not the specificity of the CBM

matches the specificity of the catalytic module. But beyond the somewhat crude partitioning of enzyme to its

preferred type of polysaccharide, it is now becoming clear that CBMs have fine specificity for polysaccharide

substructures (Figure 4). This is best understood with the cellulose-specific CBMs which display two levels of

specificity. First, the cellulose-binding type A CBMs (e.g., family 2 and 3 CBMs) are highly specific for crystalline

cellulose. In contrast, the cellulose-binding type BCBMs (e.g., family 4 CBMs) display no affinity for crystalline cellulose

but do bind to soluble derivatized cellulose, cellooligosaccharides, and noncrystalline preparations of cellulose. Thus,

CBMs are able to discriminate between crystalline and noncrystalline cellulose. In one instance, replacing the family

2 CBMwith a family 4 CBM in a crystalline cellulose-specific enzyme resulted in a preference of the chimeric enzyme for

noncrystalline cellulose demonstrating the influence that this specificity can have on enzyme function.52

CBMs specific for either crystalline or noncrystalline cellulose are further able to discriminate between as yet

unknown substructures in these kinds of cellulose. Using chimeric enzymes, Carrard et al. showed that a catalytic

module with crystalline cellulose-specific family 1, 2, or 3 CBMs preferentially hydrolyzed different regions of

crystalline cellulose.53 Likewise, direct competition binding studies using noncrystalline cellulose-specific family

4, 17 and 28 CBMs demonstrated that these CBMs preferentially bind different substructures of noncrystalline
Figure 4 A schematic representation outlining the targeting of CBMs to polysaccharide structures. Xylan is represented by

wavy dashed lines. Crystalline cellulose is shown in two possible different forms as straight solid lines and straight dotted

lines. Noncrystalline cellulose is shown as ‘curvy’ solid lines. A chain-end binding CBM is shown as yellow circles. A xylan-
binding CBM is shown as green circles. Red and blue circles represent cellulose-binding CBMs that bind to different forms

of crystalline cellulose. Likewise, the purple and orange circles represent cellulose-binding CBMs that bind to different

forms of noncrystalline cellulose. This figure is schematic only and not intended to accurately represent the structures of

plant cell wall polysaccharide composites.
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cellulose.54,55 This was suggested to influence how efficiently noncrystalline cellulose was hydrolyzed by an enzyme

containing both family 17 and 28 CBMs.54

Clearly, CBMs have developed the capacity for very specific interaction with their ligands. The influence of this

targeting effect is not well studied, but results to date are intriguing and suggest that this function may give enzymes

much narrower window of activity than previously thought, thus giving rise to the concept of ‘enzyme niches’.

Curiously, this degree of specificity has not yet been investigated in non-cellulose-binding CBMs. Indeed, most

plant cell wall polysaccharides are highly decorated evoking ideas of other highly specialized CBMs such as those that

incorporate both the polysaccharide backbone components and side-chain decorations as recognition determinants.
3.29.3.1.3 The disruptive effect
Some type A CBMs appear to have the ability to disrupt the ordered structure of cellulose fibers allowing enzymatic

modules to hydrolyze previously inaccessible fibers.56–59 Din et al. proposed that there is ‘intramolecular synergism’

between the CBM and the catalytic module.56 The CBM may bind and infiltrate the crystalline cellulose, disrupting

and causing release of any particulate, noncovalently-attached cellulose. Together, the CBM and catalytic modules act

synergistically, through disruption of the cellulose fibers causing release of particulate carbohydrate, and exposing

areas of noncrystalline cellulose for hydrolysis.56 The molecular mechanism of this phenomenon remains unknown.
3.29.3.1.4 CBM tandems and multivalency
Glycoside hydrolases often contain multiple CBMs. These may or may not be from the same family and though

frequently adjacent, are not necessarily so. Studies of CBMs in tandem often,60–62 but not always,63 show increased

association constants relative to the individual CBMs. This appears to occur through an avidity effect whereby

attached CBMs simultaneously interact with sugar-binding sites that are proximal in 3-D space (Figure 5). The

frequency of tandem CBMs in enzymes has been observed to correlate with the growth temperatures of the source

organisms suggesting that tandem CBMs and the conferred avidity effect is a way of compensating for the loss of

affinity incurred at higher temperatures.62 In the case of the CBM17 and CBM28 story, the natural placement of these

two CBMs with differing noncrystalline cellulose specificity in tandem creates both greater affinity and specificity for

a subclass of binding sites within noncrystalline cellulose.54
3.29.4 Interactions with Polysaccharides

3.29.4.1 Cellulose: The Major Structural Plant Cell Wall Polysaccharide

Cellulose is the most abundant organic biomass on the planet. Comprising linear chains of b1-4-linked glucose

monomers (Figure 6), it is the most common structural polysaccharide in plants. The noncovalent interactions

between cellulose chains promote their aggregation and ultimately the resulting structural organization provides the

necessary strength to maintain the integrity of the plant cell wall.
Ka,A

Ku,B
Ku,A

Ka,B

A

A

A

A

B

B
B

B

Figure 5 Schematic representation of the proposed two-step binding of a CBM tandem to a polysaccharide. The filled

ellipses represent the CBMs. Equilibrium constants according to the individual steps are labeled. Ka is used to denote a
standard association constant. Ku indicates an unimolecular interaction.
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Figure 6 The structures of the major polysaccharides involved in energy storage and plant cell wall structure. Sugars
coordinates were extracted from X-ray crystallography and NMR structures for CBMs in complex with ligands and

compared to stereochemically depicted two-dimensional structures. a, amylose (a1-4-linked glucose): B. halodurans

CBM25 (PDB code 2C3X). The stereochemical representation of amylopectin is also displayed (a1-4-linked glucose

with a1-6-glucose branches). b, laminarin (b1-3-linked glucose): B. halodurans CBM6 (PDB code 1W9W). c, cellulose
(b1-4-linked glucose): Cl. cellulovorans CBM17 (PDB code 1J84). d, chitin (b1-4-linked N-acetylglucosamine): Hevea

brasiliensis hevein (PDB code 1T0W). e, xylan (b1-4-linked xylose) Cl. stercorarium CBM6 (PDB code 1UY4). f, mannan

(b1-4-linked mannose): Thermotoga maritima CBM27 (PDB code 1OF3).
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3.29.4.1.1 Cellulose structure
Cellulose is typically thought of as existing in two forms: crystalline and noncrystalline. As cellulose chains increase in

length beyond six glucose units, they develop a strong propensity to self-associate. Extensive inter- and intramolecular

hydrogen bonding networks and van der Waals interactions result in arrays of aligned chains forming the ordered

structure associated with crystalline cellulose. In nature there is a distinct hierarchy of crystalline cellulose organization:

cellulose chains associate to form fibrils and fibrils associate to form microfibres. The strong intermolecular interactions

in crystalline cellulose render the structure completely insoluble in water and provide it with substantial resistance to

attack by most enzymes. In contrast, noncrystalline cellulose, or amorphous cellulose, lacks the same degree of higher

order. The cellulose chains in noncrystalline cellulose are thought to have limited intermolecular interactions. As a

result, the cellulose chains are more solvent exposed and this form of cellulose is more susceptible to enzymatic attack.
3.29.4.1.2 Molecular determinants of cellulose recognition by CBMs
There are �15 CBM families containing CBMs with specificity for cellulose (Table 1) from over 500 enzymes.

Competition binding studies using fluorophore-labeled CBMs have clearly demonstrated that CBMs are specific for

crystalline cellulose or noncrystalline cellulose, but not for both.55 Perhaps not surprisingly, the CBMs that are specific

for cellulose are type A and those specific for noncrystalline cellulose are type B CBMs.
3.29.4.1.2.1 Type A cellulose-binding CBMs

The type A cellulose-binding CBMs include members of families 1, 2, 3, 5, and 10. Structurally, only families 2 and 3

are related but all share similar binding-site architectures. The binding sites of these CBMs comprise planar amino

acid side chains, usually aromatic amino acids, which have an obvious linear and co-planar arrangement (Figure 7).

Furthermore, the aromatic amino acid side chains are spaced on intervals of roughly 5 or 10Å such that they overlap

very well with the pyranose rings of the cellulose chains, thus optimizing the potential for CH–p interactions. This

architecture has been assumed to be complementary to the flat surfaces presented by crystalline cellulose. However,

there has been substantial controversy around identifying the location of the type A CBM binding site on crystalline

cellulose. Tormo et al. first proposed that the binding site comprises the hydrophobic 110 face of crystalline cellulose

where the flat a- and b-faces of the glucose rings are solvent exposed.9 However, on the basis of experimentally

determined binding capacities McLean et al. argued that in perfect cellulose crystals, the surface area presented by

this crystal face is too small to account for the binding capacity of CBMs.18 Thus, it was proposed that the binding

faces of the cellulose crystal are more likely to be the hydrophilic 110 and 010 faces, where the edges of the cellulose

chains and its hydroxyl groups are solvent exposed. Lehtio et al. weighed in on the debate with an elegant transmission

electron microscopy study.64 Using this method they probed the location of the CBM-binding site on crystalline
(a) (b) (c) (d) (e)

Figure 7 The interaction of type A CBMswith cellulose. Side and bottom views of the CBMs are shownwith cellopentaose

molecules included for reference. Amino acid residues important in cellulose binding are shown in ‘licorice’ representation.

The panels are as follows: a, CBM1 fromH. jecorina (PDB code 1CBH); b, CBM2 fromCellulomonas fimi xylanase 10A (PDB
code 1EXG); c, CBM3 from Cl. thermocellum CipA (PDB code 1NBC); d, CBM5 from E. crysanthemi (PDB code 1AIW);

e, CBM10 from Cellvibrio japonicus (PDB code 1QLD).
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Valonia cellulose and found that both CBM1 and CBM3 modules bound to the hydrophobic 110 face, the original face

proposed by Tormo et al. They argued that cellulose crystals are often severely disrupted and chains on the small

hydrophobic 110 face are often peeled off to reveal a larger surface area than would be calculated for a perfect crystal.

This would account for the previous discrepancies concerning the likely binding site and its capacity to bind CBM.

The debate is somewhat complicated by two observations. First, as discussed in Section 3.29.3.1.2, Carrard et al .

suggested that various type A cellulose-binding CBMs have different binding sites on crystalline cellulose. 53 Second,

Creagh et al. used both isothermal titration calorimetry and fluorescence microscopy to detect at least two classes of

binding sites on bacterial microcrystalline cellulose (BMCC). 65 In light of all the evidence, it appears unlikely

that binding of these CBMs is limited to any one face of cellulose crystals. Furthermore, it also seems unlikely that

all of the type A cellulose-binding CBMs bind to the same face(s).

A unique feature of many of the type A cellulose-binding CBMs is the apparent irreversibility of their adsorption to

crystalline cellulose. This property is exploited in the biotechnological uses of CBMs to create cellulose-immobilized

fusion proteins (see Section 3.29.6.1.2) but creates a conundrum with respect to the biological function of CBMs: if the

CBM containing enzyme is fixed in one position on the substrate how does it effectively and continually perform its

function and how is inactivated enzyme replaced on the substrate surface? This was partially resolved by Jervis et al.

who used fluorescence-recovery-after-photobleaching studies to show that a type A family 2 CBM was able to diffuse

across the surface of crystalline Valonia cellulose providing a mechanism for enzyme mobility. 66 McLean et al. showed

that the same type A family 2 CBM in solution was able to exchange with itself when bound to crystalline cellulose

suggesting that although the overall binding reaction appears macroscopically irreversible, it is indeed microscopically

reversible.55 This not only suggested a mechanism for the removal of inactivated enzyme from the cellulose surface

by exchange but also highlighted the complex mechanism of cellulose adsorption that type A CBMs might utilize.
3.29.4.1.2.2 Type B cellulose-binding CBMs

Known cellulose-binding type B CBMs are found in families 4, 17, 28, and 30. All of these families adopt a b-sandwich
fold and have binding grooves that are open at both ends to allow for internal binding on cellulose chains. Further-

more, the binding sites are all present on the same b-sheet face of the CBMs; however, the amino acid side chains that

make specific protein–carbohydrate interactions are not conserved at the primary or tertiary structure levels. Structural

studies by X-ray crystallography show a number of CH–p interactions between the pyranose rings of the bound sugar

and aromatic amino acid side chains (Figure 8). This is complemented by a number of hydrogen-bonding interactions

(Figure 8).

The diversity of type A cellulose-binding CBMs is reflected in the apparent heterogeneity of binding sites on

crystalline cellulose. A similar story has developed with the type B cellulose-binding CBMs. Using competition

binding experiments with fluorophore-labeled versions of CcCBM17 from Cl. cellulovorans and Cf CBM4–1 from

Cellulomonas fimi, McLean et al. demonstrated that these two CBMs only partially competed for binding sites on

noncrystalline cellulose.55 Boraston et al. used similar experiments to compare the binding of CcCBM17 and

BspCBM28 from Bacillus sp. 1139.54 These experiments showed that CcCBM17 and BspCBM28 did not compete

at all for binding sites on noncrystalline cellulose. Furthermore, quantitative binding experiments using both
Figure 8 A detailed view of the interactions in the binding site of the family 4 type B cellulose-binding CBM from

Cellulomonas fimi cellulase 9A (PDB code 1GU3). The bound cellopentaose molecule is shown as blue in a ‘licorice’
representation. Amino acid side chains involved in binding the sugar are shown as gray in a ‘licorice’ representation.

Potential hydrogen bonds are shown as dashed lines.
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depletion isotherms and isothermal titration calorimetry suggested two classes of binding sites on noncrystalline

cellulose for each of Cc CBM17 and BspCBM28. 54,67 Taken together these results suggest at least three structurally

different kinds of binding sites, probably more, in noncrystalline cellulose that type B CBMs can recognize. Overall it

is clear that natural cellulose, an amalgam of crystalline cellulose and noncrystalline cellulose, is a highly heteroge-

neous molecule presenting many morphologically different binding sites that CBMs must contend with.
3.29.4.1.3 The thermodynamics of cellulose recognition
The interactions of proteins with soluble carbohydrates have an almost universally observed thermodynamic signa-

ture: favorable changes in enthalpy (D H), partially offsetting unfavorable changes in entropy (DS), and small negative

changes in heat capacity (D Cp). Seminal work by Creagh et al. asked the question of whether this signature applied to

the interaction of a CBM with crystalline cellulose. Using isothermal titration calorimetry and the type A family

2 CBM from Cellulomonas fimi xylanase 10A as a model protein they probed the thermodynamics of the interaction

with BMCC.65 The interaction was found to have a favorable DS with a small but favorable D H, demonstrating that

the thermodynamic forces that drive the binding of CBMs to crystalline ligands are relatively unique among

carbohydrate-binding proteins. 68 It was argued that the water molecules expelled from the protein and cellulose

surfaces when CBMs bind to their target carbohydrates increases the entropy of the system. In the case of soluble

saccharides, this is postulated to be more than offset by the conformational restriction of the bound ligand leading to a

net reduction in entropy; however, because crystalline cellulose has rigid structure, such a phenomenon would not

occur giving the overall favorable DS. This results in the obvious question of what drives the interaction of type

B CBMs with noncrystalline cellulose. Would the aggregated structure of this type of cellulose also ultimately result in

favorable DS due to lack of conformational restriction upon binding? Contrary to expectation, Boraston used

Cc CBM17 and BspCBM28 as model proteins to show that the interaction of these type B CBMs with noncrystalline

cellulose was thermodynamically very comparable to the interactions of these CBMs with soluble saccharides:

enthalpically favorable and entropically unfavorable. 67 Thus, the thermodynamic signatures of binding to crystalline

versus noncrystalline cellulose are quite different, highlighting different mechanisms of type A and type B CBM

interactions with cellulose.
3.29.4.2 Chitin

3.29.4.2.1 Chitin structure
Chitin is the second most abundant organic polymer in nature. It consists of repeating subunits of N-acetylglucosa-

mine (GlcNAc) linked through b1-4 glycosidic bonds ( Figure 6). Chitin is primarily found in fungal cell walls and the

exoskeletons of arthropods, and is notably absent from plants and vertebrates. The tensile strength of this insoluble

polysaccharide results from intermolecular hydrogen bonding between chains of GlcNAc orientated in either a parallel

or antiparallel fashion. Chitinases, enzymes invovled in chitin degradation, are found in diverse organisms such as

viruses, bacteria, plants, and humans. The structure–function relationship of CBMs in this process will be described

below.
3.29.4.2.2 Molecular determinants of chitin binding
Chitin-specific CBMs are found in many different families and in some cases utilize a distinct mechanism of chitin

recognition. Type A CBMs that recognize the crystalline form of chitin fall into families 1, 2, 5, and 37; whereas lectin-

like type C chitin-binding CBMs are found in families 14 and 18 (Table 1). Interestingly, there is a third major of group

of chitin-binding CBMs, in which the mode of binding remains to be determined; these include families 12 and 33.
3.29.4.2.2.1 Type A chitin-binding CBMs

Type A CBMs are generally involved in glycoside hydrolase targeting and polysaccharide remodeling, which is

important for nutrient generation. The best-defined family of insoluble chitin-directed CBMs is family 5, which

was previously known as CBD V under the old nomenclature and is distantly related to the family 12 CBMs (see

Section 3.29.4.2.3). The recent crystal structure of CBM5 from Serratia marcescens (Sm CBM5) 69 has made an

important contribution towards elucidating how this family interacts with chitin. SmCBM5 is a C-terminal chitin-

binding module of an exochitinase belonging to the GH18 family of glycoside hydrolases.70,71 The 3-D structure of

the CBM consists of three antiparallel b-strands connected with elongated loops. Of interest, there are two solvent-

exposed aromatic residues that have structural identity to the Erwinia chrysanthemi endoglucanase Cel5 CBM
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binding site.72 Using molecular modeling and structure alignments, the authors were able to predict a 55Å pathway of

evenly spaced aromatic residues that extends from the conserved aromatic pair into the catalytic active site.69 This

fascinating observation provides structural evidence for coordinated substrate binding and orientation by SmCBM5,

and concomitant exolytic hydrolysis by the appended catalytic domain SmGH18.

There are several other families of type A CBMs that recognize chitin, including 1, 2, and 37. These families interact

with a variety of other heterogeneous structural polysaccharides such as cellulose and xylan. An example of a chitin-

specific CBM1 is from the mycoparasitic soil fungus Tr. virens chitinase.73 This enzyme, entitled Tv-Cht1, displays a

modular structure with an N-terminal catalytic domain and a C-terminal chitin-binding CBM. When aligned with a

biochemically characterized cellulose-binding CBM from this family (CBM1 of CBH I fromH. jecorina), there are four

strictly conserved aromatic residues implicated in ligand binding, and four cysteine residues involved in disulfide bond

formation.74 Interestingly, using protein engineering Limon and colleagues75 demonstrated that the enzymatic

efficiency of chitinase Chit33 and Chit42 from Tr. harzianum can be increased by fusion of the cellobiohydrolase II

CBM fromH. jecorina. The other type A families (2 and 37) are poorly understood. The classification of chitin-specific

CBM2s is based upon sequence comparisons and requires biochemical characterization. Recently, recombinant forms

of family 37 CBMs from the ruminal bacterium Ruminocoocus albus were determined to interact broadly with different

insoluble polysaccharides, including xylan, cellulose and chitin, which is likely important for cell surface adhesion

onto heterogeneous substrates.76
3.29.4.2.2.2 Type C chitin-binding CBMs

The function of type C chitin-binding CBMs appears to be important for host defense as opposed to nutrient

metabolism. These modules contain small ‘hevein-like’ domains that utilize an extensive hydrogen-bonding network

for chitin, chitooligosaccharide, and N-acetylglucosamine recognition. The fact that chitin is a component of many

pathogenic microbes, including some bacteria and fungi, makes it a functional target for control of infectious diseases.

The chitin/N-acetylglucosamine-specific family 14 and 18 CBMs have both been classified as type C CBMs.

Interestingly, despite the fact that these families have no significant sequence homology,77 they display remarkable

structural similarity (Figure 9).

Family 14 chitin-binding CBMs are found throughout the animal kingdom, being identified in the genome analysis

of many model organisms, including Drosophila,78 and Caenorhbditis elegans.79 It is a large family of chitin-binding

CBMs, which have been documented to be active in nutrient digestion, host defense, and parasitism. Two different

human chitinases involved in innate immunity that contain family 14 CBMs have been described: chitotriosidase,

which is present in polymorphonuclear neutrophils and macrophages;80,81 and acidic mammalian chitinase found in

the gastrointestinal tract and lungs.82

Family 18 is the largest family of CBMs with documented chitin-binding activity. CBM18s can be found appended

to chitinases or as independent chitin-binding proteins that exist as single modules or tandem repeats. The majority of

CBM18s are restricted to green plants with a few cases being identified in fungi. There are two very well-studied

antimicrobial proteins from this family: hevein83 and WGA, which consists of homodimer containing two hevein-like

folds.84 These proteins display structural and functional conservation to carbohydrate-binding homologs in a variety of

organisms.85 The hevein domain is characterized by 3–5 intramolecular disulfide bridges, which stabilizes the chitin-

binding motif. The interaction between hevein and chitin derivatives has been analyzed with a variety of biophysical

techniques, including X-ray crystallography,83,86 NMR spectroscopy,87–90 calorimetry,91–94 and sedimentation analysis

(Asensio, 2000 #279).90,95 The affinity of hevein for chitin oligosaccharides was determined to be in the millimolar

range and enthalpically driven.90,92 A series of conserved hydrophobic and hydroxylated amino acid residues have

emerged as key stabilizing factors in the CBM18-chitin complexes for hevein and HEV32,88,89,92,93 WGA,96–98

pseudohevein,90 Amaranthus caudatus peptides (Ac-AMP),99 and Urtica dioica agglutinin isolectin.100 Chitin speci-

ficity and the conservation of the hevein fold may be explained by CH–p interactions between the acetoamide methyl

group at C2 of GlcNAc and the aromatic residues Trp21 and Tyr30 of CBM18. 88,89,92 Hydrogen bonds between Ser19

and Tyr30 and the nonreducing sugar C2-acetoamido carbonyl group and the hydroxyl group of C3, respectively,

further stabilize the complex.88,89,92 Interestingly, the binding properties of CBM18 family members are dynamic and

not restricted to the nonreducing end of the polymer.92 Indeed, the chitin polymer has been observed to move along

the flat binding surface of hevein and occupy different binding subpockets.

In 2000, the 3-D structure of tachychitin, a chitin-binding antimicrobial noncatalytic protein found in the horseshoe

crab Tachypeus tridentatus,101,102 was determined by NMR.103 This protein is stabilized by five intramolecular

disulfide bonds.101 The tertiary structure of tachycitin consists of a three-stranded b-sheet in the N-terminus

followed by a two-stranded b-sheet and an a-helical turn in the C-terminus. The N- and C-terminal b-sheets interact
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Figure 9 Superimposition of family 14 tachychitin from Tachypleus tridentatus (PDB code 1DQC) and family 18 hevein

from Hevea brasiliens (PDB code 1HEV). a, Proteins are rendered in cartoon format with hevein represented in green and

tachychitin in light blue. The structural similarity is found in the chitin-binding domain of tachychitin, which is highlighted as a

truncated structure in b. Amino acids involved in chitin binding are shown in stick format: Asn47, Trp49, and Trp23 (hevein)
and Ser19, Tyr21, and Val52 (tachychitin). The disulfide bond (C–C) is a well-conserved structure within the hevein-fold

family. c, Primary structure alignment of tachychitin and hevein. Although there is strong three-dimensional similarity

between the two hevein-fold domains, there is little amino acid conservation. The disulfide bridge and amino acids involved
in chitin binding are indicated.
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as a distorted b-sandwich connected by a bending loop. Although there is distinctive primary sequence divergence, the

chitin-binding domain of this protein101 displays remarkable structural similarity to hevein. This observation is in

support of a convergent evolutionary origin for these modules.77,103
3.29.4.2.3 Chitin-binding CBMs that use a unique mechanism of ligand recognition
Families 12 and 33 contain chitin-directed CBMs each of which has a unique mechanism of recognition. Biophysical

studies of a CBM12 from B. circulansWL-12 (BcCBM12) with chitin derivatives has been reported by several different

groups. Over 10 years ago, the C-terminus of the protein was observed to be essential for binding to colloidal chitin.37

More recently, purified recombinant BcCBM12104 was found to associate with insoluble chitin over a wide range of

pHs (optimized near the pI of the protein) and the interaction was strengthened in the presence of salt. These data are

in agreement with a type A mechanism and suggest that BcCBM12–chitin complex formation is mainly driven by

hydrophobic interactions. However, following the determination of the solution structure in 2000,105 the binding

mechanism has proved to be unique. Interestingly, although BcCBM12 displays 3-D homology to the CBM5 of the

E. chrysanthemi endoglucanase Cel5, which binds cellulose,72 it lacks the characteristic linearly arranged aromatic triad

on its surface for planar polysaccharide recognition (Figure 10).105 Alternatively, by analyzing for amino acid

conservation, solvent accessibility, and hydrophobic character, the authors suggested that Thr682 and Pro689 may

be involved in chitin adsorption. Also, two different groups have recently reported that the nonconservative subs-

titution of a unique tryptophan residue (W687) within the binding site severely compromised its binding potential

(Figure 10).106,107 This structural evidence suggests that chitin-binding CBM12 molecules interact with chitin with a

substantially different mechanism than other CBM families.

Family 33 CBMs are found in a diverse group of bacteria, including many pathogenic microorganisms such as

Bacillus anthracis, Listeria monocytogenes, Vibrio parahaemolyticus, and Yesinia pestis. The majority of CBM33s have been

identified by genome analysis; however, the chitin-binding protein from Serratia marcescens 2170 (CBP21) has been

purified,108 cloned, and characterized,109 and its crystal structure has been determined.110 Very surprisingly, aromatic
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Figure 10 Family 12 CBMs have a unique mechanism of chitin binding. Structures of the CBM5 chitin-binding module

from E. chrysanthemi endonuclease Z (PDB code 1AIW) (a) and CBM12 from B. circulans WL-12 chitinase A1 (PDB code
1ED7) (b) are displayed. Although both CBMs contain a structurally similar three-stranded anti-parallel b-sheet, there are

critical differences in side-chain architecture important for carbohydrate interaction. Importantly, the traditional aromatic

platform of type A-binding CBMs found in CBM5 is notably absent within CBM12. Also, polar residues T682, H681, P689,

and P693; and an indispensable tryptophan (W687) are implicated in chitin recognition.
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residues previously believed to be involved in chitin adherence are buried within the hydrophobic core of the protein.

Using mutagenesis and depletion assays, the authors demonstrated that a series of surface-exposed residues capable of

polar interactions (Tyr54, Glu5, Glu60, His114, Asp182, and Asn185) were important for chitin binding. This suggests

that CBP21 utilizes a type C lectin-like mechanism to adhere to crystalline chitin. Interestingly, CBP21 is expressed as

a noncatalytic independent protein that is not directly involved in the hydrolysis of chitin;109 rather, it is believed to

indirectly assist in chitin degradation by substrate disruption leading to greater enzyme accessibility.111
3.29.4.3 Xylan: Threefold Helical Plant Cell Wall Polysaccharide

3.29.4.3.1 Xylan structure
Along with cellulose in the plant cell wall are other accessory polysaccharides collectively called hemicellulose. The

most abundant component of hemicellulose is xylan. The backbone of plant xylan comprises b1-4-linked xylose, a

5-carbon sugar that is structurally similar to glucose except that the C6 hydroxymethyl group is replaced by hydrogen.

This polymer adopts an extended linear conformation with each monosaccharide unit rotated about the glycosidic

bond by �120� relative to one another resulting in a threefold helix (Figure 6). Xylan is commonly decorated with

arabinofuranose or glucuronic acid side chains, with the degree and type of decoration depending on the source of

the xylan.

3.29.4.3.2 Molecular determinants of xylan recognition
CBMs specific for b1-4-linked xylose polymers are found in a number of CBM families (Table 1). Because plant cell

wall xylan does not have a crystalline form, CBMs that bind this polysaccharide are almost exclusively type B. The

only possible exception is the xylan-binding subclass of family 2 CBMs (often referred to as family CBM2b). The clear

type B xylan-binding CBMs have deep binding clefts that accommodate a single xylan chain (Figure 11a).

The architecture of these binding sites complements the helical structure of the xylan chain. As with the type

B cellulose-binding CBMs, the major interactions are stacking interactions between the aromatic amino acid side

chains (Figure 11a) and the pyranose rings as well as hydrogen bonding between the sugar hydroxyls and polar amino

acid side chains. Interestingly, the family 2 xylan-binding CBMs share many features with the type A cellulose-

binding family 2 CBMs. First, the binding site of the family 2 xylan-binding CBMs retain the shallow nature of

the type A CBMs; however, only two of the three aromatic amino acid residues are conserved and one of these is

tilted �90� to break the planar nature of the binding site (Figure 11b).20 The effect is to create an aromatic platform

that rather than recognizing the flat surface of a crystal accommodates the helical structure of xylan. Despite shared

features with type A CBMs, because of their preference for single soluble xylan chains, the family 2 xylan-binding

CBMs are generally considered type B CBMs.
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Figure 11 The binding sites of xylan-binding CBMs. Panel a reveals the 3-fold helix of the xylopentaosemolecule bound to

the CBM15 from Cellvibrio japonicus (PDB code 1GNY). The bound xylopentaose molecule is shown as blue in a ‘licorice’
representation while amino acid side chains involved in binding the sugar are shown as gray in a ‘licorice’ representation.

Panel b shows the shallow binding site of the xylan-binding CBM2-1 from Cellulomonas fimi xylanase 11A (PDB code

2XBD). The solvent surface is shown in transparent gray, the backbone in ‘cartoon’ representation, and the tryptophan side

chains oriented at right angles in gray in a ‘licorice’.

Figure 12 The locations of binding sites in xylan-binding CBMs having a b-sandwich fold. The overlapped Ca-traces of

CBM6-1 from Clostridium stercorarium (green; PDB code 1UY4) and CBM15 from Cellvibrio japonicus (blue; PDB code
1GNY).
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The xylan-binding CBMs are quite diverse and stand out from other groups of CBMs in two respects: the varying

location of their binding sites and the calcium dependence of binding in some examples. Excluding the family 13

xylan-binding CBMs, all of the xylan-binding CBMs adopt a b-sandwich fold but the binding sites are found built into

different regions of the modules. Like the type B cellulose-binding CBMs, some xylan-binding CBMs have their

binding sites built into the concave b-sheet such that the binding groove runs perpendicular to the direction of the

b-strands making up the b-sheet (Figure 12). This applies to CBMs in families 4,112 15,113 and 22.114 In contrast,

the X-ray crystal structures of family 630,115 and 36 116 CBMs revealed their binding sites to be located at one edge of

the b-sandwich where the loops connecting the b-strands make up a large portion of the binding site (Figure 12). The

family 36 xylan-binding CBM from Paenibacillus polymyxa xylanase 43 is currently the only CBM for which the

structural basis of its dependence upon calcium for binding is known.116 In the case of this CBM, the binding platform

comprises mainly the side chains of two tyrosine residues. A single calcium atom sits adjacent to these residues and



Figure 13 The role of calcium in xylan recognition by the family 36 CBM, PpCBM36, from Paenibacillus polymyxa xylanase
43. The calcium atom bound in the binding site of PpCBM36 is shown as a blue sphere. The amino acid residues involved in

coordinating the calcium and binding the sugar are shown in gray ‘licorice’, and the bound xylooligosaccharide is shown

in blue ‘licorice’.
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contributes two coordination bonds to the bound xylan molecule (Figure 13). The apo form of this CBM is unable to

bind carbohydrates showing the importance of this calcium-mediated interaction. A family 35 xylan-binding module

from Cellvibrio japonicus has also been shown to be calcium dependent.117 However, it is currently unknown if this is

due to indirect effects, such as the metal ion stabilizing the conformation of important binding residues, or if it reflects

a direct interaction as in the family 36 CBM.
3.29.4.3.3 The outliers: unique xylan-binding CBMs
Xylan-binding CBMs are also found in families 9 and 13. These CBMs differ in that they show similarities to lectins

and are thus classified as type C CBMs. The only characterized member of family 9 is the C-terminal module from the

Th. maritima xylanase 10A.27–29 This CBM, called TmCBM9-2, is quite promiscuous showing the ability to bind xylan,

cellulose, other b-glucans, and even starch.28 However, considering that its parent enzyme is a xylanase, the

biological ligand of this CBM is likely xylan and is better discussed under the umbrella of xylan recognition. The

unique aspect of this CBM is its strict requirement for binding to the two monosaccharide units at the reducing ends of

polysaccharides. These two sugar units must be linked by a 1-4 glycosidic bond and have equatorial hydroxyl groups

at C1, C2, and C3. TmCBM9-2 appears to tolerate a or b glycosidic linkages, the presence or absence of the

C6-hydroxymethyl group, and axial hydroxyls at C4 giving it a degree of plasticity with respect to potential ligands.29

One biotechnological advantage of this plasticity is the ability to use inexpensive disaccharides such as maltose or

lactose as competitive eluants to remove TmCBM9-2 from insoluble matrices making this CBM an excellent affinity

tag for purifying proteins to which it is fused.118

Two xylan-binding CBM13s from Streptomyces sp. have been well characterized structurally and biochemi-

cally.15–17,119 These CBMs have the b-trefoil fold most commonly associated with the ricin-toxin B-chain (RTB).

Unlike RTB, all of the a, b, and g subdomains of the streptomycetes CBM13s have functional carbohydrate-binding

sites giving these modules their trivalency and ability to interact reasonably tightly with xylan. These CBMs are

classified as type C CBMs on the basis of their binding-site architectures. Though their binding sites appear to have

evolved to recognize internal binding sites on xylan, they only accommodate three monosaccharide units in a shallow

depression. Furthermore, the family 13 CBM from Streptomyces lividans xylanase 10A has retained the lectin-like

ability to bind a selection of small sugars including galactose and lactose,120 much like its RTB relative.
3.29.4.4 b-Glucans

3.29.4.4.1 b-Glucan has a unique coiled structure
b-Glucans are naturally occurring polysaccharides found in the cell walls of plants, grasses, cereals, and grains. The

b-glucans discussed here are of two general types: those having backbones of b1-3-linked glucose and those with a

backbone comprising both b1-3- and b1-4-linked glucose (mixed linkage b-glucans). b1-3-Glucans are found in algae

(e.g., laminarin from the brown alga Laminaria saccharina), yeast (e.g., curdlan, zymosan, pachyman, and scleroglucan),

and plants (e.g., callose). The b1-3-linked glucose backbone gives these sugars the propensity to form helical

structures while differing degrees of b1-6-glucose substitutions on their backbones give them variable solubility in
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water (Figure 6). For instance, pachyman from Poria cocos is essentially unsubstituted and is insoluble in water. In

contrast, laminarin has approximately one substitution per 10 backbone sugars, which does not interfere with the

ability of this polysaccharide to form a triple helix but does confer considerable solubility in water. Mixed linkage

b-glucans are most commonly associated with grasses, cereals, and grains. As a common example, barley b-glucan
comprises, on average, b1-4-glucotriose or b1-4-glucotetraose units linked b1-3. The frequency of b1-3-linkages can
vary depending upon the source of the glucan. The alternating pattern of b1-4 and b1-3 linkages is thought to give

these polysaccharides extended ribbon-like conformations.
3.29.4.4.2 Molecular determinants of b-glucan binding
CBMs that are specific for noncellulosic b-glucans are found in families 4, 6, 11, 13, 22, 39, and 43 (Table 1). The best-

understood examples are those from families 4, 6, and 11, which are all type B CBMs. TmCBM4-2 from the

Th. maritima Lam16 and BhCBM6 from the B. halodurans Lam81 are both specific for b1-3-glucans. Each have

binding sites tailored to accommodate the helical conformation of b1-3-glucans but their architectures are uniquely

different. TmCBM4-2 has a deep groove and the bottom of the ‘U-shape’ formed by the coil of the b1-3-glucan sits in

the bottom of this groove (Figure 14).121 An array of aromatic amino acid side chains line the sides of the groove and

provide the CH–p stacking interactions common to protein–carbohydrate interactions. Polar amino acid side chains

make a number of hydrogen bonds with the sugar hydroxyl groups that extend away from the outer edge of the ‘U’. In

contrast, BhCBM6 binds the nonreducing end of a b1-3-glucan chain in a small, blocked-off groove (Figure 14).122

The sugar curls around the module making contacts with a protein surface specifically contoured by appropriately

structured loops. In this case, hydrogen-bonding interactions are made with the sugar hydroxyls on the inside of ‘U’

formed by the sugar. Though these CBMs recognize the same ligand they have evolved uniquely different methods of

providing this specific interaction.

Two CBMs are known to prefer mixed linkage b-glucans, the family 11 CBM, CtCBM11, from the mixed function

lichenase/cellulase from Cl. thermocellum; and the family 6 CBM, CmCBM6, from the Cellvibrio mixtus endoglucanase

5A. CtCBM11 binds with a roughly two- to threefold preference for mixed b1-3,1-4-glucans versus b1-4-glucans but
does not bind to b1-3-glucans.123 CmCBM6 has two binding clefts, A and B, which are both utilized in b-glucan
binding (Figure 15a).32,33 Both cleft A and B in CmCBM6 can accommodate laminarin and cellooligosaccharides,

whereas only cleft B binds to glucans with mixed b1-3,1-4-linkages such as lichenan and barley b-glucan.32 Analysis of
a CmCBM6-b1-3,1-4-glucooligosaccharide complex by X-ray crystallography suggested that subsites 2 and 3 of cleft B

specifically accommodated glucose residues linked b1-4 while subsite 4 required the glucose bound in this site to be

b1-3-linked to the glucose in subsite 3 (Figure 15b).33 Subsite 1 displayed no preference for linkage.
(a) (b)

Figure 14 Recognition of b1-3-glucans by two different CBMs. Panel a shows the C-terminal family 4 CBM from

Thermotoga maritima Lam16 (PDB code 1GUI) while panel b shows the C-terminal family 6 CBM from B. halodurans

Lam81 (PDB code 1W9W). The solvent accessible surfaces are shown with surface contributed by relevant aromatic amino
acid side chains involved in binding, shown in purple. Bound b1-3-glucohexaose (laminariohexaose) molecules are shown

in blue ‘licorice’ representations.
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Figure 15 b-Glucan recognition by the family 6 CBM, CmCBM6, from Cellvibrio mixtus. CmCBM6 has two binding sites

located on different faces of the protein (a). Schematic showing the binding subsites in binding site B of CmCBM6 (b). The

subsite numbering is indicated above. The reducing and nonreducing ends of the sugar are indicated by R and NR,
respectively. Relevant hydroxyl groups that determine subsite specificity are indicated.
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3.29.4.5 a-Glucans: The Premier Storage Polysaccharides

3.29.4.5.1 a-Glucan structures and sources
Collectively, a-glucans are polysaccharides comprising polymerized glucose joined by a-glycosidic linkages. The most

commonly studied a-glucans with respect to CBM research are starch, glycogen, and pullulan.

Starch and glycogen are closely related polysaccharides that function as the primary storage carbohydrates in plants

and animals, respectively. Starch is a composite of amylose and amylopectin, the former being a nearly pure form of

a1-4-linked glucose and the latter comprising an a1-4-linked glucose backbone punctuated by a1-6 branch points

occurring approximately every 24–30 glucose residues (Figure 6). Glycogen is essentially the mammalian form of

amylopectin but has a1-6 branch points occurring approximately every 8–12 glucose residues along the backbone.

Both starch and glycogen are typically found as granules that have a relatively well-organized superstructure. a1-4-
Linked glucose chains have a propensity to form double helices and adjacent helices can pack to form crystalline

arrays giving rise to a dense polysaccharide granule. However, the a1-6 branch points disrupt this regular packing

resulting in regions of the polysaccharide granule with less crystalline or more ‘amorphous’ properties. Like the

cellulose-binding CBMs which must contend with structural heterogeneity, starch-binding CBMs also have to

contend with multiple possible presentations of their ligands.

Pullulan is a polysaccharide found as a cell wall component of the fungus Aureobasidium pullulans that can be

described as a polymer a1-4-linked glucotriose joined by a1-6-linkages. Though this polymer is not a polysaccharide of

major biological relevance, it is very important in industry and often serves as a model polysaccharide in a-glucanase
research. Furthermore, enzymes that are apparently selective for this polysaccharide contain CBMs.
3.29.4.5.2 Molecular determinants of a-glucan recognition
CBMs with specificity for starch, glycogen, and/or pullulan currently fall into the sequence-based families 20, 21, 25,

26, 34, and 41 (Table 1). However, given the number of enzymes with proven or putative a-glucanase activity and

their content of modules with unknown function, it is highly likely that the number of families containing a-glucan-
binding CBMs will continue to expand. Characterized members of all of these families share the ability to binding

soluble a-glucooligosaccharides as well as the granular forms. However, association constants vary over three orders of

magnitude between 103 and 106M–1 depending on the solubility of the ligand or, if the ligand is an oligosaccharide, its

length.124–127

3-D structures determined by NMR or X-ray crystallography are available for several members of family 20 (see,

e.g., Ref. 128), and one or two members of families 25,127 26,127 and 34.129,130 The unifying feature of their structures

is the presence of a twisted b-sandwich fold with an Ig-like topology (Figure 16).127 CBM–ligand complexes

determined by X-ray crystallography ubiquitously reveal solvent-exposed aromatic amino acid side chains that form



Figure 16 The overall secondary structure of the family 25 CBM from B. halodurans (PDB code 2C3V) as representative of

the fold and topology of starch-specific CBMs.

Figure 17 The binding sites of starch-binding CBMs have a conserved curved architecture. Shown are the binding sites of

CBM25 fromB. halodurans (blue; PDB code 2C3V), CBM26 fromB. halodurans (green; PDB code 2C3G), the family 34 CBM
from T. vulgaris TVAI (magenta; PDB code 1UH2), and the family 20 CBM from B. circulans (strain 251) cylcodextrin

glucanotransferase (yellow; PDB code 1CDG).
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the carbohydrate-binding platforms (Figure 17). These protein–ligand complexes have been particularly informative

in rationalizing how CBMs recognize granular starch or glycogen. As discussed above, a1-4-linked glucose chains self-

associate into double helices. In these helices, the a-faces of the glucopyranose rings face away from the core of the

helix. Thus, in densely packed polysaccharide granules, the solvent-exposed surfaces comprising the a-faces of the
glucose residues make the most likely recognition determinant. Indeed, the structures of CBMs in complex with

amylose fragments, maltooligosaccharides, clearly show that these proteins interact with the convex a-face surface

formed by the looping maltooligosaccharides (Figure 17).127

The dependence of these CBMs on recognizing a surface having a particular conformation is reminiscent of

type A CBMs. However, the ability of this class of CBM to bind soluble sugars distinguishes them from type

A CBMs. From a nonstructural perspective, the preference of most a-glucan-binding CBMs for soluble sugars

containing three or more monosaccharide units suggests their classification as type B CBMs. Examination of their

structures, however, reveals a maximum of three of subsites within their carbohydrate-binding sites and hydrogen

bonding densities between the protein and ligand of roughly 2.8 hydrogen bonds per 100Å2 of polar surface area

buried upon complexation. This suggests properties similar to the type CCBMs. Thus, as a class, the a-glucan-binding
CBMs are somewhat enigmatic with respect to the type A, B, and C classification, as they appear to have qualities

particular to each type.127
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3.29.4.5.3 a-Glucans and multivalency: a role in starch disruption
The family 20 starch-binding CBM from Aspergillus niger glucoamylase (GlaA) has been demonstrated to possess two

functional maltooligosaccharide binding sites. Each site has relatively weak affinity for soluble ligands but appear to

function cooperatively in binding granular starch.124 More remarkably, some nice work has established that these two

binding sites work in concert to unravel the double helix of amylose, thus exposing the sugar chain for hydrolysis by

the catalytic module.131,132 This function has only been demonstrated for this particular CBM and indeed it appears

that not all family 20 CBMs possess two functional binding sites. Nevertheless, X-ray crystallography studies have also

suggested two binding sites in family 25127 and 34 CBMs,130 though in the family 25 example the secondary binding

site was suggested as non-binding with appreciable affinity to soluble sugars.127
3.29.4.6 Mannan and CBMs

3.29.4.6.1 Mannan structure
Mannan is an insoluble homopolymer of b1-4-linked mannose residues found in the cell walls of plants (Figure 6).

Heteropolymer derivatives of mannan are also found in nature, where the repeating sugar unit alternates between

glucose and mannose to form glucomannan. Galactose is also commonly found linked to mannan and glucomannan

polysaccharide backbones through a1-6 linkages to form galactomannan and galactoglucomannan, respectively.

Galactomannan is mainly a structural polysaccharide and galactoglucomannan is commonly utilized for energy storage.
3.29.4.6.2 Molecular determinants of mannan binding
Degradation of mannan results from the activity of bacterial and fungal enzymes found in glycoside hydrolase families 5

and 26 (CAZy). The following sectionwill focus on the activity of selective type A (1, 2a, and 10) and type BCBM (23, 27,

29, and 35) families (Table 1).
3.29.4.6.2.1 Type A mannan-binding CBMs

Most type Amannan-binding CBMs have been identified by sequence analysis. However, there are some examples of

the biochemical characterization of purified modules. A family 1 CBM from an Oripinomyces sp. mannanase was shown

to bind insoluble lignocellulosic substrates by depletion assays and affinity electrophoresis.133 In Cellvibrio japonicus, a

cluster of GH5mannanases (Man5A, Man5B, andMan5C) contain variable combinations of CBMs from families 2a, 5,

and 10; interact with crystalline forms of mannan; and in some cases do not show selectivity between these substrates

and insoluble cellulose.134 This observation may explain in part why there is an apparent lack of type A mannan-

binding CBMs, as the stereochemical difference between glucose and mannose may not be selectively accessible in

the crystalline forms of cellulose and mannan.
3.29.4.6.2.2 Type B mannan-binding CBMs

The majority of mannan-specific CBMs fall into the type B class. This is not surprising as mannan is rarely found in

nature in a homogeneous crystalline form. Commonly, mannan is substituted with a-1-6 linked decorations, which

disrupt ordered packing and present many potential binding surfaces for type B CBMs. The first documented

mannan-binding domain was discovered in the soil bacterium Cellulomonans fimi. 135 This module was classified

within family 23 and does not have sequence similarity to any other protein in the database. The best-characterized

mannan-binding CBMs fall into families 27, 29, and 35. Examples from these families will be discussed below.
3.29.4.6.3 CBM27: detailed analysis of mannan oligomer-specific recognition
Family 27 is a small family of mannan-binding modules found in thermophilic bacteria.136,137 The binding energetics

and crystallographic structures in complex with diverse ligands for two CBM27s have been recently published.138,139

CBM27 from the Th. maritima (TmCBM27) mannanse Man5 binds to oligomannans (d.p.¼M3–M5), carob galato-

mannan, and konjac glucomannan with association constants of 105–106M–1, and substituted mannan derivatives with

one- to twofold orders of magnitude less.138 Its counterpart from Caldicellulosiruptor, CsCBM27–1, displays even

higher affinity for mannose oligomers, with an increasing relationship between polymerization length from manno-

triose (Ka¼2.0�104M–1) to mannohexaose (Ka¼1.0�107M–1).139 In both cases, the interaction is enthapically

driven with minor entropic penalties. In the case of mannohexaose, a unique binding model was observed for

TmCBM27.138 In an entropically favorable event, a second CBM bound the same ligand with 100-fold less affinity

to form a CBM1-ligand-CBM2 dimer. It was postulated that the entropic penalties for conformational restriction of the
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ligand were paid by the binding of CBM1, and the loss of ordered waters created a favorable situation for binding of

CBM2. The biological relevance of this event remains to be determined; however, it is tempting to speculate that

TmCBM27 may cluster the catalytic modules of Man5 on mannan substrates.

The structure of CBM27 in both Th. maritima and Caldicellulosiruptor consists of a jelly-roll fold with a coordinated

Ca2þ ion important for modular stability. Although there is only 22% sequence identity, they have a highly similar

structural arrangement as 81 of 170 amino acids align with a main-chain rms deviation of 1.42Å. Interestingly, the

structure of TmCBM27 in complex with heterogeneous ligands provided some insight into the mechanism of ligand

recognition.138 It is apparent that mannose selectivity provided by the preferential binding of axial 20-hydroxls at

subsites 2–4 (Figure 18). TmCBM27 can accomodate a1-6-linked substitutions within the binding cleft at subsites 1,

2, and 5 because the C6-OH groups at these positions are directed towards the solvent. This observation provides a

molecular and biochemical explanation for how TmCBM27 can recognize substituted mannan and target glycoside

hydrolases to these heterogeneous polysaccharides within the cell wall.
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Figure 18 Schematics of the hydrogen-bonding patterns of mannan-binding CBMs reveal the use of C2-OH groups as

specificity determinants. Panel a shows the hydrogen bonding pattern between mannopentaose and the family 27 CBM

from Thermotoga maritima Man5. Panels b and c show the hydrogen-bonding patterns between cellohexaose and
mannopentaose, respectively, and the family 29 CBM from Piromyces equi.
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3.29.4.6.4 A special case: the cooperative and synergistic effects of tandem CBM29s
Although CBM29s have only been found in the fungus Piromyces equi, it is a fascinating example of the coordinated

process of plant cell wall degradation. Clostridial cellulosomes contain type A CBMs from family 3 (see above);

however, in this case, the hydrolytic machinery is directed to mannan and mannan-containing derivatives by

noncatalytic protein-1 (NCP1).140 This protein is composed of three N-terminal dockerin modules and two closely

related C-terminal CBM29s. It has been suggested that this system provides an alternative mechanism for polysac-

charide degradation, as promiscuous manno-derivative binding may drive the recruitment of cellulases and hemi-

cellulases through dockerin–cohesin interactions.140 Affinity gel electrophoresis demonstrated that CBM29-1 and

CBM29-2 both bind primarily glucomannan; and with less affinity b-mannan, b-glucan, and cellulose.140 Interestingly,

when analyzed by ITC, CBM291-2 displayed a 4–45 fold increase in affinity for the same ligands, which is well above a

simple additive effect. This observation suggests that with these tandem CBMs there is a synergistic effect in

polysaccharide recognition.

The structure of CBM29-2 in complex with cello- and mannohexose was recently determined and provides a

molecular explanation for the binding of diverse ligands.141 Subsites 5, 4, and 3 favor binding mannose over glucose

due to stereospecific hydrogen bond contacts with the C2 of mannose (Figure 18). Additionally sugars at positions 5,

3, and 1 have C6-hydroxymethyl groups oriented toward the surface of and in hydrogen-bond contact with CBM29–2.

In agreement with what was observed for family 27 CBMs, the C6–O6 groups of mannosyl residues 6, 4, and 2 are

directed towards the solvent which suggests that this binding architecture would accommodate a heterogeneously

substituted mannan derivative, such as galactomannan.141 This ‘flexible’ ligand recognition may specialize the

targeting of fungal CBMs towards diverse polysaccharide substrates within the plant cell wall.
3.29.4.6.5 A dynamic event: CBM35 undergoes conformational changes upon binding
CBM35s have been found appended to xylanases, cellulases, and mannans (CAZy); however, this family shows weak

homology to the type B CBM6s.142 Recently, the solution structure for CBM35 (formerly X4) from Cellvibrio japonicus

CjCBM35 was recently published, which provided some provocative insights into the binding mechanism of this

family.117 This module is appended to an N-terminal CBM10 and CBM5, and the C-terminal mannase Man5C

catalytic module.142 In contrast to the majority of research accumulated to date, which has indicated for the most part

that CBMs are structurally rigid, CjCBM35 undergoes noticeable changes in conformation upon ligand binding.117

The main rearrangements occur in the loop containing amino acids 80–84, which widens the binding groove to

accommodate oligomannans. Binding is driven by CH–p interactions between aromatic side chains (Tyr60, Trp109,

and Tyr111) and mannosyl faces, and hydrogen-bonds between Lys63 and the axial C2-hydroxyl of mannose as well as

several others. The authors also used sequence comparisons to successfully identify several other members in this

family. Biophysical analysis of CBM–polysaccharide interactions will clarify whether conformational rearrangement

upon binding is a conserved phenomenon for this family as calcium dependence has been reported for a CBM35 from

a arabinofuranosidase.117
3.29.4.7 CBMs with Unique Polysaccharide Binding Specificities

The CBM binding specificities covered to this point represent the major classes of polysaccharides recognized by

CBMs. However, there are a number of less-common polyaccharides or components of polysaccharides that are

recognized by some CBMs. These are b1-3-galactan, mutan, inulin, b1-3-xylan and arabinose (see Table 1).

Phanerochaete chrysosporium produces a b1-3-galactan-specific family 43 glycoside hydrolase.143 Appended to this

enzyme is a CBM which, though published as a family 6 CBM, is formally classified as a CBM35 (this highlights the

similarities between family 6 and 35). This CBM has been shown to be b1-3-galactan specific. Similarily, the fungus

Penicillium purpurogenum produces an a1-3-glucan (mutan)-specific family 71 glycoside hydrolase having a family 24

CBM specific for this unique glucan.144 A family 38 b1-2-linked polyfructose (inulin)-binding module was found at the

C-terminus of a Bacillus cycloinulinooligosaccharide fructanotransferase.145 The structural basis of the interactions of

these CBMs with these unique polysaccharides remains unknown.

b1-3-Xylan is a polymer of xylose found primarily in the cell walls of red and green marine algae. Marine bacteria,

specifically of the genera Vibrio, Alcaligenes, and Pseudomonas, produce xylanases specific for this insoluble polysaccha-

ride. Perhaps not surprisingly, these enzymes contain family 31 CBMs that potentiate their activity on this sugar.146

The recent X-ray crystal structure of an Alcaligenes CBM31 revealed a b-sandwich Ig-like fold similar to that of the

starch specific CBMs.147 Though this structure is known, the molecular basis for the interaction remains to be

determined.
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Aspergillus kawachii produces a family 54 a-L-arabinofuranosidase with an intriguing C-terminal family 42 CBM.148

This CBM was identified in the X-ray crystal structure of this enzyme and identified as a CBM by its ability to bind

arabinose in the crystal. The fold of this module is a b-trefoil, like the family 13 CBMs, but it shows no sequence

identity with this family, thus its classification into family 42. This enzyme is responsible for removing the arabino-

furanose decorations from arabino-xylan.148 Given the apparent specificity of this CBM, we are left with the

tantalizing suggestion that this CBM42 is responsible for recognizing the arabinose side chains, thereby localizing

the enzyme to regions rich in decorations. In most cases, CBMs have developed a tolerance for side-chain decorations

while recognizing the polysaccharide backbone. It appears that CBM42 is truly unique in its specificity for the

decorations.
3.29.5 Interactions with Complex Glycans

A number of CBMs are known to bind to complex glycans such as those found on eukaryotic glycoproteins or

glycolipids. These CBMs fall into three families, 13, 32, and 40, and are involved in performing three general

functions: oligosaccharide synthesis, protein toxin delivery, and host–microbe interactions.
3.29.5.1 Oligosaccharide Synthesis

The function of CBMs is not limited to roles in catabolism. A relatively recent and intriguing study revealed the role of

CBMs appended to glycosyltransferases in anabolic processes. O-Glycosylation of mucin is stepwise149 and first begins

through the transfer of a GalNAc activated with UDP to a serine or threonine residue of the core mucin protein. This

reaction is catalyzed by UDP-GalNAc:polypeptide a-N-acetylgalactosaminyltransferases (GalNAc transferases) from

family 27 of the retaining glycosyltransferases, a large family of homologous enzymes.150,151 Many family 27 glycosyl-

transferases have C-terminal family 13 CBMs, CBMs related to RTB. Different members of the GalNAc transferases

have different kinetic properties and glycosylate different sites on the core protein.152–155 There is also differential

expression of some isoforms in human tissue.154–156 Individual GalNAc transferases have independent activities that

may complement each other based on expression patterns. For example, human GalNAc-T7 recognized incompletely

glycosylated tandem repeats of human MUC2 and rat submaxillary gland mucin as acceptor substrates but did not

show activity on nonglycosylated substrates.157 Functional studies on the CBM13 domain of GalNAc-T4 demon-

strated that mutation of specific residues in the CBM13 module blocked O-glycan attachment to two specific Muc1

tandem repeats on a partially glycosylated peptide acceptor. Glycosylation of nonglycosylated peptides was not

affected.158 It appears that O-glycosylation initiation is regulated by a multiple GalNAc transferases and

recognition of the partially glycosylated polypeptide substrates is mediated by the family 13 CBM.158 The crystal

structure of the murine ppGalNAc-T glycosyltransferase revealed its bimodular structure comprising the family 13

CBM and the family 27 glycosyltransferase module (Figure 19).159 Thus far, the family 27 GalNAc transferases are

the sole glycosyltransferases shown to contain CBMs.160
Figure 19 A ‘cartoon’ representing the structure of the family 27 glycosyltransferase from Mus musculus (PDB code

1XHB). The catalytic module is shown in blue. The family 13 CBM is shown in green looking down the pseudo-3-fold axis of

the b-trefoil fold.
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3.29.5.2 Toxin Delivery

CBMs play roles in the delivery of three general types of toxins: the ribosome-inactivating protein (RIP) toxins, pore-

forming toxins, and botulinum neurotoxins. These toxins are not carbohydrate-active enzymes and by strict definition

the modules responsible for carbohydrate binding in these proteins would not be classified as CBMs. However, in

these cases discussed these modules show sequence identity with family 13 CBMs. Thus, by the liberal definition of

CBM (see above in Section 3.29.1) these modules are included as CBMs.

The protein toxin ricin is a potent RIP derived from castor bean seeds, R. communis. The ricin toxin itself consists of

two individual polypeptides: the toxic ricin A chain linked covalently through a disulfide bond to the carbohydrate-

binding ricin B chain, whose two domains are classified as family 13 CBMs. The B subunit targets ricin to the surface

of the cell through recognition of galactose and N-acetylgalactosamine161,162 whereupon ricin is endocytosed,

traveling through the internal membrane system to reach the ER. In the ER the disulfide bond linking the two

polypeptides is reduced and the ricin A chain is translocated across the membrane into the cytosol. The ricin

A chain interacts specifically with the large ribosomal subunit, and through its N-glycosidase activity hydrolyses an

N-glycosidic bond between an adenine residue and a ribose in the 23S RNA. This inactivates the ribosome through

depurination and destruction of protein synthesis163–165 A single Ricin A chain is able to inactivate many ribosomes

contributing to its cytotoxicity. Other plants, such as barley, produce only the A chain which has ribosome-inactivating

function; however, due to the absence of the B chain it is not cytotoxic.166 The B chain, that is, family 13 CBMs, are

essential for cytotoxicity as without them ricin would not bind the cell and would not be internalized. Numerous RIPs,

including those from Sambucus nigra, Viscum album, and Abrus precatorius, contain family 13 CBMs in their A/B toxin

structure.

The pore-forming, hemagglutinating, hemolytic CEL-III protein produced by the sea cucumber Cucumaria echinata

contains two N-terminal family 13 CBMs.167–170 The C-terminal domain consists of a b-sandwich with two alpha

helices that appear to potentiate the oligomerization function of CEL-III.171,172 Five of the six a, b, and g subdomains

of the family 13 CBMs bind Ca2þ although it has not been established whether Ca2þ plays a role in carbohydrate

binding. CEL-III binds cells through protein–carbohydrate interactions upon which it undergoes oligomerization to

form pores within the cell membranes. The N-terminal family 13 CBMs are thought to provide the galactose/GalNAc-

binding function of this protein172 and it has been proposed that it is the recognition of carbohydrate that promotes

exposure of hydrophobic surface area,173 forcing oligomerization and pore formation in the cell membrane.

Cl. botulinum is an organism that secretes one of the most deadly neurotoxins known to man, the botulinum

neurotoxin (BoNT) of which there are currently seven known serotypes (A–G).174 It is estimated that the human

lethal dose is 0.1 ng kg –1 .175 Exposure to toxic forms prevents acetylcholine release at the neuromuscular junction

resulting in flaccid muscle paralysis.176–178 This toxin is found associated with nontoxic proteins and the complexes

are referred to as progenitor toxins. The associated proteins act to protect BoNT in the acidic environment in the

stomach and from proteolytic attack.179–182 Nontoxic hemagglutinating proteins (HAs), which are classified into the

family 13 CBMs, are often associated with BoNT.183,184 The HA-positive progenitor toxins have demonstrated

interactions with complex glycans found in the intestinal microvilli. HA of serotype C binds glycolipids and

glycoproteins having sialic acid residues.185,186 HA of serotype A binds glycolipids and glycoproteins containing

Galb1-4GlcNAc (N-acetyllactosamine).187,188 The interactions with the oligosaccharides are likely involved in inter-

nalization of BoNT into the body in the intestines.189

The unifying feature of CBMs found in toxins is their function in delivering the toxin component of the protein to

cell surfaces via a carbohydrate receptor–CBM interaction. This allows toxin internalization or insertion into the

membrane, steps which are critical to the toxic activity of these proteins.
3.29.5.3 Host–Microbe Interactions

Virulent strains of Vibrio cholera produce a sialidase responsible for cleaving terminal sialic acid moieties from gang-

liosides in order to expose GM1, the cholera toxin receptor.190 Structurally the Vibrio cholera sialidase is composed of a

central six bladed b-propellor catalytic domain flanked by b-sandwich lectin-like ‘wing’ domains. Recent discovery

that the N-terminal ‘wing’ domain binds sialic acid resulted in the classification of these domains as family

40 CBMs191 (Figure 20). CBM40–sialic acid interactions occur on the curved b-sheet face of the CBM through 11

direct and water-mediated interactions. A unique feature of this interaction is that there are no aromatic amino acid

side chains involved in the interaction as is common to protein–carbohydrate interactions. The role of the CBM is

likely to concentrate the enzyme onto sialic acid-rich surfaces in the intestine where the action of the enzyme then

unmasks receptors for toxin binding.



Figure 20 A ‘cartoon’ representing the structure of the family 33 glycoside hydrolase from Vibrio cholerae (PDB code
1W0P). The catalytic module is shown in blue. The family 40 CBMs are shown in green with a bound sialic acid molecule

shown in blue ‘licorice’ representation.
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The family 32 CBMs are possibly involved in a number of host–microbe interactions. For instance, members of this

family have been identified by bioinformatic methods in the m-toxin, a sialidase, and other putative glycoside

hydrolase toxins secreted by Cl. perfringens, a bacterium known to cause food poisoning and gas gangrene. The

m-toxin is thought to be a hyaluronidase involved in tissue destruction and bacterial spread. Other glycoside hydrolases

may be involved in sugar hydrolysis to aid in host colonization and/or bacterial nutrition. The role of the family 32

CBMs is likely to promote adherence of the enzymes to sugar-bearing tissues. Other commensal gut organisms, such

as Bacteroides thetaiotaomicron, harbor a different battery of enzymes containing CBM32s. These enzymes likely play a

role in breaking down the complex carbohydrates in the human diet, suggesting a different role for CBM32-containing

enzymes in host–microbe interactions.
3.29.5.4 Implications for the Recognition of Complex Glycans by CBMs

The functions of CBMs in protein glycosylation, toxin binding, and host–microbe interactions, through binding

complex glycans are being uncovered only now. However, the results suggest that CBMs involved in these

processes may eventually turn out to be targets for carbohydrate-based therapeutics. Antiadhesive drugs targeting

the carbohydrate-binding functions of the ‘shiga-like’ toxins are already being explored, suggesting this approach may

be viable. Antiadhesive carbohydrate-based therapeutics in combination with inhibitors of catalytic activity may also

have potential in combating the action of glycoside hydrolases in infections caused by bacteria. This is one of the

exciting new frontiers in CBM research.
3.29.6 CBMs in Biotechnological Applications

Interest in CBMs as a biotechnological tool developed early on in CBM research due to the affordability of cellulose as

an adsorbent. Furthermore, the use of CBMs is advantageous as they typically do not exert any modifications on

substrates or on the proteins to which they may be fused. Applications for their use may be dependent on their affinity

for the target carbohydrate; some CBMs have considerably high affinity (Tm CBM9–2 �10 6 M –1 ) 28 while others have

very low affinities (MvCBM32 �103M–1).30 CBMs are easily manipulated to generate tandem repeats to create a

macromolecule with dual specificity192 or even to suit recombinant production in other hosts.193 Biotechnological

applications have exploited the native properties of CBMs in the absence of a catalytic partner as well as the properties

of chimeric proteins created by fusing CBMs to partners with desired functions.
3.29.6.1 Exploiting the Native Properties of CBMs

3.29.6.1.1 CBMs and fiber modification
CBMs have been demonstrated to strengthen bound cellulose fibers, creating a more tensile and robust paper base.194

Cellulose-binding CBM-based additives are also used to enhance paper strength and resistance.195 Two CBMs,

the cellulose-binding CcCBM17 from Cl. cellulovorans and starch binding AnCBM20 from Aspergillis niger, were
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fused by an elastin-like linker. The resultant cellulose/starch cross bridging protein (CSCP) was initially bound to

microcrystalline cellulose and subsequently mixed with solublized cornstarch and made into paper sheets. The

mechanical strength and durability of the various starch-containing paper samples significantly increased the tensile

strength of paper using CSCP.193 The success of CSCP can be attributed to the CBM’s affinity for linear polymers

through their type B binding sites. This application has become more desirable due to environmental and forest

management pressures to use renewable resources in paper manufacturing.

Scouring is the treatment through which textiles, such as wool, undergo to remove any dirt, oils, waxes, or other

contaminants. Pressure is on the textile industry to develop alternative and environmentally safe methods for

scouring. Degani et al. developed a recombinant CBM fused with a b-glucuronidase reporter (CBD-GUS) to test

for scouring efficiency.196 The chimeric enzyme was used as an effective tool for measuring scouring and wettability of

cotton fabrics. CBD-GUS binding increased with hydrophilicity of the fabric due to the mounting harshness of the

scouring treatment. This has led to the development of ‘bioscouring’ using extracellular degradative enzymes, such as

pectinases and a cutinase from the bacterium Pseudomonas mandocino,197 fused to CBMs to target the enzymes to the

fiber for increased scouring efficiency.

3.29.6.1.2 Modified CBMs aid in plant growth
Extension of the fiber matrix in the plant cell wall during growth and differentiation is a necessary part of plant

development. This is achieved with the use of various proteins to loosen the fibers, making them accessible for

addition of new cell wall polymer.198 Swollenin from H. jecorina is involved in separating cellulose fibrils during cell

wall expansion and cell growth and thus may be used in enhancing substrate accessibility. CBMs for these enzymes

may therefore be manipulated for industrial processes to open up or swell targeted plant polymers.199

The exogenous addition of cellulose-binding CcCBM3a from Cl. cellulovorans CipA to Arabidopsis seeds through

soaking increased the rate of synthesis of cellulose, causing elongated roots in seedlings. This enhanced plant growth

resulted in splayed cellulose ribbons but did not affect the hypocotyls.200

3.29.6.1.3 CBMs as diagnostic tools
CBMs can be utilized for detecting polysaccharide content in plants and microorganisms. Immunofluorescently

labeled cellulose-binding TrCBM1 and 2 from H. jecorina cellobiohydrolase I and II (Cel6A) were used to target the

protozoan cyst Acanthamoeba which contains cellulose in the cyst wall.201 Acanthamoeba act as carriers of bacterial

pathogens such as Legionella pneumophila and thus diagnosing the presence of Acanthamoebamay aid in preventing the

spread of pathogens. The CBMs were able to recognize Acanthamoeba cyst wall cellulose and did not bind the chitin-

containing cyst walls of other protozoans such as Giardia intestinalis, thus distinguishing between two types of cysts.

Other CBMs used as diagnostic tools include SoCBM33 from Streptomyces olivaceoviridis which was used to detect

a-chitin present between budding mother and daughter cells of Saccharomyces cerevisiae.202 McCartney et al. utilized

various plant cell wall-binding CBMs (Pyromyces equi mannanase PeCBM29, Cl. thermocellum xylanase CtCBM6, and a

Cellvibrio japonicus cellulase CjCBM2a) for determining polysaccharide content in developing maize coleoptiles.203

Immunofluorescent anti-His6 antibodies bound to His6-tagged CBMs revealed CBMs localized to their

corresponding plant cell wall ligands, such as xyloglucan and cellulose, thus revealing polysaccharide location and

composition in maize leaves and roots.

3.29.6.1.4 CBMs as molecular scaffolds
A molecular scaffold serves as a model for developing random mutation libraries of a protein active site and testing

each member in hopes of the mutation changing the overall function of the protein. Modification of CBMs may make

it possible to engineer binders for enhancement of drug design systems or for environmental purposes.

Thermostable xylan-specific RmCBM4–2 from xylanase 10A of Rhodothermus marinus was successfully utilized as a

molecular scaffold.204,205 A library of 1.6�106 clones yielded selected variants with mutationally developed specifi-

cities from birchwood xylan to ivory nut mannan, and human IgG4. The different specificities were correlated with

amino acid differences in the CBM-binding site. H. jecorina Cel7A TrCBM1 modification yielded a mutant that was

able to bind alkaline phosphatase through protein–protein interactions.206

Metal-binding sites have also been engineered from CBM1 of Tr. reseei Cel7A with combinatorial variants that are

surface displayed on Staphylococcus carnosus cells.207 Eight TrCBM1 mutational variants were evaluated for nickel-ion

binding on Ni2þ-magnetic agarose bead. Two variants showed a significantly enhanced nickel-binding capacity over

the parental strain. Such tailor-made bacterial strains could one day be engineered as bioadsorbants for water filtration

to capture heavy metals, such as mercury.
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3.29.6.2 CBM Fusion Proteins

3.29.6.2.1 CBMs as affinity tags
For purification purposes in the pharmaceutical and biotechnological industries, which require highly homogenous

protein preparations, it can be beneficial to have an affinity tag for effective, single-step protein purification. The use

of CBMs as affinity tags has been successfully applied for many purification procedures.106,118,212–214 The most

commonly used affinity matrix for this purpose is cellulose as it is easily available, inexpensive, chemically inert, and

nontoxic. CBMs are practical affinity tags as they have strong specific binding capabilities while remaining catalyti-

cally inactive; due to their small size, 30–200 amino acids, CBMs generally do not sterically interfere with the

biological activity of the target protein. They are often stable over long periods of time and over a wide pH range,

and CBMs that are thermostable up to 90�C are available.208,209 Elution of fused proteins in a polysaccharide column

matrix is dependent on the affinity of the CBM for the matrix. Weakly bound CBMs can be eluted with monosaccha-

ride ligand. More strongly bound CBMs may require denaturation for elution or, in turn, the immobilization on

the matrix may itself be the purification step.210 Removal of the CBM affinity tag after purification may occur via

an engineered protease cleavage site such as thrombin, enterokinase, and factor Xa as well as a site for chemical

cleavage,211 with easy removal of the contaminating CBMwith a final pass of the cleaved protein preparation over the

polysaccharide column.

Naturally occurring CBMs within glycoside hydrolase enzymes can be exploited for affinity purification. The

xylanase SoXyn10A from Streptomyces olivaceoviridis has a C-terminal type C family 13 CBM.215 In a simple one-step

purification procedure on lactosyl-sepharose column, highly pure recombinant SoXyn10A was obtained.216

CBMs as affinity tags can increase the yield of the fused protein,217,218 increase or decrease solubility,200 and even

decrease aggregation upon refolding after denaturation.219 CBMs may protect against proteolytic degradation and

provide protection again thermal denaturation.220 Packaging into inclusion bodies occasionally occurs upon expression

of CBM fusions.218 This may be advantageous as inclusion bodies are easily purified and in this insoluble state are

protected from proteolysis.221
3.29.6.2.2 CBMs as immobilization tools
Immobilization tools are used to immobilize a given substrate on to a solid matrix. This process may be used for

targeting an enzyme to substrate, for immobilizing bacteria,222 for cross-linking purposes,193 and even to bind vaccine

to adjuvant.223 CBMs can be used as immobilization tools by fusing them to target proteins. CBMs can be fused to the

target proteins in tandems of two or more producing a cooperative effect.60,224

An example of an immobilized chimera involves the fusion of cellulose-specific CfCBM2a from Xyn10A

of Cellulomonas fimi to the N-terminus of the light chain of the protease Factor Xa containing a self-activation

site.217 The fusion resulted in a stable, self-activating, cellulose-binding construct that could be immobilized on

cellulose and retained similar activity as wild-type Factor Xa.

Immobilized CBMs have potential environmental applications such as detoxification of wastewater.218 The cellu-

lose-binding CcCBM3 from Cl. cellulovorans CipA scaffoldin was fused to horseradish peroxidase (HRP). Once

immobilized to cellulose, CcCBM3-HRP was stable and showed increased longevity in the presence of harmful

peroxide oxidants, while the cellulose scaffold adsorbed products of the oxidation reaction. When HRP oxidation

of 4-bromophenol, a model toxic phenol pollutant, was monitored, the immobilized CcCBM3-HRP oxidized more

4-bromophenol than unbound CcCBM3-HRP. CBM fusions show potential for use in the economical treatment of

wastewater toxic phenols as peroxidase stability in the presence of peroxide is a concern that forces constant

availability of new and active enzyme.218
3.29.6.2.3 CBMs used to enhance enzyme efficiency
Recombinant fusions of glycoside hydrolases to a CBM for targeting to substrate may result in increased catalytic

efficiency.225 In industry, CBMs have even been appended to catalytic modules other than glycoside hydrolases, such

as lipases, in order to direct the enzyme to the desired target site: for example, directing lipases to cotton fibers in

laundry detergents.226,227 By appending a CBM to an enzyme, a reduced amount of enzyme is required which is more

economically viable in terms of enzyme production for industry.

Xylanases are of importance for the pulp and paper industry for the enzymatic degradation of hemicellulose.228

Kittur et al. fused the xylan-binding type B CBM2b STX-II of Streptococcus thermoviolaceus 225,229 to the catalytic

C-terminus of XynB from Th. maritima. Both of these modules are from thermostable organisms and the
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CBM2b–XynB fusion protein was heat stable up to 90�C and was stable at 70�C over a pH range of 5–11. The fusion

significantly increased the activity of XynB toward soluble birchwood xylan relative to wild type. The thermostability

of the chimeric xylanase makes it optimal for use in the pulp and paper industry where high temperatures are

often employed.
Glossary

amylopectin A polymer of a1-4-linked glucose with a1-6-linked branches found as a component of starch.

amylose A polymer of a1-4-linked glucose found as a component of starch.

carbohydrate-binding module (CBM) Found appended to an enzyme as a distinct entity with its own fold and function;

facilitates targeting of the enzymatic module on to its substrate.

cellulose A polymer of b1-4-linked glucose found predominantly as a structural polysaccharide in cell wall of plants; usually

insoluble and often crystalline.

cellulosome A large complex of noncovalently linked carbohydrate-active enzymes, usually targeting cellulose.

chitin A polymer of b1-4-linked N-acetylglucosamine found predominantly as a structural polysaccharide in insect exoskele-

tons; usually insoluble and often crystalline.

glycogen Mammalian amylopectin but with a higher degree of branching; used for energy storage.

glycoside hydrolase Enzyme that degrades carbohydrates by addition of water to glycosidic bond within a polysaccharide chain

or between a carbohydrate and noncarbohydrate moiety, for example, cellulase, xylanase, and hyaluronidase.

glycosyltranferase Enzyme that adds a sugar via UDP-sugar substrate on to a carbohydrate chain, releasing water.

DH, DS, DCp, and DG Changes in enthalpy, entropy, heat capacity, and free energy, respectively.

mannan A polymer of b1-4-linked mannose.

starch A composite of amylose and amylopectin.

xylan A polymer of xylose, usually b1-4-linked as found in plant cell walls but sometimes b1-3-linked as in algal xylan. Often

decorated with arabinose or glucuronic acid side chains.
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3.30.1 Membrane Lipids

Glycerophospholipids, sphingolipids, and cholesterol are the lipid components of cell membranes. Among these,

sphingolipids are minor components. They mainly reside in the external layer of the plasma membrane,3 with the

hydrophilic head group protruding toward the extracellular environment. Glycosphingolipids are components of all

animal cell membranes and, among these, gangliosides, that contain sialic acid residues, are particularly abundant in

the plasma membranes of neurons. In 1935, E. Klenk extracted from the brain of a Niemann–Pick disease patient

something new, that he named ‘substanceX’.4 In the following years, he understood5 that ‘substance X’ was a mixture of

different compounds that he named ‘gangliosides’. Gangliosides attracted immediately the interest of many investi-

gators, but in spite of this, progresses in elucidating their structures were slow (see Chapter 1.03). In 1947, the

structure of sphingosine was elucidated,6 and in 1955 that of sialic acid.7 Finally, in 1963, the first ganglioside structure

was described.8 Then, studies were mainly devoted to understand ganglioside biological functions. This research is

still far to be considered exhausted, but today there is a general agreement to consider gangliosides as functional

molecules involved in modulation of enzyme properties, of cell signaling, cell adhesion, and protein sorting (see

Chapter 4.15).9–28

The lipid moiety of glycosphingolipids, as well as that of all sphingolipids, is named ceramide29 and is constituted

by a long-chain amino alcohol, 2-amino-1,3-dihydroxy-octadec-4-ene, whose trivial name is sphingosine, linked to a

fatty acid by an amide bond. Of the four possible configurations of sphingosine, only the 2S,3R is present in nature.6,30

‘Sphingosine’ identifies also structures with shorter and longer alkyl chain and structures with and without unsatura-

tion (whose names should be sphingenine and sphinganine, respectively).
697
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The hydrophilic head group of sphingolipids is phosphocholine in the case of sphingomyelin (SM, the only known

phosphosphingolipid in mammalian cells), or an oligosaccharide chain in the case of glycosphingolipids. The oligo-

saccharide chain of gangliosides is very variable due to the sugar structure, content, sequence, and connections. This,

together with the heterogeneity of the lipid moiety, makes gangliosides a very large group of compounds.

Table 1 shows several ganglioside structures together with the trivial and correct abbreviation. 412,413

Sialic acid is the sugar that differentiates gangliosides from neutral glycosphingolipids and sulfatides. Sialic acid 31 is

the name that identifies all the derivatives of 5-amino-3,5-dideoxy- D-glycero -D-galacto -non-2-ulopyranosonic acid, or

neuraminic acid. Three main sialic acids are known: the 5-N-acetyl-, the 5-N-acetyl-9- O-acetyl-, and the 5-N-glycolyl-

derivative. Healthy humans have only the first two. 32–35 Gangliosides containing polysialyl chains where the sialic

acids are linked together with ketosidic and ester linkage (ganglioside lactones) have been found in human brains. 36
3.30.2 Structural and Chemicophysical Properties of Glycosphingolipids
Leading to Lipid Segregation

On the basis of the lipid molar composition of the detergent-resistant membrane (DRM) fraction putatively repre-

senting isolated lipid membrane domains (discussed in Section 3.30.4.2), lipid membrane domains are membrane

districts highly enriched in SM, glycosphingolipids, cholesterol, and dipalmitoylphosphatidylcholine that should cover

roughly 10–20% of the cell surface.37 On the other hand, lipid membrane domains contain less than 3% of the total cell

proteins. Thus, it can be easily predicted that the chemical and physicochemical properties of membrane lipids are the

driving forces governing the existence and organization of lipid membrane domains. In the following paragraphs, we

discuss these properties, taking in account the geometrical properties of hydrophilic head groups of membrane lipids,

the transition temperature of membrane lipids, the hydrogen bond network at the lipid–water interface, the side-by-

side oligosaccharide interactions and the carbohydrate–water interactions, and the properties of the hydrophobic tails,

as driving forces to segregation phenomena.
3.30.2.1 The Hydrophilic Head Group of Gangliosides

Gangliosides are a very heterogeneous family of compounds with different content of sugar residues (see Table 1).

With the progressive increasing of the head group complexity, the molecules inside the membrane require a

progressively larger interfacial area to host the hydrophilic head group. Clustering of some components in a membrane

system is favored when the components show large differences in the geometrical characteristics of their head groups,

clustering being a spontaneous process due to minimization of the interfacial free energy. This is the case of gang-

liosides inserted in a glycerophospholipid surface. The larger is the interfacial area required by ganglioside oligosac-

charide structure, the more positive is the membrane curvature and the more pronounced is the segregation. Figure 1

shows the volume occupied by the pentasaccharide chain of ganglioside GM1,38 in comparison with that occupied by

phosphocholine, the largest group of phospholipids. The volumes were determined combining all the minimum

energy of possible conformers.

Ganglioside GM3 and gangliosides of the ganglio-series have been deeply studied for their geometrical (Table 2)

and dynamic (Table 3) properties.

The disaccharide -b-Gal-(1!4)-b-Glc-, the lactose, is linked to ceramide in all these gangliosides. Many conformers

in a very reduced range of minimum energy have been determined on the basis of molecular calculations and a few

NMR data.38,39 In addition to this, 13C T1, T1r and
13C(1H) NOE measurements40 suggest that the spatial arrange-

ment of the two linkages can be described by fluctuations in a large energy minimum rather than by the sampling of

different conformers with short lifetimes. A character of low motional freedom is expected for the Glc residue,41,42 due

to some restrictions of motion imposed by the surrounding membrane surface.43 The addition of sialic acid to lactose

gives the oligosaccharide structure of ganglioside GM3. In GM3, the sialic acid is mobile, the ketosidic linkage

existing in two main conformations (Table 3). Moving to the more complex gangliosides of the ganglioseries 3, 4, and

5, we found the trisaccharide sequence -b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-. This trisaccharide as a conse-

quence of several inter-residual interactions belongs like a very rigid block.38,40,44–46 The side chain of sialic acid, which

is in a rigid conformation,38,47–49 strongly interacts with theN-acetylgalactosamine, giving a strong association between

the Neu5Ac and GalNAc units, this association being stabilized by a hydrogen bond between the GalNAc amide

proton and the Neu5Ac carboxyl group.50 The association between Neu5Ac and GalNAc is very important in defining

the rigid conformation of the -b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-trisaccharide. The shift of GalNAc from

the position 4 to position 6 of Gal, as in the synthetic compound 60-GM2, determines a dramatic modification of the



Table 1 Ganglioside structures

Series Abbreviation(412) Abbreviation(413) Structure of the ganglioside oligosaccharide

Galacto GM4 Neu5AcGalCer a-Neu5Ac-(2!3)-b-Gal-

Lacto GM3 II3Neu5AcLacCer a-Neu5Ac-(2!3)-b-Gal-(1!4)-b-Glc-

Lacto GD3 II3(Neu5Ac)2LacCer a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)-b-Gal-(1!4)-b-Glc-

Lacto O-Acetyl-GD3 II3[Neu5,9Ac2-(2-8)-Neu5Ac]LacCer a-Neu5,9Ac2-(2!8)-a-Neu5Ac-(2!3)-b-Gal-(1!4)-b-Glc-

Ganglio-3 GM2 II3Neu5AcGg3Cer b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-3 GD2 II3(Neu5Ac)2Gg3Cer b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GM1 II3Neu5AcGg4Cer b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GM1b IV3Neu5AcGg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-b-Gal-(1!4)-b-Glc-

Ganglio-4 Fuc-GM1 IV2aFucII3Neu5AcGg4Cer a-Fuc-(1!2)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-5 GalNAc-GM1 II3Neu5AcGg5Cer b-GalNAc-(1!4)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Neolacto-4 30-LM1 IV3nLc4Cer a-Neu5Ac-(2!3)-b-Gal-(1!4)-b-GlcNAc-(1!3)-b-Gal-(1!4)-b-Glc-

Ganglio-4 GD1a IV3Neu5AcII3Neu5AcGg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GD1a IV3Neu5AcIII6Neu5AcGg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-[a-Neu5Ac-(2!6)]-b-GalNAc-(1!4)-b-Gal-(1!4)-b-Glc-

Ganglio-5 GalNAc-GD1a IV3Neu5AcII3Neu5AcGg5Cer b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-
Gal-(1!4)-b-Glc-

Ganglio-4 GD1b II3(Neu5Ac)2Gg4Cer b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GD1b-lactone II3[Neu5Ac-(2-8,1-9)-Neu5Ac]Gg4Cer b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8,1!9)-a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 Fuc-GD1b IV2aFucII3Neu5Ac2Gg4Cer a-Fuc-(1!2)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-

(1!4)-b-Glc-

Ganglio-4 GT1a IV3(Neu5Ac)2II
3Neu5AcGg4Cer a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-

(1!4)-b-Glc-

Ganglio-4 GT1b IV3Neu5AcII3(Neu5Ac)2Gg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-

(1!4)-b-Glc-

Ganglio-4 O-Acetyl-GT1b IV3Neu5AcII3[Neu5,9Ac2-(2-8)-Neu5Ac]Gg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5,9Ac2-(2!8)-a-Neu5Ac-(2!3)]-b-
Gal-(1!4)-b-Glc-

Ganglio-4 GT1c II3(Neu5Ac)3Gg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!8)-a-
Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 Chol-1a-a IV3Neu5AcIII6Neu5AcII3Neu5AcGg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-[a-Neu5Ac-(2!6)]-b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)-b-Gal-

(1!4)-b-Glc-

Ganglio-4 Chol-1b III6Neu5AcII3(Neu5Ac)2Gg4Cer b-Gal-(1!3)-[a-Neu5Ac-(2!6)]-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-

(1!4)-b-Glc-

Ganglio-4 GT1a IV3Neu5AcIII6(Neu5Ac)2Gg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!6)]-b-GalNAc-(1!4)-b-Gal-

(1!4)-b-Glc-

Ganglio-4 GQ1b IV3(Neu5Ac)2II
3(Neu5Ac)2Gg4Cer a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-

a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GQ1c IV3Neu5AcII3(Neu5Ac)3Gg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!8)-

a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GQ1a IV3(Neu5Ac)2III
6(Neu5Ac)2Gg4Cer a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)-b-Gal-(1!3)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!6)]-

b-GalNAc-(1!4)-b-Gal-(1!4)-b-Glc-

Ganglio-4 Chol-1a-b IV3Neu5AcIII6Neu5AcII3(Neu5Ac)2Gg4Cer a-Neu5Ac-(2!3)-b-Gal-(1!3)-[a-Neu5Ac-(2!6)]-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-

a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-

Ganglio-4 GP1c IV3(Neu5Ac)2II
3(Neu5Ac)3Gg4Cer a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-

a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-(1!4)-b-Glc-
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Figure 1 Van der Waals sphere volumes calculated for choline and GM1 oligosaccharide conformers.

Table 2 Hydrodynamic radius Rh (Å), axial ratio Ra/Rb, molecular massM (kDa) of the aggregates, and surface area a0 (Å
2)

of the monomer in aggregate.85 Natural compounds have heterogeneous ceramide moiety. Purified species with defined
ceramide structure are indicated

Rh (Å) Ra/Rb M (kDa) a0 (Å
2)

GM4, from bovine brain Vesicle �300 18,270 �80
GM3, from bovine brain Vesicle �250 16,700 �80

GM2, from bovine brain Micelle 66.0 3.1 740 92.0

GM1, from bovine brain Micelle 58.7 2.3 470 95.4

GM1(d18:1,18:0), previously warmed at 60 �C Micelle 52.8

GM1(d18:1,18:0), previously warmed at 40 �C Micelle 56.2

GM1(d18:1,18:0), previously warmed at 25 �C Micelle 58.7

Fuc-GM1, from pig brain Micelle 61.0 2.1 394 97.8

GD1a, from bovine brain Micelle 58.0 2.0 418 98.1

GalNAc-GD1a, from bovine brain Micelle 60.0 509 97.0

GD1b, from bovine brain Micelle 52.0 1.8 311 100.8

GD1b-lactone, synthesis from bovine brain GD1b Micelle 57.0 2.1 424 97.6

GT1b, from bovine brain Micelle 53.2 1.8 378 100.8
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trisaccharide dynamics. In the trisaccharide -b-GalNAc-(1!6)-[a-Neu5Ac-(2!3)]-b-Gal-, the GalNAc-(1!6)-b-Gal-

glycosidic bond is flexible, sampling three main conformations. On the other hand, the Neu5Ac residue modifies its

spatial disposition due to the loss of the interactions with GalNAc that are present in the rigid trisaccharide GalNAc-

(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-(1!4)-trisaccharide of GM2 and other gangliosides.

From the ganglio-series 3 to the ganglio-series 4, we have the addition of galactose to hexosamine. The disaccharide

b-Gal-(1!3)-b-GalNAc- is mobile, allowing the existence of two main conformations of the glycosidic linkage

(Table 3). Thus GM2, carrying only rigid linkages in the outer portion of the oligosaccharide chain, is present only

in one preferred conformation, while GM1 carrying the external mobile linkage b-Gal-(1!3)-b-GalNAc is in two and

GD1a carrying the external a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc in four (Table 3). According to this, the

ganglioside oligosaccharide moieties are represented by a number of conformers which participate to determine the

solid angle occupied by the different ganglioside monomers within the surface. It follows that the volume requested to

host the GM1 and GD1a oligosaccharide becomes different, in this case much higher, than that expected to host the

chain of GM2 plus one or two additional sugar units. About this consideration, it is interesting to analyze ganglioside

GalNAc-GD1a. In this ganglioside, the addition of a GalNAc to GD1a gives a second b-GalNAc-(1!4)-[a-Neu5Ac-

(2!3)]-b-Gal-rigid trisaccharide directly bound to the first one. Thus in GalNAc-GD1a we have two rigid blocks

joined together with a mobile linkage, thus reducing the number of conformers from four to two. The four GD1a

conformers fill, all together, c. 1.760nm3, calculated as van der Waals sphere volume, versus c. 1.420nm3 occupied by

the two GalNAc-GD1a conformers. Thus, the surface are of GalNAc-GD1a is slightly lower than GD1a (Figure 2).46



Table 3 Inter-residue proton NOE interactions for ganglioside saccharide sequences, and glycosidic torsional angle pairs

(f,c) (accuracy is �15�)

NOE interactions
a-Neu5Ac-(2!3)-b-Gal-(1!3)-b-GalNAc-

Neu5Ac-3ax : Gal-3 Gal-1 : GalNAc-3 Neu5Ac-8 : GalNAc-CH3

Neu5Ac-OH8 : Gal-3 Gal-1 : GalNAc-4

Neu5Ac-8 : Gal-3 Gal-1 : GalNAc-2

Neu5Ac-3eq : Gal-OH2 Gal-1 : GalNAc-NH

f c
a-Neu5Ac-(2!3)-b-Gal- �76 þ2

�159 �18

b-Gal-(1!3)-b-GalNAc þ36 þ8

�26 �21

b-GalNAc-(1!4)-[a-Neu5Ac-(2!3)]-b-Gal-

GalNAc-1 : Gal-4 Neu5Ac-3ax : Gal-3 Neu5Ac-8 : GalNAc-1

GalNAc-NH : Gal-2 Neu5Ac-3ax : Gal-OH2 Neu5Ac-OH8 : GalNAc-1

GalNAc-CH3 : Gal-OH2 Neu5Ac-3eq : Gal-OH2 Neu5Ac-OH8 : GalNAc-5

GalNAc-CH3 : Gal-2 Neu5Ac-OH7 : Gal-4 Neu5Ac-OH8 : GalNAc-NH

GalNAc-OH6 : Gal-OH6 Neu5Ac-OH8 : Gal-4 Neu5Ac-OH9 : GalNAc-OH6

Neu5Ac-OH9 : GalNAc-5

Neu5Ac-9R : GalNAc-OH6

f c
a-Neu5Ac-(2!3)-b-Gal- �162 �28

b-GalNAc-(1!4)-b-Gal- þ31 þ18

b-Gal-(1!3)-b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-

GalNAc-1 : Gal-4 Neu5Ac-3ax : Gal-3 Neu5Ac-3eq : GalNAc-1 Neu5Ac-3ax : Neu5Ac-6

Neu5Ac-8 : Gal-4 Neu5Ac-3eq : GalNAc-5 Neu5Ac-6 : Neu5Ac-9a

Neu5Ac-8 : Neu5Ac-9a

Neu5Ac-NH : Gal-OH6 Neu5Ac-8 : GalNAc-1 Neu5Ac-3eq : Neu5Ac-8

Neu5Ac-8 : GalNAc-5

b-Gal-(1!3)-b-GalNAc- þ53 þ10

�30 �25

b-GalNAc-(1!4)-b-Gal- þ31 þ18

a-Neu5Ac-(2!3)-b-Gal- þ175 þ5

a-Neu5Ac-(2!8)-a-Neu5Ac- þ89 þ10

b-Gal-(1!4)-b-Glc-

Gal-1 : Glc-4

Gal-1 : Glc-6

Gal-1 : Glc-OH3

Gal-OH2 : Glc-6

Gal-OH2 : Glc-60

Gal-OH2 : Glc-OH6

Gal-1 : Glc-OH6

Gal-6 : Glc-OH3

f c
5!55 �50!0
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A further group of gangliosides to be considered is that of structures containing a disialosylchain linked to the inner

galactose. This is the case of GD1b and GT1b, while more complex polysialylated gangliosides have not been studied

up to date. In the tetrasaccharide -b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-a-Neu5Ac-(2!3)]-b-Gal-, the inter-residual

contacts between GalNAc and Neu5Ac linked to Gal are not existing, while interactions occur between GalNAc and

the external Neu5Ac. According to these constraints, the tetrasaccharide chain -b-GalNAc-(1!4)-[a-Neu5Ac-(2!8)-

a-Neu5Ac-(2!3)]-b-Gal-is arranged in a 3Å wide circle with a hole about the center.51 This circle seems to be large

enough to accept cations. Such a conformation confers a bulkier character to the ganglioside portion closer to the

hydrophobic–hydrophilic interface and explains the larger value of surface area of GD1b in comparison to that of its

isomer GD1a. It is interesting to note that the solid angle required by the disialosyl chain is wide enough to host an

additional sialic acid unit in an external position. In fact, although GT1b carries one more sugar linked to the external

galactose unit, it requires surface area very similar to that of GD1b.



Figure 2 van der Waals sphere volumes calculated for GD1a and GalNAc-GD1a oligosaccharide conformers.

702 Lipid Membrane Domains in Glycobiology
GD1b, in part, has been found to exist in lactonic form, GD1b-lactone, in human neurons. The conversion process

between GD1b and GD1b-lactone has been proposed as a process capable to modulate the activities of membrane

proteins. When the external sialic acid carboxyl group esterifies the inner sialic acid residue, the interactions between

GalNAc and the external Neu5Ac no longer take place, while the rigid conformation of the trisaccharide-b-GalNAc-

(1!4)-[a-Neu5Ac-(2!3)]-b-Gal- observed in GM2, GM1, GD1a, and GalNAc-GD1a is restored. This forces a better

lining up of the disialosyl chain with the neutral oligosaccharide chain, reducing the angle between the neutral chain

and the inner sialic acid axis.51 Thus the geometry of GD1b-lactone is closer to GD1a than to GD1b (Table 2). In

Table 4, we propose a general scheme that simplifies the dynamic properties of gangliostructures.

The number of carbohydrate rings and the dynamics of glycosidic linkages are the two main parameters determin-

ing the head group large size of gangliosides, but a further factor must be considered. This is the hydrating water that

interacts with the oligosaccharide chain.

Good information is available on the head-to-head interactions;52 nevertheless, data proving direct side-by-side

oligosaccharide interactions are not available. Also using as experimental model, a micellar aggregate of gangliosides,44

where at the surface single monomers are very close to each other, inter-monomer carbohydrate–carbohydrate

interactions or changes in the oligosaccharide conformation could not be identified by NMR experiments. This is

due to the large amount of water present in the hydrophilic layer.53 In fact, it should be noted that the actual

environment of each monomer at the membrane hydrophilic layer includes a solvent.53 Water is a natural component

of the sugar shell being attracted by the hydrophilic character of sugars and by the necessity to avoid repulsion

between the negative-charged oligosaccharide.53 Calculations performed on GM2 micelles54 indicated a difference of

about 5 Å between the dry and hydrated micellar radius. Experimental data show that GM2 micelle is an oblate

aggregate, but calculations can be performed only on an equivalent spherical micelle having the same mass. This does

not allow to know the number of water molecules but suggests that several molecules of water are interacting with the

oligosaccharide chains, this being in agreement with calorimetric studies suggesting that each chain is surrounded by

40–70 water molecules.55 A strong interaction between water and GM1 sugars, sialic acid, and the inner galactose was

observed by NMR.44 Water bridges between saccharides have been observed in hyaluronan where they were strong

enough to determine and stabilize the tridimensional structure of the molecule.56 Of course, these results and

considerations would exclude any direct inter-monomer side-by-side carbohydrate interactions at the level of cell

membrane, but are in favor of a specific role of water in organizing a net of hydrogen bonds able to stabilize the

glycosphingolipid clustering.

Finally, we recall that the geometry of the monomer of gangliosides determined by the size of the head groups and

their structural differences has also an important effect in modulating the transition temperature of the lipid moiety,

thus modulating the fluidity of the membrane lipid core. The bigger the head group, the lower the transition

temperature (Table 5). This is a further opportunity to modulate the segregation process as a function of the head

group structure.



Table 4 Dynamics of the ganglioside glycosidic linkages as a function of the primary and secondary structure

of gangliosides

a-Neu5Ac-(2----3)-b-Gal-(1•••4)-b-Glc-(1•••

b-GalNAc-(1—4)-b-Gal-(1•••4)-b-Glc-(1•••

/
a-Neu5Ac-(2—3)

b-Gal-(1---3)-b-GalNAc-(1—4)-b-Gal-(1•••4)-b-Glc-(1•••

/
a-Neu5Ac-(2—3)

a-Neu5Ac-(2----3)-b-Gal-(1----3)-b-GalNAc-(1—4)-b-Gal-(1•••4)-b-Glc-(1•••

/
a-Neu5Ac-(2—3)

b-GalNAc-(1—4)-b-Gal-(1----3)-b-GalNAc-(1—4)-b-Gal-(1•••4)-b-Glc-(1•••

/
a-Neu5Ac-(2—3)

/
a-Neu5Ac-(2—3)

b-Gal-(1----3)-b-GalNAc-(1—4)-b-Gal-(1•••4)-b-Glc-(1•••

a-Neu5Ac-(2—3)-a-Neu5Ac-(2—3)
\

Rigid linkage –––; dynamic linkage ----; flexible linkage � � � .

Table 5 Transition temperature Tt (
�C) of sphingolipids aggregates. Natural compounds have heterogeneous ceramide

moiety

Tt (
�C )

reference

64 414,415 416

GlcCer, from bovine spleen 83.7

LacCer, from bovine adrenal medulla 74.4

Gg3Cer, by hydrolysis of bovine brain GM2 60.8

Gg4Cer, by hydrolysis of bovine brain GM1 54.0

GM3, from bovine adrenal medulla 35.3

GM2, from bovine brain 29.3

GM1, from bovine brain 19.3 19.7

GM1(d18:1,18:0), previously warmed at 60�C 11.7

GM1(d18:1,18:0), previously warmed at 40�C 15.0

GM1(d18:1,18:0), previously warmed at 25�C 17.6

GM1(d20:1,18:0), previously warmed at 60�C 23.2

FucGM1, from pig brain 13.2

FucGM1(d18:1,18:0), previously warmed at 60�C 10.0

FucGM1(d20:1,18:0), previously warmed at 60�C 18.3

GD1a, from bovine brain 15.2 16.0

GD1a(d18:1,18:0), previously warmed at 60�C 10.1

GD1a(d20:1,18:0), previously warmed at 60�C 19.2

GT1b, from bovine brain 7.3

SM, from several sources 35.7�5.8
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Cellular membranes represent a polymorph system where several lipid organizations can occur and where positive

and negative surface curvatures are in sequence. The availability of ganglioside structures with large hydrophilic head

group showing small differences is a good opportunity to stabilize lipid membrane domains and subdomains57 with

positive curvature.
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3.30.2.2 The Lipid–Water Interface of Gangliosides

The head group sizes and the high transition temperature of the hydrophobic chains of gangliosides favor the

segregation process, and the oligosacharide water environment through intermolecular water bridges stabilizes it. In

addition to this, other relevant events occur at the membrane surface and participate to stabilize the lipid membrane

domains. In fact, lipid membrane domains exist in cells that contain SM but have low amount or are lacking

glycosphingolipids,58 and in subdomains with SM but a very low content of neutral glycosphingolipids and no content

of gangliosides.59,60 Thus, something related to ceramide, the moiety belonging to all sphingolipids, and therefore also

to gangliosides, is strictly related to lipid membrane domain stabilization, and there is a general consent that this is

related to the less hydrophobic portion of ceramide, belonging to the water/lipid interface.

At the water/lipid interface, we have the amide group of ceramide as a rigid system comprising six atoms in a planar

conformation, together with the hydroxyl group at position 3. The availability of an amide nitrogen, of a carbonyl

oxygen, and of a hydroxyl group enables sphingolipids to form hydrogen bonds, acting as hydrogen bond donors and

acceptors at the same time. Therefore, this feature allows sphingolipids to form a stable net of interactions, this

becoming very important in the case of gangliosides where head groups per se promote the clustering process.

Concerning the other membrane complex lipids, glycerophospholipids do not have this property because they can

act only as acceptors of hydrogen bonds and cholesterol has very limited capacity to form hydrogen bonds. The van der

Waals forces between hydrocarbon chains have been estimated to about 2–3kcal per hydrocarbon chain. The

formation of hydrogen bonds at the water/lipid interface contributes with 3–10kcal to the lipid–lipid interaction.

Thus, the orientation of the hydrogen bond donor and acceptor groups of sphingolipids optimal to form lateral

interactions and the considerable increase of stability in the lipid association are very good candidates to promote

the formation of a membrane rigid zone where a network of hydrogen bond-connected lipids are segregated together

with cholesterol.
3.30.2.3 The Hydrophobic Chains of Gangliosides

The group has a perpendicular orientation toward the axes of the two hydrocarbon chains, whose parallel orientation is

stabilized by the D4,5 instauration of sphingosine.61 Thus, the ceramide moiety can be considered a rigid structure and

addition of glycosphingolipids to cells was shown to reduce the original membrane fluidity.62

Membrane complex lipids are highly heterogeneous in their lipid moieties. Many of them contain unsaturated alkyl

chains. Thus, it is an essential requirement to have fluid membranes so that protein conformational changes and lipid

organization changes are allowed. But complex lipids with saturated chains are also membrane components. In the

membrane, the components that contain rigid saturated alkyl chains with high transition temperatures are excluded

from those that contain unsaturated chains with low transition temperature. Phosphatidylcholine (PC) is the major

membrane glycerophospholipid. It comprises several molecular species, differing in the lipid moiety. Within these,

dipalmitoylphosphatidylcholine is the main species in DRMs.37,63 Palmitic and stearic acid are the main fatty acids of

gangliosides. Thus, if we recall that over 60% of total membrane gangliosides are inside the lipid membrane domain

fractions, it follows that lipid membrane domains are highly enriched with unsaturated chains.63,64 In this rigid

environment, cholesterol, which alone has a melting point of 148.5�C, would find a correct position.
3.30.3 Segregation of Membrane Lipids

The interest for lipid membrane domains, that is, for zones of the membrane with a peculiar lipid composition,

different from that of the majority of bilayer, became very strong during the last 15 years, when many proteins deputed

to cell signaling were found to be preferentially associated with an environment of lipids highly enriched in

sphingolipids and cholesterol. A possible role of lipid membrane domains in the transport of glycosylphosphatidyli-

nositol (GPI)-anchored proteins from the Golgi apparatus to the apical plasma membrane of polarized cells was also

suggested, hence the term ‘lipid rafts’ was used to define these domains.65

Biochemical studies on the composition, organization and biological role of lipid membrane domains were

carried out mainly starting from 1992, when a method capable to separate them from total cell membranes

became available.66 However, a massive biophysical work on artificial membranes was carried out from the 1970s to

understand the basis of the organization of amphiphilic compounds within biological membranes, leading to establish

the existence of segregation phenomena.
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Today, different terms are used throughout the literature to define lipid membrane domains. Every one of them

implies a form of segregation of certain components within the cell membrane. Some define specific domains, as in the

case of ‘caveolae’, membrane invaginations containing the protein caveolin67 or ‘lipid rafts’, membrane domains that

sort and/or transport proteins inside cells. Others define membrane portions on the basis of chemicophysical or

compositional features, such as detergent-insoluble material (DIM),68 detergent-insoluble substrate attachment

matrix (DISAM),68 detergent-insoluble glycolipid-enriched (DIG) material,69 detergent resistant membranes (DRMs),70

sphingolipid-enriched membrane fraction (SEMF),71 and glycosignaling domains (GSDs).72 To these authors, DRM is

a very reasonable definition, based on the operational way commonly used to obtain biochemical preparation enriched

in lipid membrane domains, that is based on their relative insolubility in nonionic detergents under specific experi-

mental conditions.
3.30.3.1 Lipid Membrane Domains in Artificial Membranes

The lines of earliest evidence supporting the existence of lipid membrane domains, conceived as areas in the

membrane different in lipid composition from other areas in the membrane, were obtained studying artificial

membrane models represented by phospholipid bilayers, containing glycosphingolipids, SM, ceramide or/and choles-

terol, sphingolipid micelles, and lipid monolayers on an air/water interface or on solid support.

Membrane lipids, not only sphingolipids,73–75 exist in multiple phases, and this was probably the first evidence

leading to the concept of lipid membrane domains. In the case of glycosphingolipids, their unique properties like the

geometry of the monomer inserted into the membrane, the capability of the amide linkage of ceramide to form a

network of hydrogen bonds at the water–lipid interface of cell plasma membrane, the D4 double bond of sphingosine

near the water–lipid interface, the capability of the oligosaccharide chain to interact with water and the specific

content of saturated alkyl chains, suggest a strong tendency to form segregated compositional domains in phospholipid

bilayers. Starting from the early 1980s, this was clearly shown for a number of neutral glycosphingolipids (reviewed

in Ref. 76).41,73,77–84 Much more controversial appeared the situation for gangliosides that are unique among glycos-

phingolipids for their aggregative properties in aqueous solutions (reviewed in Ref. 85). By means of spin-label

probes,62,86 gangliosides were shown, even at low concentrations, to reduce fluidity and hydrocarbon chain mobility in

PC bilayers, due to lateral cooperative interactions between the ganglioside molecules, that is, to the formation of

ganglioside clusters. This suggested a possible biological relevance of lipid membrane domains.62,87 The membrane

fluidity that resulted further decreased by addition of Ca2þ. This suggested the involvement of ganglioside head

groups in the process of ganglioside phase separation.62 Nevertheless, other studies reported different results, at least

for small amounts of gangliosides dispersed in PC bilayers.88–92 Electron microscopy (EM) identification of GM1

ganglioside after surface labeling with cholera toxin showed that the lipid was randomly distributed in phospholipid

bilayers. Instead, with the same technique, asialo-GM1 was found segregated in microdomains.84,93–95 When similar

studies were performed using multilamellar liposomes of phospholipid mixtures, which exhibit laterally separated

fluid- and gel-phase regions, ganglioside GM1 and its neutral derivative asialo-GM1 were found preferentially into

gel-phase regions.73 The possible role of glycosphingolipid lipid moiety in determining lipid segregation was studied

using synthetic compounds.96 Altogether, results showed97,98 that (1) ganglioside phase separation occurs in one- or

two-component PC bilayers, the latter characterized by the presence of two distinct PC phases;99–106 (2) the extent

of ganglioside lateral phase separation depends upon the length and unsaturation differences between the ganglioside

long-chain base and PC acyl chains;99–101 (3) a decrease in the acyl chain length, or an increase in its unsaturation, of

ganglioside GM1 increased the ganglioside in the liquid phase of the bilayer;103 (4) for a given lipid moiety

composition, the extent of ganglioside phase separation is dependent upon the number of sugars in the oligosaccharide

head group;100,101 and (5) the addition of Ca2þ promotes phase separation,62 by a passive ganglioside exclusion from

PC-rich regions of the bilayer, that are perturbed by Ca2þ.99,101

When ternary SM/GM1/cholesterol vesicles were analyzed by differential scanning calorimetry (DSC), the forma-

tion of separate GM1-enriched and cholesterol-enriched domains was shown.106

Gangliosides in diluted aqueous solution generally form micelles of large molecular mass.85 This feature allowed to

obtain further information about the lateral segregation of gangliosides using mixed micelle systems, that can be

conveniently studied by laser light scattering. In mixed micelles of the two gangliosides GM2 and GT1b, with similar

hydrophobic moiety composition, monomers are not randomly distributed in the ellipsoidal micelle.54 The segrega-

tion of one ganglioside with respect to the other in this artificial system is a spontaneous process explained on the basis

of the different geometrical properties of ganglioside head groups. A similar segregation as well due to the geometrical

differences between these two gangliosides was shown in mixed micelles of GD1b and GD1b-lactone.107
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3.30.3.2 Detergent Insolubility and Lipid Membrane Domains

Originally, the existence of a membrane fraction characterized by a peculiar lipid composition leading to a liquid-

ordered or highly organized phase was operationally defined on the basis of the insolubility in aqueous nonionic

detergents. Most components of the cell membrane (including glycerophospholipids, the bulk membrane lipid

components, and intrinsic membrane glycoproteins) are solubilized by detergents and chaeotropic agents. 108 In

contrast, many cellular components are insoluble in nonionic (Triton X-100) or zwitterionic detergents (Empigin

BB) under certain experimental conditions (where temperature, detergent concentration, and detergent-to-cell ratio

seem the most critical parameters).

This detergent insoluble material (DIM) was originally shown to be enriched with pericellular matrix proteins (such

as fibronectin, tenascin, Gp140), cell attachment site components (including cytoskeletal elements), 109 and glyco-

sphingolipids, including GM1.68,110, 111 It appeared clear quite soon that these detergent-insoluble fractions were

even more complex. In particular, they contain several membrane components other than gangliosides, including

other sphingolipids (glycosphingolipids and SM), 112–114 cholesterol, 113 lipid-anchored proteins (containing GPI or

fatty acid modifications),66,114– 119 and other hydrophobic plasma membrane proteins, such as caveolin. 120 Thus, the

concept emerged that DRM is at least in part represented by DRMs, such as those belonging to the apical compartment

of polarized epithelial cells (Madin–Darby canine kidney (MDCK)) or to the caveolar membrane system.

After detergent treatment, the detergent insoluble membrane domain can be separated from the rest of the cell

thanks to its relative light density (buoyancy), 66 using continuous or discontinuous sucrose density gradients. The low

density of the DIM is likely due to its richness in lipids, that is, to the high lipid-to-protein ratio in this fraction. Low-

density, detergent-insoluble fractions were isolated from a wide variety of cultured cells, including almost all

mammalian cell types investigated so far (normal and tumor epithelial cells, 60,66,1 20,121 lymphocytes 122 and lymphoid

tumor cells, 123 neutrophils, 124 platelets, 125 erythrocytes,126 fibroblasts, 60,127 neurons, 71,128–130 and neuroblastoma

cells) 131–13 3 as well as yeast (Saccharomyces cerevisiae )134 and the ciliate protozoan Tetrahymena mimbres .135 Similar

fractions have been prepared as well from tissues 136–142 (discussed in Section 3.30.3.1).

Doubtless, the availability of a method to purify a lipid membrane domain-containing fraction dramatically

improved the biochemical characterization of these structures, providing basic pieces of information that critically

contributed in orienting the studies of many research groups about the structure and function of lipid membrane

domains. Compositional information of lipid membrane domains has been largely obtained by mean of the procedure

published by Brown and Rose, 66 based on the insolubility in aqueous nonionic detergents of those cell lipids

(including cholesterol, sphingolipids, and saturated PC) that in membrane models tend to segregate into a liquid-

ordered phase. In Tables 6 and 7, the detailed lipid composition of a detergent-insoluble membrane fraction prepared

from differentiated rat cerebellar neurons using the Brown and Rose method is reported.

However, several criticisms were raised about the significance of the biochemical data obtained analyzing such

a fraction (for excellent reviews on this topic, with very different points of view, see Refs. 143–146 ). It was argued

that detergent insolubility of some cellular components might be due to an artificial rearrangement induced by the

detergent itself. This major concern about the possible artifact nature of a fraction prepared by the mean of detergent

stimulated comparative studies performed using a wide range of different detergents. 139,140,147,148 These studies

showed that a detergent-resistant fraction enriched in cholesterol and sphingolipids, as well as in certain proteins

usually regarded as lipid membrane domain markers (in particular, GPI-anchored proteins and acylated proteins), can

be prepared using detergents with different stringency. However, the association of other proteins (especially integral

membrane proteins) with the detergent-resistant lipid membrane domain fraction is strongly affected by the type of

detergent used and the detergent/protein ratio. Moreover, the DRM obtained in the presence of Triton X-100, CHAPS,

Brij 96, and Triton X-102 float at different densities, suggesting that different lipid or a different lipid/protein ratio

characterize domains insoluble in different detergents. This indicates that either different lipid membrane domains

exist, that can be separated by differential solubilization (discussed in Section 3.30.3.2), or different degrees of lateral

order exist within the same lipid membrane domain. In the latter case, the use of experimental protocols involving

different detergents might be a useful tool to dissect the fine structure of lipid membrane domains. However, in some

cases, it cannot be excluded that the detergent insolubility of a protein is determined by factors other than its

association with a lipid membrane domain. Thus, detergent insolubility per se is not a sufficient criterion to establish

the association of a protein with a lipid membrane domain. The analysis of the complex environment of the protein,

and especially of its lipid composition, is essential to clarify the protein association with a lipid-rich, highly organized

membrane microdomain. Unfortunately, such studies are almost completely absent.

To overcome some of the problems related to the use of detergents, many authors struggled for the development of

‘detergent-free’ methods for the separation of low-density membrane fractions corresponding to lipidmembrane domains.



Table 7 Protein and lipid distribution (%) in rat cerebellar granule cells differentiated in culture, and in DRM fraction

prepared by cell lysis with Triton X-100 followed by ultracentrifugation on sucrose gradient 37,71

Cell homogenate DRM

(%)

Proteins 3.05 0.28

Glycerophospholipids 80.29 55.39

Cholesterol 11.73 26.78

Sphingomyelin 2.44 9.39

Ceramide 0.53 1.54

Gangliosides 1.93 6.59

Table 6 Protein and lipid composition in rat cerebellar granule cells differentiated in culture, and in the detergent-resistant

membrane (DRM) prepared by cell lysis with Triton X-100 followed by ultracentrifugation on sucrose gradient 37,71

Cell homogenate DRM

nmol/106cells

Proteins 1.25 0.02

Cholesterol 4.80 1.91

Sphingolipids 2.01 1.25

Ceramide 0.22 0.11

Sphingomyelin 1.00 0.67

Gangliosides 0.79 0.47

GM3 ND ND
GM1 0.06 0.04
GD3 0.04 0.02
GD1a 0.21 0.11
GD1b 0.09 0.05
O-Ac-GT1b 0.08 0.06
GT1b 0.26 0.17
O-Ac-GQ1b 0.01 0.02
GQ1b 0.02 0.67

Glycerophospholipids 32.84 3.95

PE 6.64 0.35
PPE 4.13 0.05
PC 16.41 3.41
PPC 0.35 0.01
PS 2.59 0.18
PI 1.22 0.05
PPI ND ND
PIP 0.15 0.01
PIP2 0.24 0.01

ND, not detected.
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The rationale for the setup of these methods was the assumption that resistance to detergent solubilization might be only

one peculiar aspect of amore general feature, that is, the resistance to different treatments thatwould be able to disrupt the

structure of less ordered membrane areas, but not that of highly organized, ‘rigid’ and thermodynamically favored lipid

membrane domains. Indeed, several different techniques are available for the separation of a lipid membrane domain-rich

fraction from the rest of the cells without the use of detergents. The disruption of cells in the presence of high pH,

hypertonic sodium carbonate149 or by the means of mechanical treatments (sonication under carefully controlled

conditions),150 leaves behind membrane fragments that can be separated by density gradient centrifugation.

When comparatively analyzed, low-density membrane fractions obtained after cell lysis under the dramatically

different experimental conditions described above are very similar but not identical.59,71,120,129,133,151–160 Independently

from the method used to disrupt the bulk cell membrane, low-density membrane fractions always contain a highly

resistant supramolecular structure possibly corresponding to the native core of lipid membrane domains. These results
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seem to indicate that the low-density membrane fraction composition corresponds to that of physiological lipid

membrane domains, and that it is not determined by a random rearrangement of cell components induced by the

experimental conditions used. Independently from the method used for its preparation, the low-density membrane

fraction always contains membranous material in the form of vesicles with different size (ranging from 30 to 400 nm)

and different electron density, mixed with planar or curved heterogeneous membrane fragments without vesicular

structure in different ratios. 120,125,136,137,1 39,150–152,154,158

However, low-density membrane fractions prepared using different experimental tools, as mentioned above, are not

identical. The differences observed by some authors might be simply due to contingent situations. As mentioned

above, standardization of the experimental procedures is sometimes difficult, and the overall composition of DRM

fractions or the association of specific molecules with it seems to be affected by even tiny modifications of several

conditions, including agents used for membrane disruption (detergents vs non-detergents,137,150,15 4 different deter-

gents or different detergent concentrations), 120,139,142,147 mechanical procedures used to obtain or aid membrane

solubilization (sonication, homogeneization), 154 temperature, 66,147,160,161 pH), and ratio between detergent and bio-

logical material. 142 For example, using Triton X-100, for a given type of biological material (cell or tissue), there is a

certain threshold value for the detergent-to-sample ratio, above which it is impossible to prepare a low-density DRM

fraction. The amount of lipid and protein material associated with the low-density DRM fraction remains constant for

a wide range of detergent-to-sample ratios, but it suddenly drops to barely detectable quantities above the threshold

value (A. Prinetti and S. Sonnino, unpublished observation).

Not surprisingly, temperature seems one of the most sensitive parameters, and performing the preparation in the

cold (ice immersion or þ 4 �  C) is particularly critical. 66 Actually, probably one of the best methods to disrupt the

organization of DRM domain is to incubate it at room temperature or at þ 37 �  C.161 This aspect has often been

regarded as a strong limit for the physiological significance of detergent-insoluble fractions prepared in the cold (an

experimental condition that can hardly be extrapolated to those of living cells). However, more recently, it has been

shown that low-density, detergent-insoluble fractions can be prepared at 20 or 37 �  C.142 ,147,160,162 Whether DRM

prepared under different conditions do represent the same entity or not still remains to be answered.

Less dramatically, a given combination of experimental conditions used for the preparation of DRM might be

stringent enough to allow the solubilization of some components of these fractions, or not stringent enough to remove

all components not resident in this fraction. Moreover, as mentioned above, detergent-insoluble material is in part also

represented by molecules not belonging to DRM, and DRM components might interact with detergent-soluble

molecules (e.g., cytoskeletal elements) strongly enough to be driven off DRM during the preparation.

All these considerations should be carefully kept in mind when comparing the features of low-density DRM

fractions obtained by different methods or authors, and it is worth mentioning that only seldom were these methodo-

logical aspects systematically and comparatively analyzed. Indeed, the separation conditions described above are

considered more or less equivalent, and insolubility in Triton X-100 is still accepted by many authors as the working

definition of lipid membrane domains.

However, several studies indicate that at least in some cases the differences observed in the composition of low-

density DRM fractions isolated by different methods might reflect the existence of different levels of order within lipid

membrane domains and/or of biochemically distinct lipid membrane domains within the plasma membrane of the

same cell. This is particularly clear if the results obtained by the use of different detergents are compared.66,147,163–166

Differential solubilization by nonionic detergents (Triton X-100 vs Brij 96) was used to infer that two functionally

unrelated neuronal GPI-anchored proteins, Thy-1 and PrP, belong to structurally different lipid membrane domains

characterized by a different degree of order.139 The use of nonionic (Triton X-100, Brij 96, Triton X-102) or zwitterionic

(CHAPS) detergents allowed one to separate biochemically distinct detergent-specific domains from myelin mem-

brane. 147 Thus, differential detergent solubilization might prove to be a powerful tool to study different lipid

membrane domain subpopulations (see Section 3.30.3.2). On the other hand, the above-reported notion introduces

a further methodological concern in the use of detergent solubilization for the preparation of lipid membrane domain-

rich fractions. In fact, low-density DRM may contain membrane fragments derived by the coalescence of distinct lipid

membrane domains.139
3.30.3.3 Preparation of Cellular Fractions Enriched in Lipid Membrane Domains

In Section 3.30.3.2, the relationship between DRM fractions prepared from cultured cells has been reviewed and

discussed. In this paragraph, we will discuss the possibility of preparing lipid membrane domain fractions from tissue

samples and to separate different subsets of lipid membrane domains.
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3.30.3.4 Preparation of Lipid Membrane Domains from Tissues

As discusse d i n Section 3 .3 0.3.2, the procedure published by Brown and Rose,66 leading to the isolation of a low-

density insoluble complex from MDCK polarized epithelial cells after detergent extraction, has been subsequently

applied to virtually any kind of eukaryotic cell with consistent results. Soon the growing conviction that lipid

membrane domains work as signaling platforms in a number of cell events, some of those strictly related to complex

pathophysiological events, directed the interest of some investigators toward more complex biological systems, and

the Brown and Rose method was applied to various tissues, including chicken gizzard smooth muscle;137 mouse,140

rat,140 and human167,168 cerebral cortex, mouse,139,169–173 rat,138,174–177 and human178 brain; rat cerebellum;175 bovine

and mouse brain myelin;147,162,171,179 rat,180 and mouse159 brain synaptosomes; rat,181 mouse,170 and rainbow trout182

liver; rat,183 rabbit,184 and mouse170 lung; rat lung endothelium;185 and pig140,142 and mouse kidney.170 The relatively

large number of papers dedicated to the preparation of a lipid membrane domain fraction from brain or brain

substructures obviously reflects the interest for the supposed role of lipid membrane domains in neuronal develop-

ment and in the pathogenesis of neurodegenerative diseases,186 and recently detergent-insoluble membrane fractions

were prepared from brains obtained from Alzheimer’s disease patients167,178 or from the Tg2576 transgenic mice with

this pathology.173,187

These lines of research are very appealing, but additional care is necessary to evaluate the results obtained analyzing

DRM fractions prepared from tissues. The complexity of these biological systems has several implications. Starting

from a tissue, usually a more complex sample preparation is required before detergent solubilization (at least a

homogeneization step, but in some cases a complex procedure such as myelin or synaptosome isolation). A DRM

fraction from tissue would be more likely contaminated by detergent-insoluble extracellular matrix components.

Moreover, such a fraction would contain lipid membrane domains originated from heterogeneous cell populations. In

this case, the possibility that different lipid membrane domains could artifactually coalesce due to the presence of the

detergent is particularly worrying.

In the case of rodent brain, it has been shown that, when DRM fractions prepared from rat and mouse brain after

solubilization in Triton X-100 are mixed together, rat and mouse Thy-1 were co-purified by immunoaffinity, indicating

that fusion of distinct lipidmembrane domains did occur with this widely used detergent.139 On the other hand, rat and

mouse Thy-1 domains could be immunoseparated when the brains were solubilized in Brij 96. Under these experi-

mental conditions, the glial GPI-anchored protein NCAM-120 (usually recovered in the Triton-resistant lipid mem-

brane domain fraction) was fully solubilized, suggesting that it is indeed possible to discriminate between glial and

neuronal lipid membrane domains using detergents with different stringency. The same authors were able to separate

domains surrounding different neuronal GPI-anchored proteins (i.e., prion protein, PrP, and Thy-1) from a brain Brij

96-resistant membrane fraction,139 and showed that these domains are structurally and compositionally different.139,174

Remarkably, when a PrP-enriched membrane domain was prepared from rat cerebellar neurons by immunoaffinity

purification after lysis in Brij 96, it could not be separated from Thy-1-containing membranes.148 Moreover, in this

experimental model, the use of both Triton X-100 and Brij 96 gave very similar results, suggesting that fusion of

distinct subdomains does not occur. This suggests that different neuronal populations could bear a radically different

pattern of membrane domain subpopulations, or that the samemethod applied to tissues or to cultured cells originated

from the same tissue leads to detergent-resistant fractions that can be compared with difficulty.

An unexpected concern about the use of detergents for the isolation of lipid membrane domain fractions from

tissues was raised by a recent paper. Heffer-Lauc et al.188 showed that, in brain tissue sections treated with low Triton

X-100 concentration at 4 �C, extensive redistribution of gangliosides from the gray matter to the white matter occurs.

Moreover, when exogenous gangliosides were added to mouse brain sections in the presence of Triton X-100 at 4 �C,
they were trapped by white matter areas. This indicates that some yet-unknown myelin component is likely able

to efficiently sequester gangliosides derived from other brain portions. This phenomenon could not be restricted

to brain, but as well be present in other tissues.

Thus, the application of detergent-based methods for the preparation of lipid membrane domains from tissues still

require a careful evaluation. In particular, only in a few cases a partial characterization of the lipid composition of DRM

obtained from tissues has been carried out.167,168,174 This is of crucial importance, since lipid membrane domains are

defined on the basis of their peculiar lipid enrichment with respect to the whole cell or cell membranes. Thus, to

validate the use of a method for the preparation of a lipid membrane domain fraction, it is essential to quantitatively

analyze the complete profiles of cholesterol, glycerolipid, and sphingolipid of the fraction. As discussed elsewhere, the

methods for the preparation of lipid membrane domains fractions based on the insolubility in detergents are very

sensitive to the specific experimental condition used (preparation of the sample, temperature, type and concentration

of the detergent used, detergent/protein ratio). Taylor et al.147 accurately evaluated the protein composition of DRM
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fractions prepared frommouse myelin at 4 and 37 �C using four different detergents (Triton X-100, CHAPS, Brij 96, and

Triton X-102), clearly showing that each detergent was characterized by a different effectiveness in solubilizing myelin

proteins, thus concluding that detergent insolubility is just one of the criteria that need to be fulfilled to conclude

whether a protein is associated with a lipid membrane domain. This lesson is valid not only for DRM from tissues, but in

this case should be kept in mind very well, considering the lack of comparative studies. For Triton X-100, the effect of

various protein/detergent ratios and of temperature on the isolation of a detergent-resistant fraction from mouse brain

was systematically evaluated. The results obtained by Parkin et al.142,168 showed that a light-scattering fraction can be

separated by sucrose gradient centrifugation after solubilization of mouse cerebral cortex with a fixed 1% Triton X-100

concentration at different protein/detergent ratios, ranging from 15 to 2mg of protein/ml. Regardless of the protein/

detergent ratio, this fraction was always enriched in two lipid membrane domain marker proteins, alkaline phosphatase

and flotillin. However, enrichment of lipid membrane domain marker proteins (flotillin, prion protein, and F3) in the

detergent-resistant fraction increasedwhen the protein/detergent ratio in the sample was decreased. Conversely, proteins

usually excluded from the lipid membrane domain were found in it at high protein/detergent ratios.

Another important piece of information is related to the effect of temperature on the detergent resistance of lipid

membrane domain protein markers. In the case of mouse cerebral cortex, the lipid membrane domain markers

flotillin, F3, prion protein, and alkaline phosphatase were detergent insoluble at both 4 and 37�C. This is in contrast

to most reports on cultured cells, where lipid membrane domains seem to easily disaggregate at 37�C.66 Unfortunately,

no indications are given on the lipid composition of the detergent-resistant fraction prepared under different condi-

tions. On the other hand, the effect of temperature on Triton X-100-resistant membrane fractions prepared from

bovine brain myelin has been shown to be dramatic. When a Triton X-100 extraction procedure was applied to purified

myelin at 20 �C, and the detergent extract was fractionated over a continuous sucrose density gradient, two distinct low

density fractions were isolated.162 Both fractions were characterized by higher cholesterol/phospholipid and GalCer/

phospholipid ratios than the starting myelin preparation (however, quantitative data on lipid contents are not

available), but could be differentiated on the basis of their GM1 content (again, only qualitatively) and enrichment

in specific protein markers. In both fractions, myelin associated glycoprotein (MAG) was present, even if with

different enrichments. It would be extremely interesting to study lipid membrane domains from cultured oligoden-

drocytes with the same method. In whole brain, MAG (whose expression is restricted to the periaxonal myelin

membrane) was completely solubilized in Triton X-100 (in agreement with previous findings),147but it was almost

entirely recovered in a Lubrol WX-resistant fraction.171 However, when a Lubrol WX-resistant fraction was prepared

under the same experimental conditions from rat oligodendrocytes, a much lower amount ofMAG remained detergent

insoluble.171 A detailed lipid analysis would clarify in this case whether the different detergent solubility of MAG in

oligodendrocytes and myelin under different experimental conditions is due to a different lipid membrane domain

localization, or to factors that do not depend on a lipid-enriched membrane environment.
3.30.3.5 Isolation of Heterogeneous Membrane Subdomains

Several lines of evidence obtained using artificial membrane models, isolated lipid membrane domain fractions, or

intact cells support the notion that lipid membrane domains are not homogeneous entities, but that they rather exist as

separate entities at the same time in the same or in different cellular membranes, or behave as dynamic entities

evolving during time. Many attempts have been made to separate and characterize different subpopulations of lipid

membrane domains. Different experimental protocols used for the preparation of lipid-enriched, low-density mem-

brane fractions could represent tools to separate biochemically distinct lipid membrane domains or to dissect different

levels of order within lipid membrane domains (another aspect of the possible heterogeneity of these structures). This

concept is based on the assumption that different lipid membrane domains can be discriminated on the basis of their

different solubility under defined experimental conditions. Studies with fluorescent antiglycolipid probes showed that

a ‘classical’ Triton X-100-resistant membrane fraction prepared from rat cerebellum includes separate substructures

positive for GM1, GD3, and GalCer.57 Relying on their different solubilities in two nonionic detergents, Triton X-100

and Brij 96, two different lipid membrane domains were separated from rat brain, containing two functionally

unrelated neuronal GPI-anchored proteins, Thy-1 and PrP, characterized by a different lipid composition.139,174

Differential solubilization in Brij 96 and Triton X-100 allowed to separate lipid membrane domains with distinct

features from rat basophilic leukemia cells189 and to isolate a novel P-glycoprotein-rich lipid membrane domain from a

multidrug-resistant ovary cell line, distinct from caveolae and Triton X-100-insoluble lipid membrane domains.190

Different nonionic (Triton X-100, Brij 96, Triton X-102, Lubrol WX) or zwitterionic (CHAPS) detergents were used as

a tool to separate distinct detergent-resistant domains from myelin, brain, and cultured oligodendrocytes.147,171 Again

from myelin, two different populations of glycolipid- and cholesterol-enriched lipid membrane domains (likely
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representing caveolae-containing and noncaveolar lipid membrane domains) were discriminated, exploiting their

differential solubility in Triton X-100 at 4 and 20 �  C.162 Different low-density membrane domain populations can be

separated mouse brain synaptosomes in the presence of Triton X-100 or sodium carbonate. 159

Alternatively, the availability of antibodies toward specific components of lipid membrane domains was sometimes

exploited to develop highly specific methods for the immunoisolation of lipid membrane domains.59,129,141 ,153,155,191–193

In some cases, this approach allowed to demonstrate that low-density DRM fraction can be further fractionated into

different subpopulations with strikingly different structure and function. Since caveolins are probably the best-studied

proteins belonging to a lipid membrane domain, it is not surprising that anticaveolin antibodies were used to discrimi-

nate between plasmalemmal vesicular fraction corresponding to caveolar membrane domains124,154,158,161,1 94–196 and

immunoaffinity-purified noncaveolar membrane domains. Immunoisolated caveolae and detergent-resistant, low-

density caveolar membrane domains show a closely overlapping molecular architecture and similar functional proper-

ties (discussed in Section 3.30.3.7). A lipid membrane domain-rich subpopulation of microvillar vesicles was isolated

from enterocytes using anti-galectin-4 (a member of the galectin family of b-galactoside-binding proteins) antibody-
coupled magnetic beads, and galectin-4 is quantitatively recovered in the Triton X-100-resistant membrane fraction

from these cells. 197 Since a high enrichment in glycosphingolipids is a general feature of lipid membrane domains,

particularly interesting are the immunoaffinity isolation methods relying on the use of antiglycolipid antibodies.

Antiglycolipid-antibody immunoisolated DRMs have been demonstrated to be involved in various aspects of signal

transduction, and hence have been termed GSDs.198 Anti-GM3 ganglioside monoclonal antibody DH2 was used to

immunoisolate GM3-enriched DRM from melanoma 196 and neuroblastoma cells. 133 Anti-GD3 ganglioside monoclo-

nal antibody R24 was used to isolate a DRM fraction from differentiated rat cerebellar neurons, 161 as well as from

human fibroblasts (A. Prinetti and S. Sonnino, unpublished results). Anti-LacCer monoclonal antibody Huly-m13 was

used to isolate LacCer-enriched GSD from human neutrophils. Two membrane subfractions were separated from low-

density Triton X-100-resistant membrane fractions from B16 melanoma cells by anti-GM3 ganglioside monoclonal

antibody DH2 and by anticaveolin antibody, respectively. The anti-GM3-immunoisolated subfraction was enriched in

GM3 and contained SM, cholesterol, c-Src, and Rho A, but not caveolin, while the anticaveolin-immunoisolated

subfraction did contain caveolin, glucosylceramide, SM, and a large amount of cholesterol, but not GM3, c-Src, or Rho A.196

The GM3-enriched subfraction, but not the caveolar subfraction, was involved in cell adhesion-dependent signal

transduction in these cells. Immunoaffinity isolation was used to separate from mouse brain two low-density DRM

domain subpopulations, containing two functionally different neuronal GPI-anchored proteins, Thy-1 and PrP,

respectively. Thy-1 DRM and PrP DRM significantly differ in their sensitivity to detergent solubilization, thus

probably reflecting a different degree of ordered packing of lipids.
3.30.3.6 Lipid Membrane Domains in Natural Membranes

The existence of lipid membrane domains in natural cell membranes was suggested by the observation that glyco-

sphingolipids at the cell surface form clusters, which have been visualized by immuno-electron microscopy using

antiglycosphingolipid antibodies. 198 Glycosphingolipid clustering in cell membranes was showed for globoside in

human erythrocytes, 199 polysialogangliosides in fish brain neurons,200 and GM3 ganglioside in peripheral human

lymphocytes and Molt-4 lymphoid cells. 122 Several approaches, relying on more advanced technologies, are now

available allowing the detection and the study of lipid membrane domains in intact cell membranes.201 ,202

These techniques are very heterogeneous and include single-particle tracking or single fluorophore tracking

microscopy, 203–205 fluorescence recovery after photobleaching, 206 fluorescence resonance energy transfer, 207 and

atomic force microscopy,208 and data obtained with different approaches are sometimes conflicting. As an example,

there is no agreement on their average size that ranges from 26nm to about 2mm.205–209 In addition, from these data, no

information on what composes the lipid membrane domains can be inferred.

As discussed in Sections 3.30.3.2 and 3.30.3.3, low-density, detergent-insoluble fractions enriched in lipid

membrane domains were isolated and characterized from a wide variety of mammalian cells, yeasts,210 protozoans,135

and tissues.137–142 However, still some aspects regarding the nature and role of lipid membrane domains remain

obscure. In the next paragraphs, the focus is on two of these aspects.
3.30.3.7 Lipid Membrane Domains, Caveolae and Caveolins, Noncaveolar Domains

In the 1990s, the concept of ‘lipid rafts’ as restricted membrane areas specialized in specific functions evolved from the

confluence of experimental results coming from very heterogeneous research areas. Knowledge on the segregation or
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clustering of specific membrane components (glycosphingolipids, GPI-anchored proteins) within the cell membrane

and on the existence of caveolae,211–213 subcellular structures morphologically defined as spherical or flask-shaped

invaginations of the plasma membrane or associated vesicles, seemed to be unified by the observation that both

segregated membrane components and caveolae components behave as detergent insoluble complexes. Lipid

membrane domains and caveolae share another property: both are sites for clustering of proteins, and this could

represent a mechanism for regulating cell signaling and other cellular events (such as endocytosis214–216 and entry of

pathogens217).

Caveolae were morphologically described over 50 years ago.211,212 More recently, it has been shown that

caveolae69,218 are characterized by the presence of 21–24kDa integral polypeptides, termed caveolins219,220 as

their main structural protein components. Caveolins form high-mass oligomeric complexes, providing a scaffold

for caveolin-interacting proteins (including H-Ras,149 c-Src, heterotrimeric G proteins,149,221 and growth factor

receptors),153,222 that can thus be concentrated within caveolae membranes.223–224 Mainly based on this observation,

it has been hypothesized that caveolae may act as specialized plasma membrane structures able to assemble and

coordinate the function of signal-transducing protein complexes, in which caveolin should play a pivotal role as

scaffolding molecule.224–228 The presence of caveolins as specific scaffolding proteins represents the distinctive feature

of caveolae membranes.219 Caveolins (at least, caveolin-1 and caveolin-3) are necessary for the formation of caveolae

(experiments with knockout mice).229,230 Caveolin-1 transfection in cell lines lacking caveolin and caveolae resulted in

the formation of morphologically distinguishable caveolae in some cell types (lymphocytes, Fischer rat thyroid

cell)231,232 but not in others (the human prostate cancer cell line LNCaP).232 Caveolin-1 seems thus an essential

component of caveolae, even if its presence on the cytoplasmic face of caveolae was somehow challenged by the

finding that caveolin-1 is rather present in intramembrane particles interacting with caveolae surface.233 Caveolin-1 is

also found at many other intracellular locations, including the trans-Golgi network and in other organelles,234,235 and

caveolin-1 antibodies also bind to flat membrane portions.236

As mentioned above, caveolae share several properties with lipid membrane domains, such as a peculiar lipid

composition, resistance to solubilization by cold nonionic detergents, and a low buoyancy on sucrose density gradients.

In all cell types so far investigated, cell sphingolipids, together with cholesterol and saturated PC, are associated with a

low-density membrane fraction that can be prepared by flotation on sucrose gradient after cell lysis in the presence of

Triton X-100 or other nonionic detergents.143 As discussed elsewhere in this chapter, this fraction is usually regarded as

a lipid membrane domain-enriched fraction. When this procedure has been applied to cells expressing caveolins,

caveolins have been found to partition into the sameTriton-insoluble, low-buoyancy membrane fractions,120 and these

fractions have been often considered to represent isolated caveolae fractions. However, the relationship between

caveolae and lipid membrane domains is much more complicated. Detergent-insoluble domains are also found in cells

lacking caveolin expression and caveolae structures, including several neuronal cell types (indeed, for many authors,

the postulated equivalence between caveolae and lipid membrane domains has been so much emphasized, that terms

such as ‘caveolae-like domains’ or ‘noncaveolar domains’ were coined to describe lipid membrane domains in

the absence of caveolins or caveolae).37,71,123,129,133,138,161,237,238 Moreover, caveolin-1 may exist in lipid membrane

domains without the formation of caveolae: as for example, in MDCK cells, caveolae are present only on the

basolateral but not on the apical surface. Caveolin-1 in these cells is present in caveolae at the basolateral membrane,

but as detergent-insoluble, cholesterol-dependent complexes at the apical membrane.239 In the human prostate

cancer cell line LNCaP, where caveolin-1 transfection did not correspond to the formation of caveolae, detergent-

resistant lipid membrane domains exist, independently from the expression levels of caveolin (also see Chapter4.22).232

The immortalized murine gonadotropin-releasing hormone neuronal cell lines GN11 and GT1 represent immature,

migrating neurons and nonmigrating fully differentiated cells, respectively.240 The presence of caveolin-1 polypeptide

was reported in the GN11 neuronal-like cell line, while, in contrast, GT1 cells are totally devoid of caveolin.241 GT1

cells are characterized by a very high glycosphingolipid level (mainly represented by GM3 ganglioside), if compared

with GN11 cells. From both cell lines, it was possible to prepare a Triton-insoluble, low-density membrane fraction

similarly enriched in sphingolipids, that, in the case of caveolin-expressing GN11 cells, is also rich in caveolin.241

Thus, it is clear enough that caveolae and lipid membrane domains can exist independently. A growing number of

experimental data support this concept. Fluorescence microscopy and EM studies showed that GPI-anchored proteins

are not constitutively concentrated in caveolae. Their caveolar clustering only occurs upon multimerization triggered

by cross-linking.242 When a plasmalemmal fragment population was obtained by a detergent-free silica coating

procedure from rat lung vasculature, and a caveolae fraction was further purified by specific immunoisolation using

anticaveolin-coated magnetic beads, this caveolae fraction was devoid of a number of proteins involved in signal

transduction that are usually recovered in the detergent-resistant (lipid membrane domain) fraction.194 Caveolae and

caveolin-1 are involved in the modulation of growth factor receptors signaling,222 and EGFR is localized within a
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caveolin-rich fraction in A431 cells. However, EGFR-containing membrane fragments can be separated from

caveolae.154,243 The noncaveolar EGFR-enriched membrane domain behaves as a classical lipid membrane domain,

that is, it is Triton X-100 insoluble, enriched in GM1 ganglioside, and sensitive to the manipulation of cholesterol

levels.244,245

The question to be answered is whether caveolae or caveolin-containing membrane domains are lipid membrane

domains or not. This question is of course not merely semantic, but involves the possible role of lipids as structural

and functional components of caveolae-based signaling complexes within the plasma membrane. Many papers report

on the relationship between caveolae/caveolins and cholesterol. Caveolae are disassembled by cholesterol-binding

drugs.219 EM experiments with cholesterol-binding probes showed that caveolae are enriched in cholesterol.246

Caveolin-1 binds free cholesterol and cholesterol-containing artificial phospholipid liposomes.247–249 Caveolin oligo-

merization in cell membranes depends on the cholesteol level.250 Similarly, EM immunogold labeling experiments

using antilipid antibodies or cholera toxin suggested that caveolae are enriched in GM1 ganglioside, neutral glycoli-

pids, and SM.236,250,251 However, in the case of neutral glycolipids and SM, caveolar localization only occurs after

antibody cross-linking. The presence of SM and ceramide was observed in a Triton X-100-resistant caveolae fraction

from human fibroblasts,252 and GM1 was detected by cholera toxin labeling in a purified caveolae fraction prepared

from rat lung endothelium.251 Caveolin-1 has been shown to bind photoreactive derivatives of GM1 and GM3 in A431

and MDCK cells.60,253 However, kinetic studies showed that the interaction between GM3 and caveolin-1 in MDCK

is a transient process: it occurs shortly after the incorporation of the ganglioside derivative in the plasma, but is lost

after a 24 h chase, suggesting that a redistribution of the ganglioside takes place. Indeed, EM experiments showed that

in these cells caveolin-1 and GM3 are not localized in the same domain at the steady state.60 Thus, the information

about the interaction of specific sphingolipids with caveolin and their presence in caveolae is scant, fragmentary, and

somehow contradictory. Indeed, the question raised by Fujimoto in 1996, whether sphingolipids are concentrated in

the purified caveola fraction or not, still remains to be answered.236
3.30.3.8 Lipid Membrane Domains from Intracellular Membranes

One of the most widely used terms to describe membrane microdomains characterized by the segregation of lipids is

certainly ‘lipid rafts’. Van Meer and Simons254 introduced this term in 1988, following the observation that the apical

and basolateral membranes of polarized epithelial cells are characterized by a distinct lipid composition. Based on this

observation, they hypothesized that the segregation of newly synthesized proteins in microdomains with a distinct

lipid composition might be responsible for the sorting of these proteins to the apical or basolateral membrane.

A specific role for sphingolipids as organizers during the formation of these traffic-oriented structures (‘rafts’) has

been proposed.255 This hypothesis met an enormous success, and a huge number of experimental papers followed

along this line (reviewed in Refs. 237 and 256–259). However, only a very limited number of investigations were

directed to verify the assumption that segregation of lipid in domains occurs in intracellular membranes, and only a

very limited knowledge is available of the lipid composition of putative intracellular domains. It has been recently

shown that neither newly synthesized gangliosides nor the enzymes responsible for their synthesis appear to be

segregated in microdomains in Golgi membranes.260 Thus, it has to be assumed that sphingolipid segregation and

consequent lipid raft formation take place later on along the secretory pathway, or occur at the plasma membrane level.

The latter explanation would strongly argue against a role of sphingolipids in a lipid raft-based protein traffic and

sorting mechanism. Some experimental data support the notion that sphingolipid segregation indeed occurs in the

Golgi distal membranes or in vesicles of the early secretory pathway. A detergent-resistant fraction has been prepared

and characterized from Golgi membranes, showing an SM and cholesterol enrichment with respect to glycerophos-

pholipids which reflects that observed for whole cell- or plasma membrane-derived DRM.70,261 Moreover, it has been

shown that segregation of SM and cholesterol occurs during the genesis of coat protein I vesicles from the Golgi in the

early secretory pathway.262

The existence of lipid membrane domains in terms of detergent solubility, sensitivity to lipid depletion, and marker

protein distribution consistent with those of whole cell lipid membrane domains has been shown in the endoplasmic

reticulum,263 in the trans-Golgi network/endosomal compartment,264 in membranes derived from intracellular vesicles

(platelet alpha granules,265 intracellular vesicles carrying the Glut4 glucose transporter,266 neutrophil granules),267 in

lysosomal membranes,268 and it has been suggested by indirect evidence in mitochondrial membranes.269 However,

lipid composition and the role of different lipids (e.g., SM vs glycosphingolipids, sphingolipids vs cholesterol) are still

largely unknown.
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3.30.3.9 Artificial Manipulation of Lipid Membrane Domain Composition

A very promising experimental approach to better understand the involvement of lipids in the structural and

functional properties of lipid membrane domains is represented by the artificial manipulation of lipid composition

and/or organization within these structures. To this purpose, a wide variety of experimental approaches has been used

to modulate the levels of cholesterol and sphingolipids in lipid membrane domains: (1) pharmacological inhibition of

cellular cholesterol synthesis; (2) sequestration or perturbation of cholesterol in the plasma membrane by cholesterol-

binding agents; (3) removal of cholesterol from cells by cyclodextrins; (4) pharmacological modulation of cellular

sphingolipid synthesis; (5) administration of exogenous sphingolipids.

The modification of cellular sphingolipid content at the genetic level, by modulating the expression of sphingolipid

metabolic enzymes, also represents a promising tool, but it has never been successfully exploited so far.
3.30.3.9.1 Drugs affecting cholesterol availability
Among drugs that are able to downregulate the biosynthesis of cell cholesterol, 3-hydroxy-3-methylglutaryl-CoA reductase

inhibitors (statins, including lovastatin and mevastatin, usually in combination with mevalonate)128,205,270–277 and the

squalene synthase inhibitor squalestatin271 have been used to reduce cholesterol levels in lipid membrane domains

and to affect lipid membrane domain-dependent cellular functions. Alternatively, lowering of cholesterol levels

in the plasma membrane with possible consequences on lipid membrane domain structure and function has been

achieved using external ligands127,128,130,273,278–282 that are able to sequester cholesterol in the plasma membrane

(filipin, nystatin, digitonin, saponin, perfringolysin, streptolysin, amphotericin B) or to remove cholesterol from the

cells.125,196,283–290 In the former case, the mechanism by which membrane cholesterol is affected is often not clear,

but a general feature is that these drugs require incorporation into the cell membrane to interact with cholesterol; thus,

they likely induce great perturbations in membrane structure. This probably accounts for the high cytotoxicity

observed for many of these compounds. At least in the case of filipin, it has been shown that the drug binds

indiscriminately to membrane cholesterol, including plasma membrane as well as intracellular membrane cholest-

erol.125,289 Oxidation of plasma membrane cholesterol by addition of exogenous cholesterol oxidase has been also

used. In this case, the question arises, what would be the fate and the effect of oxidized cholesterol (cholestanone)

generated on the cell membrane.276,277,290,291 Among these tools, the extraction of cholesterol from cells by treatment

with cyclodextrins is certainly the most widely used, as proven by about 160 papers found by a Medline search with

the two keywords ‘cyclodextrins’ and ‘membrane microdomains/lipid rafts’ from 1996 to the present day.

Cyclodextrins are cyclic 1,4-linked oligomers of D(þ)-glucopyranose.292 Structures with six, seven, and eight

glucose units are called a-,-b- and g-cyclodextrins, respectively. D-glucose units form a ring structure with a hydropho-

bic cavity and an exposed side that is hydrophilic, due to the presence of hydroxyl groups. Cyclodextrins bind an

impressive variety of small molecules, including nonpolar aliphatic molecules, amphipatic lipids, and polar compounds

such as amines and organic acids. Chemical modification of hydroxyl groups (e.g., methylation) is often used to obtain

cyclodextrins with different solubility and binding properties. Cyclodextins have been in use for many years as carriers

of lipophilic drugs in pharmacological research, but only relatively recently they has been introduced as a tool

in membrane studies. The addition of cyclodextrins to cultured cells is able to induce the release of cholesterol

from the cells themselves. The process has been shown to be cyclodextrin concentration, time, and cell type

dependent.127,128,130,197,273,278–282,293 The mechanism by which cholesterol is lost by the cells in the presence of

cyclodextrins is not clear, but this process probably involves different plasma membrane cholesterol pools,278,280 but

not the intracellular cholesterol pools.278 Cyclodextrins bear unique features as cholesterol-removing agents. Unlike

almost all the above-mentioned cholesterol-binding agents, cyclodextrins are not incorporated into membranes, but

rather they act at the surface and likely extract membrane cholesterol by including it in the central cavity of the

oligomer ring.294

Many studies have shown that cyclodextrin-induced removal of cholesterol from cells leads to the disorganization

of lipid membrane domains, to the shift of lipid membrane domain constituents into the bulk plasma membrane or

to their release in the culture medium, and to changes in the properties of proteins associated with the lipid

membrane domain, that can ultimately lead to the blockade of putative lipid membrane domain-dependent cell

functions.127,128,130,190,197,273,278–282,289,290,293,295–303 Frequently, the ability of cyclodextrins to interfere with cellular

events has been automatically equated with the dependency of these events on cell cholesterol or on ‘cholesterol-

enriched’ membrane domains. However, several criticisms can be raised against this simplistic assumption and great

care should be taken to interpret experimental results obtained using cyclodextrins and other cholesterol-depleting

tools. There is no doubt that these treatments are able to effectively reduce cellular cholesterol level or availability. In

the case of cyclodextrins, used alone or in combination with inhibitors of cholesterol synthesis, it is possible to reduce
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by 70–90% the cell cholesterol content.128,275,302 In such conditions, it is unavoidable to wonder whether the resulting

effects are cholesterol specific or simply due to the loss of the second most abundant membrane component. Again,

this probably explains why effective concentrations of these drugs are often very close or overlapping with cytotoxic

concentrations. Moreover, the amount of cholesterol removed from the cells under these experimental conditions

likely exceeds the cholesterol present in lipid membrane domains.275 Thus, the treatment probably affects as well

membrane areas not organized as lipid membrane domains, and can thus hardly be taken as a proof of a ‘raft-

dependent’ biological event. The sensitivity of lipid membrane domains to cyclodextrins can be different in different

cells, and the sensitivity of lipid membrane domains and lipid membrane domain-dependent events to cholesterol

depletion can greatly vary depending on the experimental approach used to lower cholesterol levels (e.g., GPI-

anchored proteins are dispersed at the cell surface upon saponin treatment in BeWo cells284 or inhibition of cholesterol

synthesis by mevastatin in MA104 cells,283 but not by lovastatin or squalestatin in Jurkat T-cells).271 This can be

envisaged as an indication that different lipid membrane domains exist, with different dependence on cholesterol.

However, it can as well depend upon the exact conditions under which the depletion is carried out. The efflux of

cholesterol mediated by cyclodextrin has been studied in details, but very poor is the information on the effect of

cyclodextrins on the possible removal of other complex lipids from living cells.197,280,281,293 In the case of gangliosides,

only a qualitative information on the efflux of GM1 ganglioside from lymphocytes278 is available. However, it is known

that cyclodextrins are able to form complexes with sphingolipid monomers304–306 and to disrupt ganglioside aggre-

gates.305 The property of cyclodextrins to disrupt micellar aggregates of GM1 or mixed aggregates of glyceropho-

spholipids and GM1, and their ability to form complexes with ganglioside monomers, have been studied in detail

by NMR spectroscopy and biochemical procedures.304–307 Using quantitative analytical approaches, we showed that

methyl-b-cyclodextrin, MCD, was able to induce the release of sphingolipids, cholesterol, and glycerophospholipids

from rat cerebellar granule cells in culture, with concentration-dependent effects on the existence and properties of lipid

membrane domains (similar results have been obtained using (2-hydroxypropyl)-b-cyclodextrin, indicating that they are
not specific for a certain type of cyclodextrin).275 The amounts of sphingolipids, glycerophospholipids, and cholesterol

released by a 30min treatment with 5mM MCD were 16%, 2%, and 50% of total cell lipid, respectively (Table 8).

In the case of this ‘mild’ treatment, the loss of cell lipids induced a deep reorganization of the remaining membrane

lipids. In fact, the amount of PC associated with a Triton X-100-insoluble membrane fraction (highly enriched in
Table 8 Efflux from rat cerebellar granule cells differentiated in culture of cholesterol, sphingomyelin (SM),

glycosphingolipids (GSs) and glycerophospholipids (GPLs) as a function of methyl-b-cyclodextrin (MCD) concentration

and time of treatments

Experimental conditions Quantity in the medium after treatment (% on the total cell content)

Incubation time(min) MCD concentration(mM) Cholesterol SM GS GPL

5 0 1 2 1

5 1 16 7 1

5 5 17 7 2

5 10 64 8 2

10 0 1 2 1

10 1 17 4 3

10 5 25 18 12

10 10 73 19 12

30 0 1 2 1 0

30 1 18 7 3 1

30 5 50 18 23 2

30 10 90 38 33 12

60 0 1 3 2

60 1 25 7 8

60 5 65 20 14

60 10 91 60 38

120 0 1 7 4

120 1 38 10 13

120 5 66 20 25

120 10 91 61 47

Blank cells indicate not determined.37,275
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sphingolipids and cholesterol in nontreated cells) was lowered by the treatment. This suggested a reduction of the

lipid membrane domain area. However, the cholesterol and sphingolipid enrichment of this fraction remained

substantially unchanged, suggesting the existence of dynamic processes aimed to preserve the segregation of

cholesterol and sphingolipids in membrane domains. Under these conditions, the lipid membrane domains retained

their property to sort signaling proteins such as Lyn and c-Src, but cells displayed deep alterations in their membrane

permeability. WhenMCD treatment was more stringent (30 min with 10mMMCD), a large loss of cell lipids occurred

(40%, 10%, and 90% of total cell sphingolipids, glycerophospholipids, and cholesterol were lost, respectively), the lipid

membrane domains were much less enriched in cholesterol and lost the property to sort specific proteins. The loss of

the integrity and properties of lipid membrane domains was accompanied by severe changes in the membrane

permeability, sufferance, and eventually cell death.

Thus, the use of cyclodextrins and other drugs affecting cholesterol synthesis, cellular levels, or availability is of

potentially great utility for studies related to lipid membrane domains, but the following aspects need to be verified for

each experimental model: (1) the quantitative effectiveness of the drug treatment in lowering cholesterol availability;

(2) the overall disturbing effect on the integrity of the cell membrane; (3) the effect on membrane lipids other than

cholesterol; and (4) the effect of membrane areas other than lipid membrane domains.
3.30.3.9.2 Drugs affecting sphingolipid metabolism
As amply discussed, spontaneous segregation of (glyco)sphingolipids in cell membranes is one of the main driving

forces responsible for the formation of lipid membrane domains in living cells.

For this reason, the availability of experimental approaches able to modulate (glyco)sphingolipid cellular levels

would provide tools allowing to manipulate the integrity and dynamics of lipid membrane domains as well as to dissect

the possible functional role of specific sphingolipids within these domains.

Fumonisins are mycotoxins from Fusarium moniliforme that are common grain contaminants responsible for food

poisoning episodes all over the world. Fumonisins are powerful inhibitors of sphinganine N-acyltransferase, that

catalyses the synthesis of dihydroceramide as the biosynthetic precursor of ceramide and of all complex sphingoli-

pids,316 and fumonisin B1 has been widely used in the past to inhibit cell sphingolipid biosynthesis,317,318 and more

recently to study the effects of sphingolipid depletion on lipid membrane domains’ stability and function. Upon

treatment with fumonisin B1, it has been shown that GPI-anchored proteins that usually associate with DRM domains

become detergent soluble (e.g., Thy-1 in hippocampal neurons), structure of lipid membrane domains is altered, and

putative lipid membrane domain biological functions are impaired.128,319–325 However, incubation with fumonisin B1

will potentially affect the levels of all cell sphingolipids, ceramide, SM, and glycosphingolipids, in a way that is

strongly dependent on the experimental conditions used (time and inhibitor concentration). Since a different role for

specific sphingolipids has been hypothesized within lipid membrane domains, it is thus necessary to verify (1) that the

experimental conditions used are effective in lowering the cell sphingolipid levels; (2) that this reflects on the

composition of the lipid membrane domain; and (3) which sphingolipids are affected by fumonisin treatment.

This limitation is only partially overcome by the availability of enzyme inhibitors that only affect the metabolism of

glycosphingolipids. D-threo-1-Phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) was the prototype of a

family of synthetic inhibitors of glusosylceramide synthase, that catalyzes the synthesis of glucosylceramide, as the

common precursor of all glucosylceramide-based complex glycosphingolipids.326 Analogs (D-threo-1-phenyl-2-hexa-

decanoylamino-3-pyrrolidino-1-propanol, PPPP) with higher inhibition specificity and enhanced potency has been

developed later on.327 D-PDMP or PPPP treatment was able to deplete glycosphingolipids from a detergent-insoluble

lipid membrane domain fraction in Lewis lung carcinoma cells,328 T lymphocytes,329 neuroepithelial cells,330 F9

embryonal carcinoma cells,331 normal and transformed lung fibroblasts,332,333 and bladder cancer cells334 without

affecting the cholesterol and SM levels in the domain328,329 nor the overall integrity of the domain itself. However, this

treatment strongly reduced the association of Src family kinases with the lipid membrane domain fraction in most of

the above-mentioned cell types,330–334 suggesting a specific and essential role of glycosphingolipids in Src-mediated

lipid membrane domain functions. The specific role of glycosphingolipids in lipid membrane domain functions is

further supported by the fact that effective depletion of gangliosides in neuroblastoma cells by PPPP and another,

nonrelated glucosylceramide synthase inhibitor, N-butyldeoxynojiromycin, was not able to alter the lipid membrane

domain localization and drug efflux activity of ABC transporters.335

Remarkably, when comparatively studied, the effects of cholesterol depletion and of sphingolipid depletion on the

structure and function of lipid membrane domains are not overlapping.329,331 D-PDMP treatment and cholesterol

depletion with cyclodextrin had opposite effects on the function of lipid membrane domain-associated GPI-anchored

proteins, likely affecting in a different way their organizational status (in T lymphocytes, D-PDMP increased
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susceptibility of GPI proteins to phosphatidylinositol-phospholipase C (PI-PLC) cleavage, while methyl-b-cyclo-
dextrin decreased it).329 In F9 carcinoma cells, both methyl-b-cyclodextrin and D-PDMP inhibited the localization of

Src-family kinases in the domain, but methyl- b-cyclodextrin only affects the association of other marker proteins

to the detergent-resistant fraction. 331 Fumonisin B1 treatment and cholesterol removal differently affects the Triton

X-100 insolubility and sorting of GPI-anchored proteins in polarized Fischer rat thyroid cells. 320 This indicates that

the structural integrity of lipid membrane domains is differently affected by the presence of cholesterol or sphingo-

lipids (possibly indicating the existence of different degrees of order in the lipid segregation within lipid membrane

domains), but also suggests that different lipids might specifically interact with other components of the domains.

However, the use of glucosylceramide synthase inhibitors hardly allows to dissect the roles of different glycosphingo-

lipids within lipid membrane domains, and anyway requires, as for fumonisin, a careful evaluation on the effects of this

inhibitors on the cell lipid composition. 328

Selective depletion of cell surface sphingolipids can be achieved by treating living cells with bacterial sphingo-

myelinases, 289,319 able to hydrolyze SM, effectively decreasing its cellular levels, or with endoglycoceramidase, able to

hydrolyze cell surface glycosphingolipids. 129 Exogenous sphingomyelinase (similarly to methyl- b-cyclodextrin and
filipin) treatment on colonic epithelial cells caused activation of the basolateral large conductance Ca2 þ -activated K þ

channel and its redistribution to a detergent-insoluble membrane fraction. 289 Both bacterial sphingomyelinase and

fumonisin B1 treatments were able to reduce the amount of SM in detergent-insoluble membrane fractions without

affecting the distribution of GM1, PrP, and caveolin in neuroblastoma cells. 319 Endoglycoceramidase inhibited lipid

membrane domain-dependent TAG-1 signaling in cerebellar neurons.129 One of the major concerns about the use of

these sphingolipid-degrading enzymes is that their application likely affects ceramide levels within the membrane.

On the other hand, they could represent a tool to increase ceramide levels (or at least the ceramide/SM ratio) in order

to evaluate the specific effect of this sphingolipid in lipid membrane domains.

One simple way to affect the cellular levels of specific glycosphingolipids is represented by their exogenous

administration to cultured cells. It has been shown in a large number of papers that exogenously administered

sphingolipids are incorporated into the plasma membrane, and subsequently enter the traffic and metabolism routes

of endogenous lipids, becoming virtually indistinguishable from those. As discussed in Section 3.30.2, treatment

with exogenous GM1 and GM3, but not LacCer, was able to induce dissociation of Csk from the DRM domain

in neuroblastoma cells, with consequent activation of c-Src and mitogen-activated protein kinases and neurito-

genesis. 133 On the other hand, exogenous addition of GM3 to highly invasive YST1 bladder cancer cells caused Csk

traslocation to the detergent-insoluble fraction and consequent inactivation of c-Src, negatively influencing cell

motility. 334 This approach is very interesting; however, it is difficult to ascertain the real amount of sphingolipid

incorporated in the membrane and reaching the lipid membrane domain. Moreover, the administered sphingolipid can

be metabolically converted into other molecules, complicating the evaluation of the real specificity of the observed

effects.
3.30.4 Roles of Glycosphingolipids in Lipid Membrane Domain Functions

3.30.4.1 Glycosphingolipids and Lipid Membrane Domains in the Nervous System

Detergent-insoluble low density fractions with features corresponding to those of lipid membrane domains (enrich-

ment in cholesterol and sphingolipids, presence of GPI-anchored proteins, and other protein markers for lipid

membrane domains (including Src family protein kinases)) can be prepared from cultures of neural cells (neurons,

oligodendrocytres, astrocytes and related tumor cell lines, including neuroblastoma cells), from brain, myelin synaptic

plasma membranes 177,336 (see Section 3.30.3.4). Caveolae and caveolins are rare in the nervous system (even if

conflicting reports and opinions exist about the presence and role of both in the nervous system), and it has been

suggested that flotillins could have in nervous system lipid membrane domains a scaffold role similar to that

hypothesized for caveolins in extranervous lipid membrane domains.337

Neuronal and glial lipid membrane domains are rich in gangliosides, SM, cholesterol, and proteins involved in

mechanisms of signal transduction that are relevant for neuronal functions (receptor tyrosine kinases, including

neurotrophin receptors Trk A, Trk B, Trk C, c-Ret, ErbB, the ephrin receptor Eph), GPI-anchored receptors (the

GDNF family receptor GFRa), G protein-coupled receptors (including cannabinoid receptors and neurotransmitter

receptors such as a1-, b1-, b2-adrenergic, adenosine A1, g-aminobutyric acid GABAb, muscarinic M2, glutamate

metabotropic mGLUR, serotonin 5HT2), nonreceptor tyrosine kinases of the Src family, adapter and regulatory

molecules of tyrosine kinase signaling, heterotrimeric and small GTP-binding proteins, protein kinase C isoenzymes,
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cell adhesion molecules (integrins, Notch1, NCAMs, TAG-1, Thy-1, F3/contactin), ion channels, proteins involved in

neurotransmitter relase, proteins belonging to postsynaptic density complexes).59,71,129,133,138,152,161,196,228,238,337–360

Lipid membrane domains in the nervous system cells have been involved in neurotrophic factor signaling,337–340 cell

adhesion and migration,338,347,354 axon guidance, synaptic transmission,338,346 neuron–glia interactions,355,356 and

myelin genesis.357 The involvement of lipid membrane domains in neuronal and glial signal transduction includes

several different ways.

1. Receptors and effector proteins permanently resident in lipid membrane domains can be activated, giving rise to

signal propagation that involves other components intrinsically present in the lipid membrane domain. Examples

are neurotrophin receptors of the trk family, EGFR, PDGFR, p75NTR, GFRa,337–340 and the neural cell adhesion

molecule TAG-1.129,358,359 Src family tyrosine kinases are among the effector signaling proteins that are most

commonly engaged in these cases.

2. The activation of membrane receptors is followed by the recruitment to lipid membrane domains of receptors

themselves or effector signaling proteins that are not located in lipid membrane domains under basal conditions, or

the activation of receptors that are associated with lipid membrane domains under resting conditions determines

their translocation outside lipid membrane domains. Examples of the former are the receptor tyrosine kinase c-Ret,

recruited into lipid membrane domains by its GPI-anchored co-receptor GFRa,337,338,340 and the neuronal adhesion

receptorNCAM, recruited into lipidmembrane domains by cis- or trans-interaction with its membrane-bound, GPI-

anchored ligand, prion protein.354

Both modes imply changes in the reciprocal interactions of lipid membrane domain components. One question that

remains to be answered is regarding the role of lipid molecules in these events. Are lipids active players in the

functional dynamics of lipid membrane domains? This question is particularly relevant in the nervous system.

Glycosphingolipids, particularly gangliosides, are crucial in the control of the functional properties of neurons and

other cell types of neural origin. They have been implicated as modulators of various aspects of neural cell function

(see Chapter4.18).312,313 Glycosphingolipid patterns in the nervous system undergo deep qualitative and quantitative

modifications during development, differentiation, and neoplastic transformation.361,362 Their biosynthesis is neces-

sary for the differentiation of neurons in culture,317 and induced expression of GD3 synthetase is able to switch

neuroblastoma cells to a differentiated phenotype.363 Exogenously added gangliosides exert neuritogenic, neuro-

trophic, and neuroprotective effects on a variety of cell systems of neural origin.25,312,364 The role of glycosphingolipids

in the maintenance of neuronal structure and function can be at least in part explained by their ability to interact with

specific proteins (including growth factor receptors and neuronal adhesion molecules) at the level of the plasma

membrane and to modulate their activity. Possible interactions with functional significance between gangliosides and

proteins at the level of the plasma membrane have been intensively studied in the past.313,365–367 A new key to

understand glycosphingolipid-mediated neural events is represented by the co-localization of glycosphingolipids and

regulated proteins within lipid membrane domains. Changes in the lipid and/or protein composition of lipid mem-

brane domains and in the interactions of the lipid (in particular, glycosphingolipid) components with specific proteins

of functional relevance could thus be very relevant during the process of neuronal adhesion, survival, migration,

differentiation, and senescence.

The lipid composition of a lipid membrane domain fraction prepared by lysis in cold 1% Triton X-100 and sucrose

density gradient centrifugation from rat cerebellar granule neurons during spontaneous differentiation has been

characterized in detail37,71,359 (Tables 6 and 7). In fully differentiated rat cerebellar granule cells, 40% of the

total cell cholesterol, 60% of the gangliosides, 67% of the SM, and 50% of the ceramide, but only about 8% of total

cell glycerophospholipids were located in the lipid membrane domain fraction. All the gangliosides present in the cell

homogenate were associated in a similar extent with the lipid membrane domain fraction. We calculated the molar

ratio between glycerophospholipids, cholesterol, SM, ceramide, and gangliosides that were 42.8:6.1:1.3:0.3:1 and

5.6:4.0:1.4:0.2:1 in the cell homogenate and in the lipid membrane domain fraction, respectively. These data indicate

that this fraction is highly enriched in sphingolipids. However, the major lipid components of these domains still were

glycerophospholipids and cholesterol.71 Among glycerophospholipids, dipalmitoylphosphatidylcholine was particular-

ly enriched in these domains, representing their main lipid component. We studied the properties of lipid membrane

domains from rat cerebellar granule cells at different stages of development in culture.37 The surface occupied by

these structures increased during development, with the maximum ganglioside density in fully differentiated neurons.

On the other hand, a high content of ceramide was found in the domains of aging neurons. The sphingolipid/

glycerophospholipid molar ratio was more than doubled during the initial stage of development, corresponding to

axonal sprouting and neurite extension, whereas the cholesterol/glycerophospholipid molar ratio gradually decreased
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during in vitro differentiation. Phosphorylated phosphoinositides were very scant in the domains of undifferentiated

cells and dramatically increased during differentiation and aging.

Proteins were minor components of the domains (0.1–2.8% of all domain components) at all the stages of in vitro

development we investigated. Src family protein tyrosine kinases (c-Src, Lyn and Fyn) known to participate in the

process of neuronal differentiation were associated with the lipid membrane domains in a way specific for the type of

kinase and for the developmental stage of the cell.37 Co-segregation of Src family proteins with sphingolipids in

specialized domains in the membrane of cultured neurons seems to be a general feature of neuronal lipid domains.

Within the lipid membrane domains, ganglioside GM3 has been found closely associated with c-Src and Csk in

neuroblastoma Neuro2a cells,133 and GD3 associated with Src-family kinase Lyn and the neural cell adhesion

molecule TAG-1 in rat brain138,358 and cerebellar granule cells. In these cells, a complex lipid environment character-

ized by the presence of many ganglioside species and other membrane lipids (mainly cholesterol and dipalmitoylpho-

sphatidylcholine) is essential for the interaction with the domain of c-Src, Lyn, Fyn, TAG-1, and prion

protein.37,148,161,238 The presence of Src family nonreceptor tyrosine kinases in lipid membrane domains of neurons

is particularly interesting, because many lines of evidence indicate that c-Src and other kinases of this family are

important in the process of neuronal differentiation. The expression and the activation of c-Src and Lyn are correlated

with the stage of neuronal differentiation in neuroblastomas, neuroblastoma and embryonal carcinoma cell lines.368–372

The expression of a neuron-specific form of c-Src is increased during the differentiation of cultured neurons from rat

embryo striatum,373 and c-Src activation is involved in the control of synaptic transmission mediated by N-methyl-D-

aspartate receptors374 and in the induction of long-term potentiation in hippocampal neurons.375 c-Src in PC12 cells

interacts with synaptosomal and cytoskeletal proteins.376 Another tyrosine kinase, Csk, is a negative regulator of Src-

like kinases, responsible for their C-terminal phosphorylation, keeping them in a repressed form.377 As mentioned

above, in neuroblastoma Neuro2a cells, c-Src and Csk are associated with GM3 ganglioside within lipid membrane

domain, and neuritogenic concentration of gangliosides is able to induce c-Src activation followed by mitogen-

activated protein kinases’ activation.133 In these cells, anti-GM3 antibody is also able to induce differentiation.372

In rat cerebellum and cerebellar neurons, GD3 ganglioside is associated with Lyn and the neural cell adhesion

molecule TAG-1, and antibody-mediated cross-linking of TAG-1 or GD3 induces Lyn activation.138,358 Glycosphin-

golipids were essential for TAG-1-dependent signaling via Lyn, and for the maintenance of the differentiated

neuronal phenotype, since incubation of cerebellar neurons with the glycosphingolipid-degrading enzyme endogly-

coceramidase in the presence of its activator protein reduced the levels of cell surface glycosphingolipids, caused the

redistribution of TAG-1 from nondomain membranes to the lipid membrane domain fraction, abolished TAG-

mediated Lyn activation and consequent phosphorylation of p80, and induced neurite retraction.358

A possible role of lipid membrane domains in the pathogenesis of spontaneous and transmissible neurodegenerative

diseases was recently highlighted by the discovery that a number of molecules causally connected to such diseases are

associated with these domains. The most prominent examples are represented by the amyloid precursor protein (APP)

in Alzheimer’s disease and by the prion protein. In both cases, the generation of the aberrant forms of these proteins,

which are responsible for the onset of the disease, seems to be localized in the lipid membrane domains and/or

dependent from the structure of the domain itself.378,379

APP is a transmembrane protein normally cleaved by a-secretase yielding soluble APP. Alternatively, APP is

processed with the production of the Ab amyloid peptide, which accumulates in the brain lesions (senile plaques)

that are commonly thought to cause Alzheimer’s disease.380 The physiological function of APP remains poorly

understood. However, several studies suggest that APP is able to signal via the plasma membrane.381 Thus, under-

standing its molecular function and processing is critical to elucidate the molecular basis of the disease. It has been

demonstrated that the APP is enriched within lipid membrane domains.273,382,383 Within these domains, APP interacts

with Gao, and APP stimulation by a specific antibody inhibits the basal Gao GTPase activity.383 Since a mutated form

of APP, associated with familiar Alzheimer’s disease, constitutively activates Gao,
384 the regulation of Gao by APP

within lipid membrane domains is likely to be relevant for the physiopathological functions of APP itself. In non-

neuronal cell lines, nonamyloidogenic a-secretase processing of APP is localized within lipid membrane domains. In

these cells, caveolin-1, a principal component of caveolae-like lipid membrane domains, is reported to be physically

associated with APP, and a-secretase processing was dependent on the expression levels of caveolin-1 itself.382 On the

other hand, lipid membrane domains frommouse brain are enriched in active g-secretase, and are the main cellular site

where the production of Ab amyloid occurs.172 Moreover, disturbance of lipid membrane domain structure by

cholesterol depletion resulted in the reduction of APP association with the domains, and inhibited the generation

of Ab amyloid peptide.273

Prions containing prion proteins (PrP) are implicated in transmissible neurodegenerative disorders.385 The scrapie

prion protein, PrPSc, is a disease-specific isoform of a normal cellular protein of unknown function (even if some data
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indicate that it might be necessary for normal synaptic function in hippocampal slices),386 denoted PrPC (cellular prion

protein). The process by which PrPSc is formed post-translationally from a protease-sensitive precursor remains

uncertain. Interestingly, the bulk of the covalent post-translational modifications of PrP is represented by N-linked

glycosylation387 and the GPI (glycosylinositol phospholipid) anchor.388 A novel feature of the structures from PrP is

the presence of sialic acid residues on the GPI anchors.389 The identification of sialic acid on GPI anchors presents the

possibility for participation of GPI anchors in the regulatory functions served by sialic acid on glycoprotein and

glycolipids. As with many other GPI-anchored proteins, both PrPC and PrPSc are associated with lipid membrane

domains in normal and scrapie-infected neuroblastoma cells.131 The glycan core of their GPI-anchor showed some

structures similar to those reported for rat brain Thy-1,389 which is also a typical component of neuronal lipid

membrane domains. The efficient conversion of PrPC into PrPSc occurs after PrPC reaches to the plasma membrane,

strictly requires targeting PrPC by GPI-anchors to lipid membrane domains,390 and, in scrapie-infected neuroblastoma

cells, is confined in these specific subcellular domains.389 Within the domains, other proteins seem to associate with

PrP, likely representing functional partners of PrP.391 We studied the membrane environment of PrPC in differentiated

rat cerebellar neurons.148 In these cells, about 45% of total cellular prion protein (corresponding to a 35-fold

enrichment) is associated with a lipid membrane domain fraction. Several proteins were found in the PrPC-enriched

membrane domains that were separated by immunoprecipitation (i.e., the nonreceptor tyrosine kinases Lyn and Fyn

and the neuronal glycosylphosphatidylinositol-anchored protein Thy-1). The PrPC-rich membrane domains contained

as well about 50% of the sphingolipids, cholesterol, and PC present in the sphingolipid-enriched membrane fraction,

and the presence of these lipids was essential for the integrity of protein–protein interactions within the domain. All

main sphingolipids, including SM, neutral glycosphingolipids, and gangliosides, were similarly enriched in the prion

protein-rich membrane domains. Thus, prion protein plasma membrane environment in differentiated neurons

resulted in a complex entity, whose integrity requires a network of lipid-mediated noncovalent interactions. Moreover,

the localization of PrPC to lipid membrane domains and PrPSc formation are inhibited by lovastatin, which reduces cell

cholesterol content, presumably disrupting the domain structure.272 All these data suggest that lipid membrane

domains might represent the cellular site where prions are propagated, and seem to imply that other components

(proteins or lipids) of this compartment might participate to the propagation of prions. As mentioned above, c-Src

activation is involved in the control of synaptic transmission374 and in the induction of long-term potentiation in

hippocampal neurons.375 Since it has been demonstrated that hippocampal slices from PrP null mice have impaired

synaptic inhibition and long-term potentiation,375,392 a further link between PrP and lipid membrane domains might

be represented by Src family protein tyrosine kinases. By means of cross-linking experiments with ganglioside

derivatives and immunoprecipitation experiments with anti-Src family protein antibodies, or antiganglioside anti-

bodies, it has been shown that these proteins and glycosphingolipids are directly interacting with each other as a part of

the same membrane domain, suggesting that a highly organized lipid environment is essential to maintain domain

structure and functional status.238
3.30.4.2 Lipid Membrane Domains in Oncogenic Transformation: GM3 and the
Glycosynapse

Very much attention has been paid in the past to the aberrant glycosylation of glycolipids in tumor cells as an

essential mechanism in determining the features of neoplastic transformation and the outcome of tumor progres-

sion in patients.393,394 To this regard, in-depth studies showed that altered GM3 ganglioside expression plays a

multiple role in the control of tumor cell motility, invasiveness, and survival. Adhesion of B16 melanoma cells

(expressing high levels of GM3) to endothelial cells, that express LacCer and Gg3, is mediated by GM3–LacCer or

GM3–Gg3 interaction and leads to enhanced B16 cell motility and thereby initiates metastasis.59,395 This probably

represents the best characterized example of a GSLs–GSLs interaction involved in the control of the motility and

metastatic potential of tumor cells. GM3 is highly expressed in noninvasive, superficial bladder tumors compared with

invasive bladder tumors, where the activities of glycosyltransferases responsible for GM3 synthesis were consistently

upregulated.396,397 Enhanced GM3 expression achieved by pharmacological treatment with brefeldin A,396,398 or the

exogenous administration of GM3397 suppressed the tumorigenic activity and/or the invasive potential of human

colonic and bladder tumor cell lines, and the stable overexpression of GM3 synthase in a mouse bladder carcinoma cell

line reduced cell proliferation, motility, and invasion with concomitant increase in the number of apoptotic cells.399

High expression levels of GM3 with concomitant expression of the tetraspanin CD9 in colorectal400,401 and bladder 396

cancer cell lines inhibited Matrigel and laminin-5-dependent cell motility.

At the molecular level, GM3 control on the properties of tumor cells requires a complex supermolecular membrane

organization that defines highly specialized detergent-insoluble lipid membrane domains. The term ‘glycosynapse’ has
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been proposed by S. Hakomori394,402,403 to generally describe a membrane microdomain involved in carbohydrate-

dependent adhesion. Carbohydrate-dependent adhesion in glycosynapse, occurring through GSL–GSL interactions

or through GSL-dependent modulation of adhesion protein receptors (such as integrins) leads to signal transduction

events reflecting in deep changes in the motility and invasiveness of tumor cells. In the case of GM3-dependent

adhesion of melanoma cells, it has been shown that GM3 is closely associated with c-Src, Rho, and Ras within

glycosphingolipid-enriched membrane domains, and binding with Gg3 or anti-GM3 antibody stimulates focal adhe-

sion kinase phosphorylation and c-Src activity.59 This molecular assembly defines a classically Triton X-100 insoluble

GSL-enriched microdomain (‘glycosynapse 1’), that can be isolated and separated from a caveolin-containing low-

density membrane fraction in B16 cells.196 A similar association between a sialoglycolipid and c-Src and other related

signaling molecules was observed for GM3 also in neuroblastoma cell,133 for disialylgalactosylgloboside in renal

carcinoma cells,404 and for monosialyl-Gb5 in breast carcinoma cells.405 Tetraspanin CD9 and integrin a3 or a5 also

are co-localized within a distinct low-density, Brij 98-insoluble glycolipid-enriched domain (‘glycosynapse 3’). The

presence of GM3 (endogenously synthesized or exogenously added to cells) positively modulated CD9/integrin

association. In fact, association between CD9 and integrin in the Chinese hamster ovary mutant cell line ldlD14

(deficient in UDP-Gal-4-epimerase) has been shown by co-immunoprecipitation experiments when cells were grown

in the presence of galactose, allowing GM3 synthesis, or supplementing cells with exogenous GM3. In the latter case,

the amount of a3 or a5 integrin associated with anti-CD9 immunoprecipitate was quantitatively dependent on the

concentration of added GM3. Co-localization of CD9, a3, and GM3 in intact cells was observed by laser scanning

confocal microscopy in ldlD14 in the presence, but not in the absence, of galactose.406 The formation of a3/CD9/GM3

complexes strongly inhibited the laminin-5-dependent motility in ldlD14 cells. On the other hand, it has been shown

that CD9/GM3 complexes are essential for the regulation of integrin-mediated cell adhesion and signal transduction

in oncogenic transformation, suggesting a crucial role for GM3 complexed with CD9 and integrin a3b1 or a5b1 in the

control of tumor cell motility and invasiveness. v-Jun-transformed mouse and chicken embryo fibroblasts were

characterized by lower GM3 levels and downregulated GM3 synthase mRNA levels respect to the nontransformed

counterparts.407 Reversion of oncogenic phenotype of v-Jun-transformed cells to normal could be achieved by

enhanced GM3 synthesis through its gene transfection. When v-Jun-transformed cells were transfected with GM3

synthase expression plasmid, leading to increased GM3 synthase activity and GM3 cellular levels, their ability

anchorage-independent growth in agar was strongly reduced. During phenotypic reversion induced by GM3 synthase

transfection, the association of CD9/a5b1 complex (shown by co-immunoprecipitation and confocal microscopy

experiments) was increased. Remarkably, the N-glycosylated form of b1 integrin was preferentially associated with

the complex in GM3 synthase gene transfectants.407 GM3 levels were 4–5 times higher in the noninvasive KK47 cell

line (originated from superficial human bladder cancer) than in the invasive YTS1 human bladder cancer cell line.

Knockdown of CD9 or pharmacologically achieved GM3 depletion in KK47 cells induces the phenotypic conversion

to invasive variants. On the other hand, exogenous GM3 addition induces the phenotypic reversion of the highly

invasive and metastatic cell lines YTS1 to low-motility variants. The changes in cell motility were strictly correlated

with the association of CD9 with a3 integrin. This interaction was higher in noninvasive than in highly invasive cells,

and was modulated by the cellular levels of GM3: CD9/a3 integrin association was reduced by GM3 depletion in

KK47 and conversely enhanced by exogenous GM3 addition in YTS1 cells. GM3 levels in glycosynapse controls not

only CD9/a3 integrin association, but also the activation state of c-Src. c-Src is present in higher amount in the

glycosynapse fraction in YTS1 cells, and it is activated in cells with low GM3 levels and high invasive potential (YTS1

or GM3-depleted KK47). On the other hand, exogenous addition of GM3 to YST1 cells caused Csk traslocation to the

detergent-insoluble fraction and consequent inactivation of c-Src, influencing cell motility.334

Integrin/tetraspanin/GM3-containing glycosynapse participate as well to the cross talk between integrins and

fibroblast growth factor (FGF) receptor.333 Pharmacological GM3 depletion in normal or transformed human embry-

onal fibroblasts caused enhanced association of FGF receptor with integrins, FGF receptor activation followed by Akt

phosphorylation and MAPK activation, and enhanced laminin-5- or fibronectin-dependent cell proliferation. Thus,

GM3 organized as glycosynapse negatively modulated FGF receptor activity, giving a novel molecular interpretation

to the known GM3 effect as inhibitor of tyrosine kinases associated with growth factor receptors.

Glycosynapses bear distinctive properties respect to other types of membrane microdomains.

1. Glycosynapses can be separated as DRM fractions, but the behavior of different glycosynapses toward different

detergents is radically different. GM3-enriched membrane domains from B16 melanoma or from Neuro2a

neuroblastoma cells133 are classically insoluble in 1% Triton X-100. GM3/CD9/integrin-containing membrane

domains (glycosynapse 3, e.g., from human bladder cancer cells) are insoluble in 1% Brij 98408 but soluble in 1%

Triton X-100. In particular, integrins and tetraspan membrane proteins are excluded from the detergent-resistant
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low-density fraction when cells where lysed in the presence of 1% Triton X-100, but they became at least in part

associated with this fraction when Triton X-100 concentration was decreased to 0.5% or 0.25%.409

2. Glycosynapses can be separated from other detergent-resistant microdomains that co-purify in the same low-

density membrane fraction. GM3-enriched membrane domains from B16 melanoma and caveolar membranes are

separable by immunoaffinity using anti-GM3 or anticaveolin antibodies.196

3. Glycosynapses have a different lipid composition from other detergent-resistant microdomains (i.e., caveolar

membranes). The GM3-enriched membrane fraction, separated by anti-GM3 monoclonal antibody DH2,

contained GM3, SM, and cholesterol. In contrast, the caveolar membrane fraction, separated by anticaveolin

antibody, contained no GM3, only a very small quantity of SM, glucosylceramide, and a very large quantity of

cholesterol.196 This different lipid composition has a profound functional significance, as indicated by the fact that

glycosynapse-dependent biological events (e.g, GM3-dependent adhesion and consequent c-Src and FAK activa-

tion in B16 melanoma cells) are not affected by cholesterol-sequestering drugs. On the other hand, they are

disrupted by compounds structurally related to GM3, such as lyso-GM3 and sialyl a2-1 sphingosine.410,411

4. The presence of a specific glycolipid is often essential for the biological function of the glycosynapse. Increased

association of a3 integrin and CD9 with consequent inhibition of motility in YTS1 bladder cancer cells induced by

exogenous GM3 addition was not reproduced by addition of GM1.334 Activation of c-Src and FAK with enhanced

motility and invasiveness was induced in MCF-7 breast carcinoma cells by anti-monosialyl-Gb5 monoclonal

antibody, but not by antibodies to other glycosphingolipids (anti-Gb3, anti-Gb5, anti-GM2).405

Theminimal requirements for glycosynapse structural and functional integrity has been assessed by experiments on

reconstituted membranes.410 Reconstituted membranes containing GM3, SM, PC, and cholesterol with proportions

closely resembling those observed in a glycosynapse fraction separated by anti-GM3 antibody from a total detergent-

resistant fraction from B16 cells were prepared, and mouse recombinant c-Src was incorporated into the reconstituted

membranes (in a molar ratio of c-Src to GM3 of 1:1000). When reconstituted membranes were allowed to adhere on

Gg3- or anti-GM3-coated dishes (‘GM3-dependent adhesion’), c-Src phosphorylation was observed, as it occurred

with natural glycosynapses separated from melanoma cells. Activation occurred in reconstituted membranes even in

the absence of PC and cholesterol (even if the presence of PC or cholesterol increased the phosphorylation response),

but not when GM3 was replaced with equimolar concentrations of GM1, GD1a, or LacCer. c-Src phosphorylation

response upon GM3-dependent adhesion in reconstituted membranes depended on the amount of GM3 present in

the system, and was maximal when the composition of the reconstituted membrane was identical to that of natural

glycosynapse. Remarkably, the c-Src phosphorylation response in reconstituted membranes was sensitive to lyso-GM3

and lyso-GM3 analogs, as it was in natural glycosynapse.
3.30.5 Perspectives, Critiques and Conclusions

Sphingolipids are components of the membranes of all living organism cells. Theoretical considerations about the

peculiar physicochemical properties of sphingolipids and experimental data suggest that they play an active role in the

biogenesis and maintenance of lipid membrane domains, zones of the membrane with reduced fluidity, where

proteins involved in processes of cell signaling are segregated and can carry out their biological functions. Moreover,

the ability of sphingolipids to directly interact with membrane proteins, modulating their biological functions,

suggests that sphingolipids, in general, and glycosphingolipids, in particular, play a dual, additional role in determining

the dynamics and functions of lipid membrane domains. As discussed in this chapter, still many questions remain to be

answered. At present, most investigators involved in this field feel the urgent need of reliable and innovative

techniques allowing to image and study lipid membrane domains in living cells. However, there is still a lot of

analytical work left behind to validate several aspects of the lipid membrane domain working hypothesis, a fascinating

but not yet solid one.
Glossary

glycosynapse A term proposed to generally describe a membrane microdomain involved in carbohydrate-dependent adhesion.

lipid membrane domains Areas of a cell membrane with a peculiar lipid composition, different from the bulk bilayer

composition.

lipid rafts A term introduced to describe microdomains with a distinct lipid composition involved in the sorting of newly

synthesized proteins to the apical or basolateral membranes of polarized epithelial cells. The hypothetical role of lipid rafts

implies that segregation of lipid in domains already occur in intracellular membranes.
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liquid-crystalline(lc) or gel phase Physical phase of lipid bilayers, characterized by a extended and ordered disposition of the

lipid acyl chains with minimal lateral mobility.

liquid-disordered(ld) phase Physical phase of lipid bilayers, characterized by a highly disordered disposition of the lipid acyl

chains and by high fluidity.

liquid-ordered(lo) phase Physical phase of lipid bilayers, characterized by a highly ordered disposition of the lipid acyl chains

and by low. Acyl chains of lipids in the lo phase have properties that are intermediate between those of the gel and ld phases. They

are extended and ordered, as in the gel phase, but have high lateral mobility in the bilayer, as in the ld phase.
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107. Cantù, L.; Corti, M.; Casellato, R.; Acquotti, D.; Sonnino, S. Chem. Phys. Lipids 1991, 60, 111–118.

108. Marchesi, V. T.; Andrews, E. P. Science 1971, 17, 1247–1248.

109. Carter, W. G.; Hakomori, S. JBC 1981, 256, 6953–6960.

110. Streuli, C. H.; Patel, B.; Critchley, D. R. Exp. Cell Res. 1981, 136, 247–254.

111. Hagman, J.; Fishman, P. H. BBA 1982, 720, 181–187.

112. Yu, J.; Fischman, D. A.; Steck, T. L. J. Supramol. Struct. 1973, 1, 233–248.

113. Davies, A. A.; Wigglesworth, N. M.; Allan, D.; Owens, R. J.; Crumpton, M. J. Biochem. J. 1984, 219, 301–308.

114. Mescher, M. F.; Jose, M. J.; Balk, S. P. Nature 1981, 289, 139–144.

115. Vitetta, E. S.; Boyse, E. A.; Uhr, J. W. Eur. J. Immunol. 1973, 3, 446–453.

116. Letarte-Muirhead, M.; Barclay, A. N.; Williams, A. F. Biochem J. 1975, 151, 685–697.

117. Hoessli, D.; Rungger-Brandle, E. Exp. Cell. Res. 1985, 156, 239–250.

118. Thiele, H. G.; Koch, F.; Hamann, A.; Arndt, R. Immunology 1986, 59, 195–201.

119. Hooper, N. M.; Turner, A. J. Biochem. J. 1988, 250, 865–869.

120. Sargiacomo, M.; Sudol, M.; Tang, Z.; Lisanti, M. P. J. Cell Biol. 1993, 122, 789–807.

121. Zurzolo, C.; van’t Hoft, W.; van Meer, G.; Rodriguez-Boulan, E. EMBO J. 1994, 13, 42–53.

122. Sorice, M.; Parolini, I.; Sansolini, T.; Garofalo, T.; Dolo, V.; Sargiacomo, M.; Tai, T.; Peschle, C.; Torrisi, M. R.; Pavan, A. J. Lipid Res. 1997, 38,

969–980.

123. Fra, A. M.; Williamson, E.; Simons, K.; Parton, R. G. J. Biol. Chem. 1994, 269, 30745–30748.

124. Iwabuchi, K.; Nagaoka, I. Blood 2002, 100, 1454–1464.



Lipid Membrane Domains in Glycobiology 725
125. Waheed, A. A.; Shimada, Y.; Heijnen, H. F.; Nakamura, M.; Inomata, M.; Hayashi, M.; Iwashita, S.; Slot, J. W.; Ohno-Iwashita, Y. Proc. Natl.

Acad. Sci. USA 2001, 98, 4926–4931.

126. Samuel, B. U.; Mohandas, N.; Harrison, T.; McManus, H.; Rosse, W.; Reid, M.; Haldar, K. J. Biol. Chem. 2001, 276, 29319–29329.

127. Mendez, A. J.; Lin, G.; Wade, D. P.; Lawn, R. M.; Oram, J. F. J. Biol. Chem. 2001, 276, 3158–3166.

128. Ledesma, M. D.; Simons, K.; Dotti, C. G. Proc. Natl. Acad. Sci. USA 1998, 95, 3966–3971.

129. Kasahara, K.; Watanabe, K.; Takeuchi, K.; Kaneko, H.; Oohira, A.; Yamamoto, T.; Sanai, Y. J. Biol. Chem 2000, 275, 34701–34709.

130. Shogomori, H.; Futerman, A. H. J. Biol. Chem. 2001, 276, 9182–9188.

131. Vey, M.; Pilkuhn, S.; Wille, H.; Nixon, R.; DeArmond, S. J.; Smart, E. J.; Anderson, R. G.; Taraboulos, A.; Prusiner, S. B. Proc. Natl. Acad. Sci.

USA 1996, 93, 14945–14949.

132. Naslavsky, N.; Stein, R.; Yanai, A.; Friedlander, G.; Taraboulos, A. J. Biol. Chem. 1997, 272, 6324–6331.

133. Prinetti, A.; Iwabuchi, K.; Hakomori, S. J. Biol. Chem. 1999, 274, 20916–20924.

134. Kubler, E.; Dohlman, H. G.; Lisanti, M. P. J Biol Chem 1996, 271, 32975–32980.

135. Zhang, X.; Thompson, G. A., Jr. Biochem. J. 1997, 323, 197–206.

136. Lisanti, M. P.; Scherer, P. E.; Vidugiriene, J.; Tang, Z.; Hermanowski-Vosatka, A.; Tu, Y. H.; Cook, R. F.; Sargiacomo, M. J. Cell Biol. 1994, 126,

111–126.

137. Chang, W. J.; Ying, Y. S.; Rothberg, K. G.; Hooper, N. M.; Turner, A. J.; Gambliel, H. A.; De Gunzburg, J.; Mumby, S. M.; Gilman, A. G.;

Anderson, R. G. J. Cell. Biol. 1994, 126, 127–138.

138. Kasahara, K.; Watanabe, Y.; Yamamoto, T.; Sanai, Y. J. Biol. Chem. 1997, 272, 29947–29953.

139. Madore, N.; Smith, K. L.; Graham, C. H.; Jen, A.; Brady, K.; Hall, S.; Morris, R. EMBO J. 1999, 18, 6917–6926.

140. Parkin, E. T.; Turner, A. J.; Hooper, N. M. Biochem. J. 1999, 344, 23–30.

141. Kawabuchi, M.; Satomi, Y.; Takao, T.; Shimonishi, Y.; Nada, S.; Nagai, K.; Tarakhovsky, A.; Okada, M. Nature 2000, 404, 999–1003.

142. Parkin, E. T.; Turner, A. J.; Hooper, N. M. Biochem. J. 2001, 358, 209–216.

143. Hooper, N. M. Mol. Memb. Biol. 1999, 16, 145–156.

144. Munro, S. Cell 2003, 115, 377–388.

145. Shogomori, H.; Brown, D. A. Biol. Chem. 2003, 384, 1259–1263.

146. Chamberlain, L. H. FEBS Lett. 2004, 559, 1–5.

147. Taylor, C. M.; Coetzee, P.; Pfeiffer, S. E. J. Neurochem. 2002, 81, 993–1004.

148. Loberto, N.; Prioni, S.; Bettiga, A.; Chigorno, V.; Prinetti, A.; Sonnino, S. J. Neurochem. 2005, 95, 771–783.

149. Song, K. S.; Li, S.; Okamoto, T.; Quilliam, L. A.; Sargiacomo, M.; Lisanti, M. P. J. Biol. Chem. 1996, 271, 9690–9697.

150. Smart, E. J.; Ying, Y. S.; Mineo, C.; Anderson, R. G. Proc. Natl. Acad. Sci. USA 1995, 92, 10104–10108.

151. Liu, P.; Ying, Y.; Anderson, R. G. Proc. Natl. Acad. Sci. USA 1997, 94, 13666–13670.

152. Wu, C.; Butz, S.; Ying, Y.; Anderson, R. G. W. J. Biol. Chem. 1997, 272, 3554–3559.

153. Couet, J.; Sargiacomo, M.; Lisanti, M. P. J. Biol. Chem. 1997, 272, 30429–30438.

154. Waugh, M. G.; Lawson, D.; Hsuan, J. J. Biochem. J. 1999, 337, 591–597.

155. Bilderback, T. R.; Gazula, V. R.; Lisanti, M. P.; Dobrowsky, R. T. J. Biol. Chem. 1999, 274, 257–263.

156. Silva, W. I.; Maldonado, H. M.; Lisanti, M. P.; Devellis, J.; Chompre, G; Mayol, N.; Ortiz, M.; Velazquez, G.; Maldonado, A.; Montalvo, J.

Int. J. Dev. Neurosci. 1999, 17, 705–714.

157. Bravo-Zehnder. M.; Orio, P.; Norambuena, A.; Wallner, M.; Meera, P.; Toro, L.; Latorre, R.; Gonzalez, A. Proc. Natl. Acad. Sci. USA 2000, 97,

13114–13119.

158. Waugh, M. G.; Lawson, D.; Tan, S. K.; Hsuan, J. J. J. Biol. Chem. 1998, 273, 17115–17121.

159. Eckert, G. P.; Igbavboa, U.; Mueller, W. E.; Wood, W. G. Brain Res. 2003, 962, 144–150.

160. Kim, K.-B.; Kim, S.-I.; Choo, H.-J.; Kim, J.-H.; Ko, Y.-G. Proteomics 2004, 4, 3527–3535.

161. Prinetti, A.; Prioni, S.; Chigorno, S.; Karagogeos, D.; Tettamanti, G.; Sonnino, S. J. Neurochem. 2001, 78, 1162–1167.

162. Arvanitis, D. N.; Min, W.; Gong, Y.; Heng, Y. M.; Boggs, J. M. J. Neurochem. 2005, 94, 1696–1710.

163. Fiedler, K.; Kobayashi, T.; Kurzchalia, T. V.; Simons, K. Biochemistry 1993, 32, 6365–6373.

164. Kim, T.; Pfeiffer, S. E. J. Neurocytol. 1999, 28, 281–293.

165. Simons, M.; Kramer, E. M.; Thiele, C.; Stoffel, W.; Trotter, J. J. Cell. Biol. 2000, 151, 143–154.

166. Roper, K.; Corbeil, D.; Huttner, W. B. Nat. Cell. Biol. 2000, 2, 582–592.

167. Molander-Melin, M.; Blennow, K.; Bogdanovic, N.; Dellhede, B.; Mansson, J.-E.; Fredman, P. J. Neurochem. 2005, 92, 171–182.

168. Parkin, E. T.; Hussain, I.; Karran, E. H.; Turner, A. J.; Hooper, N. M. J. Neurochem. 1999, 72, 1534–1543.

169. Mukherjee, A.; Arnaud, L.; Cooper, J. A. J. Biol. Chem. 2003, 278, 40806–40814.

170. Kim, K.-I.; Lee, J.-W.; Lee, C. S.; Kim, B.-W.; Choo, H.-J.; Jung, S.-Y.; Chi, S.-G.; Yoon, Y.-S.; Yoon, G.; Ko, Y.-G. Proteomics 2006, 6, 2444–2453.

171. Vinson, M.; Rausch, O.; Maycox, P. R.; Prinjha, R. K.; Chapman, D.; Morrow, M.; Harper, A.; Dingwall, C.; Walsh, F. S.; Burbidge, S.;

Riddell, D. R. Mol. Cell. Neurosci. 2003, 22, 344–352.

172. Vetrivel, K. S.; Cheng, H.; Kim, S.-H.; Chen, Y.; Barnes, N.; Parent, A. T.; Sisodia, S. S.; Thinakaran, G. J. Biol. Chem. 2005, 280, 25892–25900.

173. Yu, W.; Zou, K.; Gong, J.-S.; Ko, M.; Yanagisawa, K.; Michikawa, M. J. Neurosci. Res. 2005, 80, 114–119.

174. Bruegger, B.; Graham, C.; Leibracht, I.; Mombelli, E.; Jen, A.; Wieland, F.; Morris, R. J. Biol. Chem. 2004, 279, 7530–7536.

175. Cheng, S.; Bawa, D.; Besshoh, S.; Gurd, J. W.; Brown, I. R. J. Neurosci. Res. 2005, 81, 522–529.

176. Rosslenbroich, V.; Dai, L.; Franken, S.; Gehrke, M.; Junghans, U.; Gieselmann, V.; Kappler, J. Biochem. Biophys. Res. Commun. 2003, 305,

392–399.

177. Maekawa, S.; Iino, S.; Miyata, S. Biochim. Biophys. Acta 2003, 1610, 261–270.

178. Ledesma, M. D.; Abad-Rodriguez, J.; Galvan, C.; Biondi, E.; Navarro, P.; Delacourte, A.; Dingwall, C.; Dotti, C. G. EMBO Rep. 2003, 4,

1190–1196.

179. Arvanitis, D. N.; Yang, W.; Boggs, J. M. J. Neurosci. Res. 2002, 70, 8–23.

180. Besshoh, S.; Bawa, D.; Teves, L.; Wallace, M. C.; Gurd, J. W. J. Neurochem. 2005, 93, 186–194.

181. Gebreselassie, D.; Bowen, W. D. Eur. J. Pharmacol. 2004, 493, 19–28.

182. Zehmer, J. K.; Hazel, J. R. J. Exp. Biol. 2003, 206, 1657–1667.

183. Nanjundan, M.; Possmayer, F. Biochem. J. 2001, 358, 637–646.

184. Palestini, P.; Calvi, C.; Conforti, E.; Daffara, R.; Botto, L.; Miserocchi, G. J. Appl. Physiol. 2003, 95, 1446–1452.

185. Ramos, M.; Lame, M. W.; Segall, H. J.; Wilson, D. W. Vascular Pharm. 2006, 44, 50–59.



726 Lipid Membrane Domains in Glycobiology
186. Woods, W. G.; Schroeder, F.; Igbavboa, U.; Avdulov, N.; Chochina, S. V. Neurobiol. Aging 2002, 23, 685–694.

187. Kawarabayashi, T.; Shiji, M.; Younkin, L. H.; Wen-Lang, L.; Dickson, D. W.; Murakami, T.; Matsubara, E.; Abe, K.; Ashe, K. H.; Younkin,

D. G. J. Neurosci. 2004, 24, 3801–3809.

188. Heffer-Lauc, M.; Lauch, G.; Nimrichter, L.; Fromholt, S. E.; Schnaar, R. L. Biochim. Biophys. Acta 2005, 1686, 200–208.

189. Radeva, G.; Sharom, F. J. Biochem. J. 2004, 380, 219–230.

190. Radeva, G.; Perabo, J.; Sharom, F. J. FEBS J. 2005, 272, 4924–4937.

191. Yamamura, S.; Handa, K.; Hakomori, S. Biochem. Biophys. Res. Commun. 1997, 236, 218–222.

192. Lockwich, T. P.; Liu, X.; Singh, B. B.; Jadlowiec, J.; Weiland, S.; Ambudkar, I. S. J. Biol. Chem. 2000, 275, 11934–11942.

193. Rodgers, W.; Crise, B.; Rose, J. K. Mol. Cell. Biol. 1994, 14, 5384–5391.

194. Stan, R.-V.; Roberts, W. G.; Predescu, D.; Ihida, K.; Saucan, L.; Ghitescu, L.; Palade, G. E. Mol. Biol. Cell 1997, 8, 595–605.

195. Oh, P.; Schnitzer, J. E. J. Biol. Chem. 1999, 274, 23144–23154.

196. Iwabuchi, K.; Handa, K.; Hakomori, S. J. Biol. Chem. 1998, 273, 33766–33773.

197. Hansen, G. H.; Immerdal, L.; Thorsen, E.; Niels-Christiansen, L. L.; Nystrom, B. T.; Demant, E. J.; Danielsen, E. M. J. Biol. Chem. 2001, 276,

32338–32344.

198. Hakomori, S.; Handa, K.; Iwabuchi, K.; Yamamura, S.; Prinetti, A. Glycobiology 1998, 8, xi–xix.

199. Tillack, T. W.; Allietta, M.; Moran, R. E.; Young, W. W., Jr. Biochim. Biophys. Acta 1983, 733, 15–24.

200. Rahmann, H.; Rosner, H.; Kortje, K. H.; Beitinger, H.; Seybold, V. Prog. Brain. Res. 1994, 101, 127–145.

201. Ishitsuka, R.; Sato, S. B.; Kobayashi, T. J. Biochem. 2005, 137, 249–254.

202. Lagerholm, B. C.; Weinreb, G. E.; Jacobson, K.; Thompson, N. L. Annu. Rev. Phys. Chem. 2005, 56, 309–336.

203. Saxton, M. J.; Jacobson, K. Annu. Rev. Biophys. Biomol. Struct. 1997, 26, 373–399.

204. Jacobson, K.; Sheets, E. D.; Simson, R. Science 1995, 268, 1441–1442.

205. Sheets, E. D.; Lee, G. M.; Simson, R.; Jacobson, K. Biochemistry 1997, 36, 12449–12458.

206. Varma, R.; Mayor, S. Nature 1998, 394, 798–881.

207. Pralle, A.; Keller, P.; Florin, E. L.; Simons, K.; Horber, J. K. J. Cell. Biol. 2000, 148, 997–1008.

208. Poole, K.; Meder, D.; Simons, K.; Muller, D. FEBS Lett. 2004, 565, 53–58.
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371. den Hertog, J.; Pals, C. E. G. M.; Peppelenbosch, M. P.; Tertoolen, L. G. J.; de Laat, S. W.; Kruijer, W. EMBO J. 1993, 12, 3789–3798.

372. Chakraborty, M.; Anderson, G. M.; Chakraborty, A.; Chatterjee, D. Brain Res. 1993, 625, 197–202.

373. Cartwright, C. A.; Simantov, R.; Kaplan, P. L.; Hunter, T.; d’Eckhart, W. Mol. Cell. Biol. 1987, 7, 1830–1840.

374. Yu, X.; Salter, M. W. Proc. Natl. Acad. Sci. USA 1999, 96, 7697–7704.

375. Lu, Y. M.; Roder, J. C.; Davidow, J.; Salter, M. W. Science 1998, 279, 1363–1367.

376. Foster-Barber, A.; Bishop, J. M. Proc. Natl. Acad. Sci. USA 1998, 95, 4673–4677.

377. Cooper, J. A.; Howell, B. Cell 1993, 73, 1051–1054.

378. Hooper, N. M. Biochem. Soc. Trans. 2005, 33, 335–338.

379. Kazlauskaite, J.; Pinheiro, T. J. Biochem. Soc. Symp. 2005, 72, 211–222.



Lipid Membrane Domains in Glycobiology 729
380. Ashall, F.; Goate, A. M. Trends Biol. Sci. 1994, 19, 42–45.

381. Allinquant, B.; Hantraye, P.; Mailleux, P.; Moya, K.; Bouillot, C.; Prochiantz, A. J. Cell Biol. 1995, 128, 919–927.

382. Ikezu, T.; Trapp, B. D.; Song, K. S.; Schlegel, A.; Lisanti, M. P.; Okamoto, T. J. Biol. Chem. 1998, 273, 10485–10495.

383. Brouillet, E.; Trembleau, A.; Galanaud, D.; Volovitch, M.; Bouillot, C.; Valenze, C.; Prochiantz, A.; Allinquant, B. J. Neurosci. 1999, 19,

1717–1727.

384. Giambarella, U.; Yamatsuji, T.; Okamoto, T.; Matsui, T.; Ikezu, T.; Murayama, Y.; Levine, M. A.; Katz, A.; Gautam, N.; Nishimoto, I. EMBO J.

1997, 16, 4897–4907.

385. Prusiner, S. B. Science 1997, 278, 245–251.

386. Collinge, J.; Whittington, M. A.; Sidle, K. C. L.; Smith, C. J.; Palmer, M. S.; Clarke, A. L.; Jefferys, J. G. R. Nature 1994, 370, 295–297.

387. Haraguchi, T.; Fisher, S.; Olofsson, S.; Endo, T.; Groth, D.; Tarentino, A.; Borchelt, D.; Teplow, D.; Hood, L.; Burlingame, A.; Lycke, E.;

Kobata, A.; Prusiner, S. B. Arch. Biochem. Biophys. 1989, 274, 1–13.

388. Stahl, N.; Borhcelt, D. R.; Prusiner, S. B. Cell 1987, 51, 229–240.

389. Stahl, N.; Baldwin, M. A.; Hecker, R.; Pan, K.-M.; Burlingame, A. L.; Prusiner, S. B. Biochemistry 1992, 31, 5043–5053.

390. Kaneko, K.; Vey, M.; Scott, M.; Pilkuhn, S.; Cohen, F. E.; Prusiner, S. B. Proc. Natl. Acad. Sci. USA 1997, 94, 2333–2338.

391. Kehset, G. I.; Bar-Peled, O.; Yaffe, D.; Nudel, U.; Gabizon, R. J. Neurochem. 2000, 75, 1889–1897.

392. Grant, S. G.; O’Dell, T. J.; Karl, K. A.; Stein, P. L.; Soriano, P.; Kandel, E. R. Science 1992, 258, 1903–1910.

393. Hakomori, S. Cancer Res. 1996, 56, 5309–5318.

394. Hakomori, S. Proc. Natl. Acad. Sci. USA 2002, 99, 10231–10233.

395. Kojima, N.; Shiota, M.; Sadahira, Y.; Handa, K.; Hakomori, S. J. Biol. Chem. 1992, 267, 17264–17270.

396. Satoh, M.; Ito, A.; Nojiri, H.; Handa, K.; Numahata, K.; Ohyama, C.; Saito, S.; Hoshi, S.; Hakomori, S. I. Int. J. Oncol. 2001, 19, 723–731.

397. Kawamura, S.; Ohyama, C.; Watanabe, R.; Satoh, M.; Saito, S.; Hoshi, S.; Gasa, S.; Orikasa, S. Int. J. Cancer 2001, 94, 343–347.

398. Nojiri, H.; Yamana, H.; Shirouzu, G.; Suzuki, T.; Isono, H. Cancer Detect. Prev. 2002, 26, 114–120.

399. Watanabe, R.; Ohyama, C.; Aoki, H.; Takahashi, T.; Satoh, M.; Saito, S.; Hoshi, S.; Ishii, A.; Saito, M.; Arai, Y. Cancer Res. 2002, 62, 3850–3854.

400. Ono, M.; Handa, K.; Withers, D. A.; Hakomori, S. Cancer Res. 1999, 59, 2335–2339.

401. Ono, M.; Handa, K.; Sonnino, S.; Withers, D. A.; Nagai, H.; Hakomori, S. Biochemistry 2001, 40, 6414–6422.

402. Hakomori, S.; Handa, K. FEBS Lett. 2002, 531, 88–92.

403. Hakomori, S. Ann. Braz. Acad. Sci. 2004, 76, 553–572.

404. Satoh, M.; Nejad, F. M.; Ohtani, H.; Ito, A.; Ohyama, C.; Saito, S.; Orikasa, S.; Hakomori, S. Int. J. Oncol. 2000, 16, 529–536.

405. Steelant, W. F.; Kawakami, Y.; Ito, A.; Handa, K.; Bruyneel, E. A.; Mareel, M.; Hakomori, S. FEBS Lett. 2002, 531, 93–98.

406. Kawakami, Y.; Kawakami, K.; Steelant, W. F. A.; Ono, M.; Baek, R. C.; Handa, K.; Withers, D. A.; Hakomori, S. JBC 2002, 277, 34349–34358.

407. Miura, Y.; Kainuma, M.; Jiang, H.; Velasco, H.; Vogt, P. K.; Hakomori, S. Proc. Natl. Acad. Sci. USA 2004, 101, 16204–16209.

408. Ono, M.; Handa, K.; Withers, D. A.; Hakomori, S. Biochem. Biophys. Res. Commun. 2000, 279, 744–750.

409. Kazui, A.; Ono, M.; Handa, K.; Hakomori, S. Biochem. Biophys. Res. Commun. 2000, 273, 159–163.

410. Iwabuchi, K.; Zhang, Y.; Handa, K.; Withers, D. A.; Sinay, P.; Hakomori, S. J. Biol. Chem. 2000, 275, 15174–15181.

411. Zhang, Y.; Iwabuchi, K.; Nunomura, S.; Hakomori, S. Biochemistry 2000, 39, 2459–2468.

412. Svennerholm, L. Adv. Exp. Med. Biol. 1980, 125, 11.

413. IUPAC–IUB Joint Commission on Biochemical Nomenclature (JCBN)Eur. J. Biochem., (1998) 257, 293–298.

414. Milhiet, P. E.; Domec, C.; Giocondi, M. C.; Van Mau, N.; Heitz, F.; Le Grimellec, C. Biophys. J. 2001, 81, 547–555.

415. Lawrence, J. C.; Saslowsky, D. E.; Edwardson, J. M.; Henderson, R. M. Biophys. J. 2003, 84, 1827–1832.

416. Yuan, C.; Johnston, L. J. Biophys. J. 2001, 81, 1059–1069.



Biographical Sketch

Sandro Sonnino was born in 1949 in Milan (Italy), and

obtained an M.Sc. in chemistry in 1973 at the Universi-

ty of Milan. He became professor of biochemistry at the

School ofMedicine, University ofMilan, in 1990, where

he is at present. His scientific activity is all related to

studies on sphingolipids. He has solved the primary

structure of 11 glycosphingolipids and has studied the

conformational, dynamic, geometrical, and aggregative

properties of the main gangliosides from the nervous

system, the role of gangliosides in the organization of

sphingolipid-enriched membrane microdomains, the

interaction processes between gangliosides and soluble

or membrane proteins, and the metabolism and traffick-

ing of gangliosides and their catabolites.

Alessandro Prinetti was born in 1965, in Milan (Italy).

He obtained an M.Sc. in pharmaceutical chemistry at

the University of Milan in 1992 and a Ph.D. in bio-

chemistry in 1997. From 2002, he is associate professor

at the School of Medicine, University of Milan. He

studies sphingolipid metabolism in neural differentia-

tion, the functional role of sphingoid molecules in the

control of growth and differentiation of neural cells, the

structure of sphingolipid-enriched membrane domains

and their functional role in neural cell signaling and in

tumor cell invasiveness, and the functional interaction

between sphingolipids and Src family proteins.

730 Lipid Membrane Domains in Glycobiology



Laura Mauri was born in 1970, in Monza (Italy),

and obtained an M.Sc. in chemistry in 1999 and Ph.D.

in biochemistry in 2003 at the University of Milan.

She became research scientist at the School of Medi-

cine, University of Milan, in 2005, where she is at

present. She is developing studies on the chemistry of

gangliosides.

Vanna Chigorno was born in 1949, in Milan (Italy),

and obtained M.Sc. in biological sciences in 1973 and

Ph.D. in applied biology in 1982 at the University of

Milan. She became Professor of Clinical Biochemistry

at the Medical School of the University of Milan in

2001, where she is at present. She developed research

in the field of ganglioside biochemistry and is now

mainly involved in research in the field of ganglioside

biomedicine.

Lipid Membrane Domains in Glycobiology 731



3.31 Receptor Modifications in Glycobiology

J. Inokuchi and K. Kabayama, Tohoku Pharmaceutical University, Sendai, Japan

� 2007 Elsevier Ltd. All rights reserved.
3.31.1 Effects of Exogenous Gangliosides on the Activities of Growth Factor Receptors 733

3.31.2 Effects of Endogenous Ganglioside Manipulation on GFR Functions 735

3.31.3 Localization of GFRs in Detergent-Resistant Membranes (DRMs) 735

3.31.4 Modulating the Microdomain Localization of GFRs by Manipulating Endogenous

Ganglioside Levels 738

3.31.5 Ganglioside GM3 and IR 738

3.31.5.1 Ganglioside GM3 Is an Inducer of Insulin Resistance 738

3.31.5.2 Caveolae Microdomains and Insulin Signaling 739

3.31.5.3 Insulin Resistance as a Membrane Microdomain Disorder 740

3.31.6 Perspective 741
3.31.1 Effects of Exogenous Gangliosides on the Activities of Growth
Factor Receptors

The biological effects of glycosphingolipids (GSLs) on modulating the functions of membrane proteins are well

known. In particular, the effects of gangliosides on growth factor receptors (GFRs) have been extensively investigated.

One of the most frequently used approaches in such studies is to observe changes in the ligand-dependent autophos-

phorylation of GFRs and the resulting signals following the addition of gangliosides into culture medium. A summary

of the effects of exogenously added gangliosides on epidermal growth factor receptor (EGFR),1–8 platelet-derived

growth factor receptor (PDGFR),9–13 fibroblast growth factor receptor (FGFR),14–17 nerve growth factor receptor

(NGFR),18,19 and insulin receptor (IR)20–22 are presented in Table 1. Although specific and direct binding have been

demonstrated for the ganglioside GM1 to cholera toxin and for GT1b (GQ1b) to botulinus toxin, the mode of

interaction between gangliosides and GFRs is yet to be determined.

The inhibitory effect of gangliosides, including GM3, GD1b, and GT1b, on ligand-dependent EGFR autophos-

phorylation has been examined in several laboratories.1–6 Generally, of the gangliosides, GM3 has been the most well

studied. Interference in ligand-induced EGFR dimerization23 and the suppression of EGFR expression8 have been

proposed as mechanism(s) responsible for the inhibitory effect of exogenous GM3 on EGFR autophosphorylation;

however, this has not yet been fully verified experimentally. On the other hand, Ladisch’s laboratory recently reported

that exogenous GD1a, but not GM3, activates EGFR.7 Whether such differences in the effects of gangliosides on

EGFR are due to characteristics of the cell lines employed or to experimental conditions remains to be clarified.

Literature describing the effect of gangliosides on PDGFR function has suggested an inhibitory effect of a- and

b-series gangliosides on the ligand-dependent receptor.9,10,12 The exception to this is the effect of the simple ganglioside

GM3. Interestingly, GM3 has no effect on PDGFR autophosphorylation, a contrast to its actions toward EGFR.9

Specific effects of individual gangliosides on FGFR autophosphorylation, particularly the inhibitory effect of

GM314 and the stimulatory effect of GM1, have been clearly established.15–17 Although the mode of action of these

effects has not been fully elucidated, Rusnati et al. have demonstrated that GM1 suppresses FGF signaling through

direct binding to FGF but not to FGFR in GM7373 fetal bovine aortic endothelial cells.15

GM1 has been receiving attention for its beneficial effects on neurological functions. For instance, an interaction

between NGFR and GM1 has been reported.18,19 Notably, Mutoh et al. observed strong complex formation between

NGFR and GM1, even after sodium dodecyl sulfate (SDS) treatment for detection by Western blotting.18 It will be

interesting to explore whether such a tight complex is formed by direct binding of GM1 to NGFR or by aggregation

through an unidentified intermediating substance.

Nojiri et al. initially examined the effect of gangliosides on IR. Using the human lymphoma IM9 cell line, they

demonstrated that sialylparagloboside and, to a lesser extent, GM3 inhibit autophosphorylation of IR.20 Adipocytes

express GM3 as a major ganglioside and GD1a as a minor one. Recently, Tagami et al. reported that GM3, but not
733



Table 1 Effects of exogenous gangliosides on GFRs

GFRs Gangliosides added Type of responses Cell lines
Reference [Signaling
molecules investigated]

EGFR GM3 Receptor autophosphorylation # H125, A431 1,2

A431 3,4

GM3 A431, SCC12 5

GM3, GD1b, GT1b NBL-W 6

GD1a Receptor autophosphorylation " NHDF 7

GM3 GM3 binds extracellular domain of EGFR in vitro 4

GM3 Suppression of receptor protein expression HC11, MG1361 8

PDGFRb GM1,GM2, GD1a,GD1b, GD3, GT1b Receptor autophosphorylation # U-1242MG, Swiss 3T3 9

GM1, GM2, GD1a, GT1b U-1242MG 10

GM1 U-1242MG 11

GM1,GM2, GD1a, GT1b SH-SY5Y 12

GM1 Swiss 3T3 13

FGFR GM3 Receptor autophosphorylation # WI38, VA13 14

GM1 Receptor autophosphorylation " GM 7373 15

Primary mixed glial

cultures containing

astrocytes

16

CHO-K1 17

NGFR (TrkA) GM1 Receptor autophosphorylation " PC12 18,19

IR 2 ! 3SPG>GM3 Receptor autophosphorylation # IM9 HL-60 20

GM3>GD1a 3T3-L1 adipocytes 21

GM3>GD1a Inhibition of insulin

stimulated cell growth

FUA169 22

H125, human lung adenocarcinoma cells; A431, human epidermoid carcinoma cells; RPTPs, isotype of transmembrane protein-tyrosine phosphatase; SCC12, human keratinocyte-
derived cells; HC11, mouse normal epithelial cells; MG1361, mouse adenocarcinoma cells; NBL-W, human neuroblastoma cells; U-1242MG, human glioma cells; NHDF, normal

human dermal fibroblasts; SH-SY5Y, human neuroblastoma cells; PC12, rat pheochromocytoma cells; IM9, human lymphocytes; HL-60, human promyelocytic leukemia cells; Swiss

3T3, mouse fibroblast; WI38, human embryonal lung diploid fibroblast; VA13, SV40-transformed WI38; FUA169, a subclone of FM3A/F28-7 mouse mammary carcinoma cells
expressing high level of GM3.
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GD1a, inhibits IR autophosphorylation.21 Gangliosides produced in various cells and organs are secreted into body

fluids, and, with plasma levels of approximately 1mM, these secreted gangliosides might affect physiologic cellular

functions. However, since many studies cited here employed abnormally high ganglioside concentrations (10–100 mM)

in culture medium, it has been difficult to form conclusions regarding the physiological role(s) of gangliosides on GFR

functions based on these studies. Thus, as mentioned in the next section, the trend of ganglioside research has shifted

to manipulating endogenous ganglioside levels.
3.31.2 Effects of Endogenous Ganglioside Manipulation on GFR Functions

The molecular cloning of nearly every glycosyltransferase gene, including the ganglioside synthase genes, has now

been accomplished.24 This has enabled the use of genetic approaches to manipulate ganglioside expression in cells

and experimental animals, which has become a powerful strategy in identifying and understanding the functions of

gangliosides in vivo. Indeed, we are getting much a clearer picture of the roles of individual gangliosides by using this

technology to control the expression of a specific ganglioside. Another approach being employed to evaluate the

functions of endogenous gangliosides is utilizing inhibitors of GSL biosynthesis, like the glucosylceramide synthase

inhibitor D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (D-PDMP) and its analogs.25–27 We used

D-PDMP to deplete the GSLs in TNF-a-treated 3T3-L1 adipocytes, and found that insulin resistance was partially

normalized 21 (discussed in Section 3.31.5; TNF- a ¼ tumor necrosis factor-a). As summarized in Table 2, both

approaches have yielded valuable information.

Since the exogenous addition of GM3 resulted in the inhibition of EGFR autophosphorylation, understanding the

roles of endogenous GM3 on EGFR function has attracted much interest. Subsequent studies have reported that

enhanced EGF signaling was observed following the suppression of GM3 expression by transfection with ganglioside-

specific sialidase cDNA28–30 or by depletion of all glucosylceramide-derived GSLs by D-PDMP.31 In addition,

applying sense or antisense oligodeoxynucleotides for GM2/GD2 synthase cDNA, to decrease or increase endogenous

GM3 levels, resulted in up- or downregulation of EGFR function, respectively.29,30,32

More direct genetic studies of GM3 influence have also been performed. Uemura et al. generated a GM3-

reconstituted cell line by transfecting the GM3 synthase (SAT-I) gene into a subclone of 3LL Lewis lung carcinoma

cells, which are normally GM3 deficient, and compared the GM3-positive cells to the corresponding mock-

transfected, GM3-negative cells.33 They found significant reduction in PDGFRa levels in the GM3-reconstituted

cells, yet there was no difference in the cell proliferation rate. Interestingly, the GM3-positive cells exhibited a more

malignant phenotype, including an increased ability to form colonies in soft agar, suggesting complementary amplifi-

cation of growth factor signaling other than signaling via the PDGFRa.33

Genetic studies have also provided more definitive information regarding the effects of gangliosides on the

PDGFRb. Mitsuda et al. have reported that PDGF signaling was suppressed in Swiss 3T3 cells expressing high levels

of GM1 following transfection with both GM2/GD2 synthase and GM1 synthase cDNAs.34 This result is supported by

the observation that exogenous addition of GM1 resulted in the inhibition of PDGF signaling via the PDGFRb.9,13

Similarly, in PC12 cells transfected with the GM1 synthase gene and expressing high levels of GM1, autophos-

phorylation of the NGF receptor TrkA and MAPK signaling were suppressed. Nishio et al. speculated that the

increased GM1 might interfere with the dimerization of TrkA by decreasing membrane fluidity.35

The ambiguity surrounding the mechanisms engaged by exogenously added gangliosides has long been a topic of

discussion, partly because of the experimental limitations in proving trans- or cis-type actions of gangliosides toward

GFRs. Nevertheless, since GFR functions are definitely affected by the expression levels and profiles of endogenous

gangliosides, it is reasonable to accept the physiological importance of the interactions between gangliosides and

GFRs. Vital information acquired from genetically manipulated animals expressing altered ganglioside production will

definitely contribute to the critical understanding of the roles of gangliosides in GFR signaling.
3.31.3 Localization of GFRs in Detergent-Resistant Membranes (DRMs)

In view of the diverse effects of gangliosides on members of the GFR family, one might ask what are the basic

principles behind the mechanisms of ganglioside actions? To address this issue, understanding the structure and

functions of membrane microdomains (lipid rafts) in relation to GFRs will be a most important key. Within the past

decade, data have emerged from many laboratories implicating microdomains as critical for proper compartmentaliza-

tion of various cellular signals. Biochemical analyses have proved that microdomains are detergent insoluble and



Table 2 Effects of endogenous gangliosides remodeling on GFR functions

GFRs

Expression
levels of
gangliosides Type of response Cell lines and treatment References

EGFR GM3 # Receptor autophosphorylation " A431 28

Sialidase(Neu2) cDNA transfection

GM3 # A431 31

D-PDMP treatment

GM3 # SCC12 29

Sialidase(Neu3) cDNA transfection 30

GM3 " Receptor autophosphorylation # SCC12 29

GM2/GD2 synthase antisense

oligodeoxynucleotide treatment

30

32

GT1b " SCC12 32

GM2/GD2 synthase cDNA

transfection

GM3 # GD3 " Receptor autophosphorylation # CHO-K1 55

GD3 synthase cDNA transfection

under the control of the human

elongation factor promotor

GM3!GD3 " Receptor autophosphorylation # CHO-K1 55

GD3 synthase cDNA

transfection under the control of

an ecdysone-inducible promotor

GM1 " GD1a " Increase of EGFR and ErbB2

in DRM. GD1a selectively

localize with EGFR on the

plasma membrane

HB2 56

CD82 cDNA transfection

GD3 " Receptor autophosphorylation # CHO-K1 57

GD3 synthase cDNA transfection

Gangliosides # Receptor autophosphorylation # CHO-K1 57

D-PPPP treatment

Gangliosides # Receptor autophosphorylation # NHDF 58

D-PPPP treatment

PDGFRb GM1 " Suppression of cell growth Swiss 3T3 34

Downregulation of receptor-

dependent ERK1/2 activation

GM2/GD2 synthase and GM1

synthase cDNAs transfection

PDGFRa GM3 " The selective downregulation of

PDGF-dependent ERK1/2

activation. Decreases of

receptor mRNA and protein

J5 33

SAT-I synthase cDNA transfection

NGFR (TrkA) Ganglioside # Receptor autophosphorylation # PC12 19

D-PDMP treatment

IR GM3 # Prevention of TNF-a-induced
defect in tyrosine

phosphorylation of IRS-1

3T3-L1 adipocyte 21

D-PDMP treatment

HB2, human mammary epithelial cells; PDMP, glucosylceramide synthase inhibitor, threo-1-phenyl-2-decanoylamino-3-

morpholino-1-propanol; PPPP, glucosylceramide synthase inhibitor, threo-1-phenyl-2-hexadecanoylamino-3-pyrrolidino-

1-propanol; J5, a subclone of mouse 3LL Lewis lung carcinoma cells expressing high level of lactosylceramide and low level

of GM3.
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highly enriched in cholesterol and GSLs, but they lack phospholipids. Thus, following sucrose density gradient

centrifugation, these subdomains are found in the low-density, detergent-insoluble fractions, so-called detergent-

resistant membranes (DRMs). Alternatively, microdomains can be obtained as low-density fractions by a nondetergent

method such as alkaline treatment of cells (e.g., with 500mM sodium carbonate buffer, pH 11).Microdomains recovered

in DRMs are often called caveolae, caveolae-like domains, glycolipid-enriched microdomains (GEMs), and lipid rafts,
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depending on cell types and areas of research study. Gangliosides have been recognized not only as useful markers for

microdomains (e.g., GM1 can be detected by FITC-conjugated cholera toxin B subunit), but also as indispensable

molecules for regulating microdomain functions. On the other hand, whether GFRs are localized in microdomains is

still a confusing issue, because biochemical isolation of DRMs generally uses detergents that are incompatible with

proteins. The literature reporting the localization of GFRs in microdomains with detergent (DRM) and nondetergent

alkaline (low-density fraction) methods is summarized in Tables 3 and 4, respectively.

It has generally been accepted that the concentration of detergents like Triton X-100 needed to isolate DRMs

in a sucrose density flotation assay is 1%. At this concentration, most GFRs are not able to localize in the DRMs and

are present in non-DRM fractions. On the other hand, GFRs can be recovered in DRMs when other,

relatively weak detergents such as 1% Brij98 or 1% Brij35 are employed (Table 3). In addition, GFRs can be

partitioned into low-density fractions by nondetergent alkaline treatment (Table 4). We demonstrated for the first

time the localization of IR in DRMs using very low concentrations of Triton X-100 (<0.08%).36 It is obvious that

artificial phenomena exist in these studies, since the localization of GFRs in DRMs is affected and dependent on

the type and concentration of detergent used. Thus, one cannot conclude the microdomain localization of GFRs

using only this biochemical approach. One reason that the localization of GFRs in DRMs is weak is that GFRs

have no lipid modification site. It is thought that GFRs cannot accumulate in microdomains without the help of

caveolin and gangliosides. This issue is discussed in Section 3.31.5.2.
Table 3 Localization of GFRs in DRMs under various detergent conditions

GFRs Flotation assay conditions DRM Non-DRM Cell line References

EGFR 1% Brij98 þþþ þ HB2 56

0.25%, 0.5%, 1% TritonX-100 þþþ CHO-K1 57

1% TritonX-100 þþþ SCC12 29

PDGFRb 1% TritonX-100 þ þþ Swiss 3T3 34

FGFR 1% Brij98 þþþ WI38 14

1% TritonX-100 þ þþ
IR 1% Brij35 þþþ HepG2 59

1% TritonX-100 þþþ 3T3-L1 adipocytes 53

1% TritonX-100 þ þþ Rat adipocytes 60

0.1% TritonX-100 þþþ HuH7 40

þ insulin stimulation þþ þ
0.05% þþþ 3T3-L1 adipocytes 36

0.08% þ þþ
0.1% TritonX-100 þþþ
0.1% þþþ 3T3-L1 adipocytes 37

0.3% TritonX-100 þþþ
Rat adipocytes, isolated by collagenase digestion from epididymal fat pads of male Wistar rats; HuH7, human hepatoma

cells.

Table 4 Localization of GFRs in microdomains (low-density fractions) by nondetergent methods

GFRs
Flotation assay
conditions

Low-density
fraction

High-density
fraction Cell line References

EGFR 500mM Na2CO3 þþþ SCC12 29

NGFR 500mM Na2CO3 þ þþ PC12 35

IR (human IR cDNA

transfection)

500mM Na2CO3 þþþ CHO 61

IR 500mM Na2CO3 þþþ 3T3-L1

adipocytes

36,37,62



Table 5 Modulation on the localization of GFRs in DRMs by changing endogenous gangliosides

GFRs
Change of ganglioside levels and
microdomain localization Cell lines and treatment References

PDGFRb GM1 " Swiss 3T3 34

(DRM to non-DRM) GM2/GD2 synthase and GM1 synthase

cDNAs transfection 1% TritonX-100

NGFR (TrkA) GM1 " PC12 35

(LDF to HDF)? GM1 synthase cDNA transfection

(raft to non-raft)? 500mM Na2CO3

(GEM to non-GEM)?

IR GM2 clustering HuH7 40

No localization to DRM stimulated

by insulin

anti-GM2 antibody treatment

0.1% TritonX-100

GM3 " 3T3-L1 adipocytes 36

(DRM to non-DRM) Induced by TNF-a
0.08% TritonX-100

LDF, low-density fraction; HDF, high-density fraction.
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3.31.4 Modulating the Microdomain Localization of GFRs by Manipulating
Endogenous Ganglioside Levels

The effects of endogenous gangliosides on the localization of GFRs in microdomains are summarized in Table 5.

A direct link between signaling and microdomain localization of PDGFR following changes in endogenous ganglio-

side levels was first reported by Furukawa’s laboratory.34 They found that a shift in the localization of PDGFRb from

DRMs to non-DRMs occurred and PDGF signaling was suppressed in GM1-overexpressing Swiss 3T3 cells produced

by double transfection with GM2/GD2 synthase and GM1 synthase cDNAs. Altered growth factor signaling by the

cholesterol-depleting reagent methyl-b-cyclodextrin has also been reported.14,37–39 Methyl-b-cyclodextrin treatment

presumably destroys most microdomain structures; however, in the ganglioside-reconstituted cells discussed above,

only structural changes in the microdomains occurred, without destruction. It is worth considering that during various

cellular processes, such as growth and differentiation, cellular cholesterol levels are maintained constantly, yet

dynamic changes in the expression profiles and levels of gangliosides accompany these same processes. Elimination

of TrkA from DRMs was observed in PC12 cells transfected with the GM1 synthase gene to overexpress GM1.35 This

study, together with the report by Mutoh et al.18,19 suggest that the proper expression of GM1 in neuronal cells is

essential for successful NGF signaling via microdomains.

We found that GM3 is selectively increased in 3T3-L1 adipocytes treated with TNF-a.21 In the DRMs of these

cells, GM3 levels were double the levels found in normal adipocytes. In addition, IR accumulations in the DRMs

were diminished, while caveolin and flotillin levels were unchanged.36 GM3 depletion with the glucosylceramide

synthase inhibitor D-PDMP was able to counteract this TNF-a-induced inhibition of IR accumulation.36 In HuH7

hepatoma cells, which lack caveolin, IRs associate with DRMs in response to insulin stimulation, but antibody cross-

linking of GM2 resulted in a loss of this association.40 Such results support the likelihood that localization of IRs to the

DRMs is affected by the presence of not only caveolin but also GSLs, especially gangliosides. This possibility is

discussed extensively in the next section.
3.31.5 Ganglioside GM3 and IR

3.31.5.1 Ganglioside GM3 Is an Inducer of Insulin Resistance

Insulin elicits a wide variety of biological activities, which can be globally categorized into metabolic and mito-

genic actions. The binding of insulin to IR activates IR internal-tyrosine kinase activity. The activated tyrosine-

phosphorylated IR is able to recruit and phosphorylate adaptor proteins such as insulin receptor substrate (IRS).

The phosphorylated IRS then activates PI3 kinase, resulting in the translocation of glucose transporter 4 to the plasma

membrane to facilitate glucose uptake. This IR–IRS–PI3 kinase signaling cascade is the representative metabolic
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pathway of insulin. On the other hand, the mitogenic pathway of insulin signaling initiates phosphorylation of Shc by

activated IR; then, Shc activates Ras-MAPK signaling.

When mouse adipocytes are cultured in low concentrations of TNF-a, interference of insulin action occurs.21

Unlike many acute effects of this cytokine, this interference requires prolonged treatment of at least 72h, suggesting

that TNF-a induces the synthesis of an inhibitor that is the actual effector. We have demonstrated that insulin

resistance in adipocytes treated with 0.1nM TNF-a was accompanied by a progressive increase in cell surface GM3.

This increase was reflected in increases in cellular GM3 content and in GM3 synthase activity and mRNA levels,

indicating that TNF-a upregulates GM3 synthesis at the transcriptional level.21 The glucosylceramide synthase

inhibitor D-PDMP,25 which depletes cellular GSLs, counteracted the TNF-a-induced increase in GM3 and, moreover,

completely normalized the TNF-induced defect in tyrosine phosphorylation of IRS-1 in response to insulin stimula-

tion.21 These findings are further supported by the recent observation that a knockout mouse lacking GM3 synthase

exhibits enhanced insulin signaling.41

Hotamisligil et al. reported that treating adipocytes with TNF induces an increase in the serine phosphorylation of

IRS-1.42 This phosphorylation is important, as the purified phosphorylated IRS-1 can directly inhibit IR tyrosine

kinase activity. In addition, we have shown that the TNF-a-induced serine phosphorylation of IRS-1 could be

completely suppressed by inhibiting GM3 biosynthesis in the adipocytes with D-PDMP.21 This suggests that the

elevated GM3 synthesis induced by TNF-a caused the upregulation in serine phosphorylation of IRS-1. Since TNF-

induced serine phosphorylation of IRS-1 can occur through the activation of a variety of kinases, including protein

kinase C, c-Jun NH2-terminal kinase, p44/42 kinase, and PI3 kinase, it will be important to identify the actual

kinase(s) activated by endogenous GM3.

Adipose tissues of obese-diabetic db/db, ob/ob, and KK-Ay mice and Zucker fa/fa rats produce significant levels of

TNFa,43 compared to expression in adipose tissues from lean control animals. Interestingly, the obese-diabetic

animals do not exhibit any evidence of altered expression of other cytokines, such as TNF-a, interleukin-1 (IL-1),

or interferon-g (IFN-g),43,44 leading to the use of an experimental model in which the expression of GM3 will be

analyzed in the epididymal fat of these animals which serve as models of insulin resistance. In fact, we found that GM3

synthase mRNA levels are significantly higher in the adipose tissues of Zucker fa/fa rats and ob/ob mice compared to

tissues from their lean counterparts (Figure 1).21 We are currently analyzing the levels of GM3 expression in adipose

tissues and plasma from other rodent models as well as from humans with type 2 diabetes.
3.31.5.2 Caveolae Microdomains and Insulin Signaling

Caveolae are a subset of membrane microdomains and are particularly abundant in adipocytes,45 where they play a

critical role in insulin metabolic signal transduction.39 Disruption of microdomains by cholesterol extraction with

methyl-b-cyclodextrin progressively inhibits tyrosine phosphorylation of IRS-1 and insulin-induced glucose transport
Figure 1 Significant increase of SAT-I gene and GM3 in obese-diabetes models.
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activation, although IR autophosphorylation andMAP kinase activation are not impaired.39 Similarities between these

results in cell culture and findings in clinical insulin resistance46 suggest a potential role for microdomains in the

pathogenesis of this disorder.

Couet et al. demonstrated the presence of a caveolin-binding motif (fXXXXfXXf) in the b-subunit of IRs that
could bind to the scaffold domain of caveolin.47 Mutation in this motif results in the inhibition of insulin signaling,48

and, in fact, mutations in the IR b-subunit have been found in type 2 diabetes patients.49 Lisanti’s laboratory reported

that caveolin-1-null mice develop insulin resistance when placed on a high-fat diet.50 Interestingly, insulin signaling,

as measured by IR phosphorylation and its downstream targets, is selectively decreased in the adipocytes of these

animals, yet signaling in both muscle and liver cells is normal. The signaling defect has been attributed to a 90%

decrease in IR protein content in the adipocytes, with no change in mRNA levels, indicating that caveolin-1 serves to

stabilize the IR protein.50,51 These studies clearly indicate the critical importance of the interaction between caveolin

and IR in executing successful insulin signaling in adipocytes.

Although direct interaction between caveolin-1 and IR has been demonstrated by the above studies, investigations

into the presence of IRs in DRMs/caveolae have provided conflicting data (Table 3). Saltiel and colleagues have

reported that insulin stimulation of 3T3-L1 adipocytes was associated with tyrosine phosphorylation of caveolin-1.52

However, since only trace levels of IR have been recovered in the caveolae microdomains in assays with a buffer of 1%

Triton X-100, they speculated on the presence of intermediate molecule(s) bridging IR and caveolin. 53 Gustavsson

et al. also observed dissociation of IRs from caveolin-containing DRMs after treatment with 0.1–0.3% Triton X-100.37

Detergents used in DRM studies have been shown to solubilize membrane proteins selectively and enrich sphingo-

lipids and cholesterol over glycerophospholipids, although Triton was found to be the most reliable detergent.54 By

employing low detergent concentrations, we were able to demonstrate the presence of IR in DRMs.36 As summarized

in Table 6, there is much evidence demonstrating that the localization of IRs in caveolae microdomains is essential for

successful metabolic signaling of insulin.
3.31.5.3 Insulin Resistance as a Membrane Microdomain Disorder

We have presented evidence above that in adipocytes under a state of insulin resistance induced by TNF-a, the
transformation to a resistant state may depend on increased ganglioside GM3 biosynthesis following upregulated GM3

synthase gene expression. Additionally, GM3may function as an inhibitor of insulin signaling during chronic exposure

to TNF-a.21 These findings are further supported by a recent report that mice lacking GM3 synthase exhibit

enhanced insulin signaling.41 Since GSLs, including GM3, are important components of DRMs/caveolae, we have

pursued the possibility that increased GM3 levels in DRMs confer insulin resistance upon TNF-a-treated adipocytes.

We examined the effect of TNF-a on the composition and function of DRMs in adipocytes and demonstrated that

increased GM3 levels result in the elimination of IRs from the DRMs while raft marker proteins such as caveolin and

flotillin remain in the DRMs. Although the localization of IRs to DRMs may be maintained by an association with

caveolin-1, as mentioned above, excess accumulation of GM3 in the DRMs may weaken the IR–caveolin interaction.

Indeed, we found that IR, but not caveolin-1, was co-immunoprecipitated with an anti-GM3 antibody (unpublished

observation). The current view of microdomains in the state of insulin resistance is depicted in Figure 2. Further work

is in progress to elucidate the mechanisms involved in the interactions of the ganglioside GM3, IR, and caveolin in the

microdomains.
Table 6 Localization of insulin receptor in caveolae microdomains is essential for insulin’s metabolic signaling

Direct Binding of IR

and caveolin-1

IR has caveolin-binding domain 47

Co-immunoprecipitation of IR and caveolin 48

Co-localization of IR

and caveolin-1

IR and caveolin in light-density fractions by sucrose density flotation assay 61

Fluorescence microscope 37

Electron microscope 63

Signaling Stimulation of caveolin-1 tyrosine phosphorylation by insulin 52,62

Caveolin-deficient mice show insulin resistance due to accelerated degradation

of IR in adipose tissue

50,64

Cholesterol depletion disrupts caveolae and metabolic signaling of insulin 39,65

Increased GM3 eliminates IR from DRM and inhibits IR-IRS-1 signaling 21,36

The last column lists references given at the end of this chapter.
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3.31.6 Perspective

As discussed in this review, there have been many varied investigations into the interactions between gangliosides and

GFRs. However, we were still unable to determine a generalized mechanism(s). Rather, there must be a reason that

ganglioside functions cannot be easily categorized into one common picture.

It is thought that gangliosides, which are expressed in a cell type-specific manner, interact with various molecules,

including GFRs on plasma membranes, through noncovalent bonds, such as electrostatic and hydrophobic interac-

tions. In this manner, ganglioside family members might participate in various cellular activities by forming dynamic

suprabiomolecular complexes in the membranes of living cells. The presence of membrane microdomains (rafts),

then, would reflect the characteristics of individual cells. Gangliosides accumulate in microdomains saturated and

relatively long acyl chains (compared to those of phospholipids) in their ceramide backbone accelerate their self-

aggregation. In addition, since gangliosides expose sialic acid residues to the outside of the outer leaflet membranes, it

would be very interesting to know their true physiological counterparts in electrostatic interactions in microdomains.

On the other hand, it is thought that GFRs, which are not lipidated, cannot stay in microdomains without the help of

microdomain-resident proteins such as caveolin; EGFR, PDGFR, and IR are known to possess a caveolin-binding

domain in their intracellular regions.47 The relative binding affinity of GFRs to caveolin appears to be weak, since

GFRs could be localized in DRMs only when low concentrations of Triton X-100 were used. Such studies reveal the

limitations in the biochemical isolation of microdomains like DRMs (Table 3). Therefore, in order to understand the

behavior and function of GFRs in microdomains under physiological conditions, new approaches are being consid-

ered, including molecular fluorescent imaging of GFRs and of microdomain-resident molecules in living cells.
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3.32.1 Preface

Immunoglobulin (Ig) is one of the most extensively studied glycoproteins that functions as an antibody in the humoral

immune system, mediating recognition of foreign antigens and interactions with a variety of effector molecules

through versatile modes of molecular interactions. It is produced by plasma cells derived from the B-cells and work

in the blood, tissue fluids, and secretions.

To date, the knowledge about Ig structures and interactions has been accumulated owing to the availability of X-ray

crystallographic and NMR data, which have revealed the localizations and conformations of the binding sites of Ig

molecules responsible for the interactions with the antigens and other molecules, for example, Fc receptors (FcR’s) and

bacterial Ig-binding proteins. Some of those interactions are no doubt influenced by the glycosylation of Ig molecules.

In particular, the carbohydrate moieties of IgG, a major class of antibodies, are essential for its proper biological

functions, and abnormalities of IgG glycosylation are associated with pathological states (Chapter4.20). In this chapter,

we present an outline of molecular interactions of antibodies from the glycobiological and structural biology aspects.
3.32.2 Basic Structures and Molecular Interactions of Immunoglobulin

3.32.2.1 Basic Structures of Immunoglobulins

3.32.2.1.1 Immunoglobulin G
The basic unit of each antibody is a monomeric Y-shape molecule composed of two kinds of polypeptides, viz. heavy

and light chains, each of which is divided into two distinct regions, a variable (V) and a constant (C) region. The
745
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Figure 1 Basic structures of human Ig molecules. Variable and constant regions are shown in yellow and green,

respectively. N- and O-glycosylation sites are indicated by a red circle and bar, respectively. IgA dimer contains SC as well

as the J-chain. Compared with the IgA1 hinge, there is a 13-residue deletion in the hinge region of IgA2. IgA2m(1) allotype

lacks disulfide bridges between the heavy and light chains. Instead, the two light chains are disulfide-linked to each other.
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variable region is responsible for the antigen recognition, while the constant region determines Ig classes and

subclasses. In humans and rodents, antibodies consist of five Ig classes, IgG, IgM, IgA, IgE, and IgD, according to

the types of the heavy chain constant regions, g, m, a, e, and d, respectively (Figure 1).

IgG is the most abundant antibody with an approximate molecular mass of 150kDa and assumes a Y-shape monomer

that consists of two heavy chains (with the identical amino acid sequence) and two light chains (with the identical

amino acid sequence). The heavy (g) chains of IgG are composed of four Ig domains, VH, Cg1, Cg2, and Cg3, while the

light chains are divided into two Ig domains, VL and CL. The Cg1 and Cg2 domains are separated by the hinge region,

where the two heavy chains are disulfide-linked to each other. NMR analyses demonstrated that the hinge region has a

mosaic structure with heterogeneous nature of flexibility with the disulfide-linked, rigid core part flanked by upper

and lower hinges, which are highly flexible peptide segments.1,2 The flexible parts of the hinge region are susceptible

to the attack of proteases.3 For example, papain cleaves the upper hinge of human IgG1, giving rise to two Fab and one

Fc fragments. While Fab has antigen-binding capacity, Fc is a disulfide-linked homodimer of the C-terminal halves of

the heavy chains (Cg2–Cg3) and promotes effector functions through interactions with complements or cellular Fcg

receptors (FcgR’s). In human andmouse, the g-chains are classified into four subtypes and define IgG subclasses IgG1,

IgG2, IgG3, and IgG4 for human, while IgG1, IgG2a, IgG2b, and IgG3 for mouse. Effector functions of IgG’s depend

on their subclasses.

Three-dimensional structures, determined by X-ray crystallographic analyses, are available for whole IgG

molecules4–7 and for a variety of proteolytic fragments8–11 (Figure 2). Individual Ig domains assume a compact

globule formed by antiparallel strands (seven in C domains or nine in V domains) arranged in two b-sheets, which is

called Ig fold. Each of the V domains, that is, VH or VL, possesses three loops with hypervariable sequences, which

form the antigen-combining site and are therefore called complementarity-determining regions (CDRs). So far, a

number of Fab fragments complexed with their specific ligands have been determined by X-ray crystallographic

methods (Chapter 2.05).11 Crystal structures of IgG-Fc fragments complexed with the extracellular portion of FcR’s

for IgG and with bacterial Ig-binding proteins have also been reported (vide infra). The Fc portions of all IgG

subclasses possess one conserved glycosylation site at Asn297 in each of the Cg2 domains, where complex biantenn-

ary-type oligosaccharides are expressed into the interdomain space (Chapter 1.02).
3.32.2.1.2 Immunoglobulin M
IgM is another major antibody produced in the primary immune response to antigens. Although the IgM monomers

are composed of two heavy and two light chains like IgG molecules, the heavy (m) chain consists of VH and four

constant domains, Cm1, Cm2, Cm3, and Cm4, plus the C-terminal tail piece. The Cm2 domain substitutes for the hinge

region and the Cm3 and Cm4 are equivalent with the Cg2 and Cg3 of IgG, respectively. IgM circulates in the serum both

as a disulfide-linked pentamer and hexamer. Each pentameric IgMmolecule possesses one jointing (J) chain, which is

a polypeptide of 137 amino acids with a single glycosylation site at Asn48.12 No crystal structure has so far been



Figure 2 Crystal structures of intact mouse IgG2a, human IgG1-Fc, human IgE-Fc, and human IgA1-Fc in the complex
with sFcaRI. N-glycans are colored in red. These figures were generated with PyMOL (http://pymol.sourceforge.net/).
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available for the whole IgM molecule. According to the electron microscopic and synchrotron X-ray scattering data,

the IgMmolecule has a planar structure with a central ring composed of five Fc portions and side-to-side displacement

of the Fab arms in the plane of the molecule.13 The m-chain of human secreted IgM possesses five conserved

N-glycosylation sites: Asn171 (Cm1), Asn332 (Cm2), Asn395 (Cm3), Asn402 (Cm3), and Asn563 (tailpiece).
3.32.2.1.3 Immunoglobulin A
IgA, the third major Ig class, plays the most important role in mucosal immunity. In secretions, IgAs are mainly found

as dimers. In addition to the heavy (a) and light chains, dimeric IgA contains a J-chain and a secretory component (SC),

which is a glycoprotein composed of five Ig-like domains. In humans, there are two IgA subclasses, IgA1 and IgA2,

with two allelic variants (A2m(1) and A2m(2)). Human IgA1-Fc contains two N-glycosylation sites, that is, Asn263

(Ca2) and Asn459 (tailpiece), whereas the hinge region is heavily O-glycosylated.
3.32.2.1.4 Immunoglobulin E
IgE is a minor Ig class and mediates antiparasitic immune responses and the inflammatory reactions of allergy and

asthma. Like IgM, the heavy (e) chain of IgE contains four constant domains, viz. Ce1, Ce2, Ce3, and Ce4. The Ce2, Ce3,

and Ce4 domains of human IgE have three (Asn140, Asn168, and Asn218), one (Asn265), and three (Asn371, Asn383,

and Asn394) N-glycosylation sites, respectively. The crystal structure of human IgE-Fc fragment composed of the

Ce3–Ce4 domains reveals a large rearrangement of the N-terminal Ce3 domains when compared to related IgG-Fc

structures:14 the IgE-Fc adopts a more compact, closed configuration that places the two Ce3 domains in close

proximity, and decreases the size of the interdomain cavity. The crystal structure of the IgE-Fc that consists of the

Ce2, Ce3, and Ce4 domains has revealed that the Ce2 domains are folded back asymmetrically onto the Ce3 and Ce4

domains, which causes an acute bend in the IgE molecule.15
3.32.2.1.5 Immunoglobulin D
IgD is another minor class of Ig’s. These molecules are monomers composed of two heavy and two light chains without

any additional chains. Human IgD occurs most abundantly as a membrane-bound antibody on the surface of mature
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B-cells. Among human Ig isotypes, IgD possesses the longest hinge sequence (64-amino-acid residues) with three

N-glycosylation sites (Asn354 in Cd2 and Asn445 and Asn496 in Cd3). Like IgA1 molecules, the hinge region of human

IgD contains multiple O-linked glycosylation sites, that is, Ser109, Thr126, Thr127, Thr131, and Thr132.
3.32.2.2 Interactions of Immunoglobulin: FcR’s

FcR’s are key molecules of the immune system, linking humoral and cellular immunity by interacting with antibodies.

Structures of FcR’s for IgG, IgA, and IgE (designated as FcgR, FcaR, and FceR, respectively) have so far been

described.16,17 They are members of the Ig superfamily and possess Ig-like extracellular domains with the exception

of FceRII, which is a lectin-like molecule.

FcgR’s are a heterogeneous family of membrane glycoproteins expressed on almost every cell of the immune

system. In mice and humans, FcgR’s are grouped into three basic classes. FcgRI are high affinity receptors for

monomeric IgG with three Ig-like extracellular domains while FcgRII and FcgRIII are composed of two Ig-like

domains and have low affinities for monomeric IgG but bind avidly IgG-containing immune complexes. The cross-

linking of FcgR-bound IgG by multivalent antigens or the interaction of preformed immune complexes with

FcgR allows clustering of the FcgR and initiates a variety of effector mechanisms, such as phagocytosis, the release

of inflammatory mediators, and antibody-dependent cell-mediated cytotoxicity (ADCC).

NMR study indicated that binding of mouse soluble form of FcgRII (sFcgRII) onto one of the two symmetrically

related sites on IgG2b (consisting of the lower hinge and, in parts, of the Cg2 in the spatial proximity thereto) induces a

conformational change in the other site.18 This conformational change accounts for the 1:1 stoichiometry observed for

IgG and FcgR. This explains why the interaction between IgG molecules and FcgR does not trigger cellular responses

in the absence of cross-linking by multivalent antigens and do not lead to spontaneous inflammatory responses that

would be deleterious for the organism.19

There are two reported crystal structures of the Escherichia coli-expressed sFcgRIII proteins complexed with human

IgG1-Fc, both of which demonstrate that the lower hinge region of the Fc fragment is predominantly involved in

the interaction with the loops of the C-terminal domain of FcgRIII (Figure 3).20,21 In both crystal structures, a 1:1

stoichiometric complex of sFcgRIII and Fc components was observed. The formation of a 2:1 complex would be

prevented because the asymmetry of the Fc fragment bound to one sFcgRIII molecule would disallow the same

binding mode for a second receptor molecule as revealed by the NMR study of the interaction between mouse IgG2b

and sFcgRII.
18,19

X-ray crystallographic study provides a structural basis of the interaction between human IgE-Fc and the a-chain of

FceRI (FceRIa), high-affinity receptor for IgE-Fc. The crystal structure revealed that one receptor binds one IgE-Fc

fragment (composed of Ce3 and Ce4) asymmetrically through interactions at two sites, each involving one Ce3 domain

(Figure 3).22 The interaction of one receptor with the IgE-Fc blocks the binding of a second receptor, similarly to the

IgG–FcgR interactions.

Low-affinity IgE receptor (FceRII) is a type II membrane protein and interacts with a number of ligands. The IgE-

binding domain of FceRII has high similarity with C-type lectins such as asialoglycoprotein receptor. The solution

NMR study shows that the C-type lectin domain of FceRII can bind both IgE-Fc and CD21 simultaneously as their

binding sites are nonoverlapping.23 IgE binds FceRII using a motif in the Ce3 domain and glycosylation of IgE-Fc is

not required for this interaction.24 Importance of lectin-like property of FceRII has been inconsistently reported for

binding to IgE25,26 and CD21.27 Thus the effect of IgE glycosylation on binding to FcERII remains controversial.

Crystal structures of human sFcaRI complexed with the Fc region of IgA1-Fc indicates that, unlike 1:1 FcgRIII:IgG

and FceRI:IgE complexes, two FcaRI molecules bind each Fc dimer, one at each Ca2–Ca3 junction28 (Figure 3).

The neonatal Fc receptor (FcRn) belongs to another type of FcR that transports IgG across epithelia, binding IgG in

acidic vesicles (pH<6.5) and releasing it in the blood at pH 7.4. This receptor assumes an MHC class I-like structure.

The low (6.5Å) resolution crystal structure of a 1:2 rat FcRn/IgG-Fc complex revealed that the a1 and a2 domains of

one FcRn molecule interacts with the Cg2–Cg3 interface on each chain of the Fc homodimer.29 The 1:1 complex

structure between rat FcRn and a heterodimeric IgG-Fc that contains only a single FcRn-binding site was demon-

strated at 2.8Å resolution (Figure 3).30

FcgR’s have several N-glycosylation sites, and, in some cases, those carbohydrate moieties affect the interactions

with their cognate ligands. Glycosylation of human sFcgRIII expressed by baby hamster kidney (BHK) cells was

shown to have an inhibitory effect on the interaction with human IgG3.31 Recently, glycosylation at Asn162 of human

sFcgRIIIa produced by HEK293-EBNA cells was reported to modulate interaction with human IgG’s depending

upon the glycoform of IgG-Fc 32 (see Section 3.32.4.2.2). Glycosylation of FcgRIII also affects its interactions with

complement receptor type 3, CR3.33,34 The lectin-like site of CR3, which interacts with mannose-rich compounds



Figure 3 Crystal structures of Ig-FcR complexes: IgG-Fc/sFcgRIIIa, IgE-Fc/FceRI-a chain, IgA-Fc/sFcaRI and Fc/sFcRn
complexes, and the solution structure of the lectin domain of sFceRII. The polypeptide chains of Fc and FcR molecules are

colored in green and cyan, respectively. N-Linked oligosaccharides are colored in red. In the sFceRII structure, the binding

sites of IgE-Fc and CD21 are shown in green and blue, respectively. These figures were generated with PyMOL (http://

pymol.sourceforge.net/).
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such as zymosan,35 is responsible for binding to GPI-anchored FcgRIII. The FcgRIII-CR3 co-capping is inhibited by

N-acetyl-D-glucosamine, methyl a-D-mannopyranoside, and D-mannose, suggesting that their interaction is mediated

by the lectin-binding site of CR3 and high-mannose-type oligosaccharide(s) of FcgRIII.
36 The N-glycans of recombi-

nant human sFcgRIII produced by BHK cells, which conserve the ability to interact with CR3,33 are divergent,

consisting of 20 neutral, seven monosialyl, four disialyl, five trisialyl, and one tetrasialyl oligosaccharides.37 Interest-

ingly, this recombinant human sFcgRIII exhibits high-mannose-type oligosaccharides, which were not expressed on

the mouse sFcgRII expressed by BHK cells.38
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The N-glycan attached to Asn58 of FcaRI forms two potential hydrogen bonds and a van der Waals contact with

IgA1-Fc. The N-linked carbohydrate attached to Asn128 of FcRn also contributes to IgG-Fc binding. Contacts

between IgG-Fc and oligosaccharide attached to Asn128 of FcRn account for 10–15% of the buried surface area in

the Fc–FcRn interface. Involvement in the Fc-binding of the complex-type-specific sugar residues, that is, Fuc and

GlcNAc, of FcRn suggests that optimum Fc binding affinity requires a complex-type oligosaccharide attached to

Asn128 of FcRn.
3.32.2.3 Interactions of Immunoglobulin: C1q

Interactions of Ig’s with the complement component C1q are important for activation of the complement system.

Only two classes of Ig’s, IgG and IgM, are capable of activating the classical complement pathway. Despite the

high sequence homology of IgG subclasses, their capabilities to activate complement are different. In humans, the

ability of IgG3 and IgG1 to activate complement is significantly higher than that of IgG2, while IgG4 cannot fix

complement.

The first step in the activation of the classical complement pathway by immune complexes involves the binding of

the C1 complex to the Fc regions of aggregated IgG or IgM (Figure 4). The C1q component of the complex is able to

interact with Fc by the reaction sites located on six globular heads. The crystal structure of the globular head of C1q

reveals a compact, almost spherical, heterotrimeric assembly held togethermainly by nonpolar interactions, with a Ca2þ

ion bound at the top.39 Mutational analysis of the globular domain of C1q suggests an essential role for arginine and

histidine residues in the C1q–IgG interaction.40

Morgan et al. have shown that the lower hinge region of human IgG1 is primarily responsible for the binding to C1q

as well as FcgR’s,
41 while Duncan and Winter have reported that the key binding motif of mouse IgG2b for C1q is

composed of the Cg2 residues, Glu318, Lys320, and Lys322.42 It is possible that the C1q-binding sites of murine and

human IgG have structural differences. Binding of IgG to C1q and its ability to activate complement are significantly

diminished or completely lost upon aglycosylation.42–44

Mannan-binding lectin (MBL) is a collagenous C-type lectin and can activate the complement cascade like C1q

molecule. Agalactosyl glycoforms of IgG in which Asn297 is occupied by GlcNAc-terminating glycans are reported to

interact with MBL, triggering the lectin pathway of complement activation.45
Figure 4 A diagram showing the C1q interaction with Fc. The crystal structure of the heterotrimeric C1q globular domain

are also shown. Modules A, B, and C are shown in blue, cyan, and green, respectively. The residues involved in binding to
IgG are shown in red, while the Ca2þ ion is represented as a pink sphere.
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3.32.2.4 Interactions of Immunoglobulin: Bacterial Immunoglobulin-Binding Proteins

The bacterial cell wall proteins that are capable of binding to Ig’s are widely used as powerful immunochemical

reagents for purification and quantification of Ig’s and their fragments. Protein A from Staphylococcus aureus and protein

G from Streptococcus are the most extensively studied bacterial Ig-binding proteins. The extracellular part of protein

A is composed of five highly homologous domains (E, D, A, B, and C), each of which has the ability to bind the

Fc portion of IgG. The three-dimensional structures of the B and E domains determined by NMR spectroscopy adopt

up-down three a-helix bundles.46,47 The binding site on the Fc fragment for the B domain is established from the

X-ray crystallographic and solution NMR studies.8,48 The B domain binds to the interface between the Cg2 and

Cg3 domains. In the crystal structure of the B domain complexed with human IgG1-Fc, its third helix is unfolded

(Figure 5). TheNMR spectral data indicated that in solution all three helices are preserved in the Fc-boundB domain.49

It has been reported that deglycosylation of Fc has no significant effect on the binding to protein A.50,51

The extracellular part of protein G is composed of two or three small domains that bind serum albumin and two or

three Ig-binding domains. The Ig-binding domains are composed of a central a-helix packed against a four-strand

b-sheet52,53 (Figure 5). Protein G binds the Fab as well as the Fc portions of IgG, though the former interaction is

much weaker than the latter. The interactions between protein G and the Fab/Fc regions were also studied by

NMR53–55 and by X-ray crystallography.56 The Fc-binding site for protein G is located in the cleft between the Cg2

and Cg3 domains, similarly to the binding site used by protein A (Figure 5).
3.32.2.5 Interactions of Immunoglobulin: Rheumatoid Factors and Cryoglobulins

Rheumatoid factors (RFs) are autoantibodies directed against the Fc regions of IgG molecules, which are characteris-

tic of rheumatoid arthritis (RA). X-ray crystallographic study of the complex between human IgG4-Fc and the Fab

fragment of an IgM RF revealed that this Fab binds the interface between the Cg2 and Cg3 domains.57 The epitope

recognized by this and many other RFs overlaps the binding sites of protein A and protein G (Figure 5). RF binding is

occasionally affected by glycosylation of Fc antigens. For example, reactivity of mouse IgG2b-Fc with Z34, a mouse

IgA RF, was abolished when its conserved N-glycosylation site (Asn297) was substituted with Ala.58 Glycoforms of Fc

are also involved in certain RF–Fc interactions. Galactose contents of IgG-Fc antigens modulate the affinity toward

certain RFs.59

Cryoglobulins are Ig’s that precipitate at temperatures below 37 �C and redissolve upon warming. These glycopro-

teins are clinically important because they are associated with a variety of immunoproliferative and autoimmune

disorders. It has been reported that carbohydrate moieties on the Fc portions are involved in the Fab–Fc interactions

that characterize cryoprecipitation of an IgM cryoglobulin.60 Cryoglobulin activity of murine IgG3 6–19 autoantibody

derived from autoimmune-prone mice is critically determined by levels of galactosylation and sialylation.61,62
Figure 5 Crystal structures of Fc/protein A, Fc/protein G, and Fc/RF-Fab complexes. Fc molecules are colored in green,

while protein A, proteinG, andRF-Fabare in cyan. These figureswere generatedwith PyMOL (http://pymol.sourceforge.net/).
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Significance of homogeneity of the Fc glycosylation has been suggested in cryo-crystallization of a monoclonal human

IgG1 cryoglobulin.63 Crystal structure of the Fab fragment from an IgM cryoglobulin (Yvo) revealed that the branched

N-linked oligosaccharide is covalently attached to its Cm1 domain.64 The carbohydrate may act to limit the segmental

flexibility of the Fab arms in intact Yvo IgM, especially at low temperatures.
3.32.3 Immunoglobulin Glycoforms

3.32.3.1 Glycosylation Profiles of Immunoglobulins

In humans, IgGmolecules contain an average of 2.8mol of N-linked sugar chains per IgG molecule, that is, 2.0mol per

Fc and 0.8mol per Fab. The carbohydrate moieties expressed at Asn297 of the Cg2 domain are essential for promotion

of proper effector functions. Namely, IgG molecules with aglycosylated Fc retain little ability in activating comple-

ments and binding to FcgR’s.
The carbohydrate chains linked to IgG-Fc exhibit various microheterogenieties resulting from the presence or

absence of Fuc, bisecting GlcNAc, galactose (Gal), and sialic acid (Sia) residues (Figure 6), depending on species,

aging, pathological states, and culture condition of Ig-producing cells (Chapter 2.08). N-glycans of mouse IgG are

almost fully fucosylated and lack bisecting GlcNAc.

Since each heavy chain displays an oligosaccharide at Asn297, a large number of glycan pairings may be possible

giving rise to symmetric and asymmetric glycoforms. The pairing of oligosaccharides in IgG-Fc was described on the

basis of the comparative electrospray ionization mass spectrometry data of the IgG-Fc fragments that do and do not

retain the interchain disulfide bridge(s).65 This indicates that IgG-Fc can be asymmetric as well as symmetric with

respect to glycosylation and that the ratios of the individual glycoforms are different from what is expected from the

random pairing.

About 15–20% of all IgG molecules have carbohydrate moieties in the variable regions of the heavy chain, light

chain, or both. The glycan structures exhibited by the Fab and Fc regions are significantly different: The Fab

oligosaccharide chains contain more sialic acid, Gal, and bisecting GlcNAc residues than those of the Fc (Figure 6).

The differences in the glycosylation profile between the Fab and Fc can be ascribed to the influence of different

structural factors of polypeptide portions surrounding the glycosylation sites.

The glycosylation of the variable regions can make both positive and negative impacts on the antigen-binding

ability of an antibody. The position effect of glycosylation on antigen binding was examined by site-directed

mutagenesis newly introducing N-glycosylation sites into the CDR2 segment of the VH domain of a chimeric IgG

antibody specific for a(1-6)dextran.66 The N-glycosylation at position 58 causes a 10- to 50-fold increase in the

antigen-binding affinity. In contrast, N-glycosylation at position 54 inhibits antigen binding.66

Antigen-binding affinity of a mouse monoclonal IgG antibody directed against gonadotropin-releasing hormone is

reduced upon desialylation of its variable region.67 The crystal structure of the Fab fragment of this monoclonal

antibody indicates that the covalently attached carbohydrate moiety is adjacent to the antigen-binding site.67

Asymmetric IgG’s that are glycosylated in only one of their two Fab portions have been described as nonprecipitating

antibodies. Such nonprecipitating antibodies do not activate complement and do not induce phagocytosis or opsoniza-

tion.68 Deglycosylation with N-glycanase restores the precipitating activity of murine asymmetric IgG antibodies.69

The m-chain of human IgM has five N-linked glycosylation sites. In human, Asn171, Asn332, and Asn395 are

occupied by complex-type glycans, whereas Asn402 and Asn563 express high-mannose-type glycans. Human poly-

clonal IgM from serum was found to contain 23% high-mannose-type glycans Man5–9GlcNAc2, consistent with 100%

occupancy of Asn402 and 17% occupancy of the variably occupied site at Asn563.70 A three-dimensional model of

pentameric IgM suggests that antigen-bound IgM pentamers cannot interact with MBL in a manner that activates

complement system.70

Human IgD has three N-glycosylation sites in the Fc region, viz. Asn354, Asn445, and Asn496, which express a

variety of glycans terminating in galactose and sialic acid, as well as high-mannose-type oligosaccharides, including

monoglucosylated oligomannose glycans Glca1-3Man8–9GlcNAc2. The oligomannose glycans comprised 37% of the

N-linked glycan pool, suggesting that they occupy one of the three N-glycosylation sites.71 Studies on a human

myeloma IgD have shown that Asn354 displays oligomannose glycans exclusively.72

Analysis of N-linked glycans expressed by human serum IgE revealed the presence of high-mannose-type glycans

Man4–Man8, which occupy 14% of the glycan pool.71 Of the seven potential N-glycosylation sites per e-chain of IgE,

only Asn394 displayed exclusively high-mannose-type glycans in a myeloma IgE.73,74

Sequence alignment between IgG, IgD, IgE, and IgM indicates that the Asn297 site of IgG is completely conserved

in all the four Ig classes, corresponding to Asn354, Asn394, and Asn402 of IgD, IgE, and IgM, respectively. None of the
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Figure 6 Structure of oligosaccharides attached to Fc portion of IgG and elution profiles on an ODS column of the
pyridylamino derivatives of the N-linked oligosaccharides released from the Fc and Fab fragments of human serum IgG. Sia,

N-acetylneuraminic acid; G, galactose; GN, N-acetylglucosamine; M, mannose; F, fucose. Modified from Holland, M.; Yagi,

H.; Takahashi, N.; Kato, K.; Savage, C. O.; Goodall, D. M.; Jefferis, R. Biochim. Biophys. Acta 2006, 1760, 669–677, with
permission from Elsevier.

Antibody Structures 753



754 Antibody Structures
other glycosylation sites are conserved across these classes suggesting that this common N-glycosylation may have a

conserved role in the folding, assembly and/or functions of the Ig-Fc molecules.

Over 90% of the N-glycans in human serum IgA1 were sialylated, in contrast to IgG, where<10% contain sialic acid.

Analysis of the N-glycans attached to recombinant IgA1 indicated that the N-glycosylation site in the Ca2 domain

(Asn263) contained mostly biantennary glycans, while the tailpiece site (Asn459), absent in IgG, contained mostly

triantennary structures.

Chicken serum IgG as well as egg yolk IgG (IgY) express high-mannose-type oligosaccharides with monoglucosyla-

tion, that is, Glca1-3Man7–9GlcNAc2, high-mannose-type oligosaccharides with the size range of Man5–9GlcNAc2, and

biantennary complex-type oligosaccharides.75,76 Mass spectrometric analysis of glycopeptides derived from chicken

serum IgG revealed that Asn407 in the CH3 domain (structurally equivalent to Asn297 of the Cg2 domain of

mammalian IgG) expresses only high-mannose-type oligosaccharides while Asn308 in the CH2 domain displays

exclusively complex-type N-glycans.77

O-Linked glycans are located in the hinge regions of human IgA1,78 human IgD,79 mouse IgG2b,80 mouse IgG3,81

and a genetic variant of rabbit IgG, the d12 allotype molecules.82–84 Approximately 40% of the heavy chain of mouse

IgG2b are O-glycosylated at Thr221A in the hinge region, predominantly with a tetrasaccharide composed of

GalNAc, Gal, and two N-glycolylneuraminic acid residues.80 The O-glycosylation renders the hinge region resistant

against the attack of proteases. Asymmetrically O-glycosylated mouse IgG2b and rabbit IgG are digested by papain,

giving rise to a Fab/c fragment, which possesses a single Fab portion linked to the Fc portion by one intact heavy

chain. Mass spectrometric analyses of a short-chain variant of mouse IgG2a that lacks the entire Cg1 domain showed

that approximately 14% of the heavy chain of this variant is O-glycosylated with a disaccharide of Gal-GalNAc at

Thr220A in the hinge region, while the O-glycosylation does not occur in its parent IgG2a molecule.85

In the hinge region of human IgA1, Thr228, Ser230, and Ser232 are fully O-glycosylated, while Thr225 and Thr236

are O-glycosylated partially.78 O-Linked oligosaccharides with reduced contents of galactose and/or sialic acid in the

hinge region of IgA1 have been reported for some IgA nephropathy patients.86
3.32.3.2 Structural Aspects of Immunoglobulin Glycosylation

X-ray crystallographic studies have shown that the complex-type glycans expressed at Asn297 of human IgG1-Fc are

packed between the two Cg2 domains (Figure 7).4,8 Two Cg2 domains do not associate closely and the two carbohy-

drate chains attached to Asn297 mediate their weak contact. In the case of rabbit IgG-Fc, GlcNAc-5 in the Mana1-3
branch does make contact with GlcNAc-2 and Man-3 of the other carbohydrate chain.9 In the crystal structure of

mouse IgG2a, on the other hand, no contacts are made between the two oligosaccharides.5 This discrepancy may be

due to mobility of the Cg2 domains characterized by high crystallographic B factors.

The core and the Mana1-6 branch of the biantennary oligosaccharides of IgG-Fc make contact with the inner

surface of the Cg2 domain,8,9 whereas the Mana1-3 branch of the oligosaccharides does not interact with the

polypeptide portion. The amino acid residues in contact with the carbohydrate moieties are well conserved in other

species of IgG’s, indicating the importance of carbohydrate–protein interactions in IgG-Fc. Replacement of a single

amino acid residue, for example, Asp265 to Ala, within the extensive sugar interaction site resulted in altered

oligosaccharide profiles.87 The genetically Cg3- or hinge-deleted forms of humanized IgG1 expressed increased levels

of digalactosylated or sialylated oligosaccharide chains.88

Dynamics of the carbohydrate chains attached to IgG-Fc have been studied by NMR spectroscopy using 13C

labeling of the glycans (Chapter 3.35).89 NMR chemical shift and line-width data demonstrate that the mobility of

the carbohydrate chain in mouse IgG2b is comparable to that of the polypeptide backbone with the exception of the

galactose residue at the nonreducing end of the Mana1-3 branch, which is extremely mobile in solution.

The crystal structure of IgE-Fc revealed the conformation of the carbohydrate chain attached to Asn394 in each Ce3

domain (corresponding to Asn297 in Cg2 of IgG-Fc).22 Two branched carbohydrate chains occupy a central location in

the structure. The electron density indicates a high-mannose-type structure, with two GlcNAc and five Man units

visible in each chain. Both oligosaccharide chains interact principally with the Ce3 domain to which they are attached.

The two carbohydrate chains make no contact with each other. Only the innermost GlcNAc residue attached to

Asn394 of IgE-Fc is involved in the interaction with the a-chain of FceRI. The limited involvement of the IgE-Fc

glycan is consistent with its nonessentiality in the IgE-FceRI interaction.
90 In one of the two reported crystal structures

of the complex of human IgG1-Fc and sFcgRIII, the innermost GlcNAc residue attached to Asn297 of Fc is within a

hydrogen-bonding distance (3.2Å) to the Arg152 of FcgRIII.
20
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The crystal structure of the IgA1-Fc/FcaReceptor complex suggests that Fc portion of IgA1 structurally resembles

the IgG-Fc, but has differently located interchain disulfide bonds and displays external rather than interdomain

N-linked oligosaccharides expressed at Asn263.28 Each N-glycan at Asn263 makes contacts with both the Ca2 and Ca3

domains, unlike the N-glycans attached to the Fc portions of IgG and IgE, which contact only the Cg2 and Ce3

domains, respectively.
3.32.4 Effects of Glycosylation on Effector Functions

3.32.4.1 Deglycosylation of Immunoglobulins

Effects of deglycosylation on physicochemical properties, biological activities, and serum half-lives of IgG-Fc have

long been studied using various systems. Aglycosyl IgG molecules, which have been prepared by treating hybridoma

cells with tunicamycin, by glycosidase treatments of IgG, or by site-directed mutagenesis at position 297 of IgG-Fc,

retain little ability in activating the complement cascade and in binding to FcgR’s.
43,44,50,91–93 These results indicate

that the oligosaccharides linked to Asn297 are of vital importance for promotion of proper effector functions of IgG,

while removal of the IgG-Fc glycans did not influence binding to staphylococcal protein A nor antigens.50,94 Aglycosyl

IgG molecules can be secreted from Ig-producing cells, indicating that the oligosaccharide chains are not essential for

this process,43,44,94 while N-linked glycan at Asn354 in human IgD is required for proper assembly and secretion of this

molecule.95 The catabolism of IgG is also little affected by aglycosylation.43,96

The local structural changes of the lower hinge and its spatial proximity were observed by NMR spectroscopy upon

deglycosylation at Asn297,50,51,97 which is responsible for the loss of the FcgR binding. Analyses of differential

scanning microcalorimetry revealed that truncation of the sugar residues attached to Fc resulted in a reduction in

thermal stability of the Cg2 domain.98

Glycosylation is also important for the effector function of IgM. Replacement of Asn402, which corresponds to

Asn297 of IgG, causes the increased production of monomeric IgM and the reduction in the activity of complement-

dependent cytolysis.99 Removal of the N-glycans expressed on the IgM and IgA tailpiece leads to increase in the

antibody avidity.100,101
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3.32.4.2 Glycoforms and Effector Functions

3.32.4.2.1 Galactose residues
The long-studied variation of the Ig glycans results from the presence or absence of the nonreducing terminal Gal

residues. The neutral oligosaccharides linked to IgG are classified into three types, viz. G0, G1, and G2, which contain

zero, one, and two terminal Gal residues, respectively.102 Increases in the proportion of serum IgG’s that carries glycans

bearing G0 have been reported for a number of inflammatory autoimmune diseases such as RA.103–108 It has been

reported that certain RFs bind better to Gal-deficient IgG molecules59 and that IgG glycoform lacking Gal in the Fc

region bind to MBL causing activation of the complement.45

On the other hand, Gal content in IgG glycans is significantly increased during pregnancy, when remission of RA

symptoms occur.109 In addition, fetal IgG exhibits more galactosylated oligosaccharides than maternal IgG.110,111 It

has been reported that agalactosyl IgG exhibits a significant degree of reduction of the ability to bind to C1q and

FcgR’s, resulting in impaired effector functions.112–114 However, the observed effects of agalactosylation on FcgR-

mediated activity or FcgR-binding varies depending upon details of the analyses, and even contradictory data have

been reported.92,115–117 NMR and X-ray structural analyses show that degalactosylation induces little or no conforma-

tional alternation of the polypeptides and oligosaccharides of human IgG1-Fc (Figure 8).10,50 Stable isotope-assisted

NMR analyses of the carbohydrate chains attached to mouse IgG2b-Fc indicated that agalactosylation does not induce

any significant change in the mobility of the glycan.89
3.32.4.2.2 Fucose/bisecting GlcNAc residues
Several recombinant monoclonal antibodies are being used as human therapeutics (Chapters 4.32 and 4.33). Cur-

rently, methods that improve effector functions are developing. Attachment of a third arm to the carbohydrate via

bisecting GlcNAc has been reported to improve ADCC.118,119 Furthermore, lack of fucose on human IgG1 oligosac-

charide has been demonstrated to improve binding to FcgRIIIa, leading to dramatic enhancement of ADCC.115,120–122

Low Fuc chimeric anti-CC4 IgG1 antibody showed significantly higher antitumor activity than the highly fucosylated

antibody in a murine xenograft model employing a CC chemokine receptor 4 (CCR4)-positive T-cell lymphoma

and human peripheral blood mononuclear cells.123 As found for IgG1, Fuc-negative variants of IgG2, IgG3, and IgG4

exhibited enhanced ADCC and FcgRIIIa-binding compared with their highly fucosylated counterparts.124 In constant,

removal of Fuc did not affect complement-dependent cytotoxicity.124

Glycosylation of human FcgRIIIa mentioned above modulates its interaction with IgG’s, depending on the Fc

glycoforms.32 The carbohydrate moiety at Asn162 of sFcgRIIIa has positive and negative contributions to the

interaction with nonfucosylated and fucosylated IgG1-Fc glycoforms, respectively.
3.32.4.2.3 NeuAc residues
Several studies have reported for effects of sialylation on IgG functions,125,126 although the carbohydrate moieties

displayed on IgG-Fc are usually little sialylated. A human IgG3 mutant with Phe243 to Ala (F243A) produced in

CHO-K1 parental cell line was significantly (a2-3)-sialylated (53% of N-glycans) and has reduced effector functions

mediated by FcgRI, FcgRII, and complement. Upon transfection of a rat a-2,6-sialyltransferase gene, this IgG mutant

becomes sialylated (60% of N-glycans) with (a2-6)- to (a2-3)-linked sialic acid at a ratio of 9:1 and able to promote

effector functions at comparable levels of wild-type IgG3.125 Contrastingly, sialidase treatment of monoclonal human

IgG1 was reported to result in no loss of complement lysis or ADCC activity from batch to batch.126 Hence, the effect

of sialylation on IgG effector functions remains to be argued.

In IgG, the Fab oligosaccharides are more sialylated than the Fc glycans. Comparative glycosylation analysis of a

series of mouse IgG3 monoclonal antibodies showed an inverse correlation between the extent of sialylation and

cryoglobulin activity.62 The content of negatively charged sialyloligosaccharides attached to Fab seems to be a

determining factor of cryo-precipitating properties of the mouse monoclonal IgG3 cryoglobulins.62
3.32.4.2.4 Nonbisecting GlcNAc/Man residues
The GlcNAc residues (GlcNAc-5/50) in the outer arms of human IgG-Fc glycans contribute significantly to the

thermal stability of the Cg2 domains but only slightly to binding to sFcgRIIb and sFcgRIIIa.
50,117 Truncation of

Mana1-3 andMana1-6 branch-mannose residues (Man-4,40) resulted in a significantly decreased affinity for sFcgRIIb.
117

NMR and X-ray structural analyses of a series of human IgG1-Fc show that GlcNAc-5/50 and Man-4/40 contribute to

the structure of C0E loop which is a part of the FcgR-binding sites (Figure 8).10,50 X-ray crystallographic data argue
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that conformational change in the C0E loop upon the removal of GlcNAc-5/50 and Man-4/40 causes the mutual

approach of two Cg2 domains.10

Stable isotope-assisted NMR data of a series of human IgG1-Fc glycoforms indicate that the stepwise trimming out

of the carbohydrate residues results in concomitant increase in the number of amino acid residues perturbed thereby

in the Cg2 domains.50 In particular, the cleavage at the GlcNAcb1-4GlcNAc glycosidic linkage by endoglycosidase

D treatment abrogated the affinity of IgG1-Fc for sFcgRIIIa as well as induced the conformational alterations of part of

the lower hinge region, which makes no direct contact with the carbohydrate moieties and forms the major FcgR-

binding site. These results indicate that GlcNAc-2 and/or the trimannosyl part of the Fc-glycans are required for

maintaining the structural integrity of the FcgR-binding site of IgG-Fc.
3.32.4.2.5 High-mannose and other types of oligosaccharides
The mouse–human chimeric antibody was successfully secreted from yeast cells.127 Glycosylation patterns of yeast-

derived and Sp2/0 cell-derived chimeric antibodies are different, although the comparison of oligosaccharide profile

was not performed. Yeast chimeric antibody exhibited ADCC but not complement-dependent cytotoxic activity.

The effects of altered carbohydrate structures on antibody effector functions were also reported by using the Chinese

hamster ovary (CHO) cell line Lec 1, which produces IgG with high-mannose-type oligosaccharides.128 Although the

Lec 1-produced chimeric mouse–human IgG1 was properly assembled and retained antigen-binding specificity,

the antibody showed substantially deficient in C1q binding and reduced affinity for FcgRI. The in vivo half-life of

IgG1-Lec 1 was shorter than that of the counterpart. Clearance of IgG1-Lec 1 was inhibited by the yeast-derived

mannan, suggesting that the uptake of IgG1-Lec 1 appears to be accelerated by the presence of terminally mannosylated

oligosaccharide(s).
3.32.5 Glycosylation of Therapeutic Antibodies and Perspective

During the past two decades, 18 monoclonal antibodies as therapeutic products have been approved by the US Food

and Drug Administration.129 The demand for the industrial production of monoclonal antibodies is increasing and

number of approved antibodies for therapeutic use will be growing in the next few years. Antibody therapeutics have

been produced by utilizing cultured cells such as CHO or murine myeloma cells. However, since the cultivation

of mammalian cells is expensive and time consuming, other systems under development and evaluation include

plants,130 filamentous fungi,131 insect cells,132 and transgenic animals.133–136 The efficacy of an antibody therapeutic is

critically dependent on appropriate glycosylation, which heavily depends on host species of Ig-production systems.

It is important to find ways to improve the efficacy of clinical antibodies. To increase the potency of therapeutic

antibody, several methods are reported to date. One promising method is modification of antibody glycoforms.

Several groups have reported that ADCC enhancement can be achieved by manipulating IgG oligosaccharide.

Among all of the sugar residues in the oligosaccharide, Gal, bisecting GlcNAc, and Fuc have been reported to affect

ADCC (vide supra).

Amino acid substitution of human IgG1 is another method to improve the ADCC.137 Triple amino acid replacement

(S298A/E333A/K334A) of human IgG1 was found to enhance ADCC by twofold compared with wild-type IgG1.

Recent studies have shown that FcRn regulates IgG concentrations both in the serum and throughout the body.138–140

Engineering of the Fc region of human IgG 1 to bind higher affinity and reduced pH dependence to FcRn potently

inhibits interaction of FcRn with endogenous IgG’s and induces a rapid decrease of the IgG levels in mice.141 Such

antibodies to enhance IgG degradation may have benefits in reducing the IgG levels in antibody-mediated diseases.

Disulfide-linked neoglycoproteins can be prepared by coupling of thioaldoses with cysteine-containing proteins.142

A series of synthetic 1-thio-N-glycans were coupled to an aglycosylated IgG1-Fc fragment with Cys in place of Asn297

through a disulfide bridge. The Fc neoglycoprotein disulfide-linked to Man3GlcNAc2 exhibits an ability to FcgRI

much higher than the aglycosyl Fc but is less active than that of wild-type Fc.142 Such approaches would not only be of

useful for determining biological roles of individual glycoforms but would also be valuable for the production of

therapeutic antibodies.

Systematic approaches of molecular biology and chemical biology to produce engineered glycoforms and neoglyco-

forms of Ig molecules coordinated with modern analytical chemistry, structural biology, and therapeutics will become

more necessary for elucidation of underlying mechanisms of antibody functions and of the intracellular and extracel-

lular behaviors of Ig molecules controlled by N- and O-glycosylation of Ig classes as well as those of their cognate

receptors, which is crucial for the development of industrially useful Ig glycoproteins.
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Note Added in Proof

Since the submission of this manuscript, an article has been published (Matsumiya et al. J. Mol. Biol. 2007, 368,

767–779) that reports structural comparison of fucosylated and nonfucosylated Fc fragments of human IgG1. In this

paper, X-ray crystallographic and NMR spectroscopic data demonstrate that fucosylation induces no significant

conformational change in IgG1-Fc except for alteration in hydration mode around Tyr296.
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Glossary

ADCC ADCC is one of the effector functions and a therapeutically important mechanism of clinically effective antibodies.

ADCC is a lytic attack on target cells to which antibodies are bound, triggered upon binding of leukocyte FcgR’s to IgG-Fc region.
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3.33.1 Generation of Antibodies to Carbohydrate

3.33.1.1 Antiglycosphingolipid Mabs

3.33.1.1.1 Mouse and rat
Monoclonal antibodies (Mabs) to determine cancer and differentiation antigens were generated by immunizing mice

and rats with whole tumor cells and embryonic cells in the early 1980s. Surprisingly, it turned out that most of the

antibodies reacting specifically with cancer and embryonic cells were against oligosaccharides that belong to the lacto-,

neolacto-, ganglio-, or globoseries of glycosphingolipids and glycoproteins (Chapters 3.32 and 4.22).1 They were

identified as cancer-associated and differentiation antigens. Numerous Mab’s to carbohydrate were generated and

characterized (Tables 1–8).2

It should be emphasized that glycosphingolipids compared to glycoproteins and glycosaminoglycans have some

technical advantages for the detection of their antigens; highly sensitive and stable methods such as an enzyme-linked

immunosorbent assay (ELISA) and a thin-layer chromatography (TLC)-immunostaining were established.3,4 Several

immunization protocols against animals have been established; representative methods are by immunizing mice

with purified glycosphingolipids adsorbed to Salmonella minnesota, with the glycosphingolipids conjugated with

keyhole limpet hemocyanin, and with the glycosphingolipids together with liposomes containing lipid A.5–7 Some

oligosaccharide determinants having Lex, O-acetylated sialic acid, sulfated derivatives are highly immunogenic,

whereas other oligosaccharides and glycosphingolipids, in particular gangliosides having monosialic acid, are very

poor immunogens against mice (Chapter 3.17). Systematic characterizations of the immunogenicity of glycosphingo-

lipids against various strains of mice have made it possible to generate Mab’s specific for glycosphingolipids with high

efficiency (Figure 1).8,9

These works revealed that antibody responses depend not only on the glycosphingolipid used as an immunogen but

also on the mouse strain (Figure 1). Gangliosides having a trisaccharide sequence (NeuAca2-8NeuAca2-3Gal-), in
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Table 1 Lactoseries

Recognized carbohydrates Name (Ig class) Reference

LacCer T5A7 (IgM) 82

Lc3 J-1 (IgM) 83

Lc4 FC10.2 (IgM) 84

K21 (IgM) 85

HMST-1 (IgM) 86

IV2FucLc4 101 (IgM) 87

IV3NeuAcLc4 DU-PAN-2 (IgM) 88

K4 (IgM) 89

SL-50 (IgM) 90

IV3III6NeuAc2Lc 4 FH-9 (IgG2a) 91

III4FucLc4 (Le
a) CA37-4, DG4-1 (IgG1), CA4-C4 (IgG2a), BC9-ES (IgG3)a 92

CO-514 (IgG3) 93

III4V4Fuc2 Lc6 NCC-ST-421 (IgG3) 94

IV3NeuAcIII4FucLc4 (sialyl Le
a) N-19-9 (IgG1) 95

C-50 (IgM) 96

CC3C195 (IgM) 97

Span1 (IgM) 98

MSW113 (IgG3) 99

KM231 (IgG1) 100

KM01 (IgG1) 101

2D3, 4E2 (IgM), 1H4 (IgG3)b 102

IV3III6NeuAc2III 
4FucLc4 FH-7 (IgG3) 103

III3IV2Fuc2 Lc4 (Le
b) NS-10 (IgM), CO431, CO294 (IgG3) 104

Blood group A (type 1) MH2/6D4, A15/3D4, TL5 (IgM) 105

MASO16C (IgM), HT29-36 (IgG3) 106

AH21 (IgM), AH16 (IgG3) 107

HT29-36 (IgG3), CB, CHL6, S12, M2 (IgM) 108

A Leb HH3 (IgG2a) 109

Blood group B (type 1) 1-3E-4, 1-3E-7, 1-1A-12 (IgM) 110

E2 83-52 (IgM) 111

Some Mab’s are available from Cell Bank and commercial organizations:
aATCC;
bSeikagaku Corporation.

Table 2 Neolactoseries

Recognized carbohydrates Name (Ig class) Reference

nLc4 1B2 (IgM) 112

A5 (IgM) 113

My28 (IgM) 114

2G10 (IgM) 115

PGF1H11 (IgM) 116

nLc5 TE-4, TE-5, TE-7 (IgM), TE-6 (IgG3) 117

nLc6 (i-antigen) MH21-134 (IgG3) 118

NCC-1004 (IgM) 119

GL-1,-2 (IgM) 120

isonLc8 C6 (IgM) 121

III3FucnLc4 (Le
x ) WGHS29 (IgM) 122

525A5, 534F8, 538F12 (IgM) 123

ZWG13, 14, III (IgM) 124

My-1 (IgM) 125

VEP8, VEP9 (IgM) 126

1G10 (IgM) 127

FH-2, -3 (IgM) 128

III3FucnLc6 SSEA-1 (IgM) 129

III3V3Fuc2 nLc6 SH-2 (IgG) 130

III3V3VII3 Fuc3 nLc10 ACFH-18 (IgM) 131
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III3IV2Fuc2 nLc4 (Le
y) C14/1/16/10 (IgM) 132

F-3 (IgM)a 133

75.12 (IgM) 134

AH-6 (IgM) 135

Luca6 (IgM) 136

NL-9 (IgM) 137

III3V3VI2Fuc3 nLc6 KH-1 (IgM) 138

CC-1, CC-2 (IgM) 139

IV3NeuAcnLc4 NS24 (IgM) 140

NGR54 (IgG3)b 32

IV6NeuAcnLc4 1B9 (IgG3) 141

LM-4 (IgG2a) 142

MSG-15 (IgM) 143

NGR53 (IgG3)b 32

IV3NeuAcIII3FucnLc4 (sialyl Le
x ) CSLEX-1(IgM)c,d 144

KM-93 (IgM)d 145

SNH-3 (IgM) 146

SNH-4 (IgG3) 147

HECA-452 (IgM)c 148

2H5 (IgM)e 149

2F3 (IgM)e 150

VI3NeuAcV3III3Fuc2 nLc6 FH-6 (IgM) 151

3-5E (IgG3) 146

IV3GalanLc4 Gal-13 (IgG1) 152

III3V4Fuc2 nLc4 115C2, 115G3 (IgG1) 153

43-9F (IgM) 154

IV3III3NeuAc2 isonLc6 NUH-2 (IgM) 155

VI3NeuGcnLc6 SHS-1 (IgM) 156

Sulfate-3-GlcAb 1-3Galb 1-4GlcNAc HNK-1 (IgM) 157, 158

L9 (IgM) 159

NGR50 (IgG2a)d 160

III6SO4III
3 FucnLc4 AG223, AG107 (IgM) 161

IV3NeuAcIII6SO4 nLc4 G72 (IgM) 162

IV3NeuAcIII3FucIII6SO4nLc4 G152 (IgM) 162

IV3NeuAcIII3FucIV6III6(SO4 ) 2nLc4 G2706, G27011, G27037, G27039 (IgM) 162

IV2FucnLc4 BE2 (IgM) 112

H-11 (IgM) 163

S1 (IgG2a), S3 (IgG3) 164

C12 (IgM) 165

SA, SL, LC (IgM), 41-83, 118 (IgG3) 166

Blood group A (type 2) KM32 (IgM) 167

HH4 (IgG3) 168

A1 (type2) TH-1 (IgG2a) 169

ALey HH2 (IgG3) 109

Gala1-3Galb 1-4GlcNAc 2C5 (IgM) 170

Blood group B (type2) EI15-2 (IgM) 111

KH10, LD2, TC6, TD10, LA4 (IgM) 171

Some Mab’s are available from Cell Bank and commercial organizations:
aSignet Laboratories, Inc.;
bRiken Cell Bank;
cATCC;
dSeikagaku Corporation;
ePhamingen.

Table 2 (continued)

Recognized carbohydrates Name (Ig class) Reference
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particular O-Ac-GD3, induced high-titer antibody responses, whereas those having a disaccharide sequence

(NeuAca2-3Gal-) induced low-titer antibody responses (NeuAc¼N-acetylneuraminic acid). On the other hand,

gangliosides with N-glycolylneuraminic acid (NeuGc) developed minimum titers. In contrast, asialo-gangliosides

inducedmuch higher responses than the corresponding gangliosides. Mice were divided into three groups according to



Table 3 Ganglioseries

Recognized carbohydrates Name (Ig class) References

GM3 M2590 (IgM)a 172

FCM1 (IgM) 173

DH2 (IgG3) 174

GMR6 (IgM)a 175

GM3(NeuGc) GMR8 (IgM)b 176

MSG-1 (IgM) 156

GM3(de-N-acetyl-) SMR36 (IgM) 177

GM2 OFA-I-1 (IgM) 178

5-3, 10-11 (IgM) 179

MK1-16, 1-17, 1-18 (IgM)a 180

3-207 (IgM) 181

GMB28 (IgM)b 175

GM2(NeuGc) YHD-07 (IgM) 182

MK2-34 (IgM)a 180

2-39M (IgM) 183

GMR14 (IgM)b 176

GM1 GMB16 (IgM)a 175

AGM-1, -2, -3 (IgM) 184

GM1-1 (IgG1), GM1-2a (IgG2a) 12

IV 2 Fuc-GM1 F3, F12, F14 (IgG), F1, F2, F4, F15 (IgM)c 185

Lex -GM1 I88C1 (IgM) 186

GD1a GMR17 (IgM)a 175

mAb (IgM) 187

GD1a-1 (IgG1), GD1a-2a (IgG2a), GD1a-2b (IgG2b) 12

GalNAc-GD1a 2A3D2, 2D11E2 (IgM)a 188

GT1a GMR11 (IgM)a 175

GD3 R24 (IgG3)d,e, f 189

4.2. (IgM) 190

MB3.6 (IgG3) 191

2B2, 1F4, MG21 (IgG3) 65

LeoMel3 (IgM) 192

ME361 (IgG3)d 193

HJM1 (IgM) 173

DSG-1 (IgM) 194

GMR19 (IgM)a 195

KM641, 643 (IgM) 196

S2-566 (IgM)a 197

GD3(NeuGc2) 32-27M (IgM) 183

GMR3 (IgM)b 176

O -Ac-GD3 D1.1 (IgM)f,g,h 198

ME311 (IgG3) 199

3G5 (IgM)d 200

JONES (IgM)i 201

RB13-2 (IgM) 202

GMR2 (IgM)a 195

GD3(de-N-acetyl-) SGR37 (IgG3) 177

GD2 OFA-I-2 (IgM) 203

126 (IgM) 191

2F7, 3A7, 3G6 (IgM), 3F8 (IgG3) 204

14.18 (IgG3)d 205

LeoMel3 (IgM) 206

A1-267, -285, -410, -425 (IgG3), A1-201, A1-245 (IgM) 207

BW625, BW704 (IgG3) 208

GMR7 (IgM)a 195

S220-51 (IgG3) 209

GD1b MoAb (IgM) 210

GGR12 (IgG3)a 195

5G6 (IgM) 211

GD1b-1 (IgG1) 12
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GT1b GMR5 (IgM)a 195

GT1b-1 (IgG1), GT1b-2a (IgG2a), GT1b-2b (IgG2b) 12

GQ1b 4F10 (IgG3), 7F5 (IgG2a), 4E7 (IgG2a) 212

GMR13 (IgM)a 195

GT3 18B8 (IgM) 213

M6703 (IgG3) 214

O-Ac-GT3 493D4 (IgM) 215

GT2 M6704 (IgM) 214

GT1c, GQ1c, GP1c Q211 (IgM) 216

GD1a KA-17 (IgM)d 217

GQ1ba , GT1ba GGR41 (IgG2a)b 218

Asialo-GM2 2D4 (IgM) 219

Asialo-GM1 SH-34 (IgM) 220

MW-1, -2, -3, -4, -5(IgM) 221

AG-1 (IgM)a 222

103HT30 (IgM) 223

H2G10 (IgM) 224

GM1b GGR51 (IgG2a)b 34

NA-6 (IgM) 225

GD1c(NeuGc2) YK-3 (IgM) 226

GalNAcb1-4(GlcNAcb1-3)Galb 1-4 Y1328-18, -51 (IgG3) 227

II3SO4Lac (SM3) 49-D6, 7-E10 (IgM)a 228

SD1a 2H11ES, 2H6G5 (IgM), 4A9E10 (IgG)a 229

GM3-lactone P5-1, P5-3 (IgG1) 230

GM1-lactone AMR38 (IgM)b 231

GD1a-lactone AMR40 (IgM)b 231

GD3-lactone BBH5 (IgM) 232

GD3-lactone AMR19 (IgM)b 231

Some Mab’s are available from Cell Bank and commercial organizations:
aSeikagaku Corporation;
bRiken Cell Bank;
cCan Ag. Diagnostics AB;
dATCC;
eCalbiochem;
fAbCam Limited;
gZymed Laboratories;
hLeinco Technologies, Inc.;
iSigma-Aldorich.

Table 3 (continued)

Recognized carbohydrates Name (Ig class) References
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the magnitude of their antibody responses. The pattern of reactivity to the various gangliosides was similar in all

strains tested. Using the method by immunizing C3H/HeN mice, a number of sets of Mab’s for glycosphingolipids

were generated, which include ganglio-(a- and b-pathways), globo-, and galaseries (Tables 3–5). Mab’s specific for

sialic acid derivatives such as NeuGc, O-acetyl-neuraminic acid, de-N-acetyl-neuraminic acid, and lactone (an inner

ester formed between the carboxyl group of the sialic acid and a hydroxyl group of the ganglioside) were also

generated by this improved procedure. Most of the mice Mab’s to carbohydrate were of IgM, but not IgG type,

because immune responses to free sugar chains are T-cell independent. Since IgM mice Mab’s have technical

difficulties in their instability, efforts for the generation of IgG Mab’s have been tried.10–12 A new technology will

have future applications in basic science as well in clinical medicine.

A number of rat Mab’s for carbohydrates, especially for the globoseries, have been generated (Table 4). These

Mab’s have been useful for the study of the regulation and function of glycoconjugates in mice, because mouse Mab

shows high nonspecific binding and is not suitable for this kind of work.
3.33.1.1.2 Human
With regard to the generation of human Mab’s, several methods are available, depending on immortalizing human

B lymphocytes. These methods include human–human hybridomas,13 human–murine heterohybridomas,14



Table 4 Globoseries

Recognized carbohydrates Name (Ig class) Reference

Gb3 38.13 (IgM) 233

1A5 (IgM) 234

BGR23 (IgG2b)a 235

III3GalaGb3 BGR47 (IgG2b)b 235

Gb4 CC1 (IgM) 236

HJ6 (IgM) 237

BMR26 (IgM)b 235

SMLDN1.1 (IgM) 238

IsoGb4 14.2, 14.10, 14.3 (IgM) 239

GalNAcb 1-3Gala SSEA-3 (IgM) 240

Gb5 5A3 (IgM) 241

J309, D579 (IgM) 242

LacdiNAc(GalNAcb 1-4GlcNAc) SMLDN 1.1 (IgM) 238

V3NeuAcGb5 SSEA-4 (IgM) 243

V3IV6NeuAc2 Gb5 RM2 (IgM) 244

IV3GalNAcGb4 (Forssman) H1-C4 (IgM) 245

M1:22:25:8 (IgM) 246

33B12 (IgG1), 117C9 (IgM) 247

4C3 (IgM) 248

BGR27 (IgG3)b 235

V2FucGb5 (Globo-H) MBr-1 (IgM) 249

Some Mab’s are available from Cell Bank and commercial organizations:
aSeikagaku Corporation;
bRiken Cell Bank.

Table 5 Galaseries

Recognized carbohydrates Name (Ig class) References

GalCer O1 (IgM)a 250

mGalC, rGalC (IgG3) 251

AMR20 (IgM)b 34

SM4s (Sulfatide) O4 (IgM) 250

AIC3IA2 (IgG3) 252

Sulph-1 (IgG1) 253

M14-376 (IgM) 254

AGB43 (IgG3)b 34

SM4g (Seminolipid) CA10 (IgM) 255

GM4 AMR10 (IgM)b 256

Some Mab’s are available from Cell Bank and commercial organizations:
aSigma-Aldorich;
bRiken Cell Bank.
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and the Epstein–Barr virus-transformed method.15 Human Mab’s specific for melanoma antigens were generated by

transforming human B lymphocytes with Epstein–Barr virus, and these antigens were identified as ganglioside GM2

and GD2 (Table 3).
3.33.1.2 Antiglycoprotein Mabs

It is hard to generate Mab’s against glycoproteins, because when mouse and rat are immunized with xenogeneic or

allogeneic glycoproteins, they produce antibodies specific for the protein, but not for the carbohydrate portion

(Chapter 3.21). However, a number of antibodies against glycoproteins were successfully generated. Most of these



Table 6 O-glycans

Recognized carbohydrates Name (Ig class) References

T (Galb 1-3GalNAca1-Ser/Thr) 49H.24 (IgM) 257

49H.8 (IgM) 258

Tn (GalNAca1-Ser/Thr) NCC-Lu-35,-81 (IgG) 259

164H.1 (IgM) 260

FBT3 (IgM) 261

CU-1 (IgG3) 262

MLS128 (IgG3) 263

BRIC111 (IgG1) 264

91S8 (IgM), 10F4 (IgG3) 265

5F4 (IgM) 266

Sialyl Tn (NeuAca2-6GalNAca1-Ser/Thr) B72.3 (IgG1) 267

MLS102 (IgM) 268

TKH-1 (IgM), TKH-2 (IgG) 269

MLS132 (IgG3) 270

Galb1-3(NeuAc a2-6)GalNAca1-Ser/Thr CC49 (IgM) 271

NeuAca 2-3Galb 1-3(NeuAc a2-6)GalNAc a1-Ser/Thr QSH2 (IgM) 272

Galb1-4GlcNAcb1-6GalNAca1-Ser/Thr F1a79 (IgM) 17

NeuAca 2-3Galb 1-4(Fuca1-3)GlcNAcb 1-6GalNAca 1-Ser/Thr NCC-ST-439 (IgM) 273

O-GlcNAc HGAC86, HGAC39 (IgG3) 274

CTD110.6 (IgM) 275

Table 7 N-glycans

Recognized carbohydrates Name (Ig class) References

Bisecting GlcNAc MT-5 (IgM), MT-9 (IgG) 276, 277

High-mannose-type L3, L4 (IgM) 278

Fuca1-6GlcNAcb CAB2 , CAB4 (IgG3) 279

Galb1-4GlcNAcb1-2Mana1-3/6 OMB3 (IgM)a 280

Bisecting GlcNAc OMB4 (IgM)a 280

Mana1-6Manb1-4GlcNAcb1-4(Fuca1-6)GlcNAc OMR5 (IgM)a 280
Mana1-3Manb1-4 OMR6 (IgM)a 280

Polysialic acid 735 (IgG2a) 281

Some Mab’s are available from Cell Bank and commercial organizations:
aRiken Cell Bank.
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Mab’s are against O-glycans such as Tn, sialyl Tn, and T determinants (Table 6). Mab’s specific for O-GlcNAc have

been generated as well, and expected as a useful tool for the explosion of the function of O-linked GlcNAc residues in

cells and tissues. Since many carbohydrate epitopes such as ABO blood group, Ii antigen, Lea, and Leb are commonly

carried by both glycolipids and glycoproteins, Mab’s specific for glycosphingolipids are possible to react with the same

determinant of glycoproteins (Chapter 3.19). Alternative methods with synthetic glycosphingolipids and neo-glyco-

sphingolipids instead of natural glycoproteins as immunogens made it possible to generate Mab’s to glycoproteins

(Chapters 3.22 and 3.23).16,17 Regarding N-glycans, however, only a few number of Mab’s have been reported, due to

the extremely low immunogenicity of N-glycans in mice and rats (Table 7).
3.33.1.3 Antiglycosaminoglycan Mabs

A number of Mab’s specific for glycosaminoglycans have been reported (Table 8). They have been widely used to

study the chemistry and tissue localization of glycosaminoglycans, revealing changes that occur during embryogenesis

and pathological progression.18,19 These studies revealed that sulfation patterns along carbohydrate chains are clearly



Table 8 Glycosaminoglycans

Recognized carbohydrates Name (Ig class) References

Chondroitin sulfate S54C (IgG) 282

9.2.27 (IgG) 283

155.8 (IgG1) 284

CS-56 (IgM)a 285

MO-225 (IgM)a 286

6C3, 7D4 (IgG) 287

2H6 (IgM) 288

Chondroitin-6-sulfate MC21C (IgM)a 289

3B3 (IgG) 290

Chondroitin-4-sulfate LY111 (IgM)a 291

2B6 (IgG) 290

Chondroitin 473A12 (IgA)a 292

Heparan sulfate HepSS-1 (IgM)a 293

F58-10E4 (IgM)a 294

Keratan sulfate 5-D-4 (IgG1)a 295

Some Mab’s are available from Cell Bank and commercial organizations:
aSeikagaku Corporation.

Figure 1 Antibody reactivities of mouse serum after immunization with gangliosides isolated from human melanoma cells.

Ten different strains of inbred mice were immunized with each gangliosides (100mg, total amount per mouse) coated on

acid-treated S. minnesota (250mg, total amount per mouse) intravenously five times on day 0, 4, 7, 11, and 21. Sera were

obtained after 3 days from the last injection. Titers of the sera were determined by ELISA. All of the gangliosides were
prepared fromM14 cells (humanmelanoma cell line) and have NeuAc as their sialic acid moiety. Each column and horizontal

bar presents the mean and standard deviation of triplicate determinations of five mice. Antibody reactivities of C3H/HeN,

Balb/c, and C3H/HeJ are shown as a representative of groups I, II, and III, respectively. Reproduced from Kawashima, I.;

Nakamura, O.; Tai, T. Mol. Immunol. 1992, 29, 625–632, with permission.
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important in the immune recognition processes for the generation ofMab’s, although the epitope structures for most of

these antibodies remain to be studied. Methods such as immunohistochemistry and Western blot analysis with Mab’s

specific for glycosaminoglycan may solve some of these structures and metabolism and help to determine their

potential biological roles.
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3.33.1.4 Genetically Engineered Antibodies

The production of serological reagents in mice has certain biological limitations. The efficacy of murine-derived

immunoglobulin preparations is limited by the induction of antimouse immune responses. Technical difficulties

inherent in human hybridoma formation have led to novel molecular approaches that facilitate the isolation and

production of human antibodies without the need for B-cell transformation, tissue culture, or even immunized

individuals.20–23 These technologies involve the rapid cloning of immunoglobulin gene segments to immune libraries

from which antibodies with desired specificities can be selected. Thus, recombinant DNA technology makes feasible

the development of novel immunoglobulin forms. These genetic modifications may result in more useful diagnostic

reagents and in the production of more stable immunoconjugates with the characteristics of more efficient tumor

cell killing.
3.33.2 Characteristics of Antibodies to Carbohydrate

3.33.2.1 Binding Specificities

The epitopes of Mab’s specific for carbohydrates have been determined to be di- or trisaccharides located at a

nonreducing terminal or at an internal position. The structural information accumulated on lectins and antibodies

specific for carbohydrate provides useful understanding for distinct ligand-dependent distribution of hydrogen-bond

partners in the combining sites.24 Molecular biological studies of Mab’s to carbohydrate have been investigated by

several groups.25,26 Mab’s to Lex and globoside are encoded by a limited set of germ line VH and VL genes.27
3.33.2.2 Affinity and Avidity

The binding of antibodies depends on antigen density.28 High-affinity but not low-affinity antibodies directed against

the same epitope can bind to cells containing antigen below a certain threshold concentration.29

In general, glycosphingolipid and neo-glycosphingolipid antigens are readily detected with their antibodies in solid-

phase assays such as ELISA and TLC-immunostaining, because they are presented at the matrix surface in a clustered

state, which is an important requirement for interactions with their antibodies. Mab’s to carbohydrate frequently have

low affinities and give no detectable binding to monovalent carbohydrate ligands. With the oligosaccharides displayed

in a clustered state, avidities of binding are increased because of the cooperative effects of multivalency.
3.33.3 Applications of Antibodies to Carbohydrate

3.33.3.1 Basic Science

3.33.3.1.1 Immunohistochemistry and immunocytochemistry
Many Mab’s to carbohydrates have been widely used to study localization of these antigens in cells and tissues.30,31

Differential distributions of glycosphingolipids have been described in mammalian brain, alimentary tracts, and other

tissues (Figure 2).32–35

A cell type-specific expression of gangliosides has been reported in primary cultures of rat brain by an immuno-

cytochemical technique with a series of Mab’s.36–38 A number of difficulties have been reported on their techniques

including fixation, detergent treatment, and the prevention of nonspecific bindings.39–41 Thus, the interpretation of

results obtained by using these techniques should be careful, because nonspecific bindings are observed frequently,

especially in the study of mouse cells and tissues with mouseMab’s. In addition, negative staining withMab’s does not

necessarily mean that antigens are absent. A number of factors are involved in influencing the reactivity of Mab’s with

cell and tissues: (1) the density of glycosphingolipid on cells is involved in the reactivity of antibodies; (2) other

components of the cell surface may influence antibody reactivity; and (3) the ceramide portion of glycosphingolipids

may be involved in the reactivity.28,42,43 It should be noted that Mab’s obtained by the screening with solid-phase

assays such as ELISA and TLC-immunostaining are not always suitable for immunohistochemistry or immunocyto-

chemistry. In some cases, the affinity of antibodies for glycosphingolipids in solid-phase assay was different from the

avidity of antibodies for cells.



Figure 2 Indirect immunofluorescence analysis of ganglioside expression in rat cerebellar cortex. Sequential sagittal

sections were treated with Mab’s specific for gangliosides and stained with FITC-labeled goat antimouse IgG or IgM
antibody. m, Molecular layer; p, Purkinje cell layer; g, granular layer; w, white matter. Mab’s: a, GMB16 (anti-GM1);

b, GMR17 (anti-GD1a); c, GGR12 (anti-GD1b); d, GMR5 (anti-GT1b); e, GMR13 (anti-GQ1b); f, parallel section stained with

K-B technique. The bar represents 500mm. Reproduced from Kotani, M.; Kawashima, I.; Ozawa, H.; Terashima, T.; Tai,
T. Glycobiology 1993, 3, 137–146.
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3.33.3.1.2 Glycosyltransferases and molecules that regulate carbohydrate expression
A eukaryotic cell transient expression method with Mab’s has been used for the molecular cloning of cDNA on

cells. 44,45 Many cDNA clones of glycosyltransferases have been isolated by using the technique (Table 9 ).

Using the method, a number of molecules that induce carbohydrate expression on cells have been isolated and

characterized.
3.33.3.1.3 Binding proteins for carbohydrate
Several Mab’s to gangliosides have been used for the isolation of ganglioside-binding proteins. For examples, Mab to

ganglioside GD1b(AA4) immunoprecipitated membrane proteins, Src family tyrosine kinase Lyn, from rat basophilic

leukemia cells (RBL-2H3). AA4 Mab inhibited IgE binding, induced morphological changes, and blocked histamine

release, suggesting that the complexes of gangliosides, a serine kinase, and the high-affinity IgE receptor may play an

important role in receptor-mediated signal transduction.46,47 Mab to GD3(R24) also immunoprecipitated the Src

family kinase Lyn from the rat cerebellum, and the R24 treatment of primary cerebellar cultures induced Lyn

activation. Subsequently, R24 Mab immunoprecipitated the glycosylphosphatidylinositol-anchored neuronal cell

adhesion molecule TAG-1. These results suggest that gangliosides GD3 are involved in TAG-1-mediated signaling

in lipid rafts (Chapter 4.15).48,49 GT1b-binding protein, a brain-specific sodium-dependent inorganic phosphate



Table 9 cDNA molecular clonings of glycosyltransferases and related molecules using a direct expression method with

Mab’s to carbohydrate

Transferase and related molecule Mab used for cloning Reference

Sialyltransferase (ST)a

ST3GalV (SAT-I) anti-GM3 (M2590) 295

anti-GM3 (M2590) 296

ST8SiaI (SAT-II) anti-GD3 (KM641) 297

anti-GD3 (R24) 298

anti-GD2 (3F8) 299

ST3GalIII (SAT-III) anti-GT3 (M6703) 300

ST3GalII (SAT-IV) anti-MSGb5 (RMI) 301

ST8SiaIV (PST-1) anti-polysialic acid (735) 302

Fucosyltransferase (Fuc-T)
Fuc-TIII (FUTIII) anti-SSEM-1 303

Fuc-TVII (FUTVII) anti-sialylLex (KM93) 304

Fuc-TIX (FUTIX) anti-Lex (PM-81) 305

Glucosyltransferase (Glc-T)
b-1,10 -Glc-T (GlcCer synthase) anti-GM3 (M2590) 306

Galactosyltransferase (Gal-T)
a-1,4-Gal-T (Gb3 synthase) anti-Gb3 (38.13) 307

anti-Gb5 (SMLDN1.1) 308

a-1,3-Gal-T (iGb3 synthase) anti-iGb5 (SMLDN1.1) 309

b-1,3-Gal-T (GD1b/GM1/GA1 synthase) anti-GD1b (370) 310

N-Acetyl-glucosaminyltransferase (GlcNAc-T)
b-1,3-GlcNAc-T (poly-N-acetyllactosamine synthase) anti-I antigen serum 311

N-Acetyl-galactosaminyltransferase (GalNAc-T)
a-1,3-GalNAc-T (Gb5 synthase) anti-Forssman (M1/22.21) 312

b-1,3-GalNAc-T (Gb4 synthase) anti-Forssman (M1/22.25.8HL) 313

b-1,4-GalNAc-T anti-GM2 (10-11) 314

b-1,4-GalNAc-T anti-CT2 315

Sulfotransferase (ST)
Sulfate-3-GlcAb 1-3Galb 1-4GlcNAc (SGPG)ST anti-HNK-1 (HNK-1) 316

anti-HNK-1 (HNK-1) 317

O-Acetyltransferase
O-Acetyl GD3 synthase anti-O -acetylGD3 (GMR2) 318

O-Acetyltransferase anti-O -acetylGD3 (27A) 319

Miscellaneous
CMP-sialic acid transporter anti-polysialic acid (735) 320

Acetyl-CoA transporter anti-O -acetylGD3 (D1.1) 321

GalCer expression factor-1 (GEF-1) anti-GalCer (AMR20) 322

aTsuji, S.; Datta, A.K.; Paulson, J.C. Glycobiology, 1996, 6, v–vii.
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co-wtransporter, was isolated from rat brain by using an anti-GT1b specific Mab.50 These investigations clearly

indicate that studies on binding proteins of carbohydrate are essential for elucidating the involvement of carbohydrate

in signal transduction and in membrane stability on cells.
3.33.3.1.4 Peptides that mimic carbohydrate and anti-idiotype antibodies to carbohydrate
Carbohydrates have been identified as not only human cancer-associated antigens, but also significant antigens for

bacterial, viral, and fungal pathogens. Many of these antigens are poorly immunogenic in humans, requiring extensive

adjuvant sublimation. Although conjugate carbohydrate vaccines appear promising, there are limitations of using

carbohydrate formulations (Chapter 4.31). An alternative approach is to use surrogate antigens for some carbohydrates.

Thus, peptides that mimic carbohydrates have been isolated by the use of a phage-displayed random peptide library

with Mab’s specific for carbohydrate.51–53 Also, anti-idiotype Mab’s that mimic carbohydrates have been used as

antigens instead of carbohydrates (Table 10).



Table 10 Anti-idiotype antibodies to carbohydrate Mab’s

Antigen ab1 ab2 (anti-idiotype antibody) Reference

GM3 M2590 D704 (IgG1) 323

L612 4C10 (IgG) 324

GM3 (NeuGc) P3 1E10 (IgG1) 325

GD3 R24 BEC2 (IgG2b), BEC (IgG3) 326

GD2 14G2a 1A7 (IgG1) 327

3F8 C2D8, Idio-2, AIG4, C2H7, C4E4, A2A6 (IgG) 328

Sialyl Lea KM231 1-4, 7-14, 8-12, 20-13 (IgG1) 329

Sialyl Lex FH-6 Id-F2 (IgM) 330

Lc4 Cer H-50 G3 (IgG1) 331

GlcNAc A-CHO ID498 (IgG) 332
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Vaccinating against ganglioside GM3 and GD3 using anti-idiotypic Mab has been developed.54,55 These

peptides and anti-idiotype Mab’s might be further manipulated to induce responses that target biologically important

carbohydrates expressed on pathogens and on tumor cells. They may offer an alternate strategy for converting a

thymus-independent antigen to a thymus-dependent antigen.56 Thus, they are expected as vaccine therapy for cancer,

autoimmune disease, allergic disease, and parasite infection.57,58
3.33.3.1.5 Transgenic mice for anticarbohydrate antibodies
C57BL/6 mice transgenic for IgM antibody to ganglioside GD2 have been generated and characterized.59 These mice

exhibited the expansion and activation of natural killer cells, showing prolonged survival after challenge with syngenic

tumor cells. No significant clinical symptoms were observed. Thus, transgenic mice for antiganglioside antibody may

be used as model animals for experimental tumor therapy. Recently, a transgenic mouse line has been developed that

expresses an IgM anti-GM1 antibody derived from a patient with neuropathy. The transgenic mouse elicited high

serum titers of IgG anti-GM1antibodies after immunization with Campylobacter jejuni lipopolysaccharides, suggesting

possible participation of T-cells.60 Thus, mice transgenic for anticarbohydrate antibody may be useful for the

development of cancer and autoimmune neurological disease therapy.
3.33.3.2 Medical Science

3.33.3.2.1 Cancer
Tumor antigens have been analyzed by using murine and human Mab’s. Evidence accumulated during 1980s has

demonstrated that many of the epitopes recognized by these antibodies are located on carbohydrate portions of

glycoconjugates, such as glycolipids and glycoproteins or mucins.61–63 In adenocarcinomas including alimentary tract

and lung, the antigens have been identified as lacto- and neolacto-oligosaccharides such as sialyl-Lea and sialyl-Lex.

On the other hand, in neuro-ectodermal tumors, the antigens have been identified as gangliosides. In the past

two decades, numerous Mab’s recognizing the derivatives of carbohydrate described above have been reported

(Tables 1–8). Some of theseMab’s have been used as tools for imaging tumors in vivo and for diagnosis and recurrence

of cancers.64 In addition, Mab’s recognizing gangliosides have been shown to possess strong antitumor effects both

in vitro and in vivo.65–70 These Mab’s kill human melanoma cells due to their cytotoxic mechanisms such as antibody-

dependent cellular cytotoxicity and complement-dependent cytotoxicity.69 Clinical studies with murine Mab’s to

gangliosides have demonstrated partial and complete responses in patients with melanoma, neuroblastoma, and other

cancers.71,72 Human monoclonal antibodies against GD2 and GM2 were injected directly to cutaneous melanoma

nodules via the intralesional route, and complete eradication was obtained in some of the treated patients without

side effects.73,74 Since gangliosides, in particular GM2, expressed on human melanoma cells have been shown to

be immunogenic in man, active specific immunotherapy using ganglioside antigens have been attempted by

several groups.75,76 Mab-mediated cancer therapy has evoked through a challenge of problems and solutions. The

limited therapeutic success obtained with unarmed Mab’s has increased the interest in different antibody-based

targeting strategies, and numerous preclinical and clinical studies with immunoconjugates have now been conducted

(Chapter 4.33). Thus, cancer immunotherapy with active and passive immunization is still expected for an essential

therapy for patients in late-stage cancer.
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3.33.3.2.2 Auto-immune disease

3.33.3.2.2.1 Neuropathy

Antibodies specific for carbohydrate determinants occur in patients with plasma cell dyscrasia, also referred to as

paraproteinemia or gammopathy. Thus, there is a relationship between the production of these antibodies and

neuropathies, suggesting that the antibodies may cause the pathology by binding to nerve antigens. Most of these

antibodies reacted with carbohydrate determinants have been identified as glycosphingolipids. In patient sera with

neuropathies, antibodies to 3-sulfo-glucuronylparagloboside (SGPG), a principal glycoconjugate in human nerve, have

often been detected.77,78 A high proportion of the IgM paraproteins that do not react with SGPG from neuropathy

patients exhibits reactivity against ganglioside antigens.79 Acute and chronic autoimmune neuropathies, including

Guillain–Barre syndrome, are characterized by the presence of auto-antibodies that react with neural gangliosides.79,80

Evidence accumulated in the studies of humans and animals indicates that antiganglioside antibodies play a primary

neuropathologic role. Recently, a specific immunoadsorption therapy with synthetic disialogalactose (NeuAca2-
8NeuAca2-3Gal) has been shown to deplete anti-GQ1b antibodies from patient’s sera with Miller–Fisher syndrome,

which is a variant of Guillain–Barre syndrome, and titers of anti-GQ1b antibodies decreased to almost zero.80
3.33.3.2.2.2 Cryoglobulinemia

Carbohydrate-specific human antibodies have been isolated from patients with plasma cell dyscrasias, particularly

multiple myeloma and Waldenström’s macroglobulinemia.81 These patients have an expanded or neoplastic clone of

plasma cells which secrets homogeneous immunoglobulins. Thus, the serum of a patient presenting with chronic cold

hemagglutinin disease contains an antibody recognizing an oligosaccharide antigen on red blood cells such as Ii

antigens and P-type blood group antigens.62
Glossary

affinity Affinity is the strength of one molecule to another at a single site, such as the binding of a monovalent Fab fragment of

antibody to a monovalent antigen.

anti-idiotype antibody The antibody molecule is antigenic in the antigen joint part of a variable region. Anti-idiotype antibody

is a unique antibody against the antigen structure of a certain antigen-unique antibody.

autoimmune disease A disorder caused by an immune response directed against self-antigens. There are demonstrable

circulating auto-antibodies or cell-mediated immunity against auto-antigens in conjunction with inflammatory lesions caused

by immunologically competent cells or immune complexes in tissues containing the auto-antigens. Systemic lupus erythematosus

and multiple sclerosis are included in the disease.

avidity Avidity is the sum total of the strength of binding of two molecules or cells to one another at multiple sites. It is distinct

from affinity, which is the strength of binding of one site on a molecule to its ligand.

monoclonal antibody A hybridoma method for the generation of monoclonal antibodies is based on the idea that individual

clones of normal antibody-secreting B lymphocytes can be immortalized by fusion with myeloma cells. Each hybridoma produces

only one kind of antibody, with a single specificity, which is called a monoclonal antibody.

phage library Antibody-like phage can be produced by cloning immunoglobulin V-region genes in filamentous phage, which

thus express antigen-binding domains on their surface, forming a phage display library. Antigen-binding phage can be replicated

in bacteria and used like antibodies. This technique can be used to develop novel antibodies of any specificity.
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3.34.1 Introduction

Essentially all biological phenomena are based on molecular interactions such as those between enzymes and their

substrates, various receptors to their specific ligands, for example, hormones, growth factors, toxins, integrins, antigens

and their antibodies, etc. The majority of these processes are regarded as protein-to-protein interaction (PPI). Fewer

cases are known for carbohydrate-to-protein interaction (CPI). Carbohydrate-to-carbohydrate interaction (CCI)

between plant polysaccharides was clearly demonstrated over 30 years ago by Rees and colleagues, who observed

changes in optical rotation or 13C-NMR associated with gelification of agarose or of t-carrageenan in formation of gel

network structure (e.g., Refs.1 and 2). Interaction of xyloglucan with cellulose3 and aggregation of hemicellulose

xylans,4 have also been observed, although the biological significance of these plant polysaccharide interactions was

unclear. In animal polysaccharides, interaction between hyaluronate and chondroitin sulfate was proposed,5 but its

physiological significance remains to be studied.

The question arose whether CCI between interfacing cell surface carbohydrates may provide a basic mechanism for

cell adhesion/recognition. Such a process (‘trans-CCI’) is based on (1) self-recognition of a particular type of carbohy-

drate by the same carbohydrate present on the surface of interfacing cells of the same type (homotypic interaction)

(Figure 1a); (2) a particular carbohydrate highly expressed on one type of cell is recognized by a different structure

expressed on a different type of cell (heterotypic interaction) (Figure 1b). Trans-CCI is modeled by aggregation of

liposomes having appropriate glycosphingolipid (GSL), or aggregation of microspheres or nanospheres bearing

glycosyl residues, for example, Au glyconanoparticles (Figure 1c).
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Figure 1 Homotypic vs heterotypic CCI causing cell adhesion. a, Model of cell adhesion based on homotypic CCI. Cells

expressing carbohydrates, capable of recognizing themselves (self-recognition), aggregate in the presence of Ca2þ.
b, Model of cell adhesion based on heterotypic CCI. Two types of cells, expressing different carbohydrates, recognize

(adhere to) each other in the presence of Ca2þ. c, Model of aggregation of glycosyl particles in the presence of Ca2þ.
Particles could be GSL-liposomes, GSL coated on polystyrene microspheres, or glyconanoparticles. Modified from Bovin,

N. V. Carbohydrate–carbohydrate interactions: A review. Biochemistry (Moscow) 1996, 61, 694–704.71

Table 1 Cell adhesion mediated by PPI, CPI, and CCI

PPI (protein-to-protein
interaction)

CPI (chydr-to-protein
interaction) CCI (chydr-to-chydr interaction)

Examples Integrin SLex to E-selectin Sponge oligosaccharide

a3b1 to LN5 SLea to E-selectin (see Section 3.34.2.2)

a5b1 to FN Sialoglycan to siglec Lex to Lex

aLb2 to ICAM-1 Gb4 to Gb5 or nLc4
or ICAM-2 Galectin to Gal GM3 to Gg3 or LacCer

Ley to H

GalCer to sulfatide

Multivalency of epitope Yes; essential for all cases

Ca2þ requirement Yes, for many cases of PPI,

e.g., integrin, cadherin

Yes, for selectin

No, for galectin

Yes, for essentially all types of CCI

Rapidity Slow Fast Very fast

Affinity (Ka in M) �10�8�10�9 �10�8 Varies; �10�5 to 10�8

Variability Low Low Very high; depends on degree of

clustering and orientation of epitopes

Repulsion Yes 69 Not found Yes

Cooperativity or synergism

with PPI

Not known Yes, some cases of CCI are synergistic

with integrin-mediated adhesion 70

Orientation of

carbohydrate epitope

Unclear Unclear Yes, for Lex-to-Lex 60

788 Carbohydrate-Carbohydrate Interaction in Basic Cell Biology
Another important question recently arose regarding possible occurrence of CCI between one carbohydrate and

another within the same membrane plane (‘cis-CCI’), which may significantly affect certain types of biological

functions of the cell (see Section 3.34.2).

CCI is distinguishable from many types of PPI or CPI, in terms of characteristic properties such as rapidity,

specificity, requirement for specific carrier, and requirement for bivalent cation (see Section 3.34.6 and Table 1).
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3.34.2 Cell Recognition Based on Homotypic trans-CCI

3.34.2.1 Compaction Process of Mouse Preimplantation Embryo, and Autoaggregation
of Mouse Embryonal Carcinoma F9 Cells

In the multistep ontogenic development of mouse, from fertilized egg to mature individual, each step proceeds through

cell adhesionwith concurrent signal transduction, which induces phenotypic changes and diversity.The first cell adhesion

event occurring in development is the strong autoaggregation, termed ‘compaction’, at 8–16 cell cleavage stages, leading

to a cell mass in which boundaries between cells are not clearly visible. The carbohydrate epitope Lex (lactofucopen-

taose-III; LFP-III) is not expressed at cleavage stages 2–4, is highly expressed at morula stage, and declines rapidly

after compaction. In blastocyst, Lex is expressed only at inner cell mass, but not in trophectoderm, in which Ley is

expressed. In contrast, E-cadherin is continuously expressed at each stage of preimplantation embryo (Figure 2a).

Lex, particularly trivalent Lex (LFP-III), inhibited compaction or caused ‘decompaction’ of once-compacted

embryo (Figure 2b-1), but Lea or trivalent Lea (LFP-II) had no effect on compaction (Figure 2b-2) as compared
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Figure 2 Lex glycan mediates compaction of morula-stage mouse embryo. a, Lex glycan is expressed most highly in
morula-stage embryo, and induces strong Lex-mediated cell adhesion at this stage. Lex subsequently declines after

compaction, and its expression is limited to inner cell mass in blastocyst. In contrast, E-cadherin expression is continuous,

and does not show dramatic change after compaction. Trophectoderm expresses Ley. b, Morula-stage embryos, com-

pacted or decompacted: (1) Embryos cultured in the presence of 1mM trivalent Lex. (2) Embryos cultured in 1mM trivalent
Lea. (3) Control embryos cultured in Whitten’s medium alone. c, Dose-dependent and time-dependent inhibitory effect of

trivalent Lex on decompaction of once-compacted embryo. d, (1) Trivalent Lex, that is, LFP-III-lysyllysine conjugate.

(2) Trivalent Lea, that is, LFP-II-lysyllysine conjugate.
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to control morula-stage embryo in culture (Figure 2b-3). The ‘decompaction’ effect of trivalent Lex is concentration

dependent and time dependent (Figure 2c).6 Structures of trivalent Lex and trivalent Lea are shown in Figure 2d.

Mouse embryonal carcinoma F9 cells display autoaggregation in 2mM Ca2þ, which is inhibited by LFP-III, but not

by LFP-II (Figure 3A and its legend). This phenomenon was originally thought to be based on the presence of Lex-

binding protein in F9 cells. We attempted to isolate such hypothesized Lex-binding protein, but failed to find it.8
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Figure 3 Autoaggregation of F9 cells and autoprecipitation of F9 cell glycan in cell extract, and absence of such

autoaggregation in Lex-negative PYS-2 variant. A: (a) Autoaggregation of F9 cells in PBS containing 0.9mM CaCl2 and
0.5mM MgSO4, (b) F9 cells cultured as in (a), but with 50mM EDTA, (c) F9 cells cultured as in (a), but with 2mM

lactofucopentaose (LFP)-III, (d) F9 cells cultured as in (a), but with 2mM LFP-II. B, Occurrence of Ca2þ-induced autopre-

cipitation (‘auto-ppt Ca2þ’) in F9 cell extract (left gray column), and absence of auto-ppt in PYS-2 cell extract (right gray

column). F9 and PYS-2 cells were metabolically labeled with [3H]GlcN, and extracted with 50mM Tris, pH 7.2, and 150mM
NaCl (‘buffer A’), containing 1% octyl glucoside and 5mM EDTA. Ppt occurred when the extract was dialyzed in buffer A

containing 5mM CaCl2. Ordinate, 3H activity in Ca2þ-induced ppt collected by centrifugation (as % of total 3H activity in the

extract). Ppt was not formed with extract of PYS-2 cells, which do not express Lex. Value for total control extract was
defined as 100% (white columns). C, Autoaggregation of labeled glycoprotein in F9 cell extract, as demonstrated by change

of gel filtration pattern. F9 cells were metabolically [3H]GlcN-labeled, extracted with buffer A containing 1% octyl glucoside

and 5mM EDTA as in B, dialyzed against TBS containing (1) 5mM CaCl2, or (2) 10mM EDTA, and subjected to gel filtration

on Sephacryl CL-6B (1.5�120cm) with continuous elution in medium (1) (○) or (2) (�) as above, respectively. Fractions
of 2ml were collected, and 0.1ml aliquots of each fraction were determined for radioactivity. Note that the elution curve

in the presence of CaCl2 shows autoaggregation peaks a and b, which are absent in the elution curve in the presence

of EDTA. D, Elution of the same material under CaCl2 condition, but after treatment with 0.1 U bovine liver a-fucosidase
(37�C, 24h), which destroys Lex structure. A, From Eggens, I.; Fenderson, B. A.; Toyokuni, T.; Dean, B.; Stroud, M. R.;
Hakomori, S. Specific interaction between Lex and Lex determinants: A possible basis for cell recognition in preimplantation

embryos and in embryonal carcinoma cells, J. Biol. Chem. 1989, 264, 9476–9484;9 and Eggens, I.; Fenderson, B. A.;

Toyokuni, T.; Hakomori, S. A role of carbohydrate-carbohydrate interaction in the process of specific cell recognition during
embryogenesis and organogenesis: A preliminary note, Biochem. Biophys. Res. Commun. 1989, 158, 913–920.72 C and

D from Kojima, N.; Fenderson, B. A.; Stroud, M. R.; Goldberg, R. I.; Habermann, R.; Toyokuni, T.; Hakomori, S. Further

studies on cell adhesion based on Lex–Lex interaction, with new approaches: Embryoglycan aggregation of F9 teratocarci-

noma cells, and adhesion of various tumour cells based on Lex expression, Glycoconj. J. 1994, 11, 238–248.10
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Instead, we found that Lex-binding molecule per se contains Lex, and reached the conclusion that Lex-mediated F9

cell autoaggregation is based on Lex-to-Lex interaction, originally observed with Lex-GSLs,9 subsequently with

Lex-glycan,10 similar to ‘embryoglycan’.11 Further evidence that Lex-determinant plays a key role in Lex-mediated

cell adhesion was provided by studies with differentiated embryonal carcinoma PYS-2 cells, which do not express Lex,

and do not display autoaggregation regardless of the presence or absence of Ca2þ (Figure 3B). In close correlation

with F9 cell autoagglutinability, we observed the occurrence of Ca2þ-induced autoprecipitation of Lex-glycan present

in an extract of [3H]GlcNAc metabolically labeled F9 cells by dialyzable detergent (e.g., benzyl glucoside). The

autoprecipitation occurred when the extract was dialyzed in a medium containing Ca2þ. In contrast, extract of similarly

labeled PYS-2 cells showed no Ca2þ-induced autoprecipitation. Glycopeptide fraction after exhaustive pronase

digestion, prepared from metabolically labeled F9 cells as above, formed components with higher molecular mass,

as revealed by gel filtration (Figure 3C). The glycopeptides, after a-L-fucosidase treatment, did not form components

with higher molecular mass (Figure 3D). Autoaggregation of F9 cells in the presence of Ca2þ, or formation of higher

molecular mass components in glycopeptides from F9 cells, is due to the presence of Lex, since no such phenomena

are observed for PYS-2 cells, lacking Lex.

The compaction process is controlled not only by self-recognition of Lex epitope highly expressed at morula-stage

embryo, but also through self-recognition of E-cadherin epitope, since mice with knockout of fucosyltransferase-IX

still undergo compaction.12 E-cadherin-mediated compaction was proposed, since E-cadherin,13 originally termed

uvomorulin,14 may mediate cell-to-cell adhesion processes including compaction. However, E-cadherin knockout

mice still undergo compaction, although they display defects in the formation of trophectoderm.15

Autoaggregation of F9 cells, determined by well-established ‘hanging drop’ method, requires 37 �C for 48–72h.

It did not proceed at room temperature, even at extended time. This process was reduced significantly by

knockdown of E-cadherin by siRNA. In contrast, Lex-mediated F9 cell autoaggregation proceeds well at room

temperature in the presence of 2mM Ca2þ, and is blocked by knockdown of FucT-IX by siRNA, which abolishes

surface expression of Lex. Thus, E-cadherin-mediated autoaggregation is a slow reaction, taking a long time at 37 �C,
whereas Lex-mediated autoaggregation is a rapid reaction, taking a short time even at room temperature. This is an

interesting contrast to other adhesion systems in which CCI and integrin-mediated adhesion cooperate, and CCI is

much faster than integrin-mediated process (see Section 3.34.6). Another important contrasting feature of Lex -

mediated versus E-cadherin-mediated adhesion is that the major Lex determinant (as a form of SSEA-1) in F9 cells

is located in glycosynapticmicrodomain together with Src family kinases and small G-proteins, whereas E-cadherin and

its cytoplasmic complex (b-catenin, protoglobin, etc.) are located outside glycosynapse. They may activate different

signaling molecules to affect different phenotypes (Handa K., Hakomori S., unpublished data; see Section 3.34.6).

Lex-to-Lex interaction was further substantiated by a series of studies performed by Penades S. and colleagues:

(1) aggregation of Lex–Au glyconanoparticles in the presence of Ca2þ, as revealed by transmission electron

microscopy16 (Figure 4, left panel); (2) surface plasmon resonance spectroscopy of Lex–Au glyconanoparticle

interaction with Lex-Au-coated surface;17 (3) atomic force microscopy (AFM) using Lex-Au film18 (Figure 5). Atomic

force between Lex–Lex was determined as �25pN by AFM. Since a force of �200–250pN is necessary for cell–cell

binding, �10 pairs of Lex is sufficient to cause Lex-mediated cell adhesion.
3.34.2.2 Autoaggregation of Sponge Cells through their Glycosyl Array of Proteoglycan

Marine sponges can be separated into individual cells in the absence of Ca2þ (e.g., in freshwater, or in the presence of

EDTA). The separated cells, in suspension, display species-specific aggregation in the presence of 2mM Ca2þ. Many

classic studies on aggregation of the typical species Microciona prolifera indicate that three common factors are

required: Microciona aggregation factor (MAF), a cell surface receptor recognizing MAF, and Ca2þ.19–22 MAF was

identified as a proteoglycan-like molecule, and carbohydrates were presumed to play a key role in the aggregation.23,24

A crucial question remained whether the protein moiety of proteoglycan is involved in autoaggregation of all sponge

species, and whether carbohydrate from a particular species interacts with itself but not with glycans from other

species. Glycans from four sponge species (Microciona prolifera, Halichondria panicea, Suberites fuscus, and Cliona celata)

were isolated essentially free from proteins following exhaustive pronase digestion, and adhesion of each type of cell to

glycans from each species, coated on plates, was systematically examined. In each case, cells from a particular species

bound only to glycan isolated from that species, but did not bind clearly to glycans isolated from other species25,26

(Figure 6). Thus, (1) sponge cell autoaggregation is based on CCI, but protein moiety of proteoglycan is not involved;

and (2) carbohydrate from proteoglycan interacts with itself, but not with glycans from different species.

Essential carbohydrate structures involved in autoaggregation of Microciona species have been studied in detail by

epitope characterization of mAbs directed to carbohydrates that block the autoaggregation. These structures include
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self-recognition of marine sponge cells. Chembiochem 2005, 6, 828–831.30
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GlcNAc3Sb3FucaR, Galb4GlcNAcb3FucaR, and Gal4,6Pyrb4GlcNAcb3FucaR27,28 (Figure 7). The degree of self-

recognition was determined quantitatively by surface plasmon resonance spectroscopy of oligosaccharide–BSA

conjugate (ratio 8–9mol oligosaccharide per 1mol BSA). Binding was highly dependent on Ca2þ ions, and was

completely eliminated by Mg2þ or Mn2þ ions. The equilibrium-associated constant was calculated as Ka¼106M–1.29

More recently, gold nanoparticles on which glycosyl thioalkyl groups were linked were prepared. Autoaggregation

ability of glycosyl residues including oligosaccharide structure 1 in Figure 7 was compared with that of other

structures. Degree of autoaggregation was quantified as diameter of autoaggregated glyconanoparticles determined
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Data from Tromas, C.; Rojo, J.; de la Fuente, J. M.; Barrientos, A. G.; Garcia, R.; Penades, S. Adhesion forces between
Lewisx determinant antigens as measured by atomic force microscopy. Angew. Chem. Intl. Ed. 2001, 40, 3052–3055.18

Carbohydrate-Carbohydrate Interaction in Basic Cell Biology 793
by transmission electron microscopy (Figure 4, right panel). In this study, autoaggregation was shown to depend on

specific combination of carbohydrate and Ca2þ.30

Binding force of glycan-to-glycan from a particular sponge species was further examined recently, using AFM. The

force of homotypic glycan interaction was measured as 190–310pN. This is in the same range as force of antigen-to-

antibody interaction, which is 440pN.25,26
3.34.3 Cell Adhesion/Recognition Based on Heterotypic trans-CCI

3.34.3.1 Interaction of Mouse Lymphoma (Expressing Gg3) with GM3-Expressing Cells

A series of studies on possible heterotypic interaction between different GSL structures indicate the existence of

strong GM3-to-Gg3 interaction,31 moderate GM3-to-LacCer interaction, and negative (repulsive) GM3-to-GM3

interaction32 (Figure 8). A typical example is shown for cell-to-cell adhesion between mouse lymphoma L5178

AA12 (expressing Gg3) and mouse melanoma B16 (expressing GM3), mediated by trans-CCI between GM3 and Gg3

(Figure 9A). A variant of L5178, AV27, which does not express Gg3, did not bind to B16 cells (Figure 9B).31 Since

AA12 cells are highly susceptible to NK cell binding and attack, whereas AV27 cells are not, a possibility was opened

that NK cells per se may express GM3, and that CCI may mediate initial interaction of NK cells with target cells.

Various cells expressing different levels of GM3 bind toGg3-coated plates in the presence of Ca2þ, and their degree of

binding was correlated with the degree of GM3 expression, that is, melanoma B16>human erythroleukemia HEL>

hamster fibroblast NIL>mouse fibroblast 3T3 (Figure 9C).32 B16 cell adhesion mediated by GM3-to-Gg3 interac-

tion is correlated with enhanced motility of B16 cells, which is inhibitable by mAb directed to GM3 (DH2) or to Gg3

(2D4).32

Interaction of GM3 Langmuir monolayer with Gg3 or lactosyl polystyrene (PN) conjugate in subphase was

measured using p-A isotherms and quartz crystal microbalance. The order of interaction was GM3–PN(Gg3)>

GM3–PN(Lac)>LacCer–PN(Gg3).33

Further information, with more quantitative data, on GM3-to-Gg3 interaction was obtained by SPR spectroscopy.

GM3 Langmuir monolayer as above was transferred by vertical dipping method onto hydrophobized gold-deposited

glass plate. SPR was measured by placing the plate in an aqueous solution of synthetic Gg3 oligosaccharide, or lactosyl

or cellobiosyl conjugated to PN (Figure 10). PN(Gg3) bound to GM3 monolayer with Ka¼2.5�106M�1, whereas

PN(Lac) and PN(Cel) bound to GM3 monolayer with Ka¼7.7�104M�1, and 4.4�104M�1, respectively.34
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Figure 8 Interaction of GSL-liposome with GSL-coated plastic surface. a, Liposomes labeled with 14Ccholesterol and

containing GM3 (○), sialylparagloboside (SPG) (open triangle), GM1 (closed square), Gg3 (closed triangle), or PG (□) were

incubated in 96-well flat-bottom polystyrene plates coated with various quantities of Gg3 as indicated on abscissa. (X–X)
Effect of anti-Gg3 mAb 2D4 (5mgml–1, 1h, room temp.) on GM3-liposome adhesion to Gg3-coated plate. Note that 2D4

treatment abolished the adhesion. b, GM3-liposomes labeled with 14Ccholesterol were incubated with various quantities

(indicated on abscissa) of GM3, SPG, GM1, Gg3, or PG coated on solid phase. Symbols as in a. Data from Kojima, N.;
Hakomori, S. Specific interaction between gangliotriaosylceramide (Gg3) and sialosyllactosylceramide (GM3) as a basis for

specific cellular recognition between lymphoma and melanoma cells. J. Biol. Chem. 1989, 264, 20159–20162.31
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3.34.3.2 Adhesion of Mouse Endothelial Cells (Expressing LacCer) to B16 Melanoma
Cells (Expressing GM3), as a Basic Model of Melanoma Metastasis

During studies of GM3–Gg3 interaction as above, GM3 was found to interact with LacCer.32 LacCer–GM3 interaction

was semiquantitatively determined by addition of micellar form of LacSph onto GM3 Langmuir monolayer. Change

of p-A (Dp) induced by inoculation with micellar LacSph was measured during various durations (50–150min) with

various concentrations of LacSph (5–30mM). Results indicated that LacSph micelles clearly interact with GM3

monolayer, in dose-dependent and time-dependent manner.35

Mouse endothelial cell (EC) line SP1 expresses high levels of LacCer but not Gg3. On the other hand, Gg3 is

assumed to be expressed in mouse lung ECs, since Gg3 is detectable in mouse lung tissue when lung is infused via

pulmonary artery with galactose oxidase followed by NaB3H4 treatment; that is, 3H-labeled Gg3 was found in lung

extract after surface labeling of pulmonary ECs.36 Since binding of tumor cells to ECs is the initial step in tumor cell

metastasis, melanoma B16 metastasis may be mediated by CCI between GM3 and LacCer, or GM3 and Gg3.

Adhesion of B16 variant BL6 to mouse EC line SP1 was inhibited by Gg3-liposomes and by LacCer-liposomes, but

not by control PC/cholesterol liposomes without GSL. Metastasis of BL6 to lung following footpad inoculation was

strongly inhibited by GM3-liposomes or Gg3-liposomes.37 No effect of LacCer-liposomes was observed, presumably

because intravenously injected LacCer liposomes are quickly taken up by hepatocytes, which highly express Gal-

binding protein.38

In a recent study, gold glyconanoparticles presenting lactose (lacto-GNP) inhibited progression of B16/ F10 cell

metastasis. In a control experiment, gluco-GNP did not inhibit metastasis at all. The size of the glyconanoparticles is

much smaller (diameter 50–100nm) than that of liposomes (diameter �50–100mm), and glyconanoparticles are much

more efficient in blocking CCI-mediated metastasis.39
3.34.3.3 Interaction of Sulfatide with GalCer as a Basis for Myelin Sheath Membrane
Structure in Oligodendrocytes

GalCer and sulfatide (Gal3Sb1Cer) are two major GSL components of myelin sheath membrane. They interact with

each other, as evidenced by interaction of GalCer-containing liposomes with sulfatide-coated plates, or vice versa, in

the presence of Ca2þ. The interaction is highly dependent on ceramide composition of both GalCer and sulfatide.40

Headgroup interactionbetween the twomoleculeswas further documented byelectrospray ionizationmass spectrometry

(ESIMS).41



Figure 9 Cell adhesion based on GM3-to-Gg3 interaction. A, Adhesion of mouse melanoma B16 cells (expressing high

GM3) to mouse lymphoma L5178V (expressing high Gg3). Many aggregates are formed between B16 cells (spindle shape)

and lymphoma cells (round shape). B, Aggregates such as those in panel (A) are not formed between B16 cells and
lymphoma variant L5178 AV27 (not expressing Gg3) (round shape). B, Time course of adhesion of [3H]GlcN-labeled L5178V

or L5178 AV27 to monolayer of B16 cells grown on plate. Number of adhered L5178 cells was calculated based on
3H activity. Note that Gg3-positive L5178V adhered strongly, whereas Gg3-negative AV27 did not. C, Adhesion of various

types of 3Hthymidine-labeled cells having different degrees of GM3 expression to Gg3-coated plate. Number of adhered
cells was calculated based on 3H activity. Different amounts of Gg3 (mg per plate, abscissa) were added on 24-well plates

and dried. Cells were incubated 15min at 37�C. B, From Kojima, N.; Hakomori, S. Specific interaction between gang-

liotriaosylceramide (Gg3) and sialosyllactosylceramide (GM3) as a basis for specific cellular recognition between lymphoma

and melanoma cells. J. Biol. Chem. 1989, 264, 20159–20162.31 C, From Kojima, N.; Hakomori, S. Cell adhesion, spreading,
and motility of GM3-expressing cells based on glycolipid–glycolipid interaction. J. Biol. Chem. 1991, 266, 17552–17558.32
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Monomeric Ca2þ complexes of both lipids were observed, by Ca2þ-mediated oligomerization of GalCer, although

Ca2þ had no effect on sulfatide oligomerization.41 Ca2þ-dependent interaction of these two molecules, having

hydroxylated and nonhydroxylated fatty acid, was studied by Fourier-transform infrared (FT-IR) spectroscopy.42

Further studies using FT-IR spectroscopy illustrated trans-CCI between GalCer and sulfatide at the interfacing

region.43 A microdomain of myelin sheath membrane involved in trans interaction between these two molecules, with

concurrent signaling, has been proposed. This model is similar to the concept of glycosynaptic microdomain in myelin

sheath membrane, in which GalCer–sulfatide interaction may induce concurrent activation of signal transduction.44
3.34.3.4 Adhesion of Human Embryonal Carcinoma Cells through Globo-Series GSLs

The functional role of Lex in embryogenesis is clear in mice, but unclear in monkeys and perhaps in humans.

A primate embryonal stem (ES) cell line was cloned from Rhesus monkey, and found to continuously express high

level of stage-specific embryonic antigen (SSEA)-3 and-4, whereas SSEA-1 (Lex) expression was minimal or low.45
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for GM3–PN(Lac) (Ka¼7.7�104M–1). Data from Matsuura, K.; Kitakouji, H.; Sawada, N.; Ishida, H.; Kiso, M.; Kitajima, K.;
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Similar human ES cells were not available because of ethical restrictions. Human embryonal carcinoma 2102 cells

were characterized by high expression of SSEA-3 and-4, but not SSEA-1.46 SSEA-3 was characterized as Gb5, that is,

Galb3GalNAcb3Gala4Galb4Glcb1Cer and fucosyl-Gb5-(or globo-H), that is, Fuca2Galb3GalNAcb3Gala4Galb
4Glcb1Cer. Anti-SSEA-3 antibody reacted with both Gb5 and globo-H.47 SSEA-4 was characterized as monosialyl-

Gb5, that is, NeuAca3Galb3GalNAcb3Gala4Galb4Glcb1Cer.48 Gb4 did not interact with Gb4, but interacted with

Gb5 and nLc4. Gb4 interacted more strongly with Gg3; however, Gg3 was absent in 2102 cells.

Adhesion of human embryonal carcinoma 2102 cells was studied with focus on globo-series GSLs as well as lacto-

series GSLs, since we observed that these cells express globo-series GSLs as well as nLc4Cer. Various data on 2102 cell

adhesion to GSL-coated plates, and inhibition of adhesion by antibodies directed to GSLs, indicate that the adhesion

is mediated by interaction of Gb4 with Gb5, and by interaction of Gb4 with nLc4. 2102 cell binding to plates coated

with Gb4 or nLc4 was clear, and was inhibited by anti-Gb4 mAb 9G7 or mAb 1B2 directed to Galb4GlcNAc of nLc4.

2102 cell binding to Gb4- or nLc4-coated plates induced signaling to activate transcription factors AP1 and CREB.49

Interaction of various GSLs is summarized in Figure 11. Except for homotypic Lex-to-Lex interaction

(Figure 11a), all other interactions shown (Figures 11b–11d) are heterotypic. Only a minor functional role of these

interactions has been clarified; this subject mostly remains to be studied in the future.
3.34.4 Interaction of Carbohydrates within the same Membrane Plane (cis-CCI)
and Cell Biological Significance

3.34.4.1 Functional Role of cis-CCI between GM3 and N-Linked Glycans Expressed
in Membrane Receptors at the GM3-Enriched Microdomain

Our studies so far have been limited to interfacing GSLs or other glycans that mediate cell-to-cell interaction

through trans-CCI. Since the cell surface is enriched in both GSLs and glycoprotein N- and O-glycans, there is a

good probability of occurrence of new combinations of structures involved in CCI at the same membrane plane, that

is, cis-CCI.

We initiated studies along this line, using combinations of well-known gangliosides and N-linked structures. The

isolated N-linked structures were tested as phosphatidylethanolamine (PE) conjugates to affix oligosaccharide from

N-glycans to suitable substrate, for example, PN surface. We found that N-linked glycans with multivalent (5–6)

GlcNAc termini interact with GM3, but not with LacCer, Gb4Cer, or other GSLs. The cell biological significance of

such interaction is not yet known. However, many types of cells express N-glycans with multivalent GlcNAc termini,

for example, sperm cells50 and mouse brain cells.51
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Figure 12 Possible cis-CCI between glycosyl epitopes present at the same membrane plane. a, Interaction of N-linked
glycan present in growth factor receptor (GFR) with surrounding gangliosides (Gg) assumed to occur in specific micro-

domains. The example shown, for interaction of EGF receptor (EGFR) with surrounding GM3, is explained in the text. P-Y,

tyrosine phosphorylation at receptor-associated kinase, leading to changes in signaling. b, Gangliosides having different

structures, but capable of interacting with each other within the same microdomain. Interaction of GD1a with GD1b
ganglioside, to form hybrid GD1a/GD1b complex, is explained in the text. The complex showed antigenicity different from

that of GD1a or GD1b.
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We observed that epithelial cancer cell lines A431 and KB, which are highly enriched in epidermal growth factor

receptor (EGFR), are stained by mAb J1 or lectin GS-II, both directed to GlcNAc termini in N-linked glycans.

Separated EGFR was also stained by J1 or GS-II (unpublished data). EGFR function, in terms of receptor-associated

tyrosine kinase activity, is downregulated by GM3.52,53 EGFR susceptibility to GM3 is maintained only when the

receptor is N-glycosylated.54 Taken together, these findings suggest that the modulatory effect of GM3 on EGFR

function is based on interaction of GM3 with N-linked glycans having multivalent GlcNAc termini, through cis-CCI.

Further extensive studies are necessary to test whether GFR function is regulated by cis-CCI between N-linked

structures present on GFR and surrounding GM3 (see model in Figure 12a).
3.34.4.2 cis-CCI in Formation of GD1a and GD1b Ganglioside Complex as Novel
Target Antigen in the Development of Guillain–Barré Syndrome

Guillain–Barré syndrome (GBS), the most common form of acute neuromuscular paralysis, occurs 1–2 weeks after

bacterial infections, particularly by Campylobacter jejuni. Extensive studies indicate that carbohydrate side chain of

bacterial lipopolysaccharide (LPS) has the tetrasaccharide Galb3GalNAcb4(NeuAca3)Gal, which is identical to

peripheral structure of GM1 ganglioside. In rabbit experiments, C. jejuni causes enteritis following the onset of

GBS, which is due to anti-GM1 antibody production. It is well known that the synaptic region of motor neurons,

that is, neuromuscular junction, is enriched in gangliosides which are accessible to antiganglioside antibodies.

Therefore, anti-GM1 antibody production causes acute muscular paralysis.55,56 Further rabbit studies confirmed the

presence of structure mimicking GM1 in C. jejuni LPS.57 However, sera of GBS patients contain not only anti-GM1

but also antibodies directed to various ganglio-series gangliosides (GD1a, GD1b, GT1b, etc.).

Recent studies revealed the presence of novel antibodies directed to an unknown ganglioside having TLCmobility

between that of GD1a and GD1b. Symptoms in GBS cases having such antibodies are much more acute and serious

than cases in which such antibodies are absent. The antigen was identified as a complex between GD1a and GD1b.

The mechanism of complex formation is unknown, but it is obvious that the glycosyl residues of GD1a and GD1b

interact through cis-CCI. Interestingly, antibody directed to the complex does not react with GD1a or GD1b.58 This

cis-CCI process is important to enhance pathogenesis of GBS, and suggests that similar cis-CCI may occur between

glycosyl residues of other GSLs (see model in Figure 12b, and its legend).
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3.34.5 Characteristic Features of CCI in Comparison with PPI or CPI

Characteristic features of cell biological processes mediated by CCI, as compared to PPI or CPI, are shown inTable 1.

The process of CCI is much faster than PPI. In general, CPI is more rapid than PPI but slower than CCI. In almost all

cases of CCI (for exceptions see Refs.49 and 59 ), presence of bivalent cation, particularly Ca2 þ , is an absolute
requirement. Atomic force of single Lex-to-Lex interaction is not greatly altered by presence versus absence of

Ca2þ. However, Lex-mediated cell adhesion, which requires at least 20–30 pairs of Lex, clearly requires Ca2þ.
Requirement of Ca2þ in PPI or CPI varies, depending on the molecules involved. Integrin function requires Ca2þ,
because conformation of integrin depends on Ca2þ binding site. Requirement of metal is different for each case of

PPI. Selectin-mediated adhesion requires Ca2þ, whereas galectin-mediated adhesion does not. Binding affinity of

CCI, in general, is considered to be very low. However, since clear occurrence of CCI is always based on extensive

clustering of the carbohydrate epitope involved, that is, high degree of multivalency, overall binding affinity observed

in CCI is in a range similar to that of PPI or CPI.

Interestingly, CCI requires a specific orientation of the carbohydrate epitope involved. Presence of a certain number

of epitopes is not sufficient; the type of carrier molecule to present the carbohydrate epitope in a certain orientation is

crucial. Adhesion of two osmotically controlled vesicles – (1) containing Lex-GSL and (2) carried by acylglyceride –

was compared. The adhesion energy was calculated based on the contact angle y of two interfacing vesicles, and the

tension of their membrane.60
(a) (b)

(c)

Figure 13 Clustering of GSLs at cell surface and at liposome surface. a, Clustering of GM3 on T-cells, detected by
transmission EM of immunogold particles with anti-GM3 mAb. b, Clustering of polysialoganglioside in fish brain neuronal

junction, revealed by transmission electronmicroscopy of immunogold particles with antipolysialogangliosidemAb. c, Wide

area of clustering of GM1 on liposome surface, revealed by scanning electron microscopy using immunogold particles with

anti-GM1 mAb, after freeze-fracture. Liposome did not include cholesterol, but only PC and SM. This indicates that GSL
clustering does not depend on cholesterol.
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3.34.6 Role of CCI in Glycosynapse for Cell Recognition and Signal Transduction

Occurrence of cell adhesion/recognition mediated by trans-CCI is closely dependent on clustering of GSLs in specific

loci of membrane, which provides the conceptual basis of microdomain (Figure 13). Such microdomains enriched in

GSLs are also enriched in certain signal transducers, for example, cSrc, Src family kinases, and small G-proteins

(RasH, RhoA, Cas, etc.). In some cases, integrin receptors and growth factor receptors are also associated. A model of

microdomain involved in GSL- or glycan-mediated cell-to-cell adhesion through trans-CCI, with concurrent activation

of signaling, is termed ‘glycosynapse’,44,61,62 as shown in Figure 14 and explained in the legend.

In many normal cells, tetraspanins (e.g., CD9 or CD82), some of which are identified as proteolipid, are associated

with integrins and gangliosides, forming a modified glycosynapse. GM3 and integrin, complexed with tetraspanin,

inhibit signaling and therefore inhibit motility and invasiveness.63,64 In many oncogenically transformed cells,

tetraspanin/GM3 complex is downregulated, leading to reduced CCI-dependent adhesion, and enhancement of cell

motility and invasiveness.63,65

Cell adhesion mediated by trans-CCI, as well as integrin-mediated cell adhesion to extracellular matrix, affects

functional interaction (‘cross-talk’) of integrins with growth factor receptors.66 Contact inhibition of cell growth, and its

loss associated with oncogenic transformation, may be closely associated with functional modification of glycosyn-

apse,67 and the presence of tetraspanins and gangliosides together blocks cross-talk of integrins and growth factor

receptors.68

cis-CCI is functionally significant in ganglioside-mediated modulation of growth factor receptors, and in ganglio-

side-to-ganglioside interaction forming a complex with novel antigenicity and immunogenicity. These findings open

up exciting new trends of future study on CCI.
Figure 14 Proposed organizational framework of cell surface membrane microdomains, and the concept of ‘glycosyn-

apse’. a, Composition of three types of microdomains. Domain 1: Clustered proteins and glycoproteins. Domain 2:

Clustered GSLs (‘GSL patch’), associated with proteolipid (PL) or tetraspanin (TSP), together with cytoplasmic signal
transducers (TDa, TDb). Domain 3: Growth factor receptor (GFR) is included within GSL patch. Other components as in

Domain 2. b, Left: Cell-to-cell adhesion in process between interfacing GSL microdomains (GSL patch), through trans-CCI.

This process may cooperate with integrin (I)-mediated adhesion, through adhesion protein (Ap), or through sugar-binding
protein (S). Right: Signal transducers (TDa, TDb) are activated, leading to initiation of signaling (A, B). In this process, trans-

CCI plays a central role in carbohydrate-mediated adhesion with concurrent signaling, and the term ‘glycosynapse’ is

applied (see text).
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3.35.1 Introduction

NMR spectroscopy provides a large number of techniques to probe molecular interactions. These molecular interac-

tions may be studied under different conditions and at different levels of complexity, for example, interactions of

proteins with proteins in aqueous solution, interaction of proteins with proteins imbedded in membranes, or interac-

tions of proteins with ligands in solution or interactions between membrane bound proteins and ligands, to name but a

few. In this chapter the focus is on protein–carbohydrate interactions as studied by NMR spectroscopy.

A significant body of work has been devoted to investigations aiming at an adequate understanding of protein–

carbohydrate interactions and their biological implications.1–9 As many of the proteins involved in specific carbohy-

drate–protein interactions are large on the ‘NMR-scale’, NMR experiments that lead to the observation of protein

resonances are usually not straightforward. The majority of studies have therefore focused on the observation of ligand

signals. Examples of ligand-based NMR experiments comprise the elucidation of bound conformations of carbohy-

drates10–15 as well as the analysis of binding epitopes.16–24 Protein–carbohydrate interactions as studied by NMR had

already been the subject of several reviews.11,12,25 Examples where NMR techniques have been utilized to study

protein–carbohydrate interactions are lectins,13,18,21,26–56 selectins,57–60 antibodies,14,20,23,61–75 glycosidases,76–80 and

glycosyltransferases.22,81

Protein–carbohydrate interactions differ from other protein–ligand interactions such as protein–nucleic acid inter-

actions in that they are mostly characterized by moderate affinities albeit with high specificities. In most cases

hydrophobic interactions and hydrogen bonds are the major contributions to the binding energy. In cases where

charges are present such as in sialic acid residues, charge–charge interactions also contribute to the recognition of the

carbohydrate. Along with relatively low binding affinities, the binding kinetics is usually fast with koff often larger than

100–1000Hz. With KD values ranging between low mM and mM concentrations, a specific suite of NMR experiments

lends itself well to investigate protein–carbohydrate interactions. All these NMR techniques have in common that

chemical exchange of the carbohydrate in the bound and the free form is fast on both, the NMR chemical shift time

scale and the NMR relaxation timescale.82

Chapters 2.03 and 2.04 address the use of NMR techniques to study the conformation of carbohydrates with NMR

and general concepts to assign NMR signals of carbohydrates. The main emphasis of this chapter will be on NMR

techniques that are valuable for the investigation of carbohydrate–protein interactions. As for all ligand–protein

interactions there are two major approaches that allow the characterization at an atomic level. Either one applies

ligand-based or protein-based NMR experiments. The advantage of ligand-based techniques usually is that no isotope

labeling of the protein is required. The most prominent experiments that yield information about the bound ligand

are transferred nuclear Overhauser experiments (trNOE),83,84 and saturation transfer difference (STD) NMR
805
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experiments.25,85 The analysis of carbohydrate–protein interactions may be greatly assisted by X-ray crystallography

that delivers a structural basis for the interpretation of binding data.86–91 Protein-based techniques such as HSQC-

based chemical shift mapping 92,93 or cross-saturation experiments 94,95 usually require isotope labeling of the protein

associated with the necessity of a complete resonance signal assignment. As already mentioned the vast majority of

carbohydrate recognizing proteins is rather large, and therefore this approach has only found rather sparse application

in the analysis of protein–carbohydrate complexes.33 Using case studies we will explain how ligand-based approaches

work, and how the corresponding experiments are implemented.
3.35.2 Ligand-Based NMR Experiments

3.35.2.1 The Transferred NOE Experiment

In carbohydrate–protein complexes the protein normally constitutes the much larger molecule and functions as the

‘receptor’, whereas the carbohydrate represents the ‘ligand’. NMR experiments that take advantage of the observation

of ligand signals are usually based on fast exchange between the free and the bound carbohydrate on the NMR

chemical shift as well as on the NMR relaxation timescale. A classical example is the transferred NOE experiment84

that has been applied to a variety of ligand–protein complexes ranging from the binding of nucleotides to enzymes to

peptides and carbohydrates binding to monoclonal antibodies. The first experiments on protein–carbohydrate com-

plexes were performed for lectin–carbohydrate systems.56,96–99 In general, transferred NOEs allow the determination

of the bound or bioactive conformation of a ligand binding to a protein. The details of the transferred NOE

experiment have been discussed in numerous original papers and reviews.84 Here we would like to emphasize the

major characteristics of this experimental technique when applied to carbohydrate–protein complexes.

Transferred NOEs are most conveniently measured using the 2-D nuclear Overhauser enhancement spectroscopy

(NOESY) experiment. Usually one acquires NOESY spectra at different mixing times for the carbohydrate ligand

alone in aqueous solution in order to define the conformational properties of the carbohydrate. Then the experiments

are repeated in the presence of the receptor protein. Depending on the dissociation constant and the dissociation rate,

the optimum performance of this so-called transferred NOESY experiment is at a c. 10- to 30-fold excess of

carbohydrate ligand over the protein. Since the motional characteristics of the carbohydrate free in solution and

bound to the protein are drastically different, the size and in many cases the sign of the NOE effects in the absence

and in the presence of protein change. Uncharged carbohydrate ligands up to a size of a trisaccharide usually exhibit

positive NOEs at field strength of 11.4 T. When bound to the much larger protein, the motional correlation time tc
shifts from the pico-second range into the range of several tenth of nanoseconds and causes large negative NOEs. For

the observation of transferred NOEs, an optimum ratio of ligand to protein exists. This ratio critically depends on the

off rate of the carbohydrate ligand.84 If the excess of ligand over protein is getting too large, no transferred NOEs will

be observed since the spectrum is dominated by the NOEs of the free carbohydrate ligand. Conversely, at the other

extreme where the excess of ligand over protein is rather small, the fraction of bound carbohydrate ligands is certainly

higher, but, on the other hand, significant line broadening, alterations of chemical shifts, and overlap with protein–

proton resonances yields spectra that are very difficult to interpret.

From the explanation above it can be concluded that in fortunate cases one can easily discriminate between NOEs

and transferred NOEs, that is, for carbohydrate ligands of the size of a trisaccharide or smaller one observes positive

NOEs for the free state and negative (transferred) NOEs in the presence of the receptor protein assuming an

appropriate protein to ligand ratio and suitable mixing times. This is illustrated by NOE buildup curves that had

been obtained for a disaccharide binding to Aleuria aurantia agglutinin (AAA). It is clearly seen that the absolute value

of the NOE observed is increasing at the same time as the sign changes from positive to negative. Also it is observed

that the maximumNOE is occurring at mixing times that are much lower as those observed for the free ligand which is

due to the slower tumbling of the protein–carbohydrate complex. Therefore, the observation of transferred NOEs in

itself is an indication of binding and can be used for screening compound libraries for binding activity.50 In the

meantime the STD NMR experiment (see below) has turned out to be a much more robust approach to screen

compound libraries for binding activity.24
3.35.2.1.1 Bioactive conformations of sialyl Lewisx epitopes
Molecular recognition of sialyl Lewisx epitopes (Scheme 1) by receptor proteins plays an important role in a number

of pathophysiological processes such as the initiation of inflammation or the induction of metastasis. For inflammatory
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Scheme 1 Structure of sialyl Lewisx.

Table 1 Bioactive conformation of sialyl Lewisx when bound to E-selectin (rows 1 to 3 and row 5) and to AAA (row 4)

Neu5Ac(a2-3)Gal Gal(b1-4)GlcNAc Fuc(a1-3)GlcNAc
Reference f/c(�) f/c(�) f/c(�)

57 (NMR) �76/þ6 þ39/þ12 þ38/þ26

59 (NMR) �58/�22 þ24/þ34 þ71/þ14

60 (NMR) �43/�12 þ45/þ19 þ29/þ41

13 (NMR) �62/�4 þ40/þ23 þ7/þ5

100 (X-ray) �65/�12 þ34/þ16 þ41/þ22

The Use of NMR Spectroscopy in Carbohydrate–Protein Molecular Interactions 807
processes it is the interaction of sialyl Lewisx with P- and E-selectin that is of central importance for the onset of

inflammatory cascades.

The interaction of sialyl Lewisx with selectins has been extensively studied by NMR and X-ray crystallo-

graphy.13,57–59,100 In this context, transferred NOE experiments had been instrumental to identify the bioactive

conformation of sialyl Lewisx bound to, for example, E-selectin with NMR. Since the hexopyranose rings of sialyl

Lewisx are rather rigid, the bioactive conformation is almost exclusively defined by the relative orientation of the sugar

rings and their side chain orientations. Therefore, it is sufficient to summarize the dihedral angles f and c around the

glycosidic linkages in order to define a particular conformation of an oligosaccharide. Table 1 lists the results from

studies that have been performed to identify the bioactive conformation of sialyl Lewisx bound to E-selectin. From

the NMR studies it is seen that upon binding of sialyl Lewisx to E-selectin, one conformation out of the complex

conformational equilibrium around the (a2-3)-glycosidic linkage between N-acetylneuramic acid and galactose is

selected. This finding had significant implications for the development of selective E-selectin inhibitors that have a

potential use as anti-inflammatory agents.101

Since not much is known about the identity of the receptor proteins that recognize sialyl Lewisx epitopes in the

course of metastatic processes, it is also interesting to study the binding of sialyl Lewisx to other proteins and to

compare the respective bioactive conformations. One study addressed the binding of the sialyl Lewisx tetrasaccharide

to two fucose recognizing lectins, AAA and Lotus tetragonolobus lectin (LTL).13 It was found that the conformation

around the (a2-3)-glycosidic linkage of bound sialyl Lewisx was identical to the conformation when bound to

E-selectin. On the other hand, the (a1-3)-glycosidic linkage between the fucose residue and the galactose residue

has been found to adopt a different orientation when bound to AAA as also summarized in Table 1. This was

somewhat surprising since the ‘Lewisx backbone’ had always been considered to be rather ‘rigid’. The result suggests

that upon binding of an oligosaccharide to a receptor protein, conformations around the glycosidic linkages may be

stabilized that are not highly populated in aqueous solution. It is important to notice that there are also cases reported

in the literature where, instead of altering the dihedral angles at the glycosidic linkages, distortions of the pyranose

rings are also possible upon binding.

It had been first recognized by Lemieux that sialyl Lewisx shares strong structural similarity with the related

sialyl Lewisa epitope.102 It is possible to superimpose the two structures although sialyl Lewisx has a type 1 core

and sialyl Lewisa has a type 2 core structure (Figure 1).
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Despite this striking structural similarity, antibodies can usually well discriminate between sialyl Lewisx and sialyl

Lewisa epitopes. The molecular recognition of the two epitopes by a monoclonal antibody GSLA-2 that is used in

tumor diagnosis has recently been studied by NMR and surface plasmon resonance.19 GSLA-2 discriminates well

between sialyl Lewisx and sialyl Lewisa epitopes, but STDNMR experiments show that sialyl Lewisx has a weak but

well-detectable binding affinity toward this antibody. In this case transferred NOE experiments at different field

strengths were instrumental to show that sialyl Lewisx and sialyl Lewisa both bind to the same binding site of the

antibody. At field strengths of 500MHz and above, NOEs and transferred NOEs of sialyl Lewisx and sialyl Lewisa are

both negative. Therefore, a detection of binding by just observing a change of sign of the NOE is not possible at these

field strengths. At lower field strength the NOEs of the two saccharides become positive in the free solution state. In a

titration experiment at 360MHz, it was observed that titration of sialyl Lewisa tetrasaccharide into a solution

containing sialyl Lewisx in the presence of the monoclonal antibody GSLA-2 leads to a change in sign for the

NOEs of sialyl Lewisa from positive to negative, unambiguously indicating binding to the same binding site of

GSLA-2 (Figure 2).
3.35.2.1.2 Bioactive conformation of UDP-Gal bound to human blood group B
galactosyltransferase

The biosynthesis of human ABO blood group antigens involves the blood group B galactosyltransferase (GTB) and the

blood group A N-acetylgalactosaminyltransferase (GTA). These two enzymes differ in only four amino acids and

therefore have very similar three-dimensional structures.103,104 Yet, they transfer their respective donor sugar with

exceptional specificity. In order to understand the subtleties of molecular recognition and substrate discrimination, the

bioactive conformations of the respective donor substrates UDP-Gal for GTB and UDP-GalNAc for GTA must be

known. So far, X-ray crystallography has not succeeded in delivering data for the donor substrates in complex with

their respective enzyme.103,104 In all cases structures were obtained where only UDP was resolved. Transferred NOE

experiments delivered the bioactive conformation of UDP-Gal bound to GTB and nicely complemented the

crystallographic studies. In this particular example, it turned out that the exchange rate of the UDP-Gal was relatively

slow with a koff value of the order of 10Hz leading to a situation where it was necessary to apply rather low ligand to

protein ratios of 2:1 in order to observe transferred NOEs. Also, it turned out that the use of perdeuterated GTB was
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H3 Fuc (sLex, sLea)

Figure 2 Portions of the NOESY spectra obtained at 360MHz and 300K for a mixture of sialyl Lewisx, sialyl Lewisa, and

monoclonal antibody GSLA-2. For each spectrum a mixing time of 400ms was used. The ratio of sialyl Lewisa/ialyl Lewisx/

GSLA-2 was (1) 16:100:1, (2) 26:100:1, (3) 53:100:1, and (4) 73:100:1. The cross-peak shown is the one between H1 and H3
of fucose. Sialyl Lewisx gives negative cross-peaks (black) at 360MHz in the presence of GSLA-2 indicating the presence of

transferred NOEs and thus binding to GSLA-2. The sign of the cross-peaks for sialyl Lewisa changes from positive (red) to

negative at ratios above c. 50:100:1, indicating competition with sialyl Lewisx for the same binding site on the antibody. For

reference, on the left the anomeric protons H1 of fucose are shown during the titration. Reprinted with permission from
Herfurth, L.; Ernst, B.; Wagner, B.; Ricklin, D.; Strasser, D. S.; Magnani, J. L.; Benie, A. J.; Peters, T. J. Med. Chem. 2005, 48,
6879–6886. Copyright (2005) American Chemical Society.
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very advantageous in this case for two reasons: (1) for the reason that spin diffusion via protein protons is essentially

turned off and (2) because no protein protons interfered with the observation of ligand signals which may become an

issue at lower ligand to protein ratios in transferred NOE experiments.

The transferred NOE experiments unambiguously show that UDP-Gal is bound to GTB in a ‘folded-back’

conformation where ribose protons are in close contact with protons of the galactose moiety. This bioactive conforma-

tion contrasts the ‘stretched-out’ conformation of UDP-Gal free in solution that is characterized by the lack of

noticeable inter-residue NOEs.105 The NOESY spectra of UDP-Gal in the absence and the presence of GTB are

shown in Figure 3.

This example convincingly demonstrates that NMR and X-ray crystallographic studies may very well complement

each other.
3.35.2.2 Saturation Transfer Difference (STD) NMR

The technique of saturation transfer NMR spectroscopy has been used for many years to study strongly bound ligand–

receptor complexes where two different signals for the bound and the free ligand are observed, respectively. In this

case exchange between the bound and the free state of the ligand is slow, and saturation transfer allows us to assign the

resonance signals of the bound ligand utilizing saturation transfer from the free ligand. Saturation transfer has also

been used to characterize the binding of carbohydrate ligands to proteins. Corresponding references are found in a

review article on the identification and characterization of binding of ligands to proteins.25 However, the enormous

potential of saturation transfer NMR experiments has only become evident when it was shown that this technique is

very powerful to screen compound mixtures for binding activity and at the same time to deliver binding epitopes of
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Figure 3 Conformational change of the sugar nucleotides upon binding to GTB. NOESY spectra of UDP-Gal in the

presence (right panel) and absence (left panel) of GTB. Spectra were recorded at 700 (right panel) and 500 MHz (left panel).

NOEs across the pyrophosphate bridge (blue squares) are only observed for the bound states of UDP-Gal. With permission
from Angulo, J.; Langpap, B.; Blume, A.; Biet, T.; Meyer, B.; Krishna, N. R.; Peters, H.; Palcic, M. M.; Peters, T. J. Am. Chem.

Soc. 2006, 128, 13529–13538.
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the ligands at atomic resolution.24 The combination of difference spectroscopy and saturation transfer allows us to

‘separate’ resonance signals of compounds that bind to a receptor protein from those signals that belong to nonbinding

molecules. Subtraction of a spectrum in which the protein is saturated from one without protein saturation yields a

difference spectrum where only signals of the binding ligands are visible. A number of reviews have addressed the

applications of STD NMR.

In the following it is explained as to how STD experiments are set up. Two experiments are performed, one on- and

one off-resonance experiment. In the on-resonance experiment selective saturation of the signals of the protein nuclear

is achieved. In order not to irradiate resonance signals of the ligand, the on-resonance frequency is set to values around,

for example, –1ppm where normally no ligand resonances are found. The protein experiences saturation of all

resonance lines via spin diffusion processes inside the protein. This process becomes more efficient the larger the



The Use of NMR Spectroscopy in Carbohydrate–Protein Molecular Interactions 811
receptor protein is. If the ligands have no resonance signals in the aromatic spectral region, the on-resonance frequency

may also be placed here. In order to achieve selective irradiation of the protein, usually a cascade of Gaussian shaped

pulses is used. In comparison to other shaped pulses this approach has the advantage of greatest robustness. The

strength of the Gaussian pulse used for selective irradiation is adjusted such that no ligand signals are directly affected,

and at the same time a maximum saturation transfer is achieved. Normally, this is achieved by choosing values of gB1

around 100Hz. A second off-resonance spectrum is then acquired with the resonance frequency of the irradiating field

set into a region where neither protein nor ligand signals appear. Usually, values of 40ppm are sufficient. Subtraction of

the on- and off-resonance spectra yields the STD spectrum with the signals of the binding ligands only.

The standard pulse sequence used for the acquisition of STD spectra is explained and described in the original

STD paper24 where the experiment was applied to screen a library of carbohydrate molecules for binding activity

toward wheat germ agglutinine (WGA). At the same time it was demonstrated that STD also yields the binding

epitope of a ligand at atomic resolution.

More recent developments have explored the use STD NMR to study the binding of small molecule ligands to

whole cells and to native viruses.27,106,107 As one big advantage STD NMR has no upper size limit for the receptor

protein studied. For the application of STD NMR to whole cells, a double difference technique, STDD NMR, has

been described that essentially filters out all signals from the ‘cell background’.108
3.35.2.2.1 Identification of key hydroxy groups with STD NMR
The proper recognition of carbohydrates by receptor proteins critically depends on the correct spatial orientation of

key hydroxy groups. The identification of such key hydroxy groups may be achieved by the synthesis of carbohydrate

derivatives where hydroxy groups are systematically substituted by, for example, deoxy functions or fluorine atoms. As

this approach requires the synthesis of a number of derivatives, it is rather time and labor intensive. STD NMR

experiments in combination with random methylation of carbohydrates offer a straightforward alternative for the

identification of key hydroxy groups.109

It has been shown for a library of randomly methylated methyl glycopyranosides that STD allows the fast and direct

identification of glycopyranose derivatives with binding affinity for Sambucus nigra agglutinin (SNA). The compound

library used for these experiments is shown in Figure 4.

Using a combination of STDNMR and totally correlated spectroscopy (TOCSY) spectroscopy, the identification of

those components of the compound library with binding affinity for SNA is rather simple as only those traces of signals

are observed in the STD-TOCSY spectrum that result from binding to SNA. As the chemical shifts of all protons of

the derivatives in the compound library of Figure 6 are known, identification of the binding components is

straightforward and compounds 1 and 4 are identified as ligands with binding affinity for SNA.

For this example it was also shown that the combination of the STD experiment with the heteronuclear multiple

quantum coherence spectroscopy (HMQC) pulse sequence is of great advantage to the identification of the

key hydroxy groups involved in binding. For this experiment a library of randomly 13C-methylated methyl b-D-
galactopyranoside was employed. The STD HMQC spectrum shown in Figure 5 immediately reveals the key

hydroxy groups that are required for recognition by SNA.

The availability of cryogenic probe technology now also allows the use of STD HMQ or STD HSQC experiments

with sample at natural 13C abundance.
3.35.2.2.2 Refinement of bioactive conformations using STD NMR
As the size of an STD effect is sensitive to the proton environment of the corresponding ligand proton, it is clear that

an ensemble of STD effects reflects the orientation and the conformation of the ligand in the binding pocket.

Therefore, it should be possible to optimize the bound conformation of a protein-bound carbohydrate as a function

of distances between carbohydrate–ligand protons and protons in the binding site essentially providing an STD-based

docking procedure.

For the complex of bovine b-1,4-galactosyltransferase complexed with UDP-Gal, the bioactive conformation in

solution has been optimized and compared to the conformation found in the crystal structure22,81 by means of a full

relaxation and exchange matrix calculations using the program CORCEMA-ST.110–112 This program calculates the

expected STD values for any ligand proton as a function of distances to other protons in the binding pocket. In fact, in

addition to the distance information there are a number of parameters that also influence the size of the expected STD

effect. The most important of these are the dissociation constant KD of the complex, the dissociation rate constant koff
or the on-rate constant kon, and the correlation times tc of the free and bound ligand. Depending on the position of the
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on-resonance frequency, one also has to define a set of amino acid protons in the binding pocket that experience

immediate saturation. In this particular case, the on-resonance frequency was set at 0 ppm leading to instant saturation

of methyl group protons of the protein. The calculated STD values are then compared to the experimental values

leading to an R-value that is defined as follows:

R-factor ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

k WkðSTDk;exp�STDk;calcÞ2P
k WkSTD2

k;exp

vuut

with STDexp and STDcalc being the experimental and the calculated STD values, respectively. A normalized

weighting factorWk that is proportional to the size of the experimental STDmakes the R-factor sensitive to deviations

in small as well as in large STD values. Once a reasonable R-factor is obtained, the solution structure of the complex

may be regarded as ‘solved’. In order to keep the computational effort reasonable, one defines a shell around the

ligand that defines the amino acid protons that are taken into account for the full relaxation and exchange matrix

calculations. Usually, a shell of 10Å around any ligand proton represents a reasonable value.

It is obvious that the optimization of the bound conformation and orientation of a carbohydrate ligand in a protein

binding pocket represents a multiparameter minimization problem. If enough preliminary information is available

from, for example, transferred NOE experiments or from X-ray crystallography, a manual refinement may be possible.

During the refinement cycles, the R-factor serves as a criterion for the quality of the model. Satisfying results are

obtained once the R-factor has dropped below c. 0.3. The refinement can also be performed automatically using the

R-factor and a van der Waals repulsion term that prevents the optimization procedure to produce solutions with

unrealistic amino acid or ligand conformations. CORCEMA-ST uses a simulated annealing protocol based on the
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standard Metropolis criterion to accept or reject changes of a parameter. Of course, a combination of automated and

manual iterations may be helpful.

In the case of UDP-Gal bound to b-1,4-galactosyltransferase, the CORCEMA-ST analysis leads to a bound

conformation that is similar to the one found in the X-ray structure.

Certainly, there may be cases where the X-ray structure and the solution structure display larger deviations. Instead

of using a complete crystal structure as the basis for such simulations, it may also be envisioned to use partial structures

where, for example, parts of the protein or the ligand are not well-resolved, or one base the simulations on homology

and docking models if a crystal structure is not available. Therefore, this approach allows the determination of the

solution structure of carbohydrate–ligand protein complexes based on experimental STD values. It is clear that the

results are augmented if more additional information such as distance restraints from transferred NOE experiments or

structural information from crystal structures is available.
3.35.2.2.3 Fragment-based approaches using STD NMR
As carbohydrates are complex biomolecules, the question arises which parts of a carbohydrate are responsible for

binding affinity. This question may be answered in many ways but STDNMR offers a very straightforward approach.

In essence, the carbohydrate structure under investigation is systematically dissected into smaller fragments. Then, all



Figure 7 Model for the design of UDP-GlcNAc 2-epimerase inhibitors. A nucleoside that is bridged via two negative
charges to a sugar or ring moiety would provide a general scheme to design inhibitors to the epimerase activity of UDP-

GlcNAc 2-epimerase/ManNAc kinase. As the nucleotide moiety binds rather tightly to the enzyme, the binding affinity of this

part of the molecule already seems to be optimized. In contrast, the binding affinity of the sugar moiety is very low
and therefore not yet optimized. With permission from Blume, A.; Benie, A. J.; Stolz, F.; Schmidt, R. R.; Reutter, W.;

Hinderlich, S.; Peters, T. J. Biol. Chem. 2004, 279, 55715–55721.
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molecules are subjected to competitive STD NMR titrations to yield the relative affinities of the fragments as

compared to the complete molecule. In addition, an epitope mapping is performed for all fragments. This approach

yields a complete picture of the contribution of different parts of the carbohydrate to the overall binding affinity.

The fragments may be further investigated using the combined STD NMR/combinatorial approach as described in

Section 3.35.2.2.2. It is clear that this approach represents a rather powerful technique that can be used to, for example,

derive potent therapeutics based on carbohydrate structures.

As an example, the results of a study that addresses the binding of carbohydrate ligands toUDP-N-acetylglucosamine

2-epimerase/N-acetylmannosamine kinase, a bifunctional key enzyme for the biosynthesis of sialic acid, are

described.113,114 The natural substrate for the epimerase reaction is UDP-GlcNAc, and in the presence of ATP

the enzyme continues to convert the product of the epimerization reaction, ManNAc, into ManNAc-6-phosphate.

The two functionalities of the enzyme were studied independently by performing STD NMR experiments either in

the presence or in the absence of ATP.

For the epimerase functionality, competitive STD NMR titrations in the absence of ATP yield a ranking of the

binding affinities of the fragments of UDP-GlcNAc. It is found that the minimal fragments with binding affinity to the

enzyme are UMP and GlcNAc-1-phosphate indicating that at least one phosphate residue is required for binding to

the enzyme. The observed binding affinity of GlcNAc itself was traced back to binding to the kinase site. Surprisingly,

UDP and not UDP-GlcNAc has the largest binding affinity for the enzyme (Figure 6).

A comparison of the binding epitopes of UDP-GlcNAc and UDP-GalNAc reveals that the two ligands have almost

identical binding modes. Yet, only UDP-GlcNAc is processed by the enzyme. According to a proposed mechanism for

the epimerase activity, a basic amino acid attacks H2 of GlcNAc to produce the 2-acetamidoglucal intermediate. In the

case of UDP-GalNAc, the axially positioned OH4 of GalNAc could deliver a much more acidic proton to this amino

acid and in turn deactivate the enzyme. The fragment-based binding analysis yields a starting point for the design of

potential epimerase inhibitors. As shown in Figure 7, it is clear that the nucleotide moiety functions as a molecular

anchor that guides UDP-GlcNAc into the active site.

The kinase activity of UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase was also studied

by STD NMR. Following essentially the same approach as for the investigation of the epimerase activity, it was

found that the C4 and the C1 position of ManNAc are most critical for the conversion into ManNAc-6-phosphate.

Interestingly, the N-acetyl group allows substantial modifications without the loss of enzymatic activity: GlcNAc,

ManNProp, and ManNBut are all processed by the kinase. It is also observed that enzymatic activity and binding

affinity do not necessarily correspond. From STD NMR titrations, it is found that GlcNAc and ManNAc have about

the same binding affinity, but from prior activity measurements it is clear that ManNAc is processed at a much higher

rate (Figure 8). Inspection of the binding epitopes on the other hand reveals significant differences of the binding

modes of GlcNAc andManNAc (Figure 8), indicating that the orientation of the substrate in the binding pocket of the

enzyme is the critical factor for the enzymatic activity.

The study delivers comprehensive structure–activity and structure–binding relationships that are valuable for the

design of novel derivatives that may be used in metabolic engineering experiments or for therapeutic purposes.
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3.35.3 Concluding Remarks

Besides STD NMR and transferred NOE studies, there are a variety of related techniques that are used to study the

binding of carbohydrates to proteins. ‘Classical experiments’ comprise the measurement of line broadening and

chemical shift differences115–119 upon binding in order to yield binding affinities. Water-ligand observation by

gradient spectroscopy (LOGSY) experiments120 are related to STD NMR experiments in that they achieve the

saturation of the protein resonances through irradiation of protein-bound water molecules and therefore offer a

suitable alternative, especially if water molecules are involved in the binding process. In special cases where two or

more subsites of a protein are to be studied, experiments that rely on the use of TEMPO or related spin-labels as part

of one of the fragments lead to information about binding affinities toward these subsites in the presence of another
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ligand already binding to the first binding site.121,122 These approaches are termed second site screening approaches.

In summary, this short overview demonstrates that NMR experimental techniques that are solely based on the

observation of carbohydrate-ligand signals may provide deep insights into binding modes, bioactive conformations,

and binding affinities without the need of costly isotope labeling of the respective receptor proteins that in many cases

are beyond the size limits of NMR, or that simply are not amenable to expression in E. coli such as the fragile

epimerase kinase described in this chapter. We predict that the already large number of ligand-based NMR experi-

ments for the investigation of the binding of (carbohydrate) ligands to proteins will still grow in the future.
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3.36.1 Introduction

Mammalian cells expose wide arrays of complex glycoconjugates on their surfaces. These carbohydrate structures are

playing critical roles in multiple key cellular events, several of which being characterized by weak but multivalent

carbohydrate–protein interactions.1 Thus, multiantennary glycans on glycoproteins, polysaccharides, or on patches of

glycolipids constitute a first line of weak contacts with pathogens bearing the corresponding carbohydrate-recognition

domain (CRD). Cell–cell communications also apply carbohydrates as signals. In spite of these ubiquitous phenomena,

the basic carbohydrate structures recognized by carbohydrate-binding proteins are surprisingly simple, with at best a

tri- or tetrasaccharide moiety being deeply involved in the protein’s active sites, unless conformational epitopes are

involed.2 Additionally, several proteins or interactive mechanisms utilize a limited set of similar sugars, thus further

raising the issues of selectivities. For instance, the innate immune system exploits the structures of mannosides on

yeast, fungi, and bacteria through the mannose-binding protein (MBP) as the first defense mechanism against this

type of infectious agents. Yet, dendritic cells, macrophages, and hepatocytes also utilize mannosides against pathogens

and cellular recognition or activation. Paradoxically, bacteria, such as fimbriated Escherichia coli (E. coli), possess

proteins at the tip of their fimbriae (FimH) that also recognize and bind to mannosides of host human tissues as the

premise for bacterial infections. Obviously then, the sole carbohydrate structures, taken individually, could not

account for the large multivalent interactions that solicit a given glycan. Consequently, valencies, geometries, and

topographical saccharide arrangements must be keys for the high selectivities and affinities observed. With these

questions in mind, glycodendrimers 3–6 were born to address fundamental aspects in multivalent carbohydrate–protein
821
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interactions that could not be resolved with glycopolymers.7–9 Moreover, dendrimers can be assembled with an

infinite variety of chemical architectures and exposed number of carbohydrate moieties.10,10a,10b,11 They may also

constitute an arsenal of new therapeutic agents as well as being useful for specific cell targeting.

Bacterial resistance against established chemotherapies is a major medical issue. Novel principles for the treatment

of infectious agents are thus highly attractive. One such possibility would be the inhibition of attachment of the

infecting pathogens to the host’s cell surfaces.12–14 The attachment is often a prerequisite for the later stages of

infection, colonization, and invasion of specific human tissues. Since the chemical structure of the adhesion inhibitors

most likely would be quite similar to the natural attachment ligands used by the pathogenic agents, it is unlikely that

resistance (mutations) would give them the capability to overcome the inhibitory effect of the antiadhesive drug

without impairing their ability to adhere to the host cells. Glycodendrimers are therefore definitely suitable for the

inhibition of bacterial adhesions to host tissues (Figure 1).

This review will highlight some of the most-studied carbohydrate–protein interactions involving manno-

sides. Obviously, the same principles should also apply to other key interactions which may be the subject of other

reviews on their own, such is the case of galactose-binding proteins (e.g., galectins).15,15a As mentioned, glycopoly-

mers7–9 constitute very useful tools to studymultivalent interactions;16–17,17a,17b however, they detract from fundamental

understanding of glycoside cluster effects.18 Again, glycodendrimers and some of their corresponding glyco-

clusters are perfectly designed to address the proper questions and to permit further structural refinements that

ultimately could be integrated to polymers or even to dendronized glycopolymers.19,19a,19b This chapter will therefore

also illustrate some of the synthetic strategies that have been used into the wonderful design of mannoside-bearing

glycodendrimers.
3.36.2 Proteins that Bind D-Mannosides

Awide variety of proteins can bind D-mannopyranoside residues including high-mannose oligosaccharides.20 Of these,

plant lectins, particularly Concanavalin A (ConA), Dioclea grandiflora, and pea lectins, have been extensively studied

from the point of view of X-ray crystallographic analysis, isothermal titration microcalorimetry (IC), as well as for

fundamental aspects related to multivalent interactions and glycodendrimer bindings. Of particular interest to this

review are the binding of mannosides to human monoclonal antibody 2G12 recognizing Man9GlcNAc2 from HIV-1

gp120 and the related cyanovirin-N isolated from the cyanobacterium Nostoc ellipsosporum; MBP of the innate immune

system; DC-SIGN (dendritic cell-specific ICAM-3 grabbing nonintegrin) (ICAM-3¼intercellular adhesion mole-

cule) present on dendritic cells and responsible for the binding of T-lymphocytes; human mannose receptors on
Bacteria

Adhesion protein
(Fimbriae, lectins)

Glycans

GlycodendrimersAdhesion

Infection Elimination of bacteria
No infection

Cell tissuesCell tissues

Cell tissues

Figure 1 Glycodendrimers are potentially useful agents to block bacterial infections.
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resident macrophages and finally bacteria through their fimbriated type 1 proteins such as present in E. coli, Klebsiella

pneumoniae, Pseudomonas aeruginosa, Salmonella spp., Serratia marcescens, and Shigella flexneri. Other related mannoside-

binding proteins but not discussed herein include Urtica dioica agglutinin (UDA), scytovirin, Scilla campanulata lectin

(SCL), Narcissus pseudonarcissus lectin (NPL), Galanthus nivalis agglutinin (GNA), jacalin, and Myrianthus holstii lectin

(myrianthin, MHL).

3.36.2.1 Human Antibody 2G12 and Cyanovirin

Figure 2 illustrates the crystal structure of the HIV-1 neutralizing human antibody 2G12 bound to the oligomannoside

Man9GlcNAc2 present on the ‘silent’ face of the gp120 envelope glycoprotein.21 The antibody adopts an unusual

domain-swapped dimeric structure originating from interdigitation of Fab domains. Interestingly, the oligomannoside

is similarly bound into the active site of cyanovirin (Figure 3).22 While cyanovirin prefers the D1–D3 branched

mannosides, the antibody 2G12 is localized in the ManCManD1ManD2 area. Consequently, several groups are

involved in the synthetic design of properly oriented mannoside clusters for vaccination purpose.23–25 The resulting

vaccines should trigger specific, high-affinity antibodies against the carbohydrate portion of HIV’s gp120.

Besides the well-studied Gal/GalNAc asialoglycoprotein hepatocyte receptors (ASGP-R), for which there is still no

crystollographic data known, the case of the cyanovirin produced by the blue-green algaeNostoc ellipsosporummay well

represent another typical role model for complex multivalent interactions.22 This monomeric 11kDa protein is a

cyanobacterial protein that potently inactivates all strains of HIVand simian immunodeficiency virus (SIV) at the level

of envelope-mediated fusion by virtue of its strong interactions with the HIV surface envelope glycoprotein gp120 and

is currently under preclinical investigation as a topical antiviral microbicide.26 Theprotein has a high-(13nM) and a low-

affinity binding site for high-mannose oligosaccharides. The two binding sites are 35Å apart; thus, a singleMan9GlcNAc2

residue is too small to provide a chelate effect on the two active sites simultaneously. Figure 3 illustrates the X-ray

structure of the protein with boundMan9GlcNAc2 in its high-affinity site together with the bound conformation of the

saccharide. The remaining low-affinity binding site can only readily accommodate smaller oligomannosides. This

protein should thus constitute a good case for studying multivalent mannoside containing glycodendrimers.
3.36.2.2 Human Mannose-Binding Protein

The human mannose-binding protein (hMBP) is a member of the collectin family of molecules that play a role in first

line host defense.27–28 Found in the serum of many mammalian species,29–31 this protein mediates immunoglobulin-

independent defensive reactions against pathogens. Its action occurs within minutes of exposure to an infectious agent
Figure 2 Crystal structure of the HIV-1 neutralizing human antibody 2G12 bound to the oligomannoside Man9GlcNAc2
present on the ‘silent’ face of the gp120 envelope glycoprotein (PDB 1OP5).
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Figure 4 Modular structures and biological activities of collectins (MBP and Conglutinin).
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providing immediate defense during the 1–3 days lag period required for induction of specific antibodies.32 TheMBPs

function by recognizing oligomannose on the cell surface of various bacteria and viruses. They bind and neutralize

them by complement-mediated cell lysis or facilitate their recognition by phagocytes (Figure 4).

Upon exposure to pathogens, the concentration of MBP in the serum increases.33 Patients with reduced levels of

MBP, due to a point mutation in the MBP gene, show a propensity for repeated, severe bacterial infections.34 MPBs

also act as inhibitors of human immunodeficiency virus and influenza virus, presumably by binding to the high-

mannose carbohydrates of the viral envelope glycoproteins and blocking attachment to the host cell. All these

observations clearly show the importance of the MBP in the innate immune system.

The structure of the hMBP consists of 18 identical subunits arranged as a hexamer of trimers, adopting a bouquet-

like structure (Figure 4).35,35a–37 Each subunit’s chain consists of four distinct regions. This includes a cysteine-rich

region, a collagen-like region, a neck region, and a CRD that is calcium dependent, a common feature of most MBPs.

The oligomerization is possible through the disulfide bonds in the cysteine-rich region, and due to the characteristic

properties of the collagen-like domain and the neck region it tends to form a trimer. The clustering of three CRDs in

close proximity significantly increases the affinity for small sugar clusters. The impact of further clustering can ensure

that these molecules only bind with high affinity to dense sugar arrays like the one found on the surface of bacteria

and viruses.

The hMBP forms oligomeric bouquets or cruciform structures of trimeric subunits each composed of three

polypeptide chains coiled up in a collagenous triple-helical arrangement. This trimerization domain orients each

CRD so that the ligand-binding sites are 45Å apart and 26Å from the center of the trimer (Figure 5). Thus,

simultaneous ligation of three binding sites could not be achieved by a single molecule but rather elongated branched

oligosaccharides as found on the cell walls of yeast, certain Gram-negative and Gram-positive organisms, and the

envelope glycoprotein of the human immunodeficiency virus, all of which have been shown to bind to MBP. This

suggests that the CRD sites are ideally configured for multivalent interactions, thereby increasing the binding affinity

of hMBP to pathogens. Our group has been involved in the design of optimal mannoside trimers to provide potent

chelators to hMBP and to better understand differentiating interactions between this protein and other high-mannose

binding proteins (Dominique, R. and Roy, R., unpublished data).
3.36.2.3 Macrophages and Dendritic Cells: DC-SIGN

DC-SIGN also belongs to the family of C-type lectins able to bind high-mannose glycoproteins of HIV-gp120,38

Ebola-gp 1,39 or Dengue-gp E.40 DC-SIGN, expressed exclusively at the surface of immature dendritic cells, possesses a



Figure 5 Crystal structure of trimeric hMBP with high-mannose glycan. The yellow spheres are calcium. (S. Sheriff,

personal communication.)
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C-terminusCRDthat, similarly to hMBP, can oligomerize into homotetramers, thus exposing fourCRDs.41,42 Additionally,

DC-SIGNcan organize intomicrodomainswithin lipid rafts at theplasmamembrane level and can thus act as docking sites

for pathogens. The interactions of this lectin with branched oligomannosides present on the pathogen glycoproteins

represent another interesting and complexmultivalent phenomena. Again, inhibition of these interactionsmay potentially

represent antiviral therapies. Dendritic cells, as well asmacrophages, are antigen-presenting cells that are able to stimulate

CD4þ T-lymphocytic responses by presenting antigens within the context of major histocompatibility (MHC) class II

complexes. Hence, researchers have used these mannoside receptors to target potential vaccines.

Another representative member of this family of mannose receptors is present on the membrane-associated proteins

of human peripheral and bone marrow macrophages. This 175kDa protein is also constituted of multidomains, and

interactions with mannosylated ligands are achieved through cooperative binding involving eight CRDs.43–44 These

mannoside receptors can mediate internalization of both soluble and microorganism-bearing mannoside residues.

These receptors can regulate levels of endogenous glycoproteins and contribute to the clearance of potentially

harmful pathogens. As such, they take part in the innate immune regulation. A linear mannoside-bearing L-lysine

backbone exposing six arylated mannoside residues analogous to the glycodendrimer-based structure discussed below

was shown by Biessen et al. to have an affinity in the low nanomolar range.45

3.36.2.4 Bacterial Lectins: Escherichia coli FimH

A critical step in host-tissue colonization and biofilm formation is achieved through bacterial adhesion commonly

mediated by carbohydrate-binding lectin-like proteins expressed on or sheded from bacterial surfaces. Type 1

fimbriae are the most common type of adhesive appendages in E. coli and several other enterobacteria and mediate

mannose-specific adhesion via the 30 kDa lectin-like subunit FimH.46 The crystal structure of the FimH from

uropathogenic E. coli, primarily causing pyelonephritis, has been solved together with methyl a-D-mannopyranoside

( 1) as well as with the hydrophobic butyl a- D-mannopyranoside. 47 The strongest monovalent inhibitor known to date

for the FimH is heptyl a-D-mannopyranoside (5 , KD 5nM) which is thus eight times better than the known

p-nitrophenyl a-D -mannopyranoside (2 , PNPaMan, KD 44nM) and four times better than methyl umbelliferyl

a- D-Man ( 4, KD 20nM). Table 1 shows the relative affinities, KD, and DG� of a series of synthetic mannoside

derivatives (Figure 6) against the FimH of E. coli K12 as measured by surface plasmon resonance.47

Among the series of alkyl mannosides tested from methyl up to octyl, there were 1000-fold increases from ethyl to

higher homologs and a steady increase up to the heptyl mannoside (5) after which, the KD started to increase. It is also

noticeable that the hydrophobic aglycons of the best candidates are flanked by two tyrosine residues (Tyr48 and Tyr

137) in the active site (Figure 7) that may provide the rationale for the observed, more than two decades ago, high

affinities of o-chloro-p-nitrophenyl a-D-mannoside (3) against other strains of E. coli (346 (025) and 128).48,48a Indeed,



Table 1 Relative affinity of mannosides for Escherichia coli K-12 isolated FimH as measured by surface plasmon

resonance47,48

Ligand KD SPR (nM) DG� SPR (Kcal mol�1) Relative affinity

Mannose 2.3�103 �7.6 0.96

MeaMan (1) 2.2�103 �7.7 1.00

EthylaMan 1.2�103 �8.1 1.8

PropylaMan 300 �8.9 7.3

ButylaMan 151 �9.3 15

PentylaMan 25 �10.4 88

HexylaMan 10 �10.9 220

HeptylaMan (5) 5 �11.3 440

OctylaMan 22 �10.4 100

PNPaMan (2) 44 �10.0 50

MeUmbaMan (4) 20 �10.5 110

6 113 �9.5 19

7 55 �9.9 40
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in inhibition of yeast aggregation by the bacteria, compound 3 showed relative inhibitory behavior that was 717 and

470 times better than the reference compound 1, respectively (Figure 6). In a recent study from this laboratory

(unpublished data), a small library of mannoside analogs was constructed to build a QSAR model for the FimH. The

library included several C-linked mannosides, a few of which (cpds 6, 7) were almost equivalent to PNP aMan. These

C-glycosides are valuable candidates for in vivo assays since they are stable under physiological conditions. Moreover,

they are suitably functionalized for further manipulations such as those encountered in typical glycodendrimer

syntheses. It is our opinion that the most potent glycodendrimers will be those constructed using the best monovalent

aglycons together with optimized scaffolds, valencies, and linker distances. These factors should necessarily vary from

one receptor to another.
3.36.3 Glycodendrimers

3.36.3.1 Overview

Glycodendrimers are an interesting class of synthetic well-defined biomacromolecules that have been initially

designed to address the issue of low-affinity carbohydrate–protein interactions encountered in so many biologically

relevant situations.3–6, 10,10a,10b,11 They were initially thought to expand our understanding of the ‘classical glycoside
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cluster effect’ originally proposed by Y. C. Lee,18 a pioneer in glycoconjugate chemistry and biochemistry. In its

widespread version, it is usually assumed that the glycoside cluster effect has its source in the enhanced affinity of a

given multivalent glycoside toward a CRD by fully occupying ‘one active site’ at a time.

Glycodendrimers, just like any other typical tree-like organic dendrimers, may take several structural architectures as

they can be prepared as dendrons (wedge structures), spherical or globular dendrimers, and even polymer-dendrimer

hybrids called dendronized polymers.19,19a,19b,49,50 A few reports also describe their preparation using self-assembly

techniques based on transition metal complexes with bipyridine or terpyridine cores.51,52 Glycodendrimers can be

synthesized by divergent, convergent, or double-stage convergent strategies using a hypercore molecule as the central

element. Moreover, for sake of simplicity and diminished cost, the inner scaffold portion of the molecules can be

synthesized by a one-pot procedure using hyperbranched polymer methodologies. This can be achieved based on AB2

monomer systems such as those found in commercially available hyberbranched polyglycerols, hyperbranched

polyethyleneimine (PEI), and Boltorn® dendrimers of low dispersities that were constructed using glycidol, ethylene

imine, and 2,2-bis(hydroxymethyl)propionic acid (bis-MPA), respectively. Should a commercial application of glyco-

dendrimers arise, the latter strategy will allow low-cost production, albeit at the expense of structural homogeneity.
3.36.3.1.1 Commercially available dendrimer cores
Several dendrimers having various surface functionalities and building blocks are commercially available, some of which

are illustrated in Figure 8. Polyamidoamine dendrimers (PAMAM, Starburst, Dendritic Nanotechnologies), poly-

propylenimine (PPI, Astramol, DSM Fine Chemicals), polyglycerols, and Boltorn® dendrimers are most commonly

used.10,10a,10b PAMAM-based dendrimers53 having built-in amine functionalities on the surfaces have been the first

and most frequently used scaffolds for sugar attachment. The very first application used amide bond formation starting

from sugar lactones.54 Although this straightforward manipulation has not yet been applied toward mannosides, it

should be readily applicable to this important carbohydrate. It has the disadvantage of sacrificing the reducing sugars,

which alternatively serve as extended linkers. As discussed in more details below, PAMAM (and potentially any other

amine-ending dendrimers) have been functionalized with carbohydrates using: (1) thiourea linkages formed by

treating the aminated dendrimers with sugar isothiocyanates; (2) amide linkages with carboxylated sugars; and
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(3) reductive amination. This last procedure can give rise to mixtures of both mono- and di-alkylation. The largest

glycodendrimer built so far contained 256 mannoside residues and was prepared on generation G6-PAMAMdendrimer.55
3.36.3.1.2 Synthetic strategies
Basically, there are two key strategies for building glycodendrimers (Figure 9). The first one involves the initial

synthesis of core molecules by a divergent process. In this approach, the focal and multifunctional molecules are

systematically expanded outward using various chemical linkages. For instance, PAMAM-based dendrimers use a,o-
diamines as core (e.g., 1,2-ethylenediamine, 1,4-butanediamine, etc.), the amines of which are then treated with

methyl acrylate by a double N-alkylation. The ensuing esters are reacted with a large excess of 1,2-ethylenediamine to

provide the first generation G0 bearing four amine functionalities. This process (alkylation/amidation) is sequentially

repeated from the ‘heart’ of the molecules until the desired external valencies are reached. The sugars are then

appended at the molecules’ periphery. The growth is doubly exponential (2n) but the number of surface groups may

vary depending on the number of functionalities on the ‘seeding’ molecules, for example, 2,4,8. . .; 3,6,12. . .; 4,8,16. . .;

etc. The main disadvantage of the divergent growth is the necessity for an increasing number of efficacious reactions

required to obtain defect-free dendrimers that are otherwise difficult to purify given the small differences in their size

and number of functional groups.

The second approach, the convergent growth strategy, avoids several of the synthetic challenges inherent to the one

described above. The procedure involves the construction of glycodendrons (wedges) that are useful on their own

followed by their attachment to multivalent core structures. The procedure is simplified because the number of
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Figure 9 The two major synthetic strategies toward glycodendrimer syntheses.
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coupling partners is reduced to a minimum at any particular step. Moreover, the target molecules, by virtue of its

higher molecular weight in comparison to their fragments are simpler to purify by size exclusion chromatography.

The number of peripheral carbohydrate moieties that cause steric inaccessibility eventually limits the technique.

Nevertheless, it is now well established that a large number of surface carbohydrate moieties are detrimental to

the carbohydrate accessibility by carbohydrate-binding receptors. Doubly convergent approaches have also been

described. In these cases, the core molecules are first assembled with several surface functional groups that could be

directly attached to glycodendrons.

Of additional interest is the fact that glycodendrimers can be synthesized by solid-phase chemistry, combinatorial,

and dynamic combinatorial methods. A recent example also illustrates the feasibility of using microwave activation for

the coupling of the carbohydrate moieties. This will be discussed in the ‘clicked’ dendrimer section below.
3.36.3.2 Lysine-Based Glycodendrimers

The first glycodendrimers to appear in the literature in 1993 were built using divergent solid-phase peptide chemistry

and L-lysine as repeating assemblies.56 They were bearing exposed sialic acid residues and were constructed for the

inhibition of flu virus attachment by competing with sialoside ligands present on respiratory tracts against the

hemagglutinin of the virus particles (Figure 10). Using dendrons having eight sialosides on the surface, Roy et al.

were able to demonstrate that each saccharide residue was 1000-fold better, on a per saccharide basis than the

corresponding monomer.57 They were however not as efficient as polymers because they could not cover efficiently

the surfaces of the spherical viral particles, a property well exploited by random coiled polymers. It was later argued

that dendronized polymers were even more potent in this respect.57 When the same poly-L-lysine scaffold was utilized

with mannoside residues bearing an arylated aglycon (partly optimized monomer), the resulting 8-mer glycondendron

happened to show 100000-fold increased inhibitory potency against fimbriated E. coli K12 on a per mannoside basis.58

The structures of the corresponding sialo-(Figure 10) and manno-dendrimers (Figure 11) are illustrated below.

The dendronized lysines represent one of the most widely used core structures in glycodendrimers. A review by

Niederhafner et al. describes the synthesis of peptide dendrimers and their application.59 Glycosylated lysine

dendrimers have been prepared both on solid supports60,60a and in solution.61,61a Reaction of the peripheral amino

groups with a variety of electrophiles carrying pendant sugar residues leads to glycodendrimers.

Roy and co-workers have previously reported lysine glycodendrimers carrying a variety of carbohydrates via

thioetherification of a-chloroacetamide attached to the N-terminal amine groups of lysine.62 An activated ester

coupling was described to provide galactoside- and N-acetylglucosamine-capped lysine glycoclusters.63 The later

was also further elaborated as Lewisx antigens by chemoenzymatic processes.64
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As mentioned above, dendritic cells and macrophages are effective antigen presenting cells (APCs). Since

these cells expose MBPs, they constitute powerful candidates for vaccine targeting. Thus, instead of associating

short immunogenic peptides to protein carriers, such as keyhole limpet hemocyanin (KLH) or bovine serum

albumin (BSA),65 Chang and co-workers have recently investigated the possibility of using mannoside-capped

polylysine glycodendrimers (10 ) constructed at the N-terminal of several immunogenic peptides (Figure 12 ).66

Peptide sequences from HIV gp41 protein (541–555 bearing the LLSGIV motif capable of inhibiting viral fusion,

553–567),67 SARS-CoV S2 (1081–1105, 1144–1187), and influenza hemagglutinin HA2 (1–25) were built on a Rink

amide resin. The lysine moieties were then introduced as a G-3 lysine dendrimer followed by mannosylation, using

4-mannosyloxy butanoic acid (8) at the terminal (e) amino groups of the lysyl-peptide dendrimer (9). Preliminary data

from vaccine 10 , containing the LLSGIV motif, demonstrated that it could elicit polyclonal antibodies response in

rabbit much stronger than the KLH construct. It was concluded that the mannosylated dendron was stabilizing the

antigenicity of the peptide by protecting it from proteolysis. N-terminally mannosylated peptides carrying one to six

mannose residues were also shown by Koning and co-workers to elicit immune response with efficiency up to 104-fold

greater than peptide antigens alone.68

Mannose receptors are capable of mediating internalization of both soluble and particulate carbohydrate structures

and as such they take part in innate immunity.69,69a The broad pattern recognition displayed by mannose receptors
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Figure 11 Arylated glycomannoside bearing eight residues based on a polylysines core. This construct showed an IC50 of
14nM against E. coli K12.
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together with their implication in adaptive immunity has stimulated considerable efforts toward the selective delivery

of enzymes,70,70a drugs,71,71a,71b oligonucleotides or genes, 72,72a–72c and antigens73,73a,73b to cells expressing them for

therapeutic and vaccine strategies.

X-ray crystallographic data from the related rat mannose-binding lectin showed extensive hydrogen bonds and

coordination bonds between two equatorial, vicinal 3- and 4-hydroxy groups for D-mannose. As shown in Figure 13 ,

it becomes clear that D -(–)-quinic and shikimic acid, with their 4,5 vicinal diol in trans-diequatorial or pseudo-

diequatorial arrangements, respectively, could function as mannose isosteres. This strategy was extensively exploited

by Grandjean and co-workers to design dendrimers containing mannose mimetics.74

The synthetic sequence used started by the formation of shikimic or quinic acid amide bond formation with both a
and e L -lysine peptides bearing cysteine and glycine to afford dendron 11. This was followed by the insertion of

fluorescein isothiocyanate at the first e-amino group of the bis (ClCH2 CO) 2 -Lys-Lys(NH 2)- b-Ala-NH2 (12 ), and

finally by thioether bond formation between the two synthons 11 and 12 to provide the desired glycodendrimer 13

( Figure 13).

Fluorescein-labeled pseudo-glycodendrimers with valencies of two to eight were tested by competitive inhibition

assays with mannan, which was evaluated by confocal microscopy analysis using mannose receptors expressed in

transfected Cos-1 cells. Cells expressing mannose receptor-mediated uptake was assayed on monocyte-derived human
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dendritic cells by cytofluorimetric analysis. The synthetic clusters were shown to be effective ligands against

the dendritic cells, with an optimum affinity toward clusters having a valency of four. The glycomimetics did not

perform as well as the natural mannosides. However, these results indicated that the mannose receptor could

accommodate structural variations significantly divergent from the natural ligand.

In the same vein, Kiessling and co-workers have synthesized a solid-phase library of glycomimetics from shikimic

acid.75 Rink amide resin was utilized as the solid support. The immobilized amine was coupled to several different

amino acids, the N-terminal of which was then coupled to shikimic acid through amide bond formation, as above.

Conjugate nucleophilic addition of thiolates, cleavage from the resin, and removal of the protecting groups from the

amino acid side chains furnished a library of 192 compounds. The relative binding potency of the library members

toward the mannose-binding protein (MBP-A) using fluorescein-labeled MBP-Awas measured. Ten compounds were

identified with potencies comparable or even slightly better than that of MeaMan (Figure 14).
3.36.3.3 PAMAM-Based Glycodendrimers

Tomalia and co-workers have pioneered the synthesis of poly(amidoamine) (PAMAM) dendrimers (Figure 8) using the

divergent growth procedure described above.53,76 These attractive molecules constitute an exciting new class of ma-

cromolecular architectures and have drawn a vast interest in several research areas.77,77a–77g As they are commercially

available, these scaffolds were extensively used by many groups of glycochemists.
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Our group has previously described the easy and efficient coupling of several amino-ending PAMAM genera-

tions to p-isothiocyanatophenyl a-D-mannopyranoside. 78,78a– 78e Figure 15 shows an example of a resulting a 32-mer

mannodendrimer (14). This useful and efficient mode of coupling through isothiourea linkages was therefore used by

several other groups and was nicely exploited by Lindhorst 5 and Cloninger.6

The first four generations of this novel class of monodispersed neoglycoconjugates having up to 32 mannoside units

were evaluated as ligands for the phytohemagglutinins from ConA and Pisum sativum (pea lectin) using enzyme-linked

lectin assay (ELLA) and turbidimetric analysis. The binding properties of these glycodendrimers, together with

reference monosaccharides, were determined using yeast mannan as a coating antigen and peroxidase-labeled lectins.

These mannosylated dendrimers were demonstrated to be potent inhibitors with IC50 values 400 times better than

those of monomeric methyl a-D-mannopyranoside taken as a standard.

Lindhorst and co-workers have also used the same thiourea-bridge, with protected and unprotected mannoside

derivatives (15 ) (Figure 16) 79,79a,79b to investigate their potencies in the inhibition of hemagglutination of guinea

pig erythrocytes by type 1 fimbriated E. coli . With the trivalent cluster, an increase in binding potency of over 100-fold

was achieved; however, this inhibitory behavior was surpassed by hexa- and octa-mers. The nonspecific interactions

such as hydrophobic interactions and stacking effects have to be considered for the interpretation of these results.

Reductive amination was used by Lindhorst and co-workers to provide access to glycoclusters from a tris(ami-

noethyl)amine core (17 ). 80 The glycoclusters were obtained from (2-mannosyloxy)ethanal ( 16), which was obtained

from allyl a-D-mannopyranoside by ozonolysis, followed by treatment with sodium triacetoxyborohydride (NaBH

(OAc)3 ) (Figure 17). 
80 This procedure may give rise to double N-alkylation, so excess aldehydes must be used for

completion. In more complex carbohydrate-based glycodendrimers, this situation may lead to undesired partial

structures. To circumvent it, Stoddart et al. in their sialodendrimers syntheses targeting siglecs, used an N -methyl

amine for the reductive amination.81,81a

Similarly, Okada and co-workers have used unprotected sugar-lactones (18 ) which can form amide bonds directly

with amine-ending PAMAM dendrimers ( 19) in DMSO 54 to afford the second- to fourth-generation lactodendrimers

20 (Figure 18). As discussed, this strategy can be equally applied to mannosides.

Pieters and co-workers have described the preparation and evaluation of multivalent mannosides, including small

divalent systems, glycodendrimers, and glycopolymers, as inhibitors of type 1 fimbriated uropathogenic E. coli . The

mannosylated surface groups were obtained by an amide bond formation between 3-aminopropyl a-mannopyranoside

that was pretreated with diglycolic anhydride. Typical BOP or TBTU peptide coupling reagents were used to furnish

the desired PAMAM-dendrimers (21 ) (Figure 19 ).82

A novel and easy bioassay was set for this purpose. The mannosylated dendrimers to be tested were used in an

ELISA-based assay for their ability to inhibit the binding of mannose-binding type 1 fimbriated E. coli (FimH) to a
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Figure 15 32-Mer mannodendrimer 14 with isithiourea linkages based on a PAMAM core.
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Application of Multivalent Mannosylated Dendrimers in Glycobiology 837
monolayer of T24 cell lines derived from human urinary bladder epithelium. The PAMAM mannodendrimers

displayed the highest affinity towards the target, although their relative potency per mannose was rather low. Glyco-

polymers with 3–21 mannose residues per polymer showed enhanced activity with increasing mannose substitution

up to an IC50 as low as 12mM. The relative potency of the polymer series on a per mannoside basis was relatively

constant at around 30–40.

Cloninger and co-workers have similarly described first-through sixth-generation PAMAM dendrimers (256 surface

groups) with mannoside residues and thiourea linkers.6,55,83 When compared to methyl a-D-mannoside taken as

control monomer, dendrimers G1 and G2 did not show any increase in activity toward the phytohemagglutinin ConA

and the G3 dendrimer bound roughly one order of magnitude better than G1, G2, or methyl mannoside. This is

suggestive of a glycoside clustering effect (enhanced local concentration). As with G1 and G2, G3 was too small for

multivalent binding to occur (chelate effect). Dendrimers G4–G6 all showed increased activity against the tetrameric

Con A of two orders of magnitude, indicating that multivalent binding was occurring. It is also possible that the change

in shape from circular (G(1)- to G(3)-PAMAM) to spherical (G4–G6) caused the observed binding enhancement. It is

to be noted that each of the four mannose-binding sites in ConA is �73Å apart from each other (calcium to calcium
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distances). Lectin cross-linking that only requires clusters to be <10Å apart may also cause the increase in affinity.

Noteworthy is the fact that dimeric lectin only requires a dimeric cluster for this to happen.

Cyanovirin-N (CV-N) recognizes Mana1-2Man disaccharide and higher homologs (see discussion above) that are

present on terminal branches of high oligomannose structures present on viruses and other microbes. Cloninger and

co-workers have investigated the relative inhibitory properties of fuctionalized Mana1-2Mana-PAMAM dendrimers

( 22) against their ability to bind CV-N (Figure 20). 84

In order to evaluate the mannosylated dendrimer–CV-N interactions, precipitation assays were performed.

PAMAM-functionalized dendrimers induced precipitation of CV-N–dendrimer complexes. Titration of the soluble

CV-N with increasing amounts of dendrimers showed a linear decrease in the absorbance, that is, an increase in the

total amount of protein precipitated. These data translated to apparent stoichiometries of 8:1 and 11:1 for CV-N:

dendrimer complexes for G3 and G4, respectively.
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The study of variously loaded saccharide-functionalized dendrimers provided other valuable information

regarding multivalent binding. A number of constructs have been reported that vary the loading densities

of carbohydrate antigens. In general, the most highly functionalized scaffolds were not the ones with the highest

activity.3,10,10a,17,17a,17b,51,56,62,78 Often, less-functionalized ligands can exhibit optimal activities. This was attributed

to the fact that at high loading, the saccharide portions became less accessible due to an increase in steric hindrance.

Another hypothesis is that with aromatic aglycons, p-stackingmight further tighten the saccharide units on the dendrimer

surfaces. In fact, PAMAM-dendrimers bearingmore than 64 arylatedmannosidemoieties such as those seen inFigure 15

were experimenting solubility problems in aqueous environment.

Analogous to the experiments on PAMAM-based sialosides in flu virus interactions, wherein the saccharide portions

were interspaced with nonsaccharidic functionalities,57 Cloninger and co-workers described the synthesis of hetero-

geneously functionalized PAMAM manno dendrimers 23 and 24 (Figure 21 ).85,86

A hemagglutination assay was performed by adding rabbit erythrocytes to preincubated solutions of Con A and

varying concentrations of dendrimers. There was a significant increase in activity for the fourth, fifth, and sixth

dendrimer generations. Maximum activity occurred at just over 50% sugar loading for all generations. The area

available per sugar at maximum activity varied slightly for the different generations. The trends were similar in each

case. The most striking observation was that the highest activity did not correlate with the maximum sugar loading,

but rather occurred at slightly closer packing of the sugars as the generation increased. By analogy, the loading

distributions of dendrimers bearing heterogeneous structures were evaluated. Hence, mannoside/TEMPO-functio-

nalized PAMAM dendrimers were synthesized.87 EPR analysis of these dendrimers suggested that all dendrimers had

random distributions of surface functional groups. Comparison of hemagglutination assays between mannoside/

TEMPO- and mannoside/hydroxy-functionalized dendrimers suggests that the presence of the spin label had no

influence on the dendrimer binding to ConA.
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Further derivatives were also recently described using PAMAM simultaneously functionalized with mannose,

galactose, and glucose residues (24 ) (Figure 21 ). 86,88 MALDI-TOF MS was used to determine the number of

carbohydrate residues of each type on the dendrimers. Both the change in MW after each sequential addition and

the change in MW after deacylation were used. The association of these dendrimers with ConA was studied using

precipitation and hemagglutination assays. Increasing the number of mannose residues while decreasing the number

of glucose residues caused an increase in the relative activity toward ConA. As with the dendrimers bearing 50%

mannose/glucose loading, a linear relationship between Man/Glc loading and assay activity was observed for com-

pounds of generations 4–6. However, the difference between fully mannose-functionalized dendrimers and fully

glucose-functionalized dendrimers never approached 16. For compounds of generation 3, mannose-functionalized

dendrimers had a fivefold higher relative activity toward Con A than did the glucose-functionalized analogs.

Mannose-1-phosphate (Man-1-P) and galactoseb1-4Man-1-P residues are constituents of the repeating units of

some phosphoglycans acting as biological signals. Man-6-P, in particular, is known to be involved in the selective

targeting of newly synthesized enzymes to lysosomes.89,89a–89d It is known that the presence of multiple Man-6-P re-

sidues on N-linked oligosaccharides leads to binding affinity enhancements to the cation-independent Man-6-P

receptors in macrophages. Such enhanced binding affinities have been attributed to the cluster effect. In light of the

importance of the glycoside cluster effect in carbohydrate–protein interactions, Jayaraman and co-workers investi-

gated the synthesis and properties of mannose-6-phosphate-functionalized PAMAM dendrimers (25) (Figure 22). 90

The synthesis of dendritic Man-6-Pwas initiated from 2-N-(benzyloxycarbonylamino)ethyl 2,3,4,6-tetra-O-benzoyl-

a-D-mannopyranoside, that was modified sequentially by (1) deprotection of the benzoyl esters; (2) tritylation of the

primary hydroxyl group; and (3) benzoylation of the remaining hydroxy groups. Detritylation, phosphorylation of

the free hydroxyl group with chlorodimethyl phosphate, and hydrogenolysis provided the desired Man-6-P derivative

which was subjected to amide bond formation with pre-formed PAMAM dendrimers exposing carboxylic acid end

groups in the presence of diisopropylcarbodiimide (DIC)/1-hydroxybenzotriazole (HOBt).

The mannose-6-O-phosphate substitution on the dendrimers was confirmed by a microcolorimetric determination

using the modified resorcinol-sulfuric acid assay.91 This microtiter plate assay was widely used for the estimation of the

percentage of sugar substitutions in neoglycoproteins, glycolipids, and macromolecules such as glycopolymers. The

monomeric, tetrameric, and octameric polymers were immobilized unto Seralose gels, denoted as Seralose-M,

Seralose-T, and Seralose-O gels, respectively. The purified goat MPR 300 protein (cation-independent receptor)

was separately incubated with these gels. SDS-PAGE analysis of the eluted samples revealed that the receptor was

bound on these gels. This experiment confirmed previous results in the authors’ laboratory in which glycodendrimers

can be effectively used as adsorbents in related affinity chromatography.92
3.36.3.4 BoltornW-Based Glycodendrimers (Hyperbranched Polymers)

Since the first synthesis of dendritic polymers in the late 1970s, growing interests in these hyperbranched materials

have always extended for their unique and specific properties relative to their conventional linear and branched

homologs.93 They are obtained by reacting a poly-functional core with ABx monomers, typically AB2 monomers,

yielding amorphous structures. The obtained macromolecules are thus characterized by an exponential growth in both

molecular weight and in end-group functionalities.

Dendritic polymers have traditionally been classified into two categories: dendrimers and hyperbranched polymers.

A dendrimer is characterized by a perfect symmetrical globular shape that results from a stepwise controlled process

giving a monodisperse molecular weight distribution. The second category, the hyperbranched polymers are attractive

because they resemble dendrimers (their difference lies in their polydispersity and the less-perfect globular shape) but
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they can be produced more easily on a larger scale and at a reasonable cost, thus making them commercially available

in large quantities nowadays. Unlike conventional polymers, the high number of end groups and their nature

participate actively in the physical properties (solubility, glass transition temperature, and viscosity) in combination

with the backbone structures. This characteristic is exceptional because it leads to the possibility of designing the

macromolecule with the combination of many different end groups.

Rojo and co-workers have selected hyperbranched dendritic polymers named Boltorn® (Figure 8) for which second,

third, and fourth generations are commercially available at a very low cost. This family of dendrimers varies by the

numbers of hydroxyl surface groups: they are BoltornH20 (16 OH groups) and BoltornH30 (32 OH groups, on average).

These dendritic polymers, which are based on the monomer 2,2-bis(hydroxymethyl)propionic acid, have been functiona-

lized with the mannosides.94 These dendritic alcohols were transformed into carboxylic acid surface groups by treating

BoltornH20 or H30 polymers with succinic anhydride in the presence of DMAP in pyridine. The resulting acids ( 27)

were then mannosylated via an amide bond with unprotected 2-aminoethyl a-D-mannopyranoside (26 ) and DCC to

provide mannodendrimer 28 (Figure 23 ). The ester functionality of the backbone precluded the use of peracetylated

sugars.

The ensuing hyperbranched dendrimers were soluble under physiological conditions and were nontoxic against

several cell lines. The third-generation dendrimers showed nanomolar inhibitory properties against the binding of

Ebola virus (EBOV) to DC-SIGN.95,95a It is highly likely that EBOV, in a manner similar to HIV, subverts the

physiological role of DC-SING and liver/lymph nodes SIGN (L-SIGN) to achieve important steps in its infectious

process. These receptors are critical for the initial steps of viral infection at the mucosal level and subsequent

dissemination throughout the body. DC-SIGN and L-SIGN also bind ligands containing oligomannose glycans

through their C-terminal CRD.
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Mannosylated BH30 dendrimer was able to selectively inhibit DC-SIGN-mediated EBOV infection in an efficient

dose-dependent manner (IC50, 337nM) and showed no inhibitory effect in infection experiments using DC-SIGN-

negative cell lines. In another assay the third mannosylated dendrimer inhibited the DC-SIGN binding to the HIV

glycoprotein gp120 with an IC50 in the micromolar range.96 It is clearly established that C-type lectins can be

considered potential new targets for the design of compounds acting as viral entry inhibitors such as EBOV and

HIV. In a model study with the mannose-binding lectin, using the lectin from Lens culinaris, Arce et al. have

demonstrated again that such glycodendrimers were perfectly designed for cross-linking soluble receptors.97 It is

also obvious that membrane receptors could be cross-linked with glycodendrimers, thus leading to signalization, a

phenomenon previously observed with glycopolymers 9 and other glycodendrimers. 98 The polyhydroxylated nature of

the scaffolds was demonstrated to play no role in the binding interactions.

In another application of hyperbranched Boltorn® polymers, our group applied the versatile ‘click chemistry’

conditions to an azido-functionalized Boltorn® dendrimer (30 ) (BH20) (Touaibia and Roy, unpublished data).

Dendrimer 30 was obtained by treatment of the hydroxylated BH20 core with azido acetic anhydride ( Figure 24).

IR analysis was used to demonstrate complete hydroxyl group transformation and azide function introduction. The

‘clicked’ hyperbranched dendrimer 31 was obtained under typical reaction conditions (CuSO4 and sodium ascorbate)

using nonprotected propargyl a-mannoside 29 . The relative inhibitory potency of the clicked dendrimer in the

inhibition of agglutination of E. coli by yeast mannan was approximately 400 times higher than that of the respective

methyl mannoside (Benhamioud and Roy, unpublished data). In the next section that discusses the use of ‘clicked’

glycodendrimers, further examples will be illustrated in which analogous structures were systematically prepared by a

stepwise convergent approach.99
3.36.3.5 ‘Clicked’ Glycodendrimers

Triazoles (32, 33 ) are important five-member nitrogen heterocycles involved in a wide range of industrial applica-

tions such as agrochemicals, corrosion inhibitors, dyes, optical brighteners, as well as biologically active agents.100 The

well-established approach for the preparations of [1,2,3]-triazole ring systems relies on the thermal 1,3-dipolar Huisgen

cycloaddition between alkynes and azides (Figure 25 ).101 ,101a,101b However, this noncatalyzed process exhibits several

disadvantages, including (1) the requirement for high temperature conditions with the potential for the decomposition

of labile products, (2) the production of the desired [1,2,3]-triazoles generally in low yields, and (3) poor regioselec-

tivity, given the fact that the noncatalyzed cycloaddition affords mixtures of 1,4-disubstituted triazole 32 and 1,5-

disubstituted triazole 33 , unless the alkyne is substituted with an electron-withdrawing group.102,102a

Over the years, several efforts for the control of 1,4-versus 1,5-regioselectivity have been reported.103,103a–103c

However, the regioselective and high-yielding synthesis of 1,4-disubstituted triazoles (32 ) via a Cu(I)-catalyzed

[3þ2]-cycloaddition of terminal alkynes and azides has only recently been described (Figure 25).104,105,105a It is

postulated that this copper-catalyzed click reaction proceeds via a copper-acetylide intermediate, generated from Cu

(I) and the terminal alkyne, which then participates in an annealing process upon its coordination with the reacting

azide.105,105a Although Cu(I) could be introduced directly in the form of different copper salts, the presence of a

nitrogen-containing base as well as prior exclusion of oxygen from the reactions are usually required in order to

minimize the formation of undesired by-products, primarily diacetylenes. Alternatively, the catalytic Cu(I) species

could be generated in situ from CuSO4 and sodium ascorbate.105,105a The latter method eliminates the problem of by-

product formation and has been used successfully in several different solvent systems, including water. In this method,

the need for prior exclusion of oxygen or the presence of a nitrogen base could be abolished.

A recent application of this reaction between azides and terminal alkynes has led to many interesting applications of

click reactions including the synthesis of natural product analogs. Although azides and alkynes display high mutual

reactivity, individually these functional groups are two of the least reactive in organic synthesis. They have been

termed ‘bioorthogonal’ because of their stability and inertness toward the functional groups typically found in

biological molecules. 106 This bioorthogonality has allowed the use of the azide-alkyne [3 þ 2]-cycloaddition in various

biological applications including target-guided synthesis107 and activity-based protein profiling.108

Riguera and co-workers have described a quick, efficient, and reliable multivalent conjugation of unprotected

alkyne-derived carbohydrates to three generations of azido-terminated gallic acid-triethylene glycol dendrimers

( Figure 26 ).109 Azide-ending dendrimer 36 of 

via successive peptide coupling reactions between amine 34 and acid 35 that was obtained by reduction of azide

first generation and bearing nine azide functionalities was obtained

precursors by hydrogenolysis under Pd-catalyzed conditions. This order of coupling was preferred to those incorpor-

ating terminal alkynes because of the potential Cu(II)-catalyzed alkynes oxidative homocoupling that may give rise to

intramolecular reactions. Under aqueous conditions and under typical click chemistry, glycodendrimers containing up
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to 27 unprotected mannose (37 , G2Man), fucose, and lactose residues were incorporated, respectively using the same

propargyl mannoside 29 described above.

For most practical and biological applications of glycodendrimers, three functional units are usually required: a

targeting moiety, a biologically active agent, and a probe. A general and facile strategy for functional groups introduc-

tion at defined positions on dendrimers is best achieved when dendrimers are built by stepwise syntheses (Figure 27).

Hawker and co-workers have described a fashion-controlled strategy toward glycodendrimers in which two distinct

moieties (targeting and detection probe) were placed at the chain ends.99 Click chemistry was used as the key step,

thus allowing simple and original buildup of these bifunctional dendrimers.

The synthetic approach was based on 2,2-bis(hydroxymethyl)propionic acid (bis-MPA). This acid is also present in

the mannosylated Boltorn® hyperbranched polymers proposed by Rojo and co-workers94–96 used as potential antiviral

drug (see Boltorn-based glycodendrimers above). The corresponding bis-MPA anhydride 38 provided access to alkyne

ester 39 and azide ester 40 by condensation with appropriate alcohol (Figure 27). Removal of the protecting groups

and subsequent condensation by cycloaddition allowed the generation growth of the core to afford 41 having a diol as

the focal point. Two molecules of the fluorescent dye (7-diethylaminocoumarin 43 ) were then introduced by an

esterification of the two free hydroxyl groups of 41 with pent-4-ynoic anhydride 42 followed by [3 þ 2] cycloaddition to

the resulting bisalkyne. Acetal hydrolysis and subsequent introduction of the 16 alkynes via esterification followed by

[3 þ 2] cycloaddition with an unprotected 2-azidoethyl a-D-mannopyranoside (44 ) in THF/H2O furnished the asym-

metrical heterobifunctional dendrimer 45.

Dendrimer 45 was tested in a standard hemaglutination assay using the MBP ConA and rabbit red blood cells. 110

When compared to the mannose activity, the mannosylated dendrimer exhibited 240-fold greater potency. The

relative activity was 15 per sugar moiety.

The use of microwave irradiation in organic synthesis has become increasingly popular within the pharmaceu-

tical and academic arenas, because of its new enabling technology for drug discovery and development.111

Santoyo-Gonzalez and co-workers have used organic-soluble copper(I) complexes that can act as a catalyst allowing

homogeneous reactions in [3þ2]-cycloadditions.112 Among the copper catalysts already reported, (Ph3P)3,CuBr,
113

and (EtO)3P,CuI
114 were chosen due especially to their air stability and easy and inexpensive preparations. In order to

improve the cycloaddition and to shorten reactions times, reactions were also simultaneously assisted by the use of

microwave irradiation (Figure 28).

The synthesis of tri-, tetra-, and hexavalent mannopyranosylated 1,4-disubstituted 1,2,3-triazole ligands (48 ) were

readily obtained by using carbohydrates, noncarbohydrates, and aromatic azides (47 ) with peracetylated propargyl

mannoside ( 46). Although earlier experiments revealed that the reactions of peracetylated mono-(C-6)-azido and per-

(C-6)-azido-b-cyclodextrin with propargyl and thiopropargyl mannosides were quite slow in the presence of (Ph3P)3.

CuBr-DIPEA, this difficulty was overcome by the addition of a catalytic amount of CuI (10% mol) or by the use

of (EtO)3P.CuI-DIPEA. Under these conditions, C-6-branched b-cyclodextrins were formed in high yields. The

experimental procedure for the microwave-assisted reactions was simple, requiring only the microwave irradiation,

and the evaporation of the solvent prior to direct purification. Formation of undesired by-products was never observed.

More recently, Pieters et al. have used the extensively used catalysts (CuSO4, vitamin C) in a high-yielding

microwave-assisted triazole-linked glycodendrimer synthesis (Figure 29).115 The required anomeric glycosyl azides

(50) were prepared from their respective peracetylated counterparts by reaction with HBr in AcOH under microwave

irradiation. The resulting glycosyl bromides were treated with trimethylsilyl azide again using microwaves to afford
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b-azido sugars 50 . The cycloadditions with dendron 49 bearing nine propargyl amides were achieved with galactose,

glucose, cellobiose, and lactose. Nonavalent glycodendrimers such as 51 were obtained and for biological evaluations a

divalent glycoconjugate containing a fluorescent probe was similarly obtained in high yield. Obviously, this approach

is also applicable to mannoside-bearing dendrimers. In fact, for analogous architectures comprising mannosides but

not prepared by microwave-assisted reactions, see the next section.

Gallic acid (3,4,5-trihydroxybenzoic acid) (see Figure 26) is a common scaffold for the construction of glycoden-

drimers and other related architectures.109,115 It has been initially used in our group for the construction of both

sialodendrimers116 and for the synthesis of lactosylated dendrimers.117 It has the advantages of permitting a faster

growth of the dendrimer generation since the exposed functional group valencies start from 3 (G0), 9 (G1), 27 (G2),

and so on (3n). Other interesting ‘seeding molecules’ are calix[4]arenes, calyx[4]resorcarenes, porphyrins, tripheny-

lene, and hexasubstituted benzenes (see following section). Another interesting structure based on polyphenylene has

also been recently published by Sakamoto and Mullen using a key Diels–Alder reaction.118

3.36.3.6 Glycodendrimers Built on Aromatic Scaffolds

Using an aromatic core, the group of Pieters described the synthesis of multivalent mannosides as inhibitors of type 1

fimbriated uropathogenic E. coli .82 A 3,5-di-(2-aminoethoxy)-benzoic acid scaffold (53 ) was used as repeating unit and

a carboxylic acid moiety was introduced onto the carbohydrate (52 ), thus enabling peptide couplings with mono-, bis-

and multivalent amino-functionalized aromatic scaffolds to give dendrons such as 54 and 55 ( Figure 30 ).

The mannosylated dendrimers were tested for their relative inhibitory potencies using a developed ELISA test

discussed in the PAMAM section above. Mannose itself was a poor inhibitor of binding of E. coli to urinary cell lines

with an IC50 of only 7.6mM. Increasing the number of mannoside residues from 2 to 16, greatly improved the affinities,

both in absolute value (IC50 , 51mM for the tetramer 55 ) and in relative terms when expressed on a per mannoside basis.

A d iv al en t c om po un d, 54 having an elongated spacer, showed the highest relative potency on per sugar basis with a 141-

fold enhancement (IC50, 27mM). Mannosylated polymers of analogous structures were not as good as the dimer above.

The convergent methodology (see Figure 9) used by Stoddart and co-workers involved essentially the synthesis

of dendritic wedges possessing (9–32) a-D-mannopyranosides.119 The structural components that constituted the
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urothelial cell lines.
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branching regions of the dendritic wedges have been derived from tris(hydroxymethyl)aminomethane, for which the

glycosylation of the three hydroxyl groups gave a tris-branched mannoside 56 possessing an amine end group. Further

dendronization with tetraacid 57 and deprotection afforded dendron 58 having 12 mannoside residues. Finally, the

branched wedge was attached to an aromatic core 59, derived from 1,3,5-benzenetricarbonyl chloride, once again by

the formation of amide bonds in presence of DCC/HOBt (Figure 31 ). The resulting glycodendrimer 60, having 36-

exposed mannoside residues, was next evaluated.

The biological potencies of these glycodendrimers have been evaluated by an ELLA, involving the inhibition of

ConA binding to a purified yeast mannan fraction Sc500.120 This fraction is of interest because of its strong binding to

antibodies found in the serum of patients with Crohn’s disease. The 9-mer was 4 times that of the 3-mer and methyl

a-D-mannopyranoside with an IC50 of 0.65mM. The 18-mer and the 36-mer both have similar activities when

compared on a molar basis with each other. Their activities were not much greater than the 9-mer, suggesting that

with the homogeneous, monodisperse, dendrimers the clustering effect was most pronounced between the 9-mer and

the 18-mer. The glycodendrimers did not show any inhibition of the binding of antibodies found in the serum of

Crohn’s patients that recognize the yeast mannan fraction Sc500.

As mentioned above, other aromatic scaffolds used as ‘seeding molecules’ have been extensively

used calix[4]arenes,121,121a–121c calyx[4]resorcarenes,122,122a porphyrins,123 triphenylene,124 and hexasubstituted

benzenes.125,125a,126,126a The calix[4]arenes and calyx[4]resorcarenes are of particular interest since they have the

potentials to act as carriers by virtue of their cavities.
3.36.3.7 Pentaerythritol-Based Glycodendrimers

Pentaerythritol is a simple five-carbon tetraol used in the fabrication of resins, alkylated resins, varnishes, PVC

stabilizers, tall oil esters, and olefin antioxidants. It is also known under names Hercules P6, monopentaerythritol,

tetramethylolmethane, THME, PETP, pentaerythrite, Pentek, etc. Pentaerythritol is an interesting compound that

allows for the attachment of four (similar or different) groups and, hence, the construction of highly branched

structures. Accordingly, this compound has received considerable interest as an orthogonally protected handle useful

for the generation of combinatorial libraries and as a building block that fits well in the general structure of

oligonucleotides and peptides, providing additional functionalities.

For the inhibition of mannose-specific bacterial adhesion, Lindhorst and co-workers designed a pentaerythritol-

based cluster-mannoside 65 as shown in Figure 32 , in which pentaerythritol itself, as well as the included C3 spacers,

were used as structural elements of the monosaccharide moiety.127

In the first route, a hydroxy linker was introduced within the aglycon moiety (62) and a Williamson ether synthesis

with commercially available pentaerythritol tetrabromide (61 ) led to a mixture of mono-, di-, tri-, and tetradentate ( 65)

products, even when an eightfold excess of alcohol and forcing reaction conditions were used (Figure 32). In the best

case, the tetravalent cluster was isolated in 65% yield. An alternative route for the targeting of tetrameric cluster was

investigated, in which pentaerythritol was modified to serve as a spacer-equipped tetrafunctional core molecule ( 63)

for the subsequent glycosylation step. To this end, pentaerythritol was initially per allylated and the extended tetraol

(63 ) was obtained by oxidative ozonolysis (9-BBN, NaOH, H2O2). Then, perbenzoylated mannosyl trichloroacetimi-

date (64 ) was used as the glycosyl donor. The protected tetramannoside (65 ) was isolated in excellent yield.

Lindhorst and co-workers have also synthesized a series of trisaccharide mimetics to serve as ligands for the

type 1 fimbrial adhesin.128 These glycoclusters were either obtained through a 2-ethoxy-N-ethoxycarbonyl-1,2-

dihydroquinoline (EEDQ)-assisted peptide-coupling reaction with triacid 67 and mannosides 66 or 68, without

further protection to provide trivalent mannosides 69–71 (Figure 33 ). This procedure was successfully used to obtain

clusters bearing methyl (69 ) and p-nitrophenyl (70 ) aglycons after branching through the C-6 amino position. The

latter is of interest as aromatic moieties can increase the affinity of a given carbohydrate ligand to its lectin receptor by

hydrophobic interactions. The inhibitory potency of p-nitrophenyl a-D-mannoside (pNPMan) was approximately 100

times higher than that of the respective methyl mannoside. Cluster 69 (R ¼ CH3) showed an IC50 of 4nM and has

surpassed the inhibitory potency of the cluster containing pNPMan. Only the spacer-modified mannosides 71

revealed interesting successful inhibition of type-1 fimbriae-mediated adhesion of E. coli to high mannose-type

surfaces. None of these compounds reached the inhibitory potency of 69 (R ¼ CH3). These results were however

somewhat surprising given the fact that fimbriated E. coli (FimH) prefers to bind mannosides from the nonreducing

end (see Figure 7), thus providing no room for the clusters to enter in the active site by their reducing end.

As mentioned above, high-mannose type N-glycans represent valuable targets for a wide range of biological

applications. The linear trimannoside Mana1-2Mana1-6Mana has been introduced by a sequential one-pot reaction

onto extended pentaerythritol by Langer et al.129 The sequence of reiterative reactions toward the extended tetraol
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Figure 31 Convergent methodology for a 36-mer mannoside 60.
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precursor involved two cycles of pentaerythritol allylation, followed by oxidative hydroboration. Mannosylation (50%)

of the tetraol by a protected trimannosyl selenide donor provided, after deprotection (65%), the valuable tetramer 72

shown below in Figure 34 . Unfortunately, no biological data was given for 72.

Preparations of glycosylamines by direct condensation of amines with reducing sugars is well described in the

literature and condensation of a small range of reducing sugars with diamines has also been previously reported to

allow efficient and rapid access to divalent carbohydrate derivatives in excellent yields.130 Hayes and co-workers have

described a one-pot methodology that allowed the synthesis of higher valent derivatives through reaction of more

highly functionalized amine clusters with a- D-mannose 73 .131 This strategy represents an attractive entry toward



O
OH

HO
HO

O

O

O

O
HO

HO

HO

O
OH

HO
HO

HO

O

O

O
OH

OH
OH

O

O

O

O
OH

OH

OH

O
OH

OH
OH

OH

O

O

O
HO

HO
OH

O

O

O

O

HO

HO
OH

O
HO

HO

HO
OH

O
O

O
OH

OHHO

O

O

O

O

O

OH
OHHO

O
OH

O
OHHO

O
 

72

H

Figure 34 Trimannoside pentaerythritol-based cluster 72 using one-pot assembly and extended pentaerythritol scaffold.

NH

O

HO
OH

HO

HO

O

HO OH

HO

HO

N
H

O

OHHO

OH

OHH
N

O

OH
OH

OH

OHHNOHO
HO

OHHO

OH

NH2

NH2

H2N

H2N

K2CO3, MeOH

46%

73 74
75

+

Figure 35 Glycosamine preparation by direct condensation of reducing mannose 73 with tetaramino pentaerythritol 74.

852 Application of Multivalent Mannosylated Dendrimers in Glycobiology
multivalent carbohydrates. Several linkers of different lengths, flexibility, and valency were readily incorporated with

each allowing one-pot entry to the desired targets in good yields. Pentaerythritol tetraamine ( 74), which was prepared

by the reduction of tetraazido pentaerythritol with hydrogen on 10% Pd/C, gave the tetramannoside cluster 75 with

reducing mannose (73 ) (Figure 35).

By an extension of the above reductive amination strategy, it is also possible to construct hexamer such as 17

( Figure 17) by combining aldehyde 16 with tris(ethylamino)amine with sodium triacetoxyborohydride. 80

A more recent report describes the synthesis of a nonavalent glycodendrimer with a-D-mannopyranoside units.132

The trivalent mannosylated dendron 77 was prepared by glycosylation of a pentaerythritol derivative with three

hydroxyl groups. The triple Sonogashira coupling reaction of dendron 77 and the tri- O-propargyl ether 76 gave the

nonavalent glycodendrimer 78 in excellent yields (Figure 36 ). This approach represents another versatile extension

to the synthesis of more rigid glycodendrimers using transition metal catalysts.126,126a
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3.36.3.8 Sugar Scaffolds

The multifunctional nature of monosaccharides or oligosaccharides, in combination with the inherent stereo-

chemistry of the glycosidic linkages increases the potential structural diversity attainable from sugars when used as

scaffolds. In this respect, carbohydrates by far surpass the potential of peptide or nucleotide oligomers as multivalent

building blocks.

Lindhorst and co-workers have described the synthesis of carbohydrate-centered glycoclusters with incorporated

spacer arms that allowed further conjugation of oligosaccharide mimetics (Figure 37). Thus, D-glucose and trehalose

were used as core molecules.133 ,133a Starting from glucose pentaacetate, tetrasubstituted glucoside 79 was obtained

through a sequence of reactions involving glycosylation of 6-bromohexanol catalyzed by BF3.etherate, followed by

bromide substitution with azide anions, acetate deprotection, and perallylation under PTC conditions. The resulting

tetraallyl glucoside was then treated under oxidative hydroboration conditions (9-BBN, NaOH, H2O2) as above to

give 79. The desired glucose-based mannocluster 82 was then obtained after glycosidation and deprotection with

perbenzoylated mannosyl trichloroacetimidate 80 . The terminal amino function of the tethered mannoside cluster

allowed further attachment of probes such as biotin, fluorescent dyes, or coupling to solid supports in order to provide

matrices for affinity chromatography.

Attempts toward similar treatment of the nonreducing disaccharide trehalose to construct analogous octameric dendron

83 was met with several difficulties. As an alternative, octaol 81 could be easily obtained by hydroboration of octa- O -

allyl-trehalose. Mannosylation, as in the monosaccharide approach, was followed by the cleavage of the interglycosidic

linkage at an intermediate stage of the synthesis using BF3-etherate to afford two equivalents of the reducing glucose-

centered mannocluster which after appropriate transformations, gave the same amino tetramer 82 ( Figure 37 ).
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Alternatively, amino-functionalized trehalose core has been obtained from the same group by reductive ozonolysis

of the octaallylated trehalose derivative followed by reductive amination of the ensuing octaaldehyde.134 When the

resulting amino trehalose was treated with 2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl isothiocyanate, octavalent

thiourea-bridged mannose cluster 84 was obtained after deprotection (Figure 38). For other examples including

cyclodextrins as scaffolds, see discussion below.

An interesting variant of this elegant strategy was put forward by Wang and co-workers in their synthesis of a

candidate vaccine against HIV-1.24 Based on the high recognition of multiantennary mannosides on gp120 by

neutralizing human antibody 2G12 (see above), they constructed hyperbranched mannosides on the four positions

of a galactoside derivative. Four maleimido groups were introduced onto perallylated galactoside bearing a T-helper

cell epitope at the anomeric position. The ligation of the maleimido-functionalized scaffold with the known SH-

tagged Man9GlcNAc2Asn provided the key immunogen. The obtained anti-sera was weakly cross-reactive to HIV-

gp120. The majority of the IgG antibodies were directed against the linkers of the glycoconjugate.
3.36.3.9 Silicon-Based Glycodendrimers

Although, with a few exceptions, silanes are still considered specialty products for the synthesis of biologically

active compouds and the industrial-scale production of agrochemicals; the growth of literature reports on

applications and patents regarding their utilization suggests that demand in other applications will rise in the next

few years.

Carbosilanes are compounds in which the elements carbon and silicon occupy alternate positions in the molecular

framework. Glycoconjugates possessing carbosilane-based saccharides on their surface were first introduced by

Matsuoka and co-workers135 and Lindhorst and co-workers have reported a heteroatom-free connection of carbohy-

drates to carbosilane scaffolds.136

Carbosiloxanes are generally formed by treatment of a chlorosilane with an alcohol component in the presence of a

base.137 The moderate yields of this type of reaction are likely due to steric hindrance of the second reactive chlorine

on one silicon atom after the initial attack of the first alcohol derivative. A better procedure involving a hydrosilylation

reaction was put forward. By using the well-known platinum-catalyzed hydrosilylation reaction of alkenes, suitable
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hydrosilane derivatives ( 86), 138 together with the powerful catalyst Silopren (Bayer AG, platinum-siloxane complex

67–69%), 139 and an allylated mannoside acetal (85 ), the desired isopropylidene-protected siladendrimer was obtained

in just 21%. Deprotection of the acetals with methanolic HCl provided the unprotected carbosilane glycocluster 87

(Figure 39).

For the introduction of mannose derivatives, Terunuma and co-workers have used three carbosilane dendrimer

scaffolds having: three-( 88), four-(89 ), and six-branches (90) (Figure 40 ). 140 Bromides 88 and 89 were the zero-

generation scaffolds, which were respectively prepared from triallylphenylsilane and tetraallylsilane by following

three reaction steps: hydroxylation, mesylation, and bromination.141 ,141a On the other hand, bromide 90 represents the

first-generation carbosilane dendrimer scaffold, prepared by allylation of dichlorodimethylsilane followed by hydro-

silylation139 with the first-generation skeleton.

Protected mannose disaccharide 93 was synthesized starting from D-mannose using standard protocol (Figure 40).

Glycosylation of 92 with acetobromomannose 91 in the presence of AgOTf proceeded stereoselectively. Deprotection

of the resulting disaccharide with aqueous TFA, acetylation, allylation with BF3 dietherate, and radical-induced

thioacetylation provided the desired disaccharide 93. The unprotected Man a1-3Man disaccharide was coupled to the

carbosilane dendrimer scaffolds such as 90 after complete deacetylation using sodium methoxide and nucleophilic

displacement of the bromides by the sugar thiolate. Re-O-acetylation was required for purification purpose. By means
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of gel permeation chromatography (GPC), mannose-coated carbosilane dendrimers were obtained and disulfide by-

product (Mana1-3ManaR-S)2 was removed.

The bindings of the corresponding tri-, tetra-, and hexavalent ligands 88-Man, 89-Man, and 90-Man to dimeric

lectin ConA (pH 5.2) were evaluated by titration microcalorimetry (ITC).142,142a A soluble protein was titrated with

aliquots of a soluble ligand in these measurements. The heat produced during ligand addition served as reporter signal

for binding, giving a binding constant, which, in turn could be related to the free Gibbs energy of binding. Since this

technique also directly measures binding enthalpies, entropy of binding could be evaluated.142,142a

All of the carbosilane dendrimers showed higher binding constant values with Con A, than the nondendritic

mannose derivatives, MeaMan and Mana1-3ManaMe, thus demonstrating the cluster glycoside effect. The magni-

tude of the effects depended on the amount of mannose in a given dendrimer. In the case of three-branched

dendrimers with peripheral mannoside, the value of the carbosilane dendrimer was substantially higher than that of

the non-carbosilane dendrimer.

Another recent report by Gao et al. described the facile and efficient preparation of glycoclusters from silsesquiox-

anes 96 .143 Unprotected thiolated mannoside 95 was directly coupled by radical reaction to octavinyl POSS core 96 to

provide glycocluster 97 in approximately 70% yield after gel filtration purification (Figure 41 ). The strategy was

equally applied to galactoside and lactoside. Using a galactose specific Ricinus communis agglutinin (RCA120), the

octavalent cluster was shown to completely inhibit the binding of RCA120 to asialo-oligosaccharides from human

a1-acid glycoprotein at 10mM. Thus, the glycoside cluster effect of this family of compounds showed 200 times better

affinity than the corresponding monomers.
3.36.3.10 Combinatorial and Solid-Phase Synthesis of Glycodendrimers

Solid-phase organic synthesis is a rapidly expanding area of synthetic chemistry that is being widely exploited in the

search for new biologically active compounds by combinatorial techniques. It was originally developed for peptide

synthesis and then oligonucleotide synthesis but is now widely applied to oligosaccharide chemistry. Combinatorial

chemistry applied to solid-phase techniques is now broadly used in organic synthesis. Takahashi and co-workers have

reported an elegant solid-phase combinatorial synthesis of a carbohydrate cluster on a tree-type linker, where

subsequent orthogonal cleavage provided dimer and tetramer 105 and 106 (Figure 42 ).144 Ether formation between
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bromide 98 and bisazido alcohol 99 under two phase conditions gave the desired tetraazide 100 which upon

Staudinger reduction with aqueous PPh3 followed by Fmoc protection of the resulting amine provided intermediate

101 . The formation of the resin-loaded tree-type dendron precursor 102 was successfully achieved by THP deprotec-

tion, attachment to an aminated resin through succinylation, and treatment with bromoacetic acid (DIC, HOBt) after

Fmoc deprotection with 20% piperidine in DMF. Tetrameric mannosylated cluster 104 was then obtained under

standard alkaline conditions using thioether formation from thiomannoside 103 . Finally, the tetrameric glycocluster

was released from the resin by alkaline treatment to provide 105. Interestingly, the dimeric glycocluster 106 could also

be released from the resin under acidic treatment of the acetylenic-Co2(CO)8 complex (Nicholas reaction). The

tetramer inhibited 40% of the binding of fluorescein-labeled mannosylated bovine serum albumin (BSA) onto

peritoneal exudative macrophages.

Of particular interest in this section, is the finding by Ramström and Lehn of a very appealing dynamic combinato-

rial carbohydrate library.145,145a The library was generated from an array of thiolated mannosides in which the

structures of the linkers were varied and the resulting thiol derivatives were allowed to randomly oxidize into

disulfides of varied composition. A library of up to 21 members was thus generated and the mannodimers evaluated

against ConA.
3.36.3.11 Other Glycodendrimers

Inositol derivatives146 are becoming increasingly recognized as important building units of dozens of new aminocy-

clitol antibiotics147 and as intracellular messengers.148 Historically, they have been featured so prominently in the

development of modern ideas about conformational energies and symmetry properties that it is hard to give a course in

stereochemistry without discussing them.149 Scyllo-inositol which is the all-equatorial stereoisomer of myo-inositol

was selected by Chung and co-workers as a scaffold for glycodendrimers synthesis.150

Amino scyllo-inositol scaffold 107 constituted the key intermediate for subsequent glycosylation as well as for chain

elongation and multiplication to the desired dendrimeric generation (Figure 43). Conjugate-1,4 addition between

triamine 107 and excess methyl acrylate followed by amidation of the resulting esters with ethylenediamine afforded

an amidoamine dendrimer under conditions previously seen for the synthesis of PAMAM dendrimers. Reiteration of

this two-step reaction sequence successfully resulted in the doubling of peripheral amino functionalities toward a

G2-dendrimer 109. Glycoconjugation of the dendrimers was then achieved using previously discussed thiourea

linkages based on mannosyl isothyocyanate 108 .

Another option for making glycodendrimers is to take a convergent route, starting with a monosaccharide

or small glycoclusters which are attached to branching units and then finally to a suitable core. As shown in

Figure 44, Fernandez and co-workers have described the synthesis of a glycodendrimer–cyclodextrin structure and

then provided its biological evaluation with ConA.151 Several oligosaccharide-branched cyclodextrins have also been

reported in the past few years.152,152a,152b Cyclodextrins are particularly well-suited for glycocluster-lectin studies since

they have the ability to complex small hydrophobic molecules such as drugs in their cavities.153

The key template was a 6I-amino-6I-deoxy-b-cyclodextrin,154 the modified 1,2,3-triaminopropane branching ele-

ment,155 and an isothiocyanato-functionalized a-D-mannopyranosyl cluster prepared from trisamine (TRIS). Coupling

of the isothiocyanate and the amine-functionalized trimannoside and the branching element gave thiourea-bridged

glycodendrimer–cyclodextrin conjugates 110 ( Figure 44 ). The monosubstituted hexavalent b-cyclodextrin manno-

dendrimer showed a strong cluster effect toward Con A-yeast mannan interaction with an IC50 of 10mM
that represented up to a 22-fold increase on a molar basis compared to monovalent derivative. The cyclodextrin

derivatives exhibited extremely high water solubility, above 20-fold higher as compared to the parent cyclodex-

trin (15mM). Up to 4.5 and 4.7gl–1 of Taxol was solubilized in 25mM aqueous solutions of a trivalent cyclodextrin

derivative at 25�C, respectively, that is, more than a 1000-fold solubility enhancement as compared to the water

solubility of the drug (0.004gl–1).156 This result illustrates the superior potential of dendritic cyclodextrins as drug

carriers.

In a different approach, radical photoaddition of glycothiols 112 to per-2,6-diallyl- b-cyclodextrin 111 allowed
Stoddart and co-workers to achieve the simultaneous attachment of up to 14 saccharide moieties as shown in structure

113 (Figure 45 ).157

Calixarenes are cyclic molecules containing a cavity useful in host–guest chemistry.158 Their intrinsic amphiphilic

architecture also makes them ideal candidates for the study of water–monolayer surface interactions. In this respect, they

surpass their cyclodextrin counterparts.159 Kim and Roy have described the first synthesis of dendritic, water-soluble,



Figure 43 Scyllo-inositol-based glycodendrimer using thiourea linkages.
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Figure 44 Monosubstituted b-cyclodextrin as scaffold for a unique hexameric mannoside cluster 110. The cavity

portion of b-CD was used to carry the anticancer drug taxol for which the water solubility was greatly improved by

the construct.
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carbohydrate-containing p-tert-butylcalix[4]arene and their lectin-binding properties.121,121a–121c These carbohydrate-

containing calix[4]arenes can serve as models to further investigate factors influencing multivalent carbohydrate–

protein interactions at the molecular level. The lipophilic p-tert-butyl substituents provided the driving force for

stable assembly and/or adhesion of a calixarene monolayer to a hydrophobic surface, while the hydrophilic carbohy-

drate tail mimicked cells saccharide-rich surfaces present on cancer tissues (TN-antigen, 115). This new type of hybrid

molecules can serve as coating materials for carbohydrate ligands in competitive solid-phase immunoassays. The

hexadecameric glycocalix[4]arene 116 was obtained from octameric amine 114 and bromoacetamido-GalNAc deriva-

tive 115 after de-O-acetylation ( Figure 46).

The tetra-, octa- and hexaocta-calix[4]arene glycodendrimers were evaluated for their relative lectin-binding

properties against Vicia villosa agglutinin (VVA). This plant lectin has been used previously for binding studies against

a-D-GalNAc derivatives.160 The direct binding abilities and cross-linking behavior calix[4]arene ligands toward VVA

were determined by turbidimetric analysis. Hypervalent glycocalix[4]arene dendrimers demonstrated direct binding

to VVA by the rapid formation of insoluble precipitates. The efficiency of glycocalixarenes to inhibit the binding of

asialoglycophorin, a natural glycoprotein of human erythrocytes-blood group serotype, was measured by ELLA. The

best result was obtained from the hexadecavalent conjugate (IC50, 13.4mM), which represents a 12-fold increase in

potency over that of allyl a-D-GalNAc monomer (IC50, 158.3mM). The prepared glycocalixarene derivatives were also

directly adsorbed onto the lipophilic surface of polystyrene microtiter plates and thus should be useful in bioanalytical

devices. p-Tert-butylcalix[4]arene was also used by Roy and Meunier for the synthesis of a-sialylated-calix[4]arene.121

Evidences for strong cross-linking ability with tetrameric wheat germ agglutinin (WGA), a plant lectin known to bind

sialosides, was detected with this tetramer.

Glycerol has also been used as scaffold for glycodendrimer syntheses. A report describes the synthesis of up to four

mannose-containing residues 117 and 118 (Figure 47 ). 161 These compounds were evaluated for their capacity to

inhibit mannose-specific adhesion ofE. coli using a recombinant strain, E. coliHB 101 (pPK14), expressing only type 1

fimbriae on its surface. Unfortunately, none of the tested clusters was a better inhibitor than pNPMan.

Stoddart and co-workers described multivalent glycodendrimers 119 based on a triphenylene core (Figure 48). The

dendrimer, having 10 methylene linkers between the core and the glycodendron end groups, formed hexagonal

columnar structures which gave rise to a fluid birefringent texture between 165–220�C.124



Figure 45 Per-disubstituted b-cyclodextrin-based glycodendrimer 113 obtained by radical photoaddition of thiolated sugar 112.
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Figure 46 Calix[4]arene-based glycodendrimer 116 obtained by amide bond and bearing the cancer marker TN-antigen 115. This glycodendrimer, by virtue of its
poly-hydrophobic t-butyl head groups could bind to an hydrophobic polystyrene surface.
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3.36.4 Conclusions

The enormous creativity that has been injected into the field of glycodendrimer syntheses has allowed the preparation

of many varied structural and beautiful architectures. Unless otherwise stated, this report has only presented those

involving mannoside residues with the hope to sensitize the community with the broad arsenal of molecules available

and perhaps to stimulate others to come. In spite of the fact that this relatively novel family of small macromolecules

has been discovered in 1993, it is somewhat surprising that there are still no architectural rules governing the synthesis

of the best candidates for any given applications. Through our own personal experience, we could conclude that, for

now, glycopolymers still represent the most efficient candidates for targeting viral particles. However, with the scarce

information available, it appeared that dendronized glycopolymers might offer clear advantages. The situation seems

to be dramatically different when dealing with fimbriated bacteria and certainly so, to multimeric soluble carbohy-

drate-binding proteins such as lectins, galectins, antibodies, and so on. It is also somewhat surprising that the

community has not yet concented for the use of the same bacterial strains when dealing with the inhibition of

adhesion of fimbriated E. coli and related pathogens. This situation will have to be remedied in the near future if one

wants to establish governing rules for the design of better and improved adhesion inhibitors.

The general information at hand tends to indicate that glycodendrimers are better than glycopolymers for binding to

FimH on fimbriated E. coli. Additionally, longer and rigid linkers have brought some noticeable improvements. It is

also clear, that for any given situation, optimization of the key monovalent sugars will have to be investigated, prior to

or in parallel to making multivalent clusters.

The ever-increasing field of nanotechnology as it is now applied to glycobiology will certainly allow novel archi-

tectures to come into reality. In this regard, fullerenes, carbon nanotubes, gold nanoparticles, quantum dots, and the

like represent stimulating carrier candidates for particular applications. The inherent physical and spectroscopic

properties of these novel basic materials will likely, when properly conjugated to suitable carbohydrate motifs, afford

‘glycomaterials’ useable in nanomedicine, vaccines, drug delivery, and topical cures.

With the vast access and information now available regarding new glycodendrimers, more thorough biological

investigations will have to be designed. Cellular toxicity is certainly an area behind schedule for glycodendrimers. Cell

permeability with varying structural motifs and sugar composition also remains to be further investigated. With the

merging of several glycoscientists working together, the future looks very bright for glycodendrimers and, as stated by

N. Sharon and co-workers more than two decades ago, the realm of using ‘sugars’ as bacterial antiadhesion molecules is

finally touchable.
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77f. Fréchet, J. M. J.; Hawker, C. J. Comprehensive Polym. Sci. 1996, 40–201.

77g. Caminade, A.-M.; Laurent, P.; Majoral, J. P. Adv. Drug Deliv. Rev. 2005, 57, 2130–2146.
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98. Bezouška, K. Rev. Molec. Biotechnol. 2002, 90, 269–290.

99. Wu, P.; Malkoch, M.; Hunt, J. N.; Vestberg, R.; Kaltgrad, E.; Finn, M. G.; Fokin, V. V.; Sharpless, K. B.; Hawker, C. J. Chem. Commun. 2005,

5775–5777.

100. Dehne, H. In Methoden de Organischen Chemie (Houben-Weyl); Eds.; Thieme: Stuttgart, 1994; Vol. E8d, pp 305–320.

100a. Wamho, H. In Comprehensive Heterocyclic Chemistry; Eds.; Pergamon: Oxford, 1984; Vol. 5, pp 669–732.

101. Huisgen, R. In 1,3-Dipolar Cycloaddition Chemistry; Padwa, A., Ed.; Wiley: New York, 1984; pp Chapter 1, 1–176.

101a. Sha, C.-K.; Mohanakrishan, A. K. In Synthetic Applications of 1,3-Dipolar Cycloaddition Chemistry Toward Heterocycles and Natural Products;

Padwa, A., Pearson, W. H., Eds.; Wiley: New York, 2003; pp 623–680.



868 Application of Multivalent Mannosylated Dendrimers in Glycobiology
101b. Gothelf, K. V.; Jorgensen, K. A. Chem. Rev. 1998, 98, 863–909.

102. Winter, W.; Muller, E. Chem. Ber. 1974, 107, 705–709.

102a. Bastide, J.; Henri Rousseau, O. In The Chemistry of the Carbon–Carbon Triple Bond; Patai, S., Ed.; Interscience: London, 1978; pp 447–552.

103. Palacios, F.; Ochoa de Retana, A. M.; Pagalday, J.; Sanchez, J. M. Org. Prep. Proced. Int. 1995, 27, 603–612.

103a. Hlasta, D. J.; Ackerman, J. H. J. Org. Chem. 1994, 59, 6184–6189.

103b. Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Adhya, M. J. Org. Chem. 1989, 54, 5302–5308.

103c. Peng, W.; Zhu, S. Synlett 2003, 187–190.

104. Tornoe, C. W.; Christensen, C.; Meldal, M. J. Org. Chem. 2002, 67, 3057–3064.

105. Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41, 2596–2599.

105a. Kamijo, S.; Jin, T.; Huo, Z.; Yamamoto, Y. J. Am. Chem. Soc. 2003, 125, 7786–7787.

106. Kolb, H. C.; Sharpless, K. B. Drug Discovery Today 2003, 8, 1128–1137.

107. Lewis, W. G.; Green, L. G.; Grynszpan, F.; Radiæ, Z.; Carlier, P. R.; Taylor, P.; Fin, M. G.; Sharpless, K. B. Angew. Chem. Int. Ed. 2002, 41,

1053–1057.

108. Speers, A. E.; Adam, G. C.; Cravatt, B. F. J. Am. Chem. Soc. 2003, 125, 4686–4687.
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Santoyo-Gonzalez, F. Org. Lett. 2003, 5, 1951–1954.

113. Gujadhur, R.; Venkataraman, D.; Kintigh, J. T. Tetrahedron Lett. 2001, 42, 4791–4793.

114. Ziegler, F. E.; Fowler, K. W.; Rodgers, W. B.; Wester, R. T. In Organic Syntheses; Wiley: New York, 1993; Vol. VIII, 586.

115. Joosten, J. A. F.; Tholen, N. T. H.; Ait El Maate, F.; Brouwer, A. J.; van Esse, G. W.; Rijkers, D. T. S.; Liskamp, R. M. J.; Pieters, R. J.

Eur. J. Org. Chem. 2005, 3182–3185.

116. Meunier, S. J.; Wu, Q.; Wang, S. N.; Roy, R. Can. J. Chem. 1997, 75, 1472–1482.

117. Zanini, D.; Park, W. K. C.; Roy, R. Tetrahedron Lett. 1995, 36, 7383–7386.

118. Sakamoto, J.; Mullen, K. Org. Lett. 2004, 6, 4277–4280.

119. Ashton, P. R.; Hounsell, E. F.; Jayaraman, N.; Nilsen, T. M.; Spencer, N.; Stoddart, J. F.; Young, M. J. Org. Chem. 1998, 63, 3429–3437.

120. Young, M.; Haavik, S.; Smestad-Paulsen, B.; Broker, M.; Barnes, R. M. R. Carbohydr. Polym. 1996, 30, 243–252.

121. Marra, A.; Scherrmann, M.-C.; Dondoni, A.; Casnati, A.; Minari, P.; Ungaro, R. Angew. Chem. Int. Ed. Engl. 1994, 33, 2479–2481.

121a. Meunier, S. J.; Roy, R. Tetrahedron Lett. 1996, 37, 5469–5472.

121b. Roy, R.; Kim, J. M. Angew. Chem. Int. Ed. Engl. 1999, 38, 369–372.

121c. Casnati, A.; Sansone, F.; Ungaro, R. Acc. Chem. Res. 2003, 36, 246–254.

122. Aoyama, Y.; Kanamori, T.; Nakai, T.; Sasaki, T.; Horiuchi, S.; Sando, S.; Niidome, T. J. Am. Chem. Soc. 2003, 125, 3455–3457.

122a. Hayashida, O.; Mizuki, K.; Akagi, K.; Matsuo, A.; Kanamori, T.; Nakai, T.; Sando, S.; Aoyama, Y. J. Am. Chem. Soc. 2003, 125, 594–601.

123. Ballardi, R.; Colonna, B.; Gandolfi, M. T.; Kalovidouris, S. A.; Orzel, L.; Raymo, F. M.; Stoddart, J. F. Eur. J. Org. Chem. 2003, 288–294.
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4.01.1 Introduction

Vertebrates have developed a mechanism for discriminating pathogens from host cells to circumvent infection in the

microbial environment. The toll-like receptor (TLR) recognizes a microbe-specific pattern molecules and is the first

touchstone discrimination point between host and pathogens. They specifically recognize microbial patterns of

molecules, and thereby are called ‘pattern-recognition receptors’.1 Continued investigation has yielded insight into

the pattern-recognition receptors, all of which are germline-encoded and inherited across siblings and into ensuing

progeny, unlike the acquired immune system. This system is involved in the so-called innate immune system. This

system includes TLRs and their responses to microbe patterned molecules. Evolution has resulted in humans having a

particular microbial recognition system adapted to a specific history of host-microbe conflict. Infection has selected

the ability of individual genomes to cope with certain pathogens. Genome variation has modified the host defense

system and established the strategy to discriminate among interspecies differences in the innate immune system.

Since the discovery of TLR, a means has become available to test what is nonself in the immune recognition

system and also how the receptor recognizes microbial patterns as the molecular level. Ultimately it has been

confirmed that innate immunity consists of receptors for sensing patterned molecules, signaling pathways, and cellular

responses.2,3 Activation of TLR may result in the production of antibodies, activation of NK cells, and induction of

cytotoxic T lymphocytes.4 That is, pattern-recognition receptors, including TLR, are a prerequisite for antigen

presentation in myeloid dendritic cells. These cells mature down unique pathways of activation in a TLR-specific

manner.4 Recent studies have suggested that (1) the TLR system is classifiable into the human type and the

drosophila type; (2) vertebrates including jawless fish possess human type TLR; (3) fish express additional TLR

subfamilies related to the microbial environment in water.5–7 In 1996, Drosophila toll was first identified as a host

defense protein in response to fungi in an historical TLR study8 and in 1997, a Drosophila toll homolog was discovered

in humans (now called TLR4).9 Subsequently, C. elegans and urochordates were found to possess only a few TLRs

functionally associated with body patterning.10 Thereafter the hypothesis was offered that insect Toll and mammalian

TLR had uniquely developed to form different functional entities. From this point of view, a number of studies on

microbial-pattern recognition receptors have focused on human and mouse. Here we review the TLR system

conserved in the fish in association with the properties of mammalian TLRs.
4.01.2 Human TLRs

Human TLRs essentially recognize patterns of molecules specifically expressed in microbes. Mammalian hosts do not

usually express such a foreign molecular pattern; therefore, the host senses such microbial patterns as pathogens with

recognition by the host TLR systems (Table 1). It is believed that the TLR system is conserved across all mammals.

The outline of the mammalian TLR system is as follows. (1) TLR2 recognizes bacterial lipoproteins (BLP) and

peptidoglycans (PGNs) in combination with other TLR2 subfamily members. In humans, TLR1, 2, 6, and 10 are

TLR2 subsets.2,3 The heterodimeric combination such as TLR2 and TLR6 or TLR2 and TLR1 confers precise

recognition properties on the receptors. (2) TLR4 recognizes LPS and viral components in conjunction with CD14

and MD-2.2,3 (3) TLR5 recognizes the flagellin protein of flagella.2,3 These TLRs reside on the cell surface or

intracellular compartments to interact with their specific ligands. Myeloid dendritic cells (mDCs) express these TLRs

while plasmacytoid DC (pDC) does not (Figure 1).4 (4) Other TLRs, that is, TLR3, TLR7, TLR8 and TLR9,
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Figure 1 TLR signaling and outcome in human dendritic cells. Dendritic cells express TLRs, which are activated in
response to their ligands. Each TLR recruits the specific adapters which in turn activate the transcription factors IRF-3/7

and NF-kB. The signaling of each TLR induces unique cytokine/interferon profiles and dendritic cell activation in a specific

manner.

Table 1 Human TLRs and their adapters

huTLR Amino acids Adapters Ligands DC subsets Modes

TLR1 786 M-1/M-2 Triacyl BLP M NF-kB
TLR2 784 M-1/M-2 PGN, BLP M NF-kB
TLR3 904 T-1 dsRNA M NF-kB/IRF-3
TLR4 839 M-1/M-2 LPS, Taxol M NF-kB/IRF-3

RSV-F

TLR5 858 M-1 Flagellin M NF-kB
TLR6 796 M-1/M-2 Diacyl BLP M NF-kB
TLR7 1049 M-1 ssRNA P NF-kB/IRF-7
TLR8 1059 M-1? ssRNA M NF-kB/IRF-7
TLR9 1032 M-1 CpG DNA P NF-kB/IRF-7

M-1, MyD88; M-2, Mal/TIRAP; T-1, TICAM-1/TRIF; T-2, TICAM-2. TLR1, TLR6 and TLR10 are members of the TLR2

subfamily and together with TLR2 recognize different sets of microbial pattern molecules and support activation of TLR2.

Mice do not have TLR8, but possess a protein which resembles TLR7 in its structure and function. Further, their distribution
is also different. Functional modes of each adapter were identified as ‘M’ and ‘T’ types. M, MyD88-dependent pathway;

T, TICAM-1-dependent pathway. In DCs subsets, M is myeloid DCs while P is plasmacytoid DCs. ‘Modes’ represent

transcription factors activated by each TLR.
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recognize nucleotide derivatives2,3 presumably modified during replication in host cells in a pathogen-specific

manner. TLR3 recognizes double strand (ds)RNAs, TLR7 and TLR8 recognize single strand (ss)RNAs and TLR9

recognizes nonmethylated CpG DNA.2,3 Although human cells do produce mRNAs which are ssRNAs, they usually

reside in the cytoplasm with certain host-specific modifications. Thus, TLR7 andTLR8 in the endosomes may refrain

from recognition of their own ssRNAs. Since dsRNA is a specific signature of RNA viruses in particular during virus

replication, the TLR3 response elicited by dsRNA is usually RNA virus specific. Host DNA is usually methylated

while DNA of microbial origin is nonmethylated in human cells. TLR9 recognizes nonmethylated CpG DNA of
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bacterial or viral origin. TLR3 and TLR 8 are present in mDC, whereas TLR7 and TLR9 are in pDC. These viral

recognition systems are widely distributed in vertebrates.11

TLRs recognizing nucleic acid derivatives localize to endsomes. Human but not mouse allows the expression of

TLR8 and 10, whereas mouse but not human expresses TLR11, 12, and 13.12 TLR11 specifically recognizes bacterial

porin. The natural ligands of TLR10, 12, and 13 have not been identified yet. Thus, the TLR family members are

constituted in a species-specific manner even in mammals. There have been reported additional TLR genes in the

chicken (Gallus domesticus) (TLR15), frog (TLR16), and fish (TLR14, 21, and 22).5,7

Three major TLR functions have been reported in terms of dendritic cell maturation: production of chemokines,

cytokines and interferons (IFNs), upregulation of co-stimulators and major histocompatibility complex (MHC), and

induction of cross-priming. Chemokines are induced in response to TLR stimuli via the transcription factor nuclear

factor kappa B (NF-kB).4 The cytokines inducible by TLRs are IL-1b, IL-6, IL-8, IL-12, and tumor necrosis factor-a
(TNF-a) , which are NK-kB dependent. Type1 IFNs are induced via the transcription factors IRF-3/7.

Dendritic cell maturation for full antigen presentation has not been defined at the molecular level. The current

concept on this issue is that TLR signaling is required to induce cross-presentation, in which exogenously internalized

antigens are presented on class I MHC, leading to the induction of cytotoxic T lymphocytes (CTL). TLR signaling is

also required for the liberation of tolerance toward endogenous antigens, leading to extensive antigen presentation on

class I MHC. TLR signaling simultaneous to the addition of antigen is essentially required for these processes.

However, it remains undetermined as yet which molecules are associated with dendritic cell cross-priming, memory

formation, and the switching off of tolerance.
4.01.3 TLR Subfamilies Specific to Fish

A number of bioinformatics findings from genome projects have suggested that fugu (puffer fish, Takifugu rubripes)

possesses a TLR system similar to the human.5 The TLR system in humanmay therefore be compatible with those of

other vertebrate species. Fugu has the fish-specific TLRs (TLR21, 22, 23, and TLR14) in addition to the human

counterparts of the TLRs (TLR2, 3, 5, 7, 8, and 9) (Figures 2 and 3). Furthermore, fugu has a soluble form of TLR5

(TLR5S), which has been reported to act as an amplifier of membrane TLR5 signaling.6 This TLR5S function

somewhat resembles that of soluble CD14 in the TLR4 function complex.6,13 TLR23 is structurally homologous to

TLR21 and 22, although their functional properties have not been determined. The functional features of TLR14 are

not known yet. If these molecules are confirmed as members of the TLR family, then a prototype of the TLR

system emerged about 500 million years ago and the genes have been primarily preserved in the TLR system of

vertebrates.14–16 We speculate that fish requireTLR21 and 22 for living in water butmammals and birds have lost these
fgTLR23

fgTLR14

fgTLR21

fgTLR22

Extracellular Intracellular

Figure 2 Fish-specific TLRs. TLRs deduced from the Fugu genome project are illustrated according to the DDBJ/EMBL/
NCBI database and motif search analysis. See Ref. 6 for the information on TLR14 and TLR23, and Ref. 4 for TLR21 and

TLR22. Their functional data will be presented elsewhere.
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Figure 3 Function of fish TLRs. Functional properties of TLR5S, 21, and 22 in Takifugu rubripes are schematically

illustrated in comparison with those of human TLRs. (Panel a) Fugu TLR5S recognizes flagellin and amplifies the signal

induced by the membrane TLR5. (Panel b) TLR21selectively recognizes bacterial lipoprotein (BLP) in any form. In contrast,

in humans, the complex of TLT2/6 recognizes diacylated BLP, whereas the complex of TLR2/1 recognizes triacylated BLP.
(Panel c) TLR22 recognizes polyI:C (an analog of double strand (ds)RNA). Fish as well as humans have TLR3 that recognizes

polyI:C. Thus, fish possess two sorts of dsRNA-recognition receptors on the cell membrane leading to efficient type

I interferon induction. Other TLRs, including TLR23 , have not been functionally characterized yet.
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TLRs because they have not proved to be essential for living on land. The natural ligands for fish-specific TLRs are not

formally identified yet. Molecular analysis in the context of structural biology will be necessary to identify

the molecular interrelationships between TLR and their various ligands, that is, the executions of self-pathogen

discrimination.
4.01.4 Function of Fish TLRs and their Natural Ligands

The functional features of fish TLR5S was reported by Tsujita et al.,6 in a study in which they used Rainbow

trout TLR5S. The message level of TLR5S was upregulated in response to purified flagellin in RT149 Rainbow

trout hepatocytes while the message level of membrane TLR5 remained unchanged. TLR5S is an acute-phase soluble

protein secreted from the liver into the blood stream. TLR5S efficiently takes up flagellin to deliver the invaded

bacterial flagellin to the membrane TLR5 expressed on cells and organs. In the presence of TLR5S, flagellin induces

a stronger NF-kB-mediated cellular response than in the absence of TLR5S. Fish are known to be resistant to LPS

but undergo endotoxic shock in response to flagellin, which may be due to the lack of TLR4 but the presence of

TLR5S in fish. Of note, human TLR5 (a membrane form) still preserves the ability to collaborate with fish TLR5S to

augment the TLR5-mediated NF-kB response.

TLR14 was first identified in the fugu genome.7 Later, orthologs were found in Xenopus and lamprey. TLR14 has

not been detected in animals living out of water, suggesting that its distribution reflects adaptation to water

environments. In fact, its message level is high in the gill of the lamprey and fish. The natural ligand of this TLR

remains unidentified. In the lamprey, TLR14 transduces the NF-kB-activation signal via theMyD88 adapter, which is

induced secondary to overexpression of an constitutive active TLR14 for dimerization.17 The TLR system may have

been completed in concert with the adaptation of the acquired immune system in the lamprey.18

TLR21 was first detected in the fugu genome 5 and subsequently confirmation has been provided of the presence

of its orthologs in other fish species such as zebrafish and medaka, and frog and chicken.15,16 TLR21 solely recognizes

bacterial lipoprotein (BLP). Unexpectedly, TLR21 fails to recognize PGNs, recognition profile of which differs from

that of human TLR2. In general, fish express the mRNA of TLR2 but not the protein. TLR21 in fish may in part be a
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substitute for the function of human TLR2. Unlike human TLR4, TLR21 has no ability to activate the TICAM-1

(TRIF) pathway where IRF-3/7 is activated so as to induce IFN promoter activation. Thus, the main pathway of

TLR21-mediated cellular activity is due to MyD88-dependent NF-kB activation.

TLR22 was first detected in the fugu genome5 then found in many species of fish and frogs.15,16 TLR22

preferentially chooses the TICAM-1 pathway (fish have only one TICAM while humans have two TICAMs) to

activate IRF-3 followed by the induction of IFN-b. The ligand of TLR22 is polyI:C which is shared with TLR3 in

fish. The most marked difference in the functional properties between TLR22 and 3 may be reflected in their

dsRNA-recognition properties. The characteristics of the dsRNA, nucleotide length, and constitution preferentially

recognized by TLR22 are somewhat different from those by TLR3. We believe that RNAs in prokaryotes are

differentially modified in prokaryotes living in water, which causes selective recognition of precise RNA signatures

by TLR3 or 22. Pathogens in fish likely differ in their nucleotide properties from those in mammals; thereby, the

nucleotide recognition mode by TLRs is species-specific.
4.01.5 TLRs in Gene Evolution

The result of the gene tree analysis of vertebrate TLRs is shown in Figure 4. In verterbrates, the TLR2, 4, and 5

separately cluster into distinct subfamilies and recognize putative bacterial patterns. The TLR3, 7, and 9 in

vertebrates form other clusters and recognize putative microbial nucleotide patterns. According to this tree, TLR14

may be a member of TLR2. TLR21 may belong to the TLR12/13 subfamily and presumably recognizes bacterial

products. TLR22 may also fall into the TLR12/13 subfamily to form a distinct cluster from the TLR3 subfamily, but

functionally converges on the TLR3 pathway for IFN induction following recognition of dsRNA.

The TLR system is conserved as a prototype in vertebrates, the representatives being in the human and fugu TLR

systems. However, unique TLRs appear in a species-specific fashion. Human TLRs may have evolved from the
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6 Toll-Like Receptors in Vertebrates
prototype so as to adapt to living on land. Marked differences between fish and human TLRs may reflect the variation

between pathogens in the particular microbial environments of the sea and land. Bacteria and viruses are genetically

unstable and vulnerable to many environmental factors. Most microbes have natural hosts in which they exert no

pathogenicity. Their genomes are frequently altered within a short period in the natural hosts compared to the

mammalian lifespan. Such traits enable microbes to acquire pathogenicity against humans. This might be the reason

why some TLRs have disappeared during the course of evolution to the human while others have been retained in

water-living animals. If this were the case, interspecies tropism for bacterial and viral infections would be in part

attributable to the species-specific TLR repertoire in hosts. Here is presented an opportunity to fundamentally look

into the relationship between species tropism for infection and the host TLR (pattern-recognition) system. It is likely

that the TLRs lacking in normal human subjects could potentially elicit antibody production, NK activation and CTL

induction against pathogens or self-generated malignant cells. The new members of the TLRs introduced in this

review may thus prove useful for therapeutic strategies currently incurable infectious diseases and cancer. Immuno-

therapy, including adjuvant vaccine therapy, would be a good target for these TLRs with vaccines and reagents

containing antigens for enhancing antigen-presentation and cross-priming.
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Glossary

microbial pattern molecules Unique molecules specifically produced by microbes. Most of these molecules serve as ligands

for TLRs.

pattern-recognition receptors Host receptors to recognize maicrobial pattern molecules as ligands. TLR is a representative

one.
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4.02.1 Properties of NKT Cells

CD1d-restricted natural killer T (NKT) cells constitute a distinct lymphocyte subpopulation with unique character-

istics.1–3 In the peripheral tissues such as spleen or liver, NKT cells co-express an invariant T cell receptor (TCR)

a-chain and NK cell markers, such as NK1.1 in mice.4,5 The a-chain of the TCR expressed on mouse NKT cells is

encoded by invariant Va14–Ja281 gene segment and has a human homolog, Va24–JaQ.4,6 Both receptors recognize

glycolipid antigens presented by a monomorphic antigen-presenting molecule, CD1d (see Section 4.02.2.1).7 Acti-

vated NKT cells produce various cytokines such as IFN-g, IL-4, IL-10, or IL-13, and exert substantial immune-

modulating functions. These properties of NKTcells are distinct from those of classical a-b Tcells, which recognize

diverse peptide antigens bound by polymorphic major histocompatibility complex (MHC) molecules.

Va14–Ja281 chain is only used by the CD1d-restricted, glycolipid-reactive NKT cells, but not by classical a-b
Tcells, despite the fact that the Va14 and Ja281 genes are located in the Tcell antigen receptor gene cluster on the

murine chromosome 14. In fact, the deletion of the Ja281 gene resulted in the loss of Va14 antigen receptor expression

and caused a complete failure of Va14-positive, glycolipid-reactive NKT cell development while leaving other

lymphoid lineages intact.8 On the other hand, the development of classical MHC-restricted T cells was impaired in

Va14/Vb8.2 transgenic mice after crossing with either Ca-deficient or RAG-1-deficient mice (NKT mice).9,10 These

observations strongly suggest that the Va14/Vb8.2 receptor is indispensable for the generation of CD1d-restricted,

glycolipid-reactive NKTcells.
4.02.2 Glycolipid Ligand for NKT Cells

4.02.2.1 Discovery of a-Galactosylceramide as a Specific Glycolipid Ligand

The human CD1 family is composed of five monomorphic antigen-presenting molecules that are related with MHC

class I and II molecules.11–13 CD1 molecules are widely expressed on hematopoietic cells such as dendritic cells

(DCs), cortical thymocytes, and B cells. They can be divided into two groups: group I includes CD1a, CD1b, CD1c,

and CD1e, whereas group II includes CD1d. It has been known that group I CD1 molecules bind and present various

lipid antigens to CD1-reactive T cells, including glycolipids from mycobacterial cell wall. Group II CD1, CD1d, is

highly conserved among mammalian species and has an MHC-like fold with two large hydrophobic binding grooves

that are adapted to present nonpeptidic antigens. In 1997, one of the glycolipid ligands for NKT cells presented by
9
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CD1d was found; that is, a-galactosylceramide (a-GalCer), a glycolipid composed of a hydrophilic carbohydrate

moiety with a a-linkage to the hydrophobic ceramide portion, whose original form was derived from marine sponge

(Figure 1).10 The glycolipid nature of the ligand had been suggested by earlier work, demonstrating that the

development of Va14 NKT cells is apparently normal in transporter-associated protein (TAP)-deficient mice, but

severely disturbed in b2M-deficient mice.14 TAP is essential for peptide presentation to the MHC, and Va14 NKT

cells do not require TAP, indicating that the ligand is likely to be a nonpeptidic antigen. Then, screening of synthetic

glycolipids that have ability to stimulate NKT cells was performed, and a-GalCer or a-glucosylceramide (a-GlcCer)

but not b-GalCer was identified as a specific ligand for NKTcells.10 Interestingly, nonfunctional glycolipids, such as

b-GalCer, a-GalCer lacking 3-OH on the sphingosine, or N-dipalmitoyl-L-a-phosphatidylethanolamine, can bind to

CD1d with an affinity similar to that of the functional glycolipid.15 Thus, CD1d appears to have an ability to bind a

variety of lipid-containing antigens regardless of their stimulatory activities, but only a-GalCer and a-GlcCer are able

to stimulate NKT cells. These initial findings suggested that the a-anomeric conformation of the inner sugar is

important for the stimulation of Va14 NKTcells. Obviously, a-GalCer seems not to be an endogenous ligand for NKT

cells, because a-glycosphingolipids could not be detected in mammalians. Nevertheless, a-GalCer might mimic self-

antigens that are recognized by NKTcells. a-GalCer has been extensively used to study the in vivo functions of NKT

cells in various immune responses.
4.02.2.2 a-GalCer Analogs

Subsequent to a-GalCer discovery, several synthetic a-GalCer analogs such as OCH or a-C-GalCer16,17 have been

reported. Although a-GalCer stimulation of NKT cells induces rapid production of both IFN-g and IL-4, these

a-GalCer analogs show biased cytokine production pattern. OCH, which is truncated at the sphingosine chain

of a-GalCer (Figure 1), induces the production of IL-4-biased cytokines from NKTcells.16 A treatment of mice with

OCH was shown to reduce the degree of experimental autoimmune encephalomyelitis (EAE).16 On the other hand,

a-C-GalCer, a C-glycoside analog of a-GalCer (Figure 1), mainly induces IFN-g-biased cytokine production.17 It was

shown that administration of a-C-GalCer induced strong type 1 helper T-cell responses and enhanced capacity to

reject infected pathogen or implanted tumor cells. The reason why these a-GalCer analogs induce different cytokine

production than does a-GalCer has been unclear. However, in the case of OCH, it has been suggested that OCH is less

stable in binding the CD1d molecule than is a-GalCer and exerts short-lived NKTcell TCR stimulation, and IFN-g
production by NKT cells requires longer TCR stimulation than is required for IL-4 production.18 Besides OCH or

a-C-GalCer, numerous other glycolipids were also synthesized and tested for their ability to stimulate NKTcells, and a

variant of self-glycolipid, sulfatide, was found to have the ability to activate NKTcells in CD1d-dependent fashion.19
4.02.3 Identification of an Endogenous Glycolipid Antigen for NKT Cells

NKTcells appear to recognize an endogenous antigen in vivo, because freshly isolated NKTcells express activated or

memory phenotypes (CD44þCD62LlowCD69þ), indicating the in vivo autoreactivity of NKTcells.20 Moreover, NKT

cells fail to develop in CD1d-deficient mice, suggesting that the recognition of self-ligand/CD1d is essential for NKT

cell development in the thymus.21,22 These results indicate that NKTcells are always activated in vivo. Endogenous

ligand had not been identified for several years even after the discovery of a-GalCer, but in 2004, Zhou et al. reported

that they identified isoglobotrihexosylceramide (iGb3) as the endogeneous ligand for NKT cells (Figure 1).23 They

showed that mice deficient in the enzymes b-hexosaminidase A and B, which degrade iGb4 to generate iGb3 in

lysosomes, show defective NKT cell development in the thymus. Synthetic iGb3 or natural iGb3 derived from cat

intestine could stimulate mature NKT cells, inducing robust cytokine production comparably to a-GalCer. This

molecule contains a Gal(a1-3)Gal carbohydrate linkage, and NKTcell autoreactivity against human dendritic cells can

be blocked with the Gal(a1-3)Gal-specific lectin, isolectin-B4. Therefore, they claimed that iGb3 is one of the

endogenous ligands for NKT cells. However, paradoxically, glycosphingolipids of the isogloboseries including iGb3

have not been biochemically identified in mice and humans, although both have the iGb3 synthase gene.23 Therefore,

iGb3 may not be the real endogenous NKT cell ligand, but related glycosphingolipids which have a close structure

to iGb3 and the Gal(a1-3)Gal carbohydrate sequence seem to be the principal self-antigens of NKT cells. Fur-

thermore, it is still possible that other type of mammalian endogenous glycolipids could also activate NKT cells in

CD1d-dependent manner.
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4.02.4 Bacterial Glycolipids as NKT Cell Antigen

NKT cells have been shown to be involved in protective immune responses against certain microbes, as NKT cell-

deficientmice have impaired antimicrobial defense due in part to defective early IFN-g secretion (see Section 4.02.6.1).
However, it has not been well understood how NKTcells recognize microbial pathogens. Recent studies revealed that

NKTcells can directly recognize glycolipid antigens derived from certain microbes.

A variety of self- and microbial lipid antigens can be presented by CD1a, b, and c for specific recognition by a-b
Tcells.24 Similarly, it was also reported that mycobacterial phosphatidylinositol mannoside can bind to CD1d and is

presented to NKT cells to activate them.25 Therefore, in combination with other group I CD1-reactive a-b T cells,

NKTcells participate to eliminate mycobacterial pathogens by direct recognition of the antigens presented by group

II CD1, CD1d.

NKTcells also recognize glycolipid antigens derived from Gram-negative, LPS-negative bacteria such as Ehrlichia

or Sphingomonas, belonging to same class of a-Proteobacteria. It has been shown that compounds containing glyco-

sphingolipids derived from these bacteria, and also synthetic glycosphingolipids designed to copy those in the

bacterial cell wall (PBS 30 or GSL-1, Figure 1), strongly activate NKTcells in CD1d-dependent fashion.26,27 Injection

of Sphingomonas into immune-competent mice caused inflammatory septic shock and lethality, but in NKT cell-

deficient mice, the Sphingomonas-induced lethality decreased.27 Therefore, NKT cells can be directly activated by

some of the bacteria by recognizing the glycolipids on the cell wall and modulate systemic immune responses.
4.02.5 Structure of CD1d/Glycolipid Complex

The crystal structure of mouse CD1d without any ligand has been reported in 1997, indicating that it has a deeper and

narrower antigen-binding groove than in that of MHC class I molecule.11 There are two large pockets in the CD1d

antigen-binding groove, which are composed of hydrophobic amino acid residues. These hydrophobic pockets have

been expected to bind with the alkyl chains of glycolipid ligands including a-GalCer. The crystal structures of docking

of CD1d and a-GalCer or its analogs reported in 2005 confirmed these hypotheses.28–30 One of those reports shows

that the lipid part of a-GalCer tightly fitted in the human CD1d binding groove, with the sphingosine chain bound in

the C0 pocket and the longer acyl chain anchored in the A0 pocket, thereby providing a structural basis for the fact that
glycolipid antigens are presented by CD1d.28 Another paper demonstrating the structure of mouse CD1d in complex

with a short-chain variant of a-GalCer having eight-carbon acyl chain suggested the presence of an endogenous ‘filler’

lipid in the CD1d A0 pocket, as this short-chain variant of a-GalCer loaded more efficiently with mouse CD1d.29 The

proposed filler lipid in the CD1d A0 pocket may stabilize this pocket and would have to be displaced by the longer

26-carbon acyl chain of a-GalCer. These findings are consistent with previous observations that some a-GalCer

analogs with various length of the sphingosine or acyl chain can bind to CD1d with distinct affinity and induce

different pattern of cytokine production.

The crystal structures showed that sugar portion of a-GalCer or its analogs are exposed from the two a-helices of
CD1d. This structural feature confirms previous observations, that the type and composition of the sugar in the

glycolipids are critical for their biological activity, as the sugar portion is the real site of antigen recognition for the

NKT cell TCR. The structures also indicated why the a- but not b-anomeric conformation of galactosylceramide is

able to induce cytokine production, as the orientation of the b-type sugar is perpendicular to the a-type one, which

should substantially affect the recognition with invariant TCR of NKTcells.
4.02.6 In Vivo Functions of NKT Cells

NKTcells exhibit both protective and regulatory roles in the immune system. Activation of NKTcells with specific

glycolipid ligand such as a-GalCer has been indicated to be beneficial to manipulate systemic immune responses and

ameliorate certain diseases.
4.02.6.1 Protective Role

NKT cells have been implicated in eliminating several pathogens, including bacteria, fungi, plasmodium, and

viruses.31–39 For example, inNKTcell-deficient mice, infection with Streptococcus pneumoniaewas severely exacerbated,
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as shown by the shorter survival time and marked increase of live bacteria in the lung compared to wild-type mice.31

The proportion of NKT cells increased in the lung after S. pneumoniae infection. In NKT cell-deficient mice, the

number of neutrophils as well as macrophage inflammatory protein (MIP)-2 and TNF-a synthesis in the lungs was

significantly lower than in wild-type mice. In addition, treatment of mice with a-GalCer significantly improved the

outcome of this infection. Similarly, NKTcells are required for virus elimination in herpes simplex virus infection,38

but not in cytomegalovirus infection,39 proved by using NKTcell-deficient mice. But, even in the case of cytomega-

lovirus infection, a-GalCer injection contributed to the reduction of viral replication in visceral organs.39

Many reports support the hypothesis that treatment with a-GalCer is beneficial to the prevention of the growth and

metastasis of certain tumors in mice.40 This effect occurs at least in part through NK-like direct cytotoxic action of

NKTcells on tumor cells, because Va14Vb8 transgenic mice, but not NKTcell-deficient mice, were protected against

experimental liver metastasis of melanoma upon stimulation with a-GalCer in vivo.8 The antitumor immune response

elicited by a-GalCer can be enhanced when administered as a-GalCer-pulsed DCs rather than by direct injection.41,42

These observations suggest the possibility that a-GalCer-pulsed DCs might constitute an effective new tool in cancer

immunotherapy. In fact, several clinical studies testing the antitumor potential of a-GalCer have been in progress at

several centers around the world.

NKT cells also play a decisive immunosurveillance role in methylcholanthrene-induced fibrosarcoma develop-

ment.43,44 This effect depends on CD1d recognition and requires the additional involvement of both NK and CD8þ

Tcells. IFN-g production by both NKTcells and downstream, non-Va14 NKTcells was essential for protection, and

perforin production by effector cells was also found to be critical. These studies demonstrated that NKTcells can play

a critical role in physiological tumor immunosurveillance, at least against methylcholanthrene-induced sarcomas, in

the absence of exogenous stimulation. In this tumor immunosurveillance system, it is an important issue to determine

whether NKTcells react with some glycolipid antigens derived from the tumor cells themselves or else are activated

through signals such as IL-12 derived from DCs.
4.02.6.2 Immune-Regulatory Functions of NKT Cells

It has also been indicated that NKTcells can exert immune-regulatory functions in the models such as autoimmune

diseases or transplantation. Strong evidence in support of a role for NKTcells in the regulation of autoimmune disease

is provided by studies of type 1 diabetes. NOD mice develop spontaneous autoimmune type 1 diabetes as a result of

Th1-mediated destruction of pancreatic islet cells. Several studies have shown a defect in the number and function of

NKTcells in NOD mice, and it is indicated that the disease could be ameliorated by the transfer of NKTcells.45,46

Also, the crossing of NOD mice to CD1d-deficient mice which lack NKT cells caused earlier onset and increased

frequency of the disease,47,48 further confirming the correlation between type1 diabetes and NKTcells. Activation of

NKT cells with a-GalCer ameliorates the disease in NOD mice.49,50 The prevention of autoimmune diabetes

development in NOD mice has been correlated with the ability of a-GalCer to enhance Th2 cytokines (IL-4/IL-10)

and suppress IFN-g production, resulting in islet-specific protective Th2 cell generation. Furthermore, it has also

been indicated that recruitment of tolerogenic DCs to pancreatic lymph nodes is important for the protection of type 1

diabetes by repeated a-GalCer injection.51 In fact, a single injection of a-GalCer into NOD mice induced rapid

maturation of DCs, manifested by upregulation of co-stimulatory molecules and proinflammatory cytokine produc-

tion. By contrast, DCs derived from mice after several injections of a-GalCer showed a nonmaturated phenotype and

upregulation of the production of IL-10 – a regulatory cytokine. This upregulated IL-10 is responsible for the

induction of tolerogenic DCs.52

The regulatory activity of NKTcells seems to be implicated in the induction or maintenance of immune tolerance.

By using a murine cardiac allograft model where co-stimulatory molecules are blocked, it was demonstrated that NKT

cells are required in the induction of allograft tolerance in vivo.53 Similarly, the involvement of NKTcells in transplant

tolerance was demonstrated in xenogenic pancreatic islet transplantation combined with the administration of anti-

CD4 monoclonal antibody.54 In these transplantation experiments, adoptive transfer of NKTcells restored the long-

term acceptance of allo- and xenografts in NKT cell-deficient mice. In allogenic corneal graft model, it was also

demonstrated that CD1d-reactive NKT cells induce allospecific T regulatory cells and are thus essential for the

survival of corneal allografts.55

In a model of immune privilege in the eye, known as anterior chamber-associated immune deviation (ACAID), the

involvement of NKT cells was also demonstrated.56 Tolerance was evident by a deficiency in the antigen-specific

delayed-type hypersensitivity response at peripheral sites. The mechanism of immune deviation involves IL-10

produced by CD1d-reactive NKTcells as well as conventional T cells with regulatory functions.57
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4.02.7 Perspective

The NKTcell/CD1d system is now well established as a new immunological system based on glycolipid recognition

and with the capability to regulate the entire spectrum of immune responses. From a therapeutic point of view, the

possibility of preventing disease development through the manipulation of NKTcell functions with a-GalCer or new

glycolipids is of particular interest. In the near future, more detailed investigations of the molecular mechanisms

governing the recognition of glycolipids by NKTcells will contribute to help establishing new therapeutic strategies

for various human diseases, including cancer, infections, autoimmunity, transplant rejection, and allergic disorders.
Glossary

a-galactosylceramide Prototype of NKTcell synthetic glycolipid ligand, which had been originally discovered in marine sponge.

CD1d One of the CD1 molecules that are nonpolymorphic antigen-presenting molecules which are related with MHC

molecules, having two large hydrophobic binding grooves that are adapted to present nonpeptidic antigens.

NKT cell CD1d-restricted, invariant T cell receptor-bearing unique lymphocyte, which recognize glycolipid antigens.
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4.03.1 Introduction

Protein–carbohydrate interactions that mediate the selective binding of cell surface-associated or soluble lectins to

extracellular matrix (ECM) or cell surface glycans have been established as key mechanisms that regulate embryo-

genesis1–3 and innate immunity.4–7 Particularly during early development, cell surface glycans are subject to rapid

changes mediated by glycosidases and glycosyltransferases.8 Similarly, temporal and spatial changes in the expression

patterns of carbohydrate-binding proteins take place concurrently, possibly reflecting the dynamic changes in

biological roles of these receptors during embryogenesis. Among these developmentally regulated carbohydrate-

binding receptors, galectins, a family of b-galactoside-binding proteins has been hypothesized to mediate fundamental

processes in early development, but their specific functions and detailed mechanisms of action have yet to be

elucidated.1,9,10 Studies on murine models suggest that galectins participate in embryo implantation in the endome-

trial surface, and myogenesis. During early stages of development, galectins-1 and-3 are differentially expressed and

are believed to play a role in trophoblast implantation in the endometrium by binding nascent lactosaminoglycan

ligands in the uterine wall.11

The instructive roles of innate immunity on adaptive immunity have been widely recognized, and in recent years

the functional interplay between lectins and their receptors implicated in various cellular/humoral functions has been
17
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characterized in considerable detail.12–14 C-type lectins, ficolins, siglecs, and galectins are not only key players in

innate immune processes that lead to pathogen recognition, endocytosis, complement activation, and antigen proces-

sing, but are also involved in adaptive immune functions, including B- and T-cell clonal selection, maturation,

activation, and apoptosis. In invertebrates (i.e., sponges, insects, nematodes, sea urchins) and ectothermic vertebrates

(i.e., lampreys, fish, and amphibians), lectins also participate in the biological processes common to mammals, such as

cell–cell or cell–ECM interactions, glycoprotein trafficking, protein folding, signal transduction, fertilization, and

development. Unlike vertebrates, however, invertebrates and protochordates rely solely on innate immunity for

defense against microbial infection. Except for a few members of the immunoglobulin superfamily, such as hemolin

and other unique mosaic proteins containing immunoglobulin domains, no bona fide components of adaptive

immunity are present in invertebrates or protochordates. Furthermore, because there is substantial evidence that in

the ectothermic vertebrates innate immunity carries a substantial burden of the defense functions against infectious

disease, in the past few years great interest has been generated in the structural-functional aspects of its various

components, particularly on lectins, toll-like receptors, and complement.15–17 Unlike immunoglobulins and the

recently identified variable lymphocyte receptors (VLRs) of agnathans,18 lectins do not generate diversity in

recognition by genetic recombination and therefore, additional interest has arisen on the germline-encoded diversity

of the lectin repertoires, including their allelic variation or polymorphisms, presence of tandem gene duplications and

multigene families, formation of chimeric structures by exon shuffling, additional mechanisms for expanding the

ligand recognition spectrum by alternative splicing, and the structural basis for the potential ‘plasticity’ of their

carbohydrate-binding sites.2,19,20
4.03.2 Current Approaches for Assessing the Structural and Functional Diversity
of Lectin Repertoires

In addition to the classical biochemical, serological, and molecular approaches for the identification, enumeration, and

characterization of the multiple lectins and their isoforms present in any particular organism, the dramatic increase in

availability of genome and EST public databases for many invertebrates and ectothermic vertebrates during the past

15 years has greatly facilitated the search for sequences based on known lectin domains or sequence motifs of interest.

Moreover, the use of forward and reverse genetic approaches in model organisms amenable to genetic manipulation

has provided further insight into their functional aspects. In 1999, Drickamer and Dodd identified and annotated

numerous C-type lectin-like domains (CTLDs) from the Caenorhabditis elegans genome database.21 The use of

additional bioinformatic tools and databases (BLASTP, ProfileScan, SwissProt, and PfamA) enabled not only the

identification of about 180 CTLDs, but also 128 proteins that contained them. The application of similar approaches

to search for multiple lectin motifs in genomic databases of Drosophila melanogaster, Ca. elegans, Saccharomyces cerevisiae,

and Schizosaccharomyces pombe led to the identification of multiple lectin families in these model organisms.22–24

A search of the genome of the protochordate Ciona intestinalis revealed not only a diversified lectin repertoire (at least

two pentraxins and 120 C-type lectins) but other immune-related genes.25,26 The zebrafish (Danio rerio) and pufferfish

(Takifugu rubripes) genomes have also revealed the presence of complex lectin repertoires, with multiple members of

the C- and F-type, galectin, and other lectin families.2,27–30

The identification of greatly diverse lectin repertoires in a single organism, including sometimes numerous lectin

isoforms, has led to the development of high-throughput, in some cases automated, novel technologies for analyzing in

detail the carbohydrate specificities of the native or recombinant proteins of interest. Although techniques such as

agglutination-inhibition31,32 or binding-inhibition in solid phase27,33 are simple, inexpensive, and reliable, the use of

glycan microarrays or ‘glycochips’ for comparative analysis of lectin specificity has facilitated the simultaneous testing

of large numbers of potential carbohydrate ligands. These high-throughput methods, however, are not devoid of error

and have limitations, in some cases requiring rigorous validation with more classical approaches. Glycan microarrays

consist of glycan libraries covalently linked to glass slides via suitable spacer arms,34,35 a critical aspect of this

technique that has recently been optimized.36 For the specificity analysis, the glycan-binding proteins of interest

are labeled with a fluorophore, incubated with the glycan microarray, and the binding information collected by a

scanner. The usefulness and success of this approach is supported by the large body of data and publications (60 and 30

research and review articles, respectively, and six books) generated in the relatively short time this technique has been

in use. Similarly, ‘frontal affinity chromatography’ (FAC)37 is an affinity chromatography-based technique that has

facilitated the rigorous quantitative analysis of protein–carbohydrate interactions. The lectin is immobilized in a

small column equilibrated with solvent, the carbohydrate is isocratically loaded, its elution time assessed, and the
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dissociation constant (Kd) calculated. The use of HPLC fitted with autosampler systems, and continuous monitoring

of the eluates by ionspray mass spectrometry (ESI-MS) have contributed to reach a relatively high throughput, and

this method has been validated through various recent applications.38–40
4.03.3 Biochemical, Structural, and Functional Aspects of Lectins from
Invertebrates and Ectothermic Vertebrates

As described above, the availability of genomic databases for invertebrate models such asDr. melanogaster,23 Ca. elegans,22

Anopheles gambiae,41 and ectothermic vertebrates such as zebrafish2,27,28 and pufferfish29 has significantly contributed

to the full characterization of their lectin repertoires and provided insight into their structural aspects, biological roles,

and evolution.24,42 Among ectothermic vertebrates, the C-type lectin, galectin, pentraxin, F-type lectin, ficolin, and

X-type lectin repertoires are highly diversified,30,43–45 but P-type lectins remain to be identified. Soluble C-type

lectins, including mannose-binding lectin (MBL) homologs of predicted specificity for galactose, have been identified

in several teleost fish.46–48 In invertebrates, whole-genome studies in Drosophila and Ca. elegans demonstrated that the

CTLD superfamily is abundant and diverse.49 In addition, selectin and macrophage mannose receptor gene

sequences are detectable in the whole-shotgun genome assemblies of zebrafish49a and fugu29 (fugu: Ensembl

accession SINFRUT00000162546). Further, putative natural killer cell C-type lectin receptors have been identified

in cichlid fish,50 demonstrating that these receptors appeared early in vertebrate evolution. Pentraxins are also present

in teleost fish, and exhibit a considerable level of sequence similarity, although the architecture of the native

C-reactive proteins may be very different from the human prototype.51–54 Calreticulin and calnexin have also been

identified in teleost fish.55,56 In amphibians, lectin repertoires are equally diversified, including C-type lectins,

galectins, and pentraxins, and the Xenopus spp. genomic databases have greatly contributed to their comprehensive

analysis.2,57–61

Other lectin families, such as P- and I-type lectins, appear to be conspicuously absent in invertebrates and

protochordates. This extends to the siglecs, representatives of which can be identified only as early as teleost fish.62

Nevertheless, intriguing mosaic proteins incorporating carbohydrate-binding and immunoglobulin domains, such as

immunolectins, fibrinogen-related proteins, and novel immune-type receptors are present in invertebrates, proto-

chordates, and fish.63–66 C-type lectin receptors containing immunoreceptor tyrosine-based inhibition motifs have

been identified in the rainbow trout.67

Recent studies of lectin repertories in invertebrates and lower vertebrates have resulted in the identification of

novel variants of known lectin types, such as the galectins from Dr. melanogaster, Ca. elegans, the oyster Crassostrea

virginica, the ascidian Clavelina picta, and Da. rerio, or novel lectin families, most of them still undescribed at the

structural level, including the rhamnose-binding lectins from trout68 and the ‘pufflectins’, MBLs from the pufferfish,

Ta. rubripes, with intriguing homology to those of monocotyledonous plants.69,70 The F-lectins, a novel family of

fucose-binding lectins with a novel signature sequence motif and structural fold, will be described in detail later in

this chapter.
4.03.3.1 C-Type Lectins

Lectins of the C-type are characterized by their Ca2þ requirement for ligand binding and multiple structural domains,

and comprise the collectins (MBLs, ficolin, conglutinin, pulmonary surfactant), proteoglycan core proteins, selectins,

endocytic receptors, the mannose-macrophage receptor, and dendritic cell-specific ICAM-grabbing nonintegrin

(DC-SIGN)49,71 (Figure 1a). Collectins are lectins with a collagenous region linked to the carbohydrate recognition

domain (CRD) that recognizes sugars on microbial surfaces, and upon binding to a serine protease (MBL-associated

serine proteases; MASPs) may activate the complement cascade.72 Several lectins homologous of MBLs and ficolins,

MASPs, and complement components have been identified in invertebrates and ectothermic vertebrates, suggesting

that C-type lectins and the complement system played a pivotal role in innate immunity before the emergence of

adaptive immunity in vertebrates. Immulectins have been identified in several insect and crustacean genomes, and

may mediate defense responses in invertebrates in a manner similar to the mammalian MBLs. The immulectins

isolated from the moth Manduca sexta hemolymph serve as a surveillance mechanism by binding to microbial surface

molecules such as peptidoglycan, lipopolysaccharide, lipoteichoic acid, and b1-3-glucan.73–75 The binding triggers

diverse responses such as phagocytosis, nodule formation, encapsulation, melanization, and synthesis of antimicrobial

peptides. At present, both collectins and group II/V receptors have been described from teleosts.46 Galactose-binding
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CTLD domains); XVII, CBCP (a calcium-binding Calx-b domain and CTLD containing protein), adapted from reference 49; b,

crystallographic model of CTLD (adapted from reference 49); c, Ca2þ-dependent carbohydrate binding of CTLD.
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C-type lectins were identified in the Japanese eel Anguilla japonica48 and rainbow trout (Oncorhynchus mykiss).47 More

recent studies in rainbow trout revealed C-type lectin domains associated with two extracellular immunoglobulin

domains and cytoplasmic immunoreceptor tyrosine-based inhibition motifs (ITIMs) in the ‘novel immune-type

receptors’ (NITRs).76 In addition, CTLDs including selectin and macrophage mannose receptor gene sequences

are detectable in the whole-shotgun genome assembly of zebrafish, fugu, Drosophila, and Ca. elegans.29,49
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4.03.3.1.1 The CTLD fold
The CTLD fold has a double-loop structure with its N- and C-terminal b-strands (b1, b5) coming close together to

form an antiparallel b-sheet (Figure 1b). The second loop that lies within the domain is long and it enters and exits the

core domain at the same location. Four cysteine residues (C1–C4), the most conserved residues in the CTLD, form

disulfide bridges at the bases of the loops. The residues C1 and C4 link b5 and a1 (the whole domain loop), while C2

and C3 residues link b3 and b5 (the long-loop region). The rest of the chain contains two flanking a-helices (a1 and a2)
and the second b-sheet, formed by strands b2, b3, and b4. The long-loop region is involved in Ca2þ-dependent
carbohydrate binding, and in domain-swapping dimerization of some CTLDs.71,77,78

Structurally, CTLDs are of two types: canonical CTLDs that exhibit a long-loop region, and compact CTLDs,

which lack the long loop. The compact CTLDs include ‘link’ or ‘protein tandem repeat’ (PTR) domains79 and

bacterial CTLDs.80,81 Some CTLDs contain an N-terminal extension that forms a b-hairpin at the base of the domain

and these CTLDs are called ‘long form’. The hairpin is stabilized by an additional cystine bridge. The presence of

these two additional cysteines at the beginning of the CTLD sequence is used to distinguish between long- and short-

form CTLDs in sequence analysis. The role of such N-terminal extension is unknown.
4.03.3.1.2 Calcium-binding sites
Four Ca2þ-binding sites are present in the CTLD structures. Sites 1, 2, and 3 are located in the upper lobe of the

structure, while site 4 is involved in salt bridge formation between a2 and the b1/b5 sheet.82–84 Amino acid residues

with carbonyl side chains, together with the calcium-binding site 2, form two characteristic motifs in the CTLD

sequence, and are directly involved in carbohydrate binding (Figure 1c). The first motif, consisting of residues E185,

P186, and N187 (the EPN motif) in MBP-A, is contributed by the long-loop region and contains two residues with

carbonyl side chains separated by a proline in cis-conformation.83 The carbonyl side chains form two Ca2þ-coordina-
tion bonds, and also hydrogen bonds with the monosaccharide and determine the binding specificity. The cis-proline is

highly conserved and provides the backbone conformation of the motif required for Ca2þ coordination. The second

motif, consisting of residues W204, N205, and D206 (the WND motif), is contributed by the b4 strand. In the MBP-A

structure, N205 and D206 form three Ca2þ-coordination bonds (two from the side chains, one from the backbone

carbonyl of Asp) and also form hydrogen bonds with the carbohydrate. In MBP-A, the carbonyl side chain of E193

provides additional coordination bond with the second Ca2þ ion.83 As no other Ca2þ-binding site except for site 2 is

known to be involved in carbohydrate binding, the presence of these motifs in uncharacterized sequences is an

indication of Ca2þ-/carbohydrate-binding properties of the CTLDs. It should be noted that the presence of these

motifs does not guarantee carbohydrate-binding activity for the CTLD, as there are numerous examples of CTLDs

that contain the conserved motifs but do not bind carbohydrates. The calcium-binding site 2 is not only involved in

carbohydrate binding, but also in an interaction with a noncarbohydrate ligand. The antifreeze protein from Atlantic

herring provides an interesting example of a CTLD in which the second Ca2þ is involved in direct interaction with the

ice crystal as its antifreeze activity is (1) Ca2þ dependent and (2) is disrupted by minor changes in the geometry of the

Ca2þ-binding site 2 introduced by replacing the original galactose-type QPD motif by a mannose-type EPN motif.85

A stabilizing effect of bound Ca2þ on CTLD structure has been reported for a number of proteins from different

CTLD groups82,86 and calcium sites 1, 2, and 4 play roles in this aspect.49 Removal of Ca2þ greatly increases CTLD

susceptibility to proteolysis and changes physical properties of the domain such as circular dichroism spectra.
4.03.3.1.3 CTLD–carbohydrate interactions
X-ray crystallography, site-directed mutagenesis, and biochemical methods provided the mechanism of Ca2þ-
dependent carbohydrate binding by several CTLDs. The first crystallographic study of a complex between a

CTLD from rat MBP-A and a carbohydrate ligand Man6-GalNAc2-Asn showed that a ternary complex was formed

between the terminal mannose moiety of the oligosaccharide, the Ca2þ ion bound in site 2, and the protein.87 The

complex is stabilized by a network of coordination and hydrogen bonds: oxygen atoms from 4- and 3-hydroxyls of the

mannose form two coordination bonds with the Ca2þ ion and four hydrogen bonds with the carbonyl side chains that

form the Ca2þ-binding site 2. This bonding pattern is conserved for CTLD/Ca2þ/monosaccharide complexes, and is

observed in all known structures. It is interesting to note that the amino acid residues flanking the conserved cis-

proline in the long-loop region, which are involved in Ca2þ-binding site 2 formation, determine the specificity for

either galactose or mannose. In most mannose-binding CTLDs, the sequence of the motif is EPN (E185 and N187 in

MBP-A), while in the galactose-specific CTLDs it is QPD. In an elegant study, Drickamer has shown that replacing

the EPN sequence in MBP-A with a galactose-type QPD sequence was able to switch the specificity of MBP-A from

mannose to galactose.88
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4.03.3.2 Galectins

Galectins, a family of b-galactoside-binding animal lectins, modulate cell–cell and cell–ECM interactions in carbohy-

drate-dependent89–91 and-independent manners,92,93 thereby participating in many biological processes such as

growth development, immune functions, cancer metastasis, and apoptosis. They are comprised of one (proto and

chimera types) or two (tandem-repeat type) CRDs with significant sequence similarity9,10,59 (Figure 2). In mammals,

as many as 15 galectin members representing the proto, chimera, and tandem-repeat types are known.59 Novel

galectin types with unique domain organization identified in invertebrates and ectothermic vertebrates, such as a

tandem-repeat type with four CRDs present in the Eastern oyster (Tasumi and Vasta, unpublished) and in zebrafish

(Ahmed and Vasta, unpublished), and the chimeric tandem repeat identified in zebrafish (Ahmed and Vasta,

unpublished), are yet to be identified in mammals.

Although relatively conserved from a structural standpoint, galectins display a surprisingly extensive functional

diversification. For example, galectin-1 has been reported as a mediator of cell adhesion,94,95 B-cell differentiation,96

development,1 inflammation,97 mRNA splicing,98 leukocyte apoptosis,99,100 neutrophil turnover,101 and cancer

metastasis.13,102 Recent studies show that the gene encoding human galectin-2, a close relative of galectin-1, is

mutated in patients with increased susceptibility to myocardial infarction, implicating galectin functions in vascular

inflammation and atherosclerosis.92 During mouse embryogenesis, expression of galectin-1 and galectin-3 fluctuate

significantly, and potential roles in notochord development, somitogenesis, and central nervous system development

have been suggested.1,2,103 Further, expression of galectin-3 at the onset of chondrification suggests its role in bone

development, which was supported by finding of abnormalities of the hypertrophic zones of cells and a reduction of

the total hypertrophic chondrocytes in galectin-3-null mice.104

In eukaryotic development, immune function, homeostasis, and control of tumorigenesis, apoptosis regulation is

critical. Members from several lectin families can function as receptors or effectors of apoptosis, but galectins are

capable to induce and inhibit cell death both extracellularly and intracellularly.91,105 Extracellularly, galectins cross-

link glycan ligands to transduce signals that lead to death directly or with influence of other signals regulating cell fate.

Intracellular expression of galectins can modulate other signals controlling cell viability. During the immune

responses, leukocytes, such as neutrophils, macrophages, and lymphocytes, are recruited from blood stream to the

affected sites. Some galectins, such as galectin-1,-3,-8, and -9, have been implicated in cell migration processes.

Galectin-3 is a chemoattractant for monocytes and macrophages but not for neutrophils, while galectin-9 uniquely

attracts eosinophils.91,106,107 Both galectin-1 and-3 can mediate microbicidal activities of neutrophils by eliciting

the release of reactive oxygen intermediates during oxidative burst.108,109 Cytokine production may be also modulated

by galectins. For example, galectin-1 biases immune responses toward Th2 responses by inhibiting Th1 cytokines,

TNF-a, IL-2, IL-12, and interferon, which induce humoral immunity.110 In contrast, galectin-3 may increase

synthesis of IL-1 or induce leukocyte recruitment and act as a pro-inflammatory factor.111 Further, galectin lattices

present on leukocyte surfaces appear to suppress T-cell receptor-mediating immune responses. Extracellular galectin-

1 induces apoptosis in subsets of T-cell populations such as immature thymocytes or activated T-cells, and B-cells as

well as macrophages, while galectin-9 induces apoptosis of eosinophils and some T-cell lineages.13,91 Galectins have

also been proposed to participate in wound healing and angiogenesis in tissues affected by infection and inflammation.

Recent works have demonstrated that galectin-3 and -7 accelerate re-epithelialization, and the former stimulates
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capillary tube formation, which induces angiogenesis.112 Based on its presence in bone marrow, and in vitro pro-

apoptotic activity for murine and human hematopoietic stem cells, it has also been proposed that galectin-1 may

participate in the regulation of hematopoiesis.113
4.03.3.2.1 Proto-type galectins are structurally conserved in ectothermic vertebrates
Of the several three-dimensional (3-D) structures of galectins known to date, most of them are from proto-type

galectins.114–124 Although these structures are similar (share the same fold) and display the jellyroll topology typical

of legume lectins, their quaternary association may differ.114,115,117,118,124 Further, some unique structural features can

be identified in the most divergent family members. In congerin I, a galectin from the conger eel, Conger myriaster, one

of the b-strands is exchanged between the two subunits.122 This ‘strand-swap’ contributes to stabilize the dimer by

increasing inter-subunit interactions, and perhaps explains the high thermostability of the protein.122 CGL2, a

galectin from the fungus Coprinus cinereus, forms a tetramer characterized by two perpendicular two-fold axes of

rotation, with the C-terminal amino acids of the four monomers meeting at the center of the tetramer interface.124

Proto-type galectins have been characterized in toads (Bufo arenarum), frogs (Rana catesbeiana, Xenopus laevis),

salamanders (Ambystoma mexicanum), zebrafish, and striped bass (Morone saxatalis)27,33,58–60,125 (Henrikson, Ahmed,

and Vasta, unpublished). The proto-type galectin from Bu. arenarum resembles the mammalian galectin-1 with respect

to its carbohydrate-binding profiles and its carbohydrate-binding sequence motif (all nine residues responsible for

carbohydrate binding are present: His45, Asn47, Arg49, His53, Asp55, Asn62, Trp69, Glu72, and Arg74).33 The

structures of the Bu. arenarum galectin complexed with LacNAc or thiodigalactoside (TDG) further support this

close similarity121 (Figures 3a and 3b). Additionally, the galectin–TDG complex shows that the topologically related

hydroxyl groups in the disaccharide exhibit similar interaction patterns with the protein. Three (of four) proto-type

galectins from X. laevis, and three (of six proto-type galectins) from zebrafish, contain all the above nine amino acid

residues for carbohydrate binding, and are likely to have a binding profile similar to galectin-1. In the fourth proto

galectin (xgalectin Va), however, His52 and Arg73 (numbered as the bovine galectin-1) are replaced by Ser and Lys,

respectively,60,125 leading to a distinct sugar-binding profile.125,126

Among teleost fish, prototype galectins have been identified in flounder (Paralichthys olivaceus), medaka (Oryzias

latipes), Atlantic salmon (Salmo salar), rainbow trout (Onchorhynchus mykiss), Japanese pufferfish (Takifugu rupribes), and

green spotted pufferfish (Tetraodon nigroviridis), whereas tandem-repeat galectins are present in catfish (Ictalurus

punctatus), salmon, and both pufferfish species.2 Several galectin sequences (six proto, one chimera, five tandem

repeat, one tandem repeat 4, and one chimeric tandem repeat) have been identified in zebrafish (Da. rerio) both

experimentally and by searching the genome database27 (Ahmed and Vasta, unpublished). The binding sites of the

proto galectins fromzebrafish,Electrophorus electricus, Takifugu rubripes, Te. nigroviridis, and P. olivaceus are closely related

to galectin-1 (Figure 3c). In zebrafish, this is experimentally supported by the carbohydrate-binding profile of the

Drgal1-L2 proto galectin.27 However, they are substantially different from the congerins, which are clearly nonortho-

logous gene products. The structure of congerin II revealed that the Tyr51 replaces His52 in ligand interactions.123
4.03.3.2.2 Unique features of galectins from protochordates and invertebrates
The galectin CpGal-16, from the protochordate (ascidian) Cl. picta, can be structurally classified as a proto-type

galectin, although its C-terminal region is similar to human galectin-3 (33% identity; O’Leary, Ahmed, and Vasta,

unpublished). When compared to other proto galectin CRDs, CpGal-16 contains five of the nine residues (N46, R48,

N61, W68, and E71, numbered as the bovine galectin-1) that are known for galectin-1 binding. Interestingly, the most

important residue His44 is replaced with the more hydrophobic Tyr, but the protein retains its lactose-binding activity.

Further, Arg73 is replaced by Ser. Substitutions at this position are common (Lys (X. laevis 16kDa), Ile (galectin-8),

and His (Geodia cydonium 1)), and although they usually do not prevent b-galactoside-binding activity either, they have
been associated with distinct carbohydrate-binding profiles.125,127,128 This His44 substitution in the CpGal-16

sequence does not occur in either of the proto or tandem-repeat galectins from the tunicate Ci. intestinalis.129

Multiple galectins (one proto and five tandem-repeat type) have been identified in the nearly complete genome

of Dr. melanogaster,23 of which the proto-type galectin has been characterized at the protein level.129 The completed

Ca. elegans genome22 revealed 26 putative galectin sequences, of which complete mRNA sequences have been

determined for 11 (Lec-1–11), and include putative proto (Lec-6 and Lec-9), tandem-repeat (Lec-1–5), and chimera

types.59 The carbohydrate-binding specificity of the 16kDa galectin (Lec-6) is unique because it interacts with most

blood group precursor oligosaccharides (Ta, Galb1-3GalNAca; Tb, Galb1-3GalNAcb; type 1, Galb1-3GlcNAc, and

type 2, Galb1-4GlcNAc).130 A homology model of the Ca. elegans 16kDa galectin reveals a shorter-loop region between
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Figure 3 Structures of Bu. arenarum galectin-1-like protein and bovine galectin-1. a, The ribbon diagram shows the

overlap of the toad (Bu. arenarum) galectin-1-like protein (blue, PDB 1GAN) and bovine (Bos taurus) galectin-1 (yellow, PDB

1slt) in complex with N-acetyllactosamine (LacNAc) (stick representation). b, Carbohydrate-binding sites of Bu. arenarum

galectin-1-like protein (blue) and bovine galectin-1 (yellow). The interactions of amino acid residues with LacNAc are shown
for theBu. arenarum galectin. The OH at C40 of Gal (in LacNAc) makes hydrogen bond interactions with the highly conserved

residues His45, Asn47, and Arg49. The OH at C60 makes similar interactions with the Asn62 and Glu72. Trp69 participates in

a stacking interaction with the Gal ring carbons and restricts orientation of the OH at C40 to the axial form. In GlcNAc moiety

of the LacNAc, the hydrogen bond interactions are involved with the protein through the C3–OH with Arg49, Glu72, and
Arg74. Additional interactions are involved via a water molecule that bridges the nitrogen of the NAc group with

His53, Asp55, and Arg74. c and d, Homology modeling of zebrafish Drgal1-L2 and Ca. elegans 16kDa galectin (Lec-6).

c, Drgal1-L2 (blue) was modeled at the SWISS-MODEL Protein Modelling Server27a based on the bovine galectin-1
structure (yellow, PDB 1slt). All nine residues that form the carbohydrate-binding cassette in mammalian galectin-1 are

present in the putative binding site of Drgal1-L2. All side chains of these residues were within 0.5Å of the equivalent side

chains of the bovine galectin-1. d, Ca. elegans 16kDa galectin (Lec-6) (shown in green) was modeled at the SWISS-MODEL

Protein Modelling Server27a based on the bovine galectin-1 structure (shown in yellow, PDB 1slt). The model reveals that a
shorter loop (indicated by arrow) between strands 4 and 5 is responsible for its unique binding profile.
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strands 4 and 5 within the CRD, which may be responsible for its unique binding profile (Figure 3d). Particularly

relevant is the interaction between Glu67 replacement of Asp54 (in bovine galectin-1) and the –OH (equatorial) at

C3(4) of GlcNAc (in Galb1-3(4)GlcNAc) and the –OH (axial) at C4 of GalNAc (in Galb1-3GalNAc) due to shortening

of the loop.130 Interactions of the equivalent residue D54 with the axial –OH at C4 of Galb1-3GalNAc are not possible

for a typical galectin 1 (i.e., from bovine and Bu. arenarum) because of steric hindrance.115,121

Two proto-type galectins frommarine sponge G. cydonium have been purified and characterized.128,131 Both proteins

(G. cydonium 1 and 2) feature the characteristic galectin CRD and display the typical jellyroll topology as evidenced

from homology modeling.131 Sequence alignment with other proto-type galectins revealed that the G. cydonium

1 and 2 contain six and seven conserved residues, respectively, with deletion of a few amino acid residues in the

loop region between strands 4 and 5. The G. cydonium 1 binds more tightly to the Forssman pentasaccharide than to

lactose, and the disaccharide responsible for the binding is GalNAca1-3GalNAc. The substitution of Arg73 (numbered

as the bovine galectin-1) by His and the deletion in the loop between strands 4 and 5 may contribute to this unique

carbohydrate-binding profile.
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4.03.3.3 F-Type Lectins

F-type lectins, found only in ectothermic vertebrates, protochordates, and invertebrates, are the most recent

lectin family to be identified and structurally characterized.30,43,61 The F-type domain, like the C-type domain, is

found in varying orders of tandem repeats, yielding subunits of variable sizes, even within a single teleost species30,61

(Figure 4).

The a-L-fucose (a-Fuc)-binding lectin from the European eel (Anguilla anguilla) agglutinin (AAA) is the first F-type

lectin, whose 3-D structure has been resolved in complex with the ligand, a-Fuc.43 The structure of the AAA–a-Fuc
complex has provided not only a novel CRD sequence motif, but also a novel animal lectin fold, which consists of a

b-jellyroll sandwich composed of three- and five-stranded b-sheets (Figure 5). Binding to a-Fuc is mediated by

several interactions: (1) hydrogen bonds from a trio of basic side chains that emerge from a shallow pocket, (2) van der

Waals contacts with a unique disulfide bridge formed by contiguous cysteines, and (3) seclusion of the 6-deoxy methyl

moiety in a hydrophobic cavity. The specificity of AAA for a-Fuc is not absolute, but rather nominal, as carbohydrates

(e.g., 3-O-methyl-D-galactose and 3-O-methyl-D-fucose) that share critical configurational features of a-Fuc (i.e.,

axial hydroxyl and hydrophobic moiety) also behave as ligands for AAA. Docking of H type 1 and Lea trisaccharides

in AAA-a-Fuc complex revealed that additional interactions established with residues in the loops surrounding the

binding pocket confer fine discrimination of its cognate glycoconjugate ligand(s).

One observation that concerns the potential diversity in sugar recognition of the F-type lectins is the presence of

multiple isoforms with amino acid substitutions at positions revealed by the structural analysis as key for ligand

binding. Variability of critical residues in the binding pocket and surrounding loops in the multiple isoforms, as

expressed in the Japanese eel,132 suggests that alternative interactions with terminal and subterminal sugar units may

expand the range of diverse oligosaccharides recognized by the lectin isoform repertoire.43 This is an intriguing

observation for a protein proposed to mediate the recognition of potential microbial pathogens. Like collectins, the

native structure of the European eel (A. anguilla) agglutinin is a homotrimer (Figure 6a), which suggests that ligand

binding is enhanced through avidity. Further, the threefold cyclic symmetry of the native AAA, very similar to that

observed in collectins,133 would optimize the spacing and orientation of binding sites for recognition of glycoconju-

gates displayed on microbial surfaces. It is noteworthy that the distances between binding sites in the AAA trimer

(26Å) are about half those in MBL (54Å), suggesting that they bind to differently arrayed surface glycans on the

surface of microbes (Figure 6b). Therefore, although F- and C-type lectins may recognize the same monosaccharide

(MBL also binds fucose), their affinity for different microorganisms may be distinct, thereby expanding the immune
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recognition spectrum in those species that are endowed with both lectin types. In contrast to C-type lectins, the role

that calcium appears to play in AAA is structural stabilization, rather than participating in direct cation–saccharide

interactions. F-lectins that require calcium for binding activity, such as Tachylectin-4134 and the Japanese eel

lectin,132 form larger-order assemblies which may be susceptible to calcium chelation.
4.03.3.3.1 The F-type lectin family
A large number of F-type lectins of diverse domain topologies were identified in a variety of taxa from prokaryotes to

amphibians30,132,134 (see Figure 4). Although AAA possesses a single F-type CRD, but in most teleosts F-type lectins

contain either duplicate or quadruplicate tandem domains. In Xenopus spp., however, these lectins are composed of

either triplicate or quintuple tandem F-type domains. Clearly, the F-type fold with its joined N- and C-terminals

favors the formation of concatenated CRD topologies in numbers that appear lineage related. These tandem arrays

may yield mosaic proteins by including pentraxin (X. laevis) or C-type domains (Dr. melanogaster CG9095, malarial

mosquito, and honeybee). Similarity searches in genomic databases revealed the F-type sequence motif in both

lophotrochozoan (i.e., mollusks and planaria) and ecdysozoan protostomes (i.e., horseshoe crabs and insects), in an
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Figure 6 Quaternary structure of F-type and C-type lectins; distances between two binding sites are shown in dotted lines.
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invertebrate deuterostome (i.e., echinoderm), a cartilaginous vertebrate (i.e., skate), and the early branching clades

of vertebrates, lobe-finned (i.e., X. laevis and salamander) and ray-finned fish. The F-type lectin sequence motif

is also identified in both Gram-positive (i.e., Streptococcus pneumonae)135,136 and Gram-negative (i.e., Microbulbifer

degradans)137 eubacteria. In contrast, as confidently supported by whole genomes sequenced in some cases for several

congeners,138 the F-type lectin sequence motif appears absent from protozoa, fungi, nematodes, ascidians, and higher

vertebrates (i.e., reptiles, birds, and mammals), which suggests that it may have been selectively lost even in relatively

closely related lineages. The paucity of bacteria possessing F-type CRDs suggests that it may have either been

acquired through horizontal transfer from metazoans, or less likely, that most prokaryote lineages lost this CRD. Even

the multiple duplicate tandem homologs present within modern teleost orders appear to be the product of indepen-

dent duplications. The mottled phylogenetic distribution, diverse temporospatial expression, and varied domain

architecture of the F-type family members point to a functionally plastic CRD, which has been specifically tailored

in each lineage, and apparently lost its fitness value in some taxa. The absence of the F-type CRD in higher

vertebrates is an evolutionary quandary that correlates with the appearance of cleidoic egg, and the colonization of

land by vertebrates.
4.03.3.3.2 Sequence variants of the F-type CRD
The 3-D structure of the AAA enabled the thorough analysis of variations in the F-type sequence motif focusing

regions relevant for ligand or metal binding, or tertiary structure. Amino acid sequence alignments30 revealed that

most F-type lectins can bind a-Fuc as their CRDs share the a-Fuc-binding motif (HX24RXDX4(R/K)). Some F-type

CRDs, however, deviate from this motif, suggesting they may have alternate carbohydrate-binding specificities or

they even lack carbohydrate-binding activity. For example, F-type CRD of Dr. melanogaster CG9095 is unable to

produce the typical H-bonds, because two amino acid residues of the sugar-binding triad are mutated to aliphatic

residues. Another interesting pattern is that most duplicate tandem F-type lectins (i.e., striped bass, zebrafish,

pufferfish, and stickleback) possess a unique combination of saccharide-binding motif and cystine bonds (N-terminal:

CXHX24RGDCCXERXX16XX22C) and (C-terminal: CXHX24RDXXXERCX16CX22C). Specifically, one domain

lost the contiguous cystines that contact the saccharide ring while it gained the nested cystine. It is not clear what

effect the loss of this cystine has on binding since the alkaline residue trio is conserved, but the predominance of this

character only among duplicate tandem F-type lectins suggests that it has functional relevance. Future recombinant

expression of individual domains should allow biochemical confirmation of these possible alternate specificities.

Analysis of replacements of metal-binding residues is not as clear as for saccharides, because most interactions are

provided by main-chain carboxyls, and their conservation probably relates more to their configuration in the folded

protein. However, differing degrees of conservation are evident for the three positions that interact through side

chains. Serine 49 is particularly noteworthy, since as a bidentate ligand, it is central to the pentagonal bipyramidal
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coordination geometry. In some F-type lectins, Ser49 is substituted with nonalcohol residues unable to produce the

bidentate coordination (i.e., His, Asp, Pro, Gly, and Val), but in most F-type lectins, it is replaced by residues

possessing oxygens (i.e., Asp, Gln, Glu, Thr, and Tyr) that are still able to form coordination bonds. In the former

cases, it is possible that a water molecule may substitute in coordination, or there is a modification of the coordination

geometry. A coordination number of 6 produces an octahedral geometry, which for Ca2þ is still permissible, as

exemplified by several solved protein structures.139 Nevertheless, there appears to be a strong selection for hepta-

coordination in F-type lectins to stabilize the large helix-rich loop. Similar support is given by the absolute conserva-

tion seen for Glu147, which also provides a side-chain ligand.

As commonly observed in other proteins, sequence insertions or deletions (indels) are most permissible in loops

where they have minimal effect on the core fold. Such is the case for the F-type lectin CDRs, where various indels

reside. Interestingly, the CDR1 loop, which appears to interact with saccharides subterminal to a-Fuc, shows great
divergence suggesting that it might regulate binding to the wide diversity of glycoconjugates.
4.03.3.3.3 Phylogeny of the F-type fold
Although F-type lectin fold is unique among animal lectins, a structure-based search identified several unrelated

proteins that showed negligible sequence similarity to F-type lectin, yet shared the same jellyroll fold with

AAA.61 These are the C domains of human blood coagulation factor V (FA58C) and VIII (PDB 1CZT),140 the

C-terminal domain of a bacterial sialidase (PDB 1EUT),141 the NH2-terminal domain of a fungal galactose oxidase

(PDB 1GOF),142,143 a subunit of the human APC10/DOC1 ubiquitin ligase (PDB 1XNA),144 the N-terminal domain

of the XRCC1 single-strand DNA repair complex (PDB 1JHJ),145 and a yeast allantoicase (PDB 1SG3).146

The higher-vertebrate F-lectin analogs may have originated from carbohydrate-binding domains, that later evolved

new specificities. It also appears that all of these families share the placement of their binding site among the loops at

the opening of the b-barrel. The FA58C domain, present as a tandem repeat at the C-terminal of part of multidomain

circulating coagulation factors, is similar to the discoidin (DS) domain147 named for a lectin from the slime mold,148,149

for which the binding site has not been determined. Interestingly, like the F-type domain, the FA58C domain is also

frequently found as tandem replicates. However, its sequence is studded with hydrophobic residues that enable

binding to cell surface phospholipids instead of saccharides.150 In contrast, the b1 domain of neuropilin-1 receptor,151

a DS homolog, is devoid of the hydrophobic spikes, and instead presents a polar cleft. Another set of DS homologs, the

DS domain receptors,152 which possess tyrosine kinase-signaling domains, are activated by binding to collagen.153 It is

evident from these examples that the animal DS domains have evolved to bind a diversity of ligands other than

saccharides. Among the remaining structural analogs, the only jellyroll proteins of cytoplasmic localization144 do not

appear to bind glycoconjugates either. For XRCC1, the binding site for single-strand DNA breaks was mapped to a

groove at the top of the barrel, but does not appear to involve interactions with the glycoside backbone. Although no

binding activity has been attributed to APC10/DOC1 domain, the variable loops suggest that it has a putative ligand.

Curiously, the presence of a cation-binding loop is variable among these structural analogs since no cation has been

detected in the structures FA58C, APC10/DOC1, or XRCC1.
4.03.3.4 Pentraxins

Pentraxins are usually disk-shaped cyclic pentamers of identical subunits with Mr ranging from 20000 to 30000,

noncovalently bound in most examples. C-reactive protein (CRP) is a prototypical pentraxin that distinguishes

self from nonself, opsonizes bacteria, and activates complement, a property that shares with collectins, ficolins,

and other lectins that mediate innate immune mechanisms.72,154,155 The binding of CRP to phosphocholine was

analyzed and the amino acid residues Lys57, Arg58, and Trp67 were found critical for the interaction.156 In addition

to binding phosphocholine, it exhibits lectin-like properties including binding to galactans and related structures in a

Ca2þ-dependent manner.157 In teleosts, pentraxins have been isolated in channel catfish, carp, snapper (Pagrus

auratus), Atlantic salmon, common wolffish (Anarhichas lupus), cod (Gadus morhua), halibut (Hippoglossus hippoglossus),

and rainbow trout.51–54
4.03.3.5 Calnexin and Calreticulin

Calnexin and calreticulin are lectins that recognize a nonreducing-end glucose residue in an N-linked oligosaccharide

precursor, Glc1Man9GlcNAc2, which ensure the proper folding of newly synthesized glycoproteins as a chaperone of

ER system for quality control158 by acting as a molecular sensor.159 In addition, N-terminus domain of calnexin and
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calreticulin interacts with misfolded proteins and glycoproteins, binds ATP, Zn2þ, and Ca2þ. Their proline-rich

domain associates with ERp57 that is a thiol-disulfide oxidoreductase to assist the disulfide exchange reactions in

misfolded proteins in the ER.160 In spite of similar sugar-binding specificity, calnexin and calreticulin bind to a variety

of distinct target proteins. Gene knockout studies demonstrated that calreticulin-knockout mice were lethal, and

calnexin-knockout mice showed early death with severe neural abnormalities, indicating that calnexin and calreticulin

could not compensate each function in development. These also suggest that calnexin and calreticulin play distinct

biological roles in the cell.161 Calreticulin has been recently isolated in rainbow trout.56 Similarly, calnexin, has been

recently identified in the channel catfish.57
4.03.3.6 Novel Lectin Families Identified in Teleosts

Recent studies of lectin repertoires in teleost fish have resulted in the identification of novel lectin families, under-

scoring the relevance of ectothermic vertebrates as model organisms for gaining insight into novel aspects of structural,

functional, and evolutionary aspects of innate immunity.
4.03.3.6.1 Rhamnose-binding lectins
A novel family of rhamnose-binding lectins was identified in eggs of steelhead trout and catfish (Silurus asetus) and the

white-spotted char (Salvelinus leucomaenis).68 These lectins, homologous to members of the low-density lipoprotein

receptor superfamily, are synthesized in liver and oocytes, and are widely distributed in the adult tissues including

spleen, thrombocytes, and blood leukocytes.
4.03.3.6.2 Pufflectins
MBLs with intriguing homology to those of monocotyledonous plants with similar sugar specificity were isolated from

the skin mucus and intestine of pufferfish, Ta. rubripes.69,70 These are homodimers of noncovalently associated 13kDa

subunits, which exhibit about 30% identity with mannose-specific lectins from monocotyledonous plants. Pufflectin

genes are expressed in gills, oral cavity wall, esophagus, and skin, as highly similar isoforms, with an isoform

exclusively expressed in the intestine.
4.03.4 Conclusions

Avariety of experimental in vivo and in vitro, and more recently, in silico, approaches using available genomic databases

have enabled greater insight into the diversity and complexity of lectin repertoires in invertebrates, protochordates,

and ectothermic vertebrates. The identification in these taxa of members of the lectin families typical of mammals

has resulted in the discovery of novel structural features, most likely revealing functional adaptations along the

lineages leading to the higher vertebrate taxa. Further, the identification of novel lectin families such as the F-type

lectins underscores the fact that more research in nonmammalian model organisms will provide new information on

the structural, functional, and evolutionary aspects of lectin repertoires that may not be as obvious in mouse or man.

For example, elucidation of the detailed structural aspects of eel lectin–ligand binding and the potential of its multiple

isoforms to achieve substantial diversity in oligosaccharide binding provides the structural basis for a tantalizing novel

mechanism for generating diversity for non-self-recognition in innate immunity, that resembles those operative

through adaptive immunity in higher vertebrates. The ongoing genome, transcriptome, and proteome projects on

additional model organisms representative of nonmammalian taxa will reveal not only the extent of their full lectin

repertoires, but coupled to the structural analysis of selected components have the potential to uncover novel

structural features, on which a rigorous experimental assessment of their biological roles may be supported. In this

regard, because of its external fertilization, rapidly developing transparent embryos, variety of established techniques

for manipulation of gene expression, and a growing collection of mutations affecting early embryonic development

that have been characterized and mapped, zebrafish may constitute an alternative model of choice for the elucidation

of the biological roles of both galectins and F-type lectins in embryogenesis and innate immunity.
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4.04.1 Introduction: Structure and Function of Mammalian Epidermis

Mammalian skin is composed of two distinct layers divided by a basement membrane zone. The underlying dermis

contains primarily fibroblasts embedded in an acellular collagen/elastin matrix, and accounts for the majority of skin

thickness. Most of the skin appendages, including capillary beds, nerve endings, hair follicles, and sweat glands, are

contained within the dermis. The overlying epidermis, normally comprising approximately 10% of the overall skin

thickness, is responsible for formation and maintenance of the barrier to both dessication and penetration of xenobio-

tics. This barrier function resides primarily in the extracellular lipid domains between the outermost, enucleated cells,

called corneocytes, of the stratum corneum (SC). Mammalian SC contains extensive quantities of lipids, localized to

these extracellular domains (interstices), corresponding more than 10% of total weight of this tissue. These extracel-

lular lipids comprise nearly equimolar quantities of ceramides (Cer), cholesterol, and free fatty acids (FA), a ratio that is

imperative for normal organization into lamellar membrane structures primarily responsible for epidermal barrier

homeostasis.1,2 Cer constitute approximately half of the total intercellular lipid content by weight, and are critical for

the lamellar membrane structures3–5 that constitute the epidermal permeability barrier.6 The specific roles for Cer in

epidermal function have been revealed in studies in both normal and diseased humans, as well as in animal models and

in model membranes in vitro. For example, the Cer content is altered in patients with both atopic dermatitis7,8 and

psoriasis.9,10 Likewise, cholesterol as well as both essential and nonessential free fatty acids play separate, critical roles

in epidermal barrier homeostasis.

Given that human SC contains at least nine major Cer fractions (see Figure 1), many of which are unique to

epidermis, including omega(o)-hydroxylated and o-acylated forms, as well as Cer species that are covalently attached

to the cornified envelope proteins of the enucleate SC cells (i.e., corneocytes), the metabolism of these unique

sphingolipids has garnered much attention. It is intriguing that the epidermis forms these and other barrier lipids as

‘precursor’ species, storing them with other lipid precursors in membrane-limited organelles, called lamellar bodies

(LBs) (see Figure 2). It is only following the fusion of LBs with the apical plasma membrane of the outermost

nucleated cell layer of the epidermis, the stratum granulosum (SG), that secretion of their combined lipid and protein

contents occurs,11,12 with the hydrolysis of these lipid precursors constituting the final processing step that facilitates

effective permeability barrier formation. Since the myriad Cer species in mammalian SC are generated nearly

exclusively from glucosylceramide (GlcCer) and spyhingomyelin (SM) precursors, this chapter will focus on the

metobolism of these unique sphingolipids.

The seemingly inefficient cycle of lipid precursor formation and subsequent extracellular lipid hydrolysis appears

to reflect a mechanism by which the epidermis can produce and store very large quantities of Cer while simulta-

neously protecting itself from potentially adverse intracellular events that could stem from an excessive accumulation

of these bioactive lipids within the differentiating epidermal cell compartments. Specifically, various Cer species

and metabolites now have recognized roles in signaling different cell fates, such as proliferation, differentiation, and/

or apoptosis (reviewed in Refs: 13 and 14). In addition, inappropriate accumulation of Cer species leads to cell death in
37
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Figure 1 Structures of major mammalian stratum corneum (SC) ceramide species. Sphingoid base structures include
(E )-sphing-4-enine (sphingosine), (R)-4-hydroxysphinganine (phytosphingosine), and (E )-sphing-[6-hydroxy]-4-enine

(6-OH-sphingosine) bases. Cer 1, Cer 4, and Cer 9 are commonly termed acyl-ceramides, as they contain linoleic acid

esterified to the omega-hydroxy group of the very long chain N-acyl FA. Note that all nine ceramide species are generated
via deglucosylation of the respective glucosylceramide species, while only Cer 2 [NS] and Cer 5 [AS] are generated via

hydrolysis of corresponding sphingomyelin precursors. Additional abbreviations for Cer species:10 N, non-hydroxy FA;

A, alpha-hydroxy FA; O, omega-hydroxy FA; E, esterified (omega) FA; S, sphingosine base; P, phytosphingosine base; H,
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Figure 2 The three major lipid classes in mammalian SC (i.e., cholesterol, free FAs, and ceramides) are generated from

their respective precursor lipids (cholesterol-sulfate, phospholipids, and glucosylceramide/sphingomyelin). These precur-
sor lipids are first synthesized, packaged into lamellar bodies (LBs), and then released/secreted into the extracellular

domains following fusion of the LB with the apical plasma membrane of granular cells during the normal process of

epidermal differentiation. Subsequent enzymatic lipid processing yields the final mixture of SC lipids, a process that is
critical for the formation of normal lamellar membrane structures in the SC.
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keratinocytes15–19 as in other cell types.20 Thus, the sequential formation and sequestration of Cer precursor lipids,

followed by postsecretion extracellular hydrolysis to regenerate free Cer species, allows for the orderly accumulation of

Cer required for the barrier, while simultaneously minimizes risks from adverse Cer signaling events.
4.04.2 Glucosylceramides as Major Precursors of SC Ceramides

The synthesis of Cer species, although occurring throughout the epidermis,21 increases with epidermal differentiation,

consistent with elevated sphingolipid generation and content in more-differentiated epidermal layers.22–24

During synthesis, the varied Cer species destined for the SC are modified at the 1-hydroxy position to either

GlcCer species by GlcCer synthase (i.e., UDP-glucose:ceramide glucosyltransferase or GlcT1; EC 2.4.1.80),25,26 or

to SM species by choline-phosphorylation.27,28 As noted above, although the majority of Cer species contained within

epidermal LBs are glucosylated,29–33 sphingomyelin (SM) species are also present in substantial quantities.30,31

Consistent with this, GlcCer synthase activity increases during epidermal differentiation both in vitro34,35 and

in vivo,36 and as the permeability barrier is forming in utero.37 Moreover, inhibitor studies revealed that GlcCer

synthase activity and the generation of GlcCer species are required for normal barrier homeostasis.36 Biochemical

studies show that the increase in Cer levels that occurs during the final stages of mammalian epidermal differentiation

corresponds with a decrease in GlcCer and SM, following a peak of these latter sphingolipids in the uppermost

nucleated cell layers, or SG.22–24,38 These marked shifts in sphingolipid content also have been visualized in normal

human epidermis by immunoelectron microscopy, using antibodies to both GlcCer and Cer.39

Human SC Cer comprise at least nine distinct molecular species (designated Cer 1–9), including three unique

o-hydroxylated Cer40–43 (refer to Figure 1). The precursor–product relationship for each of these SC Cer species

has recently been delineated.44,45 Analysis of epidermal SM species revealed three major subfractions with distinctive

amide-linked (N-acyl) FA composition; that is, containing either long-chain FA (SM-1; C(22–26)), shorter-chain

FA (SM-2; primarily C16), or short-chain alpha-hydroxy FA (SM-3; C16–18). In addition, these three major epidermal

SM species contain either sphingosine or sphinganine, but they lack phytosphingosine as the sphingoid

base backbone. Thus, only two of the nine SC Cer species, Cer 2 (NS) and Cer 5 (AS), derive from SM precursors44

(see Figure 3).

A comparable analysis of epidermal glucosylceramides (GlcCer) indicates conversely that distinctive epidermal

GlcCer correspond to all Cer species in epidermis and SC.44,45 Thus, all nine Cer species, including the o-hydroxy
fatty-acid-containing Cer species, that is, Cer 1 (EOS), Cer 4 (EOP), and the most-recently described Cer 9 (EOH),43

derive fromGlcCer, while only two Cer species (Cer 2 (NS) and Cer 5 (AS)), also derive in part from corresponding SM

precursors (see Figure 3). These results provide further details about sphingolipid processing, and suggest potential

divergent roles for GlcCer-versus SM-derived Cer species in epidermal structure and function.

Although at least two enzymes can catalyze the hydrolysis of b-linked glucose-moieties, only b-glucocerebrosidase
(GlcCer’ase; EC 3.2.1.45) specifically hydrolyzes GlcCer to Cer. Early reports described b-glucosidase activity in both

whole mammalian skin and isolated epidermis.46–53 In porcine epidermis, this b-glucosidase activity is active at acidic
pH,52 and the activity in epidermis and palatal epithelium exceeded that in non-keratinized oral epithelium.53 Thus,
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the relative inactivity of b-glucosidase in non-keratinized epithelium is consistent not only with the persistence of

GlcCer species to the epithelial surface,54,55 but also with less-stringent barrier in non-keratinized oral epithelium.56

The specificity of the epidermal activity toward GlcCer substrate(s) was later shown to be a consequence of specific

GlcCer’ase activity. Interestingly, the epidermis was found to contain at least tenfold higher GlcCer’ase activity than

any other mammalian tissue, including brain, liver, and spleen, when enzyme activity is expressed per amount of

protein.57 Consistent with this, GlcCer’ase mRNA expression in murine epidermis exceeds levels encountered in

these extracutaneous tissues,57 suggesting that this specific enzyme is responsible for the observed epidermal activity.

In addition, this specific GlcCer’ase activity is even higher in the outer, more differentiated epidermal cell layers,

extending into the enucleate SC,57,58 with elevated activity evident in serial frozen sections at the region

corresponding to the SG–SC transition.59 Immunohistochemical staining for GlcCer’ase protein also revealed en-

hanced fluorescent signal in the outer nucleated layers of human epidermis, concentrated at the apex and margins of

SG cells, as well as within extracellular membrane domains of the lower SC.39 In extracts from individual epidermal

layers, GlcCer’ase activity is present throughout murine epidermis, with the highest activity in the SC, peaking in the

lower-to-mid-SC.57,58 Moreover, membrane couplets, consisting of segments of cornified envelopes (protein) with

intact extracellular lipid membrane domains prepared from isolated SC sheets, also demonstrate significant

GlcCer’ase activity, with two- to eightfold higher activity than that of other acid hydrolases.58 Yet, despite findings

about GlcCer’ase protein and in vitro activities, whether or not this enzyme retains activity within the hydrophobic,

extracellular domains of the SC in vivo required further resolution. In situ enzyme zymography with both whole skin

and tissue sections revealed that the highest levels of GlcCer’ase activity are present in the upper SG and the lower

SC.58,60,61 Thus, the activity profile of GlcCer’ase parallels the protein gradient of this enzyme in epidermis, strong

evidence that processing of GlcCer-to-Cer within the outer epidermis is attributable to retention of specific enzymatic

activity within extracellular domains of the SC.
4.04.3 Glucosylceramide and Sphingomyelin Processing Required for Epidermal
Barrier Function

The link between GlcCer-to-Cer conversion and normal epidermal permeability barrier homeostasis became evident

when it was shown that both mRNA and enzyme activity levels for GlcCer’ase were increased during the recovery of

the barrier following acute abrogation in a murine model.62 However, the requirement of the enzymatic processing of

GlcCer to Cer for the maintenance of epidermal permeability barrier function in mammalian SC was first demon-

strated with a pharmacologic (i.e., inhibitor-based) approach in murine epidermis. In vivo inhibition of GlcCer’ase

using a single topical application of bromoconduritol B-epoxide (BrCBE), a potent and specific inhibitor for this

enzyme,63 reduced epidermal GlcCer’ase activity by >90%, and significantly delayed recovery of barrier function in

this murine model.62,64 This functional delay was due to replacement of the normal, highly ordered, SC lamellar mem-

brane arrays with disordered linear arrays of incompletely processed, immature-appearing membrane structures.64
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Furthermore, repeated, daily applications of the same inhibitor to intact murine skin not only increased SC GlcCer

levels, but also diminished barrier function, with similar alterations of SCmembrane lipid domains 65 to those noted in

the acute barrier repair model.

Additional evidence for the importance of GlcCer processing in epidermal function was obtained using a null-allele

GlcCer’ase-deficient mouse,66,67 a model that was originally developed as a murine analog for Gaucher disease,68 and

which retains less than 1% residual enzyme activity. The homozygous GlcCer’ase-deficient animals displayed nearly

identical SC ultrastructural abnormalities as those present in the inhibitor-based model described above,that is, linear,

but highly disordered membrane arrays.65 A severely compromised barrier was also evident in the homozygous

GlcCer’ase-deficient animals, with the profile of SC and epidermal lipid contents revealing both increased GlcCer

levels, and diminished Cer, consistent with a deficiency of this enzyme. The epidermis of heterozygous animals,

which retains approximately 50% of normal GlcCer’ase activity, revealed none of the lipid biochemical, ultrastructural,

or functional abnormalities that were evident in the more-severely deficient animals.65 This knockout approach

convincingly demonstrated not only the importance of GlcCer-to-Cer conversion for barrier homeostasis, but also that

a single GlcCer’ase gene product solely accounts for this activity in mammalian epidermis.

Additional murine models that more-closely mirror the molecular mutations in human Gaucher disease have

revealed similar findings. Specifically, while animals homozygous for GlcCer’ase point mutations equivalent to the

commonmutations found in human Gaucher disease (e.g., L444P) revealed no neurologic pathology, severe ichthyotic

and histologic abnormalities were evident in the epidermis.69 In fact, these animals do not survive beyond the initial

24h post-partum, presumably because of abnormally high water loss resulting from the epidermal lipid processing

defect.69 Examination of SC ultrastructure (using ruthenium tetroxide-post-fixed samples) from these animals

revealed marked structural abnormalities in the SC membrane lipid domains, including incompletely processed LB

contents throughout the SC interstices (W. Holleran and R. Proia, unpublished observations), as observed in

b-GlcCer’ase deficiency of genetic or inhibitor-based origin.

Subsequent studies with skin samples from human Gaucher patients with severe GlcCer’ase-deficiency, that is,

neonatal type 2 disease, demonstrated similar SC structural abnormalities.65,70 Interestingly, Gaucher patients with

less-severe disease do not display significant abnormalities in SC ultrastructure,70 consistent with the normal findings

in mice heterozygous for GlcCer’ase deficiency described above. Together, these results suggest that an excess of this

enzyme is available in normal epidermis under basal conditions, and conversely that a minimal threshold of epidermal

enzyme activity, that no longer can support normal SC lamellar membrane formation and barrier integrity, exists in

severe Gaucher disease with skin involvement. Interestingly, epidermal ultrastructure abnormalities may help to

predict the severity of Gaucher disease, and thereby assist with diagnostic assessment.71

Although the studies summarized above were the first to demonstrate the critical requirement for enzymatic

hydrolysis of lipid precursors (GlcCer) to specific products (Cer) in mammalian epidermis, enzymatic processing of

SM to Cer by sphingomyelinase (SM’ase; EC 3.1.4.12) is also critical for SC structure and epidermal barrier

homeostasis. At least two isoenzymes in human skin can hydrolyze SM to Cer, including a lysosomal-type acid-pH

optimum sphingomyelinase (a-SM’ase) and a nonlysosomal, magnesium-dependent neutral-pH optimum sphingo-

myelinase (n-SM’ase). The epidermal a-SM’ase has optimal activity at pH 4.5–5.0, and is activated by Triton X-100

(0.1% w/v) in vitro.72,73 Although both the acidic- and neutral-SM’ase enzymes are involved in the recovery of the

epidermal permeability barrier following an acute challenge,74 a number of findings reveal that at an acid-pH, the

lysosomal enzyme appears to be primarily responsible for the extracellular hydrolysis of SM-to-Cer in mammalian SC.

For example, a-SM’ase activity in SC localizes primarily to intercellular membrane domains,11,75 making it ideally

situated to catalyze this critical lipid processing step. In addition, a-SM’ase activity increases, in parallel with

accumulation of lipids, within LBs during the maturation of these critical epidermal organelles.11 Furthermore, in

normal mice a-SM’ase activity increases 2h following acute barrier abrogation, an effect not observed in tumor

necrosis factor-receptor (TNF-R)-deficient mouse epidermis.74 Inhibition of this increase in a-SM’ase activity by

two independent approaches, that is, a Cer-structural analog, PDHS, or intracellular inhibitors at the level of the LB

with either imipramine74 or desipramine,73 significantly delays barrier recovery. This functional delay is accompanied

by an increase in SM content, as well as a reduction of normal extracellular lamellar membrane structures in the SC.73

Ultrastructure analysis reveals that inhibition of a-SM’ase activity interferes with the final stages of lamellar mem-

brane maturation in the extracellular domains of the SC. More importantly, patients with Niemann–Pick (type A)

disease, characterized by a deficiency of lysosomal a-SM’ase, demonstrate abnormal permeability barrier homeostasis,

including delayed recovery kinetics following acute barrier disruption.73 Given that the inhibitor-induced delays in

barrier recovery discussed above can be overridden by topical co-applications of Cer,73 alteration of the Cer-to-SM

ratio, rather than SM accumulation itself, appears to be responsible for the diminished epidermal barrier function.

Interestingly, this last finding contrasts with the consequences of absent b-GlcCer’ase, where accumulation of enzyme
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substrates (GlcCers) in the SC, rather than reduction of enzyme products, is responsible for the resultant membrane

alterations and diminished barrier function.64,76,77

The contribution of specific SM precursors to SC Cer species was further addressed by structural analysis of human

epidermal SM species (see above).44 Given that only two of the nine known human SCCer species, that is, Cer 2 (NS) and

Cer 5 (AS), are generated in part by SM hydrolysis, and that all nine major SC Cer species are derived from GlcCer

precursors,44,45 the GlcCer-to-Cer pathway appears to have a more-critical role for generating the full spectrum of unique

Cer species that comprise the epidermal barrier. Consistent with this interpretation is the more-significant epidermal

barrier dysfunction that is evident with GlcCer’ase deficiency (i.e., in either severe Gaucher disease or GlcCer’ase

knockout mice)65,70 than has so far been observed with a-SM’ase deficiency (i.e., Niemann–Pick disease).73,74

Finally, the role of n-SM’ase in epidermal structure and function is less well resolved. Although a-SM’ase activity

appears primarily responsible for the majority of SM-to-Cer hydrolysis that occurs in the extracellular domains of the

SC, n-SM’ase activity is also involved in epidermal homeostasis. For example, delayed barrier recovery following an

acute challenge in FAN-deficient skin suggests a role for n-SM’ase activity in epidermal barrier recovery and

homeostasis.78 In addition, delayed barrier recovery despite unchanged a-and/or n-SM’ase activities were also

noted in TNF-R55-deficient mouse skin.74 Although these studies do not distinguish between a- and n-SM’ase-

dependent events, they are consistent with the SM-to-Cer conversion being critical for epidermal barrier homeostasis.

The results summarized above represent strong evidence for the dynamic events occurring during the final stage of

epidermal/barrier differentiation and development. As such, it should now be readily apparent that extracellular lipid

processing of both GlcCer and SM precursors is critical for mammalian epidermal structure and function. Interestingly,

the importance of the gradual decline in epidermal SM’ase activity79 for the decline in barrier function in aging80 has

yet to be fully explored. Finally, given that SM-to-Cer turnover (and recycling) has been implicated in myriad cellular

processes,13,20 and that active sphingolipid remodeling is ongoing within proliferating and more-differentiated

keratinocytes (Y. Uchida and W. Holleran, unpublished observations), it is highly likely that additional important

roles will be revealed for both GlcCer and SM in cutaneous function and disease.
4.04.4 Generation of Covalently Attached Omega-Hydroxy Ceramides

Mammalian SC contains a unique lipid layer that is covalently attached to the external surface of cornified envelope proteins

of fully differentiated corneocytes. This corneocyte lipid envelope (CLE) consists of omega(o-)-OH Cer covalently

attached to cornified envelope proteins.81–83 The o-OH group on the Cer is required for CLE formation,84,85 as this

moiety represents the attachment point between the Cer and specific amino acids of cornified envelope proteins,

including involucrin and others.86 Although purified transglutaminase 1 enzyme can perform this protein ceramida-

tion reaction in vitro,87 whether this enzyme is solely responsible for this unique reaction in vivo remains unresolved,

as transglutaminase 1-deficient patient epidermis contains sporadic normal CLE structures,88 as well as near-normal

quantities of covalently attached Cer.89

Similar to the formation of membrane bilayer structures in the SC described above, lipid processing also is required

to generate the mature CLE structure. A number of findings support this conclusion. First, in epidermis lacking

GlcCer’ase activity, the CLE contains only covalently attachedo-OHGlcCer species.90,91 Second, CLE structures are

also evident in Gaucher mouse SC by ultrastructural analysis (Y. Uchida and W. Holleran, unpublished observations),

despite the parallel accumulation of covalently attachedo-OHGlcCer and an absence of the corresponding covalently

bound o-OH Cer species in b-GlcCer’ase-deficient epidermis.90,91 Thus, deglucosylation, though clearly required for

lamellar membrane formation/organization,62,64,65 is not required for initial CLE formation. However, since the

covalent attachment of Cer to cornified envelope proteins involves the o-OH groups of Cer,85 the (bulky) hydrophilic

glucose residue, facing toward the extracellular domains, could further interfere with organization of the compact

lamellar membranes required for competent barrier function. Thus, mature CLE formation occurs in a sequential

manner, that is, attachment of o-OH GlcCer followed by subsequent enzymatic deglucosylation by GlcCer’ase.
4.04.5 Regulation of GlcCer’ase Activity in the Epidermis and Stratum Corneum

As noted above, the post-secretory processing of GlcCer precursors into Cer within the SC interstices is catalyzed by

GlcCer’ase, a lysosomal, acidic-pH optimum enzyme. The activity of epidermal GlcCer’ase has been shown to possess

an acidic pH optimum, with peak in vitro activity at pH 5.2, and absent or significantly reduced activity at neutral

pH (7.4).52,57,58 Given that epidermal barrier homeostasis is perturbed when the normally acidic SC is neutralized,60, 92
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SC acidification appears to have a significant role in epidermal function(s), including lipid processing events.

Specifically, permeability barrier recovery proceeds normally when barrier-disrupted murine skin is exposed external-

ly to solutions buffered to an acidic pH.60 In contrast, the initiation of barrier recovery slows when barrier-disrupted

skin is exposed to a neutral pH, independent of buffer composition. Interestingly, both the formation and secretion of

LB proceed comparably when skin is exposed to either acidic (pH 5.5) or neutral (pH 7.4) conditions. However,

exposure to pH 7.4 (but not pH 5.5) results in both the persistence of immature, extracellular lamellar membrane

structures accompanied by a marked decrease in the in situ activity of GlcCer’ase.60 Indeed, despite an increased pH

toward neutrality in the lower SC, extracellular microdomains remain acidic,93 strongly suggesting that GlcCer’ase

could be activated by localized changes in SC pH. Consistent with the membrane localization of acidic microdomains

in lower SC, increased b-GlcCer’ase activity is evident with increasing depth of tape stripping of mammalian skin.58,94

Finally, while short-term changes in pH reversibly activate/inactivate GlcCer’ase,92 more prolonged elevations in pH

ultimately result in an irreversible loss of enzyme content/activity due to a serine protease-mediated degradation of

GlcCer’ase.95 Thus, extracellular pH in the SC also has an important role in regulating GlcCer-to-Cer processing

through enzyme-dependent hydrolysis.

Additional mechanisms are likely to modulate the post-translational changes in GlcCer’ase activity. For example, in

extracutaneous tissues, GlcCer’ase is activated by small molecular weight glycoproteins, called saposins (SAPs).96 In

particular, SAP-A and SAP-C can upregulate GlcCer’ase activity in reconstituted, in vitro enzyme systems.97,98 Four

of the SAP proteins, that is, SAP-A–SAP-D, each of which is expressed in human epidermis (Holleran et al.,

unpublished results), are derived by proteolytic processing of a common precursor protein, prosaposin.99 Given the

importance of GlcCer’ase activity in mammalian epidermis, it is not surprising that prosaposin-deficient mice display

GlcCer accumulation, subnormal levels of Cer, and immature SC lamellar membranes,90 as in severe Gaucher disease

(see above). Furthermore, the decreased levels of epidermal prosaposin protein,100 also may explain, in part, the

apparent decrease in SM’ase activities in patients with atopic dermatitis,101 contributing to the diminished SC Cer

content of these patients. Finally, the striking abnormality in SC membrane domains in prosaposin-deficient mice is

accompanied by an accumulation of GlcCer species that are covalently attached to cornified envelope proteins,90

again consistent with deglucosylation of o-OH-GlcCer occurring after covalent attachment to cornified envelope

proteins (see above). Together, these results suggest that extracellular SAP activation of b-GlcCer’ase activity is

important for normal SC lipid processing.
4.04.6 Summary

Studies into the metabolic activities localized within the SC are driving continued reevaluation of the concept that this

epidermal compartment is an inert accumulation of dead (enucleate) cells surrounded by static lipid-enriched

domains. We now appreciate that the early bricks and mortar model for these outer layers of mammalian skin do

not adequately represent the myriad biochemical and structural alterations required to subserve its numerous critical

functions. The studies reviewed above reveal some of the biochemical complexities required for the normal formation

and maturation of these protective lipid domains. However, the contributions of these key lipid changes not only in

orchestrating the normal functional transition between the lower and outer layers, but also in disease pathogenesis

and/or progression, remain highly fertile areas for future study. Thus, the study of epidermal lipidomics will continue

to transform our concepts of the SC as a dynamic lipid and protein environs that subserves critical functions in skin

biology.
Glossary

acylceramides Sphingolipids in which the N-acyl fatty acid moiety contains an omega-hydroxy residue esterified with a fatty

acid, mainly linoleic acid.

dermis The layer of the skin residing below (deep to) the epidermis, containing vasculature and other skin appendeges

embedded in a matrix material consisting primarily of collagen and elastin.

epidermis The outermost and non-vascular layers of mammalian skin, in which resides the primary barrier to water loss and

xenobiotic penetration.

b-glucocerebrosidase An acidic pH-optimum, lysosomal-type enzyme responsible for the hydrolysis of glucose from gluco-

sylceramides to generate ceramide.

stratum corneum The surface layers of mammalian skin, consisting of enucleate corneocytes surrounded extracellularly by

hydrophobic, lipid domains organized into linear arrays of lamellar membrane structures.
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87. Nemes, Z.; Marekov, L. N.; Fésüs, L.; Steinert, P. M. Proc. Natl. Acad. Sci. USA 1999, 96, 8402–8407.

88. Elias, P. M.; Schmuth, M.; Uchida, Y.; Rice, R. H.; Behne, M.; Crumrine, D.; Feingold, K. R.; Holleran, W. M.; Pharm, D. Exp. Dermatol. 2002,

11, 248–256.

89. Paige, D. G.; Morse-Fisher, N.; Harper, J. I. Br. J. Dermatol. 1994, 131, 23–27.

90. Doering, T.; Holleran, W. M.; Potratz, A.; Vielhaber, G.; Elias, P. M.; Suzuki, K.; Sandhoff, K. J. Biol. Chem. 1999, 274, 11038–11045.

91. Doering, T.; Proia, R. L.; Sandhoff, K. FEBS Lett. 1999, 447, 167–170.

92. Hachem, J. P.; Crumrine, D.; Fluhr, J.; Brown, B. E.; Feingold, K. R.; Elias, P. M. J. Invest. Dermatol. 2003, 121, 345–353.

93. Behne, M. J.; Meyer, J.; Hanson, K. M.; Barry, N. P.; Murata, S.; Crumrine, D.; Clegg, R. R.; Gratton, E.; Holleran, W. M.; Elias, P. M.; et al.

J. Biol. Chem. 2002.

94. Redoules, D.; Tarroux, R.; Assalit, M. F.; Peri, J. J. Skin Pharmacol. Appl. Skin Physiol. 1999, 12, 182–192.

95. Hachem, J. P.; Man, M. Q.; Crumrine, D.; Uchida, Y.; Brown, B. E.; Rogiers, V.; Roseeuw, D.; Feingold, K. R.; Elias, P. M. J. Invest. Dermatol.

2005, 125, 510–520.

96. O’Brien, J. S.; Kishimoto, Y. FASEB J. 1991, 5, 301–308.

97. Morimoto, S.; Martin, B. M.; Yamamoto, Y.; Kretz, K. A.; O’Brien, J. S.; Kishimoto, Y. Proc. Natl. Acad. Sci. USA 1989, 86, 3389–3393.

98. Morimoto, S.; Kishimoto, Y.; Tomich, J.; Weiler, S.; Ohashi, T.; Barranger, J. A.; Kretz, K. A.; O’Brien, J. S. J. Biol. Chem. 1990, 265, 1933–1937.

99. Hiraiwa, M.; O’Brien, J. S.; Kishimoto, Y.; Galdzicka, M.; Fluharty, A. L.; Ginns, E. I.; Martin, B. M. Arch. Biochem. Biophys. 1993, 304, 110–116.

100. Cui, C. Y.; Kusuda, S.; Seguchi, T.; Takahashi, M.; Aisu, K.; Tezuka, T. J. Invest. Dermatol. 1997, 109, 319–323.

101. Jensen, J. M.; Folster-Holst, R.; Baranowsky, A.; Schunck, M.; Winoto-Morbach, S.; Neumann, C.; Schutze, S.; Proksch, E. J. Invest. Dermatol.

2004, 122, 1423–1431.



Biographical Sketch

Walter M. Holleran received his Bachelor’s Degree in

biochemistry in 1977 and his Master’s Degree in chem-

istry in 1979, both from the University of California

at Santa Barbara under the tutelage of Dr. Daniel

L. Purich in enzymemechanisms and kinetics. He then

entered the Clinical Pharmacy Program at the Univer-

sity of California San Francisco, and received his Doctor

of Pharmacy Degree in 1984. Dr. Holleran continued

his research during postdoctoral fellowships with

Drs. Bruce Macher and Michael DeGregorio at the

Children’s Cancer Research Institute in San Francisco,

followed by the Cancer Research Institute at the Uni-

versity of California San Francisco (UCSF), where he

began his studies into the metabolism of cellular cera-

mides. Dr. Holleran is now an associate adjunct profes-

sor in the Department of Dermatology, School of

Medicine, with a Joint-Appointment in theDepartment

of Pharmaceutical Chemistry, School of Medicine, at

UCSF. Dr. Holleran also is appointed as research chem-

ist at the Department of Veterans Affairs Medical

Center in San Francisco, where he is director of the

Keratinocyte Cell Culture Facility. Dr. Holleran a recip-

ient of the Thomas B. Fitzpatrick Research Award in

Dermatology. His NIH-supported research is focused

on the metabolism and role of ceramides in cutaneous

biology and disease.

Yoshikazu Uchida received his B.S., M.S., and Ph.D.

(Pharmacy) degrees from Tokyo College of Pharmacy,

Tokyo, Japan, in 1982, 1984, and 1991, under the

supervision of Seiichi Ohkuma. He served as a re-

search scientist at Cosmetics Laboratory and Basic

Research Laboratory, Kanebo Ltd., Odawara, Japan

from 1984–99. In his tenure at Kanebo Ltd., Dr. Uchida

studied lipid biochemistry as a research fellow at the

University of Tokyo (Department of Biochemistry)

under the supervision of Drs. Yoshitaka Nagai and

Masao Iwamori, from 1985–87. Dr. Uchida then joined

the laboratory of Drs. Walter M. Holleran and Peter

M. Elias at the University of California San Francisco

(Department of Dermatology) as a postdoctoral fellow

(1992–94 and 1996–98).He then joined theDepartment

of DermatologyUCSF as an assistant research biochem-

ist 1999–2003, and is currently an associate research

dermatologist at University of California San Francisco

since 2003. Dr. Uchida is a recipient of the Keimei Life

Science Award (2006). His research (supported by NIH)

includes the protective mechanisms against deleterious

effects of ceramide and its metabolites in cutaneous

tissues.

46 Skin Glycobiology



Yutaka Takagi received his Bachelor’s degree in Agriculture from Tokyo University of Agriculture and Technology,

Tokyo, Japan, in 1986 under the direction of Dr. Eiji Ichishima in enzyme mechanisms and kinetics, and his

master’s degree in science from Tokyo Institute of Technology in 1988, under the tutelage of Dr. Kazuo Shishido in

mechanisms of cAMP. He received his Doctor of Medical Science at Jichi Medical University in 2004 under the

tutelage of Dr. Hidemi Nakagawa in the metabolism of ceramides. He has served as a Research Scientist at

Biosicence Research Laboratory, Kao Corporation, Japan from 1988. Dr. Takagi studied lipid biochemistry as a

research fellow at the University of California San Francisco (Department of Dermatology) under the supervision

of Drs. Peter M. Elias andWalter M. Holleran from 1990 to 1992, and also at Jichi Medical University (Department

of Dermatology) under the supervision of Dr. Hidemi Hakagawa from 2002 to 2005. Dr. Takagi currently is group

leader of the Lipid and Stratum Corneum Group at Kao Corporation.

Skin Glycobiology 47



4.05 Drosophila Development, RNAi,
and Glycobiology

S. Nishihara, Soka University, Tokyo, Japan

� 2007 Elsevier Ltd. All rights reserved.
4.05.1 Introduction 49

4.05.1.1 Normal Development in Drosophila 50

4.05.1.2 Drosophila Mutagenesis 51

4.05.1.2.1 Overview of Drosophila mutagenesis 51

4.05.1.2.2 RNA interference 51

4.05.2 N-Glycans in Drosophila melanogaster 57

4.05.2.1 Structure and Biosynthetic Pathway of N-Glycans 57

4.05.2.2 Glycosyltransferases and Glycosidases in N-Glycan Synthesis 57

4.05.2.3 Function of N-Glycans 58

4.05.3 O-Glycans in Drosophila melanogaster 60

4.05.3.1 Mucin-type Glycans in Drosophila melanogaster 60

4.05.3.1.1 Structures and glycosyltransferases of mucin-type glycans 60

4.05.3.2 Proteoglycans in Drosophila melanogaster 60

4.05.3.2.1 Structure of proteoglycans 60

4.05.3.2.2 Biosynthetic pathway of GAGs and the glycosyltransferases and sulfotransferases

involved in this pathway 61

4.05.3.2.3 Core proteins of proteoglycans 63

4.05.3.2.4 Function of proteoglycans 63

4.05.3.3 O-Mannosylglycan in Drosophila melanogaster 65

4.05.3.3.1 Glycosyltransferases in O-mannosylglycan synthesis 65

4.05.3.3.2 Function of O-mannosylglycan 65

4.05.3.4 O-GlcNAc in Drosophila melanogaster 66

4.05.3.4.1 Enzymes and core proteins in O-GlcNAc modification 66

4.05.3.4.2 Function of O-GlcNAc modification 67

4.05.3.5 O-Fucosylglycan in Drosophila melanogaster 67

4.05.3.5.1 Core proteins and glycosyltransferases in O-fucosylglycan synthesis 67

4.05.3.5.2 Function of O-fucosylglycan 67

4.05.4 Glycolipids in Drosophila melanogaster 69

4.05.4.1 Structure and Glycosyltransferases in the Biosynthetic Pathway of Glycolipids 69

4.05.4.2 Function of Glycolipids 70

4.05.5 Sugar-Nucleotide Transporters in Drosophila melanogaster 71

4.05.5.1 Overview of the Sugar-Nucleotide Transporter Family 71

4.05.5.2 Function of SNTs 71

4.05.6 Lectins in Drosophila melanogaster 72

4.05.6.1 Overview of the Lectin Family 72

4.05.6.2 Function of Lectins 73
4.05.1 Introduction

The fruit fly Drosophila melanogaster is a cosmopolitan, holometabolous insect that lives in all warm countries.

Drosophila melanogaster was first used for genetic studies by Thomas Hunt Morgan in 1908. Since then, a very large

number of studies have exploited this organism. Drosophila has many advantages for genetic studies, such as short life
49
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cycle, large number of offspring, polytene chromosomes, and low cost. For these and other reasons, Drosophila has

become one of the most important model organisms in the fields of classical and molecular genetics as well as

developmental biology. Recently, effective analyses of glycan functions in vivo have been achieved using a genetic

approach in Drosophila. In contrast, the structural complexity and functional redundancy of glycans has proved to be

particularly problematic for biochemical studies. Induced mutations in some glycosyltransferases are associated with

distinct phenotypes in Drosophila, and these mutations have been invaluable in clarifying the role of glycosylation in

Wg/Wnt, Hh, FGF, and Notch signaling in vivo. The next section provides a brief, general introduction to Drosophila

melanogaster, and the subsequent sections provide an overview of Drosophila glycobiology.
4.05.1.1 Normal Development in Drosophila

The Drosophila life cycle1 consists of six stages: embryo, first-instar larva, second-instar larva, third-instar larva, pupa,

and adult (summarized in Figure 1). A Drosophila egg is about a half millimeter in length. The time taken for

embryogenesis and subsequent development varies with temperature. At 25�C, an embryo takes about 1 day after

fertilization to develop and hatch into a worm-like larva. The larva grows continuously and undergoes three molts: the

first after 1 day, the second after 2 days, and the third after 4 days. The final molt produces an immobile pupa.

The pupal stage lasts about 4 days, during which the body is completely remodeled to give the adult winged form.

The adult hatches from the pupal case and is fertile within about 12h. Overall, it takes Drosophila approximately

10 days, at 25�C, to develop from an egg to an adult fly.

Drosophila melanogaster is a molting insect and has two distinct stages in its life cycle with totally different body

plans, the larva and the adult. During larval development, cells that will make adult structures are put aside as imaginal

discs, such as wing discs, eye discs, leg discs, and so on. Metamorphosis occurs during the pupal stage; the larval body

breaks down and the adult body is reconstructed from the imaginal discs.

Oocytes have anterior–posterior and dorsal–ventral axes determined by maternal factors, for example, bicoid and

nanos mRNAs, which are distributed during oogenesis. During embryogenesis, cellular membranes do not form until

after the 13th nuclear division. Prior to this stage, all nuclei share the same cytoplasm (a syncitium), and materials can

diffuse throughout the embryo. After the 13th nuclear division, when about 5000 nuclei are present in the syncitium,

the nuclei migrate to the surface of the embryo and are then separated by plasma membranes, forming cells that

surround the yolk sac. This cleavage process is unique to insects. The germ line segregates from the somatic cells

through the formation of pole cells at the posterior end of the embryo.

As in other metazoa, gastrulation leads to the formation of three germ layers – the endoderm, the mesoderm, and

the ectoderm. The mesoderm invaginates from a ventral furrow that consists of prospective mesodermal cells.
Male Female

Adult

Embryo (egg)

Larva

Pupa

1st
2nd

3rd

24 h

24 h
36 h
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100 h

Figure 1 The life cycle of Drosophila melanogaster. The life cycle consists of six parts, embryo, first-instar larva, second-

instar larva, third-instar larva, pupa and adult. Drosophila melanogaster takes about 9–10 days to develop from the fertilized

egg to the adult fly at 25�C.
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The internalization of cells from the surface of the blastoderm leads to the separation of the mesodermal and

endodermal primordium from the ectodermal primordium. (Pole cells are internalized by a different route.) After

this stage, cellular behavior in the three germ layers is conspicuously different. The ectoderm gives rise to the midgut.

Germ band elongation involves many rearrangements of the cells belonging to the three germ bands. The posterior

region, including the hindgut, expands and extends toward the anterior pole along the dorsal side of the embryo.

Segmentation begins to appear with the formation of parasegmental furrows. At this stage, the tracheal pits also form.

Germ band retraction returns the hindgut to the dorsal side of the posterior pole and coincides with clear

segmentation, which is determined by expression of segmentation genes. After that, the nervous system internalizes

and the internal organs form.
4.05.1.2 Drosophila Mutagenesis

4.05.1.2.1 Overview of Drosophila mutagenesis
In Drosophila, genetic screens for mutations have enabled the identification and characterization of many genes

(and the molecules they encode) involved in growth factor signaling. The most direct strategy for identification of

gene function is inactivation of individual genes by either random or site-directed mutagenesis. In Drosophila,

mutagenesis has classically been based on chemically induced random mutagenesis using ethyl methanesulfonate1

or on transposon-mediated insertional mutagenesis using P transposable elements.2,3 However, both methods have

their limitations for performing genome-wide gene function analyses. Chemically induced mutations take a significant

amount of time for mapping de novo mutations to chromosomes. In contrast, P element-induced mutations can be

made and identified easily on a large scale. Mutagenesis is induced by crossing two strains, one of which contains

P element transposase. The insertion of a P element causes a new mutation. However, P elements integrate

preferentially into certain hot spots.4 This makes saturation mutagenesis difficult. Both chemically induced mutagen-

esis and transposon-mediated insertional mutagenesis are suitable for forward genetics.

Following completion of the genome project in Drosophila melanogaster, a large number of genes with unknown

functions were identified. Other methods of mutagenesis are required for the analysis of the functions of these genes.

That is, we need methods that allow a reverse genetics approach. Recently, two novel mutagenesis methods have been

developed: gene targeting by homologous recombination5,6 and gene silencing by RNA interference (the latter is

described in Section 4.05.1.2.2 ).7–9

A method for targeted gene replacement using homologous recombination in Drosophila was developed in 2000.5

Prior to this, research into gene function in Drosophila was hindered by the inability of performing homologous

recombination between introduced DNA and the corresponding chromosomal locus, unlike the situation in other

model organisms such as yeast and mouse. In organisms in which gene targeting was successful, cut or broken DNA

molecules proved to be more recombinogenic than covalently closed circular DNAs. In Drosophila, double-strand

breaks in DNA are also recombinogenic. There are two strategies for gene targeting by homologous recombination,

and these are termed ends-in targeting5 and ends-out targeting6 (Figure 2). In ends-in targeting, a DNA double-strand

break is made within the region of DNA that is homologous to the target locus. As a result of recombination, a marker

gene, such as the mini-whitemarker, is inserted into and interrupts the target gene, thereby knocking out the function

of the target. In contrast, in ends-out targeting, DNA double-strand breaks are made at both ends of the homologous

DNA region. Recombination induces a simple replacement of the genomic sequence with the homologous sequence.
4.05.1.2.2 RNA interference

4.05.1.2.2.1 Mechanism of RNA interference

RNA interference (RNAi) is an evolutionarily conserved event in which double-stranded RNA (dsRNA) induces gene

silencing (Figure 3).10–12 RNAi is considered to originate from an ancient endogenous defense mechanism against

viral and other heterologous dsRNA.13,14 RNAi-mediated gene silencing is widely used as a tool for studying gene

function in higher eukaryotes including humans and Drosophila. In the initiation step, a long dsRNA is processed

by the RNase III enzyme Dicer into 21–23nt small RNA duplexes containing 2-nt 30 overhangs, which are called

small interfering RNAs (siRNAs). These siRNAs are incorporated into a multimeric protein complex termed the

RNA-induced silencing complex (RISC). The evolutionarily conserved family of Argonaute proteins is an essential

component of the RISC. The RISC can recognize and specifically cleave a target RNA complementary to the guide

strand of the siRNA. This last step is so sensitive that a single base mismatch between the target RNA and the guide

strand of the siRNA is sufficient to stop destruction of the target RNA. This process, involving degradation of mRNA,

is a type of post-transcriptional gene silencing (PTGS). In many model organisms, including Drosophila, Caenorhabditis
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Figure 2 Two typical gene targeting strategies in Drosophila. In ends-in targeting, a DNA double-strand break is made
within the region of DNA that is homologous to the target locus. In ends-out targeting, DNA double-strand breaks are made

at the both ends of the region of homology.
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Figure 3 Three types of RNA silencing. Long dsRNAs are processed by the RNase III enzyme Dicer into 21–23nt small

RNA duplexes containing 2-nt 30 overhangs. These small RNA duplexes are then incorporated into a multimeric protein

complex, called the RNA-induced silencing complex (RISC). Subsequently, the RISC, or a RISC-like complex, induces three

different types of RNA silencing – ‘translational repression’, ‘degradation of mRNA’, and ‘transcriptional silencing’. During
‘degradation of mRNA’, the conventional RNAi pathway, the RISC can recognize and cleave specifically a target RNA

complementary to the guide strand of the small interfering RNA (siRNA). Usually, micro RNAs (miRNAs) are incorporated

into a RISC-like micro ribonucleoprotein particle, miRNP, and induce ‘translational repression’. ‘Degradation of mRNA’ and

‘translational repression’ are types of post-transcriptional gene silencing. RISC can also induce transcriptional gene
silencing.
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elegans (C. elegance) and plants, large dsRNAs efficiently induce gene-specific silencing,8,15,16 whereas only siRNAs can

efficiently suppress the expression of the corresponding gene in mammalian cells.17,18 Moreover, C. elegans and plants

contain a metabolic pathway that enables amplification of siRNAs by an RNA-dependent RNA polymerase (RdRp)

(Figure 3). Drosophila and humans do not have this pathway, which reduces the specificity of RNAi in these species.11
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Gene silencing by micro RNA (miRNA) is another PTGS pathway that differs from the above-mentioned

conventional RNAi pathway (Figure 3).19–22 More details of each pathway are shown in Figure 4. miRNAs comprise

a large family of small regulatory RNAs expressed in animals and plants. These RNAs are derived from long primary

transcripts, termed pri-miRNAs, that are cleaved by the RNase III enzyme Drosha into precursor miRNAs hairpins

of about 70nt RNA duplexes with 2-nt 30 overhangs (pre-miRNAs). After export from the nucleus to the cytoplasm,

pre-miRNAs are cleaved into double-stranded miRNAs with 2-nt 30 overhangs (similar to siRNAs) by Dicer 1 and are

then incorporated into a RISC-like micro ribonucleoprotein particle, miRNP. The miRNAP contains Argonaute 1 and

Dicer 1, while the RISC contains Argonaute 2 and Dicer 2. In contrast to siRNA, which induces mRNA cleavage, the

single-stranded miRNA guide shows imperfect sequence complementarity to a target mRNA and induces repression

of translation.

The same RNAi machinery that acts to repress genes post-transcriptionally can cause chromatin modification at

homologous loci and induce transcriptional gene silencing (TGS) (Figure 3). TGS was initially observed in plants and,

more recently, was also found in Drosophila and mammals.11,12 TGS is triggered by double-stranded RNAs, induces

transcriptional shutdown of the corresponding genes, and is associated with de novo DNA methylation on DNA

sequences homologous to double-stranded RNAs.
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Figure 4 Post-transcriptional gene silencing by miRNA and siRNA. There are two kinds of post-transcriptional gene

silencing – ‘translational repression’ by micro RNA (miRNA) and ‘mRNA cleavage’ by small interfering RNA (siRNA). The

miRNAs are derived from long primary transcripts (pri-miRNAs), which are cleaved by the RNase III enzyme Drosha into pre-

miRNA hairpins. After export from the nucleus to the cytoplasm, the pre-miRNA is cleaved into double-strandedmiRNAwith
a 2-nt 30 overhang by Dicer 1 and incorporated into miRNP. miRNAP contains Argonaute 1 and Dicer 1, while RISC contains

Argonaute 2 and Dicer 2. In contrast to siRNA, which induces conventional ‘mRNA cleavage’, the single-stranded miRNA

guide shows imperfect sequence complementarity to the target mRNA and induces ‘translational repression’.
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4.05.1.2.2.2 Drosophila RNAi system for the functional analysis of genes

Analysis of genes that have no mutant alleles requires the use of reverse genetic approaches such as homologous

recombination-mediated gene replacement or RNAi-mediated gene silencing. It takes a considerable time to carry out

targeted gene replacement by homologous recombination. Consequently, this approach is not suitable for identifying

the functions of large numbers of genes. In contrast, RNAi is a powerful reverse genetics tool for studying gene

function in many model organisms, including plants, C. elegans, and Drosophila melanogaster.8,16 The large dsRNAs

efficiently induce gene-specific silencing without interferon responses. Higher organisms, however, have complex

antiviral defense mechanisms that induce interferon secretion in response to long dsRNAs. Interferon secretion

activates a cascade of interferon-stimulated genes. Therefore, long dsRNAs are unsuitable for use as an experimental

tool in RNAi knockdown analyses of gene expression in mammalian cells.

A Drosophila inducible RNAi knockdown system for the functional analyses of glycans was established using the

GAL4-upstream activating sequence system (GAL4-UAS system).8,9 An outline of this approach is shown inFigure 5.

Two transgenic fly lines, GAL4-driver and UAS-inverted repeat (UAS-IR), are used. The GAL4-driver fly has a transgene

containing the yeast transcription factor GAL4, the expression of which is under the control of a tissue-specific

promoter. To date, we can get 4300 GAL4-driver fly lines from the Drosophila stock centers. The UAS-IR fly has a

transgene containing an inverted repeat (IR) of the target gene ligated to the UAS promoter, a target of GAL4. In the

F1 generation of these flies, the dsRNA of the target gene is expressed under the control of a tissue-specific promoter

to induce gene silencing. Using this system, we can induce tissue-specific gene silencing and analyze gene function,

even for lethal null mutations.

The glycosaminoglycan (GAG) b-1,4-galactosyltransferase I (b4GalTI) was used to validate the above system as a

practical approach for inducible RNAi knockdown in Drosophila.9 A phylogenetic tree based on the amino acid

sequences of Drosophila and human b-1,4-galactosyltransferases (b4GalTs) is shown in Figure 6a. The Drosophila

b4GalT family consists of one b4GalT (db4GalTI) and two b-1,4-N-acetylgalactosaminyltransferase (b4GalNAcTs)

(db4GalNAcTA and db4GalNAcTB). In comparison, the human b4GalT family consists of seven b4GalTs (hb4GalTI

and hb4GalT1–6). db4GalTI is the Drosophila ortholog of hb4GalTI and both enzymes show the same acceptor

substrate specificity and both contribute to the synthesis of the GAG–protein linkage region.9,23 Using the knock-

down system described above (Figure 5), we established 24 UAS-db4GalTI-IR fly lines carrying a transgene containing

two types of inverted repeat of db4GalTI.9 Two groups of fly lines, labeled C1–C11 and N1–N13, were distinguished

by the presence of a transgene containing an IR of the C-terminal or N-terminal region of db4GalTI, respectively. The

efficiency of RNAi is not affected by either the constructs used or the target sequences of the constructs (Figure 6c).

Act5C-GAL4 was used as the GAL4 driver and db4GalTI gene silencing was induced ubiquitously under the control of
UAS 
(Upstream activating sequence)

Inverted repeat (IR) of
 target gene

Tissue-specific

 promoter

GAL4-driver fly UAS-IR fly

UAS

RNAi

Tissue-specific
 promoter

GAL4
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Figure 5 Outline of the GAL4-UAS system for producing heritable and inducible RNAi mutants in Drosophila. Two

transgenic fly stocks, GAL4-driver and UAS-IR, are used. The GAL4-driver fly has a transgene containing the yeast

transcription factor GAL4, the expression of which is under the control of a tissue-specific promoter. The UAS-IR fly has

a transgene containing an IR of the target gene ligated to the UAS promoter, a target of GAL4. In the F1 progeny of these
flies, the dsRNA of the target gene is expressed in specific tissues to induce gene silencing.
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Figure 6 Validation of the Drosophila inducible RNAi knockdown system. a, Phylogenetic tree of Drosophila and human
b4GalT families. Drosophila b4GalT family: db4GalTI, db4GalNAcTA, and db4GalNAcTB. Human b4GalT family: hb4GalTI

and hb4GalT1–6. b, Preparation of mRNA from RNAi knockdown flies for quantitative analyses of mRNA. c, The mRNA

levels of db4GalT family members in the third-instar larvae of db4GalTI knockdown flies. Two kinds of transgenic lines were

established: one with an IR at the N-terminal region of db4GalTI (N), the other with the IR at the C-terminal region (C). The F1
progeny of each N or C line of the UAS-db4GalTI-IR fly crossed with Act5C-GAL4 was designated as Act5C-GAL4/N or

Act5C-GAL4/C, respectively. The actual amount of each b4GalTmRNA was divided by that of RpL32mRNA for normaliza-

tion. The relative amount of each b4GalT mRNA to RpL32 mRNA in F1 progeny of the w1118 crossed with Act5C-GAL4,
Actin5C-GAL4/þ, which corresponds to the wild type, is presented as 1.
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the cytoplasmic actin promoter. In approximately 65% of the crosses, lethality occurred with the progeny dying at the

late pupal stage (Figure 6b). The severity of the phenotype displayed by the progeny differs between the lines

because the degree of expression of the transgene depends on the sites of insertion in the target chromosome. The

severity of the phenotype in third instar larvae shows a correlation with the level of reduction of db4GalTI mRNA

(Figure 6c). Reduction of db4GalNAcTAmRNA or db4GalNAcTBmRNA does not occur in any of the RNAi flies. The

experiment clearly demonstrates that RNAi can specifically disrupt the expression of the target gene in this Drosophila

RNAi knockdown system and that this disruption produces flies with abnormal phenotypes.

Injection of dsRNA corresponding to a single gene into an embryo can induce rapid degradation of mRNA. This

may prove to be useful for the functional analyses of genes in embryogenesis.24,25 However, in this case, the RNAi

effect is transient and not stably inherited. So use of this method to study gene function in the later stages of

development is limited.
4.05.2 N-Glycans in Drosophila melanogaster

4.05.2.1 Structure and Biosynthetic Pathway of N-Glycans

Structural analyses of Drosophila N-glycans have recently been performed using HPLC and mass spectroscopy.26–32

The biosynthetic pathway of N-glycans after theMan5 structure inDrosophila melanogaster is summarized inFigure 7;

this pathway is based on reported glycan structures. The synthetic process before Man5 bears a close resemblance to

the mammalian N-glycan synthetic pathway. Oligomannosidic glycans including Man9, Man8, Man7, Man6, and

Man5 structures have been found in adult flies. These glycans account for almost 40% of the total glycans found.27,31,32

The other main N-glycan structures are paucimannosidic glycans, for example, Mana1-6(Mana1-3)Manb1-
4GlcNAcb1-4GlcNAc-Asn and Mana1-6Manb1-4GlcNAcb1-4GlcNAc-Asn, which arise from insect-specific b-N-
acetylglucosaminidase (GlcNAcase);27 these glycans account for almost 60% of the total glycans present. Moreover,

in adult flies, the core a1-6 fucosylated paucimannosidic glycans predominate with Mana1-6(Mana1-3)Manb1-
4GlcNAcb1-4(Fuca1-6)GlcNAc-Asn accounting for almost 40% of the total glycans present.27,31,32 Similar results

have been reported fromN-glycan structural analysis of purified glycoproteins from Schneider 2 (S2) cells.33 However, in

the neuronal cell line, BG2-c6, core a1-3 and core a1-6 fucosylated paucimannosidic glycans are present as the

principal types of glycan as these cells express core a-1,3-fucosyltransferase, FucTA.28 In contrast to oligomannosidic

glycans and paucimannosidic glycans, hybrid and complex glycans are minor components in Drosophila. Indeed,

glycans with extended LacdiNAc structures have not yet been detected, although fucosylated LacdiNAc structures

have been reported on bee venom glycoproteins.34
4.05.2.2 Glycosyltransferases and Glycosidases in N-Glycan Synthesis

The activities of seven enzymes, including glycosyltransferases and glycosidases, that are members of the biosynthetic

pathway of N-glycans in Figure 7 have been identified (Table 1). Of these, b-N-acetylglucosaminidase (GlcNAcase,

fdl, CG8824)27 and a-1,3-fucosyltransferase A (FucTA, CG6869)31 contribute to the synthesis of paucimannosidic and

core a1-3 fucosylated N-glycans, respectively, that are characteristic of insect N-glycan structures (Figure 7). The

other five enzymes, UDP-glucose:glycoprotein glucosyltransferase (DUGT, CG6850),35 a3-D-mannoside-b-1,2-N-
acetylglucosaminyltransferase (dGlcNAcTI, dMGAT1, CG13431)36, Golgi a-mannosidase II (dGMII, CG18802),37

a6-D-mannoside-b-1,2-N-acetylglucosaminyltransferase (dGlcNAcTII, CG7921)38 and a-1,6-fucosyltransferase
(da6FUT, CG2448),29 have similar substrate specificities to the corresponding human enzymes and their product

sugar structures have been detected in Drosophila (see Figure 7).

The enzymes b-1,4-N-acetylgalactosaminyltransferase A (b4GalNAcTA, CG8536), b-1,4-N-acetylgalactosaminyl-

transferase B (b4GalNAcTB, CG14517)39 and galactoside a-2,6-sialyltransferase (dST6GalI, CG4871)40 have
Figure 7 Biosynthetic pathway of N-glycans. A summary of the biosynthetic pathway of N-glycans in Drosophila mela-

nogaster, based on reported glycan structures, after the Man5 structure. The pathway before Man5 bears a close
resemblance to the mammalian N-glycan synthetic pathway. Oligomannosidic glycans and paucimannosidic glycan are

the main components of Drosophila N-glycans. a-Mannosidase?: enzyme has not yet been cloned nor its activity identified.

a3FucT?: FucTA has not yet been reported to transfer fucose to the LacdiNAc structure. ?: Fucosylated LacdiNAc

structures have yet not been found in Drosophila.



Table 1 Glycosyltransferases and glycosidases related to the N-glycan biosynthetic pathway

Enzyme
Abbreviated
name CG no.

Conventional mutants
and RNAi Identified activity

Dolichyl phosphate mannosyltransferase dARG3 CG4084 l(2)not

UDP-glucose:glycoprotein

glucosyltransferase

DUGT CG6850 Glycoprotein GlcT

activity 35

Golgi a-mannosidase I dGMI CG18799 P element

insertion41,42

a3-D-mannoside-b-1,2-N-
acetylglucosaminyltransferase

dMGAT1,
dGlcNAcTI

CG13431 Deletion 32 b 2GlcNAcT

activity36

Golgi a-mannosidase II dGMII CG18802 P element

insertion43,44
a-Mannosidase

activity37

a6-D-mannoside-b-1,2-N-
acetylglucosaminyltransferase

dMGAT2,
dGlcNAcTII

CG7921 b2GlcNAcT

activity38

b - N-acetylglucosaminidase GlcNAcase, fdl CG8824 P element insertion45 GlcNAcase

activity27

a -1,6-Fucosyltransferase da6FUT CG2448 a6FucT activity29

a -1,3-Fucosyltransferase A FucTA CG6869 a3FucT activity31

b -1,4-N-acetylgalactosaminyltransferase A b 4GalNAcTA CG8536 Deletion39 GalNAcT activity39

b -1,4-N-acetylgalactosaminyltransferase B b 4GalNAcTB CG14517 Gene targeted39 GalNAcT activity39

Galactoside a-2,6-sialyltransferase dST6Gal I CG4871 a6ST activity40
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N-acetylgalactosamine (GalNAc) transferase and sialyltransferase activities, respectively, but their product sugar

structures have not been detected in Drosophila. As shown in Figure 6a, b4GalNAcTA and b4GalNAcTB are

members of the b-1,4-galactosyltransferase family. During evolution, they are believed to have changed their donor

substrates from galactose (Gal) to GalNAc. Thus the LacdiNAc structure, GalNAcb1-4GlcNAc, of insects corresponds

to the mammalian LacNAc structure, Galb1-4GlcNAc. Drosophila galactoside a-2,6-sialyltransferase (dST6GalI)

shows sialyltransferase activity to LacdiNAc structure.40 However, neither the LacdiNAc nor sialylated LacdiNAc

structures have been reported in Drosophila. In addition, putative N-acetylglucosaminyltransferases, which show high

homology to human a3-D-mannoside-b-1,4-N-acetylglucosaminyltransferases (GlcNAcT-IVs, MGAT4s), are present

in Drosophila databases. The product glycan structures expected of these enzymes have not yet been reported in

Drosophila. One reason for this may be the fact that hybrid and complex glycans are minor components in Drosophila.
4.05.2.3 Function of N-Glycans

Mutations of several enzymes in the biosynthetic pathway of N-glycans have been reported (Table 1).32,41–45 The

P element insertion lines of Golgi a-mannosidase I (dGMI, CG18799) cause mutation of the enzyme that contributes to

the earliest step of the biosynthetic pathway, that from the Man8 to Man5 structure. The null mutant of dGMI shows

defects in embryonic peripheral nervous system (PNS), and in the wings and eyes of adults. However, the presence of

Man5 structures in this null mutant suggests either redundancy in the biosynthetic pathway or the presence of an

alternative pathway.41,42 The dGlcNAcTI null mutant has been reported to have defects in locomotory activity, a

reduced life span, and fused b-lobes in the mushroom bodies,32 similar to those found in the fused lobes ( fdl ) mutant.45

Recently, the fdl gene was found to code for the GlcNAcase responsible for the paucimannosidic glycan structure that

is characteristic of insect glycans.27 With respect to dGMII, two types of mutant have been reported: one shows a rough

eye phenotype43 while the other is lethal.44 In addition to the above mutants, mutations of b4GalNAcTA and

b4GalNAcTB have been isolated; the b4GalNAcTAmutant shows behavioral defects.39 However, the expected product

oligosaccharide structure of b4GalNAcTA (the LacdiNAc structure) has not been reported yet in Drosophila.

Antigenic epitopes that are recognized by anti-horseradish peroxidase (HRP) can be used as neuronal cell markers

in Drosophila (Figure 8a).46 The epitope includes the core a1-3 fucosylated N-glycan structure.47 This structure is

synthesized by FucTA28 and is present on many types of neuronal glycoprotein, such as Fasciclin I–III, neurotactin,

receptor-like protein tyrosine phosphatase, Nervana, and others.48,49 No mutants of FucTA have been reported to

date. However, two mutants, neuronally altered carbohydrate (nac)50,51 and tollo/toll-8,52 are known to affect the

expression of HRP epitopes. The nac mutant exhibits altered axonal trajectories in the central nervous system
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Figure 8 Axon guidance defects in Drosophila embryos. a, Immunostaining of a Drosophila wild-type embryo using an

anti-HRP antibody. The HRP epitope is expressed specifically on neuronal cells and the anti-HRP antibody can be used as a

neuronal marker. b–e, Pattern diagrams of the formation of commissural and longitudinal axons. b and d, Wild type. c, sdc
null embryos show defects in midline axon guidance, abnormal crossing over in the midline, and reduced Slit distribution.

Sdc is believed to have a role in Slit–Roundabout (Robo) signaling through its effect on either the stability or transport of Slit.

d, Gliolectin is expressed on midline glial cells concurrently with early pathfinding of commissural axons across the midline.

e, Loss of Gliolectin results in defective commissure formation accompanied by reduced axon-glial contact and delay in the
completion of longitudinal pathfinding. Early commissural axons grow upon other axons rather than in close association

with the midline glia. Black narrow arrows, pioneer commissural axons; gray narrow arrows, follower axons; blue circles,

midline glial cells.
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(CNS), sensory afferent defasciculation, and behavioral phenotypes. These abnormalities in the mutant suggest that

the neural specific glycosylation controlled by nac might play a role in both neurogenesis and axon guidance.
4.05.3 O-Glycans in Drosophila melanogaster

4.05.3.1 Mucin-type Glycans in Drosophila melanogaster

4.05.3.1.1 Structures and glycosyltransferases of mucin-type glycans
In mammals, core 1–8 mucin-type O-glycan structures have been detected. However, only the core 1 structure, Galb1-
3GalNAca1-O-Ser/Thr, has been found in Drosophila.53 In the first step of the synthesis of core 1 structure, polypep-

tideN-acetylgalactosaminyltransferases (pgants) transfer GalNAc to Ser or Thr residues on proteins. Nine pgants have

been cloned and their activities identified 54–56 (Table 2). These enzymes recognize mucin-type peptide sequences as

acceptor substrates and can be separated into two groups based on their preference for peptide- or glycopeptide-

carrying GalNAc. The core 1 b-1,3-galactosyltransferases (core1GalTs) transfer Gal to synthesize the Galb1-
3GalNAca1 structure, the so-called core 1 structure or T antigen.57 The mutation in pgant35A was found to

be lethal, indicating that the function of this enzyme is essential for viability; a detailed analysis of this mutant has

not yet been published.55
4.05.3.2 Proteoglycans in Drosophila melanogaster

4.05.3.2.1 Structure of proteoglycans
Proteoglycans consist of a core protein and negatively charged GAGs. GAGs interact with growth factors, components

of the extracellular matrix (ECM), morphogens, and cytokines. GAGs fall into two categories, heparin/heparan sulfate

(HS) and chondroitin sulfate (CS)/dermatan sulfate (see Figure 9). Both types share a common tetrasaccharide

structure, GlcAb1-3Galb1-3Galb1-4Xylb1-O-Ser (the so-called linkage region) but have unique disaccharide repeats,

(GlcNAca1-4GlcAb1-4)n and (GalNAcb1-4GlcAb1-3)n in HS and CS, respectively. Drosophila melanogasterGAGs have

been subjected to biochemical and structural analyses.58–60 Drosophila CS has both nonsulfated and 4-O-sulfated

disaccharide structures. The nonsulfated structure is the more common type and represents about 80–90% of the CS in

adult flies (Figure 9); however, the ratio of abundance of the two types changes during development.60 DrosophilaHS

has N-, 2-O-, and 6-O-sulfated disaccharide structures, including mono-, di-, and trisulfated forms (Figure 9). The

relative amount of each of these structures is developmentally regulated, probably by the expression of sulfotrans-

ferases.60 In addition to sulfation, the Xyl residue of the linkage region can be phosphorylated. In adult flies, 100% of

xylose (Xyl) residues in CS are phosphorylated at the C2 position, whereas almost 70% of these residues are unpho-

sphorylated in HS.58
Table 2 Glycosyltransferases related to the mucin-type O-glycan biosynthetic pathway

Enzyme
Abbreviated
name CG no.

Conventional
mutants and RNAi Identified activity

UDP-GalNAc:polypeptide

N-acetylgalactosaminyltransferase

pgant1 CG8182 Peptide GalNAcT activity54

pgant2 CG3254 Peptide GalNAcT activity54

pgant3 CG4445 Peptide GalNAcT activity54

pgant4 CG8845 Peptide GalNAcT activity54

pgant5 CG9152 Peptide GalNAcT activity54

pgant6 CG2103 Peptide GalNAcT activity54

pgant7 CG6394 Peptide GalNAcT

activity54,55

pgant8 CG7297 Peptide GalNAcT activity54

pgant35A CG7480 35A55 Peptide GalNAcT activity55

Core 1 b-1,3-galactosyltransferase CG9520 Core 1 GalT activity57

CG8708 Core 1 GalT activity57

CG13904 Core 1 GalT activity57

CG2975 Core 1 GalT activity57
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Figure 9 Pattern diagrams of GAG structures in adult Drosophila. CS and HS share a common tetrasaccharide

structure, GlcAb1-3Galb1-3Galb1-4Xylb1-O-Ser, and linkage region, but have unique disaccharide repeats, (GlcNAca1-
4GlcAb1-4)n and (GalNAcb1-4GlcAb1-3)n for HS and CS, respectively. This pattern diagram is based on published

information. *, Only 30% of the Xyl residues of HS are phosphorylated at the C2 position in adult flies. **, The relative

amounts of each disaccharide structure in unique disaccharide repeats of HS and CS. The abbreviations indicate the

following disaccharide structures: DDi-0S, DHexUAb1-3GalNAc; DDi-4S, DHexUAb1-3GalNAc(4-O-sulfate); DUA-GlcNAc,
DHexUAa1-4GlcNAc; DUA-GlcNS, DHexUAa1-4GlcN(2-N-sulfate); DUA-GlcNAc6S, DHexUAa1-4GlcNAc(6-O-sulfate);

DUA-GlcNS6S, DHexUAa1-4GlcN(2-N-,6-O-disulfate); DUA2S-GlcNS, DHexUA(2-O-sulfate)a1-4GlcN(2-N-sulfate); DUA2S-
GlcNS6S, DHexUA(2-O-sulfate)a1-4GlcN(2-N-,6-O-disulfate); 2P, 2-O-phosphate.
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4.05.3.2.2 Biosynthetic pathway of GAGs and the glycosyltransferases and sulfotransferases
involved in this pathway

The biosynthesis of GAG is initiated by the formation of the linkage tetrasaccharide structure, GlcAb1-3Galb1-
3Galb1-4Xylb1-O-Ser, which is common to HS and CS (Figure 10). Peptide O-xylosyltransferases (O-XylTs) transfer

Xyl to Ser residues on core proteins. Two different galactosyltransferases then transfer Gal with b1-4 and b1-3
linkages, and GAG glucuronyltransferase I transfers glucuronic acid (GlcA) with a b1-3 linkage. This process is

common to both CS and HS. In Drosophila, three different groups of glycosyltransferase genes involved in the synthesis

of the linkage tetrasaccharide structure have been cloned and the in vitro activities of their proteins identified:

peptide O-xylosyltransferase (O-XylT);61 GAG b-1,4-galactosyltransferase I (b4GalTI);9,23,62 and three glucuronosyl-

transferases (GlcAT)63 (Table 3). To date, it is not known which of the three Drosophila GlcATs functions in vivo to

transfer GlcA to Galb1-3Galb1-4Xylb1-O-Ser as all three can do so in vitro.

Once synthesis of the linkage region is complete, the GAG biosynthetic pathway divides into two directions, one

for HS and the other for CS. The first step for the synthesis of the HS disaccharide repeats is the transfer of N-

acetylglucosamine (GlcNAc) by DEXT3 to the linkage tetrasaccharide structure with an a1-4 linkage64 (Figure 10

andTable 3). Elongation of the disaccharide repeats then starts. The polymerization of the HS sugar chain is believed

to be carried out by DEXT1/DEXT2 heterocomplexes; neither component of the heterocomplex can polymerize the

HS chain by itself.65 Sulfation of the polymerized HS sugar chain is performed sequentially by sulfotransferases such

as N-deacetylase/N-sulfotransferase, C5 epimerase, 2-O-sulfotransferase, 6-O-sulfotransferase (dHS6ST), and 3-O-

sulfotransferase (dHS3ST) (Figure 10). Currently, one dHS6ST and one dHS3ST have been identified by their

activities. However, 3-O-sulfated disaccharide structures have not yet been detected inDrosophila, possibly due to the

minute amount of these structures in the cells. In contrast, 6-O-sulfated disaccharide structures have been found

(Figure 9).60

The synthesis of CS disaccharide repeats seems to be performed by a similar system, including glycosyltransferases

and sulfotransferases, to that of HS. The first step for the synthesis of CS disaccharide repeats is the transfer of

GalNAc to the linkage tetrasaccharide structure with a b1-4 linkage by chondroitin,N-acetylgalactosaminyltransferase

(Figure 10); this enzyme has not yet been identified in Drosophila. Elongation of the disaccharide repeats then starts.

Polymerization of the CS sugar chain appears to be carried out by chondroitin synthase/chondrotin polymeri-

zation factor heterocomplexes. The sulfation of the polymerized CS sugar chain is believed to be performed by
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Table 3 Glycosyltransferases and sulfotransferases related to the glycosaminoglycan biosynthetic pathway

Enzyme
Abbreviated
name CG no.

Conventional mutants
and RNAi Identified activity

Peptide O -xylosyltransferase dXylT CG17772 XylT activity61

GAG b -1,4-galactosyltransferase I dGAGb4GalTI CG11780 RNAi9,23 b4GalT activity9,23,62

Glucuronyltransferase

GAG glucuronyltransferase I DmGlcATI CG32775 GlcAT activity63

b -1,3-Glucuronyltransferase DmGlcAT-BSI CG3881 GlcAT activity63

DmGlcAT-BSII CG6207 GlcAT activity63

Hereditary multiple exostoses

(EXT) protein

DEXT1 CG10117 ttv 94–96 GlcNAcTII and GlcATII

activities65

DEXT2 CG8433 sotv 94–96 GlcNAcTII and GlcATII

activities65

DEXT3 CG15110 botv 94,95 GlcNAcTI and GlcNAcTII

activities64,65

Sulfotransferase

Heparan N-deacetylase/N-
sulfotransferase

sfl sfl sfl 97

Heparan sulfate 6-O-
sulfotransferase

dHS6ST CG4451 RNAi 25 HS6ST activity25

Heparan sulfate D-glucosaminyl

3-O-sulfotransferase
DHs3stB CG7890 RNAi 99 HS3OST activity99

CG9614 pip 66,197,198
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4-O-sulfotransferase (Figure 10). To date, in Drosophila, none of the glycosyltransferases or sulfotransferases in the

synthesis of CS disaccharide repeats have been determined by their activities, although the enzymes putatively

involved can be identified by their high homology to human enzymes that have already been characterized. 6-O-

sulfated structures have not yet been detected in adult flies (Figure 9).60



Drosophila Development, RNAi, and Glycobiology 63
The Drosophila pipe gene encodes a protein that exhibits amino acid sequence similarity to vertebrate HS 2-O-

sulfotransferase. Recently, it was reported that Pipe is not an HS 2-O-sulfotransferase but acts as a sulfotransferase.66
4.05.3.2.3 Core proteins of proteoglycans
Four types of HS proteoglycan have been reported (Table 4). On the basis of core protein structures, these

proteoglycans can be divided into three classes – the glypican family,67–72 Syndecan (Sdc),73–76 and Perlecan77–79

(Figure 11). The glypican family includes ‘Division abnormally delayed’ (Dally) and ‘Dally-like’, which link to the

plasma membrane via a glycosylphosphatidylinositol (GPI) anchor. Sdc is a membrane protein, has a transmembrane

domain, and is present on the cell surface. It carries both HS and CS, while Dally and Dally-like carry only HS.

Perlecan, otherwise known as ‘Terribly reduced optic lobes’ (Trol), is a secreted protein that carries HS (Table 4). The

expression and presentation of HS and CS seem to be regulated spatially and temporally through the regulated

expression of the core proteins.80
4.05.3.2.4 Function of proteoglycans
Considerably more research has been carried out on HS proteoglycans than CS proteoglycans in Drosophila melano-

gaster. HS proteoglycans play key roles in the regulation of fundamental developmental signaling pathways such as the

Wingless (Wnt), Hedgehog (Hh), Decapentaplegic (Dpp; a BMP-type ligand belonging to the transforming growth

factor-b (TGF-b) family), and fibroblast growth factor (FGF) pathways.80,81

Wnt, Hh, and Dpp are secreted signaling molecules and function as morphogens in various developmental stages

and events.82–85 Morphogens are produced by a subset of cells in a tissue and once secreted form concentration
Glypican family
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Heparan sulfate

Chondroitin sulfate

Core protein
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GPI anchor

Figure 11 Three types of proteoglycan core protein inDrosophila. Drosophila proteoglycans are divided into three classes

on the basis of their core protein structures: the Glypican family, such as Dally and Dally-like; Syndecan; and Perlecan. Dally

and Dally-like are linked to the plasma membrane by a GPI anchor and carry HS. Syndecan has a transmembrane domain

and carries both HS and CS. Perlecan is a secreted protein that carries HS. The expression and presentation of HS and CS
seem to be regulated spatially and temporally through the regulated expression of the core proteins.

Table 4 Core proteins of Drosophila proteoglycans

Protein Abbreviated name CG no. Conventional mutants and RNAi

Dally dally CG4974 dally67,68

Dally-like dally-like CG17703 dally-like69–72

Syndecan sdc CG10497 sdc73–76

Perlecan trol CG7981 trol77–79
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gradients that provide positional information for cell fate specifications.86 Wnt and Hh are covalently linked to lipids,

which confer a high affinity for cell membranes and which modulate their distribution and diffusion.85,87 They can be

removed from cell membranes by lipoproteins and they require lipoprotein in order to signal over long distances.88

Wnt is palmitoylated at Cys residue 77, while Hh is doubled-modified by both palmitate and cholesterol.87 The

movement of Wnt, and the formation of concentration gradients, is achieved either by transcytosis through dynamine-

mediated endocytosis or by passive diffusion through extracellular spaces.81,85,89 Notum, a secreted hydrolase, also

regulates Wnt distribution through the Dally-like protein.71,72 During these processes, HS proteoglycans may stabilize

and concentrate Wnt or work as a coreceptor.80 Hh movement may be mediated by restricted diffusion involving HS

proteoglycans, in other words in a ‘bucket brigade’ fashion.90 Recently, however, HS proteoglycans were shown to

stabilize Hh protein.91 The Drosophila gene shifted, an ortholog of the secreted vertebrate protein Wnt Inhibitory

Factor-1, is also required for the normal distribution and movement of Hh protein.92,93 Dpp movement may be

mediated by restricted diffusion involving HS proteoglycans.70 However, Sog and other extracellular regulators of

Dpp were shown to be involved in Dpp transport.84 The mechanisms of movement of these morphogens and the

routes by which they form concentration gradients are under active investigation. Undoubtedly, a more precise, and

probably more complex, description of the mechanism will be forthcoming in the near future.

Functional analyses of HS have been performed using conventionally induced mutations and RNAi mutants of the

glycosyltransferases and sulfotransferases that contribute to the synthesis of HS (Table 3). The mutants tout-velu

(ttv), sister of tout-velu (sotv), and brother of tout-velu (botv) disrupt respectively DEXT1, DEXT2, and DEXT3, the

enzymes that contribute to the elongation and polymerization of HS disaccharide repeats.64,65 The roles of HS inWnt,

Hh, and Dpp signaling were proved by analyses of wing development in these mutants.94–96 The wing imaginal disc,

which develops into the adult wing, provides a good model system for studying morphogens including Wnt, Hh, and

Dpp. These three morphogens are indispensable for wing pattern formation. In the third-instar larva, Hh is synthe-

sized in the posterior compartment under the control of Engrailed (En) and moves into the anterior compartment to

induce various target genes including dpp. Dpp then acts as a long-range morphogen influencing both cell growth and

patterning. In contrast, Wnt is expressed at the dorsal/ventral border and works as a long-range morphogen to

determine dorsal/ventral patterning81 (Figure 12). DEXT1, DEXT2, and DEXT3 were shown to be essential for

Wnt, Hh, and Dpp signaling in wing development by analysis of the expression patterns of the morphogens’ target

genes in ttv, sotv, and botvmutants.94–96 Moreover, the distributions of these morphogens depended on the expression

of EXT genes. None of these morphogens could bind receptors on DEXTmutant cell surface but instead accumulated

outside of mutant cells. These results indicate that HS is indispensable for the effective movement of Wnt, Hh, and

Dpp and for the formation of morphogen concentration gradients.

Conventionally induced and RNAi mutations were also used for functional analyses of three types of HS sulfo-

transferases – N-deacetylase/N-sulfotransferase, 6-O-sulfotransferase, and 3-O-sulfotransferase. One of the mutants,

sulfateless, which encodes N-deacetylase/N-sulfotransferase, was identified as a segment polarity gene in Drosophila97

and was shown to function in Wnt, Hh, Dpp, and FGF signaling.94–98 In contrast, another mutant, dHS6ST, was
WntHh Dpp

A P

V

D

A, anterior P, posterior
D, dorsal        V, ventral

Figure 12 Three morphogens in wing development. Hh, Dpp, and Wnt are essential for wing pattern formation. In third-

instar larvae, Hh is synthesized in the posterior compartment under the control of Engrailed and moves into the anterior
compartment to induce various target genes including dpp. Dpp works as long-range morphogen to contribute to cell

growth and patterning. Wnt is expressed at the dorsal/ventral border and works as a long-range morphogen to determine

dorsal/ventral patterning.
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specifically expressed in embryonic tracheal cells, resembling the behavior of the Drosophila FGF receptor, breathless.

The RNAi mutant of dHS6ST showed defects in the primary branching of the tracheal system, indicating that

dHS6ST is required for tracheal development through FGF signaling.25 More recently, dHs3st-B, one of two putative

Drosophila HS 3-O-sulfotransferases (dHS3STs), was analyzed biochemically and developmentally using RNAi

mutants.99 Surprisingly, Hs3st-B, which catalyzes HS 3-O-sulfation, is involved in Notch signaling by affecting the

stability or intracellular trafficking of the Notch protein.

HS is present on the core proteins of various proteoglycans, such as Dally, Dally-like, Sdc, and Perlecan (Figure 11).

Flies with mutations in the genes of the core proteins showmilder phenotypic defects than those with mutations in the

genes of the enzymes contributing to HS synthesis.100 This suggests that the spatial and temporal expression of

various proteoglycans modulate the spatial and temporal distribution of HS.80

Twomembers of the glypican family,Dally andDally-like,may contribute toDpp andHhdistribution inwing imaginal

discs.70,83,100,101 However, in the case of Wnt gradient formation, the expression patterns of Dally-like and Dally

suggest that the former is important for long-range distribution and the latter for short-range distribution.71,72,102,103

Sdc, which is a membrane-bound proteoglycan modified by both HS and CS (Figure 11), is essential for midline

axon guidance.74,104 Sdc is expressed in axons of the ventral nerve cord of the Drosophila embryo in a pattern that

overlaps that of the Roundabout (Robo) protein. Slit, the ligand for Robo, is secreted from the midline cells of the

central nervous system. It works as the main repellent signal at the midline.105 sdc null embryos show defects in

midline axon guidance, that is, abnormal crossing over in the midline (Figure 8c), and reduced Slit distribution. Sdc is

considered to have a role in Slit–Robo signaling through its effect on either the stability or transport of Slit. Dally-like

is also required for proper axon guidance and for visual system function.106 In addition to axon guidance, Sdc and

Dally-like are essential for synaptogenesis.75,76 The formation and plasticity of synaptic connections rely on regulatory

interactions between pre- and postsynaptic cells. Sdc promotes the growth of presynaptic terminals, while Dally-like

regulates active zone form and function. Both Sdc and Dally-like are high-affinity ligands of the protein tyrosine

phosphatase, the leukocyte common antigen-related (LAR), that controls both neuromuscular junction growth and

active zone morphogenesis. Sdc and Dally-like work as promoting and inhibiting factors for LAR activity, respectively,

through their binding to LAR.

Stem cell proliferation is controlled through cell cycle arrest and activation. The Drosophila gene terribly reduced

optic lobes (trol) encodes Perlecan, which is a secreted proteoglycan (Figure 11).78,107 The analysis of trol mutants

showed that Perlecan regulates neuroblast division in the developing nervous system by modulating both FGF and

Hh signaling.77
4.05.3.3 O-Mannosylglycan in Drosophila melanogaster

4.05.3.3.1 Glycosyltransferases in O-mannosylglycan synthesis
In humans, a sialyl O-mannosylglycan, Siaa2-3Galb1-4GlcNAcb1-2Man, on a-dystroglycan (a-DG) is essential for

binding to a laminin, one of the ECM components.108 Several congenital muscular dystrophies, such as Walker–

Warburg syndrome (WWS) and muscle–eye–brain disease (MEB), have been reported to have defects in the enzymes

involved in the synthesis of O-mannosylglycans.109–111 Two human protein O-mannosyltransferases (POMTs) are

responsible for the transfer of mannose (Man) to Ser/Thr residues on a-DG.

To date, no structural analyses of O-mannosylglycan have been reported in Drosophila. Two Drosophila POMTs,

dPOMT1 and dPOMT2, have been identified as orthologs of human POMT1 and POMT2, respectively (Table 5).

POMTactivity only occurs when both dPOMT1 and dPOMPT2 are coexpressed, demonstrating that both dPOMT1

and dPOMT2 are required for functional POMTactivity.38 Both dPOMTs are localized in the endoplasmic reticulum

compartment of cells.112 In humans, the first step of O-mannosylglycan elongation is mediated by protein O-mannose

b-1,2-N-acetylglucosaminyltransferase1 (POMGnT1). Analyses of Drosophila mannose b-1,2-N-acetylglucosaminyl-

transferases homologous to hPOMGnT have not identified any that have POMGnTactivity. It is therefore possible

that Drosophila does not have elongated O-mannosylglycan structures (Figure 13).

4.05.3.3.2 Function of O-mannosylglycan
dPOMT1 mutants have been reported to have reduced viability, while escaper flies show the so-called ‘twisted-

abdomen phenotype’, in which the abdomen is twisted clockwise through 30–60� (Table 5). This abnormality is

caused by pronounced defects in muscle development. The dPOMT1 gene was originally named rotated abdomen (rt)

after this phenotype.113 dPOMT2 RNAi mutant flies also show a twisted-abdomen phenotype, similar to that of the

dPOMT1 mutant. Furthermore, dPOMT2 interacts genetically with dPOMT1, suggesting that the dPOMT enzymes

function in collaboration with each other in vivo.38 Recently it was found that the twisted (tw) mutation, tw1,



Table 5 Glycosyltransferases and core proteins of other O-glycans

Enzyme and core protein
Abbreviated
name CG no.

Conventional mutants
and RNAi Identified activity

Protein O-mannosyltransferase dPOMT1 CG6097 rt 113 POMT activity38

dPOMT2 CG12311 RNAi38 and tw112 POMT activity38

Dystroglycan dystroglycan CG18250 Dg115

Protein O-fucosyltransferase OFUT1 CG12366 RNAi125,134 Protein O -FucT activity125

OFUT2 CG14789 Protein O -FucT activity131

b-1,3-N-acetylglucosaminyltransferase,

Fringe

fng CG10580 fng139 b3GlcNAcT activity128,129

Notch Notch CG3936 Notch133,199,200

Thrombospondin Tsp CG11326

a2-3 b1-4  b1-2 a1-O 

a1-O- 

Human

Inactivation

DG

a -DG

Ser/Thr

- Ser/Thr

MEB WWS

(Muscle−eye−brain disease)

(Walker−Warburg syndrome)

hPOMT1,2POMGnT1

dPOMT1,2

Drosophila

POMGnT

ManGlcNAcGalSia

ManSia
Gal

GlcNAc

Figure 13 Hypothetical model of the Drosophila and human O-linked mannosylglycan structure on dystroglycan (DG).

In Drosophila, no enzyme having POMGnT activity has been found suggesting that Drosophila does not have an elonga-

ted O-mannosylglycan structure. Protein O-mannosyltransferase, POMT; Walker–Warburg syndrome, WWS; muscle–eye–

brain disease, MEB.
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corresponds to a dPOMT2mutant. The tw1 allele has an amino acid substitution within the conserved PMT domain of

the dPOMT2 protein.112

The best known O-mannosyl-modified glycoprotein is a-DG,114 which is a central component of the dystrophin–

glycoprotein complex isolated from skeletal muscle membranes. In analyses using classical and RNAi mutants, it has

been demonstrated in Drosophila that dystroglycan (Dg) is required noncell autonomously for the organization of the

planar polarity of basal actin in follicle cells and is required cell autonomously for cellular polarity in the epithelial cells

and the oocyte.115 To date, however, no Dg mutant phenotype has been found, suggesting a relationship between

O-mannosylation and Dg.
4.05.3.4 O-GlcNAc in Drosophila melanogaster

4.05.3.4.1 Enzymes and core proteins in O-GlcNAc modification
The O-GlcNAc structure is an evolutionarily conserved, post-translational modification in organisms as diverse as

C. elegans and humans.116–118 Drosophila has one ortholog to the human polypeptide O-b-N-acetylglucosaminyltrans-

ferase (OGT) that transfers GlcNAc, with a b1-O linkage, to Ser/Thr on the polypeptide chain. However, there have

been no reports to date on the activity of Drosophila OGT. O-GlcNAc modification is considered to compete with

phosphorylation as both share the same target residues on proteins. Drosophila also has one ortholog to the human

O-GlcNAcase, which removes O-GlcNAc from proteins, but again there have been no reports to date on its activity.

In mammals, O-GlcNAc modifications occur dynamically and abundantly on various proteins in the nucleus

and cytosol, including transcription factors, RNA polymerases, nuclear pore proteins, chromatin-associated proteins,
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RNA-binding proteins, kinases, cytoskeletal proteins, chaperones, and proteosomal proteins.116–118 The polytene

chromosomes of Drosophila contain a large amount of terminal GlcNAc residues along their lengths; these residues

may be on chromatin-associated proteins as chromatin is enriched in O-GlcNAc.119 Recently, O-GlcNAc modification

of highly purified Drosophila 26S proteasome was analyzed by immunological and lectin-binding methods using two-

dimensional (2-D) gel electrophoresis and mass spectrometry.120 The 26S proteasome consists of two subcomplexes,

the 19S regulatory subcomplex and the 20S catalytic core. Five of 19 proteins in the 19S subcomplex and nine of

14 proteins in the 20S catalytic core were found to be modified by O-GlcNAc.
4.05.3.4.2 Function of O-GlcNAc modification
As stated above, O-GlcNAc modification is considered to compete with phosphorylation of proteins. The dynamic

modulation of O-GlcNAc levels has various effects on the functioning of cells, partly through its competition with

phosphorylation.116–118 InDrosophila polytene chromosomes,O-GlcNAc has been detected at high levels in condensed

chromatin but at lower levels in transcriptionally active ‘puff’ regions, suggesting a correlation between O-GlcNAc

modification and chromatin condensation.119

Recently, a newmodel of proteasomal regulation byO-GlcNAc modification was proposed for mammalian systems.121

In this model,O-GlcNAcmodification of 26S proteasomes inhibits the proteolysis of the transcription factor Sp1 and of

a hydrophobic peptide through inhibition of theATPase activity of 26S proteasomes.This inhibition is probablymediated

through the functionalmodulation of the 19S regulatory subcomplex byO-GlcNAc. In mammals, the level of O-GlcNAc

modification varies with the nutritional status of the cell; about 5% of the glucose transported into cells is converted to

UDP-GlcNAc and regulates the O-GlcNAc modification.122 Various human diseases related to O-GlcNAc metabolism,

such as diabetes mellitus and neurodegeneration, can be explained by the coupling of the ‘hexosamine signaling

pathway’ and proteasomal regulation by O-GlcNAc modification. Drosophila 26S proteasome components are also

modified by O-GlcNAc.120 Similar proteasomal regulation by O-GlcNAc modification might work in Drosophila.
4.05.3.5 O-Fucosylglycan in Drosophila melanogaster

4.05.3.5.1 Core proteins and glycosyltransferases in O-fucosylglycan synthesis
The Drosophila Notch protein is a transmembrane receptor protein possessing 36 epidermal growth factor (EGF)

repeats in its extracellular domain.123,124 It has 23 consensus O-fucosylation sites in the 36 EGF repeats, and protein

O-fucosyltransferase 1 (OFUT1) transfers fucose (Fuc) to Ser/Thr in these consensus sequences125 (Table 5). Two

types of Drosophila Notch ligand, Delta and Serrate, are also transmembrane proteins possessing many EGF repeats;

they also have the consensus sequences ofO-fucosylation sites and areO-fucosylated byOFUT1.126 OFUT1 is localized

in the endoplasmic reticulum.127 After fucosylation, Fringe transfers GlcNAc with b1-3 linkage to Fuc onNotch.128,129

The mammalian Notch protein has an extended O-fucosylated structure, Siaa2-3Galb1-4GlcNAcb1-3Fuc.130

Currently, no b-1,4-galactosyltransferase, which can transfer Gal to GlcNAcb1-3Fuc with b1-4 linkage, has been

found in Drosophila, which suggests that Drosophila might not have an extended O-fucosylated structure (Figure 14).

Recently, the activity of a second protein O-fucosyltransferase, OFUT2, has been characterized in Drosophila131

(Table 5). OFUT2 transfers Fuc to thrombospondin type 1 repeats (TSRs) in many secreted and transmembrane

proteins but not to EGF repeats in Notch. To date, only one Drosophila thrombospondin has been identified (as

an ECM component)132 but its function is as yet unknown. OFUT2 is also localized in the endoplasmic reticulum.

In summary, there are two types of O-fucosylations, EGF repeat-specific O-fucosylation and TSR-specific

O-fucosylation, which are catalyzed by OFUT1 and OFUT2, respectively.
4.05.3.5.2 Function of O-fucosylglycan
The function of O-fucosylated glycan on Notch has received considerable attention from researchers, whereas the role

of the glycan on thrombospondin has not yet been clarified.

Notch is a type I transmembrane receptor protein on the cell surface; the Notch ligands, Delta and Serrate, are also

type I transmembrane proteins.123,133 Upon ligand binding, Notch undergoes successive proteolytic cleavage by

Kuzbanian/ADAM10 and g-secretase, including Presenilin, and releases the Notch Intra-Cellular Domain (NICD).

The NICD translocates to the nucleus and assembles into a ternary complex with Suppressor of Hairless (Su(H)) and

Mastermind (Mam). The complex then binds to a specific regulatory DNA sequence and activates the expression of

Notch target genes (Figure 15). O-Fucosylation of Notch is indispensable for Notch signaling as it is required for

the binding of the Notch ligands, Delta and Serrate, to Notch.125,134 However, if Fringe transfers GlcNAc to Fuc with
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Figure 15 Scheme of Notch signaling. Notch, Delta, and Serrate are type I transmembrane proteins on the cell surface.

Upon ligand binding, Notch undergoes successive proteolytic cleavage by Kuzbanian/ADAM10 and g-secretase, which

releases the Notch Intra-Cellular Domain. The Notch Intra-Cellular Domain translocates to the nucleus and assembles into a
ternary complex with Suppressor of Hairless (Su(H)) andMastermind (Mam). The complex then binds to a specific regulatory

DNA sequence and activates the expression of Notch target genes.
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Figure 14 O-Fucosylated glycan structure on Notch protein. InDrosophila, OFUT1 transfers Fuc to Ser/Thr in EGF repeats

and then Fringe transfers GlcNAc with a b1-3 linkage. However, Drosophila does not have a b-1,4-galactosyltransferase
that transfers Gal to GlcNAcb1-3Fuc with a b1-4 linkage. Mammalian Notch has an extended O-fucosylated structure,

Siaa2-3Galb1-4GlcNAcb1-3Fuc.
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a b1-3 linkage, that is, if Notch has a GlcNAcb1-3Fuc structure, the binding of Notch to Delta is enhanced while that

to Serrate is inhibited (Figure 16).

Notch was first identified by its mutant fly phenotype, notching of the wing, suggesting that it is required for wing

development.135 The three main functions of Notch are lateral inhibition, cell fate specification, and boundary

formation. The most famous Notch function, lateral inhibition, ensures that two distinct cell types are produced in

the correct numbers from a population of initially equipotent cells.
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Figure 16 The function of O-fucosylated glycan on Notch. Notch has three main types of function – lateral inhibition, cell

fate specification, and boundary formation. O-Fucosylation of Notch is indispensable for all aspects of Notch signaling since

it is required for the binding of the ligands, Delta and Serrate, to Notch. Fringe is required only for boundary formation. After

O-fucosylation by OFUT1, Fringe transfers GlcNAc with a b1-3 linkage. The GlcNAcb1-3Fuc structure on Notch enhances
the binding of Notch to Delta, while it inhibits that to Serrate.
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Notch mutant embryos show overproduction of neurons at the expense of epidermis, a neurogenic phenotype.136

In Drosophila embryos, special groups of cells, known as proneural clusters, have neural potential, because they

express basic helix–loop–helix transcriptional activators called proneural proteins. If some cells in the clusters express

Delta more strongly than others, Notch signals are induced more strongly in the lateral cells. This causes repression of

expression of proneural genes and restricts the neural differentiation of the lateral cells.137 This process is called lateral

inhibition. The failure of Notch signaling causes all proneural cluster cells to have high levels of proneural proteins

and to differentiate as neurons, that is, to develop the neurogenic phenotype. Cells that express Delta become sensory

organ precursors and undergo several asymmetric cell divisions to differentiate into glial cells, neurons, sheath cells,

shaft cells, and socket cells. During asymmetric cell division, Numb, which is a crucial Notch-inhibitory factor,

is inherited by only one daughter cell. Notch signaling is suppressed in that daughter cell, thereby determining cell

fate.138 This process is called cell fate specification. The addition of Fuc to Notch by OFUT1, but not that of GlcNAc

by Fringe, is required for both lateral inhibition and cell fate specification.125,134

In contrast, both Fringe and OFUT1 are required for boundary formation.125,134,139–141 After O-fucosylation by

OFUT1, Fringe transfers GlcNAc with a b1-3 linkage.128,129 The GlcNAcb1-3Fuc structure on Notch enhances the

binding of Notch to Delta, while it inhibits that to Serrate (Figure 16). In wing imaginal discs, expression of Fringe in

the dorsal cells makes these cells more sensitive to Delta, expressed in ventral cells, and less sensitive to Serrate,

expressed in dorsal cells. As a result, Notch signaling is activated in the dorsal–ventral border cells and determines the

dorsal–ventral boundary.

Recently, OFUT1 has been reported to work as a chaperone for Notch. The ability of OFUT1 to facilitate folding of

Notch does not require its fucosyltransferase activity.127
4.05.4 Glycolipids in Drosophila melanogaster

4.05.4.1 Structure and Glycosyltransferases in the Biosynthetic Pathway of Glycolipids

Drosophila glycosphingolipids belong to the arthro-series glycosphingolipids, which have the typical tetrasaccharide

core structure, GalNAcb1-4GlcNAcb1-3Manb1-4Glcb1-Cer.26,142 The structures of some of the major glycolipids of

Drosophila embryos are shown in Figure 17.143 The zwitterionic lipids have one or more GlcNAc residues modified

with phosphoethanolamine (PEtn) and comprise a family of serially related structures. The acidic lipids have GlcA

linked to a Gal residue.
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Figure 17 Glycosphingolipid structures and synthesis in Drosophila. The structures of two major glycosphingolipids, Nz28

and Az29, of the Drosophila embryo are shown. Zwitterionic lipids have one or more GlcNAc residues modified with
phosphoethanolamine (PEtn). The acidic lipids have a GlcA linked to a Gal. The first step of glycosphingolipid synthesis

in Drosophila melanogaster is the transfer of Glc to ceramide by glucosylceramide synthase (GlcT1). The subsequent steps

of synthesis are: b-1,4-mannosyltransferase (Egghead) transfers Man to Glc with a b1-4 linkage; b-1,3-N-acetylglucosa-
minyltransferase (Brainiac) transfers GlcNAc to Man with a b1-3 linkage; a-1,4-N-acetylgalactosaminyltransferase transfers
a second GalNAc to the first with an a1-4 linkage; and, core 1 b-1,3-galactosyltransferase transfers Gal with a b1-3 linkage.

Table 6 Glycosyltransferases related to the glycolipid biosynthetic pathway

Enzyme
Abbreviated
name CG no.

Conventional
mutants and RNAi Identified activity

Glucosylceramide synthase GlcT-1 CG6437 RNAi24 GlcCerT activity24

b -1,4-Mannosyltransferase, Egghead egh CG9659 egh 150,151 b 4ManT activity144,145

b-1,3-N-Acetylglucosaminyltransferase,

Brainiac

br n CG4934 br n153,154 b 3GlcNAcT activity146,147

a -1,4-N- Acetylgalactosaminyltransferase da 4GalNAcT CG17223 a 4GalNAcT activity148

Core1 b-1,3-galactosyltransferase CG9520 Core 1 GalT activity57
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The activities of five glycosyltransferases in glycosphingolipid synthesis have been characterized (Table 6). The

first step of glycosphingolipid synthesis in Drosophila melanogaster is the transfer of glucose (Glc) to ceramide by

glucosylceramide synthase (GlcT1); this step is common to humans and Drosophila24 (Figure 17). GlcT1 localizes in

both the perinuclear endoplasmic reticulum and theGolgi apparatus. The next step of synthesis inDrosophila is specific

to the arthro-series: b-1,4-mannosyltransferase (‘Egghead’ (Egh)) transfers Man to Glc with a b1-4 linkage.144,145 Then

b-1,3-N-acetylglucosaminyltransferase (‘Brainiac’ (Brn)) transfers GlcNAc to Man with a b1-3 linkage.146,147 After

transferring GalNAc, a-1,4-N-acetylgalactosaminyltransferase transfers GalNAc with an a1-4 linkage.148 Then core 1

b-1,3-galactosyltransferase transfers Gal with a b1-3 linkage.57 Core 1 b1,3-galactosyltransferase can contribute to both

O-glycan synthesis and glycolipid synthesis.57
4.05.4.2 Function of Glycolipids

In Drosophila, GlcT-1 transfers Glc to ceramide as the first step of glycosphingolipid synthesis to produce glucosylcer-

amide (GlcCer), the core structure of major glycosphingolipids.24 RNA inhibition of GlcT-1 expression enhances

apoptotic cell death in embryos. Moreover, overexpression of GlcT-1 partially rescues cell death induced by the
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proapoptotic factors, Reaper and Grim. Ceramide and its metabolites, such as sphingosine-1-phosphate, are well

known as important mediators of apoptosis and cell survival.149 GlcT can be envisaged as having two functions,

glucosylceramide synthesis and negative regulation of ceramide-mediated reactions through control of intracellular

ceramide levels. GlcT1 might downregulate ceramide and thereby inhibit cellular apoptosis.

Egghead (egh) mutants were initially identified as lethal and semilethal mutations of the zeste-white loci.150 Mutant

embryos show a neurogenic phenotype, having an abnormally expanded nervous system. They are defective in

epithelial development during oogenesis, suggesting that Egghead is a critical component of a differential oocyte-

follicle cell adhesive system.151 Recently, Egghead has been reported to be required for compartment boundary

formation between the lamina glia and the lobula cortex; boundary formation at this location is necessary for the

correct targeting of photoreceptor neurons in the developing Drosophila visual system.152

Brainiac (brn) mutants were initially identified as female-sterile mutations of X-linked loci.153 Mutant embryos

show a neurogenic phenotype similar to that of egh mutants. They also have defects in epithelial development during

oogenesis, again like eghmutants. Brainiac shows genetic interaction with the genes required for oogenesis, and is the

first identified Drosophila gene that is required for determination of dorsal–ventral follicle cell fates but not for

embryonic dorsal–ventral cell fates.154
4.05.5 Sugar-Nucleotide Transporters in Drosophila melanogaster

4.05.5.1 Overview of the Sugar-Nucleotide Transporter Family

Sugar-nucleotides, high-energy donor substrates for glycosyltransferases, are synthesized in the cytosol, or in the

nucleus in the case of CMP-sialic acid. Glycosylation reactions occur in the lumen of the endoplasmic reticulum and

Golgi apparatus. Specific sugar-nucleotide transporters (SNTs) mediate the translocation of sugar-nucleotides from

the cytosol into the luminal compartment. The activities of four types of Drosophila SNTs – GDP-Fuc transporter

(Gfr), UDP-Gal/UDP-GalNAc transporter (dmUGT), UDP-sugar transporter (Frc), and PAPS transporter (SLL) –

have been identified (Table 7).155–161 The phylogenetic tree of Drosophila and human SNTs, including the PAPS

transporter, is shown in Figure 18. The Drosophila GDP-Fuc transporter and PAPS transporter, Gfr and SLL

respectively, are orthologous to human transporters that have the same activity.161,162 Drosophila Frc shares its UDP-

sugar transport activity with two orthologous human transporters, hFRC1 and UGTrel7.163,164 dmUGT has two

orthologous human transporters; one of the orthologs is UDP-GlcNAc transporter, which has an activity not shared

by dmUGT.165 This transporter may have acquired this new activity during evolution.
4.05.5.2 Function of SNTs

Functional analyses have been carried out for three of the four SNTs using conventionalmutants andRNAi knockdown

flies.156–161 Initially, Fringe connection (Frc) was identified as a multiple UDP-sugar transporter.158,159 As a result of

its broad specificity, Frc supplies donor substrates to both Fringe, by transferring GlcNAc to O-Fuc with a b1-3
linkage, and to the glycosyltransferases that contribute to HS synthesis. Consequently, frc mutants show defects in

Wnt, Hh, and FGF signaling, as well as in Fringe-dependent Notch signaling.158,159 In addition, however, Fringe-

independent Notch signaling is also affected, indicating that Frc is required for the maturation of the Notch protein.158

Slalom is the Drosophila ortholog of human PAPS transporter 1 and transports the high-energy sulfate donor adeno-

sine 30-phosphate 50-phosphosulfate (PAPS) from the cytosol into the Golgi lumen.160,161 An RNAi knock-down fly of

sll revealed that the PAPS transporter is essential for viability.161 sll mutants show defects in Wg and Hh signaling,
Table 7 Sugar-nucleotide transporters

Transporter
Abbreviated
name CG no.

Conventional mutants
and RNAi Identified activity

GDP-Fuc transporter g fr  CG9620 g fr156 dGDP-Fuc TP activity155,156

UDP-Gal/UDP-GalNAc

transporter

dmUGT CG2675 dUDP-Gal/UDP-GalNAc TP

activity157

UDP-sugar transporter, Fringe

connection

frc CG3874 frc158,159 UDP-sugar TP activity158,159

PAPS transporter, Slalom sll CG7623 sll 160 and RNAi161 PAPS TP activity160,161
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probably due to the lack of sulfation of GAG by the sulfotransferases.160 Mosaic analysis of mutant ovaries showed that

SLL is also indispensable for dorsal–ventral axis determination, suggesting that SLL supplies PAPS to Pipe, a

sulfotransferase that is one of the dorsal–ventral determinants.66

Gfr is the Drosophila ortholog of the human GDP-Fuc transporter that is localized in the Golgi and that transports

GDP-fucose. Null mutants of g fr show partial defects in Notch signaling, suggesting that another, unknown GDP-Fuc

transporter is involved in Notch signaling.156
4.05.6 Lectins in Drosophila melanogaster

4.05.6.1 Overview of the Lectin Family

Lectins are usually complex and multidomain proteins, including carbohydrate recognition domains (CRDs), that fall

into various structurally distinct protein families.166 Some of these protein families are common to Drosophila and

human, such as calnexin (Cnx), P-type lectin, C-type lectin, and galectin families. These families are divided into two

categories. One consists of intracellular proteins in luminal compartments that function in the folding, trafficking,

sorting, and targeting of glycoproteins during vesicular transport. Cnx, P-type lectins, and L-type lectins belong to this

group. The other group consists of lectins that function on the cell surface or outside the cell. C-type lectins and

galectins belong to this group.

The functions of one lectin of the Cnx family167 and of the calreticulin (Crc)168 have been characterized in

Drosophila (Table 8). Two other putative lectins of Cnx family have been identified in the Drosophila genome,166

but their functions and activities are as yet unknown. The function of one P-type lectin candidate, lysosomal enzyme

receptor protein (LERP), has been identified in Drosophila, but it does not bind to mannose 6-phosphate residues

(Man6P).169

In contrast, five C-type lectins – Lectin-24Db, gliolectin, andDrosophila lectin 1–3 (DL1–3) – and one galectin have

been cloned. The lectin activities of all of these have been determined.170–173 However, the activity of one putative

C-type lectin, furrowed, remains unknown.174

In addition to the usual lectins, which bind to Fuc, Gal, Glc, and so on, we must add peptideglycan recognition

proteins that work in innate immunity. Peptideglycan recognition protein (PGRP) SA, LE, and LC have been proved

to bind to peptideglycans,175–183 although the binding activities of peptideglycan recognition protein SD and Gram-

negative binding protein 1 have yet to be determined.



Table 8 Lectins

Lectin
Abbreviated
name CG no. Conventional mutants and RNAi Identified activity

Calnexin cnx CG11958 cnx167

Calreticulin Crc CG9429 P element insertion168

Lysosomal enzyme receptor

protein

LERP CG31072 Sorting of lysozomal

enzymes169

Lectin-24Db CG2958 Fuc binding170

Gliolectin glec CG6575 Deletion184 Glycolipid binding171

Drosophila lectin1 DL1 CG9976 Deletion173 Gal binding172

Drosophila lectin2 DL2 CG33532 Gal binding173

Drosophila lectin3 DL3 CG33533 Gal binding173

Galectin Dmgal CG11372 Lactose binding201

Peptideglycan recognition

protein SA

PDRP-SA CG11709 Mutant188–190 Peptideglycan

binding175–177

Peptideglycan recognition

protein SD

PDRP-SD CG7496 Mutant191

Peptideglycan recognition

protein LC

PDRP-LC CG4432 Insertion193, P element insertion,194

and deletion195
Peptideglycan

binding177–182

Peptideglycan recognition

protein LE

PDRP-LE CG8995 P element insertion and deletion196 Peptideglycan

binding183

Gram-negative binding

protein 1

GNPB1 CG6895 Transposon insertion188,189 and

RNAi190

furrowed fw CG1500 P element insertion174
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4.05.6.2 Function of Lectins

Cnx plays multifunctional roles, working as the regulator of Ca2þ during phototransduction and additionally as a

chaperone for rhodopsin (Rh1) maturation.167 Mutations inDrosophilaCnx led to severe defects in Rh1 expression and

in the ability of photoreceptor cells to control cytosolic Ca2þ levels following activation of the light-sensitive transient

receptor potential (TRP) channels. As a result, mutants show retinal degeneration that is enhanced by light. The other

calcium-binding chaperone is Crc. Crc mutants have broad defects in odor avoidance without abnormalities in

antennal responses to odorants, alterations in central nervous system structure, or deficits in overall locomotor

abilities.168

One P-type lectin candidate, Drosophila LERP, interacts with the Golgi-localizing, g-ear containing, ARF-binding
protein (GGA) adaptors in both Drosophila and mammals and is known to mediate Golgi-endosome traffic of mannose

6-phosphate receptors (MPRs) and to rescue missorting of soluble lysosomal enzymes in MPR-deficient cells.169

These observations suggest that LERP plays an important role in the receptor-mediated lysosomal transport system,

although it does not bind to Man6P.

The functions of two C-type lectins have also been characterized using mutant analyses (Table 8). Gliolectin is

expressed by midline glial cells concurrently with the early pathfinding of commissural axons across the midline. The

loss of Gliolectin results in defective commissure formation accompanied by reduced axon-glial contact and delay in

the completion of longitudinal pathfinding. In the absence of Gliolectin, early commissural axons grow upon other

axons rather than in close association with the midline glia (Figure 8e). Restoration of Gliolectin protein expression in

the midline glia rescues the defects. This indicates that carbohydrate–Gliolectin interactions at theDrosophilamidline

provide the necessary surface contact to capture extending axons.184 The other C-type lectin is DL1; this lectin has

Gal binding and hemagglutinating activities. It may participate in the immune response via the hemocyte-mediated

mechanism, but it does not participate in the induction of antibacterial peptides.173

In addition to the above two C-type lectins, which were proved to bind to carbohydrate structures,171,172 mutant

analyses were performed for one putative C-type, furrowed (fw).174 The fw gene encodes a protein homologous to

vertebrate selectins. Mutants of fw show defects in the development of the eye and mechanosensory bristles,

suggesting that the fw protein is involved in cell determination events within sensory organs.

In contrast, various types of PGRP work in innate immunity.185–187 In Drosophila, there are 13 PGRP genes, which

are grouped into two classes: PGRP-SA, B1, SB2, SC1A, SC1B, SC2, and SD, with short transcripts; and PGRP-LA,

LB, LC, LD, and LE, with long transcripts.175 Several PGRPs have been shown to bind peptideglycans (PGs), cell-

wall polymers detected in both Gram-positive and Gram-negative bacteria.175–183 PGs are composed of glycan chains,
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with alternating GlcNAc and N-acetylmuramic acid (MurNAc) in b1-4 linkage, that are cross-linked by short peptides

whose composition depends on the bacterial species. PGs are classified into two groups, L-lysine type (Lys-type)

and meso-diaminopimelic acid type (DAP-type), based on the residues at position 3 of the short peptides.176,180,182

In Drosophila, PGRPs activate two distinct innate immunity pathways, the Toll pathway and the Immune deficiency

(Imd) pathway, that induce production of antimicrobial peptides (Figure 19). The Toll pathway responds primarily to

Gram-positive bacterial or fungal infections and induces several antibacterial peptide genes including Drosomycin. In

contrast, the Imd pathway responds primarily to Gram-negative bacterial infection and induces several antibacterial

peptide genes including Diptericin. The Toll pathway is triggered by Lys-type PGs from Gram-positive bacteria,

while the Imd pathway is mainly activated by DAP-type PGs from Gram-negative bacteria.185–187 PGRP-SA binds to
Gram-positive bacteria

Lys-type PGs
PGRP-SA

GNBP1

PGRP-SD

Drosomycin

Toll

Spatzle

Toll pathway

(a)

Gram-negative bacteria

DAP-type PGs

PGRP-LC
PGRP-LE

IMD

Diptericin

Imd pathway

(b)

Figure 19 Drosophila innate immune recognition depends on specific detection of Lys-type and DAP-type peptideglycans
(PGs). a, The Toll pathway. Lys-type PGs from Gram-positive bacteria are recognized by PGRP-SA in cooperation with

GNBP1, leading to Spatzle-dependent activation of the Toll pathway and expression of antibacterial peptides including

Drosomycin. b, The Imd pathway. DAP-type PGs from Gram-negative bacteria are recognized by PGRP-LC and-LE,

leading to activation of the Imd pathway and expression of antibacterial peptides including Diptericin.
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Lys-type PGs,175–177 while PGRP-LC and-LE bind to DAP-type PGs.177–183 Studies of the Toll pathway using PGRP-

SA mutants or RNAi flies, show that detection of Gram-positive bacteria is mediated by cooperation between

PGRP-SA and Gram-negative binding protein 1 (GNBP1).188–190 Recently, PGRP-SD has also been shown to

function as a receptor for Gram-positive bacteria in the Toll pathway.191 However, in the Imd pathway, PGRP-LC

and-LE mediate detection of Gram-negative bacteria.192–196
Glossary

imaginal disc Drosophila melanogaster is a molting insect and has two distinct stages in its life cycle with totally different body

plans, the larva and the adult. During larval development, cells that will make adult structures are put aside as imaginal discs, such

as wing discs, eye discs, leg discs, and so on. Metamorphosis occurs during the pupal stage; the larval body breaks down and the

adult body is reconstructed from the imaginal discs.

innate immunity Innate immunity is the older defense system that defends an organism against invaders, such as bacteria,

virus, and parasites, in the same fashion, regardless of what it is. In Drosophila, peptideglycan recognition proteins activate two

distinct innate immunity pathways, the Toll pathway and the immune deficiency (Imd) pathway, that induce production of

antimicrobial peptides.

morphogen Morphogens are produced by a subset of cells in a tissue and once secreted form concentration gradients that

provide positional information for cell fate specifications. Wnt, Hh, and Dpp are secreted signaling molecules and function as

morphogens in various developmental stages and events.

Notch Notch protein is a transmembrane receptor protein possessing O-fucosylated EGF repeats in its extracellular domain.

Notch has three main types of function: lateral inhibition, cell fate specification, and boundary formation. O-Fucosylation of

Notch is indispensable for all aspects of Notch signaling since it is required for the binding of the ligands, Delta and Serrate, to

Notch.

P element P element is one of the transposable elements found in theDrosophila genome. P element-induced mutations can be

made and identified easily on a large scale. Mutagenesis is induced by crossing two strains, one of which contains P element

transposase. The insertion of a P element causes a new mutation.

RNA interference (RNAi) RNA interference (RNAi) is an evolutionarily conserved event in which double-stranded RNA

(dsRNA) induces gene silencing. RNAi-mediated gene silencing is widely used as a tool of reverse genetics approach for studying

gene function in higher eukaryotes.
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4.06.1 Introduction

It has been estimated that about 0.5–1.0% of the translated mammalian genome participates in oligosaccharide

production and function.1 Glycosylation is the most common and complex post-translational modification of

proteins2 and probably also of lipids.3,4 Glycans are often branched and composed of several different monomeric

sugar components connected by a variety of linkages. This type of structure confers on glycans the ability to carry a great

deal of information in very compact structures5 and thereby to mediate many different functions, for example, cell

adhesion, control of the immune system, embryonic development, and differentiation.6–10 Not surprisingly, defects in

glycosylation are involved in the etiology of many diseases, for example, metastatic cancer, congenital disorders of

glycosylation (CDGs), congenital muscular dystrophies (CMDs), and immune deficiency.10–14 The common factor
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responsible for the diverse functions of protein- and lipid-bound glycans appears to be their ability to interact in a

specific manner with a variety of sugar-binding proteins and lipids.

Humans and mice with mutations in genes involved in glycosylation often show severe phenotypic defects,10,13

reflecting the fact that many proteins and/or lipids are affected by the mutation. To understand this phenomenon, it is

necessary to identify the proteins and/or lipids targeted by the mutated gene and to determine the role of glycans in

the functions of the target molecules15 (see Chapter 4.08). This is a difficult task but it has been achieved in some

cases, for example, fucosylation of selectin ligands is essential for many aspects of the vertebrate inflammatory

response,10,16 fucosylation of the TGF-b1 receptor is essential for signaling in the mouse lung,17 poly-(a2-8)-sialylation
of the neural cell adhesion molecule (NCAM) is essential for mouse brain development,18 and addition of a specific

branching GlcNAc residue to the complex N-glycans of the mouse glucose transporter-2 (Glut-2) is essential for

glucose-stimulated insulin secretion and the control of blood glucose homeostasis in response to dietary intake.19 Most

observations on the role of glycosylation in metazoan development have been carried out in mice and humans10 but

Drosophila melanogaster and Caenorhabditis elegans are becoming popular model organisms.16,20 Other organisms such as

zebra fish21 may prove useful in the future.

Formation of the sugar-amino acid linkage occurs throughout the entire phylogenetic spectrum (archaea, eubacteria,

eukaryotes) and involves 13 monosaccharides, 8 amino acids, and at least 41 linkages.2 Five different N-glycan

linkages have been reported of which only GlcNAcb1-N-Asn is found in all three phylogenetic groups. Twenty

different O-glycan linkages have been reported in eukaryotes, for example, GalNAca1-O-Ser/Thr (widely distributed

in mucins and other glycoproteins), GlcNAcb1-O-Ser/Thr (nuclear and cytoplasmic proteins), Mana1-O-Ser/Thr

(a-dystroglycan), Fuca1-O-Ser/Thr (coagulation and fibrinolytic factors, Notch), Xylb1-O-Ser (proteoglycans), Galb1-
O-hydroxylysine (collagen), and Glca1-O-Tyr (muscle and liver glycogenin). Other sugar-amino acid linkages reported

in eukaryotes are C-mannosylation, phosphoglycation, and glypiation (formation of the glycophosphatidylinositol–

phosphoethanolamine bridge).2

The C. elegans genome contains DNA sequences with significant similarities to a large number of mammalian

genes involved in the metabolism of protein-bound glycans (GlcNAcb1-N-Asn, GalNAca1-O-Ser/Thr, GlcNAcb1-
O-Ser/Thr, Mana1-O-Ser/Thr, Fuca1-O-Ser/Thr, and Xylb1-O-Ser), lipid-bound glycans, and chitin.20 In recent

years some of these genes have been cloned and expressed, and worms with mutated genes have become

available for study. Structural data have been obtained showing that worms do in fact make GlcNAcb1-N-Asn
N-glycans,22–31 GalNAca1-O-Ser/Thr O-glycans,31 glycosaminoglycans (GAGs),31–34 glycolipids,35–40 and chitin.41

This chapter will review current knowledge on the synthesis and metabolism of these glycans in C. elegans.
4.06.2 The Biology of C. elegans

C. elegans is considered to be the most completely understood metazoan in terms of anatomy, genetics, development,

and behavior.42–44 The worms have a life cycle of about 3 days and are easily grown on Petri dishes. There are two

sexes, hermaphrodites and males. Juvenile worms hatch and develop through four larval stages (L1–L4). The mature

adult is fertile for 4 days and lives for an additional 10–15 days. The anatomy is relatively simple. The transparent body

consists of two concentric tubes separated by a space called the pseudocoelom that contains the gonad in the adult.

The inner tube is the intestine and the outer tube consists of a collagenous cuticle, hypodermis, musculature, and

nerve cells. The complete cellular architecture and cell lineages of C. elegans are known providing a comprehensive

description of the ontogeny of all cells in the organism. Development is invariant; all wild-type adult hermaphrodites

and males have 959 and 1031 somatic nuclei, respectively, each of which is traceable to the zygote along distinct cell

lineages.

The complete genomic DNA sequence of C. elegans is known. The haploid genome contains 108 nucleotide pairs on

six chromosomes, five autosomes (I–V), and a sex chromosome (X). An extensive and powerful genetic methodology

has been developed for this organism. Genes can be introduced into the C. elegans germ line by microinjection of DNA

into the syncytial ovary of the hermaphrodite where they form functional extrachromosomal tandem arrays. Self-

fertilization in the hermaphrodite makes both dominant and recessive genetics relatively simple. Many C. elegans

genes have counterparts in the mammalian genome. Both classical forward genetics and reverse genetics (by various

types of chemical mutagenesis, transposon mutagenesis, or RNA interference) have been used to make C. elegans

mutants. Many well-characterized mutant strains are available and can be preserved and stored by freezing. Methods

for targeted mutagenesis are not available.
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4.06.3 GlcNAcb1-N-Asn Linked N-Glycans

4.06.3.1 Structure of C. elegans N-glycans

Analysis of C. elegans extracts, using various combinations of protease digestion, lectin affinity chromatography, and

mass spectrometry (MS), have identified over 200 glycoproteins with Asn-X-Ser/Thr sequons occupied by N-glycan

structures.22,24–26,45 Fine structure analyses ofN-glycans, primarily byMS,22–31,46–49 have shown that C. elegans contains

a predominance of oligomannose Man5–9GlcNAc2Asn N-glycans identical to those found in vertebrates (Figure 1).

However, the complex and hybrid N-glycans that are highly abundant in vertebrates are either absent in C. elegans or

are present at very low levels.23,29,30,47 C. elegans contains large amounts of N-glycan structures not usually seen in

vertebrates, that is, Man3–4GlcNAc2Asn (paucimannose N-glycans) (Figure 1).

Many paucimannose N-glycans are fucosylated (from 1 to 4 Fuc residues on a single N-glycan) (Figure 2). The Asn-

linked core GlcNAc residue may be substituted with one or two Fuc residues29,30,49 but there are differences of

opinion on whether the noncore Fuc residues are linked to peripheral Man23,28,50 or peripheral Gal.29,47 There have

also been reports of O-methylated Fuc28,29 and O-methylated Man.28 Phosphorylcholine (PC) has been reported in

nematodes but one group reports PC on GlcNAc29,47 while another finds it onMan.23 Extracts of C. elegansmicrosomes

can transfer PC from L-a-dipalmitoyl phosphatidylcholine to hybrid and complex N-glycans;51 the authors state that

the enzyme products are consistent with the PC–Man structure but the formation of some PC–GlcNAc was not ruled

out. The C. elegans N-glycan profile is unique for each developmental stage (L1–L4, Dauer, adult), suggesting a role

for these glycans in worm development.52
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Figure 1 N-Glycan structures. The figure shows themajor N-glycan structures inC. elegans. Most of these structures have

been detected by MS but a few (e.g., GnM5Gn2 and GnM4Gn2) are based on enzymatic studies. The names assigned to

these structures are used in the synthetic schemes shown in Figures 2 and 3 (M¼Man; Gn¼GlcNAc; F¼Fuc). Oligoman-

nose N-glycans have from 5 to 9Man residues; only M9Gn2 andM5Gn2 are shown. Oligomannose structures are present in
all eukaryotes (vertebrates, insects, C. elegans, yeast, plants) but have not been found in prokaryotes. M3Gn2 and M4Gn2

are paucimannose N-glycans; they are major N-glycans in insects,C. elegans and plants, but vertebratesmake little if any of

these structures. The remaining structures in the figure all have a GlcNAcb1-2Mana1-3 moiety and are therefore dependent
on prior GlcNAcTI action. The R group is defined in the figure; there are four R variants depending on the absence or

presence of core a1-3- and a1-6-linked Fuc residues (designated as F3 and F6, respectively).
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Figure 2 N-Glycan synthesis in wild-type C. elegans. The names of the N-glycans are defined in Figure 1. The conversion

of oligomannose N-glycans (M9-5Gn2) to hybrid (GnM5-3Gn2), paucimannose (M4-3Gn2), and complex (Gn2M3Gn2)

N-glycans is shown in the figure. Many compounds detected by MS are not shown in the figure. Structures in boxes with
discontinuous lines have not been detected by our group using MS47 but are included in the figure on the basis of other

evidence.187,188 The major structure in wild-type worms is M3Gn2 (boxed with a continuous line). M9Gn2 is converted to

M5Gn2 by the sequential action of a-1,2-mannosidases. GlcNAcTI adds GlcNAc in b1-2 linkage to the Mana1-3 arm of

M5Gn2 to form the hybrid N-glycan GnM5Gn2. Two Man residues are removed from GnM5Gn2 by the action of a3,6-
mannosidase II (Mase II) to form the truncated hybrid N-glycans GnM4Gn2 and GnM3Gn2. The inability to detect GnM5Gn2

and GnM4Gn2 byMS is probably due to the rapid action of Mase II. An unusual and specific b-N-acetylglucosaminidase not

present in vertebrates (Gnase)46 removes the GlcNAc added by GlcNAcTI to form theM4Gn2 andM3Gn2 paucimannose N-

glycans. The figure also shows the pattern of fucosylation of the N-glycan core in C. elegans.187,188 The sites of action of the
two core fucosyltransferases, a1,6FucT (6FT, FUT-8) and a1,3FucT (3FT, FUT-1), are shown; the products of these enzymes

are designated as F6 and F3, respectively. In C.elegans, a1,6FucT must act before a1,3FucT to make the difucosylated

structure; a1,6FucT requires the prior action of GlcNAcTI whereas a1,3FucT acts only on structures with a non-substituted

coreMana1-3 residue. Themajor structure in the wild type worm is M3Gn2; the worm alsomakes relatively large amounts of
fucosylated M3Gn2 and of both fucosylated and non-fucosylated M4Gn2, M5Gn2 and M6Gn2. Reactions shown by

continuous arrows have been established experimentally whereas the discontinuous arrows are based on indirect evi-

dence.188 Arrows crossed with double lines indicate reactions that do not occur. FTa: The presence in C. elegans of
M5-9Gn2oligomannoseN-glycanswith 1-4 Fuc residues indicates that there areoneormore FucTs acting on these structures.

The amounts of these fucosylated N-glycans are greatly reduced in many of these N-glycans in the GlcNAcTI-null worm.48

The mechanism of this effect is not understood since GlcNAcTI acts downstream of M5-9Gn2. One possible explanation is

that the FucTs acting on M5-7Gn2 are modified with functionally important GlcNAcTI-dependent N-glycans. FTb: This
reaction has been added to the scheme because fucosylated M4Gn2 is present in both wild-type and GlcNAcTI-null worms

(see Figure 3). M4Gn2FX: M4Gn2 may carry from 1 to 4 Fuc residues. The core of M4Gn2 may be unsubstituted, or may

carry either an a3Fuc or an a6Fuc, or may have both an a3Fuc and an a6Fuc residue. The data indicate that at least two Fuc

residues may be present on the N-glycan’s branches. 3FTc: The actions of a1,3FucT and a1,6FucT have been experimen-
tally established.188 However C. elegans can make M3Gn2 structures with three Fuc residues48 indicating that there is at

least one additional FucT acting at these points. Mased: The fact that GlcNAcTI-deficient worms make M4Gn2 and

M4Gn2F48 suggests that there must be a GlcNAcTI-independent mannosidase that can act on M5Gn2 up-stream of
GlcNAcTI. Such mannosidases have been described in other species but not as yet in worms.
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4.06.3.2 The Initial Stages of N-Glycan Synthesis in Worms and Vertebrates are the Same
but the Final Stage is Different in the Two Species

The first and second stages of GlcNAcb1-N-Asn type N-glycan synthesis are similar in most eukaryotes, including

C. elegans. The first stage involves the assembly of a lipid-linked precursor (Glc3Man9GlcNAc2 pyrophosphate

dolichol) and the oligosaccharyltransferase-catalyzed transfer of the Glc3Man9GlcNAc2 moiety to an Asn residue
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Figure 3 N-Glycan synthesis in GlcNAcTI-null C. elegans. The pathway was derived from Figure 2 by removing all

reactions dependent on GlcNAcTI. Nomenclature is described in Figures 1 and 2. The major structure in the GlcNAcTI-
null worm is M5Gn2 (boxed). The null worm can make fucosylated M4-9Gn2.48 Some of these structures are present in

appreciably smaller amounts in null worms than in wild-type worms while others are made only in the null worm and not in

the wild-type worm.48 All other compounds shown in Figure 2 are absent. The ability of the GlcNAcTI-null worm to make
fucosylated N-glycans is consistent with the facts that (1) the horseradish peroxidase (HRP) epitope can be detected by

anti-HRP in the GlcNAcTI-null worm, and (2) an essential component of the HRP epitope is the core a1-3Fuc incorporated

by GlcNAcTI-independent FUT-1.187,188
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within an Asn-X-Ser/Thr sequon.53–56 The second stage involves the processing, within the lumen of the endoplasmic

reticulum and Golgi apparatus, of Asn-linked Glc3Man9GlcNAc2 to Man5GlcNAc2Asn.
57,58

In vertebrates, the third and final stage of the pathway59,60 occurs in the Golgi apparatus and involves the conversion

of Man5GlcNAc2Asn to hybrid and complex N-glycans (Figure 2). UDP-GlcNAc:a1-3-D-mannoside b-1,2-N-acet-
ylglucosaminyltransferase I (GlcNAcTI) converts Man5GlcNAc2Asn to the hybrid N-glycan GlcNAcMan5GlcNA-

c2Asn. This is followed by the action of a3,6-mannosidase II to form the hybrid N-glycans GlcNAcMan4GlcNAc2Asn

and GlcNAcMan3GlcNAc2Asn (Figure 2). GlcNAcMan3GlcNAc2Asn is converted to complex N-glycans by the

action of UDP-GlcNAc:a1-6-D-mannoside b-1,2-N-acetylglucosaminyltransferase II (GlcNAcTII) and other branch-

ing N-acetylglucosaminyltransferases.61,62 Further action by other glycosyltransferases (galactosyl-, sialyl-, and fuco-

syltransferases) on the distal nonreducing ends of the glycan creates a large variety of complex N-glycans.

However, in plants,63 insects,64 and C. elegans,46 the metabolism of GlcNAcMan3GlcNAc2Asn takes a different route

due to the presence of an unusual b-N-acetylglucosaminidase that removes most of the GlcNAc residues inserted by

GlcNAcTI before GlcNAcTII can act (Figure 2). This results in the synthesis of large amounts of paucimannose

N-glycans at the expense of complex N-glycans. It is important to note that although the synthesis of the great

majority of both fucosylated and fucose-free paucimannose N-glycans by C. elegans requires the prior action of

GlcNAcTI, there are small amounts of Man4GlcNAc2Asn and Man4GlcNAc2Fuc1Asn present in GlcNAcTI-deficient

worms.48 A suggested synthetic pathway for these compounds is shown in Figures 2 and 3.
4.06.3.3 The Function of N-Glycans in C. elegans

4.06.3.3.1 The function of oligomannose N-glycans
Oligomannose N-glycans (Man5–9GlcNAc2, Figure 1) are ancient structures present in both unicellular and multicel-

lular eukaryotes. The first committed step toward synthesis of Glc3Man9GlcNAc2-pyrophosphate-dolichol, the

precursor of all N-glycans, is catalyzed by UDP-GlcNAc:dolichylphosphate GlcNAc-1-phosphate transferase

(GPT). Tunicamycin, a GlcNAc analog that is a competitive inhibitor of GPT, is toxic to yeast65 and to mammalian

cells in culture,66–68 and prevents normal mouse embryogenesis.69–71 Embryonic lethality was observed in GPT-null

mice that are unable to initiate N-glycan synthesis.71,72 Children born with leaky mutations in any one of six genes

encoding enzymes specific for the first stage of N-glycan synthesis suffer from severe nervous system defects and

other abnormalities;13 null mutations in any one of these genes would probably be embryonic lethal. It is concluded

that oligomannose N-glycans are essential for eukaryote viability. This is due at least in part to the role played by
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oligomannose N-glycans in endoplasmic reticulum-associated degradation (ERAD) of misfolded or incompletely

assembled glycoproteins.73

The C. elegans genome contains nine genes homologous to vertebrate genes involved in the synthesis of

Glc3Man9GlcNAc2-pyrophosphate-dolichol and six genes homologous to vertebrate genes encoding components of

the oligosaccharyltransferase that transfers Glc3Man9GlcNAc2 to protein.20 The C. elegans gene F26H9.8 is homolo-

gous to the vertebrate gene encoding UDP-glucose:glycoprotein glucosyltransferase (GlcT), a soluble protein of the

endoplasmic reticulum that operates as a gatekeeper for quality control by preventing transport of improperly folded

glycoproteins out of the endoplasmic reticulum.74 There are six C. elegans genes homologous to vertebrate glucosidases

and mannosidases involved in the processing of Asn-linked Glc3Man9GlcNAc2 to Man5GlcNAc2Asn.
20

One of the genes encoding the C. elegans oligosaccharyltransferase complex is dad-1 (Defender against Apoptotic

Death). Expression of dad-1 in C. elegans under the control of a heat-shock-inducible promoter results in reduction in

the number of programmed cell death corpses visible in the C. elegans embryos.75 Worms with a mutation in dad-1 show

defects in embryonic development.

Genome-wide analysis of gene function in C. elegans has been carried out by high-throughput RNA-mediated

interference (RNAi) to inactivate expressed genes.76–79 A reusable library of Escherichia coli strains expressing dsRNA

corresponding to about 86% of the estimated 19000 predicted genes in C. elegans was constructed. Worms were

fed E. coli clones expressing dsRNA corresponding to a specific gene. RNAi analysis of 148 C. elegans genes involved

in glycosylation (recently reviewed)20 showed an abnormal phenotype for only 29 genes. This is probably due to the

fact that RNAi often does not result in 100% gene inactivation. In addition, many C. elegans genes appear to be

redundant.20 However, an abnormal phenotype was observed following RNAi-mediated downregulation of two of

the nine C. elegans genes assigned to the synthesis of Glc3Man9GlcNAc2-pyrophosphate-dolichol, three of the six

C. elegans genes homologous to processing glycosidases, and all six C. elegans genes homologous to components of the

oligosaccharyltransferase. Although none of the protein products of the 22 genes attributed to the first two stages of

N-glycan synthesis in C. elegans have been expressed and characterized, these findings indicate an important role for

oligomannose N-glycans in worm development.
4.06.3.3.2 The function of paucimannose N-glycans
GlcNAcTI-dependent N-glycans appeared in evolution at about the same time as multicellular organisms. Embryonic

lethality was observed in mice lacking GlcNAcTI.80,81 Mice82,83 and humans84–86 with null mutations in the gene

encoding GlcNAcTII, downstream of GlcNAcTI (Figure 2), suffer severe developmental abnormalities. It has

recently been shown that GlcNAcTI-dependent N-glycans are also required for the normal development of

D. melanogaster.87 In contrast, GlcNAcTI-null mammalian cells in culture show no obvious phenotypic abnormalities.88

It is concluded that, at least in vertebrates and flies, GlcNAcTI-dependent N-glycans serve a major function in cell–

cell and cell–environment interactions. This is consistent with the location of N-glycans on membrane-bound and

secretory glycoproteins.

C. elegans has three genes encoding enzymatically active GlcNAcTI (gly-12, gly-13, gly-14).89 In sharp contrast to the

developmental abnormalities caused by absence of GlcNAcTI in vertebrates and flies, gly-14 (III);gly-12 gly-13 (X)

worms with null mutations in all three GlcNAcTI genes develop into apparently normal adults.48 The worms are

viable and fertile although worm extracts have no detectable GlcNAcTI activity and show a highly abnormal N-glycan

pattern.48 It is concluded that paucimannose and other N-glycans dependent on prior GlcNAcTI action are not

essential for the normal development of C. elegans grown under laboratory conditions. However, the GlcNAcTI triple

null worm shows altered survival times when exposed to pathogenic bacteria,90 suggesting that worms developed

GlcNAcTI-dependent paucimannose N-glycans to cope with a hostile bacterial environment.

The C. elegans genome contains genes homologous to vertebrate a3,6-mannosidase II, GlcNAcTII, and UDP-

GlcNAc:a6-D-mannoside b-1,6-N-acetylglucosaminyltransferase V (GlcNAcTV).20 The two C. elegans genes homolo-

gous to a3,6-mannosidase II have not been expressed as yet and RNAi downregulation had no effect on phenotype.

The genes homologous to GlcNAcTII (gly-20)91 and GlcNAcTV (gly-2)92 have been expressed and shown to encode

enzymes with the same substrate specificities as vertebrate GlcNAcTII and GlcNAcTV, respectively. However, RNAi

downregulation of gly-20 had no effect on phenotype, and no overt phenotypes were observed in animals homozygous

for deletion alleles of gly-2.92

The C. elegans gene C10F3.6 (fut-8) is homologous to the vertebrate gene encoding GDP-Fuc:glycoprotein a-1,6-
fucosyltransferase VIII (a1,6FucT VIII)93 that attaches an a1-6-Fuc to the Asn-linked GlcNAc in the N-glycan core.

RNAi-mediated downregulation of fut-8 has no effect on phenotype.
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4.06.4 GalNAca1-O-Ser/Thr Linked O-Glycans

Guerardel et al.31 have used NMR and MS analyses of glycans, released from C. elegans extracts by reductive alkaline

treatment, to determine the structures of six GalNAca1-O-Ser/Thr linked O-glycans with several unusual features.

Two O-glycans had a typical core 1 (Galb1-3GalNAc). The other glycans contained three novel O-glycan cores:

Galb1-6(Galb1-3)GalNAc in one glycan, Glcb1-6(Galb1-3)GalNAc in two glycans, and Glcb1-6(Glcb1-4)(Galb1-3)
GalNAc in one glycan. Five of the six O-glycans contain the GlcAb1-3Galb1-3GalNAc trisaccharide sequence. Four

of these structures have b1-6Glc attached to the b1-3Gal residue of the core, and one structure has a b1-4Glc

residue attached to the b1-3Gal residue. These structures indicate that C. elegans may express several novel b-GlcT

activities and a novel b-1,6-galactosyltransferase (b1,6GalT) activity. Indeed, a novel b1,6GlcTacting on the GalNAc

residue of the core has been cloned and expressed.94 The enzyme is encoded by the gly-1 gene and is homologous

to the vertebrate b1,6GlcNAcT that acts on the GalNAc residue of O-glycan core 1 (Galb1-3GalNAc) to make

O-glycan core 2.

Sequence data have indicated that the C. elegans gene let-653 encodes a mucin-like protein.95 A mutation in let-653

results in larval death concurrent with the appearance of a vacuole anterior to the lower pharyngeal bulb suggesting

dysfunction of the secretory/excretory apparatus. Evasion of host immunity by Toxocara canis infective larvae is

mediated by the nematode surface coat. The major constituent of the coat is TES-120, a mucin-like protein with

heptameric repeats rich in Ser and Thr residues interspersed with Pro residues. C. elegans has several genes homolo-

gous to TES-120.96 It is not known whether O-glycans are involved in the functions of either of the above proteins.

The initiation of mucin-type O-glycosylation is catalyzed by a family of UDP-GalNAc:polypeptide N-acetylgalac-

tosaminyltransferases (ppGaNTase).97–99 Phylogenetic analysis of the putative catalytic domains of the large ppGaN-

Tase families of D. melanogaster, C. elegans, and mammals indicates that distinct subfamilies of orthologous genes are

conserved in each species.97 Eleven distinct sequence homologs of the C. elegans ppGaNTase gene family have been

cloned, sequenced, and expressed as truncated recombinant proteins (gly-3, gly-4, gly-5a, gly-5b, gly-5c, gly-6a, gly-6b, gly-6c,

gly-7, gly-8, and gly-9).100 All clones encode type II membrane proteins that share 60–80% amino acid sequence

similarity with the catalytic domain of mammalian ppGaNTase enzymes. Several of these worm proteins (GLY-3,

GLY-4, GLY-5A, GLY-5B, and GLY-5C) are functional ppGaNTase enzymes that can O-glycosylate mammalian

apomucin peptide sequences in vitro. Worms with mutations in ppGaNTase genes have not been reported. RNA

interference screens targeting C. elegans ppGaNTase genes to detect a requirement of protein glycosylation for cell

membrane stability during embryonic cytokinesis were not successful.101

The C. elegans genome contains nine genes homologous to the vertebrate UDP-Gal:GalNAc b1,3GalT that

synthesizes O-glycan core 1 (Galb1-3GalNAc)20 and 18 genes homologous to the vertebrate UDP-GlcNAc:GalNAc

b1,6GlcNAcT that makes O-glycan core 2 (Galb1-3(GlcNAcb1-6)GalNAc).20,102 RNAi-mediated downregulation of

eight of the b1,3GalT homologs and nine of the b1,6GlcNAcT homologs failed to show an abnormal phenotype.

The gly-1 protein product (a homolog of the vertebrate core 2 b1,6GlcNAcT) was expressed and shown to be a

UDP-Glc:GalNAc b1,6GlcT;94 the enzyme had no detectable UDP-GlcNAc:GalNAc b1,6GlcNAcT activity. The

other five genes (gly-15 to gly-19) most closely related to vertebrate core 2 b1,6GlcNAcT probably encode active

enzymes because they are transcribed and do not appear to be pseudogenes;102 however, there is no published

information on expression of these genes and the Galb1-3(GlcNAcb1-6)GalNAc core 2 structure has not been reported

in C. elegans.31 The six homologs have essentially nonoverlapping expression patterns unrelated to tissue type or cell

lineage. Null alleles of gly-1, gly-16, and gly-18 were generated without causing gross abnormality in homozygous

animals. RNA interference screens targeting these genes showed no alteration in phenotype.
4.06.5 GlcNAcb1-O-Ser/Thr Linked O-Glycans

Proteins with O-linked N-acetylglucosamine (O-GlcNAc) on their serine and threonine side chain hydroxyls are

abundant in all multicellular eukaryotes.103,104 In contrast to other types of vertebrate glycosylation, O-GlcNAc occurs

on resident nuclear and cytoplasmic proteins, exists as a single monosaccharide residue, and shows no evidence of

further elongation. Like phosphorylation, O-GlcNAc is highly dynamic and transient, and may work in concert with

phosphorylation to mediate regulated protein interactions. Proteins with O-GlcNAc residues include RNA polymerase

II, transcription factors, chromatin-associated proteins, nuclear pore proteins, proto-oncogenes, tumor suppressors, and

proteins involved in translation and regulatory modification of signal transduction cascades. It has been proposed that

mammalian O-linked GlcNAc transferase (OGT) is the terminal step in a glucose-sensitive signal transduction

pathway that becomes disregulated in insulin resistance.105,106
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The C. elegans gene K04G7.3 (ogt-1) is highly homologous to genes encoding vertebrate OGT and encodes an

enzymatically active enzyme.105 RNAi-mediated downregulation of ogt-1 shows no alteration in phenotype. Worms

with a null mutation in the ogt-1 gene are viable and fertile.107 However, the OGT mutant worms exhibit striking

metabolic changes manifested in around threefold elevation in trehalose levels and glycogen stores with a concomitant

around threefold decrease in triglycerides levels. A highly conserved insulin-like signaling cascade regulates macro-

nutrient storage, longevity, and dauer formation in wild-type C. elegans. It is therefore of great interest that the OGT

null mutation suppresses dauer larvae formation induced by a temperature-sensitive allele of the insulin-like receptor

gene daf-2. The data suggest that OGT modulates macronutrient storage and dauer formation in C. elegans.107

Guerardel et al.31 have shown that C. elegans can synthesize an O-glycan with an O-linked GlcNAc that is substituted

with b1-4GalNAc to which are attached a b1-6Glc residue and a tetramer of bGal substituted by b1-2Fuc and 2-O-

methyl-b1-2Fuc residues. This complex structure shows no equivalence to any known O-glycan. It is not known

whether the OGTenzyme described above is involved in the synthesis of this O-glycan.
4.06.6 Mana1-O-Ser/Thr Linked O-Glycans

a-Dystroglycan is a component of the dystrophin glycoprotein complex (DGC), an assembly of proteins spanning the

sarcolemma of vertebrate skeletal muscle cells. An O-mannosyl glycan (sialyla2-3Galb1-4GlcNAcb1-2Mana1-O-Ser/
Thr)108,109 on a-dystroglycan has been identified as a receptor for laminin and other extracellular ligands. Defective

synthesis of this a1-O-Man glycan has been associated with Walker–Warburg syndrome (WWS) and muscle-eye-brain

disease (MEB),110,111 two members of a distinct group of autosomal recessive CMDs (see Chapters3.16 and4.19).The

defective enzyme in some cases ofWWShas been identified as proteinO-mannosyltransferase 1 (POMT1) that attaches

Man in a1-O-glycosidic linkage to hydroxyl groups of Ser or Thr in a-dystroglycan.112 POMT homologs have been

reported in D. melanogaster 113 but not in C. elegans. The defective enzyme in MEB is protein O-mannosyl

b1,2GlcNAcT 1 (POMGlcNAcT1), a homolog of GlcNAcTI, that catalyzes the synthesis of the GlcNAcb1-
2Mana1-O-Ser/Thr moiety on a-dystroglycan in vertebrates.114–117 The C. elegans gene M70.4 is homologous to

vertebrate POMGlcNAcT1 but the gene has not been expressed and there are no reports of worm strains with

mutations in this gene. RNAi-mediated downregulation of M70.4 does not result in an altered phenotype.
4.06.7 Fuca1-O-Ser/Thr Linked O-Glycans

The a1-O-Fuc modification is found on epidermal growth factor (EGF)-like repeats of a number of cell surface and

secreted proteins. a1-O-Fuc glycans play important roles in ligand-induced receptor signaling. For example, elonga-

tion of a1-O-Fuc on Notch by Fringe, a b1,3GlcNAcT, modulates the ability of Notch to respond to its ligands.118,119

The C. elegans gene C15C7.7 is 29.4% identical to the human gene (POFUT1) encoding GDP-Fuc:protein a1-
O-fucosyltransferase (O-FucT-1), the enzyme that adds a1-O-Fuc to EGF-like repeats.120 RNAi-mediated down-

regulation of C15C7.7 had no effect on worm phenotype. Worm homologs of Fringe have not been reported.

The C. elegans pad-2 gene (K10G9.3) is also homologous to a putative vertebrate protein O-FucT gene. RNAi

downregulation of pad-2 results in worms that fail to undergo normal morphogenesis.121 Transgenic worms that

overexpress pad-2 display severe body malformations and abnormal neuronal development. C15C7.7 and K10G9.3

must be cloned and expressed, and it must be determined whether either gene is a functional O-FucT.
4.06.8 Xylb1-O-Ser Linked O-Glycans: Glycosaminoglycans/Proteoglycans

4.06.8.1 Glycosaminoglycans

Proteoglycans are covalently linked complexes between GAG and protein.122 GAGs are involved in extracellular

matrix organization, cell adhesion, receptor–ligand interactions, migration, proliferation, and differentiation.123 The

molecular machinery of GAG biosynthesis is highly conserved between C. elegans and mammals.123,124 The GAG

structures found in C. elegans are similar to those in vertebrates, although there are important differences. Analysis of

enzymatically released disaccharides derived from worm GAG fractions revealed considerable amounts of nonsul-

fated chondroitin and significantly lower amounts of heparan sulfate.33,34 Other studies indicated the presence of

a chondroitin sulfate–dermatan sulfate co-polymer in C. elegans.125,126 GAG chains in C. elegans are assembled on the
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core proteins via the conventional GlcAb1-3Galb1-3Galb1-4Xylb1-O-Ser tetrasaccharide linkage region but other

linkages cannot be ruled out.31,122 Alkaline b-elimination released short chondroitin-type oligosaccharides with an

N-acetylgalactosaminitol residue at the reducing terminus suggesting the presence of GAG chains directly linked

to protein through a GalNAc.31

The C. elegans homolog of perlecan (unc-52), the major heparan sulfate proteoglycan of the extracellular matrix

between muscle and hypodermis, is essential for myofilament formation and muscle attachment in the worm.127,128

Truncation of perlecan results in skeletal muscle abnormalities. Three major classes of UNC-52/perlecan isoforms are

produced through alternative splicing. These distinct proteins exhibit complex spatial and temporal expression

patterns throughout worm development. MEC-8 is a putative RNA-binding protein that promotes specific alternative

splices of unc-52 transcripts.129

NEX-1, a C. elegans homolog of the annexins (a family of calcium-dependent phospholipid binding proteins), binds to

heparin, heparan sulfate, and chondroitin sulfate but not to chondroitin nor chemically N- or O-desulfated heparin.130
4.06.8.2 Squashed Vulva (sqv) Genes

The development of the C. elegans vulva is a powerful model for the study of processes related to morphogenesis and

signaling.131 In a screen for mutations that affect vulval invagination, Herman et al.132 discovered eight independent

homozygous recessive loci in C. elegans that they named sqv-1 to sqv-8 (squashed vulva). These genes are required for

the invagination of vulval epithelial cells, oocyte formation, embryogenesis, and hermaphrodite fertility. The vulval

extracellular space fails to expand during vulval morphogenesis. Strong sqv mutations result in maternal-effect

lethality, caused in part by the failure of the progeny of homozygous mutants to initiate cytokinesis and associated

with the failure to form an extracellular space between the egg and the eggshell.32,133 All eight genes are involved in

the synthesis of proteoglycans.

The sqv-8, -2, -3, and -6 genes respectively encode the glycosyltransferases that act in concert to catalyze the

stepwise formation of the proteoglycan GlcAb1-3Galb1-3Galb1-4Xylb1-O-Ser linkage region common to heparan

sulfate and chondroitin sulfate.122,133–135 The sqv-3 and -8 genes are homologous, respectively, to mammalian GalTs

and glucuronyltransferases.134,136 A combination of in vitro analysis of enzymatic activities, sqv(þ)-mediated rescue of

vertebrate cell lines and biochemical characterization showed that sqv-3 and sqv-8 encode the b1,4GalT and

b1,3GlcAT expected for the synthesis of the tetrasaccharide linkage region.134 Consistent with the demonstrated

enzymatic activities, the C. elegans sqv-3 and sqv-8 mutant worms showed reduced levels of chondroitin and abnormal

profiles of chondroitin-modified proteoglycans.134 The human homolog of sqv-3 is defective in Ehlers–Danlos

syndrome (progeroid variant).137,138 The sqv-2 and sqv-6 genes have been shown to encode enzyme activities

equivalent to vertebrate b1,3GalT II and polypeptide b-xylosyltransferase, respectively.135

The sqv-1, -4, and -7 genes encode three proteins required for both heparan sulfate and chondroitin sulfate

synthesis.139–141 The sqv-7 gene encodes a novel multitransmembrane nucleotide-sugar transporter for UDP-GlcA,

UDP-GalNAc, and UDP-Gal.134,136,141 sqv-7 mutants display defects in both chondroitin and heparan sulfate biosyn-

thesis in vivo.134 The protein encoded by sqv-1 is a type II transmembrane protein that functions as a UDP-GlcA

decarboxylase.139 SQV-1 co-localizes with the SQV-7 nucleotide-sugar transporter, probably in the Golgi apparatus.

The sqv-4 gene encodes a UDP-Glc dehydrogenase that specifically catalyzes the conversion of UDP-Glc to UDP-

GlcA.140 SQV-4 levels are dramatically increased in a specific subset of vulval cells during vulval morphogenesis.

Gene sqv-5 encodes a chondroitin synthase homolog (a bifunctional glycosyltransferase) that is probably localized to

the Golgi apparatus and is responsible for the biosynthesis of chondroitin sulfate but not heparan sulfate.133,142 The

expression of sqv-5 was depleted both by RNA-mediated interference and deletion mutagenesis,142 resulting in

cytokinesis defects in early embryogenesis. Reversion of cytokinesis was often observed in chondroitin-depleted

embryos, and cell division eventually stopped resulting in early embryonic death. The data show that chondroitin is

required for embryonic cytokinesis and cell division. Chondroitin polymerization in humans and in C. elegans requires

the co-expression of chondroitin synthase and chondroitin polymerizing factor (ChPF). ChPF is homologous to

chondroitin synthase but has little glycosyltransferase activity. Co-expression of the C. elegans ortholog of human

ChPF (PAR2.4, pfc-1, polymerizing factor for chondroitin) with sqv-5 is essential for the biosynthesis of chondroitin in

the worm.143 The expression of the PAR2.4 protein was observed in seam cells, which can act as neural stem cells in

early embryonic lineages. The expression was also detected in vulva and distal tip cells (DTCs) of the growing gonad

arms from L3 through to the young adult stage. These findings are consistent with the notion that chondroitin is

involved in the organogenesis of the vulva and maturation of the gonad and also indicative of an involvement in DTC

migration and neural development.143
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RNA interference (RNAi) was used to characterize the requirement of protein glycosylation for cell membrane

stability during cytokinesis in the early embryo.101 This screen targeted 13 enzymes or components of polypeptide

sugar transferases that initiate either N-glycosylation or three different pathways of O-glycosylation. The most potent

block in early embryonic cell division was obtained by RNAi of the polypeptide xylosyltransferase required to initiate

GAG synthesis.
4.06.8.3 Heparan Sulfate

Four C. elegans genes are homologous to vertebrate genes involved in the synthesis and modification of heparan sulfate.

F08B4.6 (hst-1) encodes a putative heparan sulfate N-deacetylase/N-sulfotransferase. Worms homozygous for mutant

hst-1 are sterile and lay very few eggs, some of which hatch into grossly abnormal arrested L1 larvae. A null mutation in

C34F6.4 (hst-2, encoding heparan sulfate 2-O-sulfotransferase) causes cell migration defects.144 The hst-3 gene is

homologous to vertebrate heparan sulfate D-glucosaminyl 3-O-sulfotransferase; mutant worms are available but no

studies have been reported on phenotype.

The fourth gene (hst-6) is the only worm homolog of vertebrate heparan sulfate 6-O-sulfotransferase.145 Kallmann

syndrome is a human genetic neurological disorder characterized by various behavioral and neuroanatomical defects.

The X-linked form of Kallmann syndrome is due to mutations in the KAL-1 gene that encodes anosmin-1, a secreted

molecule expressed in restricted regions of the brain.146 The C. elegans homolog of KAL-1 (kal-1) is involved in the

control of axon branching and routing. Heparan sulfate proteoglycans are components of the extracellular matrix

through which axons navigate to reach their targets. A genetic modifier screen was used to locate loci that either

suppress or enhance the kal-1-induced axonal defects.145 One of these loci was hst-6 suggesting that KAL-1 binds by

means of a heparan sulfate proteoglycan to induce axonal branching and misrouting.145 Strains of C. elegans lacking

either heparan sulfate-glucuronic acid C5-epimerase (hse-5),147 heparan sulfate 6-O-sulfotransferase (hst-6), or heparan

sulfate 2-O-sulfotransferase (hst-2) exhibit distinct as well as overlapping axonal and cellular guidance defects in

specific neuron classes.148 The data indicate that heparan sulfate modifications are relevant to neuronal development,

and that KAL-1 activity requires heparan sulfate for its function. The roles of proteoglycans in axon guidance and

branching and of the extracellular matrix in neuronal process maintenance has recently been reviewed.149
4.06.8.4 GAG Polymerization

The vertebrate GAG polymer is added to the linkage region by the alternate addition of N-acetylhexosamine and

GlcA residues. Heparin/heparan sulfate synthesis is initiated if a1-4GlcNAc is transferred to GlcA in the linkage

region, while chondroitin/dermatan sulfate is formed if b1-4GalNAc is added.150

The gene encoding a1,4GlcNAcT has been identified as EXTL2/EXTR2, a member of the hereditary multiple

exostoses (EXT) gene family of tumor suppressors,151 and is involved only in the initiation of heparin/heparan sulfate

synthesis and not in polymerization. EXT1 and EXT2 are bifunctional glycosyltransferases that act as heparin/

heparan sulfate co-polymerases with both a1,4GlcNAcT and b1,4GlcAT activities; these enzymes are involved

only in the elongation step of the heparan sulfate chain.152 Two other genes, EXTL1 and EXTL3, have been

cloned; EXTL3 is probably involved in both chain initiation and elongation, whereas EXTL1 appears to be involved

only in the chain elongation of heparin/heparan sulfate.153 Two homologous C. elegans genes, rib-1 and rib-2, are

homologs of the mammalian EXT1 and EXT2 genes, respectively.152 Recombinant RIB-2 has been shown to be

an a1,4GlcNAcT involved in the biosynthetic initiation and elongation of heparan sulfate,152 but the biochemical

activity of rib-1 is not known. Inactivation of rib-2 alleles induced developmental abnormalities in F2 and F3

homozygous worms.154 F2 homozygotes develop to the adult stage but exhibit developmental delay and egg-laying

defects. F3 homozygotes show early developmental defects. Heparan sulfate biosynthesis is defective in F2 homo-

zygotes. These results indicate that rib-2 is essential for embryonic development and heparan sulfate biosynthesis in

C. elegans.154

The polysaccharide chains of chondroitin sulfate are assembled by a similar mechanism. There are at least two human

chondroitin synthases. These enzymes are bifunctional glycosyltransferases with both b1,3GlcAT and b1,4GalNAcT

activities and are involved in both chain initiation and elongation of chondroitin/dermatan sulfate.155–157 There is a single

C. elegans homolog (sqv-5, see above) that is probably responsible for transfer of the first GalNAc, as well as subsequent

co-polymerization of GlcA and GalNAc.156
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4.06.9 Resistance of C. elegans to Bacillus thuringiensis (Bt) Toxin

Crystal (Cry) proteins made by the bacterium Bacillus thuringiensis (Bt) are pore-forming toxins that specifically target

invertebrates (insects and nematodes) and are generally innocuous to mammals. They are widely used as insecticides

in agriculture and to control parasitic nematodes. The development of resistance is a major problem in the long-term

use of Bt toxins. When fed Bt toxin, C. elegans hermaphrodites undergo extensive damage to the gut, a decrease in

fertility, and death.158 A screen for resistance to Bt toxin (bre) yielded several mutants.158 Genes bre-2 and bre-4 encode

glycosyltransferases; bre-3 and bre-5 show high sequence identities to the Drosophila genes egghead and brainiac,

respectively.159,160 The Galb1-3GlcNAc and GalNAcb1-4GlcNAc moieties made by bre-2 and bre-4 respectively are

commonly found on glycoproteins and glycolipids. The neurogenic Drosophila genes egghead and brainiac are essential

for epithelial development in the embryo and in oogenesis. Analysis of mutants has led to the suggestion that the two

genes function in a common signaling pathway in the fly, and this idea has been supported by biochemical evidence;

egghead and brainiac encode, respectively, GDP-Man:Glcb1-Cer b-1,4-mannosyltransferase161 and UDP-GlcNAc:

Manb1-4Glcb1-Cer b1,3GlcNAcT,162 enzymes required for the synthesis of the arthro series glycosphingolipids

found in invertebrates.

Enzyme assays using C. elegans extracts showed the presence of UDP-GlcNAc:Manb1-4Glc-pNP GlcNAcTactivity

in wild-type worms but not in bre-5 worms.159 Both brainiac and bre-5 complement the lethality associated with

Drosophila homozygous for the brainiac mutation, proving that they are functional orthologs. It is likely that bre-3/

egghead are also orthologs and that bre-3 and bre-5 function in a common pathway in the worm. Genetic analysis with

single and double C. elegansmutants showed that bre-2, bre-3, bre-4, and bre-5 form an extended single genetic pathway

for Bt toxin resistance.159 Intestinal-specific expression of the four wild-type bre genes in the respective toxin-resistant

mutants fully restored toxin susceptibility to each worm. These genes act in the intestine in their mediation of toxin

action and probably synthesize an oligosaccharide that is transported to the apical plasma membrane of the intestinal

cell to serve as a toxin receptor.159 It is concluded that the major mechanism for Bt toxin resistance in C. elegans entails a

loss of glycolipids required for carbohydrate-dependent binding of Bt toxin.39 By the use of microarrays, it was shown

that C. elegans responds to Cry5B toxin by transcriptional upregulation of p38 mitogen-activated protein kinase

(MAPK) kinase and a c-Jun N-terminal-like MAPK.163 Elimination of either MAPK pathway leads to worms that

are hypersensitive to toxin. Two downstream transcriptional targets of the p38 MAPK pathway, ttm-1 and ttm-2 (toxin-

regulated target of p38MAPK), are required for defense against Cry5B; ttm-1 is homologous to cation transporters.

A common glycan structure in glycoproteins and glycolipids from both vertebrates and invertebrates is N-acetyl-

lactosamine (Galb1-4GlcNAc). An alternative structure that occurs in vertebrate and invertebrate glycans is

GalNAcb1-4GlcNAc. The recombinant bre-4 gene was shown to be a UDP-GalNAc:GlcNAcb1-O-R b-1,4-N-acetyl-
galactosaminyltransferase that can synthesize GalNAcb1-4GlcNAc.164 The enzyme was unable to use UDP-Gal as a

donor. Chinese hamster ovary cell mutants (Lec8) that lack the UDP-Gal transporter were transfected with bre-4,

thereby creating a cell line that made only GalNAcb1-4GlcNAc and no Galb1-4GlcNAc.165
4.06.10 Chitin

Chitin is a homopolymer of b1-4-linked GlcNAc synthesized by chitin synthase. The presence of chitin in nematodes

is well documented.41 The C. elegans genome has two genes homologous to chitin synthase (T25G3.2 and F48A11.1,

named chs-1 and chs-2, respectively). Gene chs-1 is expressed predominantly in the adult hermaphrodite and later larval

stages being consistent with a role in production of chitin for the eggshell; chs-2 is involved in the development and

function of the pharynx.41,166 Reducing chs-1 gene activity by RNAi led to eggs that were fragile and permeable to

small molecules, and in the most severe case, absence of embryonic cell division.166 Complete loss of function in a

chs-1 deletion resulted in embryos that lacked chitin in their eggshells and failed to divide.166 Downregulation of chs-2

by RNAi caused a defect in the pharynx and led to L1 larval arrest.166
4.06.11 Nucleotide-Sugar Metabolism

The C. elegans genome contains 16 putative nucleotide sugar transporters.20,167 Gene sqv-7 (a UDP-GlcA/UDP-

GalNAc/UDP-Gal transporter) plays a role in GAG synthesis (discussed above). C50F4.14 (a GDP-Fuc transporter)

and srf-3 (a UDP-Gal/UDP-GlcNAc transporter) are discussed next. The C. elegans genome also contains nucleoside
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tri- and di-phosphohydrolases that play a role in nucleotide-sugar transport and genes homologous to vertebrate

enzymes required for nucleotide-sugar synthesis (UDP-GlcNAc 2-epimerase, UDP-Glc/UDP-Gal 4-epimerase,

GDP-Man pyrophosphorylase, phosphomannose and phosphoglucose mutases, phosphomannose isomerase,

galactose-1-phosphate uridyltransferase, and GDP-Man 4,6-dehydratase).20
4.06.11.1 GDP-Fuc Transporter

In mammals, fucose-containing glycans have important roles in blood transfusion reactions, selectin-mediated leuko-

cyte-endothelial adhesion, host–microbe interactions, and ontogenic events (e.g., the function of Notch discussed

above). Alterations in the expression of fucosylated oligosaccharides have been observed in cancer and other diseases.

Fucose deficiency in humans leads to congenital disorder of glycosylation type IIc (CDG-IIc, previously named

leukocyte adhesion deficiency type II).168,169 CDG-IIc is a rare disorder characterized by the lack of fucosylated

glycoconjugates, including selectin ligands, causing immunodeficiency, recurrent infections, persistent leukocytosis,

and severe mental and growth retardation. The defect in CDG-IIc was suggested to be impaired import of GDP-Fuc

into the Golgi.170

The gene responsible for CDG-IIc was cloned by using the C. elegans genome.171 Twelve C. elegans cDNAs encoding

multispanning transmembrane proteins with homology to known nucleotide sugar transporters were cloned and

transfected into fibroblasts from a CDG-IIc patient. One of these clones re-established expression of fucosylated

glycoconjugates with high efficiency. A human homolog with 55% identity to the C. elegans gene was cloned. A point

mutation in this gene was shown to be responsible for the defect in the CDG-IIc patient.171 The gene was also cloned

by another group using a different approach.172
4.06.11.2 Resistance of C. elegans to Bacterial Infection

Rabbit antisera directed against a mixture of proteins solubilized from the wild-type adult C. elegans cuticle were used

to isolate mutants (srf, SuRFace antigenicity abnormal) that exhibit alterations in surface antigenicity by immuno-

fluorescence.173 The mutant phenotype observed by immunofluorescence appears to result from unmasking of

antigenic determinants that are normally hidden in the wild-type cuticle. Microbacterium nematophilum, a nematode-

specific bacterial pathogen of C. elegans, adheres to the rectal and postanal cuticle of susceptible nematodes and

induces substantial local swelling of the underlying hypodermal tissue.174 The swelling leads to constipation

and slowed growth in the infected worms but the infection is otherwise nonlethal. A screen for C. elegans mutants

with altered response to infection by M. nematophilum yielded 121 mutants, three of which were srf mutants (srf-2,

srf-3, srf-5).175

Mutant srf-3 worms are resistant to infection byM. nematophilum and to biofilm formation by Yersinia pseudotubercu-

losis, a close relative of the bubonic plague agent Yersinia pestis.167,176 The srf-3 gene, one of eight srf genes, is

homologous to vertebrate nucleotide sugar transporters suggesting that srf-3 mutants lack a glycan required for

infection by M. nematophilum. The srf-3 gene was cloned and shown to encode a functional multi-transmembrane

hydrophobic UDP-Gal and UDP-GlcNAc transporter.176 srf-3 is exclusively expressed in secretory cells consistent

with its proposed function in cuticle/surface modification. It was shown thatM. nematophilum is unable to adhere to the

cuticle of srf-3 worms.176

srf-3 mutants lack a surface antigen that is sensitive to digestion by Pronase and O-glycanase (endo-a-
N-acetylgalactosaminidase) suggesting that it is an O-linked glycoprotein.177 Furthermore, six srf mutant worms

(srf-2, srf-3, srf-4, srf-5, srf-8, and srf-9) show ectopic surface binding of the lectins wheat germ agglutinin (WGA)

and soybean agglutinin (SBA).178 A combination of enzymatic degradation, permethylation, and MS was used

to show that srf-3 worms have significant reductions of acidic O-linked glycoconjugates (containing GlcA and Gal)

and of N-linked glycoconjugates (containing Gal and Fuc).167 The data strongly suggest that M. nematophilum

adhesion and Y. pseudotuberculosis biofilm formation in wild-type C. elegans require the presence of glycoconjugates

on the worm cuticle.

It is evident from the above that C. elegans can serve as a model for studying vertebrate innate immunity and

infection by an organism that forms a biofilm. A biofilm is defined as a community of bacteria enclosed in a self-

produced exopolysaccharide matrix that adheres to a biotic or abiotic surface. Biofilm formation by pathogens is of

great clinical importance because bacteria embedded in biofilms have been shown to be more resistant to antibiotics,

to components of the host immune system, and to removal by mechanical forces.179
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4.06.11.3 Lumenal Nucleoside Diphosphatases

Lumenal ecto-nucleoside tri- and di-phosphohydrolases (E-NTPDases) of the secretory pathway of eukaryotes hydro-

lyze nucleoside diphosphates (NDPs) generated by glycosyltransferases. The resulting nucleoside monophosphates

(NMPs)180 are weaker inhibitors of glycosyltransferases than NDPs, and are also antiporters for transport of nucleotide

sugars from the cytosol to the lumen of the endoplasmic reticulum (ER) and Golgi apparatus. The nucleoside

diphosphatases (NDPases) are therefore essential for efficient glycosylation. C. elegans has at least four genes

homologous to the E-NTPDase family (mig-23, uda-1, ntp-1, F08C6.6).

The C. elegans gonad acquires two U-shaped arms through the directed migration of its DTCs located at the tip of

the growing gonad arms. The C. elegans mig-17 gene, a member of the disintegrin and metalloprotease (ADAM) family,

and the mig-23 gene are both required for normal migration of DTCs. Genetic studies have shown that mig-23 controls

the action of mig-17. The mig-23 gene has been cloned and shown to encode a membrane-bound nucleoside diphos-

phatase (NDPase).181 MIG-17 contains nine N-glycosylation sequons; protein N-glycanase experiments have shown

that at least some of these sequons are occupied in wild-type MIG-17. Attempts to rescue mig-17 mutant worms

with a mig-17 gene in which all N-glycan sequons were changed from Asn to Gln were not successful. Recombinant

MIG-17 produced in mig-23 worms was less glycosylated than MIG-17 produced in wild-type worms, indicating

that MIG-23 is required for normal glycosylation of MIG-17. The data suggest that MIG-23 regulates correct DTC

migration through glycosylation, maturation, and correct localization of MIG-17.181 The effect of MIG-23 on directed

DTC migration probably occurs through involvement of its NDPase activity in the translocation of nucleotide sugars

from the cytosol into the Golgi lumen. Absence of MIG-23 may therefore affect the glycosylation of many proteins

other than MIG-17. The roles of these proteins in DTC migration and of N-glycosylation in MIG-17 function are

unknown.182

The accumulation of misfolded or incompletely assembled glycoproteins in the lumen of the endoplasmic reticu-

lum (ER) results in ER stress that triggers the unfolded protein response (UPR).73,183,184 The UPR is a transcriptional

and translational intracellular signaling pathway that limits further accumulation of non-native proteins. The ER is

cleared of accumulated non-native proteins by ERAD regulated primarily by their N-linked oligomannose oligosac-

charides73 In this quality control system, persistently unfolded glycoproteins undergo N-deglycosylation and proteo-

lytic degradation. The folding status of glycoproteins is stringently controlled by a glucosyltranferase that creates

monoglucosylated structures recognized by ER resident lectins (calnexin, calreticulin). The glucosyltranferase serves

as a folding sensor because it only glucosylates misfolded or partly folded glycoproteins.185 The UPR stimulates

N-glycosylation and synthesis of components of the quality control system.73,184 C. elegans has been used as a genetic

model system to dissect UPR signaling in a multicellular organism.180,183 C. elegans expresses a cation-dependent

UDP/GDPase encoded by the gene uda-1.180 The transcript of uda-1, but not those of two other C. elegans

E-NTPDase genes (ntp-1 and mig-23), is upregulated by high temperature, tunicamycin and ethanol. These

conditions also trigger the UPR and upregulate the GlcT involved in the quality control system. Stress-induced

upregulation of uda-1 does not occur in ire-1 deficient mutants; ire-1 encodes a transmembrane serine/threonine

protein kinase and site-specific endoribonuclease that is upregulated in response to ER stress and is required for

the UPR. The data suggest that transcriptional upregulation of uda-1 favors hydrolysis of UDP to UMP, thereby

reducing inhibition of GlcT by the UDP formed from UDP-Glc. UMP then exits the lumen of the ER in a coupled

exchange with entry of UDP-Glc. The net result is increased reglucosylation of improperly folded proteins and relief

of ER stress.180
4.06.12 Fucosylated Glycans

Fucose-containing glycans in mammals are important in development, host–microbe interactions, and human disease.169

Mammals possess a large number of Fuc-containing structures generated by a variety of fucosyltransferases derived

from many genes.186 FucTs can add fucose in a2-linkage to a nonreducing terminal Gal residue, in a3-linkage or in

both a3- and a4-linkages to the subterminal GlcNAc residue ofN-acetyllactosamine, or in a6-linkage to the Asn-linked
GlcNAc of the N-glycan core.186 Analysis of the genomes of vertebrates, invertebrates, and bacteria indicates the

existence of distinct a2-, a3-, and a6-FucT families.186

The C. elegans genome contains, respectively, 22, 5, and 1 genes homologous to the a2-, a3-, and a6-FucT
families.20,186–188 The a1-O-FucT that adds a1-O-Fuc to protein (discussed above) is not a member of

these three families. Worms with mutations in the genes encoding an a2-FucT ( fut-2)189 and five a3-FucTs
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( fut-1, -3, -4, -5, -6)187,190 have a superficially wild-type phenotype. RNAi-mediated interference studies on 25 of the

C. elegans FucT genes failed to show an abnormal phenotype.20 Since worms do not express sialic acid, it has been

suggested that the large number of FucT genes in C. elegans reflects the use of fucosylation instead of sialylation for

capping the terminal nonreducing ends of glycans.186
4.06.12.1 a-1,2-Fucosyltransferases

Of the 22 putative a1,2FucT genes in the C. elegans database, fut-2 is the only gene that has been cloned and

expressed to date.189 Recombinant FUT-2 (CE2FT-1) is a GDP-Fuc:b-galactoside a1,2FucT that fucosylates Galb1-
O-p-nitrophenol (but not Gala1-O-p-nitrophenol) and shows a clear preference for Galb1-4Xylb-R. The enzyme is also

active toward Galb1-6GlcNAc-R but, unlike most a1,2FucTs, is unable to fucosylate Galb1-4Glcb-R or Galb1-
4GlcNAcb-R. FUT-2 is also inactive with Galb1-3GalNAca-R, Fuca1-R, and substrates with a terminal Gal and an

unsubstituted C6 hydroxyl group on the penultimate sugar.

Little is known about the functions of the Fuca1-2Gal-R structures. The expression pattern of fut-2 is unusual

and is limited strictly to the 20 intestinal cells of L1-L4 larvae and adult worms. The data suggest that at least some

of the a1,2FucTs in C. elegansmay have a unique role in development and that Fuca1-2Gal-R compoundsmay play a role

in the control of bacterial flora in the gut.189 Comparative data suggest that GATA-like elements in the 50-untranslated
sequences of some glycosyltransferase genes, such as fut-2,may be important in regulating intestine-specific expression.
4.06.12.2 a-1,3-Fucosyltransferases

All five C. elegans a1,3FucT genes, fut-1 (encoding CEFT-1), fut-3, fut-4, fut-5, and fut-6, have been cloned and

expressed.187,190 Recombinant FUT-1 can transfer Fuc to Galb1-4GlcNAcb1-O-R to make Galb1-4(Fuca1-3)
GlcNAcb1-O-R but cannot use sialyla2-3Galb1-4GlcNAcb1-O-R as an acceptor.190 However, a more recent paper187

has shown that FUT-1 is a core a1,3FucT that attaches Fuc in a1-3-linkage to the Asn-linked GlcNAc of the N-glycan

core (Figures 1 and 2), and suggests that Galb1-4GlcNAcb1-O-R is a substrate for FUT-1 only at very high substrate

concentrations.

An a1-3Fuc residue on the N-glycan core is the major epitope of antibodies raised against plant glycoproteins

such as anti-horseradish peroxidase (anti-HRP).191 Cross-reactivity with anti-HRP is a feature of many invertebrate

glycoproteins. This antiserum has been used extensively as a relatively specific stain for neurons in D. melanogaster 192

and C. elegans.193 Of the five C. elegans strains with mutations in one of the five a1,3FucT genes, only fut-1worms fail to

synthesize glycoproteins that react with anti-HRP onWestern blots.187 The fucosylated N-glycan structures identified

byMS in extracts of fut-1worms differ markedly from the fucosylated N-glycans observed in wild-type and fut-3, -4, -5,

and -6 worms.187 In contrast to the corresponding HRP-synthesizing a1,3FucT in D. melanogaster, FUT-1 does not

require the prior action of GlcNAcTI;194,195 in fact, the a1-3-linked Man residue of the N-glycan core must be

unsubstituted for FUT-1 to act (Figure 2).187,188 All five worm a1,3FucT genes (fut-1, -3, -4, -5, -6) have been cloned.

On transfection of these genes into Schneider cells (these cells do not express the HRP epitope), only the transfection

of fut-1 restored staining with anti-HRP. It was concluded that FUT-1 is the core a1,3FucTresponsible for synthesis of

the HRP epitope.187

Both D. melanogaster and C. elegans can synthesize N-glycans with both an a1-3- and a1-6-linked Fuc attached to the

same Asn-linked GlcNAc in the N-glycan core but they do so by different routes.187,188 In Drosophila, both the core

a1,6- and a1,3FucTs require the prior action of GlcNAcTI. However, the probable synthetic pathway in C. elegans is as

follows: core a1-6-Fuc is added by FUT-8 (discussed below) after GlcNAcTI action, the GlcNAc added by GlcNAcTI

is removed by a specific b-N-acetylglucosaminidase,46 and FUT-1 adds core a1-3-Fuc to Mana1-6(Mana1-3)Manb1-
4GlcNAcb1-4(Fuca1-6)GlcNAc-Asn (M3Gn2F6, Figure 2) to form Mana1-6(Mana1-3)Manb1-4GlcNAcb1-4
(Fuca1-6)(Fuca1-3)GlcNAc-Asn (M3Gn2F3F6, Figure 2). Studies on GlcNAcTI-deficient C. elegans and other data

suggest that the worm may also be able to incorporate core a1-3-Fuc into Man4–9GlcNAc2 oligomannose N-glycans

(Figures 2 and 3).48,187,188
4.06.12.3 a-1,6-Fucosyltransferase

The fut-8 gene, the only putative a1,6FucT in the C. elegans genome,20 has been cloned and expressed in Pichia

pastoris.188 No mutant alleles of fut-8 have yet been reported. FUT-8 adds a1-6Fuc to the Asn-linked GlcNAc of the

N-glycan core but only if there is an unsubstituted terminal b1-2-linked GlcNAc on the a1-3Man arm of the core
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(Figure 2).188 Neither Drosophila nor C. elegans core a1,6FucTcan act on substrates with a1-3Fuc on the Asn-linked

GlcNAc of the core, that is, the core a1,6FucT must act prior to the core a1,3FucT.188 Mana1-6(Mana1-3)Manb1-
4GlcNAcb1-4(Fuca1-6)GlcNAc-Asn (M3Gn2F6, Figure 2) is the single most common N-glycan in Drosophila 194 and

is also a major N-glycan in C. elegans.30,48
4.06.13 Concluding Remarks

This review has discussed C. elegans genes that have either an established function in glycan metabolism or are

homologous to such genes in vertebrate genomes. C. elegans homologs of vertebrate glycan genes not mentioned in the

above discussion are listed in a recent review.20 It is evident that C. elegans can manufacture glycans similar to all the

major vertebrate glycan groups, although there are distinct and unique differences.

The early stages of N-glycan synthesis are similar in vertebrates, flies, and worms. Inhibition or deletion of this early

pathway is lethal to all eukaryotes presumably, because the pathway plays an essential role in protein quality control.

However, other important functions may be served by oligomannose N-glycans. None of the putative C. elegans genes

involved in oligomannose synthesis have been cloned or expressed. The worm is a potentially powerful tool for

studying oligomannose function and further work in this area is clearly indicated.

The later stages of C. elegans N-glycan assembly, involving the processing of protein-bound oligomannose N-glycans,

have received more attention than the synthesis of oligomannose N-glycans. The worm’s processing pathway differs

significantly from that in vertebrates and is similar to the pathway in insects and plants. The major products of the worm

pathway are paucimannoseN-glycans, many of which are modified by the addition of fucosyl, methyl, or PC groups. The

GlcNAcTI-null worm is highly deficient in these compounds and yet shows a superficially normal phenotype.

C. elegans is emerging as a versatile model in which to study host–pathogen interactions.196,197 Virulence factors

involved in both infection and toxin-mediated killing have been identified in both the bacterial pathogen and the

C. elegans host. Although C. elegans does not possess the sophisticated adaptive immune system typical of vertebrates,

the worm is capable of mounting a complex innate immune response involving many signaling pathways and

antimicrobial proteins and peptides.198,199 This is not surprising since the worm must survive in soil that is teeming

with potentially pathogenic bacteria and must use these bacteria as food. There are several recent indications that

glycans may play important roles in these worm defenses.

(1) The GlcNAcTI-null worm shows no obvious abnormalities, in marked contrast to the severe developmental

disturbances caused by GlcNAcTI deficiency in mice and flies. However, the GlcNAcTI-null worm shows altered

survival times when exposed to pathogenic bacteria,90 suggesting that paucimannose N-glycans play important roles in

the C. elegans defense system. (2) The major mechanism for Bt toxin resistance in C. elegans entails a loss of glycolipids

required for carbohydrate-dependent binding of Bt toxin. (3) The outer layer of the cuticle of parasitic nematodes is a

carbohydrate-rich glycocalyx that presents an immunogenic challenge to the host and may be crucial in determining

the successful establishment of parasitism.200 M. nematophilum adhesion and Y. pseudotuberculosis biofilm formation in

C. elegans have been shown to require the presence of glycoconjugates on the C. elegans cuticle. Further studies on the

glycobiology of C. elegans are therefore relevant to humans infected by parasitic nematodes.

GAG synthesis and function in C. elegans have been studied more thoroughly than any of the other glycan classes.

Determination of the functions of the eight sqv genes in GAG synthesis has proved that GAGs are essential for the

invagination of vulval epithelial cells, oocyte formation, embryogenesis, and hermaphrodite fertility. Chondroitin has

been shown to be essential for normal embryonic cytokinesis and cell division in the worm. C. elegans has been used to

prove that heparan sulfate is required for normal axon guidance and branching. The C. elegans homolog of perlecan

(unc-52) has been shown to be essential for myofilament formation and muscle attachment in the worm.

Many thousands of proteins are glycosylated in metazoans. The worm provides powerful tools to determine the

roles of glycans on an individual protein in the function of that protein. This is one of the most important and most

difficult challenges facing glycobiology.
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4.07.1 Overview of Glycans in Yeasts

4.07.1.1 Advantage of Yeast Research: Genetic Methods

The study of yeast hasmade a great contribution to understanding important biological phenomena, such as the cell cycle,

signal transduction, andmembrane traffic. The research field of glycobiology is no exception.The pre-eminent advantage

of yeast is that powerful genetic approaches can be applied in addition to biochemical, molecular biology, and cell biology

approaches. Using the yeast Saccharomyces cerevisiae, two famous mutant series, mnn and alg, were isolated in 1973 and

1982, respectively.1–3 These mutants have been extensively characterized and the results tell us much about the

mechanism of glycan synthesis in yeast and even provide insights into some of the mechanisms of human disease.

4.07.1.2 Glycan Structures of Yeasts

One feature of the N-glycans of yeasts is that they contain a large amount of saccharides (often called the ‘outer

chain’), as compared to mammalian glycans (see Chapter 2.17).4 In the budding yeast S. cerevisiae, the outer chain

consists of mannose.5,6 The structure of the outer chain varies among the yeast species. For example, the outer

chain of Candida albicans, a pathogenic yeast, also consists of only mannose, but in addition contains a poly-b1-2-linked
mannose extension (through a phosphate diester linkage) to its N-glycans.7 There are also yeast species that have

other kinds of sugars than mannose. Kluyveromyces lactis, a kind of budding yeast, has GlcNAc in its outer chain.8,9 The

fission yeast Schizosaccharomyces pombe has a1-2-linked galactose, some of which is capped with b1-3-linked pyruvated

galactose residues.10

O-Glycans of yeast species generally consist of a1-2- and a1-3-linked mannose residues. However, an exception is

that the O-glycans of S. pombe contain a1-2- and a1-3-linked galactose residues.4
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4.07.2 Synthesis of N- and O-Glycans in S. cerevisiae

4.07.2.1 N-Glycan

The pathway for N-glycan synthesis in the endoplasmic reticulum (ER) is conserved among eukaryotes.11 The outline

of the N-glycan synthetic pathway and the transferases involved in the synthesis of dolichol pyrophosphate-linked

oligosaccharides in S. cerevisiae are summarized in Figure 1. The genes involved in N- and O-glycan synthesis are

summarized in Table 1, together with any known human homologs. Not all processes involved in the synthesis of

dolichol pyrophosphate-linked oligosaccharide are fully understood. For example, Alg2p was formerly reported to be

involved in the addition of the third mannose.12 However, in a recent study, it was reported that the human ortholog of

Alg2p has an a-1,3-mannosyltransferase activity, which implies that Alg2p is involved in the addition of the second

mannose.11 The step in which Alg11p is involved is also ambiguous. It is possible that both the fourth and fifth

mannoses, which have a1-2-linkages, are transferred by Alg11p.13 Alg11p and Alg2p exist in at least two distinct

complexes that have Alg1p as a common member.14

Alg14p functions as a membrane anchor that recruits Alg13p to the cytosolic face of the ER and together they form a

novel bipartite N-acetylglucosaminyltransferase required for the second step of N-linked glycosylation.15 In the ER,

mannosyltransferases that act on the cytosolic face of the ERmembrane use GDP-mannose as a donor, while those act

on the luminal face of the membrane use dolichol-phosphate-mannose (Dol-P-Man) as a donor.

The lipid-linked Glc3Man9GlcNAc2 oligosaccharide is transferred to the asparagine residue of nascent glycopro-

teins as they are translocated into the ER by an oligosaccharyltransferase (OST) complex.16 The OST in yeast consists

of at least eight subunits, Ost1p, Ost2p, Ost3p (or Ost6p), Ost4p, Ost5p, Wbp1p, Swp1p, and Stt3p, all of which have

one or more transmembrane domains. Ost3p and Ost6p seem to be alternative members of the OSTcomplex. Since

STT3, OST1, OST2, SWP1, and WBP1 are essential for growth, they are candidates for the active-site subunit of the

OST. There is also evidence that the Stt3p subunit specifically contains the catalytic site of the OST.16 Ost5p, a 9-kDa

subunit, seems to be specific for budding yeasts, like S. cerevisiae, although putative OST5 homologs have been

identified in metazoan organisms.

After the transfer of the oligosaccharide to a polypeptide by OST, three glucose residues and one mannose residue

are removed.17 This process is likely necessary for the proper functioning of the ER protein quality-control system.

CWH41, encoding a-glucosidase I, is essential for degradation of malfolded glycoproteins.18 Rot2p is a catalytic

subunit of glucosidase II. Glucosidase II is a heterodimer in mammals; however, the second subunit had previously

not been observed in yeasts. Recently, Gtb1p is reported to be a b subunit of glucosidase II and is essential for

glycoprotein processing in the ER.19 It is noteworthy that CWH41 and ROT2 are also involved in the assembly of cell

wall b1-6-glucan.20
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Table 1 Genes involved in N- and O-glycan synthesis

Gene name/alias Function
Human homologous
gene

Involved in N-glycan synthesis

ALG7/TUR1 GlcNAc-1-P transferase DPAGT1
ALG13 Catalytic component of UDP-GlcNAc transferase GLT28D1
ALG14 Component of UDP-GlcNAc transferase; anchors the

catalytic subunit Alg13p to the ER membrane

ALG14

ALG1 b-1,4-Mannosyltransferase ALG1
ALG2 Mannosyltransferase ALG2
ALG11 a-1,2-Mannosyltransferase LOC440138
RFT1 Flippase RFT1
ALG3/RHK1 a-1,3-Mannosyltransferase ALG3
ALG9 a-1,2-Mannosyltransferase ALG9
ALG12/ECM39 a-1,6-Mannosyltransferase ALG12
ALG6 a-1,3-Glucosyltransferase ALG6
ALG8/YOR29-18 a-1,3-Glucosyltransferase ALG8
ALG10/DIE2 a-1,2-Glucosyltransferase ALG10
OST1/NLT1 Oligosaccharyltransferase a subunit RPN1
WBP1 Oligosaccharyltransferase b subunit DDOST
OST3 Oligosaccharyltransferase g subunit RP11-217H1.1?
OST6 Oligosaccharyltransferase subunit TUSC3?
SWP1 Oligosaccharyltransferase d subunit RPN2
OST2 Oligosaccharyltransferase e subunit DAD1
OST5 Oligosaccharyltransferase z subunit ?

STT3 Oligosaccharyltransferase subunit STT3A, STT3B
OST4 Oligosaccharyltransferase subunit LOC400948
CWH41/GLS1/DER7 a Glucosidase I, also involved in ER protein quality

control and sensing of ER stress

GCS1

ROT2/GLS2 Glucosidase II a subunit GANAB, etc.
GTB1 Glucosidase II b subunit PRKCSH
MNS1 a-1,2-Mannosidase MAN1B1, etc.
MNL1/HTM1 Mannose-binding protein that acts in endoplasmic

reticulum-associated degradation of glycoproteins

EDEM1, etc.

YOS9 Lectin required for the recognition of luminal

misfolded glycoproteins

OS9

OCH1/NGD29/LDB12 a-1,6-Mannosyltransferase

MNN9 Component of M-Pol I and M-Pol II

VAN1/VRG7/VRG8/LDB13 Component of M-Pol I

HOC1 Component of M-Pol II

ANP1/GEM3/MNN8 Component of M-Pol II

MNN10/BED1/SLC2/REC41 Component of M-Pol II

MNN11 Component of M-Pol II

MNN2/TTP1/CRV4/LDB8 a-1,2-Mannosyltransferase

MNN5 a-1,2-Mannosyltransferase

KTR2 a-1,2-Mannosyltransferase?

YUR1 a-1,2-Mannosyltransferase?

Involved in O-glycan synthesis

PMT1 Protein O-mannosyltransferase

POMT1, POMT2,
SDF2, SDF2L1

PMT2/FUN25 Protein O-mannosyltransferase

PMT3 Protein O-mannosyltransferase

PMT4 Protein O-mannosyltransferase

PMT5 Protein O-mannosyltransferase

PMT6 Protein O-mannosyltransferase

9
>>>>>>>=

>>>>>>>;

MNT2 a-1,3-Mannosyltransferase

MNT3 a-1,3-Mannosyltransferase

(continued)
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Involved in both N- and O-glycan

synthesis

KRE2/MNT1 a-1,2-Mannosyltransferase

KTR1 a-1,2-Mannosyltransferase

KTR3 a-1,2-Mannosyltransferase

MNN4 Putative positive regulator of mannosylphosphate

transferase (Mnn6p)

MNN6/KTR6 Mannosylphosphate transferase

MNN1 a-1,3-Mannosyltransferase

Others

SEC59 Dolichol kinase TMEM15
ALG5 UDP-glucose:dolichyl-phosphate glucosyltransferase ALG5
DPM1/SED3 Dolichol phosphate mannose synthase DPM1
SEC53/ALG4 Phosphomannomutase PMM2, PMM1
PSA1/MPG1/VIG9/SRB1 GDP-mannose pyrophosphorylase (mannose-1-phosphate

guanyltransferase)

GMPPB, GMPPA

VRG4/VAN2/GOG5/LDB3/VIG4 Golgi GDP-mannose transporter C18orf45
YEA4 Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc)

transporter required for cell wall chitin synthesis

SLC35B4

HUT1 Homologous to a nucleotide-sugar transporter and is

involved in the protein-folding process at the ER

SLC35B2,
SLC35B1,
SLC35B3

GDA1 Guanosine diphosphatase ENTPD6,
ENTPD5,
ENTPD3, etc.

YND1/YEJ5 Apyrase with wide substrate specificity ENTPD7,
ENTPD4,
ENTPD1, etc.

GNT1 N-Acetylglucosaminyltransferase

Table 1 (continued)

Gene name/alias Function
Human homologous
gene
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Mutations in MNS1 cause defects in ER-associated protein degradation (ERAD). The removal of one specific

a1-2-mannose residue by Mns1p might represent the time point after which a misfolded protein is routed to the

degradation pathway.21 UDP-glucose:glycoprotein glucosyltransferase, which is involved in the ER quality control

in mammalian cells, is lacking in S. cerevisiae. Mnl1p, a mannosidase-like protein, is involved in ERAD of glycopro-

teins.22,23 It is proposed that Mnl1p is a lectin that recognizes Man8GlcNAc2 oligosaccharides that serve as signals

in the degradation pathway, which is called ER degradation-enhancing a-mannosidase-like protein (EDEM) in

mammals. YOS9 was first identified as a homolog of mammalian OS-9, which is highly amplified in human osteo-

sarcomas and encodes a protein of unknown function, and is reported to be involved in the ER-to-Golgi transport

of GPI-anchored proteins.24 Yos9p also shows similarities with mannose-6-phosphate receptors. Recently, it was

proposed that Yos9p detects and targets misfolded glycoproteins for ER-associated degradation and may also function

as a lectin in ERAD.25–27 It was also suggested that Yos9p acts in the same pathway as Mnl1p.

The investigation of N-glycan synthesis in the ER using yeast made a great contribution to the understanding of the

molecular basis of congenital disorders of glycosylation (CDGs; see Chapter 4.19). Aebi and Hennet, using a yeast

system, revealed the molecular mechanisms of human CDG in the following manner: (1) identification of

CDG patient and characterization of a lipid-linked oligosaccharide intermediate that accumulates in patient cells,

(2) identification of yeast mutants with an homologous phenotype, (3) cloning of the corresponding yeast gene, and

(4) cloning of the human ortholog and identification of the mutant human allele. For example, mutations in the human

ortholog of the S. cerevisiae ALG3, ALG6, and ALG12 genes cause CDG type Id, Ic, and Ig, respectively. A mutation in

human GCS1, which encodes ER glucosidase I, causes CDG-IIb. The details of how the yeast system is useful for

understanding human disease is reviewed elsewhere.28

Correctly folded glycoprotein precursors are transported to the Golgi apparatus and the glycans are further modified.

In mammals, several mannoses are removed before the generation of a diversity of complex structures containing

sugars such as GlcNAc, galactose, fucose, and sialic acid. In contrast, S. cerevisiae does not trim the ER-derived
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N-glycan but extends it further to make one of two general structures. These are a core-type structure, containing just

a few extra mannose residues, that is found on the intracellular glycoproteins, such as carboxypeptidase Y, and a

mannan structure that consists of a long branched polymer of approximately 200 mannoses that is attached to many

proteins of the cell wall and periplasmic space, such as invertase (Figure 2).6

In Golgi, GDP-mannose is used as a mannose donor for mannosyltransferases. At first, Och1p, an a-1,6-mannosyl-

transferase, adds one mannose residue to both types of N-glycan.29,30 Och1p localizes in the cis-Golgi, but it is

transported at least as far as the trans-Golgi network and then retrieved to the cis-compartment.31 The transcription

of OCH1 is regulated by a histidine kinase Sln1p via the transcription factor Skn7p.32 The transcription of OCH1 is also

tightly correlated to the cell cycle. Since CDC4 is involved in the transcription of OCH1, it is proposed that OCH1

transcription is controlled by the ubiquitin-dependent degradation pathway of Skp1–Cdc53–Cdc4 complex, which

promotes entry into S phase.33

As mentioned previously, the N-linked glycosylation pathway forks to produce either mannan or core-type

oligosaccharides. Besides Och1p, there are two a1,6-mannosyltransferases, M-Pol I (V complex) and M-Pol II (A

complex), in cis-Golgi.34,35 In the case of mannan synthesis, the M-Pol I complex adds approximately 10 a-1-6-linked
mannose residues. This backbone of a1-6-mannose is further elongated by the M-Pol II complex to approximately 50

residues. The M-Pol I complex consists of Mnn9p and Van1p, while the M-Pol II complex consists of Mnn9p,

Mnn10p, Mnn11p, Anp1p, and Hoc1p. The branches off the backbone are then made by the action of Mnn2p and

Mnn5p. Both Mnn2p and Mnn5p have a-1,2-mannosyltransferase activity.36 One interesting feature of the mannan in

S. cerevisiae is the existence of mannosylphosphate, which is transferred to mannan by Mnn6/Ktr6p.37 This modifica-

tion gives a net negative charge to the yeast cell surface, although its biological function is yet to be determined.

Mnn4p seems to be a positive regulator of Mnn6p.38 The transfer of mannosylphosphate to the cell wall mannan

is regulated by the transcriptional level of MNN4.39 Finally, Mnn1p adds a1-3-linked mannose.40,41 It was reported

that Kre2p, Ktr1p, and Ktr3p a-1,2-mannosyltransferases, which are all involved in the synthesis of O-glycan,
N
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also participate in the synthesis of mannan.42 Two KRE2-related genes, KTR2 and YUR1, are also reported to be

involved in mannan synthesis.42 However, the precise function of each mannosyltransferase on mannan synthesis

remains unclear.

In the case of core-type glycan synthesis, an a1-2-linked mannose is transferred to the mannose residue added by

Och1p. This a1-2-linked mannose is reported to be transferred by the M-Pol I complex.43 After the addition of an

a1-2-linked mannose, an a1-3-mannose is then added by Mnn1p.
4.07.2.2 O-Glycan

The first mannose linked to a serine or threonine residue of a protein is transferred in the ER using Dol-P-Man as a

donor in S. cerevisiae. There are at least six multiple protein O-mannosyltransferases: Pmt1p, Pmt2p, Pmt3p, Pmt4p,

Pmt5p, and Pmt6p (Figure 3).44 Protein O-mannosylation is essential for cell wall rigidity and cell integrity.45 It was

recently reported that Pmt proteins form complexes with each other;46 Pmt1p–Pmt2p and Pmt3p–Pmt5p complexes

represent the predominant forms, and Pmt4p acts as a homomeric complex. Pmt mannosyltransferases seem to have

certain substrate specificities. For example, Gas1p glucanosyltransferase is exclusively mannosylated by Pmt4p and

Pmt6p, whereas glycosylation of chitinase is mainly affected in pmt1 and pmt2mutants.45 Interestingly, mammals also

have the O-mannosylation system, and the defect in this type of O-mannosylation causes certain types of congenital

muscular dystrophies with neuronal migration disorders.47 Among these muscular dystrophies, Walker–Warburg

syndrome is caused by mutations in the gene encoding putative protein O-mannosyltransferase 1 (POMT1), which is

homologous to yeast protein O-mannosyltransferases. Recently, POMT1 and its homolog, POMT2, were shown to have

mannosyltransferase activity after forming a heterodimer.48

When glycoproteins are transported to the Golgi, the O-mannose is further modified with additional mannose

residues. Kre2p, Ktr1p, and Ktr3pmannosyltransferases are involved in the process of a1-2-linkedmannose elongation.

KRE2/MNT1 mannosyltransferase is a gene family that consists of KRE2, YUR1, KTR1, KTR2, KTR3, KTR4, KTR5,

MNN6/KTR6, and KTR7.42 The second mannose is principally transferred by Ktr1p, Kre2p, and Ktr3p, while the third

mannose is added primarily by Kre2p. As in the case of N-glycan, some a1-2-linked mannoses of O-glycan are

modified with mannosylphosphate, which is transferred by Mnn6/Ktr6p.49 The fourth and fifth mannose residues,

which have an a1-3-linkage, is added by Mnn1p, Mnt2p, and Mnt3p. Mnn1p is the primary enzyme adding the
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fourth mannose, while Mnt2p and Mnt3p are the principal enzymes adding the fifth mannose.50 O-Glycan thus

consists of up to five mannose residues.

In addition to being essential for cell wall rigidity and cell integrity, O-mannosylation may also be important for

ER quality control of glycoproteins.51,52 At the very least, Pmt2p seems to be involved in the ER quality

control system. Recently, it was proposed that O-mannosylation may function as a fail-safe mechanism for the

ERAD by solubilizing the aberrant proteins that overflow from the ERAD pathway, thereby reducing the load for

ER chaperones.52
4.07.2.3 Metabolism of Mannose Donors

The pathway involved in the synthesis of mannose donors is shown in Figure 4. In the case of reactions catalyzed on

the cytosolic side of the ER membrane, GDP-mannose is used as a mannose donor. Dol-P-Man, which is used as a

mannose donor on the luminal side of the ER, is synthesized from GDP-mannose and dolichol phosphate by a Dol-

P-Man synthase, Dpm1p. The Dol-P-Man synthase of S. cerevisiae is a monomer while that of mammals is a trimer.53

GDP-mannose is used exclusively as a mannose donor in the Golgi. It is transported from the cytosol by the GDP-

mannose transporter Vrg4p, which functions as a homodimer.54 After a transfer of mannose by mannosyltransferases,

GDP, a by-product, is then removed from the Golgi lumen via its conversion to GMP by Gda1p and Ynd1p, a GDPase

and apyrase, respectively.55 The GMP is subsequently used for the antiport of GDP-mannose by Vrg4p.56

YEA4 encodes a UDP-GlcNAc transporter in the ER.57 This transporter seems to be involved in the synthesis of

chitin. HUT1 encodes a protein that is homologous to a nucleotide-sugar transporter and is involved in the protein-

folding process at the ER.58 Saccharomyces cerevisiae has a gene, GNT1, that encodes GlcNAc transferase in Golgi.59

This implies that UDP-GlcNAc exists in Golgi, although the mechanism for importing GlcNAc into Golgi remains

unclear.
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4.07.3 Remodeling of Yeast Glycans

4.07.3.1 Remodeling of N-Glycan in S. cerevisiae

Recombinant proteins produced in Escherichia coli are used in many fields for experimental, diagnostic, and therapeu-

tic purposes. However, some E. coli-derived glycoproteins or nonglycosylated proteins are inadequate for in vivo use

because of their rapid clearance from the blood, their potential of missing the target tissue, and their protease

susceptibility. Thus, most therapeutic glycoproteins, such as erythropoietin, interferon, and granulocyte colony

stimulating factor, have been produced in mammalian cell lines, like Chinese hamster ovary (CHO) cells. However,

there are some disadvantages in glycoprotein production by mammalian cells. In many cases, mammalian cell culture

requires fetal bovine serum as a supplement to the culture medium or serum-free synthetic-rich medium, in which

case the costs are quite high. In addition, mammalian cell culture is complicated to handle and performing a large

scale-up is difficult. Moreover, because of a recent problem of bovine spongiform encephalopathy, all potential

contamination by unknown serum factors must be removed. There is thus an urgent need for alternative host cells

that produce recombinant mammalian glycoproteins.

Yeasts are industrial fermentation organisms that can be grown to high cell density in chemically defined medium.

However, glycoproteins derived from yeast contain nonhumanN-glycans of the polymannosylated sugar chains, which

are immunogenic in humans and thus of limited therapeutic value. Nevertheless, yeast shares initial steps of protein

glycosylation in the ER, as described in the previous section, leading to the formation of Man8GlcNAc2 structures,

which are found on most N-linked glycoproteins leaving the mammalian ER.

Previously, we reported two yeast-specific glycosylation genes, OCH1 encoding the initiation-specific a-1,6-man-

nosyltransferase, and MNN4 encoding a positive regulator of mannosylphosphorylation. The mutant yeast, in which

these two genes and MNN1 encoding yeast-specific a-1,3-mannosyltransferase were disrupted, produced glycopro-

teins modified with intermediate sugar chains that belong to the family of mammalian oligomannose-type sugar

chains.60 We further selected fibroblast growth factor (FGF) as a model for glycoprotein and examined the differences

in biological functions between the products produced in CHO cells and yeast cells.61 FGF consists of more than

20 family members and functions to regulate cellular differentiation, growth, development, wound healing, and

angiogenesis. We constructed a chimeric FGF composed of mouse FGF-6 signal peptide and human FGF-1 core

peptide (secFGF) to analyze the influence of the sugar chain on FGF functions. This chimera has two potential

N-glycosylation sites (Asn35 and Asn149) on the polypeptide; however, the site at Asn149 is glycosylated at a very

low level.

We compared FGF function among three kinds of sugar chain structures of secFGFs, that is, mannan type,

oligomannose type, and complex type.61 Mannan type has a large outer chain identical to that of the wild-type

S. cerevisiae, oligomannose type lacks this outer chain and is identical to mammalian oligomannose-type sugar chain

(Man8GlcNAc2), and complex type contains a mammalian diantennary complex-type sugar chain. The tissue distri-

bution analysis in the whole mouse body revealed that the secFGF produced by the mutant yeast was highly

accumulated in the kidney. This accumulation was specific to the oligomannose-type FGF. By contrast, the affinity

of the mannan-type FGF produced by the wild-type yeast to the kidney was weaker than that of the complex-type

FGF produced by CHO cells. Although the mechanism for this specific accumulation of the oligomannose-type

glycoprotein in the kidney remains unclear, these findings will be useful for the production of glycoproteins aimed at

tissue-targeting therapy (e.g., in the kidney).

In addition, we have also tried to produce the recombinant a-galactosidase A, a therapeutically effective glycopro-

tein for Fabry disease, one of the major lysosomal diseases62 (Figure 5). In this case, a mannose-6-phosphate residue is

required to deliver the glycoprotein to the lysosome. Thus the host cells should attach highly phosphorylated

nonantigenic sugar chains to proteins. Since S. cerevisiae sometimes produces the antigenic hypermannosylated

sugar chains, we constructed a new HPY21G strain with the enhanced ability for mannosylphosphorylation from the

KK4 background, together with the deletion of both the OCH1 and MNN1. The MNN4 gene encodes a positive

regulator of Mnn6/Ktr6 protein, which transfers the mannose phosphate residue from GDP-Man on to N- and

O-linked sugar chains.60 The KK4 strain contained a higher amount of mannosylphosphorylated cell surface than

did the other strains tested. Because the MNN4 promoter region of S. cerevisiae KK4 strain had a mutation, Mnn4

protein was produced constitutively in the KK4 strain (authors’ unpublished results).

The recombinant a-galactosidase A prepared from the S. cerevisiae HPY21G strain had a similar specific activity

to that from insect cells. The a-galactosidase A contained not only a neutral sugar chain but also mono- and

bis-phosphorylated acidic sugar chains. The ratio of the nonphosphorylated and phosphorylated sugar chains in the

a-galactosidase A was almost 1:2, suggesting that the constitutive expression of MNN4 in the HPY21G strain may
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contribute to the increased phosphorylation level in sugar chains of the recombinant a-galactosidase A.62

A monosaccharide composition analysis showed that the yeast-derived a-galactosidase A contained a higher level of

mannose-6-phosphate (3.8mol/dimer protein) on a molar basis than Fabrazyme and Replagal (authors’ unpublished

results). It is likely that the S. cerevisiae HPY21G strain produced only a oligomannose-type sugar chain in the

recombinant a-galactosidase A, whereas CHO cells and human fibroblast cells produced the recombinant protein

with the complex type in addition to the oligomannose-type sugar chains.63

Exposure of the mannose-6-phosphate residue is important for the ability of a-galactosidase A to exhibit high

affinity for the mannose-6-phosphate receptor, because a buried phosphate residue does not effectively bind to the

receptor. To remove the terminal mannose residues attached to the phosphodiester linkage of the mannose-6-

phosphate residue, we have screened a new bacterium that produces a fully functional a-mannosidase. One of the

bacteria, determined to be a Cellulomonas species, efficiently digested the ‘covered’ mannose residue on the glycopro-

tein. Treatment of the recombinant a-galactosidase A with this enzyme (a-mannosidase) caused an exposure of the

mannose-6-phosphate residue, which was confirmed by a structural analysis of the sugar chain by HPLC and by

the mannose-6-phosphate receptor-binding assay. The uptake of the recombinant a-galactosidase A by Fabry fibro-

blasts in culture showed that both treated and nontreated a-galactosidase A were incorporated into the cells after 18 h

incubation. However, the incorporated enzyme activity was much higher in the case of treated a-galactosidase A than

in the nontreated one. The enzyme activity in Fabry cells increased in response to the addition of the treated

a-galactosidase A and reached a normal level at a concentration of only 1mgml–1 in the culture medium. Uptake of

treated a-galactosidase A was inhibited by the addition of 5mMMan-6-P, suggesting that the observed uptake largely

depended on the Man-6-P receptor. The time course of a-galactosidase A incorporation into Fabry cells showed that

the enzyme was rapidly incorporated into the cells; a third of total activity was incorporated at 1 h incubation and the

highest and constant activity was observed within 6 h of incubation.62

We also investigated the effect of the incorporated a-galactosidase A on the degradation of ceramide trihexoside

(CTH) substrate accumulated in Fabry fibroblasts. After the cells were treated with a-galactosidase A for 18 h, it was

likely that the incorporated a-galactosidase A co-localized with CTH and degraded CTH after 5 days of culturing.62

A biodistribution study in a Fabry knockout mouse showed that a-galactosidase activity was detected in the

kidneys, heart, liver, and spleen after a single injection of 3mgkg–1 of the yeast-derived recombinant a-galactosidase
A, and degradation of accumulated CTH was observed in each organ after four injections, each of the same dose,
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every week.64 These results indicate no inferiority of the yeast-derived enzyme compared with those reported

for Fabrazyme.

Because enzyme replacement therapy (ERT) requires a large amount of enzyme to fulfill the constant and

continuous need by lysosomal disorder patients, efforts should be directed to produce a larger amount of the requisite

enzyme more economically. Our yeast technology may be useful for providing such enzymes more affordably than the

current technology, and this method could be effective for many lysosomal diseases through selection of the desired

genes and transforming them into yeast.

We are also trying to transfer our production system of mannose-6-phosphate-type glycoproteins to the methylo-

trophic yeast Ogataea minuta and to express the other lysosomal enzymes, including b-N-acetylhexosaminidase A,

a heterodimeric protein deficient in Sandhoff patients. Recombinant b-N-acetylhexosaminidase A produced by

O. minuta showed in vitro catalytic activities toward both a synthetic substrate (4MU-b-GlcNAc sulfate) and the native

substrate (GM2 ganglioside) in the presence of detergent (authors’ unpublished results). We are currently testing the

feasibility of using this b-N-acetylhexosaminidase A, after treatment by a-mannosidase, for the ERT of Sandhoff

disease.

Yeast can be used as a host for the expression of valuable proteins modified by artificial glycosylation. Protein

glycosylation remodeling was carried out using intrinsic sugar nucleotides in yeast via the introduction of heterologous

genes required for artificial galactosylation.65 Recently, we built on that success by constructing recombinant

yeast strains that produce the sugar nucleotides UDP-GlcA and UDP-Xyl,66 similar to what was done for the

production of recombinant yeasts that make GDP-Fuc from GDP-Man.67 It will be interesting to explore the

possibility of expanding this approach for generating novel yeast strains that can produce proteins modified by

glycosylation to include sugars not normally found in yeast, such as fucose, xylose, and glucuronic acid in future

(also see Section 4.07.3.3).
4.07.3.2 Remodeling of N-Glycan in Pichia pastoris

Pichia pastoris is a methylotrophic yeast with glycosylation machinery that is similar to that of S. cerevisiae and is

frequently used for the expression of heterologous proteins. The Gerngross group in GlycoFi reported the humaniza-

tion of the glycosylation pathway in the yeast P. pastoris to secrete a human glycoprotein with uniform complex

N-glycosylation.68 The recombinant strain of P. pastoris lacked endogenous Och1p activity, and contained three

heterologous genes encoding a-1,2-mannosidase localized to the ER, and UDP-GlcNAc transporter and GlcNAc

transferase I localized to the Golgi. Two of these proteins (ManI and GnTI) are synthetic fusions with fungal type II

membrane proteins and catalytic domains from Caenorhabiditis elegans and human, respectively. The P. pastoris strain

had the ability to secrete the kringle 3 domain of human plasminogen (K3) as a reporter protein with N-glycans of

the hybrid type. They then further humanized the N-glycosylation pathway in P. pastoris. Targeted localization of the

enzymes enabled the generation of a synthetic in vivo glycosylation pathway, which produced the human complex

type N-glycan, N-acetylglucosamine2-mannose3-N-acetylglucosamine2 (GlcNAc2Man3GlcNAc2).
69 The ability to

generate human glycoproteins with homogeneous N-glycan structures in yeast will be useful as a step toward

producing therapeutic glycoproteins and a tool for elucidating the structure–function relationship of glycoproteins,

including humanized IgG, a growing class of therapeutic proteins, and monoclonal antibodies (mAb’s).70 They also

showed that human antibodies with specific human N-glycan structures could be produced in glycoengineered yeast

P. pastoris, demonstrating that antibody-mediated effector functions could be optimized by generating specific

glycoforms.
4.07.3.3 Remodeling of O-Glycan in Yeast

In contrast to the above success on the remodeling of N-glycans in yeast, engineering of O-glycan is more difficult and

challenging. While yeast produces only O-mannosylated structures, mammals produce a variety of O-glycan struc-

tures, including O-GalNAc, O-Fuc, O-Xyl, and O-Glc. Since a couple of growing results show a functional importance

of O-glycans, it is very important to engineer yeast-specific O-glycan with mammalian-type sugar chains, together with

a technology that prevents yeast-specific O-mannosylation.

We have recently succeeded in constructing a mammalian-type O-fucosylation system in yeast (manuscript in

preparation). Our in vivo O-fucosylation system (Figure 6) was developed through the expression of foreign genes

responsible for the transport of GDP-Fuc from the cytosol to the Golgi lumen (GDP-fucose transporter), for O-fucose

transfer to an EGF domain (protein O-fucosyltransferase 1), and the recombinant EGF domain as an acceptor

peptide for O-fucosyltransferase, in addition to the already-established expression of MUR1 and AtFX/GER1 that



GDP-Fuc

GDP-Fuc

GDP-Man

GMP

GMP

GDP

O-FucT-1
Fuc-O-

EGF
domain

MUR1

AtFX

GDPasePi

GDP-Fuc
transporter

Secretory
pathway

Golgi lumen

Cytosol

Figure 6 A possible model of in vivo fucosylation in yeast.

Glycobiology of Yeast 111
are responsible for the conversion of intrinsic GDP-Man to GDP-Fuc.67 Efficient in vivo O-fucosylation was

confirmed for the secreted EGF domain by high-performance liquid chromatography (HPLC) and matrix-assisted

laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analyses and fucose-specific lectin

blot analysis. Using this system, we have analyzed the properties of foreign GDP-fucose transporter and an endoge-

nous GDP-fucose transporter in S. cerevisiae. Furthermore, we have clarified that the fucosylated EGF domain derived

from human factor IX, but not from factor VII, functions as an acceptor for the in vivo GlcNAc addition by human

manic Fringe (glycosaminyltransferase) in yeast (authors’ unpublished results).
4.07.3.4 Concluding Remarks

Production of recombinant human proteins has led to major advances in human health care. Some proteins do not

require glycosylation and can be expressed in prokaryotic hosts that lack glycosylation machinery, such as E. coli.

However, most therapeutic proteins require the co-translational addition of glycans to the protein to ensure proper

folding and subsequent stability in the human serum. For therapeutic use in humans, glycoproteins require human-

like N- and O-glycosylation. However, mammalian cell lines that are able to follow human-like glycoprotein proces-

sing have several drawbacks as described previously.

Based on the information currently available, yeast S. cerevisiae and P. pastoris may be a useful host for the

heterologous expression of glycoproteins having not only oligomannosidic glycan chains but also complex-type

saccharide chains. In the glycosylation process, multiple enzymes compete for the same transient glycan structures,

which typically lead to heterogeneous mixtures of glycoforms. The yeast glycosylation pathway can be manipulated to

mirror the processing of the corresponding human pathway, which typically results in an array of glycoforms, yielding

essentially homogeneous glycoforms.

The introduction of mammalian glycosylation genes into mutant yeast will make it possible to convert the

intermediate sugar chains to various types of human sugar chains, including chains that contain hybrid-type and

complex-type N-linked oligosaccharides.71 Further remodeling of O-glycans to make a variety of mammalian O-gly-

cans, including O-GalNAc, O-Xyl, and O-Glc, is also anticipated in yeast as a future challenge.
4.07.4 Modification by Glycosylphosphatidylinositol

Another important post-translational modification in which oligosaccharides are involved is glycosylphosphatidylino-

sitol (GPI) anchoring. GPI anchoring is a mechanism by which proteins are attached to the cell surface in all eukaryotic

cells.72,73 In yeast, GPI-anchored proteins are major components of the cell wall, and they are essential for cell wall

integrity74,75 and cell viability.76–78 Some cell surface proteins are attached to the plasma membrane while other

proteins are integrated into the cell wall. Cell wall-associated GPI-anchored proteins are linked to b1-6-glucan.79
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The synthetic pathway of GPI in S. cerevisiae is similar to that in mammals (Figure 7). The genes that are involved

in GPI synthesis are summarized in Table 2, together with the human homologs, if present. The GPI-anchor is

synthesized from phosphatidylinositol (PI) through multiple steps in the ER. At first, PI is modified with GlcNAc.

This step is catalyzed by an enzyme complex called GPI-GnTcomplex, which consists of at least 6 subunits, Gpi1p,

Gpi2p, Gpi3p, Gpi15p, Gpi19p and Eri1p. Gpi3p is believed to be a catalytic subunit of GPI-GnT. Interestingly, GPI-

GnT activity is regulated by Ras2p, a small GTPase, via Eri1p.80 After the deacetylation of GlcNAc-PI by Gpi12p,

an acyl group is transferred to GlcN-PI by Gwt1p.81 Then, four mannoses and three ethanolamine phosphates

are transferred sequentially. A fourth mannose addition to GPIs has scarcely been detected in mammalian GPI.

However, the addition of the fourth mannose residue that is transferred by Smp3p is an essential step in the

S. cerevisiae pathway.82 It was recently shown that the human ortholog of SMP3, hSMP3, is expressed in most tissues,

with the highest levels in brain and colon.83

The complete GPI precursor is then transferred to a newly synthesized protein by the GPI-anchor transamidase

complex. This complex consists of at least five subunits, Gpi8p, Gaa1p, Gpi17p, Gpi16p, and Gab1p. Gpi8p seems to

be a catalytic subunit while Gab1p may have a role in recognition of the attachment signal or of the lipid portion of

GPI. After the transfer to protein, the inositol of the GPI is deacylated by Bst1p. The lipid moiety of GPI is often

changed to another form such as diacylglycerol with longer fatty acids or ceramides. This step is referred to as lipid

remodeling of GPI. Recently, it was reported that GUP1 encodes an O-acyltransferase involved in remodeling of the

GPI anchor.84
4.07.5 Physiological Function of the Yeast GPI

What is the physiological role of GPI in yeast cells? Is it only used for anchoring proteins to plasma membrane or cell

wall? Genetic analysis of the GPI biosynthetic pathway revealed some interesting aspects. Some examples revealed

from our recent results are introduced in the following sections.



Table 2 Genes involved in GPI-anchor synthesis

Gene name/alias Function
Human homologous
gene

GPI1 Glycosylphosphatidylinositol-N-acetylglucosaminyltransferase

(GPI-GnT) complex

PIG-Q/GPI1

GPI2/GCR4 GPI-GnTcomplex PIG-C
GPI3/SPT14/CWH6 GPI-GnTcomplex (putative catalytic subunit) PIG-A
GPI15 GPI-GnTcomplex PIG-H
GPI19/YDR437W GPI-GnTcomplex PIG-P
ERI1/RIN1 GPI-GnTcomplex PIG-Y

Binds to and inhibits GTP-bound Ras2p

GPI12 N-Acetylglucosaminylphosphatidylinositol de-N-acetylase PIG-L
GWT1 Inositol acylation of glucosaminyl phosphatidylinositol

(GlcN-PI) to form glucosaminyl(acyl)phosphatidylinositol

(GlcN(acyl)PI)

PIG-W

GPI14/PMH1 Glycosylphosphatidylinositol-a-1,4-mannosyltransferase

I complex

PIG-M

PBN1 Glycosylphosphatidylinositol-a-1,4-mannosyltransferase

I complex

PIG-X

GPI18 a-1,6-Mannosyltransferase PIG-V
MCD4/ZRG16/SSU21/FSR2 Adds phosphoethanolamine to the first mannose PIG-N
GPI10 a-1,2-Mannosyltransferase PIG-B
SMP3/LAS2/SAP2 a-1,2-Mannosyltransferase PIG-Z
GPI11 Contributes to mannose-ethanolamine phosphotransferase

activity

PIG-F

GPI13/MPC1 Adds phosphoethanolamine onto the third mannose residue PIG-O
PIG-F and PIG-O make complex in mammal

GPI7/LAS21 Transferring phosphoethanolamine to the second mannose PIG-G
PIG-F and PIG-G make complex in mammal

GPI8 Subunit of the GPI:protein transamidase complex PIG-K
Gpi16p and Gpi8p stabilize each other.

GAA1/END2 Subunit of the GPI:protein transamidase complex GPAA1
GPI17 Subunit of the GPI:protein transamidase complex PIG-S
GPI16 Transmembrane protein subunit of the GPI:protein

transamidase complex

PIG-T

Gpi16p and Gpi8p stabilize each other.

GAB1/CDC91 Subunit of the GPI:protein transamidase complex PIG-U
May have a role in recognition of the attachment signal or

of the lipid portion of GPI

BST1 GPI inositol deacylase PGAP1
GUP1 O-Acyltransferase HHAT, GUP1
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4.07.5.1 Function of GPI7: Cell Separation

GPI7/LAS21, a gene involved in the GPI biosynthetic pathway in the ER, is required for the addition of a side-chain

phosphoethanolamine (EtN-P) to the second mannose portion of the GPI core glycan structure.85 GPI7 is not essential

for cell viability, and a GPI lacking a side-chain EtN-P due to the loss of GPI7 function is still transferred to proteins.

However, deletion of GPI7 causes a growth defect at high temperature, hypersensitivity to calcofluor white, and a

decreased replacement of primary lipid moiety of GPI anchors by ceramide.

To understand the cellular functions of GPI7, two different genetic approaches were adopted: a multicopy

suppressor analysis with a gpi7 missense mutant and an extragenic suppressor analysis with a gpi7 gene-disrupted

(gpi7D) mutant.86 The gpi7mutants showed an abnormal cell arrangement after incubation at the restrictive tempera-

ture, while the morphology of the gpi7 cells was normal at permissive temperature. Approximately 30% of the gpi7-

2 mutant cells showed a unique arrangement in which the mother cell is attached to two daughter cells.

WSC1, RHO2, ROM2, GFA1, and CDC5 genes were isolated as multicopy suppressors of gpi7-2 mutant. Multicopy

suppressors could suppress the growth defect of gpi7 mutants but not the cell separation defect. An extragenic

suppressor mutant was also obtained from gpi7D cells. The suppressor mutation occurred in the carboxyl terminus
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of CBK1. The double mutation gpi7D cbk1D overcame the temperature-sensitive phenotype of gpi7D. It is known that

CBK1 regulates cell separation via an Ace2p-dependent pathway and polarized growth via an Ace2p-independent

pathway. To examine whether the suppression of gpi7 cells by cbk1D disruption depends on ACE2 or not, ACE2 was

disrupted in the gpi7D background. The gpi7D ace2D double mutant grew as fast as the gpi7D cbk1D double mutant at

the restrictive temperature, indicating that the disruption of the Cbk1p-Ace2p pathway bypasses the growth defect of

the gpi7 mutant.

It was previously reported that EGT2, which is also regulated by the Cbk1p–Ace2p pathway, encodes a GPI-

anchored protein. EGT2 is specifically expressed at the early G1 phase in daughter cells, and it has been proposed that

Egt2p is a glucanase or a regulator of glucanase. The egt2D mutants were shown to have defects in cell separation.

Deletion of EGT2 partially suppressed the growth defects of gpi7 single mutants at the nonpermissive temperature,

although the gpi7D egt2D double mutant cells still showed defects in cell separation. To explain why a mutation in

EGT2 overcomes the temperature sensitivity of gpi7mutants, the localization of Egt2p was investigated. Fluorescence

microscopy revealed that HA-tagged Egt2p specifically localized at the septum in wild-type cells. However, in the

gpi7D background, HA-Egt2p dispersed in the cell wall, sometimes concentrating in punctate and cortical structures.

These results indicate that GPI7 is involved in cell separation via targeting of daughter-specific GPI-anchored

proteins86 (Figure 8).
4.07.5.2 Function of BST1: Quality Control

Recently, mammalian PGAP1 and the yeast homolog Bst1p were identified as GPI inositol deacylases.87 ER-to-Golgi

transport of GPI-anchored proteins is defective in both PGAP1-deficient cells and bst1mutant cells, which shows that

the inositol deacylation of GPI is important for the efficient transport of GPI-anchored proteins from the ER to the

Golgi. BST1 was first identified as a mutant that rescued the lethality of the sec13 mutant.88 Interestingly, the bst1/

per17-1mutant was also identified, indicating a defect in the degradation of soluble misfolded proteins.89 On the basis

of these reports, it was speculated that the inositol deacylation of GPI by Bst1p mediates ER quality control of GPI-

anchored proteins (see Chapter 3.08).

At first, a model misfolded GPI-anchored protein using the b-1,3-glucanosyltransferase Gas1p, one of the most

abundant and well-characterized GPI-anchored proteins in S. cerevisiae, was constructed. The first key finding was that

the misfolded Gas1p, designated as Gas1*p, is GPI-anchored but retained in the ER and degraded via the proteasome

pathway. It was further demonstrated that the degradation of Gas1*p was significantly delayed in bst1D cells. To

determine whether Gas1*p stabilization in bst1D cells is specific to GPI-anchored proteins, a soluble form of Gas1*p

was constructed by adding a stop codon just before the signal sequence for GPI anchoring. No difference in the



Figure 9 Bst1p is required for the efficient degradation of misfolded GPI-anchored proteins, in addition to the efficient

transport of GPI-anchored proteins from the ER to the Golgi. It is conceivable that the inositol deacylation of GPI-anchored

proteins by Bst1p is involved in ER quality control and acts as a gatekeeper that leads GPI-anchored proteins to the ER exit

after receiving some information on their folding status.
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degradation of a soluble form of Gas1*p was observed between wild-type and bst1D cells, supporting the idea that the

function of Bst1p is specific to GPI-anchored proteins. It was also found that bst1-S236A, a mutant that produces loss-

of-function mutant Bst1p, did not restore the degradation of Gas1*p in bst1D cells, indicating that the stabilization of

Gas1*p in bst1D cells was due to the loss of GPI inositol deacylation activity.

Disruption of genes involved in GPI-anchored protein concentration and N-glycan processing caused different

effects on the degradation of Gas1*p and a soluble misfolded version of carboxypeptidase Y. However, the effects are

much weaker than those of BST1 deletion. In addition, it was found that Gas1*p associates with BiP and Bst1p in vivo.

These data suggest that GPI inositol deacylation plays important roles in the quality control and ER-associated

degradation of GPI-anchored proteins. We propose a new function of Bst1p as a gatekeeper that leads GPI-anchored

proteins to the ER exit after receiving some information in their folding status90 (Figure 9).
4.07.5.3 GPI-Anchored Protein is Important for the Transport of Lipid
Microdomain-Associated Proteins

To examine the physiological role of the GPI-anchor in yeast, gwt1 mutants that are deficient in the inositol

acyltransferase and cannot survive at low temperature were screened. A gwt1 mutant allele, gwt1-10, which shows

not only high-temperature sensitivity but also low-temperature sensitivity, was isolated using in vitro error-prone PCR.

In gwt1-10 cells, inositol acyltransferase activity is decreased in vitro, and the transfer of the GPI-anchor onto proteins

is decreased even at a permissive temperature in vivo.

To investigate what causes the death of gwt1-10 cells at the low temperature, multicopy suppressors for the cold

sensitivity of the cells were isolated.91 TAT2, which encodes a high-affinity tryptophan permease, was identified as a

multicopy suppressor of cold sensitivity in gwt1-10 cells. The gwt1-10 cells were also defective in the uptake of

tryptophan especially at the low temperature, and the growth of gwt1-10 cells at the low temperature was restored at a

high concentration of tryptophan, whereas it did not recover at the high temperature, indicating that the cell death at

the low temperature was due to the impaired uptake of tryptophan. Microscopic observation revealed that Tat2p is

not transported to the plasma membrane but is retained in the ER in gwt1-10 cells grown under tryptophan-poor

conditions. The accumulation of Tat2p in the ER is not unique to gwt1-10 cells but seems to be common to other GPI

mutants, suggesting that GPI-anchored proteins are required for the transport of Tat2p.

It was reported that the association of Tat2p with lipid microdomains (also known as lipid rafts) is required

for the delivery of Tat2p to the plasma membrane.92 Because GPI-anchored proteins are also contained in

lipid microdomains along with sphingolipids and ergosterol, it was investigated whether Tat2p associates with lipid

microdomains in gwt1-10 cells and gaa1-1 cells. It was found that Tat2p cannot associate with lipid microdomains
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Figure 10 A model for the regulation of membrane proteins by GPI-anchored proteins. GPI-anchored protein is required
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the microdomains are destabilized by the lack of GPI-anchored proteins that compose themicrodomains, or because Tat2p
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in these mutant cells. These results indicate that GPI-anchored proteins may be required for the association of Tat2p

with lipid microdomains (see Chapter 3.30).

Next, it was examined whether proteins other than Tat2p, which is associated with lipid microdomains, are affected

by the defect in GPI-anchored proteins. A similar result was obtained for Fur4p, a uracil permease localized in the lipid

microdomains of the plasma membrane. These results indicate that GPI-anchored proteins are required for the

recruitment of membrane proteins Tat2p and Fur4p to the plasma membrane via lipid microdomains, suggesting

that some membrane proteins are redistributed in the cell in response to environmental and nutritional conditions due

to an association with lipid microdomains that is dependent on GPI-anchored proteins91 (Figure 10).
4.07.5.4 Concluding Remarks

As shown in Figure 7, most of the genes involved in the process of GPI synthesis are now identified. However, the

nature of the process following GPI transfer to protein remains unclear, although BST1 and GUP1 are identified as the

genes involved in inositol deacylation and lipid remodeling, respectively.84,90 The elucidation of this process is

critically important, because it is closely associated with the incorporation of GPI-anchored proteins into lipid

microdomains, upon which extracellular signals are transmitted into the intracellular signal transduction pathway.

Recently, it was reported that some subunits of human transamidase are identified as oncogenes.93,94 Genetic analysis

using yeast systems would shed light on the field of lipid remodeling of GPI and subsequent incorporation into lipid

microdomains, and even on the field of cancer research.
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Glossary

cell separation in yeast Cell separation is the last step of the cell division cycle in budding yeast. It is completed by the

degradation of the septum, a specialized structure of the cell wall. A chitinase and some glucanases, which are expressed only in

daughter cells, are transported to the bud neck and degrade the septum. These enzymes are under the control of a transcription

factor, Ace2p, and Cbk1p kinase.

ER-associated protein degradation (ERAD) ER-associated degradation (ERAD) is a mechanism for quality control of

proteins. Before exiting from the ER, proteins are monitored by a quality-control system that ensures correct folding. Misfolded

proteins that fail to pass the quality-control checkpoint are transported back to the cytosol and degraded by ERAD mechanism

that involves the ubiquitin–proteasome pathway. This mechanism is conserved among eukaryotes.

extragenic suppressor Extragenic suppressor is a mutation that occurs in different gene from original mutant gene and that

compensates original phenotypes. For example, gpi7 deletion mutant cells do not grow at 37�C. However, if a mutation occurs in

CBK1 gene, gpi7D cbk1 double mutant cells do grow at 37�C. In this case, the mutation occurring in CBK1 is an extragenic

suppressor of gpi7D mutation.

lysosomal disease Lysosomal storage diseases are inborn errors of metabolism of an enzyme responsible for the hydrolysis of a

given substance in lysosomes. Enzyme replacement therapy is now available for some diseases, such as Gaucher disease, Fabry

disease, and mucopolysaccharidosis (MPS) type I, and clinical trials with recombinant enzymes are ongoing in many lysosomal

diseases. This therapy requires an efficient delivery to lysosomes of enzymes giving a mannose-6-phosphate residue, which is

recognized by the specific receptor, after being injected to the human blood stream.

multicopy suppressor Multicopy suppressor is a gene that compensates phenotype(s) of original mutant if expressed in high

levels. For example, gwt1-10 mutant cells do not grow at 16�C. However, if TAT2 gene is highly expressed in gwt1-10 cells, the

cells do grow at 16�C. In this case, TAT2 is a multicopy suppressor of gwt1-10 mutation.

temperature-sensitive mutant Temperature-sensitive mutant is a mutant that does not grow at high temperature. In Saccha-
romyces cerevisiae, 37�C is usually adopted as high temperature. Temperature-sensitive mutant is quite useful for obtaining genes

that interact with the gene of interest, for example, by the further screening of suppressor genes of this temperature-sensitive

phenotype.
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4.08.1 Introduction

The study of knockout mice has revealed a diverse array of functions of glycoprotein-bound glycans. To precisely

understand the physiological role of glycans in glycoproteins, it is necessary to genetically alter the glycan structure

especially by deletion or overexpression and analyze the consequence of the alteration. Although human congenital

abnormalities in glycosylation and systems in other experimental models such as Drosophila melanogaster, Caenorhabdi-

tis elegans, and zebra fish have provided precious information concerning glycan functions, the knockout mouse

system has the advantage that mice have similar profiles of glycosylation to humans, but can be manipulated

experimentally.1–3 This area of research is growing fast, and the rapid accumulation of knowledge is evident, when

the content of this chapter, which is based on publications available at the beginning of 2006, is compared to that of

previous reviews published in 2000 3 and in 2003.1

In addition to genes of transferases, which form the glycan chains, genes of core proteins, lectins, and enzymes

involved in the synthesis of nucleotide sugars have been knocked out. However, because of limitations with space,

this chapter focuses on the knockout of transferases, and other knockout mice are mentioned only when necessary.

Table 1 summarizes the glycosyltransferases and other enzymes in the synthetic pathway to be described here

together with their abbreviations and sections in which phenotypes are described. Structures formed by the trans-

ferases are shown in Figures 1–4. Synthetic pathways for the core of N-linked glycans and mucin-type O-linked

glycans together with the points of action of knocked out enzymes are described in Figures 5 and 6. Knockout mice

are most useful for analyzing the functions of glycans, while they have also been used to elucidate the enzymes

involved in tissue-specific changes of glycosylation,4 to determine the structure under the control of a specific

transferase,5–8 and also to raise antibodies to missing glycans.9

In this chapter, functional studies have been classified into three sections: ‘development and reproduction’

(Section 4.08.2), ‘leukocyte trafficking’ (Section 4.08.3), and ‘immune response and other medical subjects’

(Section 4.08.4). Much work has accumulated on ‘development and reproduction’, especially on the role of N-glycans,

which are classified as oligomannose type, hybrid type, and complex type. Their core structures are formed by the

processing of common intermediates (Figure 5). The knockout of enzymes involved in the core formation invariably

yields severe phenotypes. A general conclusion is that N-glycans are essential for early postimplantation embryogen-

esis, complex-type or hybrid-type glycans are required for the midgestation period starting from somite formation, and

complex-type glycans are almost indispensable for neonatal life (Figure 7). A detailed account is given in Section

4.08.2.1. Furthermore, exciting progress has been made on developmental functions of short sugar chains linked by

fucose to the Notch EGF domain. This subject will be dealt with in Section 4.08.2.4.

The mode of glycan function in cell-surface glycoproteins can be classified as trans, cis, and self ones (Figure 8). In

trans function, glycans are recognized by proteins in adjacent cells or extracellular matrices (Figure 8), while in cis

function, glycans are recognized by proteins within the same membrane (Figure 8). The ligand recognition by

selectins is a typical example of trans recognition. Recognition by selectins plays key roles in leukocyte recruitment

upon lymphocyte homing and inflammation, and is fully covered in Section 4.08.3. On the other hand, galectins and a

siglec are involved in the regulation of immune responses, cell growth, and blood glucose levels via cis recognition as

explained in Section 4.08.4. In self function, glycan changes the steric structure of the protein, or is bound to a domain

in the same protein molecule. A typical example of self function is the regulation of NCAM activity by polysialic acid

(Section 4.08.2.6.1), while other cases are also found as described in this chapter.
4.08.2 Development and Reproduction

4.08.2.1 Formation of Core Structures in N-Glycan

4.08.2.1.1 b-1,2-N-Acetylglucosaminyltransferase I required for the midgestation period
b-1,2-N-Acetylglucosaminyltransferase I (GlcNAcT I) catalyzes the transfer of an N-acetylglucosamine residue to

the Man5 core structure, thereby initiating the conversion of oligomannose type to complex type and hybrid type

(Figures 1 and 5). Knockout of GlcNAcT I results in embryonic lethality (Figure 7).10 Null embryos die by day 10.5

after gestation, probably due to multiple hemorrhages from dilated vascular endothelial cells. Already on day 9.5, the

null embryos are only half or two-thirds of the size of wild-type embryos. At this stage, null embryos have only 20–22

somites, while wild-type embryos generally have 26. Cell differentiation is apparently normal in null embryos, but

morphogenic movements are impaired. Thus, null embryos are abnormal in neural tube formation. Although wild-

type embryos complete the turning process by day 9.5 and display right-left body plan asymmetry, the null embryos

often fail to complete the process, implying an impaired determination of the left-right body plan. All these



Table 1 Knockout of enzymes involved in biosynthesis of glycans in glycoproteins

Names of enzymesa Functions and diseases related to phenotypesb

Glycosyltransferases

b-N-Acetylglucosaminyltransferases (GlcNAcT)
GlcNAcT I (GnTI, Mgat-1) Embryogenesis (4.08.2.1.1)

GlcNAcT II (GnTII, Mgat-2) Development (4.08.2.1.3)

GlcNAcT III (GnTIII) None (Ref. 133)

GlcNAcT IVa (GnTIVa, Mgat-4a) Diabetes (4.08.4.2.2)

GlcNAcT V (GnTV, Mgat-5) Tumorigenesis, immune response (4.08.4.2.1)

Core 2 GlcNAcT I(C2GnT-I) Leukocyte trafficking (4.08.3.1.3; 4.08.3.2.2)

I GlcNAcT (IGlcNAcT; IGnT) Multiple (4.08.2.3; 4.08.4.4)

3GlcNAcT (Fringe) Embryogenesis (4.08.2.4.3)

Polypeptide O-b-GlcNAcT (PoGlcNAcT, Ogt) Embryogenesis (4.08.2.5)

a-N-Acetylgalactosaminyltransferase (GalNAcT) None (Refs. 134, 135)

a-L-Fucosyltransferases (FucT)
FucT I (Fut1) None (4.08.2.3)

FucT II (Fut2) None (4.08.2.3)

FucT IV (Fut4) Leukocyte trafficking (4.08.3.1.2; 4.08.3.2.1)

FucT VII(Fut7) Leukocyte trafficking (4.08.3.1.2; 4.08.3.2.1)

FucT VIII (Fut8) Receptor function (4.08.4.3)

FucT IX (Fut9) None (4.08.2.3)

Protein O-FucT 1 (PoFucT 1; pofut1) Embryogenesis (4.08.2.4.2)

b-Galactosyltransferases (bGalT)
b4GalT I Growth, fertilization (4.08.2.2.1)

b3GalT (Brainiac) Embryogenesis (4.08.2.4.4)

a-Galactosyltransferase (aGalT)
a3GalT Xenotransplantation, cataract (4.08.2.2.2; 4.08.4.5)

b-Glucuronyltransferase (GlcAT)
GlcAT-P Behavior (4.08.2.6.2)

Sialyltranferases (ST)
ST3Gal I Tcell survival (4.08.4.1.2)

ST3Gal IV Glycoprotein turnover (4.08.4.6); leukocyte trafficking (4.08.3.2.1)

ST6Gal Immune response (4.08.4.1.1)

ST8Sia II Behavior, embryogenesis (4.08.2.6.1)

ST8Sia IV Behavior, embryogenesis (4.08.2.6.1)

Sulfotransferases

N-Acetylglucosamine-6-sulfotransferases (GlcNAc6ST)
GlcNAc6ST-1 Lymphocyte homing (4.08.3.1.5)

GlcNAc6ST-2 (HEC-GlcNAcST, LSST) Lymphocyte homing (4.08.3.1.4; 4.08.3.1.5)

Glycosidases

a-Mannosidases (M)
MII Anemia, autoimmune disease (4.08.2.1.4)

MIIx (MX) Spermatogenesis (4.08.2.1.5)

Other enzymes

GlcNAc-1-phosphotransferase (GlcNAcPT) Embryogenesis (4.08.2.1.2)

GDP-4-keto-6-deoxymannose 3,5-epimerase-4-

reductase (FX)

Development, leukocyte recruitment (4.08.3.2.1)

aSome of the abbreviations used in this chapter and the literature are written in parentheses.
bThe number of sections explaining the phenotype is given within parentheses.
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observations have established the importance of complex-type or hybrid-type oligosaccharides in developmental

processes. The remaining question is whether complex-type and/or hybrid-type glycans are not necessary till

reaching the midgestation period. Staining with E-PHA, a lectin reacting with a class of complex type glycans, is

moderately reduced in day 6.5 null embryos and is greatly decreased on day 7.5 compared to wild-type embryos,
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Figure 6 The major pathway for the synthesis of mucin type O-glycans.
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indicating that maternally derived complex-type glycans are present in considerable amounts during the early

developmental stages.11

Conditional knockout of GlcNAcT I has answered the above question.12 Utilizing ZP3Cre transgene and

Cre recombinase, oocyte-specific deletion of GlcNAcT I has been achieved. When the mutant female mice

with the oocyte-specific deletion are mated with GlcNAcT I þ/�male mice, half of the embryos should be GlcNAcT

I �/�, because the eggs are GlcNAcT�and the sperm are eitherþ or�. Examining day 8.5–9.5 embryos derived from
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Figure 7 Impaired development as the result of knockout of glycosyltransferases involved in glycoprotein biosynthesis.

Names of the enzymes are shown under the day, when development is seriously impaired. Day 0 is the day of fertilization.

Modified from Muramatsu, T. J. Biochem. (Tokyo) 2000, 127, 171–176.
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Figure 8 Three types of glycan recognition at the cell surface. Glycans are shown as black objects.
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such a cross, 14 were GlcNAcT I þ/– and 10 were GlcNAcT I –/–. The slight decrease in the number of null embryos

is due to partial failure in preimplantation embryogenesis; on day 3.5 about half of null embryos are normal blastocysts,

while the rest are either delayed in development or abnormal in morphology. This result indicates that complex-type

or hybrid-type glycans are not essential for preimplantation embryogenesis, although they appear to facilitate the

process.

When the female mice with the oocyte-specific deletion in GlcNAcT I were mated with wild-type male mice, 3.8

pups per litter were obtained, while crosses of wild-type mice with each other yielded 7.1 pups per litter. The results

suggest that oocytes devoid of GlcNAcT I are somewhat impaired. Further analysis has shown that follicular

development is normal in null oocytes, but the number of eggs obtained after hormonal stimulation is about 40% of

that obtained from control females. Therefore, complex- or hybrid-type glycans are required for efficient oogenesis

probably at the last stage.

Conditional knockout of GlcNAcT I in neuronal tissue is achieved by the use of synapsin-1 promoter, which is

specifically expressed in neurons beginning around embryonic day 13.13 The mutant mice are born apparently
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normally. However, most of them die within 8 weeks, and none survive more than 18 weeks. The mutant mice show

severe locomotor deficits, tremors and paralysis. Neuronal death due to apoptosis and subsequent astrogliosis are

prominent in the brain of mutant mice. Therefore, complex- or hybrid-type glycans are required for the survival of

neurons after birth.
4.08.2.1.2 GlcNAc-1-phosphotransferase required for early postimplantation embryogenesis
The initial reactions in the synthesis of N-linked oligosaccharides proceed with the dolichol (Dol)-bound form.

GlcNAc-1-phosphotransferase (GlcNAcPT) catalyzes the transfer of GlcNAc-1-P from UDP-GlcNAc to dolichol-

phosphate (Dol-P) to form GlcNAc-P-P-Dol, which is the first lipid-linked sugar in the pathway. Embryos deficient in

GlcNAcPT complete preimplantation embryogenesis, but shortly after implantation cell degeneration is apparent

among both embryonic and extraembryonic cell types (Figure 7).14 This result verifies the importance of N-linked

oligosaccharides in early post-implantation embryogenesis. Null preimplantation embryos are stained by lectins,

Con A and E-PHA. Therefore, N-linked oligosaccharides probably of maternal origin persist in the null embryos at

the preimplantation stage, and whether N-linked oligosaccharides are required or not at this stage remains to be

determined.
4.08.2.1.3 b-1,2-N-Acetylglucosaminyltransferase II required for the neonatal period
b-1,2-N-Acetylglucosaminyltransferase II (GlcNAcT II) catalyzes the step essential for the formation of complex-type

glycans, namely N-acetylglucosamine addition to the Man3 core (Figure 1 and 5). After the action of GlcNAcT II,

glycans cannot become hybrid type. The structural analysis of glycans from organs of GlcNAcT II null mice has

confirmed the absence of complex-type glycans and persistence of hybrid-type glycans.15 It should be noted that a

novel hybrid-type glycan with Lewis X epitopes is a major N-glycan in the kidney of the null mice and might

compensate for the loss of complex-type glycans (Figure 9). On embryonic day 15, GlcNAcT II-deficient embryos are

smaller in size than the wild-type ones. Some null embryos die by embryonic day 15, but 75% survive. After birth, null

pups die due to either an inability of sucking milk or maltreatment by the mother, with only 1% surviving to the

second week of postnatal life. In the C57BL/6 background, no null pups live more than 4 weeks after birth. After the

introduction of outbred ICR background, rare survivors reaching 1 week occasionally live beyond 4 weeks. Null pups

exhibit severe gastrointestinal, hematologic, and osteogenic abnormalities. The result establishes essential roles for

complex-type glycans in early postnatal life. Considering that hybrid-type glycans with two antennas newly appear in

the deficient mice, the complex-type glycans required for early postnatal life might have three or four antennas.

Although neuron-specific deletion of GlcNAcT I results in neuronal death (Section 4.08.2.1.1), neuron-specific

deletion of GlcNAcT II yields no apparent phenotype.13 GlcNAcT I-deficiency blocks the synthesis of both complex-

and hybrid-type glycans, while GlcNAcT II-deficiency blocks only the formation of complex-type glycans. However,

it is not possible to conclude that hybrid-type glycans are required for neuronal survival and complex-type glycans are

not, since new hybrid-type glycans may also appear in the mutant brain. Rather, the result might indicate that glycans

with three or four antennas are not required for survival of neurons.
4.08.2.1.4 Specific effects of a-mannosidase II-deficiency
a-Mannosidase II (MII) is a key enzyme in the production of complex-type glycans (Figure 5). The knockout of MII

abolishes complex-type glycans in erythrocytes, while in many organs, complex-type glycans continue to be expressed
Galb4GlcNAcb2Mana3

Mana6
Manb4GlcNAcb4GlcNAc-Asn

Fuca6
Fuca3

Galb4GlcNAcb4

Fuca3

Figure 9 Structure of a major N-glycan in the kidney of GlcNAcT II knockout mice. There is a possibility that the galactosyl
residue is sialylated. Based on Wang, Y.; Tan, J.; Sutton-Smith, M.; Ditto, D.; Panico, M.; Campbell, R. M.; Varki, N. M.;

Long, J. M.; Jaeken, J.; Levinson, S. R.; Wynshaw-Boris, A.; Morris, H. R.; Le, D.; Dell, A.; Schachter, H.; Marth, J. D.

Glycobiology 2001, 11, 1051–1070.
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Figure 10 Structure of an N-glycan proposed to be involved in germ cell adhesion in the testis. Based on data in Akama,
T. O.; Nakagawa, H.; Sugihara, K.; Narisawa, S.; Ohyama, C.; Nishimura, S.; O’Brien, D. A.; Moremen, K. W.; Millan, J. L.;
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to various degrees.16 This observation has led to the identification of alternate processing enzymes, a-mannosidase IIx

and III.17 Correlated with the loss of N-glycans in erythrocytes, null mice exhibit dyserythropoiesis; erythrocytes in

null mice number about 50% of those in wild-type mice, and are more susceptible to osmotic shock.16

Complex-type glycans are also much decreased in the kidneys of MII-deficient mice.18 More than 80% of null mice

develop glomerulonephritis, while no wild-type mice do. The renal disease is an autoimmune-type, since immuno-

globulin production is increased prior to disease onset, and by 6 months, more than 80% of mice exhibit heavy

immunoglobulin deposition in kidney gromeruli. These studies have revealed tissue-specific functions of complex-

type glycans and the diseases caused by a lack of them.
4.08.2.1.5 a-Mannosidase IIx in spermatogenesis
a-Mannosidase IIx (MX) constitutes an alternative processing pathway leading to complex-type and hybrid-type

glycans; through the action of this enzyme, the deficiency of MII can be bypassed. Deletion of MX generally results in

infertility in male mice, although some males are able to make females to deliver a few pups after long-term mating.19

The size of the testis is reduced in the null mice, and the premature release of germ cells from Sertoli cells is suggested

to be the cause of infertility in null male mice. Germ cells from wild-type mice adhere to Sertoli cells either from wild-

type mice or null mice. However, germ cells from null mice do not bind to Sertoli cells even from wild-type mice.

Therefore, the cause of infertility is in germ cells. A branched GlcNA-terminated glycan (Figure 10), the amount of

which is decreased in null mice, is considered to mediate the germ cell adhesion, since this oligosaccharide specifically

inhibits germ cell adhesion to Sertoli cells.
4.08.2.2 b-1,4-Galactosyltransferase and a-1,3-Galactosyltransferase

4.08.2.2.1 b-1,4-Galactosyltransferase in growth and fertilization
b-1,4-Galactosyltransferase I (b4GalT I) is broadly expressed and is involved in the synthesis of b1-4-galactosyl
linkages in various glycoconjugates as well as in lactose (Figure 4). Mice deficient in b4GalT I are born apparently

normally with expected ratio upon the crossing of heterozygotes. However, the null mice grow poorly and continue to

die when they are young.20,21 In one report, only 10% of null mice survived 2 weeks after birth,21 while in another

report, about 20% survived 4 months after birth.20 The null mice have thin skin and sparse hair.21 In addition,

spermatogenesis is delayed, the lungs are poorly developed, and adrenal cortices are poorly stratified in the deficient

mice.21 Insufficient pituitary function due to a failure of galactosylation has been proposed as the basis of some

phenotypes.21 The null mice also exhibit delayed wound healing.22 Reduced recruitment of leukocytes, probably due

to failure in synthesis of selectin ligands (see Section 4.08.3), is expected to partly contribute to the phenotype, since

recruited leukocytes enhance production of growth factors and cytokines, which promote repair of damaged skin.

The enzymatic activity of galactosyltransferase in homogenates of the liver is less than 5% of that in wild-type mice.20

This observation confirms that b4GalT I is the principal b-1,4-galactosyltransferase in the organ. Furthermore, the

presence of a low but significant level of remaining enzymatic activity has stimulated the search for other b-1,4-
galactosyltransferases.23

The mouse egg is surrounded by a thick extracellular matrix, called the zona pellucida, which contains three glycoprp-

teins: ZP1, ZP2, ZP3. ZP3 is considered to be the most important of the three for binding with sperm. b4GalT I on

the surface of sperm has been proposed as one of the receptors for ZP3.24 Interestingly, there is an isoform of

b4GalT I, which is generated by alternative splicing and has a long cytoplasmic tail.25 This long form is located on

the surface of sperm, and is expected to recognize its substrates, N-acetylglucosamine-terminal glycans on ZP3, and to

contribute to egg-sperm binding. However, male b4GalT I null mice are fertile.21 When sperms have contact with

eggs, they undergo a structural change, called acrosome reaction, to prepare for fertilization. Null sperms have reduced

acrosome reaction and less activity to penetrate eggs.26 Therefore, cell-surface b4GalT I is involved in egg-sperm

recognition, but is not essential for fertilization. After entering the female genital system, sperms exhibit an increase in
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physiological activity, a phenomenon known as capacitation. However, before capacitation, b4GalT I null sperms are

more active than wild-type sperms.27 Therefore, it has been proposed that the physiological activity of sperm is

suppressed by the binding of sperm b4GalT I to glycoconjugates in the epididymis. Capacitation appears to be a

process releasing the glycoconjugates from cell-surface b4GalT I.
4.08.2.2.2 a-1,3-Galactosyltransferase and fertilization
An a-galactosyl epitope (Gala1-3Gal) expressed in the zona pelucida was proposed to be involved in recognition

between egg and sperm.28 However, female mice deficient in a-1,3-galactosyltransferase (a3GalT) (Figure 4)

reproduced well as wild-type mice, even though oocytes from the deficient mice lacked the a-galactosyl epitope
detectable by lectin staining.29 This result is convincing evidence that the a-galactosyl epitope is not involved in

fertilization.
4.08.2.3 Stage-Specific Glycan Epitopes during Embryogenesis

During mouse embryogenesis, cell-surface carbohydrates change dramatically in a strictly controlled manner both

temporally and spatially.30 However, studies using knockout mice have revealed that some of these changes are not

essential for developmental processes.

Fucosyltransferase IX (FucT IX) is an enzyme involved in the synthesis of Lewis X antigen (Figure 2). In mice

deficient in FucT IX, Lewis X antigen detectable by anti-SSEA-1 antibody disappears nearly completely from

preimplantation embryos, while null embryos develop normally.31 This observation contrasts the idea that the

Lewis X epitope is involved in compaction, a process required for preimplantation embryogenesis.32 SSEA-1 also

disappears frommigrating primordial germ cells of null embryos.31 Considering that the null mice are fertile, the result

indicates that Lewis X is not involved in the migration of primordial germ cells.

There are two fucosyltransferases that form Fuca1-2Gal linkage: fucosyltransfease I (FucT I) and fucosyltransferase II

(FucT II) (Figure 2). Both FucT I and FucT II null mice develop normally and are fertile.33 Although disappearance

of Fuca1-2Gal epitope from mutant embryos is not confirmed, the epitope disappears from the epithelia of the

epididymis of FucT I null mice and from the epithelia of the uterus of FucT II null mice. Therefore, the Fuca1,2Gal

epitope in these epithelia is not involved in sperm maturation or in implantation.

Pluripotent cells of early postimplantation embryos express large amounts of branched high-molecular-weight poly-

N-acetyllactosamines, called embryoglycan.34,35 I antigen, the epitope of which is a branched poly-N-acetyllactosa-

mine, is also strongly expressed in these cells.36 I b-1,6-N-acetylglucosaminyltransferase (IGlcNAcT) is the principal

enzyme responsible for the formation of branched poly-N-acetyllactosamines (Figure 1). However, mice deficient in

IGlcNAcTare born in numbers expected from Mendelian segregation and are fertile upon crosses of null mutants.37

A remaining question is whether another enzyme participates in formation of branched poly-N-acetyllactosamines and

compensates for the loss of IGlcNAcT in embryos. An obvious candidate for such an enzyme is core 2 b-1,6-
N-acetylglucosaminyltransferase II (core 2 GlcNAcT II),38 which can form branched poly-N-acetyllactosamine in vitro.

Both IGlcNAcTand core 2 GlcNAcT II are strongly expressed in embryonic stem cells.39 Recently, embryonic stem

(ES) cells have been established from IGlcNAcT null mice (Muramatsu, H., Sato, M., Muramatsu, T., unpublished

results). These ES cells exhibit a much reduced expression of embryoglycan. Therefore, IGlcNAcT is the principal

enzyme involved in the synthesis of embryoglycan in pluripotent early embryonic cells, and a reduction in the amount

of embryoglycan does not impair embryogenesis.

Loss of the stage-specific glycan epitopes described here might not cause abnormality because of overlapping

functions of other cell-surface molecules. However, in later life, these glycans might play role not compensated by

other molecules, and knockout mice turn to exhibit phenotypes upon adulthood. It is indeed the case for branched

poly-N -acetyllactosamines (see Section 4.08.4).
4.08.2.4 Glycosyltransferases and the Notch Signaling System

4.08.2.4.1 The Notch system
Notch is a transmembrane receptor of around 3000 kDa and is involved in the regulation of a number of developmen-

tal processes.40 Notch was originally found in Drosophila, where it downregulates neurogenesis, so that only a portion

of neuroectoderm cells become neural progenitor cells. Notch null embryos die due to an overgrowth of neural tissue.

On the other hand, heterozygotes develop, but the flies have a V-shaped notch in the wing, which is of ectodermal

origin. After stimulation by the ligand, the cytoplasmic portion of Notch is cleaved, is translocated to the nucleus, and



Figure 11 Model of Notch. The extracellular domain of Notch has about 36 EGF-like repeats, some of which have glycans

linked to the protein by fucose.
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becomes a component of a transcriptional activator. Although there is only a single molecular species of Notch in

Drosophila, four Notch homologs are present in mammals. There are about 36 EGF repeats in the extracellular domain

of Notch. Fucose is O-glycosidically linked to the EGF domain (Figure 11). The sugar chain is often extended by an

N-acetylglucosaminyltransferase. In mammals, further extension by Gal and sialic acid occurs. The Notch ligands are

Delta and Serrate/Jagged and are located on the surface of adjacent cells. Fringe is a factor that changes the response to

the two ligands. In the wing anlagen, Fringe and Serrate are expressed in the dorsal side, while Delta is expressed on

the ventral side. Fringe inhibits Notch binding to Serrate and promotes its binding to Delta. Therefore, the action of

Fringe sets sharp boundaries within which Notch works. The finding that Fringe is an N-acetylglucosaminyltransfer-

ase involved in the extension of the O-linked sugar chain41 has initiated a number of studies concerning Notch-linked

fucosyl oligosaccharides both in Drosophila and mammals.
4.08.2.4.2 Protein O-fucosyltransferase 1
Protein O-fucosyltransferase-1 (PoFucT 1) catalyzes the transfer of Fuc to the EGF repeat in Notch (Figure 2). On

embryonic day 8.5, mouse embryos lacking PoFucT 1 are largely normal, but some somites are fused or condensed,

and the neural tube is kinked.42 On day 9.5, null embryos are small, and vascularization of the yolk sac is virtually

absent. The precardial sac is ballooned around the heart of null embryos in that period. Null embryos are extremely

small on day 10 and are completely absorbed by day 11.5. The severe phenotype is similar to that found in embryos

deficient in the downstream signaling system of Notch. There is evidence that O-fucosylation enhances the ligand-

binding activity of Notch.43,44 In addition, PoFucT 1 serves as a chaperone of Notch.45 The phenotype in the

knockout embryos is probably due to the lack of both the enzymatic and chaperone function of PoFucT 1.

The above-mentioned phenotype of PoFucT 1-deficient mouse embryos indicates that Notch signaling is not

essential for early cell fate specifications in mammals. This observation contrasts to those in C. elegans and zebra fish.

To rule out the possible contribution of maternal PoFucT 1, oocyte-specific deletion of PoFucT 1 has been carried
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out.46 When female mice with an oocyte-specific deletion in Notch are mated with ordinary Notch þ/– male mice,

Notch null embryos derived from Notch-deficient oocytes are obtained. Such null embryos exhibit phenotypes

identical to those found in ordinary Notch null embryos described above.42 Therefore, maternal Notch is not involved

in the apparently normal phenotypse of Notch null embryos at early embryonic stages. It is likely that the use of Notch

signaling in early cell fate determination in lower animals represents a co-option of a regulatory pathway originally

used later in the development of all metazoan.46
4.08.2.4.3 b-1,3-N-Acetylglucosaminyltransferase
Fringe is a b-1,3-N-acetylglucosaminyltransferase, which adds N-acetylglucosamine to protein-bound fucose in Notch

(Figure 1).41 Mammals have three Fringe homologs: Lunatic fringe, Manic fringe, and Radical fringe. Embryos

deficient in Lunatic fringe exhibit abnormality in somite formation.47,48 Some of Lunatic fringe null mice survive to

adulthood. These female mice are infertile, since folliculogenesis is abnormal and oocytes do not complete meiotic

maturation.49 Therefore, modification of protein-bound fucose by N-acetylglucosamine regulates Notch signaling also

in mammals. However, molecular mechanism of the effect of N-acetylglucosamine addition has not been clarified. It

may change the steric structure of Notch or constitute a new binding site for factors such as Delta.
4.08.2.4.4 b-1,3-Galactosyltransferase
Brainiac is a Drosophila neurogenic gene, which acts in the same genetic pathway as Notch.50 In Drosophila, loss of

Brainiac leads to a deficit in follicular epithelial cells. The mammalian homolog of Brainiac is a b-1,3-galactosyltrans-
ferase (b3GalT) forming Galb1-3GlcNAc linkage (Figure 4).51,52 Knockout of the gene results in embryonic lethality.

Null embryos exhibit a normal morphology on day 3.5, but are undetectable on day 9.5–11.552 Therefore, this

glycosyltransferase is required either for implantation or for early postimplantation embryogenesis.
4.08.2.5 Polypeptide O-b-N-Acetylglucosaminyltransferase

An N-acetylglucosamine residue is attached to the threonine residue of many nuclear and cytoplasmic

proteins. Polypeptide O-b-N-acetylglucosaminyltransferase (PoGlcNAcT) catalyzes the addition of N-acetylglucosa-

mine (Figure 1).53 PoGlcNAcT is located on the X-chromosome and is essential for the survival of many cells

including ES cells. ES cells, which are used for gene targeting, have XY karyotype. Therefore, ES cells with an

inactivated PoGlcNAcT gene cannot be isolated; conditional mutagenesis using Cre recombinase is required to

achieve inactivation of the PoGlcNAcT gene.54 The mating of heterozygous females with appropriate Cre-transgenic

mice and genotyping of the male progenies have yielded desirable mice in which tissue-specific inactivation of the

PoGlcNAcT gene is possible.55 Thymus-specific inactivation of the PoGlcNAcT gene results in a decrease in

numbers of mature CD4- or CD8-positive thymocytes and their increased apoptosis. Mice with neuron-specific

inactivation of the gene are born at only 50% of the expected frequency, and never survive more than 10 days. In

the nervous tissue of the mutant mice, the expression and phosphorylation of tau are enhanced. PoGlcNAcT-negative

fibroblasts have been obtained after virus-mediated transfer of Cre recombinase. These cells cannot undergo four

or more further cell divisions, and are impaired in the serum-induced expression of nuclear transcription factors.

All these results indicate that addition of N-acetylglucosamine to proteins is essential for the long-term survival of

various cell types.
4.08.2.6 Neurogenesis and Neural Functions

4.08.2.6.1 a-2,8-Sialyltransferases
Glycans attached to cell adhesion molecules of the nervous systemmodulate their activities, and thereby neurogenesis

and neural functions, as best illustrated for polysialic acid, which is a homopolymer of a2-8-linked sialic acid, and

predominantly bound to N-glycans of NCAM.56 Polysialic acid is abundant in the embryonic period, and is still

expressed in the adult brain in areas such as the hippocampus.57 Because of its strong negative charge, polysialic acid

downregulates NCAM activity. Two enzymes are known to form polysialic acid chains: ST8Sia II and ST8Sia IV (they

are a-2,8-sialyltransferases) (Figure 3). The former is the predominant form in the embryo, while the latter persists

even in the adult brain.58,59

Mice deficient in ST8Sia IV are morphologically normal, but are impaired in long-term potentiation and long term-

depression in the Schaffer collateral-CA1 synapses of the hippocampus.60 However, long-term potentiation in the
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mossy fiber-CA3 synapses is not affected; this is consistent with the absence of detectable levels of polysialic acid in

mossy fiber synapses.57

Mice deficient in ST8Sia II are normal in synaptic plasticity, but exhibit greater exploratory drive and a reduced

behavior response to Pavlovian fear conditioning.61 In an open field, the total distance traveled by the deficient mice is

about 50% more than that covered by wild-type mice. As the basis of the altered behavior in the deficient mice,

misguidance of infrapyramidal mossy fibers and the formation of ectopic synapses are found in the hippocampus

of these deficient animals.

Polysialic acid is completely absent from mice doubly deficient in ST8Sia II and ST8Sia IV. These mice exhibit

much severer phenotypes.62 They grow poorly and develop hydrocephalus, and less than 20% of them survive beyond

4 weeks after birth. Furthermore, the anterior commissure is virtually absent in these animals. Such severe effects of

the absence of polysialic acid are unexpected, and NCAM knockout mice do not show such phenotypes. Triple

knockout mice lacking NCAM, ST8Sia II, and ST8Sia IV do not have such abnormalities, indicating that these

phenotypes are due to increased NCAM activity.

In addition, the size of olfactory bulbs in the ST8Sia double knockout mice is about 60% of that in wild-type mice.

This abnormality is also found in NCAM knockout mice, as well as in the triple knockout mice. Therefore, polysialic

acid functions in vivo in at least in two different ways: the major activity is to downregulate NCAM and the other

activity is dependent on NCAM.
4.08.2.6.2 Glucuronyltransferase
The HNK-1 carbohydrate epitope is expressed in the nervous system as well as in natural killer cells. Cell adhesion

molecules such as NCAM and L1 express it.63 It is synthesized by the concerted actions of a glucuronyltransferase and

a sulfotransferase (Figure 4). There are two glucuronyltransferases forming the GlcAb1-3Gal linkage. One of them,

glucuronyltransferase-P (GlcAT-P), is more broadly expressed in the brain and is expected to be the principal

glucuronyltransferase involved in the synthesis of HNK-1 epitope.64,65 Mice deficient in GlcAT-P show normal

brain morphology, but exhibit reduced long-term potentiation at the Schaffer collateral-CA1 synapses and impaired

spatial memory.66 Although the mechanism leading to this functional abnormality remains to be clarified, the aberrant

action of a cell adhesion molecule is a likely explanation.
4.08.3 Leukocyte Trafficking

4.08.3.1 Lymphocyte Homing and the L-Selectin Ligand

4.08.3.1.1 The L-selectin ligand
Lymphocytes circulate between the blood and lymphatic organs to survey the presence of foreign substances, namely

antigens. The entry of lymphocytes from the blood to lymphatic organs is called lymphocyte homing. L-selectin

mediates the first step in the homing process.67 L-selectin on the surface of lymphocytes recognizes its ligand on the

surface of high endothelial venules (HEVs) of lymph nodes (Figure 12), and this interaction leads to the rolling of

lymphocytes along endothelial cells. Then lymphocytes adhere firmly to endothelial cells by integrin-mediated

adhesion, and transmigrate across blood vessels. The L-selectin ligand has been revealed to be sulfated sialyl Lewis X

structure.68 The most conceivable structure was either 6-sulfo sialyl Lewis X or 60-sulfo sialyl Lewis X (Figure 13).

Monoclonal antibodies have been produced to both structures, and immunochemical studies using the antibodies

have indicated that the ligand is 6-sulfo sialyl Lewis X.69

The 6-sulfo GlcNAc structure in the L-selectin ligand is formed by N-acetylglucosamine-6-sulfotransferase

(GlcNAc6ST) (Figure 4). There are multiple isoforms in GlcNAc6ST. Among them, GlcNAc6ST-1 and

GlcNAc6ST-2 (also called HEC-GlcNAc6STor LSST) are located in HEV. GlcNAc6ST-1 is rather broadly distributed

in many tissues,70 while GlcNAc6ST-2 is more restricted to HEV.71,72 cDNA transfection of these enzymes together

with fucosyltransferase VII (FucT VII) has successfully reconstituted a functional ligand for L-selectin, giving strong

support to the idea that the ligand is 6-sulfo sialyl Lewis X.71–73 6-Sulfo sialyl Lewis X structure is believed to be

created by the concerted actions of a sulfotransferase and glycosyltransferases (Figure 14). Knockout mice have

played key roles in elucidating the nature and the role of the carbohydrate ligand for L-selectin.
4.08.3.1.2 Fucosyltransferases involved in the construction of the L-selectin ligand
Among enzymes involved in synthesis of the L-selectin ligand, the first one to be knocked out was FucT VII

(Figure 2).74 In FucT VII null mice, homing to peripheral lymph nodes, is reduced to 20% of that in wild-type
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Figure 13 Structures of 6-sulfo sialyl Lewis X and 60-sulfo sialyl Lewis X.
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Figure 12 Interaction of leukocytes with endothelial cells of blood vessels via the recognition of glycan ligands (black

objects) by selectins. L-selectin is expressed on lymphocytes, while E- and P-selectins are expressed on endothelial cells.

Figure 14 Biosynthetic pathway leading to the synthesis of 6-sulfo sialyl Lewis X.
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mice (Figure 15). Homing to mesenteric lymph nodes and to Peyer’s patches is reduced to a lesser degree. The

remaining ligand in peripheral lymph nodes and mesenteric lymph nodes is formed by fucosyltransferase IV (FucT

IV) (Figure 2). In mice doubly deficient in both FucT VII and FucT IV, homing to peripheral lymph nodes is reduced

to around 1% of the wild-type level (Figure 15); homing to mesenteric lymph nodes is reduced to 5% of the wild-type

level.75 Some homing, about 30% of the wild-type level, to Peyer’s patches still occurs in the double knockout mice,
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Figure 15 Lymphocyte homing activities to peripheral lymph nodes in various knockout mice. Homing observed in wild-

type mice is shown as 100. Based on Maly, P.; Thall, A.; Petryniak, B.; Rogers, C. E.; Smith, P. L.; Marks, R. M.; Kelly, R. J.;

Gersten, K. M.; Cheng, G.; Saunders, T. L.; Camper, S. A.; Camphausen, R. T.; Sullivan, F. X.; Isogai, Y.; Hindsgaul, O.; von

Andrion, U. H.; Lowe, J. B. Cell 1996, 86, 643–653; Homeister, J. W.; Thall, A. D.; Petryniak, B.; Maly, P.; Rogers, C. E.;
Smith, P. L.; Kelly, R. J.; Gersten, K. M.; Askari, S. W.; Cheng, G.; Smithson, G.; Marks, R. M.; Misra, A. K.; Hindsgaul, O.;

von Andrian, U. H.; Lowe, J. B. Immunity 2001, 15, 115–126; Uchimura, K.; Kadomatsu, K.; El-Fasakhany, F. M.; Singer,

M. S.; Izawa, M.; Kannagi, R.; Takeda, N.; Rosen, S. D.; Muramatsu, T. J. Biol. Chem. 2004, 279, 35001–35008; Kawashima,

H.; Petryniak, B.; Hiraoka, N.; Mitoma, J.; Huckaby, V.; Nakayama, J.; Uchimura, K.; Kadomatsu, K.; Muramatsu, T.; Lowe,
J. B.; Fukuda, M. Nat. Immunol. 2005, 6, 1096–1104; Uchimura, K.; Gauguet, J. M.; Singer, M. S.; Tsay, D.; Kannagi, R.;

Muramatsu, T.; von Andrian, U. H.; Rosen, S. D. Nat. Immunol. 2005, 6, 1105–1113.

134 Knockout Mice and Glycoproteins
suggesting that integrin-dependent homing compensates for the loss of the L-selectin ligand. Reflecting the almost

complete loss of homing activity in peripheral lymph nodes of the double knockout mice, the number of lymphocytes

in the lymph nodes is reduced to 12% of that in wild-type mice, and the size of peripheral lymph nodes is much smaller

in the double knockout mice. The lymphocyte number is decreased only to 41% of that in wild-type mice in mesentric

lymph nodes of the double knockout mice, and no decrease is observed in Peyer’s patches. Lymphocyte rolling in

peripheral lymph nodes decreases in parallel with homing activity: rolling is reduced but persists in FucT VII

knockout mice and abolished in the double knockout mice.76
4.08.3.1.3 Role of the mucin core structure
The L-electin ligand is located on mucin-type glycoproteins such as GLYCAM-1 and CD34.67 Core 2 b-1,6-N-
acetylglucosaminyltransferase I (core 2 GlcNAcT I) is important for the branching of mucin-type O-glycans (Figures 2

and 6). However, knockout of the enzyme results in only a slight, statistically insignificant reduction of homing to

peripheral lymph nodes, mesenteric lymph nodes, and Peyer’s patches.77 In another report, the effect of a deficiency

in core 2 GlcNAcT I was more significant.78 The total number of lymphocytes in peripheral lymph nodes was slightly

smaller in the knockout mice than in wild-type mice.78,79 Intravital microscopy has revealed abnormalities in rolling

fractions, rolling velocities, and sticking of both B and Tcells in the deficient mice.79 L-selectin-dependent rolling of

lymphocytes is almost completely blocked, however, in cremaster muscle venules of core 2 GlcNAcT I knockout

mice.80

Using core 2 GlcNAcT I-deficient mice, the epitope of MECA-79, a monoclonal antibody which inhibits lympho-

cyte homing, has been determined to be on extended core 1 structure81 (Figure 16). Sialic acid and Fuc are

dispensable for the epitope, but 6-sulfation is essential.73,81
4.08.3.1.4 N-Acetylglucosamine-6-sulfotransferase-2
Among the two HEV-located sulfotransferases, GlcNAc6ST-2 was initially knocked out. GlcNAc6ST-2 knockout mice

exhibit a reduction in homing activity.82 The level of homing to peripheral lymph nodes in the deficient mice is about

50–60% of that in wild-type mice (Figure 15). Homing to mesenteric lymph nodes is reduced to 75% of the wild-type



Figure 16 Two 6-sulfo sialyl Lewis X epitopes on extended core 2 structures. MECA-79 epitope is shown by a box. Based

on data in Yeh, J. C.; Hiraoka, N.; Petryniak, B.; Nakayama, J.; Ellies, L. G.; Rabuka, D.; Hindsgaul, O.; Marth, J. D.; Lowe, J. B.;

Fukuda, M. Cell 2001, 105, 957–969.
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level, and homing to Peyer’s patches is not affected. The number of lymphocytes in peripheral lymph nodes is reduced

to less than half of that in wild-type mice. Reactivity to MECA-79, a monoclonal antibody that inhibits homing, is lost

from peripheral lymph nodes of the knockout mice.

Intravital microscopy of peripheral lymph nodes has provided more information regarding the effect of GlcNAc6ST-2

deficiency.83 In peripheral lymph nodes, blood enters from capillaries to HEVs and thenmoves to collecting venules in

the medulla. Venules are subdivided into orders I–Vaccording to location: I and II are collecting venules and III–Vare

HEVs. Rolling and sticking of lymphocytes occur predominantly in order IV and V, which correspond to the narrow

and branched portion of HEV. The rolling velocity of lymphocytes in order IV in the deficient mice is about fourfold of

that in wild-type mice, and the fraction of sticking lymphocytes in the same order is about one-fourth of the wild-type

level. The fraction of rolling lymphocytes does not differ between the deficient and wild-type mice; this observation

contrasts to the finding in fucosyltransferase-deficient mice. The fraction of rolling lymphocytes is decreased in FucT

VII knockout mice and is abolished in FucT VII, FucT IV double knockout mice.76 Rolling in wild-type mice is

inhibited by MECA-79 antibody, but rolling in the GlcNAc6ST-2-deficient mice is not.82 The result is consistent with

the view that the L-selectin ligand remaining in GlcNAc6ST-2-deficient mice is MECA-79 independent.

The effects of GlcNAc6ST-2-deficiency differ between T and B cells.79 The rolling velocity is more significantly

affected in T than B cells. However, the number of sticking lymphocytes is more strongly affected in B cells. A slight

reduction of the rolling fraction is observed for B cells in order V. Homing itself is more significantly decreased in

B cells than in Tcells. Different response to chemokines might explain the different behavior of T and B cells.

Mice deficient in both GlcNAc6ST-2 and core 2 GlcNAcT I are more severely impaired in lymphocyte homing

compared to single knockout mice.78 The result has suggested that non-MECA-79 epitope, which is important in

lymphocyte homing in GlcNAc6ST-2 null mice, is present on the core 2 structure (Figure 16).
4.08.3.1.5 N-Acetylglucosamine-6-sulfotransferase-1 and double knockout mice
The availability of GlcNAc6ST-1 knockout mice has permitted examination of the role of this enzyme and

also GlcNAc-6-sulfation in general in lymphocyte homing. In GlcNAc6ST-1-deficient mice, homing to peripheral

lymph nodes and mesenteric lymph nodes decreases to 80% and 75% of the level in wild-type mice, respectively84

(Figure 15). In double knockout mice lacking both GlcNAc6ST-1 and-2, homing to peripheral lymph nodes is

reduced to 25% of that in wild-type mice85,86 (Figure 15). Therefore, GlcNAc6ST-1 and-2 cooperate in the generation

of L-selectin ligand in peripheral lymph nodes.

In double knockout mice lacking both GlcNAc6ST-1 and-2, homing to mesenteric lymph nodes is reduced to 60–

50% level of wild-type mice.85,86 Homing to Peyer’s patches is not significantly affected in double knockout mice.85,86

In Peyer’s patches, GLcNAc6ST-1 is expressed but GlcNAc6ST-2 is not.84 GlcNAc6ST-1 knockout mice exhibited a

reduction in homing to Peyer’s patches in one report,84 but not in another report.85

Immunohistochemical analysis has verified that all 6-sulfo sialyl Lewis X epitopes are removed from peripheral

lymph nodes,mesenteric lymph nodes, and Peyer’s patches in double knockoutmice.86 Structural analysis ofGLYCAM-

1-bound glycans from lymph nodes of the double knockout mice has also confirmed the almost complete removal of

the sialyl 6-sulfo Lewis X epitope (Table 2).85 Structural studies performed simultaneously also revealed that the

6-sulfo epitope expressed in GlcNAc6ST-2 knockout mice is on the core 2 structure,85 as previously proposed.78



Table 2 O-Linked glycans on GLYCAM-1 from lymph nodes of wild-type and GlcNAcSTs double knockout mice

Oligosaccharides with Wild-type (%) DKO (%)

Unsulfated sialyl Lewis X 2.3 16.8

6-Sulfo sialyl Lewis X 24.9 0.6

6-Sulfated Gal 0.7 5.8

+− NeuAca3Galb4GlcNAcb6

+− NeuAca3Galb3GalNAc

Fuca3

SO−
3

6
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The role of 6-sulfated structures in lymphocyte homing has been studied in detail using the double knockout mice.

The rolling and sticking of lymphocytes, especially of Tcells, are severely affected in the double knockout mice.86 As

an example, the rolling velocity of Tcells in order IV decreased to 16% of the value in wild-type mice, and the fraction

of T cells sticking to order IV decreased to less than 10% of the value in wild-type mice. However, the fraction of

rolling cells did not decrease in double knockout mice compared to wild-type mice.

The number of lymphocytes in peripheral lymph nodes is reduced to 40%85 or 80%86 of the level in wild-type mice.

The decrease is more prominent in B cells. It is worth pointing out that in GlcNAc6ST-2 single knockout mice, the

number of lymphocytes in peripheral lymph nodes is less than 40% of that in wild-type mice.82 That the decrease in

lymphocyte number is not severer in the double knockout mice than in GlcNAc6ST-2-deficient mice suggests another

role for the 6-sulfo sialyl Lewis X epitope synthesized by GlcNAc6ST-1. In GlcNAc6ST-1 knockout mice, the 6-sulfo

sialyl Lewis X epitope in the abluminal side of HEV is also abolished.84 This structure might play a role in prolonging

the fate of lymphocytes in lymph nodes.

Contact sensitivity to 2,4-dinitrofluorobenzene is reduced in the double knockout mice.85 Although Tcell homing is

less affected in the double knockout mice, it is a possible that homing of a subpopulation of T lymphocytes is severely

affected in these animals.

The nature of the L-selectin ligand remaining in the double knockout mice has also been clarified to a certain

extent. Chemical analysis has shown that in GLYCAM-1 from lymph nodes of the double knockout mice, the amount

of unsulfated (sialyl) Lewis X structure significantly increases (Table 2).85 The amount of a structure with (sialyl)

Lewis X and 60-sulfo (sialyl) N-acetyllactosamine in different arms of the core 2 structure is also increased (Table 2).

These structures, especially sialyl Lewis X, might play major roles in the residual ligand, since E-selectin-IgG

chimeras, which recognize sialyl Lewis X, dose-dependently inhibit the residual homing.86 A fucose-specific lectin,

Aleuria aurantia agglutinin, and a sialic acid-specific lectin, Maackia amurensis agglutinin, also inhibit the residual

homing.85 Although proteoglycans such as versican interact with L-selectin,87 this interaction appears to play a very

limited role in the recognition by L-selectin. That the region-specific knockout of heparan sulfate inhibits L-selectin

actions88 can be explained by the impaired binding of chemokines. The abolishment of the activity of the L-selectin

ligand by knockout of fucosyltransferases74,75 apparently supports this conclusion.

As discussed previously, the fraction of rolling lymphocytes is generally not affected in GlcNAc6ST double

knockout mice, while rolling lymphocytes are abolished in fucosyltransferase double knockout mice. Therefore, the

initiation of rolling, namely tethering, might require sialyl Lewis X, but not sulfation, while the reduction in rolling

velocity requires sulfation. Both tethering and rolling are dependent on the L-selectin ligand. These considerations

lead to the tentative conclusion that the so-called ‘remaining L-selectin ligand’ is sialyl Lewis X itself, which is

important in tethering and maintaining a minimum level of rolling. In any event, it is clear that the sialyl Lewis

X structure is essential for lymphocyte homing, and that 6-sulfation of the ligand enhances homing by reducing the

rolling velocity and enhancing the sticking of lymphocytes.
4.08.3.2 Recruitment of Leukocytes and E- and P-Selectins

4.08.3.2.1 Fucosyltransferases involved in generation of E- and P-selectin ligands
Leukocytes such as neutrophils must be recruited to injured tissue to counteract infection and promote repair,

although the recruitment also triggers inflammation. Leukocyte recruitment is accomplished in multiple steps as in
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the case of lymphocyte homing. First, leukocytes are captured, decelerate, and start rolling under shear flow on the

surface of vascular endothelial cells. This initial step is mediated by the recognition of leukocytes by E- and

P-selectins (Figure 12).89 The selectins are induced on the surface of endothelial cells near the site of inflammation.

P-selectin is also located in platelets. The leukocyte ligands for these selectins is sialyl Lewis X carried by mucin-type

glycoproteins such as PSGL-1, ESL-1, and CD24. Tyrosine sulfation in the protein moiety is required for sialyl Lewis

X to serve as a high-affinity ligand for P-selectin. After rolling, leukocytes adhere firmly to the surface of endothelial

cells via an integrin-dependent process and then move out from the blood vessels to the site of inflammation. It should

be noted that the location of the ligands and selectins is in an inverse relationship between lymphocyte homing and

leukocyte recruitment, although the two mechanisms are similar (Figure 16).

Both FucT VII and FucT IV are involved in the synthesis of ligands for E- and P-selectins.74,75 Upon irritant

dermatitis caused by croton oil, neutrophil migration to the dermis of FucT VII knockout mice is about 50% of that in

wild-type mice. Migration to the dermis of FucT VII, FucT IV double knockout mice is less than 10% of that in wild-

type mice. In the double knockout mice, leukocyte rolling is completely blocked in venules of cremaster muscle.

Aberrant recruitment of leukocytes results in increased leukocyte numbers in the blood of the double knockout mice.

Notably, the number of neutrophils in blood increases more than 10-fold, compared to that in wild-type mice.

Sialyltransferases involved in the formation of the ligand for E- and P-selectins have also been studied using

knockout mice, and in neutrophils only ST3Gal IV has been found to play a role.90

Detailed studies have been performed concerning the contributions of FucT IVand FucT VII to leukocyte rolling.

Noninflamed skin venules support constitutive leukocyte rolling; apparently, P-selectin determines the frequency of

rolling and E-selectin is important in rolling at low velocities.91 Loss of FucT IV does not affect the fraction of rolling

cells, while loss of FucT VII results in a decrease in the fraction to less than 20% of that in wild-type mice.

A deficiency of both Fuc TVI and FucT VII results in nearly a complete absence of rolling. Rolling velocities are

12.4mms–1 in wild-type mice, 23.4mms–1 in FucT IV knockout mice, and 38.7 in FucT VII knockout mice. Therefore,

FucT VII plays a major role in synthesis of the ligand for E- and P-selectins in the tissue, and FucT IV plays a minor

but significant role.

Eosinophils are believed to be involved in inflammation-associated diseases such as bronchial asthma. P-selectin plays

a major role in the recruitment of eosinophils. Unstimulated eosinophils express FucT IV, but very little FucT VII.92

Stimulation with IL-12 or TGF-b enhances the expression of both fucosyltransferases. Eotaxin-induced recruitment

of eosinophils to the skin is reduced to 50–60% level in FucT IVor FucT VII knockout mice, and around 10% level in

double knockout mice. Therefore, these two enzymes are involved in eosinophil recruitment almost equally.

Contact hypersensitivity to 2,4-dinitrofluorobenzene is only slightly reduced in FucT IV knockout mice, reduced to

about 30% in FucT VII knockout mice and reduced to less than 10% in the double knockout mice compared to that in

wild-type mice.93 In the double deficient mice, numbers of both naive and memory T cells are greatly reduced in

peripheral lymph nodes. Loss of the ligand for L-selectin from HEVs should be involved in the phenomenon.

However, recruitment of FucT VII-deficient lymphocytes into inflamed skin of wild-type mice is also severely

impaired. This process is dependent on ligands for E- and P-selectin expressed on lymphocytes. In addition, migration

of immature dendritic cells, which are bone-marrow-derived leukocytes and are essential in the initiation and

modulation of immune response, into the inflamed skin is partly inhibited, when the cells are devoid of both

FucT IV and VII.94 Therefore, the dramatic decrease in contact hypersensitivity in the double knockout mice can

be explained by the loss of ligands for all three selectins from multiple cell types.

Roles of ligands for E- and P-selectin in various pathological processes have been revealed using the fucosyltrans-

ferase-deficient mice. Ischemic reperfusion injury of the kidney is a major cause of delayed graft function, and

neutrophil infiltration plays an important role in the process. Compared to wild-type mice, mice deficient in both

FucT IV and FucT VII are reduced in neutrophil infiltration, renal tubular damage and increase in serum creatinine

levels after ischemic reperfusion.95

The recruitment of lymphocytes to the brain via inflamed brain venules is a critical event in the pathogenesis of

multiple sclerosis and its animal model, experimental autoimmune encephalomyelitis. The rolling and arrest of

T helper 1 (Th1) cells in the inflamed brain venules is dependent on E- and P-selectin.96 Deletion of FucT VII

results in a decrease in rolling Th1 cells to about 20% and in the arrested cells to 5% of the numbers in wild-type cells.

Apolipoprotein E-deficient mice spontaneously develop atherosclerotic lesions. When these mice are crossed with

FucT VII-deficient mice, the size of the atherosclerotic lesions decreases slightly but significantly.97

Mice deficient in FucT IV and VII are also used in studies other than leukocyte trafficking. Anaplasma phagocyto-

philium causes granulocytic ehrlichiosis, a tick-borne disease, which can be fatal, if left untreated. Sialylated and

fucosylated glycans such as sialyl Lewis X are involved in infections of A. phagocytpohilium.98 Consistent with the

finding, the microorganisms scarcely bind to or infect neutrophils deficient in FucT IV and FucT VII.99
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A general disturbance of fucose metabolism also ameliorates the function of selectins. GDP-4-keto-6-deoxyman-

nose 3,5-epimerase-4-reductase (FX) is a key enzyme in the synthesis of GDP-fucose from GDP-mannose. Knockout

of FX results in virtually the complete absence of fucosylated glycans in the null cells. However, in some null embryos,

fucosylation remains to be detected, possibly due to fucose provided by the mother. After crosses of FX –/þ parents,

the number of FX mice, which reaches weaning period, is only about 7% of that expected from Mendelian segrega-

tion.100 FX null mice are small, suffer from extreme neutrophilia due to the absence of selectin ligands, and

sporadically die after weaning. However, a fucose-supplemented diet helps to overcome these difficulties.
4.08.3.2.2 Role of core 2 branching in ligands for E- and P-selectins
O-Glycans carrying ligands for E- and P-selectins are often branched. The effects of branching on the ligand activities

have been investigated using mice deficient in core 2 GlcNAcT I.77,101,102 The general conclusion is that the

P-selectin ligand is dependent on branching, but the E-selectin ligand is not or only partially so.101,102 As an example,

rolling of neutrophils and activated T cells from core 2 GlcNAcT I-deficient mice is severely inhibited on cells

transfected with P-selectin cDNA, but is normal on cells transfected with E-selectin cDNA.101
4.08.4 Immune Response and other Medical Subjects

4.08.4.1 Role of Sialyltransferases in the Regulation of Immune Response
and T cell Survival

4.08.4.1.1 Role of ST6Gal I in immune response
ST6Gal I sialyltransferase catalyzes the formation of Siaa6Galb4GlcNAc linkage, which is predominantly located in

N-glycans (Figure 3). Mice deficient in ST6Gal I have a normal hematologic profile. However, antibody production is

severely suppressed in these mice.103 As an example, immunization with a Tcell-independent antigen, DNP-Ficoll,

elicits 5- to 10-fold less IgM and IgG1 response in the knockout mice compared to wild-type mice. The proliferative

response to anti-IgM antibody, which reacts with the B cell receptor, is also decreased three- to fivefold in ST6Gal I

null lymphocytes. However, lymphocytes from mice deficient in both ST6Gal I and CD22 respond to anti-IgM

normally.104 CD22 is a transmembrane lectin belonging to the siglec family and recognizes Siaa6Galb4GlcNAc

linkage. It is located in B cells and regulates the activity of the B cell receptor. Therefore, it is concluded that the

inhibitory effect of CD22 on the B cell receptor is downreglated when CD22 recognizes the target sialyl sequence.

Colocalization of the receptor and CD22 in a clathrin-rich membrane microdomain increases about twofold in ST6Gal

null lymphocytes compared to that in wild-type lymphocytes. Further studies revealed that association of the B cell

receptor and CD22 is dissociated when CD22 forms a homooligomer by recognizing the sialyl linkage in neighboring

CD22 (Figure 17).105
4.08.4.1.2 Role of ST3Gal I in T cell survival
Tcell differentiation within the thymus accompanies a dramatic change of the cell-surface glycans.106 Inmature cells

(CD4 and CD 8 double positive) in the cortex strongly express peanut agglutinin (PNA)-binding sites, which are

exposed core 1 chains (Galb3GalNAc; Figure 6). More differentiated, medulla thymocytes (CD4 or CD8 single

positive) are greatly diminished in PNA-binding sites (Figure 18), mainly as the result of sialylation by ST3Gal I

sialyltransferase (Figure 3). Upon activation outside of the thymus, CD8-positive Tcells again express PNA-binding

sites strongly and subsequently loose part of the binding sites during the transition to memory cells (Figure 18).

The role of this glycan change was first clarified in peripheral Tcells. In mice deficient in ST3Gal I, the number of

CD8-positive Tcells in the blood, lymph nodes and spleen is about 10% of that in wild-type mice.107 The number of

CD4-positive cells is only slightly decreased in the blood, lymph nodes, and spleen of the knockout mice. In the

thymus, the number of both CD4-positive cells and CD8-positive cells does not differ between the wild-type and

knockout mice. The decrease of peripheral CD8-positive cells in the knockout mice is caused by increased apoptosis

of these cells. Furthermore, conditional knockout reveals that ST3Gal I deficiency in Tcells but not in accessory cells

causes apoptosis. Exposure of a large amount of PNA binding sites in peripheral CD8 positive cells appears to make

the cells more susceptible to endogenous apoptotic signals. The induction of apoptosis in cells strongly positive for

PNA-binding sites is expected to restrict the survival period of activated Tcells (PNA-strongly positive), but not that

of memory Tcells (PNA-moderately positive).

The glycan change within the thymus also has a physiological role. In wild-type mice, CD4 and 8 double positive

immature thymocytes, which strongly express PNA-binding sites, intensely interact with MHC class I, while CD4 or
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Figure 18 Change of PNA-binding properties during differentiation of CD8-positive T cells. PNAþ and PNA– indicate
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Figure 17 A model illustrating the downregulation of the immune response in ST6Gal knockout mice. White hexagons
attached to CD22 are sialylated glycans.
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Moody, A. M.; North, S. J.; Reinhold, B.; Van Dyken, S. J.; Rogers, M. E.; Panico, M.; Dell, A.; Morris, H. R.; Marth, J. D.;
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8 single positive cells, which lose PNA-binding sites due to sialylation, weakly interact with MHC class I. CD8 single

positive cells from ST3Gal I-deficient mice show an increase in the interaction of CD8 withMHC class I, compared to

those from wild-type mice.108 Therefore, sialylation of the PNA-binding sites has been shown to decrease the

interaction of CD8 with MHC class I. Structural analysis has revealed that PNA binding sites are located in the

stalk of CD8 b chain (Figure 19).109 These O-glycan chains, once sialylated, are expected to weaken the association

of the two chains of CD8, thereby weakening the binding to MHC class I.

MHC class I on target cells binds peptide antigens, and the complex is recognized by T cell receptors on T cells.

This recognition within the thymus is important for the survival of immature Tcells. The recognition of MHC class I

by CD8 on Tcells promotes the recognition of MHC class I by Tcell receptors. Therefore, CD4 and 8 double positive

cells, which have CD8 capable of binding strongly to MHC class I, can respond to low levels of antigenic stimulation,

and survive, compared to CD4 or 8 single positive cells, based on glycosylation difference of CD8. Indeed, CD

8-positive T cells from STGal3 I null mice can partly respond to low-affinity ligands, while the cells from wild-type

mice do not.110 That the level of response in CD8 single positive cells in the knockout mice is not as high as that in

double positive cells in wild-type mice indicates that in addition to sialylation, another factor contributes to regulation

of the level of response.
4.08.4.2 Role of Galectins in Stability of Receptors and a Channel Protein

4.08.4.2.1 Role of b-1,6-N-acetylglucosaminyltransferase V in tumorigenesis, tumor metastasis
and immune response

Many tumor cells have increased GlcNAcb6 branching in their N-linked oligosaccharide chains. This phenomenon

was initially found as increased sialylation in tumor cells.111 The basis of increased sialylation was then found as

increased GlcNAc branching,112 which is linked to Man by a b6 linkage (Figure 20).113,114

The functional significance of the GlcNAcb6 branching in tumorigenesis has been studied by using mice deficient

in b-1,6-N-acetylglucosaminyltransferase V (GlcNAcT V) (Figure 1), which forms the GlcNAcb6 branch.115

Mammary tumors are induced by crossing with transgenic mice expressing polyomavirus middle T antigen. In

GlcNAcT V-deficient mice, tumor latency is extended by 2–4 months, and the tumor growth rate is reduced to less

than 25% of that in wild-type mice.115 Furthermore, the incidence of lung metastases in the knockout mice is about

5% of that in wild-type mice. Consistent with the above phenotypes, tumor cells from GlcNAcT V knockout mice are

impaired in membrane ruffling and actin fiber turnover. This result has provided convincing evidence that GlcNAcb6
branching promotes tumor development and metastasis.

Mice deficient in GlcNAcT V are enhanced in T cell-mediated immune responses.116 Delayed-type hypersensiti-

vity to oxazolone as revealed by increased ear thickness is enhanced and persists longer in GlcNAcT V-deficient mice

compared to wild-type mice. Upon injection of a low dose of myelin basic protein, 9 of 11 knockout mice developed
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experimental autoimmune encephalomyelitis, compared to only 3 of 11 wild-type mice. Furthermore, 32% of the

knockout mice exhibited symptoms of proliferative glomerulonephritis. Consistent with the enhanced immune

response, spleen cells from the knockout mice proliferated fivefold more after treatment with anti-T cell receptor

antibody, compared to wild-type cells.

Further studies have revealed that the clustering of T cell receptors is enhanced in the deficient cells, and that

addition of lactose enhances the clustering in wild-type cells. Galectin-3 is associated with the Tcell receptor in wild-

type cells, but not in deficient cells. Therefore, it is concluded that poly-N-acetyllactosamines extended on GlcNAcb6
branches in T cell receptors and in nearby glycoproteins bind to galectin-3 (Figures 20 and 21). The binding is

considered to lead to formation of a lattice that includes the T cell receptor. This lattice is proposed to hinder the

clustering and activation of Tcell receptors. In GlcNAcT V-deficient cells, the lack of lattice formation would lead to

increased clustering and activation of the receptors. In these mice, production of interferon g by stimulated Th2 cells is

increased about 10-fold, while that by stimulated Th1 cells is unchanged.117 Therefore, it is concluded that GlcNAcb6
branching regulates the function of Th2 cells.

An analogous mechanism acts upon the promotion of tumorigenesis and tumor metastasis by GlcNAcT V. GlcNAcT

V-deficient tumor cells respond poorly to growth factors including EGF.118 The dose of EGF required to stimulate

GlcNAcT V-deficient tumor cells is 100-fold more compared to wild-type cells. Consistent with the poor response, the

number of cell-surface EGF receptor is decreased about fivefold in the deficient cells with concomitant increase of the

receptor in endosomes. EGF receptor forms a complex with galectin-3 in wild-type cells, while the complex formation

is inhibited in the deficient cells. The presence of GlcNAcb6 branching in EGF receptor from wild-type cells was

confirmed by Western blotting using L-PHA lectin, which reacts with N-linked glycans with GlcNAcb6 branching.

Based on these findings, the mechanism of promotion of tumorigenesis by GlcNAcb6 branching is explained as

follows. Galectin-3 binds to poly-N-acetyllactosamine, which is extended on GlcNAcb6 branches. The binding of

galectin-3 to growth factor receptors (Figure 21) suppresses their endocytosis, and increases their number on the cell

surface, leading to an enhanced response to growth factors. In support of the proposal, galectin-3 binds to EGF

receptor in wild-type cells, and addition of N-acetyllactosamine, a competitive inhibitor of galectin-3, inhibits

EGF receptor signaling probably due to increased endocytosis. Since GlcNAcb6 branching can occur in many growth

factor receptors, tumor cells can become highly responsive to many growth factors via the glycan branching. Indeed,

the number and function of TGF-b receptors are also reduced in GlcNAcT V-deficient tumor cells compared to

wild-type tumor cells.118
4.08.4.2.2 Role of b-1,4-N-acetylglucosaminyltransferase in stability of glucose transporter 2
Another cell-surface glycoprotein stabilized through binding to a galectin is glucose transporter-2. GlcNAcb4 branch-

ing in N-linked glycans is catalyzed by b-1,4-N-acetylglucosaminyltransferase IV (GlcNAcT IV) (Figure 1). One of its

isozymes, GlcNAcT IVa, is strongly expressed in the pancreas. GlcNAcT IVa knockout mice exhibit metabolic

dysfunction diagnostic of type 2 diabetes.119 Even at a young age, the knockout mice have blood glucose levels that

are about 40% higher than those of wild-type mice both under fasting and fed conditions. The basis for this

phenomenon is a decrease in the amount of glucose transporter-2 in the pancreatic islets, which leads to decreased



Galectins

Receptors

Figure 21 Recognition of glycans with poly-N-acetyllactosamines (black objects) by galectins on the cell surface. The

recognition downregulates the clustering or endocytosis of receptors or channel proteins.
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glucose uptake and impairment of glucose-stimulated insulin secretion. The decrease in the amount of the transporter

is caused by enhanced endocytosis. Glucose transporter-2 binds to galaectin-9 in wild-type cells, but little such

binding occurs in knockout cells. Galectin-9 is expected to prevent rapid endocytosis of glucose transporter-2 by

binding to a poly-N-acetyllactosamine structure extended on the GlcNAcb4 branch (Figures 20 and 21). Indeed,

incubation with N-acetyllactosamine or the oligomers decreases the cell-surface expression of glucose transporter-2.

Interestingly, chronic ingestion of a high-fat diet downregulates GlcNAcT IVa expression in mice. GlcNAcT IVa may

serve as a link that controls insulin production through diet.119
4.08.4.3 Role of a-1,6-Fucosyltransferase VIII in Receptor Functions

a-1,6-Fucosyltransferase VIII (FucT VIII) transfers fucose to a di-N-acetylchitobiose structure in the core of N-linked

glycans. Mice deficient in FucT VIII are born apparently normally, but 70% of them die within 3 days after birth, and

survivors are usually small.120 The survived mice show emphysema-like histological changes in the lung and

decreased lung function. Among emphysema-related proteins, matrix metalloproteinases 12 and 13 are markedly

overexpressed in embryonic fibroblasts from the lungs of knockout mice as compared to those from wild-type mice.

TGF-b signaling, which suppresses overexpression of matrix metalloproteinases, is impaired in the deficient cells.

Notably, binding of TGF-b to the receptor is downregulated in the deficient cells, while the protein level of the major

TGF-b receptor, TGF-b receptor II, is apparently unchanged. Therefore, core fucosylation appears to function to

maintain the three-dimensional structure of TGF-b receptor in the active form. Consistent with the idea that

dysfunction of TGF-b receptor is the cause of the emphysema-like phenotype, administration of TGF-b rescues

the phenotype.

The function of EGF receptor is also impaired in FucT VIII-deficient cells.121 EGF-dependent phosphorylation of

EGF receptor and phosporylation of ERK and JNK are all downregulated in the deficient cells compared to wild-type

cells. However, the protein level of the receptor is not altered in the deficient cells. In these cells, high-affinity binding

to EGF (Kd around 25pM) disappears, and low-affinity binding (Kd around 1nM) persists. Again, core fucosylation

appears to be required for EGF receptor to retain an active conformation.
4.08.4.4 b-1,6-N-Acetylglucosaminyltransferase

I antigen is an antigenic epitope defined by branched poly-N-acetyllactosamines, which occurs in many types of

glycans, but preferentially on N-linked glycans. I b-1,6-N-acetylglucosaminyltransferase (IGlcNAcT) is mainly

responsible for the formation of the branch, while core2 GlcNAcT II is also able to form the branch. There are

three types of IGlcNAcT produced by alternative splicing both in humans and mice (Figure 22). Exon C is present in

the enzyme in erythrocytes; i blood group, individuals of which have a linear poly-N-acetyllactosamine without

branching, is caused by inactivation of exon C or the common exon.122–124 In Asian populations, i individuals with

an inactive common exon develop cataracts.124 Mice with an inactivated common exon of IGlcNAcTexhibit reduced

spontaneous activity, decreased blood lymphocyte numbers, and decreased renal function.37 Furthermore, vacuoliza-

tion in the kidney and epidermoid cysts develop frequently in aged null mice. However, cataracts do not develop
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Figure 22 Exon organization of mouse I GlcNAcT. Exons II and III are common exons. The portion deleted by gene

targeting is shown by a white box. Between exon IB, exon IA, exon IC, and exon II, there are gaps of around 30 kb. Based on

data in Chen, G. Y.; Muramatsu, H.; Kondo, M.; Kurosawa, N.; Miyake, Y.; Takeda, N.; Muramatsu, T. Mol. Cell. Biol. 2005,
25, 7828–7838.
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earlier in the null mice than wild-type mice. The amounts of lysosomal proteins such as LAMP-2 and synaptotagmin

VII decrease in the deficient mice. This decrease may be correlated with the phenotype, considering the function of

lysosomes in the repair of damaged cells.125 That cataracts do not develop earlier in the deficient mice, but arise in

human i individuals with an inactive common exon, might be due to a species difference in the degree to which each

cell depends on lysosome-dependent repair.
4.08.4.5 Xenotransplantation

The Gala1-3Gal epitope is a major xenoantigen. This epitope is not expressed in humans or other old world primates,

but is present in other mammals, and humans have a strong antibody to the epitope. Since pig to man transplantation is

a choice to overcome the paucity of donor organs, the hyperacute rejection reaction upon such transplantation, which

is caused by the response to Gala1-3Gal epitope in the pig organ, is a serious phenomenon. a3GalT-deficient mice,

which are viable, have normal organs, but develop cataracts,29,126 are a good model to study xenotransplantation.

Reflecting the disappearance of the major xenoantigen, cells from these mice bind substantially less antibody in

human serum than those from wild-type mice.126 The hearts from a3GalT-deficient mice function longer than control

hearts upon perfusion with human serum, confirming the importance of the removal of Gala3Gal epitope for the

prolonged survival of xenografts. The introduction of genes for CD55 and CD59, which regulate the complement

action, is also known to counteract the hyperacute rejection upon xenotransplantation. A fucosyltransferase, which

forms Fuca1-2Gal linkage, is also helpful in diminishing the rejection, by competing for the site where the epitope

attaches. The combined effects of these manipulations have been compared using mouse heart perfused with human

serum.127 After 20 min of perfusion, the wild-type heart functions at less than a few percent levels of the control heart,

which is perfused without serum. In heart with CD55/CD59, function is about 10% of the control level after 60 min. In

heart with CD55/CD59 and aGal removal and in heart with CD55/CD59 and with a fucosyltransferase, the heart

function is about 30% of the control. Therefore, combination of CD55/CD59 introduction and removal of aGal is

further beneficial to graft survival, while the effect of aGal removal is similar to that of the introduction of a

fucosyltransferase, and neither is able to achieve complete protection.
4.08.4.6 Glycoprotein Turnover

Asialoglycoprotein receptor is a classic example suggesting physiological significance of N-glycans. This receptor

binds exposed galactosyl residues in glycoproteins and endocytoses them, and has been implicated in physiological

clearance mechanism of serum glycoproteins. In b4GalT I-deficient mice, the level of galactosyl oligosaccharides in

serum glycoproteins is only one-tenth of that in wild-type mice.128 Nevertheless, no significant changes are present in

serum protein concentrations between the wild-type and the null mice. This finding correlates well with the

phenotype of asialoglycoprotein receptor knockout mice. There are two subunits in asialoglycoprotein receptor.

Knockout of one subunit (HL-2) results in a marked decrease in the other (HL-1).129 Knockout of HL-1 virtually

abolishes the expression of HL-2.130 In both mice, the clearance of exogenously added asialoglycoproteins is impaired,

but endogeneous asialoglycoproteins or lipoproteins do not accumulate in the plasma. These results, taken together,

suggest that asialoglycoprotein receptor does not play an important role in physiological clearance of many glycoproteins.

Von Willebrand factor is a member of the blood coagulation system. The factor from ST3Gal IV knockout mice is

reduced in serum half-life compared to that from wild-type mice.131 This result implicates that ST3Gal IV-deficiency

decreases serum Von Willebrand factor level, and increases the risk of bleeding. However, it is not known whether

asialoglycoprotein receptor is involved in the physiological clearance of the factor. Generally speaking, the half-life of

individual glycoproteins should be determined in asialoglycoprotein receptor knockout mice, to understand the role of

the receptor in the clearance of individual glycoproteins under physiological conditions. Indeed, in asialoglycoprotein

receptor knockout mice, catabolism of lipoprotein (a) is prolonged compared to that in wild-type mice.132
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Glossary

CD8 A transmembrane glycoprotein composed of two subunits (34 and 38kDa), both of which have one immunoglobulin

domain. Among mature Tcells, CD8 is strongly expressed in cytotoxic Tcells.

implantation The process by which blastocysts, which are composed of an inner cell mass and trophectoderm, attach to and

invade the uterine wall. In mouse embryogenesis, implantation occurs 4.5 days after fertilization. The embryonic ectoderm,

which forms the fetus, appears after implantation.

major histocompatibility complex class I A transmembrane glycoprotein composed of a 45kDa heavy chain and a 12kDa

light chain, which is b2-microglobulin. This glycoprotein is the major antigen involved in allograft rejection. It binds peptide

antigens, forming a complex recognized by Tcell receptors.

NCAM The abbreviation of neural cell adhesion molecule. NCAM is a transmembrane glycoproteinmainly expressed in nerve

cells. It belongs to the immunoglobulin superfamily, and has a regulatory role in intercellular adhesion.

SSEA-1 An antigen defined by a monoclonal antibody raised against mouse embryonal carcinoma cells. During mouse

embryogenesis, SSEA-1 first appears in the late eight-cell stage. After implantation, SSEA-1 is present in the embryonic ectoderm

and visceral extraembryonic endoderm. The epitope of SSEA-1 is Lewis X in a linear oligo-N-acetyllactosamine sequence.
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4.09.1 Introduction

Glycosphingolipids consist of ceramide and carbohydrate moiety that contains heterogenous sugar chains, and are

widely distributed in almost all animals. In particular, acidic glycosphingolipids, gangliosides, have been considered to

play important roles in the development, cell differentiation, cell proliferation, and apoptosis in vertebrates.1

Expression profiles of glycolipids during development and cell transformation have been widely investigated,

suggesting that carbohydrate structures in glycolipids are implicated in the determination of cell fates based on the

modulation of intracellular signals. In anticipation of biological significance in the various three-dimensional struc-

tures of these carbohydrate structures, a number of investigations aimed at clarifying the molecular functions of

glycolipids have been performed. However, no unambiguous results have yet been obtained.

Since the 1980s, cDNA clones of glycosyltransferases responsible for the synthesis of glycosphingolipids have been

isolated2,3 and the majority of those transferase genes have been cloned and fundamental characterization of

the transferase enzymes has been completed by the beginning of the twenty-first century.4 Then, carbohydrate

remodeling based on the genetic manipulation of the cloned cDNAs has enabled us to examine roles of novel

glycosphingolipids generated by transfected cDNAs of the glycosyltransferases.5–8

Although roles of glycosphingolipids in cultured cells were fairly demonstrated using carbohydrate-remodeling

cells, their functions in the body were not clarified. In 1996, we, for the first time, reported results of the gene targeting

of b-1,4-GalNAc transferase (GM2/GD2 synthase), showing much milder abnormal phenotypes than expected.9 Since

then, a number of reports on gene knockout of glycosyltransferase gene have been published.10,11 Figure 1 shows

enzymes which were knocked out to date.

These approaches have made it possible to observe glycolipid functions in cells and animals via the resulting

phenotypic changes in the cDNA-transfectant cells and mutant animals. Although the analyses of glyco-remodeling

animals have revealed various novel functions of complex carbohydrates,10 the molecular mechanisms of the glyco-

lipid actions require further investigation.
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Figure 1 Synthetic pathway of glycosphingolipids. The following genes have been knocked out to date: GM2/GD2

synthase, GD3 synthase, GM3 synthase, Gb3 synthase. Double knockout of GM2/GD2 synthase and GD3 synthase, or

GM3 synthase and GM2/GD2 synthase were also reported (see text).
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In this chapter, we summarize recent progress in studies of gene knockout mice and glycosphingolipids with focus

on the novel functions of individual glycolipids deleted in mutant mice, and potential compensational mechanisms for

lost structures, that might exert to attenuate the abnormal phenotypes of the glycolipids-lacking mutant mice.
4.09.2 Knockout Mice of Simple Glycolipid Synthases

cDNAs for the enzymes responsible for the synthesis of core structures of glycosphingolipids were isolated with much

effort. The galactosyltransferase to synthesize galactosylceramide was cloned by two groups.12,13 Glucosyltransferase

cDNA for the synthesis of glucosylceramide was isolated by an expression cloning system.14 These two genes are not

redundant as described later. Rat lactosylceramide synthase (b1,4Gal-T6) was purified from the brain extracts and

cloned by Nomura et al.15 This b-1,4-galactosyltransferase appears to be redundant based on the indirect evidence.16

The sulfatide synthase was also cloned, being a single gene for the synthesis of sulfatide and seminolipids.17
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4.09.2.1 Knockout Mice of the GalCer Synthase

Galactosylceramide synthase (ceramide galactosyltransferase, CGT) is responsible for the synthesis of galactosylcer-

amide from ceramide, and its sulfated derivative, sulfatide, is produced by sulfotransferase using galactosylceramide as

a precursor. Both of them are enriched in myelin. The null mutant mice lacking the CGTcould, however, generate

myelin containing glucocerebroside.18 Monogalactosylalkylacylglycerol, a precursor of seminolipid, is also defective in

addition to galactosylceramide and sulfatide in the mutant mice. Severe generalized tremor, mild ataxia, and

conduction deficits were observed in the mutant mice of the CGT gene.18 Moreover, the mutant mice developed

progressive hindlimb paralysis and extensive vacuolation of the ventral region of the spinal cord with aging, suggesting

that galactosylceramide and/or sulfatide play important roles in myelin function and its stability. The severe dysmye-

linosis led to the death of the mutant mice at the end of the myelination period. One more severe defect found in this

mutant is male sterility. The mutant mice had no late pachytene spermatocytes and spermatids due to the lack of

seminolipid,19 suggesting that the products of this enzyme are essential for the spermatocyte passage into the first

meiotic division.
4.09.2.2 Knockout Mice of the GlcCer Synthase

GlcCer synthase is a critical enzyme for the synthesis of glycosphingolipids, since the majority of glycolipids are

synthesized from GlcCer via lactosylceramide.15 The null mutant mice of the GlcCer synthase showed embryonal

lethality by embyonic days (E7.5).20 In the established null mutant ES lines of the GlcCer gene, glucosylceramide and

lactosylceramide comletely disappeared. When teratomas were generated by subctaneous injection of the ES cells

into syngeneic 129/SvEv mice, the mutant tumor tissue was largely devoid of acidic lipids, which include gangliosides

in comparison to their abundant expression in the wild-type tumor.

Disruption of the GlcCer synthase gene should induce dynamic changes in the glycolipid composition, and

disasterous effects on mouse development. As expected, all null mutants died by E9.5, while the null mutant embryos

were indistinguishable until E6.5. At this stage, both the wild type and mutant types underwent gastrulation and

contained the three germ layers: mesoderm, endoderm, and ectoderm. Greatly enhanced apoptosis centered in the

ectoderm in E7.5 embryos appeared to be the primary cause of the embryonal death.20 Embryonic stem cells

with homozygous disruption of the gene can differentiate into neuronal cells and erythrocytes in vitro. When

subcutaneously inoculated, the null mutant cells differentiate, but the components of well-differentiated tissues are

less than in the tumor from wild-type embryonic stem cells. These results suggest that carbohydrate moiety of

glycosphingolipids is essential for embryonic development and for the differentiation of various tissues. Recently,

conditional mutants of this gene were generated showing dysfunction of cerebellum and peripheral nerves associated

with structural defects shortly after birth.21 They died within 3 weeks after birth, suggesting essential roles of

glycolipids in brain maturation.
4.09.3 Knockout Mice of a Sulfatide Synthase and Ganglioside Synthases

4.09.3.1 Knockout Mice of Sulfatide Synthase

As expected, sulfatides and seminolipids are completely deleted in the null mutants lacking sulfatide synthase.22

Sulfatides are expressed mainly in oligodendrocytes in the central nervous system, and in Schwann cells in the

peripheral nerves. The knockout mice of sulfatide synthase gene exhibit similar neurological abnormalities

and disrupted spermatogenesis as the null mutants of GalCer synthase gene.22 Sulfatide synthase-lacking mice

were born healthy, but began to display hindlimb weakness by 6 weeks after birth, and then a pronounced

tremor and progressive ataxia. They also showed abnormalities in paranodal junctions, including disordered assembly

of ion channels in the morphological analysis.23 However, these dysfunctions were less severe and appeared to

occur later than those in CGT null mice, suggesting the unique roles of GalCer itself. In the sulfatide

synthase-lacking mice, oligodendrocytes showed earlier differentiation,24 suggesting the regulatory function

of sulfatide in the oligodendrocyte differentiation. Sulfatide function in the maintenance of myelin and axon

structure was also reported.25 This mutant also suggested differential functions of seminolipid and its precursor

galactosylalkylacylglycerol in spermatogenesis. Furthermore, these mutants showed that endogenous L-selectin

ligand in mouse kidney is sulfatide,26 suggesting the importance of investigating ligand molecules of sulfatide in

each tissue and organ.
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4.09.3.2 Knockout Mice of GM3 Synthase

GM3 synthase is a critical enzyme for the synthesis of GM3 from lactosylceramide, and therefore, for the synthesis of

all ganglio-series gangliosides. Knockout mice were generated, but exhibited no marked abnormal phenotypes.27 This

phenotype appears to be different in the severity from the features of human GM3 synthase deficiency that was

described later. This should be mainly because the contribution of asialo-series gangliosides is more significant in

mice, and they can replace some parts of functions of the lost structures. The null mutant mice, however, showed

increased sensitivity to insulin due to the enhanced insulin receptor phosphorylation in skeletal muscle. These results

well corresponded with the expected roles of GM3 in the regulation of insulin/insulin receptor-mediated signals as

reported by Inokuchi.28 Yamashita et al.29 generated double knockout mice of GM3 synthase and GM2/GD2 synthase

genes in order to cancel the effects of asialo-series gangliosides, which remained in the GM3 synthase null mutants.

The double mutant mice showed severe nerve degeneration resulting in death. These results indicated that ganglio-

side synthesis is essential for the development of a stable central nervous system.
4.09.3.3 Knockout Mice of the GD3 Synthase

GD3 synthase is a key enzyme in the synthesis of GD3 from GM3, and probably of GT3 from GD3, resulting in the

initiation of synthesis of b-series or c-series gangliosides, respectively. Therefore, genetic disruption of this gene

resulted in the loss of all b-series gangliosides.30,31 We analyzed the sensitivity of thymocytes from these mutant mice

to apoptosis induced by anti-Fas antibody, showing no differences between the wild-type and the mutant

mice, although GD3 was reported to mediate the apoptotic signals from Fas–Fas ligands.32 While no morphological

abnormalities were detected in the brain and nervous tissues in the mutant mice, they showed apparently reduced

regenerative activity when analyzed with the hypoglossal nerve resection system.31 Although the mechanisms for the

effects of gangliosides on nerve regeneration are not well understood, crucial roles of b-series gangliosides in nerve

regeneration were demonstrated in the mutant mice. These results were in good agreement with the results of the

regeneration experiments of the rat hypoglossal nerve system,33 in which b-series gangliosides such as GT1b and

GD1b showed the best regenerative effects.
4.09.3.4 Knockout Mice of GM2/GD2 Synthase

The establishment and analysis of knockout mice lacking the GM2/GD2 synthase gene was first achieved in 1996, and

demonstrated that mutant mice deficient in all complex gangliosides formed an almost normal architecture of the

nervous system.34 The mutant homozygotes showed just reduced nerve conductivity, but there were no clear

differences from the wild type in brain morphology, myelination, and behaviors. Male infertility due to aspermatogen-

esis appeared most serious among their phenotypes. This abnormal phenotype led to the identification of a novel

function of complex gangliosides in the transportation of testosterone.35 With long-term observation of the mutant

mice, neuronal degeneration became overt gradually.36 These degenerative changes progressed with aging, and were

mainly detected in the peripheral nerves such as sciatic nerve and dorsal root ganglia, and in dorsal horn of the spinal

cord. Proia and colleagues generated the same gene knockout mice and reported Wallelian degeneration37 and

abnormal neurological function in a motor-neuron-dominant manner.38 On the other hand, the mutant mice generated

in our laboratory showed sensory nerve-dominant neurodegeneration.39 Morphological changes in synaptic vesicles

and dendrites in the central terminals, and in glia process suggested that compensatory modification of the nerve

tissues occurred after nerve degeneration due to the lack of complex gangliosides (Figure 2).39 These results

indicated that complex gangliosides are essential in the maintenance of nerve tissues but not in morphogenesis.

Aberrant Ca2þ-regulating properties in the cerebellar neurons found in the mutant mice40 may explain the neurological

disorders described above.
4.09.4 Double Knockout of GD3 Synthase and GM2/GD2 Synthase

In knockout mice lacking either the GM2/GD2 synthase gene or the GD3 synthase gene, no apparent abnormalities

could be found in the neonatal period. Then, we generated double-knockout mice lacking both genes by mating these

two mutants.41 No obvious changes were detected at birth in the double knockout mice. Although they had only GM3

out of all gangliosides, they were born and developed almost normally. However, they gradually died of unknown

cause after 12weeks from birth. They also exhibited refractory skin lesions at face and neck. In thesemice, small wounds



Figure 2 Morphological changes in GM2/GD2 synthase knockout mice indicating remodeling after degeneration.

a, normal round-shaped vesicles in a wild-type mouse, and flat-shaped vesicles in a null mutant (b–d). b and d, spherical/

flat/pleomorphic; c, flat.
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around the eyes seemed to trigger the expansion of lesions by repeated scratching. This abnormal action seemed to

derive from the reduced sensitivity to mechanical pain. Neurodegenerative changes in both peripheral and central

nerve tissues present in the mutant mice from a fairly young age might explain the dysfunction in the sensory system.

The molecular mechanisms for the disruption of the integrity of the peripheral nerves due to the lack of gangliosides

remain to be investigated. Proia et al. reported audiogenic seizures and consequent sudden death in the same kind of

double-knockout mice caused by the noise from bunches of keys.42 The double knockout mice generated did not

exhibit any abnormal reaction to various noises, but showed quite different phenotypes. The differences in the

resulting phenotypes after the disruption of two glycosyltransferase genes may be due to the different genetic

backgrounds of the embryonic stem cell lines used for gene targeting, that is, (C57BL/6xCBA) F1 versus 129. The

phenotypic analyses of these mutant mice demonstrated that GM3 alone enables mice to undergo almost normal

neurogenesis, birth, and development up to a certain point. However, the correct composition of gangliosides is

needed for the maintenance of intact morphology and function, and also for the repair of lesions in nerve tissues. Thus,

gangliosides are essential for the maintenance of the integrity of the nervous system, and the sudden death of the

double knockout mice may be due to the disruption of this regulation.
4.09.5 Knockout Mice of Neutral Glycolipid Synthases

As for glycosyltransferase genes responsible for the synthesis of neutral glycolipids, cDNAs of Gb3/CD77 synthase,

Gb4 synthase, amino-CTH synthase (b3GnT5) in addition to GlcCer synthase14 and LacCer synthase15 were isolated.

cDNAs for Gb5 synthase and sialyl-galactosylgloboside were also defined.43
4.09.5.1 Knockout Mice of Gb3/CD77 Synthase

Among them, KO mice of Gb3/CD77 synthase gene were recently reported by Okuda et al. (Table 1)44 The a1,4-
galactosyltransferase gene responsible for the synthesis of globotrialsylceramide (Gb3) has been isolated in three

laboratories.45–47 It is a key enzyme in the initiation of the synthesis of globo-series glycolipids. Gb3 itself is



Table 1 Mortality of verotoxin-administered mice

Genotype

VT-2(mg/mouse) þ/þ þ/� �/�
2.0 2/2a (100) 3/3(100) 0/4(0)

0.2 3/3 (100) 3/3 (100) 0/5 (0)

0.02 3/3 (100) 4/4 (100) 0/4 (0)

0.002 0/2 (0) 0/2 (0) 0/2 (0)

2–0.002mg of verotoxin-2 (VT-2) dissolved in 100ml PBS was intravenously injected into 10–15 weeks old mice (20–25g).
aLethal number/total number (%).
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specifically expressed in Burkitt lymphoma cells among human leucocytes.48 Megakaryoblasts also express Gb3 in

some differentiation stages.49 This antigen has been considered to be a receptor for verotoxins from O157 pathogenic

Escherichia coli. The mutant mice lacking Gb3/CD77 synthase and globo-series glycolipids showed no definite

abnormal phenotypes. They were born in accordance with Mendelian rule and grew up without apparent defects.

Moreover, they showed no abnormal results in routine laboratory examination of blood and urine. However, the

mutant mice showed clear differences in the response to injected verotoxins, that is, they were completely resistant to

the toxic effects of verotoxins fromE. coliO157 (Figure 3). These mutant mice were also very useful in the expression

analysis of globo-series glycolipids in mouse tissues, since they could serve as a perfect negative control. Tissues and

sites in the wild-type mice expressing Gb3/CD77 exhibited pathological changes after verotoxin injection. These

results indicated that Gb3/CD77 is a sole receptor for the toxins, and Gb3/CD77 on endothelial cells is the target for

the toxic effects and pathogenesis in O-157 E. coli infection including hemolytic uremic syndrome. In particular,

precise mechanisms for the onset of neurological signs in hemolytic uremic syndrome have not been clear, and highly

sensitive immunohistochemistry using these mutant mice enabled us to clearly show the expression of Gb3 on the

endothelial cells in brain tissues and tissues damages in the regions covered by Gb3 positive capillaries (Figure 3).
4.09.6 Relevance of Knockout of Glycosyltransferase Genes with Deficiency of
Glycolipids in Patients

Since Klenk discovered and named gangliosides in 1935, various kinds of ganglioside-storage diseases due to

incomplete degradation have been identified. In contrast with the case of glycolipid-degradation enzymes, there

have been no reports of patients with disrupted glycolipid synthesis. As known well, ganglioside-storage diseases such

as Tay-Sachs diseases and GM1 gangliosidosis were extensively investigated on the mutation of individual degrada-

tion enzyme genes. Knockout mice have been generated following the studies of such patients to confirm the

pathogenesis and to further analyze the mechanisms.50 In turn, no case reports with aberrant glycosylation machinery

for glycolipids have been found. This fact has suggested two possibilities: any deficiency of glycolipid synthetic

pathway is fatal, or glycolipid deficiency is not serious for dairy life. Both of them seemed not likely, since many

KO mutant mice showed more or less various abnormal phenotypes. In 2004, Simpson et al. reported, for the first

time, two Amish families derived from a common ancestor, in which patients showed infantile-onset symptomatic

epilepsy.51 Linkage analysis revealed a nonsense mutation in GM3 synthase gene, resulting in the premature termina-

tion of the gene.51 Now, these cases became the first example as a disease based on the changes in glycolipid syn-

thetic enzymes, and have convinced us to believe that there should be more cases with defects in glycolipid synthetic

pathways.
4.09.7 Perspective and Limitation of Gene Knockout Strategy in the Function
Analysis of Glycosphingolipids

The availability of glycosyltransferase genes and the generation of mutant mice lacking glycosyltransferase genes or

their modifying enzymes, that is, a particular series of glycolipids, have been tremendously powerful promoting factors

in further understanding the significance of polymorphic glycolipids in various biological events, such as development,

cell growth and death, infection, inflammation, cancer evolution and metastasis, degeneration, and regeneration.
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Figure 3 Pathological changes and Gb3 expression in mouse brain. Edematous changes in the brain of the wild-typemice

after injection of verotoxin-2 (a, c) and intact brain on the mutant (b, d). Gb3 expression in the endothelial cells in the wild-

type mice (f, g), and intact brain tissues of the null mutant with no Gb3 expression (e). a, b, e–g are 200�, and c,d are 400�.
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In fact, many of new findings obtained from analyses of the mutant mice are much more complicated than expected,

suggesting that glycosphingolipids play various roles in a variety of manners. Some of their functions appear to be

compensated by similar structures, but others appear to be indispensable. To our surprise, GM3 synthase gene

knockout mice27 showed no apparent morphological and behavioral abnormalities, suggesting that asialo-series gang-

liosides might be able to compensate for the loss of GM3-derived gangliosides, that is, a-series, b-series, and c-series

structures. These findings suggested relatively low significance of sialic acids in glycolipids. The nature of redundancy

in the functions of individual glycosphingolipids remains to be investigated, but seems not easy to be properly

accessed. Combination of various KO mutant mice should be effective for this approach, and need a lot of efforts.

For this purpose, identification of physiological ligands to individual carbohydrate structures on glycolipids is also

urgently needed.
Glossary

gene knockout Gene knockout can be achieved by using embryonal stem cell lines and by homologous recombination in mice.

Interpretation of results obtained from the phenotypes of some gene knockout is usually clear. However, they also suggest

possible redundancy of the disrupted gene function, particularly when the phenotypes are not so serious as expected.
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glycosphingolipids Glycophingolipids are amphopathic molecules consisting of a hydrophobic moiety (ceramide) and a

hydrophobic moiety, that is, carbohydrates. Depending on the sugar and its linkage substituted to the nonreducing end of

lactosylceramide, four different series of structures are synthesized in human cells and tissues.

neutral glycolipids These include glycolipids containing no charge, that is, no sialic acids or sulfates. They mainly indicate

lacto/neolacto-series and globo-series glycolipids (and asialo-series).
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4.10.1 Introduction

Proteoglycans are a group of molecules consisting of a core protein and one or more glycosaminoglycan (GAG) chains co-

valently attached to the serine residues of the proteins via the linkage tetrasaccharide (GlcAb1-3Galb1-3Galb1-4Xylb1-)
region. Proteoglycans are mainly localized on the cell surface and extracellular matrix (see Figure 1). The number of

the GAG chains attached to a core protein varies from one to hundreds, depending upon the proteoglycan species.

Characteristic molecular features of proteoglycans reside in their GAG chains with tremendous structural heteroge-

neity, although classic structural studies classify them into five groups: chondroitin sulfate (CS), dermatan sulfate,

heparan sulfate/heparin, keratan sulfate (KS), and hylauronan from the common structural characteristics (their typical

structures are shown in Figure 2). Lines of evidence show that heterogeneity of GAG, especially heparan sulfate

(HS), plays important functions in terms of the specificity in binding various cell growth factors, morphogens, their

receptors, and extracellular molecules. We refer to those characteristics related to their potential functions in

Section 4.10.2. In contrast to the other four groups of GAGs, hyaluronan (HA) has a simple structure, and exhibits

several exceptional molecular features. The GAG does not have the core protein. Whereas the other GAG chains

are synthesized in the Golgi body, HA is synthesized on the cytoplasmic membrane and is directly secreted into the

extracellular matrix.1 Interestingly, recent study has revealed its location within the cells as well.2 We refer to the

recent findings of various HA functions in Section 4.10.3.

Most of CS proteoglycans and HA occupy extracellular spaces, interact with each other, and form HA-rich matrix,

which provides microenvironment that controls cell behavior, including migration, proliferation, differentiation and

apoptosis in an auto-cline manner as well as a juxta-cline manner. This interaction largely depends on the binding

characteristics of their core proteins. These adhesive properties of the core proteins are also important for functions of

other extracellular proteoglycans such as decorin (a typical one of leucine-rich small proteoglycans) and perlecan (a

large HS proteoglycan). Syndecan and glypican family proteoglycans have the core proteins with the transmembrane

domains and membrane-associating domains, respectively. Null mutation of the core protein genes and modifications

of their expression have revealed the great involvement of core proteins of those proteoglycan in anchoring the
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heparan sulfate chains so as to interact with active molecules properly. Thus, it is clear that core proteins of

proteoglycans are determinants of localization of bound GAGs. We refer to recent examples for knockout (KO) and

knockdown of the core protein genes in Section 4.10.4.

In this chapter, the focus is on biological and physiological functions of proteolgycans mainly using gene-null

mutation techniques.
4.10.2 Functional Roles of Sulfated Glycosaminoglycans

HS proteoglycans are present ubiquitously on the cell surface and in the extracellular matrix including the basement

membranes (BMs). HS chains are known to interact with divergent bioactive ligands such as growth factors and

morphogens (FGFs, Wnts, BMPs, VEGFs, Hh, etc.) and their receptors (FGFR, etc.), extracellular matrix molecules

(collagen, fibronectin, laminin, etc.), proteases, etc. Such interactions may regulate the activity, gradient formation,

and stability of ligands. Therefore, HS plays important roles in a variety of developmental, morphogenetic, and

pathogenic processes.3–5 The specificity of the interactions between HS and ligands is thought to be due, at least in

part, to the fine structure of HS with specific monosaccharide sequences characterized by the sulfation pattern and the

specific location of isomeric hexuronic acid residues.6–9 Biochemical and cell biological studies have revealed that

growth factor (GF) and/or GF-receptor forms complexes with HS and the GF signalings are regulated by the formation

of complexes.10,11 Several recent genetic studies on HS in vertebrates and invertebrates are now uncovering the

functions of HS in GF signaling and provide important new insights into the mechanisms by which HS function

during development and pathogenetic processes.12–14

CS chains are comprised of GlcA-GalNAc repeating units bearing sulfate groups on various positions of each sugar

residue. Sulfation pattern of CS appears to be important for the specific functions of CS. Low sulfated CS-A composed
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of GlcA-GalNAc(4S) and GlcA-GalNAc units served as a receptor for Plasmodium falciparum infected red blood cells in

the placenta.15,16 CS containing oversulfated disaccharide units such as GlcA-GalNAc(4S,6S) (E-unit) and GlcA(2S)-

GalNAc(6S) (D-unit) implicated in immunological functions of mucosal mast cells,17–20 outgrowth of neurite,21–23 and

binding of chemokines,24 midkine,25 pleiotrophin,26,27 and various heparin binding growth factors.28 CS of thrombo-

modulin, which is involved in the antithrombin-dependent anticoagulant activity, has been reported to bearGalNAc(di-S)-

GlcA-GalNAc(di-S) at the nonreducing end.29
4.10.2.1 Mutation of Genes for Supply of Sugar Nucleotides and Sulfate Donor
Required for GAG Biosynthesis

Among various sugar nucleotides, UDP-GlcA and UDP-Xyl are mainly used for proteoglycan synthesis in animals by

GlcA transferase and Xyl transferase, respectively. UDP-GlcA is synthesized from UDP-Glc by UDP-Glc dehydroge-

nase. The resulting UDP-GlcA is then converted to UDP-Xyl by UDP-GlcA decarboxylase. UDP-GlcA is translo-

cated across the Golgi membrane by sugar nucleotide transporter, whereas UDP-Xyl appears to be generated in the

Golgi membrane. 30-Phosphoadenosine 50-phosphosulfate (PAPS) is utilized by various sulfotransferases as a universal

sulfate donor. Because GAG chains attached to most of proteglycans are highly sulfated, PAPS should be supplied

properly to maintain the normal level of proteoglycan synthesis. PAPS is generated from inorganic sulfate and ATP

by PAPS synthetase, and then translocated across the Golgi membrane by PAPS transporter. Sulfate ions used for

the synthesis of PAPS are provided from extracellular sulfate pool by sulfate transporter located on the plasma

membrane, or from intracellular sulfur-containing amino acids. Deficiency in any steps involved in the supply of

sugar nucleotides and PAPS result in severe abnormalities in animals and human.30 However, there are a few study on

KO mice for those genes.

4.10.2.1.1 UDP-glucose dehydrogenase deficiency and UDP-GlcA decarboxylase deficiency
A Drosophila gene, sugarless, encodes a homolog of vertebrate UDP-glucose dehydrogenase. These mutant embryos

develop with segment polarity phenotypes reminiscent to loss of either Wingless or Hedgehog signaling.31 sugarless

mutations impair signaling by Wingless. Structural analysis of glycosaminoglycans in animals bearing mutations in

sugarless showed that the synthesis of both chondroitin and HS were markedly decreased.32 Deficient of UDP-Glc

dehydrogenase in Caenorhabditis elegans 33–35 and zebrafish36 are listed in Table 1.

sqv-1 gene in C. elegans encodes UDP-GlcA decarboxylase. The SQV-1 protein is a type II transmembrane protein,

which probably acts in the Golgi apparatus.37
4.10.2.1.2 Sugar nucleotide transporter deficiency
A Drosophila gene, fringe connection ( frc), encodes a nucleotide-sugar transporter that transfers UDP-glucuronic

acid, UDP-N-acetylglucosamine, and possibly UDP-xylose from the cytoplasm into the lumen of the endo-

plasmic reticulum/Golgi. Embryos with the frc mutation display defects in Wingless, Hedgehog, and fibroblast

growth factor signaling.38 Mutants in the frc gene exhibit phenotypes resembling Notch mutants. Both Fringe-

dependent and Fringe-independent Notch pathways are affected.39 sqv-7 gene in C. elegans encodes UDP-GlcA

decarboxylase.40
4.10.2.1.3 Sulfate transporter deficiency
Diastrophic dysplasia sulfate transporter (DTDST) gene encodes a widely distributed sulfate/chloride antiporter

of the cell membrane whose function is crucial for the uptake of inorganic sulfate, which is needed for

proteoglycan sulfation.41 Mutations in the DTDST cause a family of recessively inherited chondrodysplasias.

Diastrophic dysplasia (DTD) is an autosomal recessive osteochondrodysplasia with clinical features including

dwarfism, spinal deformation, and specific joint abnormalities. The gene encodes a sulfate transporter.41 Impaired

function of its product is likely to lead to undersulfation of proteoglycans in cartilage matrix and thereby to cause the

clinical phenotype of the disease. Achondrogenesis type IB (ACG-IB) is a recessively inherited chondrodysplasia

characterized by extremely poor skeletal development and perinatal death. Histochemical studies have suggested

that cartilage matrix in ACG-IB is deficient in sulfated proteoglycans. Proteoglycans were greatly reduced, and, unlike

in control cartilage, they did not stain with toluidine blue and did not bind to DEAE. While DTD is associated

with reduced DTDSTexpression, ACG-IB is produced by homozygosity or compound heterozygosity for structural

mutations predicting little or no residual activity of the sulfate transporter and represents the null phenotype

of DTDST.42 Atelosteogenesis type II (AO II) is a neonatally lethal chondrodysplasia whose clinical and histological



Table 1 Mutation of genes for enzymes required for GAG biosynthesis

Species Genes and functions Phenotypes of animals and human deficient in the gene References

Mouse PAPS synthetase-2, bifunctional

sulfurylase kinase

Brachymorphism. Dome-shaped skull, short thick tail, and

shortened but not widened limbs

45

C6st-1, chondroitin
6-sulfotransferase

Decreased Naive T lymphocytes in the spleen. 158

C4st-1, chondroitin
4-sulfotransferase-1

Neonatal death. Multiple skeletal abnormalities. Reduced

size of the columnar and hypertrophic zones of growth

plates in the cartilage

162

Ext-1, heparan sulfate

co-polymerase

Systemic null mice: Embryonic death by E8.5.

Mice deficient in in the nervous system: Neonatal death.

Malformation in the caudal midbrain-cerebral region, an

abnormally small cerebral cortex, and the absence of the

olfactory bulbs.

84, 85

Ext-2, heparan sulfate

co-polymerase

Null mice: Growth arrest after E6.0. Heretozygous mice:

Ectopic bone growths (exostoses). Multiple

abnormalities in cartilage differenciation.

86

Ndst-1, heparan sulfate N-
deacetylase/N-sulfotransferase

Neonatal death. Pulmonary atelectasis. Severe

developmental defects of the forebrain and

forebrain-derived structures.

97, 98,

99

Ndst-2, heparan sulfate N-
deacetylase/N-sulfotransferase

Defects in connective tissue-type mast cells 102, 103

Hsepi, glucuronyl-C5 epimerase Neonatal death. Renal agenesis, lung defects, and skeletal

malformation.

106

Hs2st, heparan sulfate 2-O-
sulfotransferase

Neonatal death. Bilateral renal agenesis. Defects of the eye

and skeleton.

109

Hs6st-1, heparan sulfate 6-O-
sulfotransferase

Most null mice: Embryonic death during E15.5 and the

perinatal stage. A few viable mice: Retarded growth rate.

114

Hs3st-1, heparan sulfate 3-O-
sulfotransferase

Normal hemostasis. Genetic background-specific lethality

and intrauterine growth retardation

123

Dtdst, transport of sulfate across

plasma membrane

Skeletal dysplasia and joint contractures. Significant

proteoglycan undersulfation in cartilage.

44

Human PAPS synthetase-2, bifunctional

sulfurylase kinase

Spondyloepimetaphyseal dysplasia (SEMDPakistani type),

an autosomal recessive osteochondrodysplasia with

clinical features

46, 47

EXT-1,-2, heparan sulfate co-

polynmerase

Hereditary multiple exostoses (HME), an autosomal

dominant mode of inheritance

80, 81,

82

XGalT-1, UDP-galactose-O-b-D-
xylosylprotein 4-b-D-
galactosyltransferase

Ehlers-Danlos syndrom, multiple abnormalities of

connective tissue in addition to delayed mental

development

52, 53,

54

C-GlcNAc6ST, corneal GlcNAc

6-O-sulfotransferase
Macular corneal dystrophy (MCD), an autosomal recessive

inheritance disorder and corneal opacity

169

C6ST-1, chondroitin
6-sulfotransferase-1

Spondyloepiphyseal dysplasia (SED Omani type),

chondrodysplasia, a recessively inherited disorder

159, 160

DTDST, transport of sulfate across

plasma membrane

Diastrophic dysplasia (DTD), autosomal recessive

osteochondrodysplasia; ACB-IB and AOII,

chondrodysplasia

41, 42,

43

Drosophila sugarless (sgl), UDP-glucose

dehydrogenase

Abnormal segment polarity 31, 32,

264, 265

fringe connection (frc), sugar
nucleotide transporter

Phenotypes resembling notch mutants 38, 39

sulfateless, (sfl), N-deacetylase/
N-sulfotransferase

Abnormal segment polarity 104, 105

tout velu (ttv), heparan sulfate co-

polymerase (EXT-1)

Abnormal segment polarity 87–90

sister of tout velu (sotv), heparan
sulfate co-polymerase (EXT-2)

Abnormal segment polarity 88–90

brother of tout velu (botv), heparan
sulfate GlcNAc transferase-1

(EXTL3)

Abnormal segment polarity 88–90

(continued)
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slalom (sll), PAPS transporter Defects of dorsal/ventral polarity 49

pipe, hs2st homolog (no

sulfotransferase activity)

Defects of dorsal/ventral polarity 266, 267,

7

Hs6st, heparan sulfate 6-O-
sulfotransferase

Abnormal formation of the trachea 117

Hs3st-B, heparan sulfate 3-O-
sulfotransferase

Neurogenic phenotypes that are characteristic of notch

signaling mutants

124

C. elegans sqv-1, UDP-glucuronic acid

decarboxylase

Defects in cytokinesis during embryogenesis and in vulval

morphogenesis during postembryonic development

37

sqv-2, galactosyltransferase-II 50

sqv-3, galactosyltransferase-I 51, 52

sqv-4, UDP-glucose

dehydrogenase

33, 34,

35

sqv-5, chondroitin synthetase 155, 156

Chondroitin polymerizing factor 152

sqv-6, xylosyltransferase 50

sqv-7, sugar nucleotide transporter 40

sqv-8, glucronyltranseferase-I 51

Hs2st, heparan sulfate 2-O-
sulfotransferase

Axonal and cellular guidance defects in specific neuron

classes

108, 110

rib-2, heparan sulfate GlcNAc

transferase-I and –II (EXTL3)

Early developmental defects and stops the development

during the gastrulation stage

92

Hs6st, heparan sulfate 6-O-
sulfotransferase

Axonal and cellular guidance defects in specific neuron

classes

108

Hsepi, glucuronyl-C5 epimerase Axonal and cellular guidance defects in specific neuron

classes

108

Zebrafish dackel and boxer (Ext2 and Extl3),

heparan sulfate co-polymerase

Dorsal RGC axons missort in the optic tract 93, 94

Hs6st-1 and-2, heparan sulfate 6-O-
sulfotransferase

Destruction of muscle development and abnormal vascular

development

115, 116

Hsepi, glucuronyl-C5 epimerase Abnormal dorsal-ventral axis formation 107

Jekyll, UDP-glucose

dehydrogenase

Deficient in the initiation of heart valve formation 36

Table 1 (continued)

Species Genes and functions Phenotypes of animals and human deficient in the gene References
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characteristics resemble those of another chondrodysplasia. AOII patients also have DTDST mutations, which lead

to defective uptake of inorganic sulfate and insufficient sulfation of macromolecules by patient mesenchymal cells

in vitro.43

A Dtdst knock-in mouse with a partial loss of function of the sulfate transporter was generated.44 Homo-

zygous mutant mice were characterized by growth retardation, skeletal dysplasia, and joint contractures, thereby

recapitulating essential aspects of the DTD phenotype in man. The skeletal phenotype included reduced toluidine

blue staining of cartilage, chondrocytes of irregular size, delay in the formation of the secondary ossification center, and

osteoporosis of long bones. In spite of the generalized nature of the sulfate uptake defect, significant proteoglycan

undersulfation was detected only in cartilage.
4.10.2.1.4 Sulfate donor, PAPS deficiency
The sulfate activation pathway consists of two activities: ATP sulfurylase, which catalyzes synthesis of adenosine-

phosphosulfate (APS) from ATP and SO4
2–; and APS kinase, which phosphorylates APS in the presence of another

molecule of ATP to form the PAPS. In simpler organisms these activities are catalyzed by separate enzymes. In

contrast, in higher organisms, PAPS synthesis is catalyzed by a bifunctional sulfurylase kinase (SK) polypeptide having

both ATP-sulfurylase and APS kinase activities. The mouse mutation ‘brachymorphic’ (bm) is inherited as an

autosomal recessive phenotype, and characterized by dome-shaped skull, short thick tail, and shortened but not

widened limbs. Brachymorphic mice have normal lifespans, but abnormal hepatic detoxification, bleeding times, and
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postnatal growth, the latter being attributed to undersulfation of cartilage proteoglycan. A missense mutation in the

SK2 coding sequence of bm mice that alters a highly conserved amino acid residue destroys APS kinase activity and

therefore the ability of SK2 to synthesize PAPS.45

Spondyloepimetaphyseal dysplasia (SEMD) Pakistani type in human is an autosomal recessive osteochondrodys-

plasia with clinical features, including short stature evident at birth, short bowed lower limbs, mild brachydactyly,

kyphoscoliosis, an abnormal gait, enlarged knee joints, precocious osteoarthropathy, and normal intelligence.46 The

gene was mapped to chromosome 10q23-24, and encodes a bifunctional sulfurylase kinase (SK) polypeptide.

A missense mutation in the region of SK2 encoding the APS kinase activity was identified in the SEMD family.47

Impaired function of its product is likely to lead to undersulfation of proteoglycans in cartilage matrix and thereby to

cause the clinical phenotype of the disease.
4.10.2.1.5 PAPS transporter deficiency
A gene that encodes a transmembrane protein required to transport PAPS from the cytosol into the Golgi lumen was

identified in Drosophila48 and human.49 Drosophila mutations in this gene, slalom (sll), display defects in Wg and Hh

signaling, which are likely due to the lack of sulfation of glycosaminoglycans by the sulfotransferase. An sll function is

also essential for dorsal–ventral axis determination.
4.10.2.2 Mutation of Genes for Enzymes Involved in the Biosynthesis of the Linkage
Tetrasaccharide

Biosynthesis of HS and chondroitin/dermatan sulfate chains is initiated by transfer of sugar residues comprised of

the linkage tetrasaccharide sequence, GlcAb1-3Galb1-3Galb1-4Xylb1-, by xylosyltransferase, galactosyltransfer-

ase I, galactosyltransferase II, and glucuronyltransferase I to Ser residues located in specific Ser-Gly motifs of the

core proteins (Figure 3a). In C. elegans four of eight squashed vulva (sqv) genes that cause defects in cytokinesis during

embryogenesis and in vulval morphogenesis during postembryonic development encode enzymes involved in the

synthesis of the linkage tetrasaccahride; sqv-6 for xylosyltransferase,50 sqv-3 for galactosyltransferase I,51 sqv-2 for

galactosyltransferase II,50 and sqv-8 for glucuronyltransferase I.51 In human, defect in galactosyltransferase I causes

human progeroid-type Ehlers–Danlos syndrome showing multiple abnormalities of connective tissue in addition to

delayed mental development.52–54
4.10.2.3 Mutation of Genes for Enzymes Involved in Biosynthesis and Degradation
of HS/Heparin Chain

Biosynthesis of the chain begins by transferring GlcNAc to GlcA residue of the linkage teterasaccharide by

a1-4GlcNAc transferase I, which is encoded by EXTL2 or EXTL3 gene. (Figure 3b).6,55,56,57 HS polymerases then

catalyze elongation reactions of precursor polysaccharide chains by alternative addition of GlcA and GlcNAc to the

nonreducing terminal GlcNAc residues. HS polymerase is encoded by EXT1 and EXT2 genes, which were identified

as genes responsible for hereditary multiple exostosis.58 EXT1 shows both GlcNAc transferase activity and GlcA

activity. In contrast, EXT2 exhibits only weak GlcA transferase activity. When EXT1 and EXT2 were transfected in

BHK cells simultaneously, EXT1 and EXT2 were both localized to Golgi apparatus as a heteromolecular complex.

The activity of heteromolecular complex was more than 10 times as high as the activity of either one,59,60 indicating

that the heterodimer is the active form of the enzyme. EXTL1 and EXTL3 may regulate the chain elongation of the

HS precursor through their GlcNAc transferase activity.61

The HS precursors are subjected to sequential modifications to yield extremely diversified structures. The first

modification step is conversion of GlcNAc residues to N-sulfoglucosamine (GlcNS) residues by N-deacetylase/N-

sulfotransferase (NDST).62–65 Uronosyl C5-epimerase then catalyzes formation of IdoA from GlcA that is neighboring

nonreducing side of GlcNS residues.66 Subsequently, O-sulfation occurs at various positions of sugar residues. HS

2-sulfotransferase (HS2ST) transfers sulfate to position 2 of IdoA residues and weakly to GlcA residues.67,68

HS 6-sulfotransferases transfer sulfate to position 6 of GlcNS. There are three isoforms whose substrate specificities

regarding recognition of the structures around the targeting GlcNS residues are different from each other.69,70 HS

3-sulfotransferase (3-OST) transfers sulfate to position 3 of GlcNS residues. At least, six isoforms are known to

date. Acceptor substrate specificities and expression patterns in various organs of these isoforms are different.71
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GlcNS(3S) residues in ATIII binding domain of HS are synthesized by 3-OST-1. In the biosynthesis of heparin, these

modification reactions are thought to proceed to the higher extent than in the biosynthesis of HS. Further modifica-

tion of HS occurs at the cell surface by 6-O-endosulfatase (sulf1, 2), which cleaves 6-O-sulfate from IdoA(2S)-GlcNS

(6S) unit of HS.72–74 Sulf1 was found originally as a gene required for Wnt-dependent gene expression in muscle
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progenitor cell of the quail embryo.75 These enzymes regulate FGF signaling as well.76 Heparanase is a mammalian

endo-b-D-glucuronidase that cleaves HS at a limited number of sites. The enzyme appears to play important roles in

biological processes such as inflammation, vascularization, and cancer metastasis.77–79
4.10.2.3.1 EXT family protein gene mutations
Hereditary multiple exostoses (HME) is a skeletal disorder characterized by the presence of multiple bony protuber-

ances called exostoses, usually arising in the epiphyseal growth plate of bones formed by endochondral ossification.80

HME is a multigenic disease and follows an autosomal dominant mode of inheritance. Genetic linkage studies and

mutation analyses have identified two main loci (EXT1, and EXT2) as being associated with the disease.81,82 Most

HME cases have been attributed to missense or frameshift mutations in these genes. After 4 years of identification of

genes for HME, Tufaro et al. found that EXT1 is a gene involved in the HS biosynthesis using a functional assay based

on the ability of herpes simple virus type I to infect cells by attaching to cell surface HS.83 Thereafter, as described

above, EXT1 and EXT2 were shown to be HS polymerase bearing both GlcA transferase and GlcNAc transferase

activity.58 It is known that there are EXTL-1, -2, and -3 as EXT-like genes. However, it is not reported to date that

these three EXTL genes correlate with HME.
4.10.2.3.1.1 EXT-1 KO mouse

HS is expressed abundantly and in a developmentally regulated manner in the mammalian central nervous

system (CNS), suggesting its functional role in brain development. EXT1-deficient mice by gene targeting fail

to gastrulate and generally lack organized mesoderm and extraembryonic tissue.84,85 EXT1 null embryos completely

lack the characteristic extraembryonic structure at E6.5, and die by E8.5. Ihh protein expression, one of the regulators

of developmental processes, is detected in visceral endoderm layer of E6.5 wild-type embryos but not detected in

Ext1–/– null embryos. HS synthesis is abolished in Ext1–/– ES cells and decreased to less than 50% in Ext1–/– ES cells.

These results indicate that EXT1 is essential for both gastrulation and HS biosynthesis in early embryonic develop-

ment. As EXT1 KO mice die early as a result of defective gastrulation, mice carrying a loxP-modified EXT1 allele are

crossed to nestin-Cre-mice to determine the physiological role of HS in mammalian CNS development.85 The Ext1

gene in these mice is disrupted selectively in the nervous system. Expression of EXT1 is almost completely

eliminated at E12.5. All the newborns of conditional mutant genotype (Ext1flox/flox, Creþ) die within the first day of

life. Nes-EXT1-null embryos reveal specific development defects in their CNS, including malformation in the caudal

midbrain-cerebral region, an abnormally small cerebral cortex, and the absence of the olfactory bulbs (Figure 4A).

This phenotype is similar to that caused by a hypomorphic Fg f8 allele and a naturalWnt1 allele called swaying. FGF8

is a key mediator of the isthmic organizer to induce the expression of Wnt1, Engrailed1, Engrailed2, and Fg f8 itself

during midbrain–hindbrain patterning. In E9.5 Nes-EXT1-null embryos, Wnt1 expression region expands, and the

distribution of FGF8 in the midbrain–hindbrain boundary is abnormal in E10.5 Nes-EXT1-null embryos. These

results indicate that HS is essential for the proper FGF8 distribution during midbrain–hindbrain patterning. Further,

the EXT1-null brain displays severe guidance errors in major commissural tracts, revealing a pivotal role of HS in

midline axon guidance. Guidance defects of retinal axons at the optic chiasm are also observed (Figure 4A). In Nes-

EXT1-null mice, retinal axons project ectopically into the contralateral optic nerve, similar to Slit1/Slit2 double-null

mice. Slit proteins are HS-binding repulsive guidance cues, and act cooperatively to guide retinal axons to contralat-

eral sides. In fact, it was confirmed that there is genetic interaction between Slit and EXT1. These findings

demonstrate that HS is essential for mammalian brain development.
4.10.2.3.1.2 EXT2 KO mouse

EXT2-deficient mice develop normally until embryonic day 6.0, when they become growth arrested and failed to

gastrulate, suggesting essential roles of HS in early developing embryos. 86 Synthesis of HS is completely abolished in

Ext2–/– ES cells. However, ES cells derived from heterozygous embryos still produce HS at a rate of 70% compared to

wild-type cells. Heterozygotes have a normal lifespan and are fertile; however, about one-third of the mice form one or

more ectopic bone growths (exostoses). In humans, long bones are a common location for exostoses formation,

although nearly every bone is involved, but in the Ext2þ/– mice exostoses are not formed on long bones. Despite

this difference, the exostoses in the mice are very similar to those seen in humans. Histological sections of the

exostosis cartilage cap stain positive for HS with theHS antibody, indicating that chondrocytes of the exostosis produce

HS. Furthermore, all of the mice show multiple abnormalities in cartilage differentiation, including disorganization of
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chondrocytes in long bones and premature hypertrophy in costochondral cartilage. The mechanism that underlies

these defects in cartilage formation is not yet clear.

Abnormalities in other EXT-deficient animals are summarized in Table 1.13,87–94
4.10.2.3.2 NDST family protein gene mutations95,96

NDST is a bifunctional enzyme composed of a single polypeptide that catalyzes the two reactions, N-deacetylation

and N-sulfation of GlcNAc residue in heparin and HS. In vertebrates, there are four NDST isozymes: NDST1 and

NDST2 mRNA are expressed in all embryonic and adult tissues examined, whereas NDST3 and NDST4 transcripts

are both predominantly expressed during embryonic development and in the adult brain.63–65
4.10.2.3.2.1 NDST1 KO mouse

Most NDST1-deficient embryos survive until or just before birth.97,98 However, they turn out to be cyanotic and die

neonatally in a condition resembling respiratory distress syndrome. Lungs from these newborn NDST1 null mice

were severely atelectatic. This appears to be caused by reduced secretion of Surfactant proteins A and B, which are

essential for normal respiratory gas exchange, although the number of cells producing these proteins increases. In

addition, some of NDST1-deficient embryos, about 25% of homozygotes, arrest their development in utero between

E10 and E18.5.99 NDST1 protein expression in E16.5 is detected in the forebrain, with highest levels in the cortical

plate and the ventricular layer. NDST1 null mice exhibit severe developmental defects of the forebrain and forebrain-

derived structures, including cerebral hypoplasis, lack of olfactory bulbs, eye defects, axon guidance errors, and neural

crest-derived facial structures (Figure 4B). Fine structures of HS prepared from E14.5 NDST1 null embryo were

altered; the relative amount of N-sulfated disaccharides and 2-O-sulfated disaccharides markedly decreased in the

mutant relative to the wild type (13% vs. 30% for N-sulfated disaccharides and 3.8% vs. 9.7% for 2-O-sulfated

disaccharides). Therefore, HS properly synthesized is required for the normal development of the brain and face.

The phenotype of severely affectedNdst1–/– embryos strongly resembles mouse embryos carrying neural crest-specific

deletions of sonic hedgehog (Shh) and Fgf8. Indeed, the genetic interaction between Ndst1 and Shh was demon-

strated. The reduced binding of a soluble fusion protein consisting of alkaline phosphatase and Shh to mutant HS and

the alteration in Ptch1 (Shh receptor) expression in NDST1 mutant embryos were also observed. All these results

suggest that impaired signaling via Shh contributes to the observed phenotypes in Ndst1–/– embryos.
Figure 4 A, Defects in E18.5 brain of Nes-EXT-null mice. (a, b) Thionin-stained saggital sections of the entire brain. The

defect in the midbrain–hindbrain region (asterisk) and the small cerebral cortex (Cx) are observed, and the olfactory bulbs

are absent in KO mice (open arrow heads). (c, d) Guidance defects of retinal axons at the optic chiasm (indicated by
asterisk). B, Defects in the frontonasal process and forebrain (E16.5, horizontal sections) in Ndst1 mutant. (a, c) Wild-type

littermate controls. (b, d) Mutant embryos show lack of olfactory tracts (ot), olfactory bulbs (ob), the eye lens (el), and the

hippocampal commissure (hc, arrowhead). The cortex (cx) is reduced in size and stratification and the cleavage along

transverse, sagittal, and horizontal axes is defective. C, Altered morphology of heparin-containing mast cells. Transmission
electronmicrographsofmast cells fromtheperitoneum(a, b), fromthe skinof theback (c, d), and fromthe jejunumof the intestine

(e, f) of Ndst-2þ/þ mice (a, c, e) and Ndst-2–/– mice (b, d, f ). D, Bilateral renal agenesis in Hs2st mutant mice. Dissected

urogenital systems of normal (heterozygous) (a) and homozygous mutant (b) newborn mice. Homozygotes display bilateral

renal agenesis and possess a blind-ended ureter (ur). The remainder of the mutant urogenital system is normal. (ad) Adrenal
gland; (b) bladder; (ki) kidney; (o) ovary. E, Phenotype of the C4st1gt mutation at E19.5 of embryogenesis. (a) Gross

morphology of wild-type (part i, þ/þ) and C4st1gt/gt embryos (part ii, gt/gt). (b, c) Alcian blue/Alizarin Red skeletal stains.

(b) Multiple skeletal abnormalities are evident in mutant embryos. (c) Higher magnification of hind limbs, showing the
severely shortened and thickened iliac bone (i), femur (f ), and tibia and fibula (ti). Arrowhead indicates Alcian Blue staining of

cartilage. F, Cartilage growth plate defects in the proximal tibia of C4st1gt mutant embryos at E18.5. (a) RNA in situ

hybridization shows C4st1 expression in proliferating, but not hypertrophic chondrocytes in wild-type growth plates (i) and

the reduction in C4st1 staining in mutant growth plates (ii). (b) Safranin O staining shows a reduction in size of proliferating
(p), columnar (c), and hypertrophic (h) zones, as well as less intense staining in mutant growth plates (ii) when compared with

wild type (i). A, Modified from 85 Inatani, M.; Irie, F.; Plump, A. S.; Tessier-Lavigne, M.; Yamaguchi, Y. Science 2003. 302,
1044–1046; B, modified from 99 Grobe, K.; Inatani, M.; Pallerla, S. R.; Castagnola, J.; Yamaguchi, Y.; Esko, J. D. Develop-

ment 2005. 132, 3777–3786; C, modified from 103 Forsberg, E.; Pejler, G.; Ringvall, M.; Lunderius, C.; Tomasini-Johansson,
B.; Kusche-Gullberg, M.; Eriksson, I.; Ledin, J.; Hellman, L.; Kjellen, L. Nature 1999. 400, 773–776; D, modified from 109

Bullock, S. L.; Fletcher, J. M.; Beddington, R. S.; Wilson, V. A. Genes. Dev. 1998. 12, 1894–1906; E, modified from161

Kluppel,M.;Vallis,K.A.;Wrana,J.L.Mech. Dev. 2002. 118. 77–89; F, modified from 33 Herman, T.; Hartwieg, E.; Horvitz, H. R.
Proc. Natl. Acad. Sci. USA 1999. 96, 968–973.
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HS is a potential ligand for P- and L-selectin, two key molecules involved in the adhesion of platelets and

leukocytes to inflamed endothelium.101 HS also binds inflammatory chemokines, transports them across the endothe-

lium, and presents them to leucocytes, resulting in integrin activation on leukocytes and firm adhesion of

leukocytes to endothelial cells.

To examine if HS is involved in inflammation in vivo,Ndst1 gene was inactivated using Cre-LOXP system regulated

under the promoter of Tek, which encodes Tie2.100 Cre-mediated deletion of NDST1 in lung microvascular endo-

thelial cells and lymphocytes was highly efficient. HS prepared from the wild-type endothelial cells contained 45%

N-sulfated glucosamine residues, whereas this value was reduced to 15% for HS of the mutant cells. Mutant mice

develop normally but showed impaired neutrophil infiltration in various inflammation models (acute inflammation,

contact dermatitis, and cutaneous air-pouch inflammation). Bone marrow transplantation experiments to generate

chimeric mice, in which NDST1 is inactivated selectively in either endothelial cells or leukocyte, demonstrated that

impaired infiltration is observed only in endothelial NDST1-deficient mice but not in leukocyte. Decreased neutro-

phil infiltration is due partially to altered rolling velocity correlated with weaker binding of L-selectin to endothelial

cells. Chemokine transcytosis across endothelial cells observed in IL8 and presentation of the chemokine on the cell

surface are also reduced. Thus, endothelial cell expression of HS is essential at least for three stages of the

inflammatory response: by acting as a ligand for L-selectin during neutrophil rolling; in chemokine transcytosis; and

by binding and presenting chemokines at the luminal surface of the endothelium.
4.10.2.3.2.2 NDST2 KO mouse

NDST2 was purified and cloned from heparin-producing mouse mastocytoma, and its mRNA is expressed strongly in

connective tissue-type mast cells.102,103 NDST2-deficient mice are born normally, fertile, and show no obvious

pathological phenotype. However, these null mice show remarkable defects in connective tissue-type mast cells,

which are active during inflammatory conditions and release granular contents, heparin, mast cell specific proteases,

histamine, and a large number of inflammatory mediators. The synthesis of heparin in Ndst2 –/– mice is absent in the

peritoneal cells, including mast cells, and the connective tissue-type mast cells of these mice show an altered

morphology, contain reduced amount of histamine, and were lacking mast cell-specific proteases (mMCP-4,-5,-6,

and mMC-CPA). However, mRNAs for these proteins are expressed at normal levels. Taken together, heparin in mast

cells plays a role in storing these materials in secretary granules. Furthermore, Ndst2 –/– mice show no obvious signs of

thrombosis, although heparin has been used clinically as an anticoagulant and antithrombotic agent for over 60 years.

Therefore, endogenous heparin is not involved in the regulation of blood clotting.

Connective tissue-type mast cells of Ndst2þ/þ mice contain numerous electron-dense granules, whereas

Ndst2 –/– mast cells have only a few granules and apparently empty vacuoles. In contrast, mast cells in the jejunum of

the intestine contain electron-dense granules in bothNdst2þ/þ andNdst2 –/– mice (Figure 4C), indicating that NDST2

should not affect the formation of granules in the mucosal-type mast cells in which highly sulfated CS is present.

NDST-deficient Drosophila, sulfateless, is described in Table 1.104,105
4.10.2.3.3 Glucuronyl C5-epimerase gene mutations
Mouse embryos lacking glucuronyl C5-epimerase (Hsepi) synthesize an abnormal HS lacking IdoA.106 Hsepi-

deficient mice are lethal, with renal agenesis, lung defects, and skeletal malformation. However, the brain, heart,

liver, gastrointestinal tract, pancreas, and skin appear normal. As kidney agenesis is also found in Hs2st –/– mice in

which HS 2-O-sulfotransferase that catalyzes 2-O-sulfation of both IdoA and GlcA in HS biosynthesis is deficient,

kidney development might depend on HS with 2-O-sulfated IdoA residues. HS is essential for the early embryonic

development of mice as shown in EXT1- or EXT2-deficient mice, while apparently normal development is observed

in many embryonic organs of Hs2st –/– or Hsepi –/– mice. These observations suggest that an altered HS devoid of IdoA

and/or IdoA(2S) may contribute to the embryonic development to some extent. The upregulation of N-sulfation

and 6-O-sulfation of HS observed in bothHsepi –/– andHs2st –/– could conceivably compensate for the loss of IdoA and

2-O-sulfate residues. In contrast, zebrafish Hsepi appear to play the crucial roles in early development of the

vertebrate because knockdown of zebrafish Hsepi results in severe defects in dorso-ventral axis formation.107 Other

Hsepi-deficient animals are shown in Table 1.108
4.10.2.3.4 HS2ST gene mutations
HS2ST generates IdoA(2S) residues required for binding FGF2 to HS. The mutant mice were generated by a random

gene trap insertion.109 HS2ST-deficient mice are either stillborn or die within 24h of birth and exhibit bilateral renal
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agenesis and possess a blind-ended ureter. However, the mutants exhibit normal morphology of the other urogenital

organs, adrenal gland, bladder, and ovary (Figure 4D). HS2ST gene is not required for two early events: ureteric bud

outgrowth from the Wolffian duct and initial induction of Pax-2 expression in the metanephric mesenchyme.

However, Hs2st is required for mesenchymal condensation around the ureteric bud and initiation of branching

morphology. Expression of Hs2st in heterozygous embryos at 11.5 dpc is almost undetectable in the ureteric bud

epithelium, but is high levels in the metanephric mesenchyme. Such expression patterns of HS2STare consistent with

the abnormal morphogenesis of kidney. Analyses of the expression of molecular markers for metanephric develop-

ment suggest that the expression and localization of Wnt 11 and Cdnf are perturbed in the HS2ST-deficient embryos.

These null mice exhibit additional defects of the eye and skeleton. A global increase in bone mineralization and ectopic

ossification of the sternum and fusion of the cervical vertebrae are observed in the mutants. In addition, postaxial

polydactyly and a cleft of the secondary plate are high frequently observed in the mutants. Bilateral colobom of the iris,

resulting from a perturbation of pigmented retinal epitheliumdifferentiation, is seen.TheHs2st gene is highly expressed

in the perichondria during skeletogenesis and at the junction of the neural and pigmented retinal epithelia during

development of the eye, and such expression pattern is consistent with a role in the development of the skeleton and

the eye. Abnormalities of HS2ST-deficient C. elegans are listed in Table 1.108,110
4.10.2.3.5 Animals deficient in HS6ST family proteins
HS 6-O-sulfotransferases exist in three isoforms (HS6ST-1, -2, and-3) and one alternatively spliced form (HS6ST-2S)

in mammals, and the individual isoforms exhibit a characteristic preference in their substrate specificities for the

uronic acid residue neighboring the N-sulfoglucosamine. HS6ST-1 predominantly sulfates the IdoA-GlcNS

unit. On the other hand, HS6ST-2 transfers sulfate preferentially to the GlcA-GlcNS unit and the IdoA(2S)-GlcNS

unit to generate trisulfated disaccharide units in HS. HS6ST-3 has the intermediate properties between HS6ST-1 and

HS6ST-2.111,112 The expression of each HS6ST isoform varies in a tissue- and developmental stage-specific manner.

In adult mice tissues, Hs6st-1 is expressed strongly in liver, Hs6st-2 in brain spleen, and Hs6st-3 is expressed

ubiquitously. During organogenesis, Hs6st-1 is predominantly transcribed in epithelial and neural-derived tissues,

whereas Hs6st-2 is more mesenchymal. Hs6st-3 appears at later stages and in a more restricted manner.113

4.10.2.3.5.1 HS6ST-1 KO mouse114

Most HS6ST-1 null mice die during E15.5 and the perinatal stage and are smaller than wild-type mice. However,

only a few are viable, and survived to adult, but exhibit retarded growth rates. There is a marked reduction of

GlcNAc(6S) and GlcNS(6S) residues in the HS isolated from various organs of the mutant mice, including liver,

kidney, lung, and placenta. However, the reduction of IdoA(2S)-GlcNS(6S) residues was more modest. Histological

and histochemical analyses exhibit that the number of fetal microvessels in the labyrinthine zone of the placenta is

reduced to about one-half of that present in wild-type mice, and that the expression of the VEGF-A transcript and

corresponding protein are also reduced. In addition, some of the homozygous null mice showed abnormal lung

morphology. These observations indicate that 6-O-sulfation of HS plays critical roles in normal mouse development.

Abnormalities of HS6ST-1 knockdown zebrafish and HS6ST knockdown Drosophila are shown in Table 1.115–117

4.10.2.3.6 Animals deficient in HS3ST family proteins
There are at least seven HS3STs that produce at least two distinct forms of 3-O-sulfated HS.71,118–120 One form of

3-O-sulfated HS plays a critical role in the blood coagulation cascade. HS3ST-1 generates HSact that contains

antithrombin binding sites, in which a specific 3-O-sulfated motif is present.121 In therapeutic heparin administration,

the interaction with antithrombin leads to inactivation of thrombin, resulting in inhibition of blood coagulation.

A different form of 3-O-sulfated HS is involved in the entry of HSV-1 into host cells and the fusion of infected cells.122

HS3ST-3 isoforms generate HSgDþ that mediates the cellular entry of HSV-1 and contains a different 3-O-sulfated

sequence.

4.10.2.3.6.1 HS3ST-1 KO mouse

It has been proposed that levels of endothelial HS that contains antithrombin binding sites (HSact) may tightly

regulate hemostasis. HSact contains a specific pentasaccharide structure, in which a characteristic 3-O-sulfated

glucosamine residue is present. In in vitro assay, 3-O-sulfated glucosamine residue plays a crucial role for binding

antithrombin III.123 Production of HSact is regulated by HS3ST-1 that transfers sulfate to position 3 of GlcNS in the

precursor structure. To assess in vivo role of HSact, Hs3st1�/� KO mice were generated. Dramatic reductions in tissue

levels of HSact were observed in Hs3st1�/� mice. However, Hs3st1�/� and Hs3st1þ/þ mice were indistinguishable in
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hemostasis. Instead, Hs3st1�/� mice exhibited genetic background-specific lethality and intrauterine growth retarda-

tion. These results indicate that HS3ST-1 produces the majority of tissue HSact, but this bulk of HSact is not essential

for normal hemostasis in mice, and that HSact may serve alternate biological roles.

Knockdown of Drosophila Hs3st-B (ortholog of mammalian HS3ST-3) using RNAi exhibits neurogenic phenotypes

that are characteristic of notch signaling mutants.124
4.10.2.3.7 Heparanase transgenic mouse
To elucidate the biological roles of HS and heparanase, transgenic mice overexpressing mammalian heparanase

(hpa-tg mice) were generated.125,126 The hpa-tg mice exhibited a reduced food consumption and body weight

compared with control mice. Homozygous hpa-tg mice were fertile and had a normal litter size and life span. However,

there was a significant increase in the number of transgenic embryos implanted in their uteri. Mammary glands of hpa-tg

mice showed excess branching and widening of ducts associated with enhanced neovascularization and disruption

of the epithelial basement membrane. The hpa-tg mice exhibited an accelerated rate of hair growth.125 In heparanase-

overexpressing organs such as liver and kidney, shortening of HS was observed. In these organs, virtually no amyloid

deposition was observed on experimental induction of inflammation-associated amyloid protein amyloidosis.126

These observations indicate that heparanase and HS are involved in processes such as embryonic implantation,

food consumption, tissue remodeling, vascularization, and amyloid deposition.
4.10.2.4 Mutation of Genes for Enzymes Involved in Biosynthesis of CS Chain

Biosynthesis of chondroitin/dermatan sulfate chains is also started by the synthesis of the linkage tetrasaccharide

sequence (Figure 3c). The enzymes involved in the synthesis of the linkage tetrasaccharide are thought to be shared

with HS because CHO cells deficient in Xyl transferase,127,128 Gal transferase I,129 or GlcA transferase I130 do not

synthesize both CS and HS. To the GlcA residue located at the nonreducing end of the linkage tetrasaccharide,

GalNAc and GlcNAc are transferred when chondroitin/dermatan sulfate and heparan sulfate, respectively, are

synthesized. Human enzymes having GalNAc transferase I activity also showed GalNAc transferase II activity,

which transfers GalNAc to the repeating disaccharide region.131–134 Chondroitin synthases were demonstrated to

transfer both GlcA and GalNAc to chondroitin and oligosaccharides derived from CS.135–137 A GlcA transferase having

only GlcA transferase II activity, which transfers GlcA to the repeating disaccharide region, has been cloned.138

Elongation of chondroitin chain appears to be catalyzed by a complex comprised of chondroitin synthetase135 and

chondroitin polymerizing factor.139 The complex is able to produce chondroitin polysaccharide by alternate transfer of

GlcA and GalNAc. Chondroitin polysaccharide is then sulfated by specific sulfotransferases to yield divergent

structures. Chondroitin 6-sulfotransferase (C6ST)140,141 and chondroitin 4-sulfotransferase (C4ST)142,143 transfer

sulfate to position 6 and 4, respectively, of GalNAc residues. Two isoforms of C6ST (C6ST-1141 and C6ST-2)144

and four isoforms of C4ST (C4ST-1,143,145 C4ST-2,145 C4ST-3,146 and D4ST)147 have been identified; of these

isoforms, C6ST-1 and C4ST-1 show the highest in vitro activities toward chondroitin. Acceptor substrate specificity of

C4ST-1 is much different from that of D4ST; C4ST-1 preferentially transfers sulfate to GalNAc residue neighboring

reducing side of GlcA residue,148,149 while D4ST mainly transfers sulfate to IdoA-rich sequence.149 GalNAc(4S) 6-O-

sulfotransferase (GalNAc4S-6ST) transfers sulfate to position 6 of GalNAc(4S) residue150,151 and is involved in the

synthesis of CS-E and a highly sulfated trisaccharide sequence, GalNAc(4S,6S)-GlcA(2S)-GalNAc(6S), located at the

nonreducing terminal of CS.152 Uronosyl 2-O-sulfotransferase (U2ST) catalyzes 2-O-sulfation of GlcA in CS or IdoA in

dermatan sulfate.153 U2STstrictly recognizes sulfation patterns of GalNAc residues neighboring the targeted GlcA or

IdoA residue. 2-O-sulfation occurs at GlcA residue located in a unique sequence, GalNAc(4S)-GlcA-GalNAc(6S),

while 2-O-sulfation of IdoA residue occurs at IdoA residue neighboring nonreducing side of GalNAc residues.154 Strict

substrate specificity of C5-epimerase responsible for the synthesis of dermatan sulfate is not clear because this enzyme

has just been cloned recently.

sqv-5 genewas reported to encode a bifunctional glycosyltransferase (chondroitin synthetase) that is probably localized

to the Golgi apparatus and is responsible for the biosynthesis of chondroitin but not HS.155,156 Blocking chondroitin

synthesis by RNAi results in cytokinesis defects in early embryogenesis.156 The gene product of an ortholog of human

ChPF in C. elegans (cChPF) showed little glycosyltransferase activity, but chondroitin polymerization was demon-

strated as in the case of mammals when cChPF was co-expressed with cChSy in vitro.157 The worm phenotypes

observed after the depletion of cChPF by RNAi were very similar to the cChSy (sqv-5)-RNAi phenotypes.
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4.10.2.4.1 C6ST-1 deficiency in human and other animals

4.10.2.4.1.1 C6ST-1 KO mouse

C6st –/– mice were born at approximately the expected frequency and were viable through adulthood. In the spleen

of C6st –/– mice, the level of chondroitin 6-sulfate became almost undetectable. CS D in the brain of null mice and the

cartilage and telencephalon of null embryos disappeared, whereas the CS E level in the spleen and brain of the null

mice was unchanged. Despite the disappearance of CS D structure, brain development was normal in the C6st–/– mice.

Naive T lymphocytes in the spleen of 5–6-week-old C6st–/– mice were significantly decreased, whereas those in other

secondary lymphoid organs were unchanged.158
4.10.2.4.1.2 Human chondrodysplasia Omani type

Human spondyloepiphyseal dysplasia (SED Omani type) is a recessively inherited disorder characterized by normal

length at birth but severely reduced adult height, severe progressive kyphoscoliosis, severe arthritic changes with

joint dislocations, genu valgum, cubitus valgus, mild brachydactyly, camptodactyly, microdontia, and normal intelli-

gence.159 By using a genome-wide linkage approach, the causative gene was mapped to a 4.5-centimorgan interval

on chromosome 10q23. As the candidate gene mutation, a missense mutation was identified in the chondroitin

6-O-sulfotransferase (C6ST-1) gene changing an arginine into a glutamine (R304Q) in the well-conserved PAPS

binding site.160 The recombinant C6ST-1 having the identical missense mutation did not show C6ST-1 activity.

Disaccharide composition analysis of CS chains showed that �HexA-GalNAc(6S) and �HexA(2S)-GalNAc(6S) were

significantly reduced, and that �HexA-GalNAc(4S,6S), undetectable in controls, was elevated in the patient’s cells.

Analysis of the patient’s urine shows marked undersulfation of CS, in particular, reduction in 6-O-sulfated disaccharide

and an increase in the nonsulfated unit. These results indicate that the mutation in C6ST-1 gene causes chondrodys-

plasia through altered sulfation of CS chains.
4.10.2.4.2 C4ST-1-deficient mouse
By screen of gene trap lines to identify the genes that are induced by BMP2 in a differentiation-dependent manner in

undifferentiated and differentiated mouse ES cells, C4st1 gene was identified and was found to display a highly

specific temporal and spatial expression pattern during mouse embryogenesis.161

Mice deficient in C4st1 gene were generated from ES cells bearing a gene trap mutations in the C4st1 gene.162

Homozygous C4st1gt/gt mutant mice were born at Mendelian ratio, but died within 6h of birth. Multiple skeletal

abnormalitieswere observed. Cartilage staining by alcian bluewas reduced in homozygousmutant embryos (Figure 4E).

The effects of loss of C4st1 on skeletal development were readily apparent during cartilage growth plate morpho-

genesis at E18.5–E19.5. In E18.5 homozygous embryos, the morphology of growth plates was disturbed; in particular,

the columnar and hypertrophic zones were reduced in size (Figure 4F). These morphological abnormalities were

accompanied with alteration of CS species. Chondroitin 4-sulfate, the product of C4ST, was reduced by more than

90% in homozygous mutant growth plates. Chondroitin 6-sulfate was also reduced to 50% of the control. Thus, loss of

C4st1 resulted in reverse of sulfation balance from predominantly C4S in wild type to predominantly C6S in mutant

cartilage. The C4st1(gt/gt) mutation led to strong upregulation of TGFb signaling with concomitant downregulation of

BMP signaling, while Indian hedgehog (Ihh) signaling was unaffected. The studies of C4st1gt/gt mutant mice show that

chondroitin 4-O-sulfation by C4st1 is required for proper CS localization, modulation of distinct signaling pathways,

and cartilage growth plate morphogenesis.
4.10.2.5 Mutations of Genes for Enzymes Involved in Synthesis of KS

KS is elongated by alternate action of b1,3Gal transferase and b1,4GlcNAc transferase.163 Using four enzymes

(b1-4Gal transferase-I, b1-3GlcNAc transferase-2, hC GlcNAc 6-sulfotransferase, and KS Gal 6-O-sulfotransferase),

a trisulfated pentasaccharide containing KS repeating units was synthesized in vitro.164 On the other hand,

b1-3GlcNAc transferase-7165 and b1-4GalT-IV166 are suggested to be the candidate enzymes because of their in vitro

specificities. However, isoforms that are involved in the biosynthesis of KS in vivo have not been identified. Sulfation

of KS is carried out by at least two sulfotransferases. KS Gal 6-O-sulfotransferase transfers sulfate to position 6 of Gal

residues located in the internal region of KS.167 GlcNAc 6-O-sulfotransferase transfers sulfate to position 6 of GalNAc

residues located at the nonreducing terminal of KS.163
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4.10.2.6 Human Disorder of the GlcNAc 6-O-Sulfotransferase Gene

Macular corneal dystrophy (MCD) is an autosomal recessive inheritance disorder that accompanies corneal opacity. In

MCD corneas, the GlcNAc 6-O-sulfotransferase activity was markedly decreased, whereas the Gal 6-O-sulfotransfer-

ase activity was the same level as control.168 An isoform of GlcNAc6ST, corneal GlcNAc6ST, has been identified as

the gene responsible for MCD.169
4.10.3 Hyaluonan and HA Synthases

HA is a high-molecular-weight linear polysaccharide composed of (b1-4)-linked repeating disaccharide units of GlcA

(b1-3)-linked to GlcNAc, and is found in the extracellular matrices of all vertebrates and in the capsules of certain

bacterial pathogens such as Streptococci.

‘Hyaluronic acid’ was firstly used by Meyer and Palmer to name a uronic acid-containing polysaccharide from the

vitreous (hyaloid in Greek) of the eye.170 Balazs et al.171 suggested that the name ‘HA’ should be used as a general term

instead of ‘hyaluronic acid,’ because names of polysaccharides should endwith – an, according to the accepted terminology.

The enzyme for the HA biosynthesis was designated as HA synthase.172 The first success in isolating the cDNA clone

from mammalian cells created the abbreviation HAS for this enzyme.173,174 The other isozymes of vertebrate HAS

were subsequently found and now the three vertebrate isozymes are numbered 1, 2, and 3 in order of their discovery.

According to the idea by Weigel et al.,175 in order to distinguish HASs from various sources, the first letter of the genus

and the species name should be put first like hsHAS1 for Homo sapiens HA synthase 1. Three distinct yet highly

conserved genes encoding mammalian HA synthases, Has1, Has2, and Has3, were cloned,173,174,176–180 which raised

a question how they are functionally different from each other. Mice with null mutation of each HAS gene would be

the reasonably best system not only to answer this question but also to clarify functions of HA itself.

Different chromosomal localizations for human and mouse three genes are are as follows:181 hsHAS1-chromosome

19q13.3–13.4 boundary; mmHAS1-chromosome 17; hsHAS2-chromosome 8q24.12; mmHAS2-chromosome 15; hsHAS3-

chromosome 16q22.1; and mmHAS3-chromosome 8. The genetic analysis has shown that so far there is no report on the

disease apparently linked to their locations.181
4.10.3.1 Enzyme Properties

Several lines of evidence suggested that HAS residues at the plasma membrane. Actually, HAS activity in vitro can be

easily measured by incubating a preparation of crude membranous proteins in the reaction mixture containing buffer,

pH 7.1, 15mM MgCl2, 1mM UDP-GlcNAc, and 0.05mM radio-labeled UDP-GlcA, followed by determining the

radioactivity incorporated into the Streptomyces hyaluronidase sensitive polysaccharide.173 Recently, Rilla et al.1 found,

using N-terminally tagged GFP-HAS2 and-HAS3 isozymes, that the proteins expressed in keratinocytes travel

through endoplasmic reticulum (ER), Golgi, plasma membrane, and endocytic vesicles and is especially rich in the

cell protrusion of plasma membrane. In experiments with a relief and introduction of brefeldin A, a blocker of the

Golgi-plasma membrane traffic, the transfer from ER to Golgi took about 1h, and the dwelling time on the plasma

membrane was less than 2h. Some C-terminal deletions of HAS3 stayed it within the ER, whereas a missense mutant

(D216A) was localized within the Golgi complex. Both types of mutations were almost or completely inactive,

suggesting that its entry to the plasma membranes activates the enzyme. UDP-GlcA depletion also prevented HAS

access to the plasma membrane. From those observations, Rilla et al.1 conclude that (1) a latent pool of HAS exists

within the ER-Golgi pathway; (2) this pool can be rapidly mobilized and activated by insertion into the plasma

membrane; and (3) inhibition of HAS activity through mutation or substrate starvation results in exclusion of

HAS from the plasma membrane. Consistent with this observation, although a single protein of recombinant HAS

purified from the membrane fraction is capable of synthesizing HA from both sugar donar substrates UDP-GlcA and

UDP-GlcNAc, some membranous components or hydrophobic environments markedly enhanced the activity.182

Northern analysis revealed a similar temporal expression pattern of HAS genes in developing mouse and frog

embryos in a way that they are expressed in order of HAS1, HAS2, and HAS3 during development.180 Enzyme

properties and products of three isoforms of vertbrate HAS were compared and characterized.183 The pericellular

coats formed by HAS1 transfectants (COS-1 cells or rat 3Y1 fibroblasts) were significantly thinner than those formed

by HAS2 or HAS3 transfectants. The recombinant HAS1 protein exhibited higher apparent Km values for the two

substrates, UDP-GlcNAc and UDP-GlcA, than those of the recombinant HAS2 and HAS3 proteins. However, HAS1

and HAS2 synthesized in vitro HA with Mrs 2�105Da to >2�106Da and HAS3 synthesized HA with a molecular

mass of 1�105Da to 1�106Da which was apparently shorter than those of the HA chains by HAS1 and HAS2.
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The acquisition of proper concentrations of both substrates near the enzymes in the cyotoplasmic membranes may be

one of the factors to determine the product size.

There is no report on direct inhibitor or activator of the HAS enzyme activity at moment, but at cellular levels

molecular biological techniques such as expression of the antisense RNA have been successfully applied.184 It is

interesting to see recent findings that Chao and Spicer identified natural antisense mRNA of HAS2 in mice and

human and designated HASN’T.185 Various cell-growth factors such as TGF-b and IL-6 influenced the mRNA levels

dramatically. The genomic gene structure and the consensus cis-elements-binding sites on the promoter region of the

HAS1 gene were reported but the actual involvement has remained to be studied.186 Those on the promoter regions

of human, murine, and equine HAS2 genes have been recently studied, which provided evidence for evolutionary

conservation of specific transcription factor binding sites such as SP-1 and nuclear factor kappa B (NF-Kb).187 More

recently, responsible elements of STAT and RA receptor proteins for EGF- and RA (all-trans-retinoic acid)-signals,

respectively, have been identified, and a complex regulation including RNA polymerase II and histone 4 acetylation

is shown to be involved in the RA-responding gene expression.188 Endo’s group in Japan found that the incubation

with 4-methylumbelliferone reduced the HA synthesis in cultured cells.189 Further studies have recently revealed that

the inhibition is due to depletion of one substrate, UDP-GlcA, for the reaction of glucuronidation of

4-methylumbelliferone.190
4.10.3.2 Biological Aspects

HA binds water and salt so that it expands the extracellular space.191 It also interacts with other extracellular matrix

molecules such as proteins having HA-binding domain called the link module.192 Further, in some cases such as

inflammation, inter a-trypsin inhibitors, serum molecules secreted from liver, interact with HA so that their heavy

chains can transfer to HA and form the covalent complex by transesterification reaction.193 These interactions create a

supromolecular structure of the extracellular matrix called the HA-rich matrix, which plays important roles in

maintaining tissue architectures and functions by filling the extracellular spaces, for example, a load-bearing role in

articular cartilage and joints. In relation to these properties, it is interesting to see that invertebrates commonly have

cuticulae consisting of chitin but not HA as an integument to maintain the body structure and protect from invasive

attack of the living environments. If their cuticulae have HA, it could cause undesired and unprotective integuments

against the environments (see the example of fruit flies having HA-rich cuticulae194). In addition to such important

roles due to physico-chemical properties of HA in vertebrates, this molecule modulates cell migration, cell adhesion,

wound healing, inflammation, and tumor invasion by facilitating cell migration through the association of HAwith the

cell surface receptors, such as CD44. Furthermore, a recent report by Misra et al.195 has suggested the possible

involvement of hyaluornan in enhanced expression of multidrug transporters, MDR1, and regulation of drug

resistance in some cancer cells.
4.10.3.3 HAS KO Mice

Although all the results have not appeared in literatures, raising KO mice for three different HASs have already been

performed and, interestingly, only HAS2 KO mouse is lethal, which suggests distinct differences in function among

three isoforms.

4.10.3.3.1 HAS1 null mutation
HAS1 KOmice were generated by homologous recombination of the exon 5 which encodes the catalytic region of the

enzyme protein in mouse ES cells derived from the 129Sv/J strain. They show no morphological and functional

abnormalities in any tissues and are fertile although they tend to be smaller in size. Since the implication of HAS1

expression in highly metastatic behaviors of some cancer cells is observed,196,197 the experiments to investigate a

relationship between HA synthesis by HAS1 and the tumor malignancy are now being implemented.

4.10.3.3.2 HAS2 null mutation
The null mutation was successfully created.198 The HAS2-targeting vector was created by ligating a fragment

containing exon 3 into pBluescript. After linearized, it was electroporated into GK129 ES cells. G418-resistant clones

were screened by PCR and then by Southern analysis. Chimeric animals derived from those ES cell clones were

screened for germline transmission.

In wild mice, expression of HAS2 appeared to correlate with expansion of cardiac cushion tissue and subsequent

tranformation of endocardial cells into mesenchyme, processes for development of heart. Consistent with these
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observations, the targeted deletion of the HAS2 gene results in embryonic death at approximately E9.5 with extensive

abnormalities of the developing heart (Figures 5a and 5b) as described in details below, and virtually the absence of

HA in the embryos, suggesting that HA synthesized by HAS2 is its principal source during initial cardiovascular

organogenesis in the mouse.198 The deletion also caused the following gross abnormalities: growth retardation and

scant numbers of red blood cells and lack of vitelline vessels in the yolk sac. However, somites were present, albeit

distorted, and other structures including the first pharyngeal pouch and otic placodes were present. Immunstaining for

CD31 (PECAM), a marker for endothelial cells, revealed a marked reduction in vessels in the homozygous embryos

(Figures 5a and 5b). The heart in theHas2 –/– embryos at E9.5 lacked cardiac jelly and cushions, although there was a
Figure 5 Abnormalities exhibited by Has2–/– embryos (E9.5). (a, b), E9.5 wild-type and Has2–/– embryos stained for the

endothelial marker, PECAM. See the absence of an organized vascular network expressing PECAM in the mutant embryo.

P, pericardial space; V, ventricle; A, atrium; 1 and 2, branchial arches 1 and 2. (c, d), Histological sections stained with alcian
blue of the atrioventricular canal of the heart taken from E9.5 wild-type and Has2–/– embryos, respectively. (e, f ), Those

stained with a biotinylated probe for HA. See the virtual absence of the HA-rich, cardiac jelly in the mutant embryo. Bars in a

and b¼500mm; bars in c–f¼250mm. Taken and modified from 198 Camenisch, T. D.; Spicer, A. P.; Brehm-Gibson, T.;

Biesterfeldt, J.; Augustine, M. L.; Calabro, A., Jr.; Kubalak, S.; Klewer, S. E.; McDonald, J. A., J. Clin. Invest. 2000. 106,
349–360; and 202 McDonald, J. A.; Camenisch, T. D., Glycoconj. J. 2002. 19, 331–339.
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characteristic constriction in the region of the AV canal (Figures 5c and 5d, arrows indicate the AV canal). The heart

also had strikingly compacted extracllular space and did not stain with alcian blue (Figures 5c and 5d). Neither did

with HA probe (Figures 5e and 5f ). Other ECM components including collagen type I, fibronectin, laminin, and

versican/ PG-M were all present, but their organization was altered.

Awell-established 3D culture system of atrioventricular (AV) canal explants on a type I collagen gel was used for the

further analysis. The normal process is characterized by migration of endothelial cells as an epithelial sheet (‘endo-

thelial migration’), followed by retraction and separation of the endothelium (‘activation’). The activated endothelial

cells then undergo transformation, invading the underlying collagen gel and expressing a repertoire of mesenchymal

genes de novo such as a-smooth muscle actin (‘transformation’). The culture of the mutant explants revealed absent

cell migration and epithelium-to-mesencyme transformation in the homozygous explants. The HAS2 cDNA transfec-

tion using inactivated adenovirus (plasmids encoding CMV-driven cDNAs) and also the addition of purified HA

rescued normal cell migration and transformation. The requirement for HA in these events is abrogated by the

expression of constitutively active H-Ras (Q61L), and also rescue by exogenous HA is inhibited by dominant negative

H-Ras (S17N) transfection. These results have revealed that a pathway requiring HA and leading to Ras activation is

important for transformation and invasion by cardiac endothelium.198 Thus, HA plays two complementary roles in

development: expansion of the extracellular space, providing a hydrated matrix for cell migration; and stimulation of

an invasive phenotype by cardiac endothelial cells (Figure 6).

Interestingly, lack of cushion mesencymal formation in the homozygous heart are rescued by heregulin-1 (HRG,

also known as neuregulin and NDF) (a cognate ligand for ErbB3) treatment, which restores phosphorylation of ErbB2

and ErbB3 heterodimer.199 This event was blocked with a soluble ErbB3 molecule, as well as with an inhibitor of

ErbB2, herstatin that was expressed by the transfection. ErbB3 phophorylation was also observed by treatment of

Has2–/– explants with HA.199 These data provide strong evidence for the involvement of induction of cardiac

endothelial-cell transformation by an HA-modulated pathway in ErbB2 and ErbB3 activation. This is consistent

with the observations that null mutations in ErbB1, 2, 3, and 4 (ErbB2 and ErbB3 and also ErbB4 are shown to be

upstream activators of Ras), as well as a ligand for ErbB3, neuregulin-1 all exhibited similar defects of cardiovascular

phenotypes.200,201 Using the wild AVC explants, McDonald and Camenisch202 further showed that ErbB2 is activated

in both myocardium and mesenchyme, and ErbB3 (that lacks a tyrosine kinase domain) is activated primarily in

mesenchyme. This suggests that ErbB3 binds ligand, heterodimerizes with ErbB2, and becomes activated by trans-

phosphorylation. The gene for HRG, an ErbB3 ligand, is expressed primarily in the endothelium of the AV canal.200

HRG is cleaved and released from the cell surface in soluble form, and can stimulate mesenchymeal cells by
Figure 6 A postulated model for the role of HA during cardiac morphogenesis. In the absence of HA, normally provided via

the activity of HAS2, endothelial cell organization and migration are defective. If ErbB receptors inhibited, only an organized

endothelial monolayer forms without invasion. HA, therefore, is required for epithelial organization and migration and act
synergistically with ErbB receptors and ligands (such as neuregulin) in initiating transformation to the mesenchymal

phenotype. Taken and modified from 202 McDonald, J. A.; Camenisch, T. D., Glycoconj. J. 2002. 19, 331–339.
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interacting with ErbB3 receptors. These results have suggested that ErbB2 and ErbB3 play important, nonredundant

roles in AVC morphogenesis. Interestingly, in consistency with an interaction of HAwith an avidity of nM to mM (10–9

to 10–6), only ngml–1 quantities of HA restored epithelial–mesenchymal transformation in HAS2 null embryos. When

mice lacking CD44 were used for this experiment and these mice have no known cardiac defects, the culture system

exhibits normal morphogenesis.202 Alternative candidates including the receptor for HA-mediated mobility or

RHAMM remain to be investigated.
4.10.3.3.3 HAS3 null mutation
HAS3 null mice were created using homologous recombination in mouse ES cells derived from the 129Sv/J strain. The

targeted allele deleted a large portion of the fourth exon which encodes 100 amino acids from within the catalytic

region.203 The heterozygous intercrosses yielded homozygotes at the expected mendelian frequency. They had no

gross behavioral or morphological phenotypes and were viable with normal life span and normally fertile. However,

Bai et al.203 have recently demonstrated roles of HAS3-mediated inflammation in ventilator-induced lung injury.

The management of acute lung injury and acute respiratory distress syndrome (ARDS) requires the use of positive-

pressure ventilation to provide adequate oxygenation. However, the uneven distribution of oxygen and the high tidal

volumes (Vt) ventilation result in overdistension of the compliant areas. Ventilator-induced lung injury has been

characterized by neutrophil sequestration, increased vascular permeability, and elevated levels of chemoattractant

cytokines such as macrophage inflammatory protein 2 (MIP-2, a rodent equivalent for human IL-8).204 Bai et al.203

found that low-molecular-weight HAwas accumulated in lungs of animals with ventilator-induced lung injury and was

induced by stretch occurring in cycles in cultured lung fibroblasts. The low-molecular-weight HA produced by such

stretch increased IL-8 production in epithelial cells, and was accompanied by an upregulation of HAS3 mRNA, which

suggests the implication of HAS3 expression in ventilator-induced lung injury. Effects of high tidal volumes (Vt)

ventilation in C57BL/6 wild-type and HAS3 KO mice were compared. Significantly increased neutrophil infiltration,

MIP-2 production, and lung microvascular leak were found in wild-type animals, while the reactions were significantly

reduced in HAS3 KO mice except for the capillary leak. As expected, wild-type mice with high Vt ventilation were

found to have the increase of low-molecular-weight HA in lung tissues and concomitant increase of the expression

level of HAS3 mRNA. It is thus concluded that HAS3 was necessary for the high Vt induced low-molecular-weight HA

production and that the isoform plays a role in the inflammatory neutrophil infiltration in the response of ventilator-

induced lung injury.
4.10.4 KO Animals of Core Protein Genes

4.10.4.1 Aggrecan Family

The aggrecan family consists of four members: aggrecan,205,206 versican,207 neurocan, and brevican.208 These proteo-

glycans serve as structural macromolecules of the ECM. This family is also called lecticans simply because they

contain a lectin-like motif at the C-terminal globular domain, although its function as a lectin has not been

characterized. Their core proteins contain two common globular domains named G1 and G3 at both N- and C-termini,

respectively. They exhibit approximately 80% amino acid identity among the four members, and show similar binding

activity to other ECM molecules. The G1 domain contains three looped subdomains: A, B, and B0. Whereas the

A subomain shows immunoglobulin-fold, both B and B0 subdomains contain two link modules known to have

HA-binding structure.209 The G1 domain binds HA at B-B0 segment210,211 and their binding is stabilized by a member

of link proteins, which has recently been termed HA and proteoglycan link proteins (HAPLNs).212 The G3 domain

contains EGF-like, lectin-like, and complement regulatory protein (CRP)-like modules. The G3 binds fibulin-1,-2,213

tenascins,214,215 and fibrillin-1.216 Aggrecan has another globular domain G2, composed of B and B0 subdomains.

However, biochemically, it does not bind HA210 and its in vivo function has not been understood yet. In the middle of

their core protein, CS-attachment domains are located. These domains determine the number of CS chains and

therefore characterize individual molecules of aggrecan family. For instance, aggrecan contains a CS domain which

contains over a hundred Ser-Gly repearts, most of which are substituted with CS chains. Versican/PG-M contains two

CS domains CSa and CSb, and the number of CS chains differs by alternative splicing.
4.10.4.1.1 Aggrecan and its gene KO mice
Aggrecan is the major structural macromolecule of cartilage, which contributes to water retention and provides

resistance to compression. Whereas cartilage is localized on the joint surface and help movement of individuals, it
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serves as a primodium of most bones during development. A specific structure of cartilage, named the growth plate,

plays an essential role in bone growth and skeletal development. The growth plate forms layered zones of chondrocytes

representing various differentiation stages, that is, resting, proliferative, prehypertrophic, and hypertrophic zones. The

chondrocytes of the growth plate divide longitudinally to form columns, differentiate into hypertrophic chondrocytes,

and undergo apoptosis where the growth plate is invaded by vessels and replaced by bone. This process is called

‘endochondral ossification’. Aggrecan-null mice demonstrated a pivotal role of aggrecan in endochondral ossification.

There is a natural KO mouse model of aggrecan gene, termed cartilage matrix deficiency (cmd). The cmd aggrecan

gene has a single 7 bp deletion in exon 5, which encodes the B loop of the G1 domain.217 This deletion causes a frame

shift resulting in the appearance of a termination codon in exon 6, and the potentially truncated 32kDa polypeptide

created by this mutation is not detected. The homozygotes (cmd/cmd) mice are characterized by dwarfism, a short

snout, and cleft palate, and die shortly after birth due to respiratory failure. Histologically, cartilage of the homozygotes

shows tightly packed chondrocytes with little matrix.218 The growth plate of cmd/cmd exhibits disorganized chon-

drocyte columns. Based on expression patterns of Col1a1, Col2a1, and Col10 a1, the overall polarity of cell types from

perochondrium to chondro-osseous junction is similar to that in the normal growth plate. However, a marked reduction

of hypertrophic chondrocytes, chondrocytes expressing both Col2a1 and Col10a1, and altered distribution of several

genes including syndecan-3 and link protein/HAPLN1 are observed, indicating that aggrecan is essential for cellular

architecture of growth plate and endochondral ossification.219

Although cmd was first reported as an autosomal recessive mutation, the heterozygotes exhibit two abnormal

phenotypes.220 One is a slight proportional dwarfism which becomes noticeable approximately 28 days after birth. The

other is a misalignment of the cervical and thoracic spine, which becomes apparent approximately 1 year after

birth. They develop a marked lordosis of the cervical spine and kyphosis of the thoraco-lumbar spine, and acquire a

spastic gait disturbance. With decreased movement, they become unable to eat and starve to death within a month

following acquisition of the gait disturbance. Thus, the heterozygotes die after 12–15 months, while the wild-type

mice live for 2–2.5 years. Histologically, their cervico-thoracic spine exhibits degenerative changes. Vertebral bodies

are deformed with the disappearance of the apophysis, and the intervertebral disk is often protruded and herniated.

Alcian blue stains mostly pericellular regions and only faintly the ECM of the heterozytote disk, whereas it stains

diffusely the ECM of the wild-type disk. These histological findings indicate that the primary lesion lies in the disk

and that degeneration characteristic of reactive bone growth does not occur. Because the cervical spine is particularly

susceptible to gravitational loading as mice support their head, distortion and herniation may appear at the cervical

spine. The knee joint and other cartilaginous tissues are apparently normal in the heterozygotes. The levels of

aggrecan in cartilage from the 90-day-old cmd heterozygous mice are reduced to approximately 80% of the wild type,

which is likely responsible for abnormal phenotypes of the heterozygotes. Electron microscopy of cmd homozygote221

and heterozygote220 cartilage demonstrates collagen fibrils with an increased diameter and periodic banding patterns,

suggesting a key role of aggrecan in maintaining the collagen network.

Spinal misalignment and movement problems involving spastic paralysis in cmd heterozygotes resemble spinal

paralysis in humans. It is possible that an analogous aggrecan gene defect causes spinal disk herniation or spondylo-

myelopathy, which are well known as diseases typical for older humans. These findings in cmd heterozygotes support

aggrecan as a candidate gene predisposing individuals to spinal problems.
4.10.4.1.2 Link protein KO mice
In cartilage, aggrecan is present as the proteoglycan aggregate with HA and LP. LP is a molecule of approximately

45kDa, homologous to the G1 domain of aggrecan family members. LP biochemically binds both HA and aggrecan,

and stabilizes the aggregate. This function has been proved in vivo by analysis of LP-null mice. LP-null mice222 show

phenotype similar to, and milder than cmd/cmd. They are dwarf and die shortly after birth due to respiratory failure.

Their long bones are shortened and the skulls are small with a shortened antero-posterior axis, indicating impaired

endochondral ossification. In their growth plate, the chondrocyte columns are disorganized with little bone replace-

ment. Prehypertrophic and hypertrophic cells are intermingled without distinct zones, and the number of hypertro-

phic chondrocytes is decreased, whereas chondrocyte proliferation is unaffected. Among these changes, reduced

numbers and sizes of hypertrophic chondrocytes first become apparent at about embryonic day 14.5, suggesting that

the lack of LP primarily affects differentiation from prehypertrophic to hypertrophic chondrocytes. This is consistent

with the fact that both aggrecan and LP are mainly expressed by prehypertrophic chondrocytes. In LP-null cartilage,

the level of aggrecan is significantly reduced, which confirms an important role of LP in the deposition of proteoglycan

aggregates. In contrast, the amount of type II collagen is unaltered, although LP-null cartilage is smaller in size than

wild-type cartilage.
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The process of chondrocyte differentiation involves several signaling molecules including PTHrP and Indian

hedgehog (Ihh). LP-null growth plate displays decreased levels and altered distribution of PTHrP receptor and

Ihh. Thus, the proteoglycan aggregate apparently plays an important role for chondrocyte differentiation. Decreased

deposition of the proteoglycan aggregate by the absence of LP causes disorganization of chondrocyte columns, which

in turn may alter the levels and distribution of signaling molecules and the localization of chondrocytes that receive

them, resulting in impaired differentiation.

Unlike other gene KO mice with chondrodysplasias, some of the homozygotes survive the perinatal period. Their

shortened trunks, flat faces, and lordosis become obvious with time. Histologically, the growth plate gradually

becomes organized. On day 8 after birth, hypertrophic chondrocytes are aligned longitudinally in short columns,

and bone invasion of the growth plate is observed.

Although no skeletal disorders have been mapped to the vicinity of the link protein gene locus, a certain class of

chondrodysplasia, likely inherited in a recessive manner, may be due to a defect of the link protein gene.
4.10.4.1.3 Versican/PG-M KO mice
Versican/PG-M207,223,224 is characterized by the presence of four variant forms: V0, V1, V2, and V3, generated by

alternative splicing of mRNA. The largest form V0 contains a core protein of approximately 550kDa and up to 23 CS

chains. This proteoglycan is transiently expressed in embryonic tissues225 such as the heart,226 cartilage primordium,227

and nervous systems,228 and regulates cell adhesion,229 migration,230 proliferation, and differentiation.231 As tran-

siently expressed versican disappears quickly, it may function near the cell surface without being incorporated into the

ECM. In some adult tissues such as the blood vessels and brain, versican is constitutively expressed and serves as a

structural macromolecule of the ECM in the form of a proteoglycan aggregate. Interestingly, V0 and V1 forms are the

major versican/PG-M in cardiovascular systems, whereas V2 is the major one in adult brain.

Versican-null mice, named hdf, have been generated by a gene trap technique.232 Their versican gene (Cspg2) has

insertion of a lacZ reporter construct into the intron 7, which results in homozygous recessive embryonic lethality at

approximately E10.5. Whereas the heterozygote mice are normal and fertile, the homozygote embryos are small and

display severe cardiac defects along the anterior–posterior axis, including the absence of endocardial cushions and a

highly dilated primitive atrium and ventricle. This is consistent with distinct expression patterns of versican in

developing heart.226 Death of hdf homozygotes at E10.5 prevents the analysis of other tissues where veriscan is

expressed in the late embryonic stages, such as cartilage primordium, hair follicles, and blood vessels. Studies using

conditional KO mice of versican will reveal its in vivo function in these tissues.

Recently, a splicing mutation in the CSPG gene was identified in Wagner syndrome, a dominantly inherited

vitreoretinopathy.233 The mutation is a heterozygous A–G transversion at the second base of the 30-acceptor splice
site of intron 7, which activates a cryptic splice site, located 39 bp downstream from the authentic 30 splice acceptor

site. Whereas normal lymphoblastoid cells express V0, V1, and V3 variants, those of the patients do the V2 variant.
4.10.4.1.4 Neurocan and brevican KOs and related mice
The brain has a large proportion of extracellular space. The extrasynaptic space contains distinct aggregation of the

ECM molecules. Around cell bodies and proximal dendrites, there are specific structures termed ‘perineuronal nets’

(PNNs). The PNN contains HA, tenascins, and proteoglycans of aggrecan family. All of the members of the aggrecan

family are expressed in the brain, with temporarily and spatially different patterns, and therefore may play specific

roles depending on the stages of brain development. Both neurocan and brevican are entirely expressed in the brain.

Biochemically, neurocan and brevican bind HA at the N-termini, and tenascin-C and-R, at the C-termini. These

molecules surround large neuronal bodies and their proximal dendrites, forming a PNN.

Neurocan is first expressed at E12, and its expression increases during late embryogenesis, but decreases signifi-

cantly within the first month after birth.234 Neurocan interacts and colocalizes with tenascin-C in the cerebellum and

the neural cell adhesion molecules Ng-CAM/L1, azonin, and N-CAM. In addition, C-terminal lectin-like domain

interacts with sulfatides, sulfated glycolipids. Furthermore, mutually exclusive localization of neurocan and axons

suggests that neurocan acts as a barrier to axonal growth, thus playing an important role in axon guidance and neurite

outgrowth during brain development.

Neurocan KO mice235 are viable and fertile, with no obvious deficits. When the synaptic performance is examined

using hippocampal slice preparations, while rapid and profound synaptic potentiation of the homozygote slices is

similar, its decay is more rapid than wild type, suggesting mild deficit in synaptic plasticity. Thus, neurocan has a

redundant or subtle function in brain development.
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Brevican is detected at E14, whose expression increases during growth, reaching the plateau at approximately

150 days after birth.234 Although ubiquitously expressed, brevican is remarkable in the cerebellum, showing special

distributions. Its expression coincides with the maturation of the cerebellar glomeruli. In addition, brevian inhibits

neurite outgrowth of cerebellar glomerular neurons, suggesting that brevican plays a crucial role in the maturation of

mossy fiber systems in the cerebellum.

Brevican KO mice236 are viable and fertile. Although their brain is anatomically normal, it exhibits less prominent

PNNs and upregulation of neurocan expression, especially in the forebrain. Although they show significant deficits in

the maintenance of long-term potentiation (LTP), their behavior, including learning and memory, appears normal.

Since the mice of either gene KO of neurocan or brevican, as well as tenascin-R or tenascin-C, show minimal

abnormalities, quadruple KO mice of these genes were generated and analyzed.237 They are viable, fertile, and their

brains are grossly normal. By Western blots, larger amounts of both fibulin-1 and fibulin-2 are present in their brains

than wild type. In the wild-type brain, fibulin-1 is predominantly localized in small blood vessel membranes together

with HS proteoglycans, and fibulin-2 is restricted to large blood vessels. In contrast, both fibulins are increased

throughout the brain parenchyma, particularly in the corpus callosum and in some other regions. Microscopically,

altered levels and depositions of fibulin-1, fibulin-2, andHA are observed in the quadruple KO brain. Both fibulins can

form oligomers and connect proteoglycans of aggrecan family at their C-termini. In the absence of tenascins, a larger

amount of fibulins may be deposited, compensating for tenascins. HA is evenly and continuously distributed

throughout the hippocampus and organized in fibrils in the corpus callosum in the WT brain. In contrast, in the

quadruple KO brain, its deposition appears punctate and less organized. In addition, PNNs in the quadruple brain are

rather difficult to identify, although these structures are present.

In triple KO mice of brevican, tenasin-R and tenascin-C, neurocan is almost absent in the brain. Thus, the

phenotype of the triple KO mice is identical to that of the quadruple KOs. These observations of a series of KO

mice show that even in the absence of all the four genes, mice normally develop and grow. In the brain, both versican

and aggrecan are present. They may play crucial roles in the maintenance and function of the PNN.
4.10.4.2 Small Leucine-Rich Proteoglycans

The small leucine-rich proteoglycans (SLRPs) are a group of PGs that possess a similar structural motif, leucine-rich

repeat (LRR).238 SLRPs can be divided into three classes by several parameters, including evolutionary protein

conservation, the presence of distinct cysteine-rich clusters in the N-terminal region, the number of LRR, and their

genomic organization. To date, at least nine members of SLRPs have been identified, and these PGs are speculated to

have redundant functions. Actually, KO mice of any single gene of SLRPs develop and grow without severe

abnormality.

Decorin-null mice239 have fragile skin and the collagen fibrils are of uneven thickness along their length, although

the average thickness is similar to that of WTmice. These observations suggest that both tensile strength and collagen

fibril assembly are partly regulated by decorin.

Biglycan-null mice240 are normally born, but growth retardation and decreased bone mass are observed approxi-

mately 3 months after birth. These phenotypic changes are remniscent of Turner syndrome, an X-linked genetic

disease characterized by short stature.

Class II SLRPs include lumican, fibromodulin, keratocan, and osteoadherin. Lumican-null mice241 are viable and

smaller than WT. They exhibit reduced corneal transparency and skin fragility. Transmission electron microscopy

shows that the corneal collagen fibrils range in diameter from 20 to 235nm compared with 10 to 42nm in WT, which is

consistent with in vitro data that lumican core protein restricts the collagen fibril diameters. Similar to cornea, dermal

collagen fibrils exhibit a wider range in diameter and some appear fused laterally.

Fibromodulin-null mice242 appear normal, but exhibit abnormal collagen fiber bundles in tail and Achilles tendon,

and increase of small diameter fibrils. Thus, fibromodulin may be necessary for maturation of the collagen fibrils

from small to large ones. In addition, these mice display increased incidences of osteoarthritis. Biochemically, their

articular cartilage contains larger levels of lumican, although the ultrastructure of collagen fibrils in articlular cartilage

appears normal.

Double KO mice243 of lumican and fibromodulin are viable, fertile, and often smaller than WT. They have bowed

legs, exhibit joint hypermobility, walk on the dorsal part of hind legs, and show gait disturbances. Whereas lumican-

null mice show normal levels of tendon stiffness, in the fibromodulin-null background, tendon stiffness decreases

dependently on the dosage of lumican. The sclera of lumican-null and double-null mice is thin, and the latter have

large eyes, probably due to decreased scleral strength. Transmission electron microscopy shows that all three null

mutaint scleras contain fewer flat sheets of lamellae than WT.
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Keratocan-null mice244 have a thinner corneal stroma and a narrower cornea-iris angle of the anterior segment.

Ultrastructural analysis shows subtle structural changes of collagenous matrix in cornea.

Taken together, KO mice of SLRPs demonstrate their redundant function, particularly of regulation of collagen

fibril diameters, which determine tensile strength of tissues.
4.10.4.3 Syndecans and Glypicans

Syndecans and glypicans are cell-surface HSPGs. Whereas the core protein determines the localization of the

molecules, HS chains, with extensively diverse structures, exert their specific function there. Recent studies have

revealed that the core protein is cleaved by proteinases and the ectodomain is shed to the ECM. Thus, proteinases on

the cell surface indirectly regulate the function of these PGs. Details of HS structure and function will be discussed

later. Here, the in vivo functions of these HSPGs are discussed together with the KO phenotypes of each core protein.

In the adult, syndecan-1 is expressed on epithelial cells and myeloma cells, syndecan-2 is on endothelial cells,

syndecan-3 is predominantly found in the nervous systems, whereas syndecan-4 is more ubiquitously expressed.

During development, tissue-specific expressions of the different syndecans are observed, with syndecan-1 expression

starting as early as cell stage 4 of embryonic development.245

Syndecan-1 null mice245 develop normally and are fertile. A variety of challenge to the mice demonstrated

important roles of syndecan-1 under specific conditions. Syndecan-1 null mice show resistance to Wnt-1-mediated

mammary gland tumorigenesis and microbial lung infections than wild type.

The Wnt pathway is involved in the development of many types of human tumors. The mice with ectopic

expression of Wnt-1 in the mammary gland develop generalized mammary hyperplasia followed by solid tumor

formation. When these mice were crossed with syndecan-1-null mice, Wnt-1-induced hyperplasia was reduced by 70%

in the syndecan-1 null background compared with wild type, indicating that the absence of syndecan-1 suppresses

Wnt-1-induced tumor formation. Biochemical evidence to support this was obtained in a Drosophila culture system,

where addition of syndecan-1 ectodomain stimulated the activity of Drosophila Wnt protein, Wingless (Wg), and

removal of the HS chains from the ectodomain abolished the signaling activity.

Among the HSPGs, syndecan-1 is thought to be the major microbial target because most pathogens target the host

epithelia early in their pathogenesis and because syndecan-1 is the predominant HSPG of epithelia. Infection of

Gram-negative bacteria to syndecan-1-null mice demonstrated involvement of syndecan-1 in bacterial infection.246

Syndecan-1-null mice significantly resisted to lung infection and subsequent bacteremia compared with wild type,

when inoculated intranasally with Gram-negative bacterial pathogen, Pseudomonas aeruginosa. Its vilurence was also

reduced in the corneas of the null mice. However, the vilurence was similar when inoculated intraperitoneally. These

results indicate that syndecan-1 null mice resist P. aeruginosa infection at the initial phase of infection where the

pathogen encounters the host’s epithelial barrier.

Recent studies have revealed that lack of syndecan-1 leads to enhanced leukocyte–endothelial cell interactions,

increased angiogenesis, and increased inflammatory responses.245,247 By a perfusion-based retinal assay, leukocyte

adhesion to the endothelium of retinal blood vessels was increased in syndecan-1 null mice, which was caused by

the syndecan-1-null leukocytes. Increased angiogenesis in a cornea assay was observed in syndecan-1 null mice. The

mechanisms underlying these phenomena remain to be elucidated.

Syndecan-3 null mice248 exhibit slight defects in the hippocampus but are otherwise healthy.

Syndecan-4249 is expressed in vertebrae, ribs, skull base, hair follicles, whiskers, salivary glands, kidney, lung, heart,

and urinary bladder. Adult tissue expresses high levels of syndecan-4 in liver, kidney, and lung, while the heart and

brain show moderate expression levels.

Lines of evidence have been accumulated to show that syndecan-4 plays important roles in healing process after

tissue damage. For instance, alterations of syndecan-4 expression are associated with wound healing. The syndecan-4

ectodomain, shed from the cell surface, is increased in dermal wound fluid, which serves as an effector in maintaining

the proteolytic balance in the inflammatory environment by binding proteases and protecting them from protease

inhibitors. A potential role of syndecan-4 in healing has been demonstrated following myocardial infarction. Syndecan-

4 expression is increased in response to hypoxia in cardiac myocytes and is localized to the repair region of damaged

cardiac tissue.

Syndecan-4 null mice249,250 exhibit a delay in the rate of healing of excisional wounds and a defect in angiogenesis

of the granulation tissue. Dermal fibroblasts isolated from syndecan-4 null mice migrate slower than wild type in

in vitro wound-healing studies, suggesting that cell motility is adversely affected by the loss of syndecan-4. Renal

function studies demonstrated increased mortality of syndecan-4 null mice following k-carrageenan-induced obstruc-

tive nephropathy. They exhibited a substantial increase in blood urea nitrogen levels, dilatation of renal tubules,
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and degeneration of the inner medulla. Lipopolysaccharide-induced septic shock also increased the mortality of

syndecan-4 null mice.

Glypicans251,252 are linked to the cell surface by a glycosylphosphatidylinositol anchor. The in vivo function of

glypicans has been extensively studied using Drosophila systems. Hypomorphic mutants of Drosophila glypican dally

show an abnormal cuticle patterning in embryos, and display defects in several adult tissues, including the eye, antenna,

wing, genitalia, and sensory organs in the wing and notum. The phenotype of dally mutants suggests tissue-specific

roles of this glypican in regulation of Wingless and Decapentaplegic a member of bone morphogenetic protein family.

The second glypican identified was dally-like, and inhibition of its expression produces an abnormality of epidermal

patterning, like that found in Wg mutants, suggesting that dally-like is also required for optimal Wg signaling. By

studies of dally and dally-like mutants, glypicans may regulate Wg signaling with a spatio-temporal variation.

Of six members of glypican family in mammals, only glypican-3 null mice252 and its human mutation have been

well documented. Simpson–Golabi–Behmel (SGB) syndrome253 is a human genetic disease with glypican-3 muta-

tions, characterized by pre- and postnatal overgrowth, and a broad spectrum of clinical manifestations that vary from a

very mild phenotype in carrier females, to infantile lethal forms in some males. Clinically, they exhibit a distinct facial

appearance, macroglossia, cleft palata, syndactyly, supernumerary nipples, cystic and dysplasitc kidneys, congenital

heart defects, and rib and vertebral abnormalities. This syndrome is caused by the lack of functional glypican-3. The

phenotype of glypican-3 null mice strongly supports this hypothesis. They display several abnormalities found in the

SGB syndrome, including developmental overgrowth, early lethality, cyatic and dysplastic kidneys, and skeletal

defects. Their kidney exhibits a persistent increase in the proliferation rate of epithelial cells in the uteric bud/

collecting system from the embryonic stages.

The mechanism underlying the overgrowth in glypican-3-null mice has been studied.254 Detailed analysis of

glypican-3 null mice demonstrates normal expression patterns of type X collagen and apotosis of hypertrophic

chondrocytes. However, replacement of these cells with bone tissue is delayed. In vitro studies showed that this

delay is associated with decreased recruitment of osteoclasts from bone marrow macrophage precursors in response to

M-CSF and RANKL, and with a decreased number of bone marrow derived cells positive for CD11b and Gr-1.

Thus, glypican-3 is required for a lineage-specific hematopoietic cell differentiation, and its absence causes decreased

osteoclast differentiation and delay of endochondral ossification.
4.10.4.4 Perlecan-Null Mice and Human Genetic Diseases

Perlecan, a representative HSPG in the ECM, is expressed in all basement membranes and other matrices such as

cartilage. Its core protein with a molecular mass of 400kDa consists of five distinctive functional domains, and is

substituted with up to three HS chains at the N-terminal domain I and one or two HS/CS chains at the C-terminal

domain V. Domain I contains a sperm protein, enterokinase, agrin (SEA) module and three [Ser-Gly-Asp]-peptide

sequences, in which the serine residue is a site for HS attachment. Domain II is similar to the cholesterol-binding

region of the LDL receptor and domain III has homology with the short arm of laminin a-chains. Domain IV, the

largest domain, consists of 14 repeats of IgG-like motifs similar to those found in the neural cell adhesion molecule

(N-CAM). Domain V has three globular subdomains, similar to the LG subdomain of laminin a-chains, with interrup-

tions by four EGF-like motifs, and can be substituted with HS and/or CS chains. These domains bind a variety of the

ECMmolecules, growth factors, and cell surface receptors, suggesting that the main function of perlecan may lie in its

core protein. Perlecan expression is detected as early as the blastocyst stage, increases in the peri-implantation period,

and in tissues for vasculogenesis, including heart, pericardium, and major blood vessels. Perlecan is also expressed in

developing cartilage, especially in the hypertrophic zone. In the late stages of development, its expression dramati-

cally increases, correlating with the formation of parenchymal organs, such as kidneys, lungs, liver, spleen, and

gastrointestinal tract. Although expressed in the early stages of embryogenesis, lack of perlecan does affect neither

implantation nor early embryogenesis.

Perlecan-null mice255,256 are embryonic lethal at two developmental stages. Some die early, displaying cephalic

and severe cardiac defects around E10.5, and others without these abnormalities die around birth with chondrodys-

plasia. The cephalic defect is protrusion of the brain out of the BM, termed exencephaly, suggesting frail BM structure

covering the brain. The perlecan-null heart defects are complicated. Grossly, many perlecan-null mice show intraper-

itoneal hemorrhage, weak heartbeats, or cardiac arrest. Histological and ultrastructural analyses have revealed that

cardiac muscle cells lack BM or have abnormal BM, which disrupts the integrity of the myocardium and leads to the

formation of the small clefts inmyocardium and to blood leakage into the pericardial cavity. Recent studies on perlecan-

null heart revealed additional abnormalities: a high incidence of complete transposition of great arteries

and malformation of semilunar valves.257 Mesenchymal cells in the outflow tract are abnormally abundant in
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perlecan-null embryos by E9.5, when the endocardial–mesenchymal transition takes place. At 10.5, perlecan-null

embryos lack well-defined spiral endocardial ridges, and the excess of mesenchymal cells appears to obstruct the

outflow tract lumen, which precludes the rotation of the septation complex to achieve a concordant aterio-ventricular

connection. Perlecan-null cartilage exhibits disorganized growth plate, with impaired proliferation and differentiation

of chondrocytes. The vertebral bodies are shorter and wider with multiple ossification centers at the periphery. These

abnormalities become obvious when endochondral ossification begins. Although these abnormalities in perlecan-null

cartilage clearly indicate essential roles of perlecan in cartilage development, the detailed mechanisms of how

perlecan contributes to the development remain to be elucidated.

To date, two human genetic diseases of perlecan gene have been identified: dissegmental dysplasia Silverman–

Handmaker type (DDSH),258 and Schwartz–Jampel syndrome (SJS).259,260 The mutations in DDSH have been

identified in three patients, which produce premature termination codons. As the mutant core protein is synthesized

but not secreted, DDSH is a functionally null-mutation of perlecan. SJS is characterized by chondrodysplasia and

myotonic myopathy. The mutation leads to synthesis and secretion of partially functional truncated perlecan.

Knock-in mice whose perlecan lacks HS chains at the N-terminal domain I have been generated. These mice

develop normally and grow healthy and fertile, showing a slight malformation of the lens capsule.261 Further studies

have revealed increased smooth muscle cell proliferation during intimal hyperplasia, delayed wound healing, retarded

FGF-2-induced tumor growth with defective angiogenesis.262 In addition, these mice exhibit marked proteinuria,

when administered intraperitoneally with bovine serum albumin.263 Thus, HS chains at the N-termical domain appear

to be dispensable for life, and may play roles under certain pathological conditions.
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4.11.1 Introduction

The enzymatic addition of a single N-acetylglucosamine residue through a b-glycosidic linkage, O-GlcNAc, was first

identified in the nuclear and cytoplasmic compartments of the cell over 20 years ago.1,2 This discovery challenged

the dogma of classical glycosylation in which proteins modified with sugars only reside on proteins located in

intracellular vesicles, endoplasmic reticulum (ER), Golgi, or on the extracellular domains of cell surface proteins.3 It is

now well accepted that O-GlcNAcylation occurs abundantly on myriad nucleocytoplasmic proteins in all metozoans.

Two enzymes responsible for the addition and removal of O-GlcNAc have been cloned, purified, and characterized.4

UDP-GlcNAc:polypeptide transferase or O-GlcNAc transferase (OGT) catalyzes the addition of N-acetylglucosamine

from the activated sugar donor UDP-GlcNAc to Ser and Thr residues of its substrate,5–7 whereas N-acetyl-b-D-
glucosaminidase or O-GlcNAcase (OGase) hydrolyzes the sugar.8,9 These enzymes are found in all cell types, being

most abundant in pancreas and brain, and are highly conserved from Caenorhabditis elegans to human.6,9–11 Although

O-GlcNAc and its associated processing enzymes have not yet been found in yeast and most prokaryotes, with the

notable exception of the alpha toxin from Clostridia novii,12 the possibility exists that these organisms may use a

different sugar to accomplish the functions of O-GlcNAc.

The half-life of O-GlcNAc is much shorter than the polypeptide backbone, indicating that O-GlcNAc addition and

removal is a highly dynamic process.13,14 Indeed, global changes in O-GlcNAc levels occur rapidly upon mitogenic

stimulation,15 during the cell cycle,16 and in response to a wide variety of stresses.17 A number of different protein

substrates have been identified, some of which include RNA Pol II and transcription factors, cytoskeletal proteins,

nuclear pore and chromatin proteins, tumor suppressors and oncogenes, and other cytoplasmic enzymes.18 Of note,

thus far, all identified O-GlcNAcylated proteins are also phosphoproteins. In fact, some O-GlcNAc sites have been

mapped to the same or within a few amino acids to the phosphorylation site suggesting that these two modifications

may exist in a reciprocal relationship (Figure 1).19
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Figure 1 O-GlcNAc is found on a number of proteins such as RNA polymerase II and transcription factors, tumor

suppressors and oncogenes, chromatin and nuclear pore proteins, RNA-processing proteins, protein translation regulatory

proteins, cytoskeletal proteins, adaptor molecules, proteasomal proteins, and cytosolic enzymes. A complex relationship
exists between O-GlcNAc and O-phosphate as they both can alternatively modify the same or adjacent Ser and Thr

residues. Pin1 catalyzes the cis/trans-isomerization of phosphorylated Ser or Thr residues adjacent to Pro.
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4.11.2 Processing Enzymes

4.11.2.1 O-GlcNAc Transferase

OGTwas originally isolated from rat liver as a heterotrimer composed of two 110-kDa subunits and a 78-kDa subunit.5

The p110 subunit has subsequently been identified as being ubiquitously expressed while p78 seems to have a more

limited tissue expression pattern,6 suggesting that its multimerization with the p110 subunits could serve as a

regulator in a tissue-specific manner.

Primary sequence analysis indicates that OGTcan be separated into two domains, the N-terminal tetratricopeptide

repeat (TPR) domain and the C-terminal catalytic domain bisected by a putative nuclear localization signal.20 TPRs

are 34 amino acid repeats, often occurring in tandem, that are involved in protein-protein interactions.21 Recent

crystallographic data of the human TPR domain of OGT indicate that these repeats form a superhelical structure

reminiscent of importin a.22 The concave surface of this helix is lined with conserved asparagine residues, and it is

presumably through these residues that OGT interacts with the polypeptide backbone of its substrates. PSI-BLAST
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searching23 reported that the putative catalytic C-terminus of OGT has remote homology to other sugar-processing

enzymes found in the glycogen phosphorylase/glycosyl transferase family (GPGTF).24 Based upon this prediction,

this group conjectured that the C-terminus is composed of two Rossman-like domains in which the second Rossman

domain is the UDP-GlcNAc binding site. In addition, OGT is tyrosine-phosphorylated and is itself O-GlcNAcylated.6

While at least two genes for OGTs have been found in plants,25–27 only one gene has thus far been identified for

OGT, and it has been mapped to Xq13 in humans.28 Fine genetic mapping, northern, and western analysis have

determined four transcripts and three different forms of OGT: a nucleocytoplasmic form (ncOGT), a mitochondrial

OGT (mOGT), and a short OGT (sOGT) (Figure 2a).10,20,29 ncOGT is the full-length p110 containing 11.5 tandem

TPRs while mOGTarises from an alternative splice site which adds a mitochondrial localization signal and truncates

the TPR region to nine repeats.30 sOGTcontains only two TPRs and is either the product of an alternative splice site

or is a proteolytic fragment. Ablation of this gene in mice has demonstrated the absolute requirement of this enzyme,

as the embryonic stem (ES) cells themselves are not viable.28 Knockout studies in C. elegans have produced viable

offspring with a Dauer phenotype (ogt-1);31 however, in these studies, offspring produced an OGT in which the

catalytic domain was truncated suggesting that expression of a truncated OGT is sufficient for viability.

Although no canonical sequence motif has been elucidated, Ser and Thr residues located near a Pro have been

found in a number of acceptor sites.5 Many Ser/Thr kinases have been identified that are Pro-directed, indicating that

a complex relationship exists between O-GlcNAcylation and phosphorylation. Recently, OGT has been found to be

tightly associated with the protein phosphatases PP1ß and PP1g,32 indicating that in many cases the same enzyme

complex both removes phosphate and adds O-GlcNAc. In addition, a peptidyl-prolyl isomerase (Pin1) has been

identified that catalyzes the cis/trans-isomerization of Pro residues.33 Pin1 recognizes phosphorylated Ser/Thr residues

adjacent to Pro, suggesting that a simple on/off model of phosphorylation is not sufficient in explaining complex post-

translational signaling mechanisms. It is possible that O-GlcNAcylation of Pro-directed Ser and Thr residues may

inhibit isomerization of Pin1, thus adding another layer of intricacy to signal transduction mechanisms.

Kinetic studies performed on rat liver OGT indicate that it has an unusually high affinity to its donor sugar, UDP-

GlcNAc (545nM), in assays using a peptide substrate. In addition, it is potently inhibited by UDP and salt.34 Purified

OGT overexpressed in insect cells showed three apparent Kms.35 In addition, OGT displayed different activity to

different peptide substrates, depending on the concentration of donor sugar. These data suggest that OGT activity

toward different substrates is highly dependent on UDP-GlcNAc levels. UDP-GlcNAc is synthesized via the

hexosamine biosynthetic pathway (HBP). Depending on cell type, it is estimated that approximately 2–5% of the

glucose taken in by the cell is shunted through this pathway.36 Several in vivo and cell culture studies have directly

shown that elevated nutrients, including glucose, fatty acids, and amino acids, all result in increased concentrations of

UDP-GlcNAc and concomitant increases in the O-GlcNAcylation of many proteins.37–41
(a)  O -GlcNAc transferase
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Figure 2 a,O-GlcNAc transferase (OGT) can be separated into two domains, a tetratricopeptide repeat (TPR) domain and

the catalytic domain. The TPR domain is important in multimerization of the enzyme and for recognition of substrate. b,

O-GlcNAcase can also be separated into two domains, a weak hyaluronidase domain and the putative histone acetyl-

transferase (HAT) domain.
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Deletion analysis of OGTusing the bacculovirus overexpression system showed that the TPRs are important for

multimerization of the enzyme and for substrate recognition.35 Deletion of the first six TPRs resulted in a monomeric

enzyme with catalytic activity similar to p110; however, its binding affinity for UDP-GlcNAc and the peptide

substrate was lower, indicating that its oligomerization is important in regulating activity in vivo. The TPRs also

appear to be important for binding proteins that specifically target the catalytic subunit of the transferase to its many

substrates.42

4.11.2.2 O-GlcNAcase

As the cell has lysosomal hexosaminidases with an acidic pH optima, O-GlcNAcase was purified based upon its neutral

pH activity and its specificity for O-GlcNAc and not GalNAc.9 O-GlcNAcase was cloned based upon the sequence of

the purified enzyme. However, upon performing a GenBank search, it was found that the O-GlcNAcase gene had

already been isolated as a meningioma-expressed antigen 5 (MGEA5) with similarity to hyaluronidases by screening a

meningioma expression library.43 Prediction from primary amino acid structure indicates that O-GlcNAcase is a

bimodal enzyme: an N-terminal region with weak homology to bacterial hyaluronidases and a C-terminal region

with homology to acetyltransferases, particularly to the GCN5-related family of acetyltransferases (GNAT), separated

by a linker domain (Figure 2b).44 In fact, recent work seems to indicate that O-GlcNAcase is indeed a bifunctional

enzyme displaying not only the ability to hydrolyze O-GlcNAc, but also the ability to acetylate histones in vitro, in

particular histone H4.45 A shorter 75-kDa isoform has also been identified, arising from an alternative splice site

resulting in a truncated protein missing the putative C-terminal acetyltransferase domain.11 Both forms are expressed

ubiquitously in human tissues as well as throughout mouse embryo development, with the exception that the p75

isoform does not appear in mouse embryos until e8.5.9,11 Activity assays and indirect immunoflourescence with

overexpressed O-GlcNAcase indicate that the full-length protein resides predominantly in the cytoplasm.9,46

Although indirect immunoflourescence showed mainly cytoplasmic localization, some punctate staining was observed

in the nucleus correlating with the activity assays in which 90% of total O-GlcNAcase activity was found in the

cytoplasm with the remaining 10% found in the nucleus. In contrast, p75 is predominantly nuclear-localized and

displayed no enzymatic activity, indicating that O-GlcNAc hydrolysis requires the C-terminal portion of the enzyme.46

No function has been ascribed to this isoform.

Bacterially expressed O-GlcNAcase is a monomeric enzyme with an apparent molecular weight of 130kDa,46

whereas native O-GlcNAcase from cow brain purifies as a complex of approximately 600kDa.9 The monomeric

form is fully active, suggesting that in vivo O-GlcNAcase is regulated by its numerous associated factors.

Interestingly, Western blotting using an antibody directed to a peptide found in the C-terminus showed a 65-kDa

proteolytic fragment.46 Caspase-3, -6, -7, -8, -9, and granzyme-B were used in in vitro assays with recombinant

O-GlcNAcase to determine if these proteases were able to cleave O-GlcNAcase. Caspase-3, an executioner caspase,

was the only enzyme able to specifically cleave O-GlcNAcase. Cleavage by caspase-3, however, had no effect on

in vitro O-GlcNAcase activity. This observation is reminiscent of PKC-d, another known substrate for caspase-3,

in which cleavage separates the kinase domain from a regulatory domain, rendering it constitutively active.47
4.11.3 Protein Substrates

As mentioned previously, all O-GlcNAc-modified proteins identified to date are also phosphoproteins and, in fact, often

these modifications occur on the same site or within a few amino acid residues of each other leading to a ‘yin–yang’

hypothesis in which O-GlcNAc and O-phosphate occur in a reciprocal manner. Treatment of cerebellar neurons with

protein kinase C (PKC) and protein kinase A (PKA) agonists decreased O-GlcNAc levels while their inhibitors and a

general Ser/Thr kinase inhibitor increased levels as based on enzyme-linked immunosorbent assay (ELISA).48 Inverse-

ly, incubation of a neuroblastoma cell line with the general phosphatase inhibitor okadaic acid decreased O-GlcNA-

cylation.49 Evidence of global reciprocal changes in phosphorylation and O-GlcNAcylation support this model in

which an increase in Pro-directed phosphorylation is seen at mitosis with a concomitant decrease in O-GlcNAcylation.16

Specific sites in proteins also exhibit this reciprocal relationship and examples will be discussed later in the text.

While there are a multitude of kinases and phosphatases, only one OGTand one O-GlcNAcase have been identified

in mammals. Although the unique structure of the TPR domain allows for binding of a multitude of substrates, a few

interacting proteins have been discovered. These proteins mediate interactions between OGT and O-GlcNAcase

catalytic subunits with their substrates. Identification of a novel OGT Interacting Protein (OIP106) in a yeast two-

hybrid screen demonstrated that the TPRs of OGTact as a protein-docking site and that the interaction of OIP106

may target OGT to RNA Pol II and to transcriptional complexes.42,50
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As mentioned previously, a wide variety of O-GlcNAc substrates have been identified. Modification with O-GlcNAc

has been proposed to serve a number of different functions, including transiently blocking phosphate-mediated

transduction, facilitating protein-protein interactions, serving as a nuclear localization signal, protecting proteins from

degradation, and affecting protein function.
4.11.3.1 Protein–Protein Interactions

Many O-GlcNAcylated proteins are multimeric, suggesting that perhaps this modification can affect the oligomeriza-

tion of proteins as well as serve as a recognition motif for other proteins. This observation has already been

demonstrated for phosphoproteins as SH2 domains and 14-3-3 bind phosphotyrosine and phospho-Ser/-Thr, respec-

tively.51,52 In support of this hypothesis, an estimated 0.1% of peptides presented by major histocompatibility complex

(MHC) class I receptors are O-GlcNAc modified.53,54 Crystallographic studies demonstrate that the sugar residue is

solvent exposed and therefore able to interact with the T-cell receptor, implying that O-GlcNAc is important for

recognition.55 Other examples include the following: the interaction of the YY1 (Yin Yang 1) transcription factor

with the retinoblastoma (Rb) protein is blocked by its O-GlcNAcylation,56 and the binding of HSP70 to O-GlcNAc

moieties depends on O-GlcNAc levels.57
4.11.3.2 Nuclear Transport

O-GlcNAc has also been postulated to play a role in nuclear transport.58,59 Nuclear pore proteins, which constitute the

nuclear pore complex (NPC) and are involved in the regulated, ATP-dependent translocation of proteins larger than

40kDa across the nuclear envelope,60 are heavily O-GlcNAc modified.61–63 Binding of these sugar moieties with

a lectin specific for O-GlcNAc, wheat germ agglutinin (WGA), inhibited nuclear transport but not free diffusion of

10-kDa dextran.64 However, this inhibition could have been due to steric hindrance, as capping O-GlcNAc with

galactose, via galactosyltransferase (GalT), had no effect on nuclear transport.65
4.11.3.3 Degradation

PEST sequences (sequences enriched with Pro, Glu, Ser, and Thr) are thought to target proteins for proteolytic

degradation.66 Some O-GlcNAc sites have been mapped to PEST sequences of proteins and O-GlcNAcylation is

believed to protect these proteins from degradation from the proteasome. For example, phosphorylation of the

estrogen receptor b at Ser 16 targets it for rapid degradation while O-GlcNAcylation at this site results in a longer

half-life.67,68 In addition, many subunits comprising the regulatory and catalytic portions of the proteasome are

themselves O-GlcNAc modified, and increasing O-GlcNAcylation seems to inhibit degradation of some proteins.69
4.11.4 Cellular Function

4.11.4.1 Transcription

Virtually every RNA polymerase II transcription factor studied to date has been found to be O-GlcNAcylated.

Modification with O-GlcNAc has been shown to affect degradation, protein–protein interaction, and transactivation.

As previously mentioned, O-GlcNAc modified at Ser 16 on estrogen receptor b has been proposed to protect it from

degradation.67,68 In addition, plakoglobin, a protein closely related to b-catenin, is modified by O-GlcNAc.70 Like

b-catenin, it is involved not only in cell–cell adhesion linking cadherins to the cytoskeletal network, but also in

embryonic development by orchestrating a transcriptional program for tissue patterning.71 An O-GlcNAc site was

mapped to a Thr close to the N-terminal destruction box, a determinant in protein stability. Mutation of this residue to

Ala resulted in a protein with a slightly longer half-life, indicating that O-GlcNAc could play a role in its ubiquitination

and subsequent degradation by the proteasome.70

YY1 is a zinc finger DNA binding transcription factor able to act as a repressor and activator depending on promoter.72

As mentioned above, O-GlcNAcylation of YY1 inhibits Rb binding and, therefore, allows YY1 to bind DNA.56 Also,

O-GlcNAcylation of STAT5, a member of the signal transducer and activator of transcription (STAT) family, is

required for its interaction with CBP, a co-activator of transcription, thus promoting the synthesis of STAT5-sensitive

gene targets.73 Conversely, O-GlcNAc-modified Sp1, an ubiquitous transcription factor involved in transcription of

TATA-less promoters,74 is no longer able to associate with TATA-binding protein associated factor (TAF110) and thus



198 Dynamic O-GlcNAcylation of Nucleocytoplasmic Proteins
inhibited transcription;75 however, O-GlcNAcylation of Sp1 has been shown to facilitate its binding to other

promoters, indicating that cellular context may be important in determining association.76

The C-terminal domain (CTD) of RNA Pol II consists of tandem, heptamer repeats of YSPTSPS ranging from 26 to

52, depending on organism.77 The CTD cycles the transcriptional machinery from transcriptionally silent through

initiation, elongation, and termination. It is through this domain that RNA Pol II is able to interact with other proteins

responsible for initiation and for elongation as well as RNA splicing factors. Hyperphosphorylation of the CTD shifts

the enzyme complex from the transcription initiation form to an elongation form while the hypophosphorylated form

of the CTD is thought to be involved in forming the pre-initiation complex. Based upon the heptamer repeat and

on the reciprocal nature of phosphorylation and O-GlcNAcylation, Kelly et al. determined that the hypophos-

phorylated form of the CTD is O-GlcNAc modified.78 Furthermore, phosphorylation and O-GlcNAcylation are

mutually exclusive modifications, suggesting an intricate mechanism in the transcription cycle.79 It is possible that

O-GlcNAcylation of the CTDmay be important in formation of the pre-initiation complex or it may direct RNA Pol II

to a readily activatable storage form.

Finally, recent studies indicate that OGTand O-GlcNAcase may directly influence transcription by affecting local

chromatin structure. Chromatin can be remodeled by a variety of enzymes, including histone acetyltransferases

(HATs) and histone deacetylases (HDACs).80 Acetylation of histones is thought to counteract the negative charge

of the DNA backbone, thus loosening DNA and allowing transcription factors to recognize binding sites and to recruit

the bulky transcriptional machinery. Deacetylation would reverse this process. mSin3a, a scaffolding molecule for

HDACs,81 has been shown to interact with OGT, and by tethering OGT to an artificial promoter basal transcription

was repressed.82 The authors also showed that both mSin3a and HDAC1 are O-GlcNAcylated. In addition, chromatin

immunoprecipitation (ChIP) of several estrogen-responsive promoters showed that O-GlcNAc-modified proteins were

bound to promoters in the unstimulated state. These data suggest that mSin3a recruits OGT to promoters to

O-GlcNAcylate co-repressor molecules and thereby silence gene transcription. Although associated with gene

silencing, Sin3 can also activate transcription,83 so it is possible that association of OGT may in some cases promote

gene transcription. Conversely, O-GlcNAcase has been demonstrated to possess HAT activity by acetylation of

histones in vitro.45 However, no in vivo biological significance has yet been described for this activity.
4.11.4.2 Signal Transduction

Translation of extracellular signals to the interior and the adaptations the cell makes are often effected by post-

translational modifications such as phosphorylation and proteolysis. The cell relies on these signal transduction events

for adapting to new environments. The changes seen inO-GlcNAc levels upon mitogenic stimulation of lymphocytes15

and primary neurons48 demonstrate that O-GlcNAc is a highly dynamic and reversible post-translational modification

able to rapidly communicate extracellular signals of a changing environment to the cell. Furthermore, OGT has been

shown to interact with protein phosphatases (PPs), specifically PP1b and PP1g.32 This complex is able to dephos-

phorylate and O-GlcNAcylate phosphopeptides in vitro, highlighting the dynamic relationship that exists between

phosphorylation and O-GlcNAcylation. One example of a specific pathway where this dynamic interplay is key,

namely the insulin signaling pathway, will be discussed later.
4.11.4.2.1 Cell cycle
Cell cycle progression is a highly regulated process orchestrated by numerous checks and balances to ensure that

division and proliferation is a favored outcome. Progression is mediated by cyclin-dependent kinases (CDKs) and their

partner cyclins.84,85 Each pair is associated with a certain phase of cell cycle. Substrates for CDKs are diverse, ranging

from proteins involved in transcription, translation, DNA synthesis, and mitosis. Phosphorylation has typically

been the primary post-translational modification associated with cell cycle control, but recent studies indicate that

O-GlcNAcylation also plays a key regulatory role in cellular proliferation.

Homozygous null cells of EMeg32, the murine glucosamine 6-phosphate acetyltransferase and an enzyme involved

in the biosynthesis of UDP-GlcNAc, demonstrated increased apoptosis and decreased proliferation, indirectly

supporting the notion that O-GlcNAc is important for cell cycle progression.86 Although UDP-GlcNAc is also a

donor molecule for complex Golgi-glycosylation and GPI-linkers, these extracellular forms of glycosylation were

largely unaffected by up to a 90% decrease in cytosolic UDP-GlcNAc levels, consistent with the high affinity of the

Golgi nucleotide sugar transporters.87 In contrast, cytosolic O-GlcNAcylation is dramatically affected by small

changes in the UDP-GlcNAc concentrations within the cytosol.12 Presumably, it is the deficiency in O-GlcNAcylation

and its associated effects which caused embryonic lethality in the EMeg32 null mice. As stated previously, ES cells
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deficient in OGT are also not viable,28 again supporting a role for O-GlcNAc in proliferation and other essential

cellular functions.

Additionally, the cycling of O-GlcNAc appears to be important. For example, injection of a GalT, catalyzing the

addition of a galactose ‘cap’ to O-GlcNAc residues, prevented transition of Xenopus oocytes from mitosis to S phase.89

This toxicity could have arisen either by preventing O-GlcNAcase from hydrolyzing O-GlcNAc or by inhibiting

protein-protein interactions mediated by O-GlcNAc. The most striking phenotype from these studies was the

inhibition of aster formation suggesting that O-GlcNAc could affect microtubule dynamics important in correct

segregation of chromosomes and cytokinesis. In fact, microtubule-associated proteins such as MAP2,90 MAP4,90

and Tau91 as well as tubulin92 itself are substrates for OGT, suggesting that O-GlcNAcylation of these proteins may

affect cytokinesis. Analysis of stage I–VI Xenopus oocytes revealed that global O-GlcNAc levels change during

oogenesis and that these O-GlcNAc levels correlate with O-GlcNAcase activity.93 Stimulation of stage VI oocytes

with progesterone, thereby inducing maturation, caused a slight decrease in O-GlcNAc levels. Together, these studies

indicate that changes in O-GlcNAcylation are important in transducing signals for cell cycle progression.

As additional evidence for a role of O-GlcNAc in cell cycle progression, modulating levels of O-GlcNAc, either

chemically or genetically, cause defects in proliferation and cytokinesis.16 Decreasing UDP-GlcNAc levels by treating

cells with 6-diazo-5-oxonorleucine (DON), an inhibitor of glutamine fructose-6-amidotransferase (GFAT), the rate-

limiting enzyme in UDP-GlcNAc synthesis, prevented cells from escaping G1, yet increased the rate of S phase

progression. Chromatin-associated proteins are known as O-GlcNAc proteins, and the subsequent decreases in

O-GlcNAcylation by decreasing donor sugar levels could loosen chromatin structure allowing the observed increased

rate of DNA replication. On the other hand, treatment with 2-acetamido-2-deoxy-D-glucopyranosylideneamino-N-

phenylcarbamate (PUGNAc), a specific inhibitor of O-GlcNAcase8,94,95 thus increasing O-GlcNAc levels, delayed cell

cycle progression. Overexpression of OGTand O-GlcNAcase also disrupted the cell cycle. Virally infected OGTcells

displayed a prolonged M phase and severe aneuploidy. Although there were no gross differences in S phase progres-

sion, when 65% of control cells had returned to G1, only 30% of O-GlcNAcase overexpressing cells were in G1,

indicating that these cells were defective in M phase progression. In addition, overexpression of both OGT and

O-GlcNAcase caused aberrant expression of the cyclins. Although no specific mechanism has been delineated, these

experiments show that shifting O-GlcNAc levels, either by increasing or by decreasing them, causes gross defects in

proliferation.
4.11.4.2.2 Cellular stress
Cellular response to insults such as lipid, protein, and DNA damage elicit a response to adapt to the extreme

environment by impairing proliferation through cell cycle control, by maintaining integrity through molecular

chaperones, by modulating metabolism, or by inducing apoptosis.96 Increased glucose transport is observed in stressed

cells, and the need for the cell for reducing equivalents (NADH and NADPH) and energy equivalents (ATP) was

presumed to be the reason. Inhibiting glucose transport decreased cell survival and supplementation with other energy

sources did not increase cell survival,97,98 suggesting that an alternate ATP-independent pathway may be important in

mediating stress response.

In fact, global levels of O-GlcNAc rapidly increased in a variety of stresses such as heat, oxidative (H2O2), hypoxia

mimetic (CoCl2), UV, ethanol, salt (NaCl), and arsenite, indicating that this response is independent of stressor.17 The

increase in O-GlcNAcylation was dynamic in that O-GlcNAc levels returned to basal conditions within 24–48h after

recovery. In addition, the increase in O-GlcNAc was observed well before the increase in the heat shock protein,

Hsp70. Modulating O-GlcNAc genetically, either by using OGT�/� murine embryonic fibroblasts (MEFs) or by

transiently transfecting OGT, or chemically, by incubating in PUGNAc, affected the cell’s ability to withstand thermal

stress. Increasing O-GlcNAc imparted a stronger ability to survive thermal stress while cells in which O-GlcNAc had

been lowered were less thermotolerant. These observations, coupled to the studies demonstrating that Hsp70 displays

lectin activity,57,99 raise the interesting hypothesis that O-GlcNAc increases on proteins during stress which is then

recognized by the chaperone Hsp70, allowing the cell to better endure stress. This idea is supported by the evidence

demonstrating increased glucose transport in stressed cells96 which would, in turn, increase UDP-GlcNAc levels.
4.11.4.3 Implications to Human Diseases

4.11.4.3.1 Type 2 diabetes
An estimated 170 million people worldwide are afflicted with diabetes mellitus with 90% having type 2, non-insulin-

dependent diabetes mellitus (NIDDM).100 Diabetics display increased levels of circulating glucose, insulin, and free
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fatty acids, all of which contribute to the complications associated with this disease, cardiomyopathy, atherosclerosis,

retinopathy, and nephropathy.101 In fact, tissues normally responsible for disposing of plasma glucose become insulin

resistant and the liver becomes gluconeogenic. Pancreatic b-cells normally secrete insulin to signal glucose uptake in

peripheral tissues; however, function of these cells becomes impaired in diabetes.102 With the increased rate of obesity

and type 2 diabetes in developed countries and the associated increase in cardiovascular disease, the toll on the

healthcare system is enormous.103

As cellular UDP-GlcNAc levels are exquisitely sensitive to the amount of circulating glucose and as OGT itself is

sensitive to donor sugar nucleotide levels, adjustments in sugar levels also cause rapid fluctuations in O-GlcNAc

modification, leading to the postulation that O-GlcNAc may play a direct molecular role in the pathology of type 2

diabetes. Hyperglycemia-induced increases in UDP-GlcNAc levels would cause aberrant protein O-GlcNAcylation,

leading to the myriad complications associated with type 2 diabetes. In fact, several studies support this hypothesis.

Both O-diazoacetyl-L-serine (azaserine) and DON, glutamine analogs that irreversibly inhibit GFAT, resulting in

lower UDP-GlcNAc levels, inhibited insulin desensitization in adipocytes. Also, adding glucosamine to the culture

media, which enters the HBP downstream of GFAT thereby bypassing it, was 40 times more potent in inducing

insulin resistance than glucose alone.40 Infusing rats with glucosamine increased muscle and liver UDP-GlcNAc

levels four- to fivefold and induced insulin resistance in skeletal muscle by impairing its ability to uptake glucose and

to synthesize glycogen.104 Rats infused with glucosamine were also impaired in glucose-induced insulin secretion,

mimicking the b-cell dysfunction associated with type 2 diabetes.105 The ob/ob mice, defective in leptin production,

present symptoms similar to patients with NIDDM and have increased UDP-GlcNAc in skeletal muscles.106 Two-

dimensional gel analysis of O-GlcNAc-modified nuclear proteins from rat aortic smooth muscle cells incubated in

physiological glucose (5.5mM) and in hyperglycemic conditions (20mM) for 5 days showed altered levels of modifi-

cation in at least 60 proteins.107 These studies establish a link between hyperglycemia, increasing flux through the

HBP, and, thus, increasing the OGTsubstrate UDP-GlcNAc.

BothO-GlcNAc-processing enzymes have been implicated in type 2 diabetes. A number of studies have determined

the importance of OGT in the function of pancreatic b-cells. Indeed, OGT is most highly enriched in the b-cells and it

is believed that increasing UDP-GlcNAc levels associated with hyperglycemia causes altered O-GlcNAcylation

eventually leading to b-cell dysfunction.108–110 A common model for inducing diabetes in rats and mice is

by injection with a GlcNAc analog, 2-deoxy-2-(3-methyl-3-nitrosoureido)-D-glucopyranose (streptozotocin, STZ)

which destroys the pancreatic b-cells,111 mimicking b-cell dysfunction. In STZ-induced diabetic rats, not only is

O-GlcNAcylation dramatically increased, but OGT protein levels and OGTactivity are also elevated.110 In addition,

glucose and glucosamine potentiated STZ toxicity of pancreatic b-cells in mice. Treatment with 50mgkg�1 of STZ

was insufficient to induce b-cell death alone; however, infusing with either glucose or glucosamine induced apoptosis

in the b-cells.109 Targeted overexpression of OGT in the muscle or adipocytes of transgenic mice results in overt

symptoms of type 2 diabetes.112 Finally, ogt-1 C. elegans displayed altered macronutrient storage in that they had

increased levels of trehalose and glycogen compared to wild-type nematodes.31 In addition, mutants possessed less

lipid stores. C. elegans with inactivating mutations in the insulin signaling pathway have increased life span by forming

dauers. ogt-1 was able to suppress dauer formation, suggesting that OGT functions by inhibiting insulin signaling.

The enzyme responsible for the removal of O-GlcNAc, O-GlcNAcase, has been linked to type 2 diabetes. Human

O-GlcNAcase maps to chromosomal location 10q24.1–q24.3, a region associated with age of onset as well as suscepti-

bility to NIDDM.113 Human, rat, and mouse O-GlcNAcase map to a locus also containing the gene for the insulin

degradation enzyme (IDE),114,115 a key enzyme in controlling insulin action through degradation.116 In addition, a

single nucleotide polymorphism (SNP) found in O-GlcNAcase was associated with type 2 diabetes in Mexican

Americans.117 This SNP was found in intron 10, causing an alternative splice variant and resulted in a C-terminal

deletion and, therefore, a catalytically inactive mutant of O-GlcNAcase. This study agrees with the hypothesis that

increasing protein O-GlcNAcylation leads to the diabetic phenotype.

The molecular mechanism of insulin action involves binding of insulin to the insulin receptor. Binding activates the

intrinsic kinase activity of the receptor, autophosphorylating itself, thereby creating binding sites for adaptor mole-

cules such as insulin receptor substrates (IRSs) 1 and 2. Recruitment of phosphatidyl inositol 3-kinase (PI3K) initiates

a signal transduction cascade, leading to activation of protein kinase B/Akt, transcription of genes involved in

proliferation, translocation of the glucose transporter GLUT4, and stimulation of glucose metabolism.118 Several

recent studies have alluded to a possible molecular mechanism for O-GlcNAc in insulin resistance. Chemically raising

O-GlcNAc levels by incubating adipocytes in the O-GlcNAcase inhibitor PUGNAc caused insulin resistance as

determined by decreased insulin-stimulated glucose uptake and decreased GLUT4 translocation to the plasma

membrane.119,120 In addition, decreases were seen in active Akt as its activating phosphorylation was blunted as

well as phosphorylation of its substrate glycogen synthase kinase b (GSK3b). Increases in O-GlcNAc-modified Akt,
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IRS-1, and GLUT4 were observed, suggesting that the increase in O-GlcNAcylation of these proteins induces

the insulin resistance phenotype by stymieing their function. Glycogen synthase (GS), an enzyme that plays a critical

role in glucose metabolism by synthesizing glycogen, is a highly regulated enzyme. In the starved state, it is inhibited

from synthesizing the rapidly released storage form of glucose by GSK3b. Upon insulin stimulation, GSK3b is

inactivated by Akt, thereby alleviating repression of GS. GS is also regulated allosterically by glucose 6-phosphate

(G6P). Glycogen synthase has also been demonstrated to be regulated by O-GlcNAcylation.121,122 Increased

O-GlcNAcylation of GS was observed in adipocytes cultured in either high glucose or glucosamine and this increase

in O-GlcNAc modification correlated with reduced activity of the enzyme. O-GlcNAc modification of GS was also

increased in the fat pads of streptozotocin-treated diabetic mice with a concomitant decrease in GS activity. These

studies indicate that in the diabetes diseased state, key regulatory enzymes within the insulin signaling pathway are

abnormally O-GlcNAcylated leading to insulin resistance.

In addition to proteins directly involved in the insulin signaling pathway, increased flux through the HBP and,

therefore, increased O-GlcNAc leads to the pathophysiology of NIDDM by affecting O-GlcNAcylation of other

proteins. It is becoming clear that a major mechanism of ‘glucose toxicity’ is via its abnormal elevation of O-GlcNAc on

key signaling/regulatory proteins. Atherosclerosis, symptomatic of patients with diabetes, is closely linked with

inflammation and, certainly, markers associated with inflammation are found in type 2 diabetics. Nuclear factor kB
(NF-kB) is a transcription factor that is normally sequestered in the nucleus by IKB.123 When cells are stimulated,

IKB is targeted for proteolytic degradation and NF-kB is able to translocate to the nucleus and activate transcription of

genes involved in the stress response, inflammation, and apoptosis.124 High glucose has been shown to sustain

activation of NF-kB and it is thought that the subsequent expression of pro-inflammatory cytokines is mediated

through hyperglycemic induction of NF-kB.125–127 These observations laid groundwork for a study in which NF-kB
was shown to be O-GlcNAcylated, and increasing flux through HBP, either by incubation in high glucose or in

glucosamine, increased O-GlcNAcylation on this transcription factor.128 Concomitant with increasing O-GlcNAc, an

increase in NF-kB reporter activity was reported as assessed by luciferase reporter assays and by electrophoretic

mobility shift assays (EMSAs). In addition, genes responsive to NF-kB activity and known to be upregulated in

the diabetic state, vascular cell adhesion molecule 1 (VCAM-1), tumor necrosis factor-a (TNF-a), and interleukin-6

(IL-6), were expressed.

Diabetic cardiomyopathy is characterized by altered calcium homeostasis, oxidative stress, and altered energy

metabolism.129 It has been established that hyperglycemia can impair cardiomyocyte contractility130 and increase

intracellular calcium levels.131 However, Clark et al. provided a link from hyperglycemia and dysfunctional cardio-

myocyte function to O-GlcNAcylation.132 Increasing UDP-GlcNAc levels by incubating neonatal rat cardiomyocytes

in high glucose, glucosamine, or PUGNAc increased intracellular calcium levels. In addition, adenoviral infection with

O-GlcNAcase in the presence of high glucose attenuated the effect of high glucose alone, suggesting that increases in

O-GlcNAc levels impair calcium cycling in cardiomyocytes. SERCA2, sarcoendoplasmic reticulum (SR) calcium

ATPase responsible for the reuptake of calcium and for diastolic relaxation, was downregulated in cells with increased

O-GlcNAcylation as assessed by Northern blotting, Western blotting, and luciferase reporter assays. Perhaps the most

compelling data indicating a role for O-GlcNAc in diabetic cardiomyopathy is that overexpression of O-GlcNAcase in

STZ-treated diabetic mice improved contractile function in the heart.133 Additionally, increasing O-GlcNAc levels

with incubation either in glucosamine or in PUGNAc attenuated baseline calcium levels in neonatal rat ventricular

myocytes, suggesting that O-GlcNAc can affect calcium homeostasis in cardiomyocytes.134 In addition, diabetes-

associated O-GlcNAcylation of endothelial nitric oxide synthase blocks its activation by Akt kinase135 and leads

directly to diabetes-induced erectile dysfunction.136
4.11.4.3.2 Cancer
Cancer is a multistep process in which signaling pathways involving growth and proliferation are activated while

apoptotic and differentiation pathways are inhibited. Although genetic susceptibility is an important determinant in

carcinogenesis, risk of cancer is also largely a culmination of environmental factors. Carcinogenesis proceeds from an

initiation step to a promotion step. While initiation can be short and irreversible, promotion is a long process requiring

chronic exposure. During this time, the tumor cells undergo a series of molecular events allowing it to grow, to invade

the local stroma, and finally to metastasize.

The fact that many tumor suppressors and oncogenes are O-GlcNAc modified alludes to the possibility that

O-GlcNAcylation may play an important role in neoplastic transformation. Many transcription factors involved in

tumorigenesis are O-GlcNAcylated. AP-1,137 p53,138 SRF,139 b-catenin,140 and NF-kB128 are some examples of such

transcription factors. Mutations in p53 are found in approximately 50% of human cancers.141 Activation of p53 by
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genotoxic stress results in transcription of a multitude of pro-apoptotic genes including negative cell cycle regulators

and chromosomal stability regulators.142 O-GlcNAcylated p53 was able to bind DNA, suggesting that O-GlcNAc may

play a role in p53’s ability to recognize its cognate DNA sequence.138

Indeed, the strongest case for O-GlcNAc’s involvement with neoplastic transformation is the example of c-Myc.

c-Myc is a transcription factor that promotes proliferation and vasculogenesis, reduces cell adhesion, and promotes

metastasis and genomic instability.143 c-Myc is regulated by phosphorylation on S62 and T58. Phosphorylation of S62

occurs in response to mitogenic stimulation via the Ras–Raf–MAPK pathway and stabilizes the normally short-lived

transcription factor (MAPK, mitogen-activated protein kinase). In contrast, phosphorylation of T58 is mediated by

GSK3b, which is downregulated via the Ras-PI3K pathway, and is known to destabilize c-Myc. Frequent mutation of

T58 in the transactivation domain in c-Myc is often found in Burkitt and AIDS-related lymphomas and increases its

stability due to its inefficient ubiquitination and subsequent proteasomal degradation.144,145 c-Myc is a known

O-GlcNAc-modified protein146 and, in fact, a major site has been mapped to T58.147 Using antibodies specific for

the post-translational modification status of T58 (i.e., phosphorylated, O-GlcNAcylated, or naked), Kamemura et al.

demonstrated that O-GlcNAcylation of T58 is regulated by mitogens.148 In serum-starved cells, T58 was predomi-

nantly O-GlcNAcylated, while serum stimulation rapidly decreased O-GlcNAcylation at this site. In addition, treating

cells with lithium, a potent inhibitor of GSK3b, increased O-GlcNAc reactivity at T58. Finally, mutating S62 to Ala

increased O-GlcNAcylation of T58, suggesting that a dynamic relationship exists between these two residues in terms

of their modification state.

The intimate relationship that exists between cell cycle progression and O-GlcNAcylation would also suggest

that deregulation of O-GlcNAcylation is associated with the uncontrolled proliferation found in cancer. In

fact, the aneuploid phenotype observed in OGT overexpressing cells16 is the most common characteristic of

human solid tumors.149 In addition, chemically increasing O-GlcNAc levels prolonged the cell cycle, whereas

decreasing O-GlcNAc levels halted progression from G0/G1 or shortened S phase.16 These observations suggest

that O-GlcNAcylation may be important in cell cycle checkpoints and that altered regulation of this post-translational

modification could contribute to carcinogenesis. In fact, comparison between primary breast tumors and their matched

normal adjacent breast tissue revealed that O-GlcNAc levels were decreased in the tumor samples with an increase in

O-GlcNAcase activity.150

In addition, tumor cells are known to be highly glycolytic which confers upon them a growth advantage with which

to become invasive.151 Increased GFAT activity has been observed in rapidly proliferating tissues such as mouse

sarcomas,152 partially hepatoctomized rats,153 and fetal tissues.154,155 Also, stimulation with epidermal growth factor

(EGF) caused a fourfold increase in GFAT mRNA levels in MDA468 cells.156 However, these studies would point

to an increase in protein O-GlcNAcylation as increased GFAT activity would stimulate O-GlcNAc modification. In

fact, protein levels of both OGT and O-GlcNAcase are regulated by intracellular O-GlcNAc levels.16 Increasing

O-GlcNAcylation causes a decrease in OGT protein with a concomitant increase in O-GlcNAcase indicating that these

proteins are tightly regulated by cellular metabolic state. It is possible that initially with the altered glucose metabo-

lism associated with a cancerous cell, the cell may try to maintain O-GlcNAcylation homeostasis by altering protein

levels of the O-GlcNAc-processing enzymes; however, progression into cancer may cause misregulation in the

expression of these proteins, contributing to the neoplastic phenotype.
4.11.4.3.3 Neurodegeneration
Neurodegenerative disorders are characterized by the aggregation and misfolding of proteins forming amyloid

plaques, which lead to cellular dysfunction and apoptosis.157 The pathology of Alzheimer’s disease (AD) has been

associated with an alteration in glucose metabolism and insulin responsiveness in the brain.158,159 Insulin receptors are

distributed throughout the brain;160,161 however, patients with AD displayed elevated glucose levels162 and decreased

levels of glucose transporters,163,164 suggesting that the brain may become insulin resistant and, therefore, will display

altered glucose metabolism. Furthermore, inducing hyperglycemia or hyperinsulinemia improved memory functions

with patients displaying dementia of the Alzheimer type.165,166,167,168 Taken together with the role O-GlcNAc plays in

nutrient sensing, it is not surprising to find that altered O-GlcNAc metabolism is associated with AD. In fact, both loci

for OGT and O-GlcNAcase map to chromosomal regions linked with dystonia Parkinsonism and late-onset AD,

respectively.

Tau is a cytoskeletal-associated protein involved in microtubule assembly which, when hyperphosphorylated, forms

paired helical filaments and is a major component in the neurofibrillary tangles connected with neurodegeneration.

Phosphorylation of Tau is mediated by members of the MAPK family, CDK5, and GSK3b. Oxidative stress, a key
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feature of AD,169 is believed to activate MAPK170–173 and CDK5,174,175 whereas GSK3b is active via

the downregulation of PI3K/Akt pathway.176,177 Tau is also heavily modified with O-GlcNAc, and, presumably,

modification with O-GlcNAc prevents Tau from becoming hyperphosphorylated.91 In a low glucose uptake model

in mice which mimics the AD brain, decreased O-GlcNAcylation on Tau with a concomitant increase in phosphoryla-

tion was observed.178 Indeed, a decrease in O-GlcNAcylated Tau was observed in AD-affected brains,179 indicating

that a reciprocal relationship seems to exist between phosphorylation and O-GlcNAcylation. In fact, disruption of

OGTspecifically in neuronal cells of mice resulted in hyperphosphorylated Tau.180 Together, these data suggest that

decreased glucose metabolism in the brain leads to a decrease in O-GlcNAc coupled with an increase in phosphoryla-

tion. This hyperphosphorylation leads to the neurofibrillary tangle phenotype observed in AD. Additionally, other

O-GlcNAc-modified proteins, clathrin assembly protein-3 and -180 (AP-3 and AP-180), exhibit decreased O-GlcNA-

cylation in AD brains, suggesting that loss of modification in AD leads to aberrant synaptic vesicle recycling.181,182 Of

note, the amyloid precursor protein (APP) is also modified with O-GlcNAc.183 Abnormal proteolytic processing of APP

leads to the accumulation of amyloid-b peptide, a major component of senile plaques associated with AD.184 It is

known that APP is phosphorylated by a number of different kinases185 which may regulate its trafficking

and processing. O-GlcNAcylation of APP could prevent abnormal processing, in accordance with the hypothesis

that O-GlcNAc is neuroprotective.
4.11.5 Concluding Remarks

O-GlcNAc is an ubiquitous dynamic post-translational modification that is finely tuned to multiple metabolic path-

ways in the cell, including total energy levels, glucose metabolism, amino acid metabolism, nucleotide metabolism,

and fatty acid metabolism (Figure 3). With this ability to integrate these pathways into a signal of cellular nutrient

status, O-GlcNAc is indeed a true total metabolic indicator. Much further research on O-GlcNAc is warranted, as

altered O-GlcNAcylation is associated with metabolic disorders affecting a large proportion of human kind, such as

type 2 diabetes, cancer, and neurodegenerative disease.
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Figure 3 UDP-GlcNAc is synthesized through the hexosamine biosynthetic pathway (HBP). This sugar donor is uniquely
sensitive to a number of metabolic pathways. Misregulation of this post-translational modification has been implicated in

human diseases. Decreases in O-GlcNAc have been associated with neurodegenerative disorders and cancer while

increases in O-GlcNAc have been linked to non-insulin-dependent type 2 diabetes.
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Glossary

hexosamine biosynthetic pathway Metabolic pathway which results in the synthesis of UDP-GlcNAc.

O-GlcNAc, O-GlcNAcylation Modification of Ser and Thr residues of nucleocytoplasmic proteins with N-acetylglucosamine

via a b-glycosidic linkage.
O-GlcNAcase Enzyme which catalyzes the hydrolysis of O-GlcNAc.

O-GlcNAc transferase Enzyme which catalyzes the addition of O-GlcNAc from UDP-GlcNAc.
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4.12.1 Introduction

Glycans covalently linked to proteins represent the most abundant and complex form of post-translational modifica-

tions in metazoans. 3Part of the structural complexity is due to the fact that glycan structures can branch. This creates a

problem for biosynthesis. In contrast to nucleic acids and proteins that are synthesized based on templates using a

common set of enzymes, glycans require different enzymes, called glycosyltransferases as a class, to catalyze the

addition of nearly each sugar to a growing glycan chain. Genes encoding a large repertoire of glycosyltransferases exist

in metazoan genomes to catalyze addition of sugars in a wide variety of linkages, allowing an astoundingly diverse array

of glycan structures to be synthesized. The incredible structural complexity of glycans has long been suggested to be a

reflection of their critical roles in biology.1 Recent studies in a variety of systems provide evidence that glycans do play

important roles in a number of biological systems.2 As a result, glycobiology – an interdisciplinary field focusing on the

biology of glycans – has flourished and considerably expanded our understanding of the biological significance of

carbohydrate modifications on proteins.

Glycans can be categorized into two broad classes based on the manner by which glycans are linked to proteins:

N-linked and O-linked glycans (N-glycans and O-glycans; Chapters 3.03 and 3.05).1 N-Glycans are linked to the

amide group of asparagine residues, while O-glycans are linked through the hydroxyl group of serine or threonine
209
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residues. The early steps for N-glycan modification are characterized by production of a lipid-linked oligosaccharide

precursor with a branched structure and its attachment to asparagines within the sequence context (Asn-X-Ser/Thr) on

nascent proteins in the endoplasmic reticulum (ER).3 N-Glycans on proteins are processed by a series of reactions in

the lumen of the ER and Golgi apparatus resulting in a high degree of structural diversification. N-Glycans play

important roles in folding and maturation of numerous secreted and transmembrane proteins.4 The importance of

N-glycans in human biology is reflected by the fact that mutations affecting proper N-glycan biosynthesis result in

several subtypes of a group of human genetic disorders – congenital disorders of glycosylation (CDGs).5,6 Gene

ablation of glycosyltransferases essential for N-glycan synthesis in mouse models also provides insights to the

biological significance of N-glycans.7 For example, formation of complex- and hybrid-type N-glycans requires

N-acetylglucosaminyltransferase I (GlcNAcT-I), which is encoded by the Mgat1 gene. Mouse embryos homozygously

null of Mgat1 displayed serious developmental retardation and died at midgestation, suggesting that complex- and

hybrid-type N-glycans are essential for mammalian embryonic development.8

The term O-glycan has historically been used to specify mucin-type structures in which a GalNAc is directly linked

to the serine or threonine.9 More recently, a number of other types of O-linked saccharides have also been identified,

including O-N-acetylglucosamine,10 O-mannose,11 O-glucose,12–14 and O-fucose.14–16 A number of very exciting

studies have recently appeared regarding the physiological roles that O-mannose and O-fucose play in animal

development.2 O-Mannose saccharides are now known to be essential for the proper function of a-dystroglycan,
which participates in the dystrophin–glycoprotein complex (DGC), linking the actin cytoskeleton to extracellular

matrix in muscle and nervous tissue. Several subtypes of congenital muscular dystrophy have been linked to genetic

defects in the O-mannose biosynthetic pathway, such as muscle-eye-brain (MEB) disease17 and Walker–Warburg

syndrome (WWS).18 O-Fucose modifications provide another striking example of the importance of glycosylation in

animal development and are discussed below in detail.
4.12.2 Discovery of O-Fucose Modifications of EGF Repeats and TSRs

4.12.2.1 O-Fucose on EGF Repeats

L-Fucose is typically found as a terminal (i.e., no other sugar modifications are added to the fucose) modification on

N-glycans in mammals.1 In contrast, O-fucose is directly attached to proteins and can be further elongated. The

earliest evidence for existence of O-fucose came 30 years ago when a threonine fucoside, Glc(b1-3)Fuc(a1-O)Thr, was

isolated from human urine by Hallgren and co-workers.19 Six years later, Klinger and co-workers20 confirmed this

discovery by finding similar amino acid fucosides (Glc(b1-3)Fuc(a1-O)Thr/Ser and Fuc(a1-O)Thr/Ser) in extracts of

rat tissue. Although these two studies provided definitive evidence for existence of O-fucose, they did not identify the

specific protein context from which the amino acid fucosides were derived. This situation did not change until 1990

when a monosaccharide form of O-fucose was found on urinary-type tissue plasminogen activator through mass

spectrometric analysis.21 Shortly after the discovery of O-fucose on urinary-type plasminogen activator (uPA), several

other proteins were also found to bear O-fucose, including tissue-type plasminogen activator22 and human blood

coagulation factors VII,23 IX,24 and XII.25 All of these proteins bear a monosaccharide form of O-fucose except factor

IX, which is modified with an elongated O-fucose tetrasaccharide: Sia(a2-6)Gal(b1-4)GlcNAc(b1-3)Fuc(a1-O)Ser.
Unexpectedly, the previously identified fucose disaccharide, Glc(b1-3)Fuc, was not found on any of these proteins.

Interestingly, amino acid residues bearing O-fucose of all these proteins are localized within epidermal growth

factor-like (EGF) repeats, suggesting that O-fucose modification occurs in a specific protein context. EGF repeats are

small cysteine-knot modules found in numerous secreted proteins or extracellular domains of transmembrane

proteins.26 They contain approximately 40 amino acids with six conserved cysteines forming three disulfide bridges

in a specific pattern: C1–C3, C2–C4, C5–C6. Comparison of sequences surrounding O-fucose sites in proteins revealed

a consensus sequence: C2-X-X-G-G-(S/T)-C3 (C2 and C3 are the second and third conserved cysteines from the

EGF repeat, S/T is the modified residue, and X can be any amino acid residue). This consensus sequence has

proved to be successful in predicting the presence of O-fucose on the EGF repeats within other proteins such as

Notch, Delta, Serrate/Jagged, and Cripto.27–30 More recent work has shown that the two glycines are not essential for

fucosylation, and the spacing between the two cysteines can vary somewhat.31 Use of the revised consensus sequence,

C2-X4–5-(S/T)-C3, significantly increases the potential number of proteins bearing O-fucose.

Discovery of O-fucose on EGF repeats was linked to identification of another unusual form of glycosylation on EGF

repeats – O-glucose. O-Glucose was first found to be present in a trisaccharide form (Xyl(a1-3)Xyl(a1-3)Glc(b1-O)Ser)
on the EGF repeats from bovine blood coagulation factors VII and IX.12,13 A similar O-glucose modification was later

identified on human coagulation factor VII, factor IX, and protein Z.32 Analysis of sequence contexts surrounding the
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O-glucose sites led to the suggestion of a consensus sequence for O-glucose modification: C1-X-S-X-P-C2 (C1 and C2

are the first and second conserved cysteines of the EGF repeat, and X can be any amino acid residues).14 Database

searches revealed that a number of proteins containing EGF repeats have this consensus sequence, suggesting that

O-glucose modifications are widespread.33 Although no specific biological function has been attributed to O-glucose

modifications, the high degree of conservation of many O-glucose modification sites on biologically important proteins

such as the Notch receptor implies that O-glucose will play an important function in the biology of these proteins.27

Early studies on the O-fucose biosynthetic pathway were performed in Chinese hamster ovary (CHO) cells by

Moloney and co-workers.34 These authors identified two elongated forms of O-fucose on proteins from CHO cells:

the disaccharide Glc(b1-3)Fuc that had been identified previously19 and a larger oligosaccharide. The precise

structure of the larger oligosaccharide was not defined, though the authors suggested that it might be either further

elongation of Glc(b1-3)Fuc or the previously identified O-fucose tetrasaccharide (Sia(a2-6)Gal(b1-4)GlcNAc(b1-3)
Fuc(a1-O)Ser) identified on human factor IX.24 To account for the diversified elongation of O-fucose, the authors

proposed that the biosynthetic pathway of O-fucosylation on EGF repeats was branched at the disaccharide formation

step where a fucose-specific b-1,3-glucosyltransferase and a fucose-specific b-1,3-N-acetylglucosaminyltransferase

modified O-fucose in a competitive way. An apparent problem for this model, however, was that neither Glc(b1-3)Fuc
nor its elongated forms had been found on EGF repeats, indicating that this disaccharide may actually be derived from

a totally different protein context.
4.12.2.2 O-Fucose in Other Protein Contexts including TSRs

O-Fucose modifications have since been reported in contexts other than EGF repeats. Shortly after the discovery of

O-fucose on EGF repeats, the proteinase inhibitor peptide PMP-C (Pars intercerebralis major peptide C) isolated from

the insect Locusta migratoria was found to bear the monosaccharide O-fucose.35 Although PMP-C is a cysteine knot

similar to EGF repeats, it has a slightly different disulfide-bonding pattern, and the O-fucose is found within a

different sequence context. A subsequent nuclear magnetic resonance (NMR) structural analysis suggested that the

addition of O-fucose had no gross effects on PMP-C conformation, but it did cause a slight stabilization of the

structure.36 No other proteins are known to contain protein modules structurally similar to PMP-C, suggesting that

this type of O-fucosylation is rare.

More recently, Hofsteenge and co-workers discovered O-fucose in a third protein context – thrombospondin type 1

repeats (TSRs).37 The authors made the observation serendipitously during mass spectral studies mapping sites of

C-mannosylation (addition of an a-mannose to C2 position of a Trp residue) on three TSRs in human Thrombos-

pondin 1 (TSP1). TSP1 is a large homotrimeric extracellular matrix glycoprotein that affects a variety of physiological

processes, such as embryonic development, injury response, angiogenesis, inflammation, and neurite outgrowth

(Chapter 4.13). 38 The monomer of TSP1 is comprised of several protein modules including three TSRs, which are

cysteine-knot structures existing in many cell matrix or transmembrane proteins. They are �60 amino acids in

length and are characterized by conserved Cys, Trp, Ser, and Arg residues. Similar to EGF repeats, TSRs have six

conserved cysteines forming three disulfide bridges, though in a pattern different from that of EGF repeats: C1–C5,

C2–C6, C3–C4. Using mass spectrometry, Hofsteenge and co-workers examined TSRs from TSP1 that were either

derived from human platelets or expressed in insect cells. They found an O-fucose disaccharide, Glc-Fuc, on each of

the TSRs from human TSP1.37 Though the linkage between Glc and Fuc was not determined in this study, this

disaccharide was reminiscent of O-linked disaccharide Glc(b1-3)Fuc(a1-O)Ser/Thr previously identified in amino acid

glycosides from human urine19 and on proteins extracted from CHO cells.34 Subsequently, Luo and co-workers

confirmed that the structure of the disaccharide on TSRs is Glc(b1-3)Fuc.39

Aside from TSRs of thrombospondins, Hofsteenge and co-workers demonstrated that TSRs from recombinant rat

F-spondin and properdin were also modified with the O-fucose disaccharide.40 Comparison of the sequence contexts

surrounding the O-fucose site on the TSRs suggested a putative consensus sequence: W-X5-C
1-X2/3-(S/T)-C2-X2-G

(where C1 and C2 are the first and second conserved cysteines from the TSR, S/T is the modified residue, and X can be

any amino acid residue). A search of Swiss-Prot/TrEMBL database reveals a number of proteins with potential TSR

O-fucose consensus sequence from various species including human, mouse, rat, Drosophila, Caenorhabditis elegans, and

malaria parasite Plasmodium falciparum (several examples are listed in Table 1). These results suggest that O-fucose

may occur on TSRs from a variety of proteins across many species. A structural study of TSR1-3 from human TSP1

showed the presence of the O-fucose monosaccharide on the tip of the TSR structure (Figure 1).41 The protein used in

this study was produced in Drosophila S2 cells, confirming that Drosophila has the enzyme necessary for addition of

O-fucose to TSRs.



Table 1 Examples of proteins containing TSR O-fucosylation

Protein Species Reference

Proteins reported to contain TSR O-fucosylation
Thrombosondin-1 Human 37

Properdin Human 40

F-spondin Rat 40

Proteins containing the consensus sequence for TSR O-fucosylation
ADAMTS-1 through 20 Mouse and human

ADAMTS-like 1 and 2 Mouse and human

Brain-specific angiogenesis inhibitor 1 through 3 Mouse and human

Thrombospondin-2 Mouse and human

Complement component C6 Human

Hemicentin Human

SCO-Spondin Mouse

Semaphorin 5A, 5B Mouse and human

Semaphorin 5C Drosophila
Hemolectin Drosophila
Fat-spondin Drosophila
Papilin Mouse, human, and Drosophila

Proteins that have been identified to contain TSRO-fucosylation are listed with references. Proteins containing a consensus

sequence within a TSR were identified by searching Swiss-Prot and TrEMBL databases at ScanProsite website (http://ca.

expasy.org) using the query pattern: W-X(5)-C-X(2,3)-[ST]-C-X(2)-G. Reproduced from Luo, Y.; Nita-Lazar, A.; Haltiwanger,
R. S. J. Biol. Chem. 2006, 281, 9385–9392, with permission from the American Society for Biochemistry & Molecular

Biology.39

Figure 1 The structure of TSR2-3 from human Thrombospondin 1 (TSP1). A ribbon diagram of human TSP1-TSR2-3 taken

from Tan et al.41 The disulfide bonds (in yellow) andO-fucose moieties (in gray, marked by arrows) at Thr432 and Thr489 are

drawn in ball and stick representation. The small and large jar handle motifs in each TSR domain are highlighted in dark red
and purple, respectively. Reproduced from The Journal of Cell Biology, 2002, 159(2), 373–382, by Copyright permission of

the Rockefeller University Press.
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4.12.3 Biosynthetic Pathway for O-Fucosylation of EGF Repeats

EGF repeats have been shown to be modified with O-fucose monosaccharide and the Sia(a2-6)Gal(b1-4)GlcNAc

(b1-3)Fuc tetrasaccharide, but not the Glc(b1-3)Fuc disaccharide. This suggests that the original branched O-fucose

pathway proposed by Moloney et al.34 is incorrect and that EGF repeats are modified by a linear O-fucose pathway

(Figure 2). All of the enzymes involved in the O-fucosylation pathway for EGF repeats have been identified and the

corresponding genes have been cloned. The glycosyltransferase responsible for addition of O-fucose onto EGF repeats

is protein O-fucosyltransferase 1 (POFUT1).42–44 O-Fucose on EGF repeats can be further extended with a GlcNAc

by members of the Fringe family, fucose-specific b-1,3-N-acetylglucosaminyltrasferases.45,46 The GlcNAc(b1-3)Fuc
on EGF repeats can be extended with a Gal by b4-GalT-1,47 followed by elongation with a sialic acid by either a-2,3-
or a-2,6-sialyltransferase.27 Each of these enzymes is described in more detail below.

4.12.3.1 Protein O-Fucosyltransferase 1

A few years after the identification of O-fucose modification on EGF repeats, Wang and co-workers established an

in vitro glycosyltransferase assay to measure the activity of a fucosyltransferase capable of adding O-fucose to EGF

repeats.48 The assay used recombinant human factor VII EGF repeat 1 expressed in Escherichia coli (which lack

enzymes for fucosylation) as acceptor substrate and GDP-fucose as donor substrate. Using this assay, the authors were

able to detect this novel enzyme (named as protein O-fucosyltransferase 1, POFUT1) in extracts of CHO cells.

POFUT1 was later purified 5000-fold to near homogeneity from CHO extracts.42 An unexpected characteristic

of POFUT1 is that it requires more than a primary sequence for substrate recognition. Synthetic peptides containing

the putative consensus sequence for O-fucose modification did not serve as acceptor substrates.48 Furthermore,

misfolded isoforms (i.e., with mismatched disulfide bonds) of recombinant human factor IX EGF repeat did not

serve as acceptor substrate either.42 Thus, POFUT1 appears to require proper folding of the EGF repeats for its

activity. Shortly after the purification, the gene encoding human POFUT1 (POFUT1) was cloned from a human heart

cDNA library.44 POFUT1 gene transcripts were found to be present in essentially all human tissues, consistent with

the widespread localization of O-fucose modification. Expression of human POFUT1 cDNA in insect cells yielded

enzymatically active recombinant POFUT1. The recombinant human POFUT1 is very similar to purified CHO

POFUT1 with regard to kinetic parameters and metal ion requirement: the Km of human POFUT1 is 6mM for factor

VII EGF and 4mM for GDP-fucose, whereas corresponding Km values of CHO POFUT1 are 11mM and 5.9–6.4mM,

respectively. Vmax for recombinant human POFUT1 was 3mmolmin–1mg–1 compared with 2.5mmolmin–1mg–1 for

CHO POFUT1. Both recombinant human POFUT1 and CHO POFUT1 require manganese for activation. Homo-

logs of POFUT1were also found in other metazoan species including mouse,Drosophila (called OFUT1 inDrosophila),

and C. elegans.49,50
EGF specific

C2 X 4-5S/TC3

POFUT1

Fuc(a1-O)Ser/Thr

Fringe

GlcNAc(b1-3)Fuc(a1-O)Ser/Thr

b4-GalT-1

Gal(b1-4)GlcNAc(b1-3)Fuc(a1-O)Ser/Thr

a3/6-SiaT

Sia(a2-3/6)Gal(b1-4)GlcNAc(b1-3)Fuc(a1-O)Ser/Thr

Figure 2 O-Fucosylation Pathways for EGF repeats. POFUT1 addsO-fucose to serine or threonine residue surrounded by

the consensus sequence – C2X4–5S/TC
3. Fringe then elongates O-fucose with a GlcNAc in (b1-3) linkage. The disaccharide

is further modified with a galactose in (b1-4) linkage by b4-GalT-1 and a sialic acid in (a2-3) or (a2-6) linkage by sialyl-

transferases. Reproduced from Luo, Y., Nita-Lazar, A.; Haltiwanger, R. S. J. Biol. Chem. 2006, 281, 9385–9392, with

permission from The American Society for Biochemistry & Molecular Biology.
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POFUT1 was originally proposed to be a type II membrane glycoprotein localized to the Golgi apparatus based on

the fact that all other known fucosyltransferases are Golgi localized and because the only known GDP-fucose

transporter is localized to the Golgi.51 Since GDP-fucose is an essential substrate for POFUT1, it seemed reasonable

that the enzyme would need to be co-localized. A recent study on fucosylation in fibroblasts from LADII/CDGIIc

patients challenged this assumption.52 LADII/CDGIIc is a rare autosomal recessive human disease characterized by

leukocyte adhesion deficiency as well as severe neurological and developmental abnormalities.53 LADII/CDGIIc is

caused by missense mutations in the Golgi GDP-fucose transporter, resulting in decreased GDP-fucose levels in the

Golgi lumen and, hence, reduced fucosylation of antigens on the cell surface.54–57 Because of the assumption that

POFUT1 is localized in the Golgi, it was speculated that O-fucosylation of proteins containing EGF repeats (such as

Notch, see below) should also be reduced in LADII/CDGIIc patients. However, the study using fibroblasts from

LADII/CDGIIc patients showed that although terminal fucosylation of N-glycans is reduced severely, protein

O-fucosylation is generally unaffected.52 The authors provided two potential explanations for this surprising result.

Either POFUT1 has a significantly lower Km for GDP-fucose than other fucosyltransferases and is able to efficiently

scavenge the low levels of GDP-fucose in LADII/CDGIIc cells, or POFUT1 is localized to a cellular organelle other

than the Golgi. Luo and Haltiwanger investigated the latter possibility and showed that human POFUT1 is a soluble

protein that localizes to the ER due to a KDEL-like ER retention sequence at its C-terminus.58 The authors also

demonstrated that enzymatic addition of O-fucose to proteins occurs in the ER, suggesting that a novel, ER-localized

GDP-fucose transporter may exist.

Parallel studies in Drosophila also led to the conclusion that OFUT1 is localized to the ER. Okajima and co-workers

showed that a naturally occurring mutation in Drosophila OFUT1 (OFUTSH) showed a Notch phenotype, consistent

with loss of OFUT1 function.59 The last seven amino acids of OFUT1 are replaced with four different amino acids

(followed by a stop codon) in the OFUTSHmutant. As this mutation deletes the predicted ER retention signal (HEEL

in Drosophila OFUT1), the mutation was believed to be due to mislocalization of OFUT1. Later results confirmed

that this was the case, showing that the Drosophila OFUT1 also localizes to the ER.60 The fact that loss of localization

resulted in a strong phenotype suggested that the enzyme must be properly localized to function. Recent studies have

shown that an additional GDP-fucose transporter may be present in Drosophila, consistent with the LADII/CDGIIc

results described above.61
4.12.3.2 Fucose-Specific b-1,3-N-Acetylglucosaminyltransferases of the Fringe Family

Addition of GlcNAc to O-fucose on EGF repeats is achieved by b-1,3-N-acetylglucosaminyltransferases of the Fringe

family (Figure 2). Fringe was originally identified in 1994 as an essential player in boundary formation between dorsal

and ventral compartments during Drosophila wing development.62 A single Fringe exists in Drosophila, but three

homologs exist in vertebrates – Lunatic fringe, Manic fringe, and Radical fringe.63,64 Three years after the original

identification, Fringe was proposed to be a glycosyltransferase based on weak sequence similarity with a class of

bacterial glycosyltransferases.65 In 2000, two independent studies demonstrated that Fringe is indeed a glycosyl-

transferase which catalyzes the transfer of aGlcNAc fromUDP-GlcNAc in (b1-3) linkage to theO-fucose on Notch.45,46

The glycosyltransferase activity of Fringe was shown to be essential for its proper function by demonstrating that

enzymatically inactive mutant forms of Fringe have no in vivo biological activity.

Biochemical analysis showed that the Fringes recognize both the O-fucose moiety and specific amino acids within

EGF repeats they modify. Initial assays showed that O-fucose on an EGF repeat is a much more efficient substrate for

Fringe than p-nitrophenyl a-L-fucoside, suggesting that O-fucose in the context of an EGF repeat is the preferred

substrate. In addition, reduction and alkylation of the disulfide bonds in the EGF repeats abrogate its ability to serve

as a substrate,31 strongly suggesting that Fringe requires an O-fucose in the context of properly folded EGF repeats for

efficient substrate recognition. Fringes show preference for O-fucose on some EGF repeats relative to others. For

example, Lunatic fringe elongates O-fucose on some EGF repeats (e.g., EGF1 from human factor IX, EGF26 from

mouse Notch1) but not others (e.g., EGF1 from human factor IX, EGF24 from mouse Notch1).31,66 This finding was

unexpected since the differences between these EGF repeats (e.g., between EGF1 from factor VII and factor IX) are

minimal. By performing mutagenesis on EGF1 from factors VII and IX, Rampal and co-workers showed that two

amino acids within EGF1 of factor IX are necessary for efficient recognition by Lunatic, Manic, or Radical fringe.66

Introduction of these residues into EGF1 of factor VII caused a modest increase in recognition, suggesting that

additional residues are also involved. Thus, the preference of Fringe appears to result from variance in amino acid

sequence of the individual EGF repeats. Further definition of these determinants should allow predictions of which

O-fucosylated EGF repeats are modified by Fringe.
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4.12.3.3 Galactosyltransferase and Sialyltransferases Necessary to Complete the
O-Fucose Tetrasaccharide

The O-fucose disaccharide on EGF repeats, GlcNAc(b1-3)Fuc, can be elongated to the trisaccharide, Gal(b1-4)
GlcNAc(b1-3)Fuc, by a b-1,4-galactosyltransferase (b4-GalT) (Figure 2).24,27 Although mammals have six b4-GalT

enzymes (b4-GalT-1-6) capable of adding Gal to GlcNAc in (b1-4) linkage, studies in CHO cells suggest that only

b4-GalT-1 significantly modifies the O-fucose disaccharide.47 The trisaccharide, Gal(b1-4)GlcNAc(b1-3)Fuc, can
then be further modified with a sialic acid in either (a2-3)27 or (a2-6)24 linkage. In mammals, there are several

sialyltransferases that transfer sialic acid in (a2-3) or (a2-6) linkage to a galactoside.67 Although it is unknown which

sialyltransferase modifies the O-fucose trisaccharide in vivo, recent results show that recombinant ST3Gal-I is able to

add sialic acid to an EGF repeat bearing the O-fucose trisaccharide in an in vitro assay (Nita-Lazar and Haltiwanger,

unpublished results). Recent results suggest that elongation past the GlcNAc(b1-3)Fuc disaccharide does not occur

in Drosophila.115
4.12.4 Biosynthetic Pathway for O-Fucosylation of TSRs

4.12.4.1 Protein O-Fucosyltransferase 2 (POFUT2)

The monosaccharide O-fucose on TSRs can be elongated to a disaccharide, Glc(b1-3)Fuc, distinct from the O-fucose

disaccharide (GlcNAc(b1-3)Fuc) found on EGF repeats (Figure 2). The fact that different O-fucose oligosaccharide

structures occur in different protein contexts raised the question whether there is any cross-talk between the

O-fucosylation pathways for EGF repeats and TSRs. The initial question was whether POFUT1 was capable of

adding O-fucose to TSRs as well as EGF repeats. To examine this, Luo and co-workers developed an in vitro assay

using TSRs expressed inE. coli as substrates.39 Reduction of POFUT1 levels in HeLa cells through RNA interference

(RNAi) did not decrease TSR-specific O-fucosyltransferase activity. Moreover, purified, recombinant human

POFUT1 did not display any activity toward TSRs in the in vitro assay. These results demonstrated that POFUT1

does not add O-fucose to TSR and a distinct TSR O-fucosyltransferase exists. Interestingly, this novel TSR

O-fucosyltransferase shares a number of characteristics with POFUT1. Both require a properly folded cysteine-knot

motif as an acceptor substrate, both are soluble proteins, and both use GDP-fucose as the donor substrate. These facts

strongly indicated the TSR O-fucosyltransferase is a homolog of POFUT1.

A potential candidate gene for the TSR O-fucosyltransferase had been identified as a homolog of POFUT1: protein

O-fucosyltransferase 2 (POFUT2 in mammals, OFUT2 in Drosophila).49,50 Similar to POFUT1, POFUT2 is con-

served in a wide variety of metazoan species. Sequence analysis showed that POFUT1, POFUT2, a-1,2-fucosyl-
transferases, and a-1,6-fucosyltransferases share three conserved peptide motifs, suggesting that they may have all

originated from a common ancestor.50 Luo and co-workers showed that RNAi-mediated reduction of OFUT2 level in

Drosophila S2 cells eliminated the TSR-specific O-fucosyltransferase activity (Chapter 4.05).68 Similarly, overexpres-

sion of Drosophila OFUT2 in S2 cells resulted in a protein product with TSR-specific O-fucosyltransferase activity.

These results demonstrated that POFUT2 is the O-fucosyltransferase responsible for modifying TSRs. Preliminary

localization data suggest that OFUT2 is localized to the ER in Drosophila S2 cells, consistent with the finding that

protein O-fucosylation is not affected in cells from LADII/CDGIIc patients.52
TSR specific

C1X2-3S/TC2X2G

POFUT2

Fuc(a1-O )Ser/Thr

b3-GlcT

Glc(b1-3)Fuc(a1-O)Ser/Thr

Figure 3 O-Fucosylation pathway for TSRs. POFUT2 fucosylates serine or threonine residues surrounded by the consen-

sus sequence – WX5C
1X2–3S/TC

2X2G. The previously identified fucose-specific b-1,3-glucosyltransferase activity adds a

glucose in (b1-3) linkage. Reproduced from Luo, Y., Nita-Lazar, A.; Haltiwanger, R. S. J. Biol. Chem. 2006, 281, 9385–9392,
with permission from The American Society for Biochemistry & Molecular Biology.
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4.12.4.2 Fucose-Specific b-1,3-Glucosyltransferase

O-Fucose on TSRs can be further extended with a Glc in (b1-3) linkage (Figure 3). Using p-nitrophenyl a-L-fucoside
as the acceptor substrates, Moloney and Haltiwanger identified a fucose-specific b-1,3-glucosyltransferase activity in

extracts of CHO cells.69 Since both the fucose-specific b-1,3-glucosyltransferase and the Fringe enzymes utilize

p-nitrophenyl a-L-fucoside as an acceptor substrate, Luo and co-workers examined whether these enzymes recognized

the underlying protein as well as the fucose. Using O-fucosylated EGF repeats and TSR in in vitro assays, they

demonstrated that the fucose-specific b-1,3-glucosyltransferase modifies O-fucose on TSR but not O-fucose on EGF

repeats.39 In addition, Lunatic fringe, Manic fringe, and Radical fringe add GlcNAc’s to O-fucose on EGF repeats but

not to O-fucose on TSRs. These results suggest that all of these enzymes (fucose-specific b-1,3-glucosyltransferase,
Lunatic fringe, Manic fringe, Radical fringe) recognize not only the fucose but also the underlying protein structure.

Thus, the O-fucosylation pathways for TSRs and EGF repeats appear to be completely distinct with no cross-talk.

The gene encoding the fucose-specific b-1,3-glucosyltransferase has recently been identified.116,117
4.12.5 Biological Effects of O-Fucosylation

4.12.5.1 Role of O-Fucose on uPA

Researchers have been exploring the biological effects of O-fucose ever since its discovery. The earliest evidence for a

function for O-fucose came from studies on uPA.70 The uPA EGF repeat is responsible for binding and activating the

uPA receptor, resulting in activation of mitogenic cascade inside cells.71 Removal of the O-fucose from the uPA EGF

repeat (using either chemical treatment or by producing the EGF repeat in bacteria) resulted in an EGF repeat that

could still bind to the uPA receptor with a similar affinity to the fucosylated form (suggesting that the conformation of

the EGF repeat was intact).70 Interestingly, the unfucosylated EGF repeat failed to activate the uPA receptor. The

authors concluded that the O-fucose was not necessary for the EGF repeat to bind to the uPA receptor, but that it must

contribute to an essential activation step.
4.12.5.2 Role of O-Fucose in Notch Signaling

The most striking evidence for biological significance of O-fucosylation has come from studies on regulatory roles of

O-fucose saccharides in Notch signaling.2,15,72 The genetic locus of Notch has a long and storied history. It was

discovered in the early 1900s in aDrosophila mutant screen and found to be X-linked.73 Haploinsufficiency of Notch in

female flies causes notches on the wing margin, which was how Notch derived its name. The gene for Drosophila Notch

was identified in 1985 and shown to encode a large single-pass transmembrane receptor.74 After the identification of

Drosophila Notch gene, homologs of Notch were found in a variety of other species including C. elegans and several

vertebrates.75 Notch protein is synthesized in the ER as a single polypeptide chain. During the maturation process in

the Golgi apparatus, a furin-like convertase cleaves Notch into two fragments (termed S1 cleavage) of extracellular

domain and transmembrane/intracellular domain that form a heterodimer (Figure 4).76 The extracellular domain

of Notch is comprised of 29–36 tandem EGF repeats and 3 Notch/LIN-12 repeats74,77 (Figure 4). Many of the

EGF repeats are modified by O-fucose and O-glucose glycans.27,31 The intracellular domain consists of six tandem

ankyrin repeats, a glutamine-rich domain, and a proline–glutamate–serine–threonine (PEST) sequence (Figure 4).

Genetic and molecular studies have revealed several proteins that function as upstream signaling ligands for the Notch

receptor, including LAG-2 in C. elegans, Delta and Serrate inDrosophila, three Delta homologs (Delta-like 1, Delta-like

2, and Delta-like 4), and two Serrate homologs (Jagged 1 and Jagged 2) in vertebrates, which are collectively termed

DSL (Delta–Serrate–LAG-2) ligands.75 Like Notch, DSL ligands are single-pass membrane proteins, which transmit

signals through interacting with the extracellular domain of Notch receptor expressed on an adjacent cell surface

(Figure 5). Upon binding to ligands, Notch becomes activated through two important proteolytic events termed S2

and S3 cleavage.76 S2 cleavage is mediated by a cell surface metalloprotease (ADAM 10 and 17) that cleaves the

extracellular domain at a position in close proximity to cell membrane. Immediately following S2 cleavage, g-secretase
catalyzes S3 cleavage that occurs within the intramembrane domain and releases the intracellular domain to the

cytoplasm. The intracellular domain then translocates to the nucleus and interacts with the CSL (CBF1/RJBk in

mammals, Suppressor of Hairless in Drosophila, and LAG-1 in C. elegans) transcription factor to activate downstream

gene expression (Figure 5).

Notch signaling is evolutionarily conserved among metazoans for controlling cell fates through local cell communi-

cation. Genetic studies in animal models have repeatedly provided convincing evidence for the essential role of Notch



Figure 4 Domain structure of Notch receptor. Different domains of Notch are represented by distinct geometric shapes.

The extracellular domain of Notch comprises 36 or less tandem EGF repeats and three Notch/LIN-12 repeats. The

intracellular domain consists of six tandem Ankyrin repeats, a glutamine-rich region, and a PEST domain. The essential

ligand-binding region, EGF11-12, is marked by diagonal lines. EGF repeats that contain sites forO-fucose (blue),O-glucose
consensus sites (yellow), or both (green) are indicated. Glycosylation sites indicated are conserved in Drosophila Notch,

mouse and human Notch1 and Notch2. Adapted from Shao, L., Moloney, D. J.; Haltiwanger, R. S. J. Biol. Chem. 2003, 278,
7775–7782.
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signaling. In Drosophila, loss of function mutations of Notch result in a neurogenic phenotype that is characterized by

overgrowth of neuroblasts and premature loss of epidermal structures in Drosophila embryos.78 In mammals, four

Notch homologs have been identified (Notch1, Notch2, Notch3, and Notch4). In the past 10 years, mouse knockout

studies have revealed their critical roles in embryonic development (Chapter 4.08). Genetic ablation of Notch1 in

mice leads to embryonic lethality at mid-gestation due to disrupted somitogenesis, whereas neurogenesis, myogenesis,

and apoptosis of mutant mouse embryos are unaffected.79,80 Mice homozygous for a deletion mutation of Notch2 die

before embryonic day 11.5. In contrast to Notch1 mutant mice, the Notch2-deficient mice did not show disrupted

somitogenesis.81 In a separate study, mice homozygous for a Notch2 hypomorphic mutation displayed defects in

kidney development and heart/eye vasculature.82 Genetic knockout of both Notch3 alleles in mice impaired

maturation of vascular smooth muscle cells and caused defects in artery formation.83 Notch4-deficient mice were

viable and fertile, but mice deficient of both Notch4 and Notch1 displayed a more severe defect in angiogenic vascular

remodeling than Notch1-mutant mice, suggesting that Notch4 genetically interacts with Notch1.84

Besides studies performed in animal models, a number of human diseases associated with defects in the Notch

signaling pathway also argue for the biological significance of Notch. For example, a subset of T-cell acute lympho-

blastic leukemias/lymphomas (T-ALL) is caused by a chromosomal translocation that results in overexpression of a

constitutively active truncated Notch1.85 Missense and deletion mutations on one of the Notch ligands, Jagged 1, lead

to Alagille syndrome (AGS), a genetic disorder affecting the liver, heart, and other parts of human body.86 Mutations

resulting in faulty paring of disulfide bonds from Notch3 EGF repeats have been identified as the genetic basis for

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy).87 In

combination with the genetic studies described above, these observations suggest that Notch signaling plays essential

roles in a wide variety of biological systems.
4.12.5.2.1 Fringe modulates Notch signaling
The first indication that O-fucose saccharides play a role in Notch signaling came from two independent studies

demonstrating that Fringe, a known modulator of Notch activity, is a b-1,3-N-acetylglucosaminyltransferase modify-

ing O-fucose residues on Notch.45,46 As mentioned earlier, Drosophila Fringe was originally identified for its role in

dorsal–ventral boundary formation during wing development, a Notch-dependent process.62 It exerts its effects

through modulating Notch activation in a cell-autonomous manner.88 Genetic studies in Drosophila suggested that



Figure 5 Model for ligand-induced Notch activation. The physical interaction between Notch and its ligand induces

proteolytic cleavage of Notch extracellular domain catalyzed by ADAM10/17 (S2 cleavage). Further proteolysis by

g-secretase liberates the soluble Notch intracellular domain from the membrane to cytoplasm (S3 cleavage). Notch
intracellular domain then travels to the nucleus and interacts with the CSL family of transcriptional repressor to activate

transcription. For further details, see Ref. 76.
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Fringe strengthens the activation of Notch induced by one ligand, Delta, but weakens the activation triggered by

another ligand, Serrate.89,90 In vertebrates, a number of studies utilizing cell-based Notch activation assays have

confirmed that each of the Fringe enzymes is capable of modulating Notch activation in a similar manner, although

Radical fringe appears to potentiate Notch signaling from both Delta and Jagged ligands.45,91–93 An in vivo biological

effect of Fringe in vertebrates was most clearly demonstrated by the requirement for Lunatic fringe in proper

formation of somites, which are essential for organizing segmental patterns of vertebrate embryos.94 Somites are

epithelial sphere structures formed periodically from paraxial mesoderm. The periodicity of somitogenesis is con-

trolled by a set of ‘cyclic genes’, which in turn regulate Notch signaling. Through periodically inhibiting Notch

activity, Lunatic fringe plays an important role in the proper positioning of somite boundries. In chicks, overexpression

of Lunatic fringe in the paraxial mesoderm leads to serious defects in embryo segmentation.95 In mice, genetic

ablation of Lunatic fringe results in multiple defects in somitogenesis, including irregularity in size and shape of

somites and disturbed anterior–posterior patterning of somites.96,97 The result is a perinatal lethality associated with

defects in formation of the rib cage. Survivors have severe defects in vertebral structures and short tails. Radical fringe

is essential for proper positioning of apical ectodermal ridge during limb bud development in chicks.98,99 In contrast,

mouse knockouts of Radical fringe show no obvious phenotypes, and double knockouts of Radical and Lunatic fringe

appear identical to the Lunatic fringe knockout mice.100,101 Studies on ablation of Manic fringe in mice have not been

reported.

The fact that modification by Fringe initiates elongation of O-fucose to a tetrasaccharide (Figure 2) has raised the

question of whether the addition of the GlcNAc by Fringe is sufficient to mediate the modulation of Notch activity.

Chen and co-workers addressed this question using a series of CHO cell lines with mutations in various glycosylation

pathways that prevent addition of sialic acids or galactose to O-fucose. They demonstrated that addition of the

galactose (i.e., formation of the trisacccharide Gal(b1-4)GlcNAc(b1-3)Fuc; see Figure 2) is required for Fringe to

modulate Jagged1-induced Notch signaling in cell-based Notch signaling assays.47 This suggests that the b4-GalT-1

enzyme responsible for addition of galactose to O-fucose glycans also plays a role in modulating Notch activity,
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although the sialic acid modification appears to be dispensable for the effects of Fringe in cell-based assays.47 In

contrast, it appears that the GlcNAc is sufficient for Fringe-mediated modulation of Notch activity in Drosophila. Two

Drosophila homologs of b4-GalT-1 have been identified that transfer N-acetylgalactosamine rather than galactose.102

Elimination of these genes does not cause Fringe-like phenotypes in Drosophila, suggesting that addition of other

sugars to the disaccharide, GlcNAc(b1-3)Fuc, is not necessary to mediate Fringe effects in Drosophila. In addition, no

biochemical evidence for extension of the O-fucose saccharide beyond the disaccharide has been obtained. Thus, it

appears that there may be differences in how O-fucose saccharides regulate Notch activity between flies and

mammals.
4.12.5.2.2 Proper function of Notch requires O-fucose modification by POFUT1
Several years after the discovery that Fringe regulates Notch activity through elongating O-fucose, genetic studies of

POFUT1 in mice and Drosophila revealed that O-fucose itself has an essential and Fringe-independent role in Notch

signaling. RNAi-mediated reduction of Ofut1 expression or a loss of function mutation in Ofut1 leads to phenotypes

closely resembling Notch phenotype in Drosophila, demonstrating that OFUT1 is positively required for proper

function of Notch.103,104 The essential role of POFUT1 in Notch signaling was further confirmed by gene knockout

studies in mice.105 Ablation of Pofut1, the gene encoding mouse POFUT1, leads to embryonic lethality in mice at

approximately embryonic day 10, which is slightly earlier than the death time of Notch1-deficient embryos.79,80

Similar to Notch1 null embryos, somitogenesis in Pofut1 null embryos is disrupted, though the defects are more

severe.105 Besides defects in somitogenesis, Pofut1 null embryos also displayed severe defects in vasculogenesis,

cardiogenesis, and neurogenesis. Interestingly, these defects are more serious than those seen in mice deficient of any

single Notch homolog, suggesting that O-fucose modification by POFUT1 is essential for all Notch homologs.
4.12.5.3 Role of O-Fucose on Cripto

Recent studies have also suggested that O-fucose modification is essential for proper function of Cripto.29,30 Cripto

belongs to the EGF–CFC gene family encoding small GPI-anchored proteins that contain a truncated EGF repeat and

a novel conserved cysteine-rich domain termed the CFC motif.106 Cripto acts as a cofactor for Nodal signaling and is

essential to many embryonic patterning events. The O-fucose modification site is conserved in the EGF repeat of

Cripto (and its homolog Cryptic) from all species in the databases. Two independent studies demonstrated that the

monosaccharide form of O-fucose is present on Cripto.29,30 Site-directed mutagenesis of the Cripto O-fucose site from

Thr to Ala prevented O-fucosylation and resulted in a mutant Cripto inactive in cell-based signaling assays, indicating

that O-fucose is required for the proper function of Cripto. However, analysis of the Pofut1–/– mice yielded contradic-

tory conclusions.105 Mice with a Pofut1 null mutation do not display defects in Cripto-mediated developmental

processes (which occur earlier in embryogenesis than Notch-related defects), suggesting that O-fucose is not essential

for the function of Cripto. In order to address this apparent discrepancy, Shi and co-workers (manuscript in prepara-

tion) performed Cripto signaling assay in mouse embryonic stem cells lacking Pofut1 and found that function of Cripto

was not affected. The authors further showed that substitution of the threonine modified by O-fucose with a serine

impaired the signaling activity of Cripto to the same extent as an alanine substitution, even though Cripto with the

serine mutation was still modified with O-fucose. These results strongly indicate that O-fucose modification is

dispensable for Cripto function, whereas the threonine residue carrying the O-fucose is essential.
4.12.6 Molecular Mechanisms Underlying the Effects of O-Fucosylation on Notch

Since the biological significance of O-fucosylation on Notch has been firmly established through genetic studies of

Fringe and POFUT1, the question of the molecular mechanisms underneath the biological effects of these sugars

have been an active area of study. Several of these studies are summarized below.
4.12.6.1 Structural Effects of O-Fucose Modifications

One hypothesis put forward suggests that O-fucose and its elongated forms modify Notch activity through altering the

structure of Notch. Kao and co-workers investigated the effect of O-fucose monosaccharide on the structure of first

EGF repeat of human factor VII using NMR spectroscopy.107 The authors showed that the overall tertiary structure of

an O-fucosylated EGF repeat is very similar to the nonfucosylated form, even for the residues near the fucosylation



Figure 6 The structure of the first EGF repeat of human factor IX with anO-fucose tetrasaccharidemodification. This image

was produced by aligning theO-fucose bearing serine side chain from a factor VII EGF repeat structure (ID: 1DAN)107a with a

recently determined factor IX EGF repeat structure (ID: 1EDM).107a The tetrasaccharide structure was produced using the
Sweet II program107b and was aligned with theO-fucose on the factor IX EGF repeat. The picture was renderedwith PyMOL.

The side chains of the six cysteines are shown in stick form and all bonds coloring. The Ser-O-fucose, and the tetra-

saccharide are shown in stick form with fucose in blue, N-acetylglucosamine in purple, galactose in green, sialic acid in

black, and the serine side chain in all bonds coloring.
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site. Thus, O-fucose is unlikely to affect Notch signaling through altering structures of individual EGF repeats.

However, it is possible that O-fucose and, in particular, its elongated forms mediate their effects through changing the

overall structure of the Notch extracellular domain. The fact that the O-fucose tetrasaccharide comprises a bulky

structural addition to an individual EGF repeat (Figure 6) highlights the potential effects the glycans could have on

interactions between different EGF repeats. Definitive demonstration of this possibility awaits structural elucidation

of the glycosylated Notch receptor. The concept that conformational changes of Notch extracellular domain affect

Notch signaling was strengthened by a recent study by Hambleton et al.108 These authors analyzed the NMR solution

structure of a human Notch-1 fragment (EGF11-13) in the presence of calcium, which is required for Notch–ligand

binding. Based on the results, the authors proposed a structural model for the effects of calcium on Notch extracellular

domain in which regions with calcium-binding EGF repeats adopt an extended and rigid conformation whereas

regions with non-calcium-binding EGF repeats display higher flexibility. While most of the EGF repeats found in

Notch contain calcium-binding sequences, a conserved region lacking calcium-binding EGF repeats exists in EGF

repeats 26–29 (Figure 4). This suggests that this region (and possibly others) may be flexible, allowing the extracellu-

lar domain to fold. Thus, changes in Notch activity caused by alterations in the O-fucose structures could be the result

of changes in the folding of the extracellular domain.60,109,110
4.12.6.2 Effects of O-Fucose Saccharides on the Physical Interaction between Notch
and its Ligands

In addition to potential effects on the three-dimensional structure of the Notch extracellular domain, O-fucose

saccharides may be directly involved in the physical interaction between Notch and its ligands. It is well known

that the terminal fucose in sialyl Lewis x structures participates in binding between selectins and their ligands.1 Since

O-fucosylation exists on the portion of the Notch extracellular domain that mediates interaction between Notch and

its ligands, it is reasonable to speculate that Notch ligands could act as lectins and bind to O-fucosylated glycans on

Notch in a fashion similar to that of selectins and sialyl Lewis x. A number of studies emerging during recent years

have shown that O-fucosylation does influence the physical interaction between Notch and its ligands. Most of these

studies utilized cell-based binding assays to measure effects of OFUT1 and Fringe on binding between Drosophila

Notch and ligands. Bruckner et al. reported that overexpression of Fringe resulted in strengthened binding of soluble

Delta extracellular domain to Notch-expressing S2 cells while a Fringe mutant without glycosyltransferase activity did

not have the same effects.46 In a separate study, Okajima et al. studied the effects of OFUT1 and Fringe on affinity
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between soluble Notch extracellular domain and S2 cells expressing Notch ligands Delta and Serrate.59 Consistent

with observations made by Bruckner et al.,46 Okajima et al.59 showed that expression of Fringe enhanced binding

between Notch and Delta but decreased binding between Notch and Serrate. In addition, reduction of OFUT1 level

by RNAi resulted in loss of binding of both Delta and Serrate to Notch. Overexpression of OFUT1, on the other hand,

enhanced Serrate binding to Notch but decreased Delta binding to Notch. Similar results have been obtained using

mammalian cell-based assays. Yang and co-workers showed that all three mammalian Fringes enhance binding of

soluble Delta-like 1 to mouse Notch1-expressing cells.92 Surprisingly, they did not observe a change in soluble

Jagged1 binding to Notch1 in the presence or absence of the Fringes, suggesting that Fringe may inhibit Jagged1

activation of Notch through a different mechanism. In other studies, both Lunatic and Manic fringe caused inhibition

of Jagged1 binding to cells expressing mouse Notch2.93 Together, these results provide strong evidence that O-fucose

and its further elongation modulate binding affinity between Notch and its ligands.

Although these studies clearly show that O-fucose glycans affect the interaction between Notch and its ligands, they

do not address whether the changes are mediated by conformations of the Notch extracellular domain or by inhibition

of lectin-like properties of Notch ligands. One recent study has directly examined the possibility that Notch ligands

function as lectins by attempting to inhibit Notch–ligand interactions using free saccharides. Neither free mono-

saccharides (fucose or N-acetylglucosamine) nor free disaccharides (GlcNAc(b1-3)Fuc) functioned as antagonists in

Notch–ligand binding assays.115 These results suggest that O-fucosylated glycans do not serve as the sole binding

epitopes recognized by Notch ligands. Further studies will need to be performed to examine whether the O-fucose or

further modifications may be a portion of a larger binding epitope.
4.12.6.3 O-Fucosylation on Different EGF Repeats Affects Notch Signaling
in Different Ways

Many of the EGF repeats in extracellular domain of Notch bear O-fucose, some of which are further elongated by

Fringe.31 This fact raises the question of whether all O-fucosylated EGF repeats contribute synergistically to effects of

Fringe and POFUT1 or only a small subset of O-fucosylated EGF repeats are required. Shao et al. showed that

EGF12 of mouse Notch1 is modified by O-fucose and can be elongated further by Mfng.31 Because EGF12 comprises

half of the essential ligand-binding region (EGF11-12; see Figure 4), O-fucosylation on this EGF repeat was

suspected to contribute most to the effects of Fringe and POFUT1. Lei and co-workers mutated this O-fucose site

in DrosophilaNotch and evaluated signaling activity of Notch and its sensitivity to Fringe.111 The authors showed that

elimination of the O-fucose site at EGF12 altered but did not eliminate ligand binding in in vitro binding assays. In

addition, they showed that Fringe could not properly modulate Notch activity during wing development when EGF12

mutants were present. Several other O-fucose sites were also mutated, but no significant effects were seen. In a follow-

up study, the authors presented in vitro binding data, suggesting that the influence of Fringe on Notch–ligand binding

is not simply attributed to individual O-fucose sites; rather, it appears to be a cumulative effect of multiple O-fucose

sites spread across the entire Notch extracellular domain.110

In contrast, evaluation of the role of individual O-fucose sites on mouse Notch1 in a mammalian cell signaling assay

suggested that individual O-fucose sites play important roles in Notch signaling. Rampal and co-workers analyzed the

effects of mutating several highly conserved O-fucose sites to determine their specific effects on Notch signaling.109

In contrast to the results garnered in the Drosophila studies, mutation of the O-fucose site in EGF12 resulted in a

complete loss of Notch signaling induced by either Delta1 or Jagged1. Mutation of other O-fucose sites also showed

effects: mutation of the O-fucose site in EGF26 resulted in hyperactivation of both Delta1 and Jagged1 signaling,

while mutation of the O-fucose site of EGF27 resulted in reduced Notch level on the cell surface, which was

associated with impaired S1 processing of the receptor. Taken together, these results suggest that O-fucosylation of

different EGF repeats has distinct roles. Further studies need to be performed to resolve the apparent discrepancies

seen between those done in the Drosophila and mammalian systems.
4.12.6.4 The Role of O-Fucose in Protein Quality Control

Several recent reports suggest that POFUT1 functions in quality control. Folding of a protein like Notch, with up to

36 tandem EGF repeats, presents a significant problem to the cell. It is likely that proper folding of Notch will require

a number of chaperones and quality control systems. The fact that POFUT1 only fucosylates properly folded EGF

repeats suggests that it has the ability to distinguish between folded and unfolded EGF repeats. Together with the

demonstration that POFUT1 is localized to the ER,58,60 the ability of POFUT1 to distinguish between folded and
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unfolded EGF repeats raises the possibility that O-fucosylation plays a role in either monitoring or assisting Notch

folding. Okajima and co-workers60 have shown that Drosophila OFUT1 functions as a chaperone and plays an

important role in Notch folding and trafficking. This conclusion was based on the observation that RNAi-mediated

reduction in OFUT1 caused a dramatic decrease in cell surface expression of Notch. To test whether the chaperone

activity was mediated by the ability to add O-fucose to EGF repeats, they generated a mutant form of OFUT1 with

significantly reduced in vitro O-fucosyltransferase activity. The mutant form of OFUT1 could rescue the cell surface

expression of Notch, suggesting that the glycosyltransferase activity of OFUT1 is not required for its chaperone

function and addition of O-fucose is not essential for Notch folding and trafficking. The authors proposed that OFUT1

assists in folding of the Notch extracellular domain into a secretion-competent form capable of efficiently binding

ligand. Their results suggest that the strong Notch-like phenotypes seen in Drosophila mutants of OFUT1 are due

mainly to loss of cell surface expression. It is not yet clear whether POFUT1 performs a similar chaperone-like

function in mammalian cells. Preliminary studies from our laboratory suggest the addition of fucose itself is essential

for efficient cell surface expression of Notch (Luo and Haltiwanger, unpublished observation). Further investigations

are being pursued to dissect the molecular mechanisms of the effects of O-fucosylation on Notch trafficking.
4.12.7 Potential Roles of O-Fucose on TSRs

The biological effects of O-fucose on TSRs remain unclear to date. However, given the significant roles of O-fucose

in proteins with EGF repeats such as Notch, it is likely that O-fucose will also affect the functions of proteins

with TSRs. An initial study on POFUT2 function in C. elegans has appeared.112 RNAi-mediated knockdown of

POFUT2 expression resulted in failure to undergo normal morphogenesis, although the defect was of low penetrance.

Overexpression of POFUT2 caused more severe malformations in a larger percentage of embryos. Although not

conclusive, these results are suggestive that O-fucosylation of TSRs plays important roles in development.

TSRs are known to mediate physical interactions with extracellular matrix components and cell surface receptors,38

and O-fucose may modulate some of these interactions in much the same way that O-fucose modifications on EGF

repeats do. In particular, elongation to theGlc(b1-3)Fuc disaccharide onTSRs could function like elongation ofO-fucose

on EGF repeats by Fringe. Examination of the proteins either known or predicted to be O-fucosylated on TSRs

suggests contexts where modulation of such interactions would be biologically relevant (Table 1). O-Fucose consensus

sites are found in a variety of important cell matrix proteins, such as Thrombospondin 1 and 2 (TSP1 and TSP2),

F-spondin, and the ADAMTS (a disintegrin and metalloproteinase with thrombospondin-like motifs) family of

extracellular proteases. With regard to TSP1, TSRs mediate binding between TSP1 and a variety of receptors,

including CD36, heparan sulfate, and fibronectin. Interestingly, the adhesive ability of TSR to certain proteins has

been mapped to a region containing O-fucose modification site (C2SVTC3G). F-spondin is a secreted adhesion

molecule expressed in nervous system, playing a role in neuronal guidance.113 The fifth TSR of F-spondin mediates

its adhesion to extracellular matrix. ADAMTS proteases are a large family of secreted metalloproteases consisting of

an N-terminal proteolytic domain followed by TSRs that anchor the entire protein to cell surfaces or extracellular

matrix.114

In addition to a direct role in modulating interactions between proteins, O-fucosylation of TSRs may play a role in

quality control. Like POFUT1, POFUT2 appears to be localized to the ER,68 and it is capable of differentiating

between folded and unfolded TSRs.39 These characteristics suggest that POFUT2 may function in quality control,

much like POFUT1. Many proteins contain multiple TSRs (e.g., ADAMTS9 contains 15 tandem TSRs), creating a

significant folding problem that will likely require a number of chaperones and quality control systems. Thus,

POFUT2 may function to promote proper folding of TSRs. Studies are underway to investigate this intriguing

possibility.
Glossary

EGF repeat Abbreviation for epidermal growth factor-like repeat. A protein motif of 30–40 amino acids defined by the presence

of six conserved cysteines forming three disulfide bonds in a specific pattern: Cys1–Cys3, Cys2–Cys4, Cys5–Cys6. The structure

was originally found in epidermal growth factor but was later found as a motif in a wide variety of cell surface and secreted

proteins.

Fringe A b-1,3-N-acetylglucosaminyltransferase capable of modifying O-fucose moieties on EGF repeats with a GlcNAc.

Fringe is known to modulate Notch activity.

O-fucose An L-fucose covalently attached to the hydroxyl group of a serine or threonine residue.
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Notch A large, single-pass transmembrane signaling receptor. Notch becomes activated upon binding to ligands present on

adjacent cells that are also single-pass transmembrane proteins. Notch is present in all metazoans and is critical for numerous

developmental processes.

POFUT1 Abbreviation for the mammalian protein O-fucosyltransferase 1, the glycosyltransferase responsible for modifying

EGF repeats with O-fucose. The Drosophila enzyme is abbreviated OFUT1.

POFUT2 Abbreviation for the mammalian protein O-fucosyltransferase 2, the glycosyltransferase responsible for modifying

TSRs with O-fucose. The Drosophila enzyme is abbreviated OFUT2.

TSR Abbreviation for thrombospondin type 1 repeat. A protein motif of�60 amino acids including conserved Cys, Trp, Ser, and

Arg residues. Like an EGF repeat, TSRs contain six conserved cysteines forming three disulfide bonds, although in a different

pattern: Cys1–Cys5, Cys3–Cys4, Cys2–Cys6. TSRs are found in a number of secreted and cell surface proteins.
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4.13.1 Introduction

Glycosylation is the most prominent post-translational modification of proteins. Carbohydrate moieties of glycopro-

teins have been known to exert influence upon the properties of the parent proteins in various ways, promoting their

thermal stability, protecting against proteolysis, influencing protein conformation, and modifying physicochemical

properties, which include solubility, electrical charge, and viscosity in solution.1,2 Characteristic carbohydrates, which

are present in cell adhesion molecules, tumor-associated antigens, viral or bacterial invasion targets, and blood group

determinants, are most typically involved in the binding process of molecular recognition systems in the form of

glycoproteins.

Although other types of linkages have been reported, protein glycosylation can be classified into two major types in

a majority of cases: (1) O-glycosylation, in which an N-acetylgalactosamine residue is covalently attached to the

hydroxyl group of either serine or threonine, and (2) N-glycosylation, in which a glycan chain is linked via a

glycosylamido linkage to an asparagine side chain.3,4
4.13.2 Discovery, Structural Determination, and Detection

In 1994, a novel class of glycoprotein structure C -mannosyl tryptophan (CMW, 1) was identified in human RNase 2.5,6

This structure is highly unique in that a mannose residue is connected to the indole moiety of tryptophan via a

C-glycosidic linkage (Figure 1). The primary structure of the glycosylated peptide was determined by ESI-MS and

NMR spectroscopy after Edman degradation (MS¼mass spectrometry). Peptides containing Trp-7 from different

enzymatic digests were found by ESI-MS to have a mass that was 162 Da higher than expected for a nonmodified

peptide. In addition, the loss of 120Da, which is a characteristic feature of low molecular weight C-aromatic

glycopyranoside,7 was observed. 1H-NMR analysis allowed observation of all the protons of the indole side chain

except for the one at position 2. From vicinal proton–proton coupling constants and ROESY intensities, it was

concluded that the carbohydrate moiety was an a-mannopyranose. The coupling constant of the anomeric proton
229
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was 7.8Hz, suggesting that mannose portion mainly adopts a 1C4-like conformation, although several minor con-

formers are likely to exist. The 4C1 form is disfavored presumably because of the preference of the large indole ring to

adopt an equatorial orientation in addition to the absence of an anomeric effect.8

It is possible to analyze the CMW by Edman degradation, although there are some difficulties associated with this.

It has been reported that the Edman degradation product phenylthiohydantoin-Man-Trp was eluted shortly after

phenylthiohydantoin-Tyr, but further experiments revealed that most of the time it was co-eluted. This problem could

be solved by a suitable choice of buffer composition and batches of columnmaterial.9 Another problem is the low yield

and reproducibility of the phenylthiohydantoin-Man-Trp formation during Edman degradation, probably because

CMW is unstable under acidic conditions.

It was recently reported that complete analysis of all classical constituents of glycoproteins could be conducted on a

single sample.10 This method consists of mild acid hydrolysis followed by GC/MS analysis of the liberated sugars as

hexafluorobutyrate (HFB) derivatives and CMW is detected as a methanol adduct 2 (Figure 2). By using this

procedure, identification of CMW was realized with high precision.11 The relative molar response of the CMW

derivative is very close to 1.00 relative to Nle, the classical internal standard used in amino acid analysis. In fact, it is

now possible to quantify the CMW derivative with a sample containing picogram levels of the initial compound.

The spectroscopic properties of the indole moiety were influenced by the mannosyl residue.5 The shape of the

absorption spectrum of F-T-(Man)-W-A was similar to that of nonmannosylated indole, but its maximum was shifted

2nm toward the longer-wavelength region, with the intensity 1.6 times higher. The maximum fluorescence emission

increased 2.8-fold, and was shifted 2nm toward the shorter wavelength region.

Although the function of CMW is unclear, further examples of C-mannosylated proteins have been discovered from

several sources, including recombinant human interleukin-12 (IL-12) expressed in Chinese hamster ovary (CHO) cells,12

thrombospondin (TSP) type 1 repeat (TSR),13,14 and terminal components of the complement system (C6–C9).15

The mannosylation of TSR seems to be interesting. Several roles have been suggested for the WXXWXXW

sequences in the TSRs.16 For instance, the GGWSHW sequence is known to bind fibronectin, TGF-b,17 and the

peptide SHWSPWSS has been shown to be involved in TSP-1 binding to heparin.18 It is noteworthy that Trp residues

are essential for this interaction. In contrast, recombinant TSRs or proteolytic fragments from TSRs do not bind

heparin. This inconsistency result may derive from the different states of sugar modification of the protein.

CMW has also been found in the recombinant extracellular domain of erythropoietin (EPO) receptor expressed

in HEK-EBNA cells, although it is not clear whether it is present in the membrane-bound EPO receptor.19
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In F-spondin, which is secreted by the floor plate during development of the nervous system, eight out of 10 Trp

residues have received this modification. Most strikingly, properdin,20 a positive regulator of the complement system,

contains 20 Trp residues, in which as many as 14 are mannosylated.

In the identification of CMW in the N-terminal side of Cys subdomains in gel-forming mucin MUC5AC

and MUC5B,21 CMW was reported to be responsible for Galanthus nivalis agglutinin and Lens culinaris agglutinin,

which are mannose-specific lectins. In contrast, neither plant lectin ConA nor animal lectin MBL (mannose-binding

lectin)-C recognizes CMW.22 CMW 1 has been identified in human urine.23,24 Moreover, CMW and its N-methylated

derivative have been found in marine ascidians, which are a well-known source of nitrogen-containing metabolites

derived from amino acids.25
4.13.3 Biosynthesis of CMW in Proteins

C-Mannosylation is unique in that an a-mannose is directly bound to the indole C2 carbon atom of a Trp residue

through a C–C bond. Previous studies that identified C-mannosylated peptides in proteins revealed the occurrence of

C-mannosylation at the first Trp in the consensus amino acid sequence Trp-X-X-Trp (WXXW) in proteins, with a

possibility that the second Trp could be replaced with another aromatic amino acid such as Phe.26 However, there also

appeared exceptions to the rule for the motif of CMW.15

In the cell, C-mannosylation is enzymatically generated in Trp residues in proteins to synthesize CMWby a specific

mannosyltransferase (C-mannosyltransferase), which has not been identified yet (Figure 3). The biosynthetic

pathway was first established by Doucey et al.27 In the study, C-mannosylation was examined by estimating the

uptake of [3H]-mannose into RNase, an acceptor substrate for C-mannosylation, in cultured cells transfected with

the expression vector of several chimeric RNase genes. The precursor donor substrate of mannose transfer in

C-mannosylation was revealed to be dolichyl-P-mannose. This was verified by the observation that the uptake of

[3H]-mannose into hybrid RNase 2.4 was apparently suppressed in gene-transfected CHO Lec15 cells, in which

dolichyl-P-mannose synthesis is impaired. By using solubilized rat liver microsomes as an enzyme source, the activity

was also estimated in vitro by measuring the uptake of [3H]-mannose from dolichyl-P-[3H]-mannose into a peptide

substrate containing the WXXW motif (i.e., N-acetyl-KPPQFAWAQWFE-NH2). After the enzyme reaction,
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Figure 3 Hypothetical enzymatic reaction of protein C-mannosylation. Protein C-mannosylation is catalyzed by an

unidentified C-mannosyltransferase in the microsomes. The C-mannosyltransferase transfers �-mannose from dolichyl-

P-mannose to Trp in the target proteins. The most preferable Trp for C-mannosylation is thought to be the first Trp in the

WXXW motif of proteins. Man, mannose.
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radiolabeled peptides recovered by extraction with chloroform/methanol were subjected to scintillation counting to

determine the radioactivity. In the assay, the uptake of [3H]-mannose into the peptide substrate was not detected

when GDP-[3H]-mannose was used as a precursor. This also supports that dolichyl-P-mannose is a direct donor

substrate for C-mannosylation.

C-Mannosyltransferase activity is present in a variety of mammalian cells and tissues, but not in plants, yeasts, and

Escherichia coli.28,29 The finding supported the absence of the activity in bacteria that CMW was not detected in

several bacterial and yeast strains.11 Although hexosylated Trp was detected in insect cells,30 C-mannosyltransferase

activity was not detected in insect cell lines such as Sf9 and Schneider 2.28 N-Mannosyl Trp, another glycosylated Trp,

was discovered in fruits and foods,24 and has also been found in mosquitoes.31 Thus, further investigation is required

to clarify if C-mannosylation occurs in insects. C-Mannosyltransferase localized to the microsomes,27 suggesting that

C-mannosylation is involved in conventional glycosylation through the secretory pathway. This is consistent with the

fact that almost all the C-mannosylated proteins found to date are secretory or membrane proteins.

Monomeric CMW was isolated from human urine23,32 and marine ascidians.25 This suggests that C-mannosylated

proteins may be degraded via some catabolic pathways in the cell, although the mechanism is yet to be clarified.

Takahira et al.33 reported that monomeric CMW in blood could be a novel biomarker of renal function, although the

biological significance of the monomeric form is still not clear.
4.13.4 Protein Targets for C-Mannosylation in the Cell

CMWhas been found in a variety of proteins including RNase 2,5 IL-12,12 complements (C6, C7, C8a, C8b, and C9),13

properdin,20 TSP,13,34 F-spondin,35 the EPO receptor,19 mucins (i.e., MUC5AC and MUC5B),21 and lens membrane

protein 20 (MP20).36 All of the targets of C-mannosylation are secretory or membrane proteins, and this suggests that

C-mannosylation is a conventional post-translational modification in the secretory pathway of the cell. This was

consistent with the report that C-mannosyltransferase activity was detected in the microsomal fraction of rat liver.27

In almost all cases, target proteins are classified as members of a protein family bearing TSRs,37,38 and are

C-mannosylated at the firstTrpof WXXWin theproteinmodule,TSR (Figure 4). Examples of proteinsC-mannosylated

at multiple TSRs are F-spondin and properdin. Properdin is an interesting target, because it has in total 20 Trp

residues, of which 14 are C-mannosylated.20 However, other proteins also contain the CMW. For example, IL-12b is a

member of the type 1 cytokine receptor superfamily and C-mannosylated at Trp319.12 It is noteworthy that nearly all

members of the cytokine superfamily contain the so-called WSXWS box.39 Although early studies suggested strict

substrate specificity for C-mannosylation of the first Trp in the WXXW motif, the second Trp in the motif was found

to be missing in some cases of C-mannosylation such as in complements (i.e., C6 and C7)15 and lens MP20.36

A possible explanation for the C-mannosylation of Trp residues that do not have a Trp or other aromatic residue at
Figure 4 Schematic structure of TSR2 in human TSP-1. The TSRs are important functional protein modules containing a

WXXW motif. TSR2 of human TSP-1 are aligned, and known to be C-mannosylated. The positions of the amino acids that

form the three strands A, B, and C identified in the crystal structure of TSRs are indicated at the bottom. Strand A is a less-
structured ‘rippled’ strand, and strands B and C are b-sheets. The Trp residues in theWXXWmotif are shownwith stars. The

C-mannosylated Trp in the motif is shown with a mannose. The TSR 2 also has a fucose O-linked to the Thr residue in the

CSVTCG motif between the A and B strands.13 Man, mannose; Fuc, fucose.
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the second position is that, in addition to theWXXWmotif, a second signal in another part of the protein plays a role in

C-mannosylation, or that a second C-mannosyltransferase which does not require the WXXW motif catalyzes the

mannosylation. The identification of this C-mannosyltransferase would be a future concern in this field.
4.13.5 Detection of C-Mannosylated Proteins in the Cell

Since the discovery of CMW in RNase 2, C-mannosylation of Trp has been determined mainly by MS. To further

explore the C-mannosylation in the cell, a specific antibody against CMW was generated using a chemically

synthesized CMW as an immunogen.29 The CMW derivative, Fmoc-C2-a-D-mannosylpyranosyl-L-Trp, was synthe-

sized as described byManabe et al. (Fmoc¼ 9-fluorenyloxycarbonyl).40,41 Fmoc-C2-a-D-mannosylpyranosyl-L-Trp was

conjugated with keyhole limpet hemocyanin (KLH) or ovalbumin by 1-ethyl-3-[3-dimethylamino-propyl] carbodi-

imide hydrochloride. Rabbits were immunized with KLH conjugated with CMW, and then polyclonal antiserums

were generated. The specificity of the antibody obtained was confirmed by detecting CMW-conjugated ovalbumin in

an enzyme-linked immunosorbent assay (ELISA) or immunoblot analysis. Using the anti-CMW antibody, the

intracellular distribution of C-mannosylated proteins was examined with an immunofluorescence microscope in

mouse macrophage-like RAW264.7 cells (Figure 5). The distribution showed a perinuclear vesicular pattern, and

was similar to that of clathrin heavy chain, a marker expressed in secretory vesicles and the trans-Golgi network. This

strongly suggests that C-mannosylated proteins are part of the secretory pathway. The localization is also consistent

with findings that C-mannosylated proteins are mainly secretory or membrane proteins, such as compliments,

cytokines, and cytokine receptors.35 We recently examined the expression of C-mannosylated proteins in differen-

tiated and undifferentiated monocytic THP-1 cells using the antibody. Our preliminary results showed that levels of

C-mannosylated proteins increased in cells induced to differentiate with phorbol-12-myristate-13-acetate, suggesting

a possible function of C-mannosylation in monocyte/macrophage differentiation.42
4.13.6 C-Mannosylation and Diabetes

The functional relevance of glycosylation has been revealed in various cellular events including cell development,

growth, differentiation, death, and pathological mechanisms of disease.43,44 However, the biological significance of

C-mannosylation is yet to be fully investigated.

Recently, the effect of hyperglycemic conditions on C-mannosylation was examined in cultured macrophage-like

RAW264.7 cells and tissues of the Zucker fatty rat, a diabetic animal model.29 In the study, protein C-mannosylation

was increased with a concomitant increase of C-mannosyltransferase activity in RAW264.7 cells under conditions with

a high glucose concentration. Furthermore, C-mannosylation was also specifically increased in the aortic tissues of

Zucker fatty rats. However, there was no significant increase of C-mannosyltransferase activity in aortic tissue

homogenates from Zucker fatty rats compared to controls. These results suggest that the increase of C-mannosylation
Anti-CMW Anti-clathrin HC Overlay

Figure 5 Indirect immunofluorescence microscopy of CMW in macrophage-like RAW264.7 cells. Cells were simulta-
neously incubated with antibodies against both CMW (rabbit IgG) and clathrin heavy chain (mouse IgG). The intracellular

distribution of C-mannosylated proteins and clathrin heavy chain was then visualized microscopically with FITC-conjugated

anti-rabbit IgG and rhodamine-conjugated anti-mouse IgG, respectively.
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in the diabetic aorta is not simply explained by the upregulation of C-mannosyltransferase activity. Other possible

explanations for the increase in C-mannosylation could be an increase in the synthesis of dolichyl-P-mannose, a donor

substrate for C-mannosylation,27 or that of target proteins bearing the WXXW motif. Although there were conflicting

studies concerning altered dolichol metabolism in the liver of streptozotocin-treated diabetic rats,45,46 it is still

not clear how dolichol metabolism correlates with increased C-mannosylation in diabetic conditions. In the aortic

tissues of Zucker fatty rats, TSP-1 was identified as a target protein for C-mannosylation, which was consistent

with previous findings.13 In immunohistochemical and immunoblot analyses, the levels of TSP-1 expression and

protein C-mannosylation were concomitantly elevated in the aortic vessel of Zucker fatty rats compared to that of

control lean rats.

Although the precise mechanism for the hyperglycemia-induced change of C-mannosylation is not yet clear, the

different responses of C-mannosyltransferase activity seen in RAW264.7 cells and the aortic tissue of Zucker fatty rats

suggest that the hyperglycemia-induced change of C-mannosylation is regulated differently in different types of cells

or tissues. Collectively, the results obtained by using Zucker fatty rats suggest that the diabetes-induced increase of

C-mannosylation in the aortic tissues is partly due to the diabetes-induced increase in the expression of target proteins

such as TSP-1 to be C-mannosylated.

It has been reported that the expression of TSP-1 increased in aortic vessel walls of diabetic Zucker rats.47 In that

study, the authors suggested a relation between increased TSP-1 expression and accelerated atherosclerosis in the

vascular tissues because TSP-1 is known to function in a variety of biological events such as cell attachment, cell

proliferation, angiogenesis, and apoptosis.48,49 Atherosclerosis is a major vascular complication in diabetes, and the

involvement of TSP-1 in the pathology of vascular impairment seems to be consistent with the high glucose-induced

upregulation of TSP-1 expression in renal mesangial cells50,51 and renal tissues from Zucker fatty rats.52 However, it is

not well understood how TSP-1 contributes to diabetic complications, and the function of C-mannosylation may also

need to be clarified to understand the functional regulation of TSP-1 in the pathogenesis.
4.13.7 Prospective Functions of C-Mannosylation in the Cell

The WXXW motif, which could be C-mannosylated, is part of the TSR.37 TSRs were initially identified in human

endothelial TSP-1, and have been identified in multiple protein families by database searches.37 The human genome

has 41 proteins that contain TSRs and the Caenorhabditis elegans and Drosophila genomes have 27 and 14 proteins with

TSRs, respectively. All of the TSRs are found in secretory proteins or in the extracellular domains of membrane

proteins. The TSR domain consists of�60 amino acids, of which 12 are highly conserved (Figure 4). It is notable that

two or three Trp residues separated by two to four amino acids each are located in the N-terminal portion of the TSR,

which is called theWXXWmotif. Together, the search results suggest that a variety of TSR superfamily proteins could

be influenced by C-mannosylation in the cell.

TSP-1 is trimetric and each protomer is composed of multiple domains including N- and C-terminal globular

domains, a procollagen-like domain, and three types of repeated sequence motifs, designated type 1, 2, and 3 repeats

(Figure 4).48 TSP-1 has numerous functions, contributing to cell proliferation, migration, and apoptosis in a variety of

physiological and pathological settings, such as wound healing, inflammation, angiogenesis, and the induction of

endothelial apoptosis. The functions of the three TSRs that are present in TSP-1 have been studied extensively, and it

was revealed that the TSRs serve as (1) binding sites for many cell types, (2) inhibitors of angiogenesis, (3) protein-

binding sites, and (4) glycosaminoglycan-binding sites.48 The three-dimensional structure of the TSRs of human

TSP-1 was determined by X-ray crystallography.53 Although no electron density for C-mannosylation was detected in

the WXXW motif of the TSR domain, the side chain of all three Trp residues on each TSR are oriented so that Cd1

atoms are exposed, ready to accommodate mannoses in the S2 expression system. This suggests that C-mannosylation

at the WXXW motif influences the function of the TSR domain.

The cytokine receptor homology (CRH) domain is a characteristic structure commonly seen in the extracellular

domain of various cytokine and growth factor receptors.39 The WXXW motif is also included in the CRH domain.

The CRH domain contains two fibronectin-like type III motifs of seven b-strands, each connected by a short ‘hinge’

sequence. Overall amino acid identity between CRH domains of members of the cytokine family is generally less

than 25%. However, an alignment based on the predicted b-strands of fibronectin-like type III-like motifs

revealed several conserved features.39 These include two pairs of Cys residues with conserved spacing in the

N-terminal motif, a WSXWS sequence near the C-terminal end of the membrane proximal motif, two highly conserved

Trp residues, and several conserved Tyr residues. The functional significance of the WSXWS motif was scrutinized

by making mutations in the motif in several cytokine receptors, such as IL-2,54 IL-6,55 granulocyte-macrophage
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colony-stimulating factor,56,57 prolactin,58 and EPO59–61 receptors. Although early evidence indicated that the

WSXWS motif may be directly involved in the interaction between the ligand and the receptor, saturation mutagene-

sis of the EPO receptor subsequently showed that mutations in the WSXWS motif cause an abrogation of its transport

to the cell surface, suggesting a functional role for the motif in the folding of the receptor in the endoplasmic reticulum

(ER).61 These findings indicate that the WSXWS motif plays a part in stabilizing the conformation of the ligand-

binding domain. Although the WSXWSmotif is also present in other family members including IL-4, IL-5, IL-11, IL-

12, IL-13, G-CSF, leptin receptors, gp130, and GM-CSF inhibitory factor (GIF), its functions have yet to be fully

investigated. Recently, Furmanek et al.19 reported that, when the soluble form of the EPO receptor was expressed in

HEK-EBNA cells, it was C-mannosylated in the cell. In that study, several mutations of the WSXWS motif in the

soluble EPO receptor revealed that C-mannosylation did not play a critical role in the intracellular transport and

secretion of the molecules. However, it is still not clear if soluble and membrane-bound forms of the EPO receptor are

distinguishable or how folding of the molecules is quality controlled in the ER.62

In several functional protein families, the WXXW motif, which is located at the surface of the protein, may play a

pivotal role in molecular interactions. The functions of this motif have been studied extensively using synthetic

peptides. For example, various TSR-derived peptides containing the motif were used to investigate the function of

TSP-1, and it was revealed that the sequence WSHW binds heparin and sulfated glycoconjugates with different

affinities,18,63 and inhibits the interaction of TSP-1 with the gelatin-binding domain of fibronectin.17 The WSXW

motif is also important for the interaction of TSP-1 with the mature domain of TGF-b64,65 to inhibit tumor growth.66

Furthermore, TSR-derived peptides containing the WXXW motif caused various biological reactions, including the

inhibition of angiogenesis,67 the stimulation of T-cell signaling,68 the induction of neurite outgrowth,69,70 and the

enhancement of apoptosis.71 However, all these results were based on studies using synthetic peptides containing a

nonmannosylated WXXW motif, in spite of the fact that a certain proportion of endogenous peptide motifs might be

C-mannosylated in the cell. Therefore, peptides with or without C-mannosylation are required to re-examine the

function of the WXXW motif in the cell.

Research into protein C-mannosylation has changed dramatically with the chemical synthesis of CMW40,72 and

CMW-containing peptides.41 In fact, using a synthetic CMW, an antibody against CMW was generated and used for

the study of C-mannosylation in cells and tissues.29 Furthermore, to investigate the biological function of the

C-mannosylated WXXW motif in cellular signaling, the effect of CMW and C-mannosylated tetrapeptides on the

lipopolysaccharide (LPS)-signaling pathway in RAW264.7 cells was examined. The preliminary results showed that

C-mannosylated WSPW enhances LPS signaling in the cells not by acting directly on the LPS-Toll-like receptor 4

complex at the cell surface but by an unidentified mechanism, suggesting a novel biological function of the

C-mannosylated motif in glycoproteins.73 On the other hand, experiments in vitro using synthesized CMW have

also revealed that CMW is not recognized by conventional MBLs, such as ConA and MBL-C.22 These recent results

strongly suggest that as yet undiscovered functions of CMW and the C-mannosylated WXXW motif remain to be

clarified using chemically synthesized C-mannosylated peptides and their derivatives.
4.13.8 N-Linked Man-Trp

Recently, the presence of N-linked mannosyl tryptophan Aedes aegypti chorion peroxidase as a novel post-translational

protein modification was reported,31 although N-linked mannosyl tryptophan has also been detected in fruit.24 Here,

indole nitrogen is bound to mannose anomeric carbon (Figure 6). Because of the limitation in quantity, the structure
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Figure 6 The proposed structure for Man(1-N)Trp.
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assignment was made by LC/ESI/MS/MS spectra and enzymatic digestion. Curiously, PNGase A and F, which digest

the typical N-linked oligosaccharide at the asparagine amide residue, cleaved the N-glycosidic linkage between

mannose and tryptophan. Its catalytic mechanism remains to be clarified. Strict structural determination (anomeric

configuration stereochemistry and conformational analysis) would likely be provided by chemical synthesis.

Bovine lens MP20, a member of the PMP22/EMP/MP20 family (peripheral myelin protein/epithelial membrane

protein/MP20), is also mannosylated36 and is a putative ligand for galectin-3.74 Although a 162Da mass increase was

observed at the Trp residue, this is the only exception to the known consensus sequence for C-mannosylation. In the

literature, the question of whether N or C is mannosylated was not resolved.
4.13.9 Chemical Synthesis of CMW and Related Compounds

4.13.9.1 Synthesis of CMW – Route I

In order to delineate its functions, synthetic supply of CMW has been desired. To that end, critical points have been

(1) the construction of a C–C bond between the 2-position of the indole ring of tryptophan and the anomeric carbon of

mannose, and (2) adjustment of the asymmetric center of the amino acid. In 1999, the first total synthesis of CMW 1

was achieved by Ito and Manabe. This route enabled the stereocontrolled and concise access to this molecule.40,41 In

this investigation, compounds 5 (route A), 6 (route B), and 7 (route C) were designed as immediate precursors of

1 (Scheme 1).

There are a number of well-established methods for the synthesis of C-glycosides.75-77 In most cases, relatively

simple aglycon has been used as a nucleophile. The plan was to directly incorporate the indole ring onto the anomeric

carbon of mannose. The coupling between indole derivatives 9 (M ¼ Li) and 1,2-anhydro-mannose 878 seemed to be

the logical choice. The latter compound is easily obtainable from D-mannose in seven steps. The product was

expected to have an a-configuration, because epoxide ring openings using an organometallic reagent are known to

proceed via an SN2 pathway. In fact, previous studies have demonstrated that nucleophilic attacks on 1,2-anhydro-b-D-
mannopyranoses by organometallic reagents gave a-C-glycosides.79,80 N-Arylsulfonated indoles are shown to be

amenable to direct metallation at the 2-position. Subsequent quenching with an electrophile provides an easy access

to 2-substituted indole derivatives.81

We first examined the reactions with various indole derivatives 9a–9h as summarized in Table 1. However, contrary

to our initial expectation, the epoxide ring-opening reaction gave a mixture of a and b products.82
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Table 1 Stereochemistry of the reactions between epoxide 4 and lithiated indole 7
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Entry 9 R1 R2 Yield (%) Products 10:11 (a:b)

1 a H SO2Ph 39 10a/11a 69:31

2 b H Boc 49 10b/11b 34:66

3 c CH3 SO2Ph 39 10c/11c 87:13

4 d CH3 Boc 56 10d/11d 17:83

5 e CH3CH2 SO2Ph 38 10e/11e >95:5
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Scheme 2 Mechanistic explanation on the stereochemistry of the reaction between 1,2-anhydro-mannose and lithiated

indole derivatives.
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In corroboration with our results, recent reports have shown that 1,2-anhydro-sugar reacts with certain organome-

tallic reagents in a stereorandom fashion.83,84 The lack of stereospecificity can be explained by the preactivation of

epoxide 8 by the Lewis acid to form oxocarbenium-type intermediate, which is subsequently captured by a nucleo-

phile (e.g., 9 ) in a non-stereospecific manner (Scheme 2). It was revealed that the stereoselectivity of this trans-

formation was strongly dependent on the nature of the substituents on the nitrogen and the 3-position of the indole

ring. When sulfonamide was employed as a nitrogen-protecting group and the substituent at the 3-position was larger

than methyl, the reaction was highly stereoselective in favor of the a-isomer (Table 1, entries 1, 3, 5, 6, and 8).

In contrast, when tert -butoxycarbonyl (Boc) was used as the protecting group, the b-isomer was obtained as a major

product (Table 1, entries 2, 4, and 7).

As an attempt to achieve the synthesis of 1, the reaction using aziridine 12 to introduce the asymmetric center of

amino acid onto 5 (Scheme 1 , route A), which in turn was prepared from 10a (Scheme 3), was undertaken. However,

this reaction was unsuccessful in the presence of BF3�OEt2.
85 Sc(OTf)3, which was reported to be an efficient catalyst

for this type of reaction,86 provided extremely low yield when applied to this system.

As the stereoselective formation of the C–C bond between mannose and indole was successful with 9f , the product

10f was converted to the bromide 6 (Scheme 4). However, attempts to achieve one-carbon homologation with chiral

glycine enolate equivalents 13–16 87–90 (Scheme 1, route B) did not provide the desired products.

Other approaches utilized fully constructed tryptophan equivalents, such as 19 ( Scheme 5 ) or 21 ( Scheme 6 ). After

deprotection of the carbobenzyloxyl group of 17, the amino group was transformed to azide via diazo transfer using
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triflic azide (TfN3), with the chiral carbon retaining its configuration.91 Cyclic 2,6,7-trioxabicyclo[2,2,2]octane orthoe-

ster was employed as the protecting group for the carboxylic acid because of its stability under strongly basic

conditions, and facile deprotection under mild Brönsted acidic conditions. Following the procedures of Corey,92

orthoester 19 was prepared from 3-methyl-3-oxetanmethanol ester 18, although the yield was only modest due to the

instability of indole under acidic conditions. Furthermore, attempts to couple with 8 afforded a mixture of stereo-

isomers in low yield.

On the other hand, bis-lactim 21 was prepared from bromide 20 and 13 (Scheme 6). Although the reaction with the

epoxide 8 afforded the coupled product 10j that corresponds to the properly functionalized precursors of the target

molecule, yields and stereoselectivities were unsatisfactory.

Finally, the successful strategy was identified, which is shown in Scheme 7 (Scheme 1, route C). It employed the

indole derivative 23 as a tryptophan component, in which the amino group was masked as an azide. Compound 23 was

prepared from commercially available (L)-tryptophanol 22. Subsequent coupling with 8 proceeded with high selec-

tivity (95:5), because of the use of sulfonamide as the nitrogen protection and the presence of a bulky acyclic

substituent at the 3-position of the indole ring. It provided the desired product 10k with satisfactory efficiency,

along with a small amount of stereoisomer 11k. Benzylation and subsequent removal of the tert -butyl dimethylsilyl

(TBS) ether under acidic conditions afforded 24 . The direct oxidation of the alcohol 24 to carboxylic acid 25 was

conducted with a combination of tetramethylpyrrolidyl oxide (TEMPO) and iodosobenzene diacetate.93 It provided

carboxylic acid 25 in excellent yield, probably because the strong electron-withdrawing nature of the sulfonamide

group protected the indole group from oxidation.

The compound 25 was converted to 26 and debenzylated with concurrent reduction of the azide group to complete

the synthesis of 1. 1H-NMR data of synthetic 1 (3 J1,2¼8.1Hz) clearly showed that the mannose ring adopted the
1C4-like conformation, with the tryptophan moiety oriented to the equatorial direction.

In a route similar to that established for 1, glucosyl tryptophan 30 , a stereoisomer of CMW ( Scheme 8), was

synthesized. The yield of the C-glycosylation was much lower, presumably because of the disfavored stereochemical

requirement, which is in violation with the trans-diaxial epoxide-opening rule (the Fürst–Plattner rule).94

After completion of the synthesis of 1, CMW-containing glycopeptides were synthesized. The hexapeptide 34

was selected as the first target, which corresponds to residues 5–10 of human RNase 2. As shown in Scheme 9,

the azide 26 was employed as the building block. Peptide synthesis using azide acids has been shown to minimize

the risk of racemization during chain elongation.95 The bond formation between 26 and tripeptide 31 was achieved

using tetramethylfluoroformidium hexafluorophosphate (TFFH)-mediated in situ acid fluoride formation protocol96

to provide tetrapeptide 32 in 90% yield. After selective reduction of the azide group using PMe3, subsequent

coupling reactions with Fmoc-Thr-OH and Cbz-Phe-OH were successfully carried out to afford 33 in good yield

(Cbz ¼ benzyloxycarbonyl). The final deprotection was performed under controlled hydrogenation conditions using

Pd(OH)2 /C to yield product 34 .

A more concise approach was explored based upon a minimal protection strategy, in which only the side-chain

carboxylic acid and amino groups were protected. The focus was turned upon a novel amide-forming reagent 4-(4,6-

dimethoxyl-1,3,5-triazine-2-yl)-4-methyl-morpholinium chloride 37 97 (Scheme 10 ), which is compatible with protic



O

BnO

OBn

OBn

OBn

N

R

CO2H

N3

O

BnO

OBn

OBn

OBn

N

SO2Ph

OH

N3

1

24
25

26

iv, v vi, vii viii

N
H

NH2

OH

N
N3

OTBS

SO2Ph

i, ii

22 23

iii

O

BnO

OBn

OBn

OH

N

SO2Ph

OTBS

N3

O

BnO

OBn

OBn

OH

N

SO2Ph

OTBS

N3

+

10k

11k

R

SO2Ph

H

Scheme 7 Reagents and conditions: I, N3Tf, DMAP, CH3CN, r.t., then TBSCl, imidazole, DMF, r.t., 82% (two steps);

ii, PhSO2Cl, BuLi, THF, –78 
�  C to r.t., 75%; iii, BuLi, BF3�OEt2, THF, 63%, 10k:11k ¼ 95:5; iv, BnBr, Bu4NI, NaH, THF, 0 

�  C to

r.t., 92%; v, TsOH�x H2O, MeOH, r.t., 91%; vi, idosobenzene diacetate, TEMPO, CH 3CN, H2 O, r.t., 97%; vii, 10% NaOH,
EtOH, reflux, 68%; viii, H2, 20% Pd(OH)2/C, EtOH, dioxane, H2O, 67%. DMAP, 4-dimethylaminopyridine; DMF, dimethyl-

formamide; Ts, 4-methylbenzenesulfonyl.

O

O

OBn

BnO
BnO

27

+ 23
i

O

OBn

BnO
BnO

HO

PhO2SN
N3

OTBS O

OBn

BnO
BnO

OH N

N3

OTBS

+

28 29

O

OH

HO
HO

HO

HN
NH2

OH

O
ii--vi

30

28

SO2Ph

Scheme 8 Reagents and conditions: i, BuLi, BF3�OEt2, THF, 28 (10%) and 29 (2%); ii, BnBr, Bu4NI, NaH, THF, 0 
�  C, r.t.,

77%; iii, TsOH�H2O, MeOH, r.t., 99%; iv, idosobenzene diacetate, TEMPO, CH3CN, H2O, r.t., 85%; v, 10% NaOH, EtOH,

reflux, 56%; v, H2, 20% Pd(OH)2/C, EtOH, dioxane, H2O, 65%. Ts, 4-methylbenzenesulfonyl.

240 C-Mannosyl Tryptophan: From Chemistry to Cell Biology



O

BnO

OBn

OBn

OBn

H
N

N3

Ala-Gln-Trp-OBn

26 + H-Ala-Gln-Trp-OBn 

O

BnO

OBn

OBn

OBn

H
N

H
N

Ala-Gln-Trp-OBn

Thr-Phe-Cbz

i

31

32

33

ii, iii 

iv
O

HO

OH

OH

OH

H
N

H
N

Ala-Gln-Trp-OH

Thr-Phe-H

34
O O

O

Scheme 9 Reagents and conditions: i, TFFH, Na2CO3�10H2O, CH2Cl2, H2O, 90%; ii, PMe3, THF, H2O, Fmoc-Thr-OH,

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide�HCl, HOBt, CH2Cl2, HOBt, CH2Cl2, 84%; iii, piperidine, DMF, Cbz-

Phe-OH, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide�HCl, HOBt, CH2Cl2, 72%; iv, H2, 20% Pd(OH)2/C, MeOH, H2O,

THF, AcOH, 57%. DMF, dimethylformamide.

N
N

N

O

HO

OH

OH

OH

N

H

NHFmoc

N O

MeO

MeO

Me

Cl

37

38

O

HO

OH

OH

OH

N

H

CO2H

NHFmoc

1
i

35

+ HCl•H-Ala-Gln-Trp-NH2

36

ii

37

Ala-Gln-Trp-NH2O

Scheme 10 Reagents and conditions: i, Fmoc-OSu, NaHCO3, DME, H2O, 67%; ii, 37, MeOH, 94%. DME, 1,2-dimethoxy-

ethane.

C-Mannosyl Tryptophan: From Chemistry to Cell Biology 241
media. To avoid acidic conditions, under which CMW is unstable, a Fmoc protection strategy was selected. The amino

group of mannosyl tryptophan was protected with Fmoc under typical reaction conditions to give 35 . Peptide bond

formation with 36 gave the mannose tetrapeptide 38 in high yield.
4.13.9.2 Synthesis of CMW – Route II

Nishikawa and Isobe reported the synthesis of CMW 1 via their original alkyne C-glycosylation method. An alkyne

at an anomeric terminus was transformed to indole by use of palladium chemistry.72 The alkyne 46 reacted with

mannose derivative 39 in the presence of trimethylsilyl trifluoromethanesulfonic acid (TMSOTf) to give an adduct.

After desilylation, compound 40 was obtained with complete a-selectivity. The indole ring was formed using

Sonogashira conditions98 and Castro indole synthesis.99 After deprotection of the tosyl group by tetrabutylammonium

fluoride (TBAF), aldehyde 43 was synthesized by Vilsmeier reaction and then condensed with acetamide malonate

monoethylester to give olefin 44. Hydrogenation of 44 gave an inseparable mixture of diastereomers 45 (Scheme 11 ).

The attention turned to the use of aziridine 12 to create an asymmetric carbon center, similarly to the previously

described approach.100,101 An addition reaction using BF3�OEt2 and lanthanide triflate was unsuccessful. A full

investigation of the preparation method and suppliers of lanthanide triflate was then carried out. Finally, Sc(ClO4)3

was found to be an effective Lewis acid for the reaction between 12 and 47. After a three-step deprotection procedure,

the target molecule 1 was obtained (Scheme 12).
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The group also explored the synthesis of glucosyl-tryptophan. 101,102 First, compound 49, iodoacetylene, was

prepared, which was coupled with (L )-serine-derived zinc–copper reagent 50. 103 An attempt to achieve indole

annulation was made by Larock’s procedure using o -iodoaniline 52. 104 Unfortunately, the product 53 was isotrypto-

phan, not desired tryptophan. However, Larock suggested that the regioselectivity of this annulation was controlled

by steric balance between two substituents of acetylene to afford a product with a sterically hindered substituent at

the 2-position of indole with high selectivity105,106 (Scheme 13). This is the first example of complete reverse

regioselectivity in Larock’s heteroannulation.
4.13.9.3 Synthesis of CMW – Route III

Yet another synthetic route to CMW (Scheme 14) has been proposed. N-Sulfonated indole 9a was lithiated and added

to mannose-derived lactone 54 . After reduction of the resulting lactol 55, cyclodehydration was conducted under

acidic conditions. Direct conversion of lactol 55 using Et3SiH-BF3�OEt2 was also possible, but the yield was low

(16%). The nitrogen-protecting group was removed under basic conditions. A nitrogen functionality was introduced
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using 57 in the presence of Na2 CO 3 to provide 56, with the amino group protected as an oxime. It was converted to

1 via reduction of the oxime by Al amalgam, protection of the amino group by the benzyloxycarbonyl group,

deprotection of the carboxylate ester, and deprotection under catalytic hydrogenation conditions.
4.13.10 Immunoassay for CMW in Physiological Fluids

CMW may be isolated from urine.23,24 After preprocessing, purification was performed using a Sephadex G-25

Superfine column, a positive ion-exchange resin Sepharose Fast-Flow column, a negative ion-exchange resin

DEAE-Sepharose column, and a reverse phase column. From 500l of urine, 5mg of CMW was obtained.

It was found that there was a favorable linear correlation between the fluorescence intensity and the concentration

of CMWat 350nm. It was also found that the concentration could be quantified usingN-methylserotonin as an internal

standard.

Using this method, levels of CMW in healthy men and women aged up to 90 years were measured to be 76.3 and

74.5ngml–1, respectively, while those of nephropathy patients were 850ngml–1. In addition, the level in the spinal

fluid of healthy individuals was 130.4ngml–1, while 400ngml–1 have been found in patients with spinocerebellar

degeneration and 823ngml–1 in patients with metastatic brain tumors. Furthermore, its amount in the amniotic fluid

of healthy pregnant women was 353ngml–1, but that of patients with pregnancy toxemia has been found to be

elevated to 1411ngml–1. It was also reported that there was a strong linear correlation between clearance of CMWand

inulin in rats (r¼0.97) and humans (r¼0.87). In humans, linear regression analysis indicated that CMW was a better

indicator of inulin clearance for glomerular filtration rate (GFR) measurement than creatinine clearance, because

creatinine clearance is affected by muscle mass.33
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Synthesized 1 (as a mixture of stereoisomers) was bound to either KLH or BSA (bovine serum albumin) using

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Mice were immunized against these haptens to produce

antibodies, and a hybridoma was produced using antibody-producing cells and mouse myeloma cells (P3U1). After

cloning, purified antibodies were obtained from the mice and used to measure levels of 1 in urine and serum samples

by ELISA. The results showed that the amount of 1 excreted was comparable regardless of age or gender, thus

suggesting that CMW could be used as a new glomerular filtration indicator instead of creatinine clearance or inulin

clearance.
Glossary

thrombospondin type 1 repeat (TSR) TSR is a characteristic protein module composed of three antiparallel strands, and is

found in thrombospondin-1 (TSP-1). The TSR of TSP-1 functions to interact with signaling molecules such as CD36, b1 integrins,
and to activate TGF-b. TheWXXWmotif, a potential site for C-mannosylation, is often located at the first strand of TSR.Members

of the TSR superfamily protein bearing the TSR module contain TSP-1, F-spondin, properdin, complements, etc.

SN2 reaction The concerned displacement of one nucleophile by another at sp3 hybridized center. This mechanism involves

stereospecific backside approach by the attacking nucleophile relative to the nucleofuge, causing inversion of configuration at the

reaction site. The reaction is kinetically first order in both attacking nucleophile and substrate, and thus second order overall. The

SN2 reaction is highly sensitive to steric effects.

trans-diaxial epoxide-opening rule (the Fürst–Plattner rule) In the reaction between epoxide and nucleophile, the stereo-

chemical outcome of reaction is normally predicted as trans-diaxal substitution pattern. The antiperiplanar array of the attacking

nucleophile to epoxide is feasible with concurrent formation of either a chair or twist boat cyclocarbon skeleton. A significant

portion of the chair versus twist boat energy difference is experienced in the transition states. Normally, the reactions are thought

to have product-like transition states.
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6. Löffler, A.; Doucey,M.-A.; Jansson, A. M.; Müller, D. R.; de Beer, T.; Hess, D.; Meldal, M.; Richter, W. J.; Vliegenthart, J. F. G.; Hofsteenge, J.

Biochemistry 1996, 35, 12005–12014.

7. Becchi, M.; Fraisse, D. Biomed. Environ. Mass Spectrom. 1989, 18, 122–130.
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4.14.1 Introduction

A large body of experimental evidence exists to show that complex oligosaccharides play a crucial role in many of the

recognition signaling and adhesion events that take place at the surface of cells. Modified oligosaccharides have the

ability to interfere with carbohydrate–protein, or protein/glycoprotein–glycoprotein interactions, and, as a result,

regulate these interactions and cellular signaling. In fact, changes in oligosaccharide structure are associated with

many physiological and pathological events, including cell growth, migration, differentiation, and tumor invasion. It is

well known that a large number of proteins undergo post-translational modification, a modification that alters their

structures and functions. Among the various post-translational modification reactions of proteins, glycosylation is the

most abundant; nearly 50% of all proteins are thought to be glycosylated.1 Glycosylation reactions are catalyzed by the

action of glycosyltransferases, and sugar chains are added to various complex carbohydrates such as glycoproteins,

glycolipids, and proteoglycans. A large number of glycosyltransferases (about 170 genes) have been cloned as of this

writing, and some of their important functions are now understood. This research has focused on glycosyltransferases

that are involved in the synthesis of branching N-linked sugar chains in glycoproteins (Figure 1). In this chapter, the

detailed biological functions of N-acetylglucosaminyltransferase III (GnT-III),2,3 N-acetylglucosaminyltransferase

V (GnT-V),4–6 and a-1,6-fucosyltransferase7–9 are discussed, thereby demonstrating the important regulations of

these glycosyltransferases to cell surface receptor-mediated cell signaling.
4.14.2 Biological Significance of GnT-III, GnT-V, and Fut8

4.14.2.1 N-Acetylglucosaminyltransferase III (GnT-III)

GnT-III catalyzes the addition of GlcNAc to a mannose that is itself b1-4-linked to an underlying N-acetylglucosa-

mine. GnT-III produces what is known as a ‘bisecting’ GlcNAc linkage which is found on various hybrid and complex
249
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Figure 1 Glycosylation reactions catalyzed by the action of glycosyltransferase GnT-III, GnT-V, and Fut8, and their

biological functions.
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N-glycans. GnT-III is generally regarded as a key glycosyltransferase in N-glycan biosynthetic pathways and conse-

quently contributes to the inhibition of metastasis (Figure 1). Since the introduction of a bisecting GlcNAc catalyzed

by GnT-III results in the suppression of further processing and the elongation of N-glycans, which are catalyzed by

other glycosyltransferases in vitro, because they are not able to utilize the bisected oligosaccharide as a substrate.10

When the GnT-III gene was transfected into melanoma B16 cells with a high metastatic potential, the sugar chains

were remodeled. When the GnT-III-transfected melanoma B16 cells were then injected into syngeneic mice via the

tail vein, lung metastasis was minimal whereas many lung metastatic foci were observed in mock-transfected

melanoma cells. Sugar analyses by lectin blotting of the cells indicated that the GnT-V product, a b1-6 GlcNAc

branching structure, found originally in the parental cells, was no longer present in the GnT-III transfectants.11 This

finding is consistent with the hypothesis that the suppression of b1-6 GlcNAc branching by the inhibition of GnT-V

activity is a possibility. GnT-III and GnT-Vact on the same substrate; however, once GnT-III acts on the substrate first

and a bisecting GlcNAc structure is produced, GnT-V is not able to act further10 (Figure 1). Moreover, the remodeling

of some important glycoproteins by the transfection of GnT-III also contributes to the suppression of metastasis. For

example, the overexpression of GnT-III resulted in an increase in E-cadherin-mediated homotypic adhesion and a

suppression in the phosphorylation of the E-cadherin–b-catenin complex on cell–cell adhesion.12,13 E-cadherin, when

located on a cell surface, was found to be resistant to proteolysis and remained on the cell–cell borders as a result of the

overexpression of GnT-III. The increased GnT-III production on E-cadherin leads to a reduced level of phosphoryla-

tion of b-catenin by epithelial growth factor receptor (EGFR) or Src signaling and therefore b-catenin maintains a tight

complex with E-cadherin and is not translocated into the nuclei. b-Catenin otherwise enhances various gene expres-

sions that are related to cell growth or oncogenesis. The suppression of the phophorylation of b-catenin, therefore,
permits it to remain on the cell surface and not to be released from the complex and this may also enhance the

homophilic interactions of E-cadherin and contribute to the suppression of cancer metastasis. Conversely, GnT-III has

recently been reported to be regulated by E-cadherin-mediated cell–cell adhesion.14 In other words, GnT-III activity

has been found to increase under dense culture conditions compared with sparse culture conditions. The regulation of

cadherin-mediated adhesion and the associated adherens junctions is thought to underlie the dynamics of the

adhesive interaction between cells, which is regulated during tissue development and homeostasis, as well as during
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the progression of tumor cells. In fact, the expression of E-cadherin could be greatly regulated by epithelial cell–cell

interactions.15 However, a significant and obvious regulation of E-cadherin to GnT-III was only observed in epithelial

cells that express basal levels of E-cadherin and GnT-III, but not in MDA-MB231 cells (an E-cadherin-deficient cell

line), Madin–Darby canine kidney (MDCK) cells (in which GnT-III expression is undetectable), and fibroblasts

(which lack E-cadherin). Considering the upregulation of GnT-III in the dense culture model, to a certain extent, cells

under sparse and dense culture conditions can be interpreted as cells in the proliferation and differentiation

maintenance states, respectively. In that study, GnT-III expression was reported to be significantly upregulated by

cell–cell interactions, which might be reasonable for the maintenance of cell differentiation rather than cell prolifera-

tion, since growth factor-mediated activation can be suppressed by the upregulation of GnT-III. In fact, the results of

several studies suggest that E-cadherin has the ability to induce a ligand-independent activation of the EGFR and

subsequent activation of Rac1 as well as mitogen-activated protein (MAP) kinase, which appears to be involved in cell

migration and proliferation.16 Thus, it is possible that the upregulation of GnT-III by cell–cell interactions might

neutralize signals responsible for the maintenance of the cell differentiation phenotype. On the other hand, the

overexpression of GnT-III results in an alteration in the functions of EGFR and integrins, which will be discussed in

detail below. However, GnT-III-deficient mice were produced that lacked GnT-III activity and were viable and

reproduced normally.17 These mice also exhibited a normal cellularity and morphology among organs, including the

brain and kidney. No alterations were apparent in circulating leukocytes, erythrocytes, or in serum metabolite levels

that reflect kidney function. Thus, GnT-III and the bisecting GlcNAc in N-glycans appear to be dispensable for

normal development, homeostasis, and reproduction in the mouse.

GnT-III has also been reported to affect antibody-dependent cellular cytotoxicity (ADCC) activity (Figure 1).

Natural killer (NK) cells are defined by their ability to kill cells that display a foreign antigen such as tumor cells

regardless of the major histocompatibility complex (MHC) type and previous sensitization to the antigen. It has been

reported that GnT-III transfectants of K562 cells became resistant to NK cells, suggesting that bisecting GlcNAc may

play a role in NK cell-mediated cytotoxicity.18 In contrast to NK cells, cytotoxic T-cells contain receptors for the Fc

domain of immunoglobulin G (IgG), binding to the Fc portion of an IgG antibody on the surface of target cells such as

tumor cells and release cytolytic components that kill the target cells. This mechanism of killing is referred to as

ADCC.19 A number of mechanisms for the antitumor activities of therapeutic antibodies have been proposed and

include an extended half-life, the blockage of signaling pathways, activation of apoptosis, and effector cell-mediated

cytotoxicity. Fcg receptors on effector cells have been reported to be the major components of the in vivo activity of

antibodies against tumors.20 Fc-receptor-dependent mechanisms are substantial components of the action of cytotoxic

antibodies against tumors and indicate that an optimal antibody against tumors would preferentially bind to activated

Fc receptors and minimally to the inhibitory partner Fcg receptor IIB. Umana et al.21 reported that the expression of

antibodies with altered glycoforms, especially the addition of bisecting GlcNAc, leads to an increase in ADCC through

a higher affinity of up to 10–20-fold for the Fcg receptor III. They concluded that the increase in ADCC activity is

therefore probably due to an increased affinity of the modified antibody for the Fcg receptor III.
Thus, GnT-III catalyzes the formation of bisecting GlcNAc, a unique structure, and consequently contributes to

antimetastatic functions and ADCC.
4.14.2.2 N-Acetylglucosaminyltransferase V (GnT-V)

Contrary to the functions of GnT-III, GnT-V catalyzes the formation of b1-6 GlcNAc branching structures which play

important roles in tumor metastasis22 (Figure 1). Dennis et al. generated GnT-V-deficient mice by targeting a gene

mutation in embryonic stem (ES) cells to assess the function of GnT-V products in normal development and cancer

progression. The GnT-V knockout mice appeared to be normal at birth, and lacked any detectable GnT-V enzyme

activity and L4-PHA-reactive glycoproteins. Adult GnT-V-deficient mice differed in their responses to various

extrinsic conditions, including cancer progression, T-cell hypersensitivity, autoimmune disease, and nurturing

reponses following birth.23 Furthermore, a relation between GnT-V and cancer metastasis has been reported by

Dennis et al.24 and Yamashita et al.25 Activating mutations in Ras genes, as well as mutations leading to the activation

of protein kinase B (Akt), are commonly found in human tumors. The polyomavirus middle T-antigen (PyMT) viral

oncogene activates these pathways, which collectively contribute to transformation and multifocal tumors in mice

expressing PyMT from a transgene in the mammary epithelium. Granovsky et al. reported that PyMT-induced tumor

growth and metastasis were suppressed in GnT-V-deficient mice to a considerable extent compared with that in their

PyMT-transgenic littermates expressing GnT-V. Moreover, GnT-V gene expression was induced by the PyMT onco-

gene. In addition, the products of GnT-V promoted focal adhesion turnover, which amplified the PyMT-dependent

activation of phosphatidylinositol 3 (PI3) kinase-protein kinase B (PKB), and promoted tumor growth and metastasis.26
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On the other hand, some studies have shown that the forced expression of GnT-V in epithelial cells results in a loss of

contact inhibition, increased cell motility, morphological transformation in culture, tumor formation in athymic nude

mice,27 and an enhanced metastasis.28 It was also reported recently that N-glycans of EGFR as well as other cytokine

receptors modified by GnT-V play an important role in the endocytosis of EGFR to regulate its expression levels on

the cell surface.29 Moreover, the upregulation of GnT-V in the liver of a rodent model of hepatocarcinogenesis as well

as regenerative liver has also been reported.30 A different type of underlying mechanism for cancer metastasis may be

operative but the acquisition of b1-6 GlcNAc branching of specified glycoproteins may cause functional changes in

metastatic potential.12,26 Matriptase in the GnT-V transfectant was found to be resistant to autodigestion as well as to

exogenously added tyrosine.31,32

GnT-V has also been found to be a bifunctional protein and to function as an angiogenic releasing factor33 except as

a glycosyltransferase. GnT-V contains a heparin-binding domain, KRKRKK, which is very similar to that of other

angiogenic factors. Deletion mutants of GnT-V which lack catalytic activity showed angiogenic activity which can be

attributed to its competitive binding to certain proteoglycans with fibroblast growth factor 2 (FGF2), indicating that

the angiogenic factor releasing properties of GnT-V are not involved in its catalytic properties. Moreover, we found

that GnT-V is cleaved by proteinases, including g-secretase, and released in a soluble form, which acts as an angiogenic

releasing factor. GnT-V also appears to be involved in the regulation of apoptosis34 (Figure 1). GnT-Vexpression was

quantitatively analyzed by utilizing a neuroblastoma, one of the most common pediatric solid tumors. The higher

expression levels of GnT-V were found to be associated with favorable stages. Conversely, the downregulation of

GnT-Vexpression by small interfering RNA (siRNA) resulted in a decrease in susceptibility to cell apoptosis induced

by retinoic acid in a neuroblastoma. These results suggest that GnT-V is associated with the prognosis of the disease by

modulating the sensitivity of neuroblastoma to apoptosis, and the inhibition of GnT-V might be useful in the

treatment of malignancies by targeting their roles in metastasis.

More interestingly, it has recently been reported that a GnT-V homolog, GnT-IX (also referred to as GnT-VB)

(Figure 1), was reported to act on a-linked mannose of N-glycans and O-mannosyl glycans.35,36 Contrary to GnT-V,

transcripts of which were expressed ubiquitously in mouse tissues, GnT-IX transcripts were exclusively expressed in

the brain and testis.36,37 Since GnT-V is transcriptionally activated by oncogene signaling pathways, a determination of

whether GnT-XI expression shows similar upregulation during oncogenesis, particularly in tumors of neural origin,

becomes a critical issue.

The mechanism responsible for the transcriptional regulation of GnT-V is currently unclear. We reported on the

direct implication of a transcription factor, Ets-1, in the underlying mechanism of the gene expression of GnT-V in

various cancer cell lines6,38 and the upregulation of GnT-V by transforming growth factor b (TGF-b)39 and Her2/neu

was also reported.40 The level of GnT-V mRNA in human hepatoma tissues is correlated well with that of Ets-1

mRNA. A dominant-negative form of Ets-1 was reported to suppress GnT-V expression. These data confirm that the

GnT-V gene is generally regulated by Ets-1. Moreover, it has recently been reported that several glycosyltransferase

genes are regulated by Ets-1 and some other glycosyltransferases appear to be regulated by a similar mechanism.
4.14.2.3 a-1,6-Fucosyltransferase (Fut8)

Fut8 catalyzes the transfer of a fucose residue from GDP-fucose to position 6 of the innermost GlcNAc residue of

hybrid and complex types of N-linked oligosaccharides on glycoproteins to produce core fucosylation in mammals

(Figure 1). Fut8 is the only core FucT found in mammals, but there are still core a1-3-Fuc residues present in plants,

insects, and probably other species as well. Glycoproteins modified by Fut8 are widely distributed in mammalian

tissues and are altered under certain pathological conditions.

The physiological importance of fucose modifications on proteins has been highlighted by the description of human

congenital disorders of glycosylation (CDG).41,42 CDG comprises a rapidly growing group of inherited disorders in

which the glycosylation of glycoproteins is defective due to mutations in genes that are required for the assembly of

lipid-linked oligosaccharides, their transfer to nascent glycoproteins (CDG-I), or the processing of protein-bound

glycans (CDG-II). A defect in the GDP-fucose import into the lumen of the Golgi was previously identified in a

person with CDG with a general deficiency of fucosyl residues in glycoproteins. This patient presented the clinical

features of leukocyte adhesion deficiency type II (LAD II), including mental retardation, short stature, facial stigmata,

and recurrent bacterial peripheral infections with persistently elevated peripheral leukocytes. A complementary DNA

(cDNA) complementing the fucosylation defect was isolated from the patient’s fibroblasts. The restoration of GDP-

fucose-import activity in Golgi-enriched vesicles from the patient’s fibroblasts verified the GDP-fucose-transporter

activity of this protein.41 Moreover, Sturla et al.43,44 reported that reduced fucosylation is mainly confined to the
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terminal fucosylation of N-glycans, and that protein O-fucosylation levels are unaffected in CDG-IIc. Therefore, it is

supposed that core fucosylation may be responsible for the CDG-IIc phenotype (Figure 1). Besides the effects on

CDG-IIc, the level of core fucosylation was also found to be elevated in both liver and serum during the process

of hepatocarcinogenesis.45 The core fucosylation of a-fetoprotein, a well-known tumor marker for hepatocellular

carcinoma (HCC), is known to distinguish patients with HCC from those with chronic hepatitis and liver cirrhosis.46,47

It has also been reported that the deletion of the core fucose from the IgG1 molecule enhances ADCC activity by up

to 50–100 fold48,49 (Figure 1), and therefore is thought to have considerable potential for use in antibody therapy

against cancer.

To define the physiological roles of Fut8 much more clearly, Fut8-null mice were recently generated by gene-

targeting technology. The appearance of Fut8�/� mice could not be distinguished from Fut8þ/� and Fut8þ/þ mice

within 3 days of age, but approximately 70% of them died during this period. Most of the survivors manifested severe

growth retardation and emphysema-like changes in the lungs50 (Figure 1). The downregulation of TGF-bR, EGFR,

and platelet-derived growth factor receptor (PDGFR) activation are plausible factors that may be responsible for the

emphysema-like changes and growth retardation.50,51
4.14.3 Important Glycosylated Receptors Expressed on Cell Surface

Cell surface carbohydrates contribute to a variety of interactions between the cell and its extracellular environment,

since they are located on the outermost layer of the cell. Carbohydrates are the first molecules to be encountered and

recognized by the other cells, antibodies, invading viruses, and bacteria. Many secreted molecules such as hormones

and toxins have also been reported to bind to carbohydrate receptors on the cell surface. Most of receptors on the cell

surface are N-glycosyated, including EGFR, integrins, and TGF-bR. An increasing body of evidence indicates that

sugar chains in the glycoproteins are involved in the regulation of cell–cell communication, signal transduction,

protein folding, and stability.52–54 Therefore, it is not surprising that aberrant glycosylation patterns can serve as

markers for certain disease states including cancer metastasis, development, and differentiation.55 Because of this, we

mainly focus on these receptors described above to further address the notion that the modification of N-glycans of

receptors on the cell surface plays an important role in receptor-mediated cellular signaling.
4.14.3.1 Epithelial Growth Factor Receptor

Receptor and cytoplasmic protein kinases play a prominent role in the control of a variety of cellular processes during

embryonic development and in the regulation of physiological processes in a variety of tissues and organs. EGFR was

the first receptor tyrosine kinase (RTK) to be discovered.56 Most of the principles and paradigms that underlie the

action of the RTKs were first established for EGFR (Figure 2). Similarly, many of the mechanisms for the activation

and recruitment of intracellular signaling pathways following growth factor stimulation were discovered in studies of

signaling via EGFR. Except for EGFR, three additional members of the same receptor family have been identified:

ErbB2, ErbB3, and ErbB4. These receptors can be activated by EGF, heparin-binding EGF (HB-EGF), TGF-a,
amphiregulin, betacellulin, epiregulin, epigen, and crypto. Like all RTKs, the EGFR family is composed of an

extracellular ligand-binding domain, followed by a single transmembrane domain and a cytoplasmic domain contain-

ing a conserved RTK core.57 The extracellular domains of the EGFR family members are composed of four

subdomains, designated domain I, II, III, and IV, respectively. It has been proposed that domains I and II form the

ligand-binding domain, while other parts of the extracellular domain mediate receptor dimerization and interactions

with other membrane proteins.58 The direct stimulation of the receptor by the binding of a ligand to the receptor’s

extracellular domain leads to dimerization and the subsequent autophosphorylation of two receptor molecules,

thereby creating phosphotyrosine docking sites to activate intracellular signaling cascades. On the other hand, indirect

EGFR activation occurs after treatment with unphysiological stimuli, including hyperosmolarity, oxidative stress,

mechanical stress, UV light, and g-irradiation. This effect has been mainly attributed to the inactivation of phospha-

tases that antagonize intrinsic receptor kinase activity, therefore shifting the equilibrium for basal autophosphorylation

and dephosphorylation toward the activated state. Apart from unphysiological stimuli, receptor activation can also be

induced by chemokines, cell adhesion molecules, and G-protein-coupled receptors59 and the ganglioside GM3.60–62

These stimuli to the extracellular domain of EGFR induce the activation of its intrinsic tyrosine kinase activity,

leading to receptor autophosphorylation and the phosphorylation of tyrosine residues in various cellular substrates,

many of which such as Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (Erk1/2) serve as

intracellular signal molecules.63–65
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4.14.3.2 Integrin

Another important receptor family for cell adhesion is integrins which are formed by a- and b-subunits. Each subunit

has a large extracellular region, a single transmembrane domain, and a short cytoplasmic tail (except for the

b4-integrin). The N-terminal domains of the a- and b-subunits associate to form the integrin headpiece, which

contains the extracellularmatrix (ECM)-binding site, whereas the C-terminal segments transverse the plasmamembrane

andmediate interactions with the cytoskeleton and with signalingmolecules (Figure 3). Based on extensive searches of

the human and mouse genomic sequences, it is now known that 18 a- and 8 b-subunits assemble into 24 integrins.

Among these integrins, 12 members that contain the b1-subunit have been identified. Each of these integrins appears

to have a specific, nonredundant function. Genes corresponding to the b-subunits and the a-subunits have been

knocked out. Each phenotype is distinct and reflects the different roles of the various integrins.66 In the case of the

phenotype of b1-integrin knockout mice, for example, preimplantation development is completely blocked.

Integrin engagement during cell adhesion leads to intracellular phosphorylation, such as the phosphorylation of the

focal adhesion kinase (FAK), thereby regulating gene expression, cell growth, differentiation, and survival from
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apoptosis.67 These events are controlled by biochemical signals generated by ligand-occupied and clustered integrins

(Figure 3). Recent studies have also shown that growth factor-induced proliferation, cell cycle progression, and

differentiation require the adhesion of cells to the ECM, a process that is mediated by integrins.68,69 However,

integrins have three additional features that dramatically expand their range of functionality.69 First, integrin ligands

are generally immobilized. Consequently, an integrin signal is usually localized to topographically discrete regions of

the plasma membrane. Second, integrin cytoplasmic domains provide critical anchors for the actin cytoskeleton, and

therefore provide a physical connection between internal and external filament systems. Third, the capacity of many

integrins to bind their ligands is regulated by cellular signaling mechanisms through a process referred to as integrin

activation or inside-out signal transduction. An increase in ligand-binding affinity can arise because of a change in the

conformation of an integrin. Alternatively, because integrin ligands are usually multivalent, integrin clustering can also

increase affinity as a result of cooperative binding. Therefore, integrins are signaling receptors that transmit informa-

tion in both directions across the plasma membrane.
4.14.3.3 Transforming Growth Factor b Receptor

The third class of molecules that will be discussed here are cell surface TGF-bR proteins, which regulate the effects

of TGF-b isoforms on growth and differentiation. Two types of TGF-bRs have been reported to date, both of which

have intrinsic serine/threonine kinase activity and initiate diverse cellular responses by binding to TGF-b family

members. Seven type I and five type II receptors have been identified in vertebrates. Each member of the TGF-b
superfamily binds to a characteristic combination of type I and type II receptors (Figure 4). Ligand binding induces

the assembly of type I and type II receptors into complexes, within which type II receptor phosphorylates type I,

which is rich in glycine and serine residues. This phosphorylation is both essential and sufficient for TGF-b signaling.

The activated type I propagates the signal inside the cell through the phosphorylation of receptor-regulated Smads

(R-Smads: Smad1, Smad2, Smad3, Smad5, and Smad8), which in turn form complexes with Smad4 that accumulate in

the nucleus and regulate the transcription of target genes.70,71 Since most cell types produce both TGF-bRs and

ligands, the regulation of cellular responsiveness relies on the production of active TGF-b and its presentation to

signaling receptors. The perturbation of their signal has been implicated in several developmental disorders and in

various human diseases including cancer, fibrosis, and autoimmune diseases.72
4.14.3.4 Cross Talk among the Cell Surface Glycoproteins

The coordination of cell–cell and cell–matrix adhesion is essential for the development and proper functioning of all

multicellular organisms. In the past 20 years, several families of cell surface adhesion receptors (such as integrins) and
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their ligands have been identified. Major new tasks have arisen based on the appreciation that adhesion receptors are

functional proprioceptors, which inform the cell regarding the physical and chemical nature of its surrounding

environment. The coordination of adhesion receptor signals with those that arise from more traditional signaling

receptors, such as growth factor receptors, is essential to how organismal body plans are specified – perturbing this

coordination can lead to events such as malignant transformation. Therefore, cross talk between adhesion receptors

and signaling receptors is required to coordinately regulate signaling. Cross talk is defined in the dictionary as

‘‘unwanted signals in a communication channel (as in a telephone, radio or computer) caused by the transfer of energy

from another circuit (as by leakage or coupling)’’. It is well known that integrin-mediated cell adhesion functions

cooperatively with growth factor receptors in the control of cell proliferation, cell differentiation, cell survival, and cell

migration in epithelial cells and fibroblasts.69 The association of integrins with growth factor receptors has been

demonstrated in co-clustering and co-precipitation studies.73,74 Integrins and growth factor receptors share many

common elements in their signaling pathways. In fact, integrins enable growth factor signaling in many cases, since

normal growth factor signaling does not occur unless cells are adhered to the ECM or to other cells through integrins.

TheMAP kinase pathway provides the best-characterized example of this principle, because a number of integrin and

growth factor signals converge at multiple points. In this pathway, the activation of Ras leads to the sequential

stimulation of the protein kinases Raf, extracellular signal-regulated kinase kinase 1 (MEK), and finally the MAP

kinase Erk1 and Erk2. Adding soluble mitogens to cells in suspension triggers a weak or transient activation of the

MAP kinase Erk1 and Erk2, compared with the strong and sustained Erk activity observed in adherent cells.75,76

In vivo, endothelial cells treated with integrin avb3 antagonists also show a diminished long-term Erk activation,

supporting the biological relevance of the in vitro results.77 Loss of integrin-mediated adhesion can affect the

phosphorylation of a specific tyrosine residue in PDGFR, leading to an increased recruitment of p120Ras GTPase

activating protein (GAP) and downregulation of Ras activity.78 Other studies have reported that the activation of Ras is

unchanged in nonadherent cells, but that Raf or MEK activation are affected. Raf activation was found to be

downstream of integrin-regulated P21-activated kinase (PAK), whereas MEK activation is downstream of integrin-

regulated FAK.79 At another level of regulation, even under conditions where Erk is activated in suspended cells, Erk

failed to translocate to the nucleus or phosphorylate transcription factor targets that are critical for cell cycle

progression.80 Interestingly, treating cells with cytochalasin to disrupt actin filaments and focal adhesion has effects

very similar to the loss of adhesion, including decreased Erk, PAK, and FAK activity. Though these mechanistic details

may vary, Erk is often a key mediator of effects on the cell cycle, primarily because it is required for cyclin D

expression.75 These observations reinforce the view that integrins connect to growth factor pathways through a

web of potential interactions, the actual usage of which varies depending on the cell type and environmental

conditions.69

Integrins can also associate with proteins belonging to the tetraspanin family (CD9, CD63, CD81, and CD151) to

modulate intracellular signaling (Figure 3). Tetraspanin proteins are characterized by the presence of four transmem-

brane a-helices, which contain several hydrophilic residues, and two extracellular loops.81 Most tetraspanin proteins

are glycosylated.82 The tetraspanin family has 28 members, and their tissue distribution is heterogeneous. Some

tetraspanins are expressed in almost all cell types that have been studied to date, including CD9 or CD81, while others

such as CD53 display a more restricted pattern of cell expression in the lymphoid–myeloid lineage,83 and CD37 in

B-cells.84 The tetraspanins are implicated in a diverse range of biological phenomena, including cell motility,

metastasis, cell proliferation, and differentiation. The tetraspanins are associated with adhesion receptors of the

integrin family. Since the first report describing the association of CD9 with a2b3-integrin in stimulated platelets,85

various other integrin–tetraspanin complexes have been identified in a variety of cell types.86 These protein com-

plexes are typically identified by immnoprecipitation combined with their solubilization or resistance to treatment

with different detergents, such as Brij 96, Triton X-100, or CHAPS, which permits the strength of the interaction to be

determined. Although the association of most tetraspanins with integrins can be observed only in the presence of a

mild detergent, CD151–a3b1, CD151–a6b1, and CD81–a4b1 complexes seem to be more stable given that they can

withstand conditions (e.g., the presence of Triton X-100) in which all other integrin–tetraspanin and tetraspanin–

tetraspanin interactions are disrupted.87 Tetraspanins regulate integrin-dependent functions. The involvement of

tetraspanins in cell motility is well documented. Numerous reports published over the past 10 years have demon-

strated that tetraspanins are implicated in migration, as well as in the random and chemotactic motility of various cell

types.88,89 Furthermore, several recent studies have provided evidence to show that tetraspanins are involved in

adhesion-dependent signaling mediated by integrins.86 In one type of B-cell line, ectopically expressed CD9

associates with a4b1- and a6b1-integrins and potentiates fibronectin (Fn)- and laminin-1-dependent tyrosine phos-

phorylation.90 In addition, the expression of CD9 in fibrosarcoma cells specifically affects the dephosphorylation rate

of FAK,91 and the clustering of a3b1-integrin–tetraspanin complexes in breast carcinoma cells stimulates the PI13
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kinase-dependent signaling pathway.92 Moreover, various tetraspanins are associated with PI4 kinase and isoforms of

protein kinase C, and may facilitate the assembly of signaling complexes by tethering these enzymes to integrin

heterodimers. At the plasma membrane, integrin–tetraspanin signal complexes are partitioned into specific micro-

domains proximal to cholesterol-rich lipid rafts. A substantial fraction of tetraspanins co-localizes with integrins in

various intracellular vesicular compartments. It has been proposed that tetraspanins can influence cell migration by

one of the following mechanisms: (1) modulation of integrin signaling; (2) compartmentalization of integrins on the

cell surface; or (3) direction of intracellular trafficking and recycling of integrins.86
4.14.4 Sugar Remodeling Regulates Growth Factor Receptor-Mediated
Intracellular Signaling

The remodeling of cell surface growth factor receptors by modification of their oligosaccharide structures is associated

with the function and biological behavior of tumor cells. Nerve growth factor has been shown to bind to its receptor,

TrkA, on the surface of PC12 cells, resulting in TrkA dimerization and phosphorylation.93 Neurotrophic tyrosine

kinase receptor (TrkA)-mediated neurite outgrowth and its tyrosine phosphorylation are blocked as the result of the

transfection of GnT-III to PC12 cells, suggesting that bisecting structures may participate in the regulation of TrkA

functions.94

EGFR-mediated cellular responses to EGF and TGF-a-stimulation regulate several biological functions including

cell growth and cell differentiation. The extracellular domain of EGFR contains 12 potential N-glycosylation sites,95

and the remodeling of N-glycans on EGFR can modulate EGFR-mediating functions.96–101 It has been reported

that the binding of EGF to EGFR is significantly reduced by treatment with some N-glycosylation inhibitors.96 In

addition, EGF binding as well as tyrosine kinase activity is reduced in the presence of certain lectins,97–99 and the

glycosylation site on Asn-420 of EGFR was reported to suppress ligand-independent spontaneous oligomerization,102

indicating that N-glycans are required for ligand binding. On the other hand, the overexpression of GnT-III, a pivotal

glycosyltransferase that plays a major role in the biosynthesis of hybrid and complex types of N-linked oligosaccha-

rides,2 significantly reduces the ability of EGF to bind to its receptor, reduces EGFR autophosphorylation, and

subsequently blocks EGFR-mediated Erk phosphorylation in U373 MG glioma cells100 and PC12 cells.101 Partridge

et al.29 reported that GnT-V-modified N-glycans containing poly-N-acetyllactosamine, the preferred ligand for

galectin-3, on surface receptors oppose their constitutive endocytosis, resulting in promoting intracellular signaling,

and consequently cell migration and tumor metastasis. They found that GnT-V-deficient tumor cells were less

responsive to EGF, insulin-like growth factor (IGF), PDGF, basic FGF (bFGF), and fetal calf serum than wild-type

cells. These cytokine receptors are all highly N-glycosylated with 8–16 N-glycosylation sites. EGFR in carcinoma cells

was reported to be expressed in 10–12 occupied sites and a subset of the N-glycans are GnT-V-modified and contain

extensions of poly-N-acetyllactosamine.103 However, TGF-bRI and TGF-bRII contain only one and three potential

N-glycosylated sites, respectively. GnT-V-deficient cells consistently displayed a two- to threefold decrease in

sensitivity to TGF-b compared with the�100-fold decrease in sensitivity to EGF, PDGF, IGF-1, and FGF, supporting

the conclusion that both Golgi processing (i.e., GnT-V and poly-N-acetyllactosamine) and the number of N-glycans

per receptor are important. Moreover, EGFR was found to be associated with galectin-3 on the surface of wild-type

cells, whereas this interaction was greatly reduced in GnT-V-deficient cells. Such associations result in a delayed

removal of EGFR by constitutive endocytosis in wild-type cells. It is possible that galectin-3 binds to poly-

N-acetyllactosamine (i.e., a polymer of Galb1-4GlcNAcb1-3) with a higher affinity than to the more ubiquitous

N-acetyllactosamine antennas,104 and that GnT-V controls the production of these larger polymers by producing the

preferred intermediate for their addition105 – the nonlectin N-terminal domain of galectin-3 mediates pentamer

formation in the presence of multivalent ligands, thereby cross-linking glycoproteins in proportion to ligand concen-

trations.106 The resulting superstructure of galectins and glycoproteins at the cell surface generates a molecular lattice.

The receptors are anchored to the cell surface by such a lattice, resulting in the positive regulation of receptors signals,

such as Ras, PI13 kinase, and Smads 2 and 3, and the loss of cell–cell adhesion junctions.29 On the other hand, somatic

tumor cell mutants that are deficient in GnT-V activity produce fewer spontaneous metastases and grow more slowly

than wild-type cells.24 Thus, N-linked oligosaccharides on EGFR appear to be important factors in receptor function.

It has also been reported recently that core fucosylation plays an essential role in EGFR-mediated functions. The

EGF-induced phosphorylation levels of EGFR were substantially blocked in Fut8�/� cells, compared with Fut8þ/þ

cells, while there were no significant changes in the total activities of tyrosine phosphatase for phosphorylated EGFR

between the two types of cells. The inhibition of EGFR phosphorylation was completely restored by reintroduction of

the Fut8 gene to Fut8�/�cells. Moreover, the tyrosine-phosphorylation levels of EGFR in Fut8-null embryos were
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lower than that in wild-type embryos.51 Consistent with this, EGFR-mediated JNK or Erk activation was significantly

suppressed in Fut8�/� cells. The downregulation of JNK and Erk activation in Fu8�/� cells was rescued in the restored

cells. Furthermore, these differences in responsiveness to EGF stimulation between Fut8þ/þ and Fut8�/� cells were

much more obvious at low levels of EGF stimulation (�0.05ngml–1) rather than higher levels (�0.1ngml–1), indicat-

ing that the high binding affinity of EGF to its receptor is mainly downregulated by a lack of core fucosylation. In fact,

it has been reported that EGFR kinase activation occurs exclusively through high-affinity subclasses.107 It is

noteworthy that the downregulation of phosphorylation of Erk induced by PDGF was also observed in Fut8�/�

cells. Although no significant changes in FGF-mediated signaling were found, the possibility that other growth factor

receptor-mediated signaling may also affect cell growth cannot be excluded.

The mechanism of the downregulation of Fut8 to the activation of EGFR could be explained by the results of a

binding assay, in which the binding of 125I-EGF to EGFR was found to be reduced in Fut8�/� cells compared with

Fut8þ/þ or restored cells at low doses, whereas similar levels of binding were found at relatively high concentrations.51

A Scatchard analysis revealed that both the low- and high-affinity binding of EGFR were present in Fut8þ/þ and the

restored cells, but only low-affinity EGFR was detected in Fut8�/� cells. Thus, these results suggest that the

modulation of N-glycans by core fucosylation on EGFR may regulate the high-affinity binding of EGF to EGFR,

which is required and sufficient for EGF-induced responses,108–110 but not for the low affinity of EGFR. Collectively,

these results strongly suggest that core fucosylation is essential for EGFR-mediated biological functions. The down-

regulation of EGFR-mediated signaling due to lack of core fucosylation may, in part, be attributed to growth

retardation in Fut8�/� mice.
4.14.5 N-Glycosylation of Integrins Plays an Important Role in their Biological
Functions

A growing body of evidence indicates that the presence of the appropriate oligosaccharide can modulate integrin

activation. When human fibroblasts were cultured in the presence of l-deoxymannojirimycin, an inhibitor of

a-mannosidase II, which prevents N-linked oligosaccharide processing, immature a5b1-integrin appeared at the cell

surface, and fibronectin (Fn)-dependent adhesion was greatly reduced.111 In fact, the treatment of purified integrin

a5b1 with N-glycosidase F, also known as PNGase F, which cleaves between the innermost GlcNAc and asparagines

residues of N-glycans from N-linked glycoproteins, resulted in the blocking of a5b1 binding to Fn and the inherent

association of both subunits,112 suggesting that N-glycosylation is essential for functional integrin a5b1. An alteration

in the expression of N-glycans in a5b1-integrin could contribute to the adhesive properties of tumor cells and tumor

formation. When NIH3T3 cells were transformed with the oncogenic Ras gene, cell spreading on Fn was greatly

enhanced due to an increase in b1-6 GlcNAc branched tri- and tetra-antennary oligosaccharides in a5b1-integrins.113

Similarly, the characterization of carbohydrate moieties of integrin a3b1 from nonmetastatic and metastatic human

melanoma cell lines showed that b1-6 GlcNAc branched structures were expressed at high levels in metastatic cells

compared with nonmetastatic cells,114 confirming the notion that the b1-6 GlcNAc branched structure acquires cancer

invasion and metastasis properties. These cancer-associated glycan chains may modulate tumor cell adhesion by

affecting the ligand-binding properties of these integrins.

Furthermore, to explore the possible mechanisms involved in the increased b1-6 branched N-glycans on the surface

of metastatic cancer cells, Guo et al. found that cell migration toward Fn and invasion through the matrigel were both

substantially stimulated in cells in which the expression of GnT-V was induced.115 Increased branched sugar chains

inhibited the clustering of integrin a5b1 and the organization of F-actin into extended microfilaments in cells plated

on Fn-coated plates, confirming the hypothesis that the degree of adhesion of cells to their ECM substrate is a critical

factor in regulating the rate of cell migration, that is, migration is maximal under conditions of intermediate levels of

cell adhesion.116 Conversely, the progression of PyMToncoprotein-induced mammary carcinomas in GnT-V null mice

was significantly retarded compared with that observed in wild-type mice. The adhesion of mouse embryonic

fibroblasts (MEFs) to the matrix of GnT-V null and wild-type mice was investigated to understand the mechanism

by which the deletion of GnT-V retards tumor progression. GnT-V null MEF displayed enhanced adhesion to and

spreading on Fn-coated plates with the concomitant inhibition of cell migration. GnT-V-null MEF also showed

increased FAK tyrosine phosphorylation, consistent with the decreased cell motility on Fn-coated plates. The expres-

sion of GnT-V cDNA in the null MEF reversed these abnormal characteristics, indicating the direct involvement of

N-glycosylation events in these phenotypic changes. The a5b1-integrin exhibited increased clustering on null MEF

cell surfaces, consistent with previous studies that reported a decreased integrin clustering in cells overexpressing
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GnT-V. More surprisingly, GnT-V-null MEF displayed increased expression levels of both a5- and b1-subunits in

lysates and on the cell surface. Increased a5b1-integrin expression in the null MEF was due to increased a5b1-integrin
transcript levels that decreased after the re-expression of GnT-V cDNA, confirming that an increase in a5b1-
integrin expression in null MEF was due to changes in GnT-V expression. The increased null MEF transcripts

were shown to be caused, at least in part, by increased integrin promoter activity. Moreover, increased a5b1-integrin
transcripts in GnT-V-null MEF were not due to a differential response to Fn; rather, they appeared to be mediated by

activation of a protein kinaseC signaling pathway.These results demonstrate that the deletion ofMEFGnT-Vresulted in

enhanced integrin clustering and the activation of a5b1-integrin transcription by protein kinaseC signaling, which in turn

upregulated the levels of cell surface a5b1-integrin, resulting in increasedmatrix adhesion and inhibition of migration.117

In addition, sialylation on the nonreducing terminus of N-glycans of a5b1-integrin plays an important role in cell

adhesion. It has been reported that the hyposialylation of b1-integrin contributed to an increase in the extent of Fn

binding in myeloid cells, in which the expression of the ST6Gal I sialyltransferase was downregulated by treatment

with phorbol ester.118 A similar phenomenon has also been observed in hematopotic or epithelial cells. The increased

sialylation of the b1-integrin subunit was correlated with a decreased adhesiveness and metastatic potential.119–121

However, on the other hand, the enzymatic removal of a2-8-linked oligosialic acids from the a5-integrin subunit

expressed in G361 melanoma cells inhibited cell adhesion to Fn,122 supporting the observation that the N-glycans of

a- and b-integrin subunits play distinct roles in cell–ECM interactions.123 Collectively, these findings suggest that the

interaction of integrin a5b1 with Fn is dependent on its N-glycosylation and the processing status of N-glycans.

Interestingly, the overexpression of GnT-III resulted in an inhibition of a5b1-integrin-mediated cell spreading and

migration, and the phosphorylation of the FAK.124 The affinity of the binding of integrin a5b1 to Fn was significantly

reduced as a result of the introduction of a bisecting GlcNAc to the a5 subunit. Taken together, the overexpression of

GnT-III inhibits tumor metastasis by at least two mechanisms: an enhancement in cell–cell adhesion and a down-

regulation of cell–ECM adhesion.

As mentioned above, bisecting structures may participate in the regulation of TrkA functions.94 However, this is not

always the case. We recently found that the overexpression of GnT-III to Neuro2a cells, which lack TrkA expression,

resulted in an enhancement in neurite outgrowth under serum-deprivation conditions.125 In this study, aspects of the

biological significance of the bisecting GlcNAc structure on N-glycans introduced by GnT-III in Neuro2a cell

differentiation were clearly demonstrated. The overexpression of GnT-III in the cells led to the induction of axon-

like processes with numerous neurites and swellings, in which b1-integrin was localized, under conditions of serum

starvation. This enhancement in neuritogenesis was suppressed by the addition of either a bisecting GlcNAc-containing

N-glycan or E4-PHA, which preferentially recognizes the bisecting GlcNAc. GnT-III-promoted neuritogenesis was

also significantly perturbed by treatment with a functional blocking anti-b1-integrin antibody. In fact, b1-integrin was

found to be one of target proteins of GnT-III, as confirmed by a pull-down assay with E4-PHA. These findings suggest

that N-glycans with a bisecting GlcNAc on target molecules, such as b1-integrin, play important roles in the regulation

of neuritogenesis. All these provide new aspects of the involvement of GnT-III and integrin in neuritogenesis.
4.14.6 Contribution of the Fucosylation of TGF-bRII to Emphysema-Like Changes
in Fut8�/� Mice Lungs

Pulmonary emphysema is believed to result from the decreased structural integrity of connective tissues due to a

defect in their formation or to abnormal proteolysis. Elastin and fibrillar collagen are major components of the ECM,

which sustains the normal lung architecture. On the other hand, matrix metalloproteinases (MMPs) are a group of

zinc- and calcium-dependent proteinases that have an important role in the normal turnover of ECM components.

The lungs of Fut8�/� mice apparently displayed generalized air space enlargement and dilated alveolar ducts,

compared with Fut8þ/þ mice (Figure 4). By calculation of the mean linear intercept (MLI), the diameters of the

pulmonary alveoli of Fut8�/� mice were increased significantly from postnatal day 7.50 The abnormal production

of MMPs has been implicated in the induction of emphysema. Reverse transcription-polymerase chain reaction

(RT-PCR) analysis showed that levels of expression of McolB (a mouse ortholog of human MMP-1), MMP-12, and

MMP-13 were greatly enhanced in lung tissue from Fut8�/� mice. Conversely, elastin expression was found to be

downregulated in lungs from Fut8-deficient mice. On the other hand, fragmentation and a significantly reduced

number of elastic fibers were observed by elastin staining in Fut8�/� mice. These results suggest that the over-

expression of a set of MMPs might be causally linked to the development of emphysema in Fut8�/� mice.

The TGF-bR-mediated signaling pathway is a key pathway for regulating expression of ECM proteins, including

suppression of MMPs to produce a ‘synthetic’ phenotype126 (Figure 4). When embryonic fibroblasts were treated
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with interleukin-1b (IL-1bwhich enhancesMMP expression, McolBmRNA levels were significantly elevated in both

Fut8þ/þ cells but not in Fut8�/� cells. The enhancement in McolB expression stimulated by IL-1b was blocked

by TGF-b1 treatment in Fut8þ/þ cells but not in Fut8�/� cells, indicating that the deletion of Fut8 does not alter

IL-1b-receptor-mediated function but diminishes TGF-b1-mediated signaling. The decreased response of TGF-b1
stimulation was also observed in the protein expression levels of MMP-12 secreted into the media. Actually, the

abolishment of core fucosylation on TGF-bRII in Fut8�/� cells results in reduced binding ability of TGF-b1 to its

receptor compared with Fut8þ/þ cells. Furthermore, TGF-bR-mediated signaling was suppressed in Fut8�/� cells and

the lung as evidenced by an Smad2 phosphorylation analysis. The TGF-b1 signaling deficiency was restored by

reintroduction of the wild-type Fut8 gene into Fut8�/� cells. Importantly, the administration of exogenous TGF-b1
resulted in a significant rescue of the emphysema-like phenotype, stimulated the formation of elastin fibers, and

concomitantly reduced MMP-12 expression in Fut8�/� lung. In addition, using antibodies specific for the surfactant

protein C (SP-C, a marker of differentiated type-II alveolar epithelial cells), the expression levels of SP-C protein at

each stage were slightly weaker in Fut8�/� lungs than in Fut8þ/þ lungs, suggesting that lung development was also

disturbed by the loss of core fucosylation.

Taken together, it appears that the lack of core fucosylation of TGF-bR is crucial for developmental and progres-

sive/destructive emphysema, suggesting that the perturbation of this function could underlie certain cases of human

emphysema. Because of the important physiological functions of Fut8, further studies concerning the effect of core

fucosylation on other glycoproteins are clearly worthy of exploration.

Effects of N-glycosylation on cross talk between growth factor receptor- and integrin-mediated signals. As discussed

above, integrins and growth factor receptors share many common elements in their signaling pathways. Moreover,

previous studies have shown that N-glycosylation contributes to this cross talk: PC12 cells in a serum-free medium

were plated on plastic dishes without ECM. Treatment with EGF or NGF alone failed to induce neurite formation in

these cells,101 suggesting that the integration of signaling pathways trigged by RTKs and integrins are required for the

regulation of PC12 cell differentiation. Interestingly, the EGF-induced neurite outgrowth through the Ras/MAP

kinase activation pathway was completely blocked in GnT-III-transfected PC12 cells. The blocking was restored by

the overexpression of constitutively activated MEK1. These observations indicate that the modulation of N-glycan

structures of integrins is able to regulate not only cell adhesion, but growth factor-mediated signals as well.

Recent studies indicate that integrins are associated with various members of the tetraspanin family such as CD9

and CD82.127 The integrin a3- or a5-subunits associated with tetraspanin CD9 or CD82 strongly affect cell motility

and may control cell malignancy. The formation of complexes of integrins and tetraspanin is affected by the

N-glycosylation of both integrin and tetraspanins, as well as by gangliosides in the microdomain.128 CD82 with

complete N-glycosylation reduces its association with a3- or a5-integrin, whereas CD82 with incomplete N-glycosyl-

ation enhances their association.129 Conversely, the association of CD9 with the a3- or a5-integrin subunits is not

influenced by N-glycosylation, since CD9 contains no N-glycosylation sites.
4.14.7 Future Perspectives

It is well known that a large number of proteins undergo post-translational modification with corresponding changes in

their structures and functions. Among the various post-translational modification reactions of proteins, glycosylation is

the most abundant. As described above, modulation of the N-glycans of these receptors could significantly alter their

biological functions. Since they contain multiple potential N-linked glycosylation sites, it is essentially important to

identify the sites that are occupied by N-glycans, which N-glycans are required for their functions, as well as which

N-glycans can be involved in the complex formation in the future. With powerful methods such as knockout, knockin,

and siRNA, the study of the physiological regulation of N-glycosylation of glycoproteins will be at the forefront of this

stage of scientific development.
Glossary

antibody-dependent cellular cytotoxicity (ADCC) An immune response in which antibodies, by coating target cells, make

them vulnerable to attack by immune cells.

extracellular matrix (ECM) It consists of macromolecules secreted by cells into their immediate environment. Cell adhesion,

cell migration, and the formation of epithelial sheets are all dependent on the ability of cells to form attachments to ECM.

emphysema A lung condition featuring an abnormal accumulation of air in the lung’s numerous tiny air sacs – a tissue called

alveoli. As air continues to collect in these sacs, they become enlarged, and may break or are damaged and form scar tissue.
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signaling cross talk It can be seen in numerous tissues or cells, wherein two signaling pathways reinforce each other, since a

cell has numerous receptors and is constantly receiving many signals simultaneously.

signal transduction The cascade of processes by which an extracellular signal (typically a hormone or neurotransmitter)

interacts with a receptor at the cell surface, causing a change in the level of a second messenger and ultimately effecting a

change in the cell’s functioning.
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4.15.1 Introduction

Glycosphingolipids (GSLs) are ubiquitous components of essentially all types of animal and plant cell membranes.

This review is focused on the functional interaction of GSLs with concurrent signaling. Our knowledge in this area is

limited to GSLs of mammalian cells.

Six series of GSLs with different core oligosaccharide structures, bound to ceramide, have been characterized, 1

since the pioneering studies of Thudichum on galactosylceramide (cerebroside) and sphingomyelin,1a Klenk on

lactosylceramide and gangliosides, 2 and Yamakawa on globoside 3 and hematoside (GM3).4 Five basic series (di-Gal,

ganglio, globo, lacto type 1, and lacto type 2) are shown in Figure 1, and hybrid type is shown in Figure 2. Ceramide is

N-fatty acyl sphingosine, whose structure also varies depending on the type of fatty acid and the sphingosine base.

Besides these variations, postglycosylation modifications of GSL are known, as listed in Figure 3 and briefly

explained in Section 4.15.2.
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Some of these GSLs have been recently shown to interact with key membrane receptors and signal transducers, or

to interact among themselves (Figure 4). Through these interactions, GSLs are capable of affecting signal transduc-

tion to change cellular phenotype, for example, cell growth, adhesion/motility, apoptosis, differentiation, and

oncogenic transformation.
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Our knowledge of the functional significance of GSLs is based on serendipitous observations, rather than systematic

functional screening of various types of knownGSLs. The functional significance of the majority of structural varieties

shown in Figures 1–3 is unclear, since we often observe that glycosyltransferase gene knockout mice, lacking a

particular glycosyl epitope, display normal development and life span in controlled ‘optimal’ environment (although

they may have different disease susceptibility). It may be necessary to apply a ‘functional glycomics’ approach with

all known structures as in Figures 1–3.
4.15.2 Postglycosylation Modification of GSLs

Little attention has been paid to variation of GSLs based on postglycosylation modification, as listed in Figure 3 and

explained below.
4.15.2.1 Conversion of GSLs with NeuAc to NeuGc

This modification was originally observed in dog erythrocyte GM3 (hematoside) with NeuAc versus NeuGc.5,6

Historically, patients who received antimicrobial antibody therapy developed heterophile antibodies termed

‘Hanganutziu–Deicher antibodies’.7 These were later identified as anti-NeuGc antibodies, and NeuGc antigens
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were shown to be present in tissues and organs of essentially all mammalian species except human. NeuGc is

also absent in all bird tissues. Distribution of NeuAc and NeuGc in vertebrates and various other phyla is described

in Ref. 8.

The conversion of NeuAc to NeuGc occurs through hydroxylation of CMP-NeuAc in the presence of nicotinamide

adenine dinucleotide phosphate (NADPH) or nicotinamide adenine dinucleotide (NADH)9 within a multienzyme

system including NADH-dependent cytochrome b5 reducing factor.10 Reconstitution of the enzyme complex,11

followed by extensive purification of the hydroxylase,12 eventually led to cloning of the gene with complete

nucleotide sequence of human CMP-NeuAc hydroxylase.13 These studies concluded that inactive CMP-NeuAc

hydroxylase is due to gene mutation. Slightly later, CMP-NeuAc hydroxylase of human was compared to that of

chimpanzee. Human cDNA of this enzyme displayed a 92-bp deletion resulting in a frameshift mutation, leading to

the loss of enzyme activity.14

These studies were extended to examine the evolutionary pathways leading to modern primates and humans. The

genus Pan (chimpanzee) has NeuGc, butHomo sapiens has no NeuGc, and CMP-NeuAc hydroxylase is inactive due to

frame-shift mutation. Fossils of Homo erectus and Homo neanderthalensis display no mutation of CMP-NeuAc hydroxy-

lase, and contain detectable level of NeuGc.15,16
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4.15.2.2 De-N-Acetylation of GlcNAc in GSLs and other Glycoconjugates

De-N-acetyl-lactotriaosylceramide (GlcNb3Galb4GlcbCer) was found in bovine brain white matter (structure in

Figure 3b). The enzyme that catalyzes hydrolysis of N-acetyl group of GlcNAc in Lc3Cer was detectable in bovine

brain white matter.17 There are several GlcN groups present as components of glycoconjugates which are produced by

de-N-acetylation of GlcNAc.18–22
4.15.2.3 Glycosylsphingosines (Lyso-GSLs)

There are lyso-GSLs found as minor components of cells and tissues. Known examples are (1) psychosine (Galb1
sphingosine) found in human and bovine brain white matter (e.g., see Ref. 23); (2) lactosylsphingosine found in

bovine brain white matter extract (e.g., Ref. 24); (3) lyso-GM3 (sialyla3Galb4Glcb1sphingosine), found as a minor

component in human epithelial cancer A431 cells. The inhibitory effect of lyso-GM3 on EGFR tyrosine kinase is

stronger than that of GM3, and is not affected by detergent concentration in assay system.25
4.15.2.4 GSL Modified by Fatty Aldehyde or Plasmal

1. Plasmalopsychosine (PLPS) was found as cationic GSL of human26 or bovine brain,23 and its structure was

identified as shown in Figure 3c. PLPS B displays strong neuritogenic effect on PC12 cells through activation

of Trk A tyrosine kinase within 10min, followed by prolonged activation of mitogen-activated protein kinase

(MAPK) (over a few hours).27

2. Glyceroplasmalopsychosine was found as a major component of bovine brain white matter, and its structure was

determined unambiguously23 as shown in Figure 3d.

3. Plasmalocerebroside: Analogous to PLPS, plasmal derivatives of cerebroside through 3,6- or 4,5-cyclic diacetal

linkage to b-Gal were isolated and characterized28 (structure in Figure 3e). The presence of the same compound

in equine brain was confirmed, and its stereochemical structure was determined by nuclear Overhauser effect

(NOE)-nuclear magnetic resonance (NMR) spectroscopy.29
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Plasmal has been known as a major component of plasmalogen phospholipids, through 1,2-unsaturated O-ether

linkage.30 Various plasmal derivatives of sphingolipids are peculiar in that they occur through cyclic acetal linkage,

though the quantity is much smaller than that of plasmalogen. The functional significance of both plasmalogen and

plasmalosphingolipids is unknown.
4.15.3 Models of GSL Structures and their Interactions

4.15.3.1 Models of GSL Structures

GSLs in membrane bilayer have two basic structural characteristics.

1. The carbohydrate axis in GSL is oriented perpendicular to the axis of ceramide, as originally indicated by X-ray

crystallographic studies of cerebroside31 (Figure 5a). Such structural arrangement may apply to other types of

GSLs, as suggested by studies with minimum-energy conformational models32,33 (Figure 5b).

2. GSLs act as hydrogen bond donor as well as acceptor, since they have hydroxyl groups and N-acyl amino groups. In

contrast, phospholipids act only as hydrogen bond acceptor, since they have no free hydroxyl groups34 (Figure 6a).

Thus, GSL-to-GSL cis-interaction causes extensive clustering of GSLs, providing a basis for microdomain

formation (Figure 6b).

The upper surface of oligosaccharides, in conformational models of GSLs, interacts with (1) specific antibodies

directed to GSLs; (2) various lectins, galectins, selectins, and siglecs that interact with GSLs; (3) microbial toxins and

adhesins that mediate microbial infection and promote inflammatory processes; (4) complementary structure of the

same or different type of GSL (carbohydrate-to-carbohydrate interaction). Processes (2) and (4) mediate cell adhesion

with concurrent signal transduction. The ceramide moiety of GSL defines orientation through insertion of GSL into

membrane to form microdomain.35
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4.15.3.2 Types of GSL-Enriched Microdomains

Based on the stronger side-by-side interaction of GSLs compared to that of phospholipids, GSL clusters separated

from phospholipid bilayer have been observed by scanning or transmission electron microscopy (Figure 6b).

Clustered sphingolipids together with cholesterol, in many cases, are insoluble in aqueous media containing a low

concentration (0.5–1.0%) of nonionic detergent.36 Since disulfide-dependent molecular complex with very high

molecular mass in extracellular matrix (ECM) displayed detergent-resistant properties,37 GSL/sphingolipid com-

plexes with other membrane molecules were initially termed ‘detergent-insoluble (or detergent-resistant) microdo-

main’,36,38,39 or ‘GSL-enriched microdomain (GEM)’.40,41 Similar membrane properties were found for

morphologically distinct ‘caveolae’ enriched in caveolin.42–45 Later, microdomains with similar composition

and solubility were termed ‘raft’, or ‘lipid raft’, since they were regarded as quickly moving, floating signaling

platforms.46,47 However, properties of ‘lipid raft’, which are highly dependent on cholesterol, are distinct from

those of a subfraction of GEM, which is cholesterol independent but dependent on tetraspanin (TSP), that is,

classically known proteolipid protein (PLP).48,49 Such microdomain controls GSL-dependent cell adhesion and
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Table 1 Contrasting properties of ‘lipid raft’ vs ‘glycosynapse’

Lipid raft Glycosynapse

� Mobility Highly mobile, floating Nonmobile

� Essential function Nonadhesive Adhesion platform through GSL or

glycopeptide, with concurrent signalingsignaling platform

� Cholesterol dependence Highly dependent (disrupted by

chol-binding reagent)

Independent (relatively insensitive to

chol-binding reagent)

� Tetraspanin dependence None Highly dependent

� Size 10–100nm 100–1000nm
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motility. The term ‘glycosynapse’ was therefore proposed,50–52 in analogy to ‘immunological synapse’ which controls

immunocyte adhesion and signaling.53,54 Glycosynapse contains GSLs, TSPs (PLPs), integrins, GFRs, and cytoplas-

mic protein kinases (cSrc, Src family kinases, small G-proteins)55–58 (Figure 7). Ceramides, when released (mainly

from sphingomyelin), activate ‘ceramide-activated protein kinases’.59 Sphingosine released by ceramidase activates

‘sphingosine-dependent kinases’.60,61 The effects of GSLs, as well as their degradation products, therefore create

signaling to effect various types of phenotypic changes.

Contrasting properties of lipid raft versus glycosynapse are summarized in Table 1. Either raft or glycosynapse

provides a basis for functional significance of GSLs in control of cell adhesion, motility, and growth, particularly degree

of malignancy in tumors, as described in Section 4.15.7.
4.15.4 GSL Antigens, Markers, and Receptors

Various types of GSL antigens, markers, and receptors are listed in Table 2. Many of their structures were originally

established through GSLs rather than glycoproteins, since GSLs were relatively easy to isolate to homogeneity and to

determine their structures.

1. Structures of four types of histo-blood group ABH antigens (lacto types 1–4) are shown in Figure 8. Type 3,

showing A1/A2 distinction, was originally found as repetitive and nonrepetitive A. The A1 repetitive A is expressed

only as GSL, not in glycoprotein.62,63 Type 4 (globo-ABH) is expressed highly in urogenital epithelia. Expression

of globo-H occurs only in nonsecretors, and is correlated with urogenital infection by Escherichia coli.64 Four types

of Lewis antigens (for review, see Ref. 65) and biochemical and genetic basis of histo-blood group P1P2P
kp (for

review, see Ref. 66) underlie genetic heterogeneity within a given species, and are therefore regarded as ‘alloge-

neic’ antigens. They are thought to provide an important basis of immunological incompatibility, although the

biological significance of such heterogeneity is still unknown.



Table 2 GSL antigens, markers, and receptors

1. Allogeneic antigens (blood group antigens)
a. ABH (types 1, 2, 3, 4) (structures of four types of ABH: see Fig. 6).

b. Lewis (Lea, Leb, Lec, Led)65

c. P1P2P
kp66

2. Heterogenetic antigens
a. Forssman antigen

Positive: Horse, sheep, goat, cow, dog

Negative: Human, marmoset, rabbit, pig

b. Gala3Galb3GlcNAc (di-Gal) antigen70,151

Positive: All mammals except as below, including New World monkeys

Negative: Human, Old World monkeys

3. Cell-type specific antigens
a. Lex (CD15) for myeloid cells;152 for human hypothalamic area153,154

b. Sialyla2-6 poly-LacNAc for B cells (siglec-2, or CD22)83

c. LacCer for myeloid cells (CDW17)155,156

d. Sulfated glucuronyl paragloboside (HNK1 antigen) for peripheral nerves, human NK cells (CD57) 144,145

e. Myeloglycan and its analogs as E-selectin ligands. A long-chain poly-LacNAcCer having terminal NeuAca2-3 andmultiple

internal Fuca1-380,85

f. siglec-4 (MAG) showing binding specificity to some gangliosides; see text with references

g. anti-GM1 or other antibodies to ganglio-series gangliosides, causing Guillain–Barré syndrome; see text with references

4. Developmentally regulated antigens
�  Stage-specific embryonic antigen-1 (SSEA-1),157 Lex , SSEA-3,158 SSEA-4,159 etc.

5. Tumor-associated antigens
�  See 4.15.7, and Tables 3–5
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Type 2 (lacto type 2) (Note 2)
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Figure 8 Four types of histo-blood group A1, A2, B, H structures.
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2. Heterogenetic antigens expressed in some mammalian species but not others (Table 2, item 2). Examples:

(a) Forssman antigen (GalNAca3GalNAcb3Gala4Galb4GlcbCer), controlled by expression of its synthase a3Gal-

NAc-T and its gene, is positive in some mammalian species but negative in others, including human.67 (b) ‘a3-
diGal’, Gala3Galb4GlcNAcb3Galb-R68,69 (negative in humans and Old World monkeys; positive in all other

mammalian species).70 (c) Hanganutziu–Deicher antigen, NeuGc (positive in many mammalian species including

apes and other nonhuman primates; negative in humans and birds) (see Section 4.15.2).

3. Various antigens whose expression is highly variable, depending on cell type, stage of development, and oncogenic

transformation (Table 2, items 3–5).
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4. GSLs were considered some time ago as receptors for many bioactive components, including serotonin, lympho-

kines, fibronectins, autoantibodies, glycoprotein hormones, gonadotropins, interferons, Sendai virus, etc. (for

review, see Ref. 71). However, most of these studies were based on misinterpretations, or lack of proper controls,

and the conclusions were not well justified. The only well-justified cases are for bacterial exotoxins, for example,

GM1 for cholera toxin, GT1b/ GQ1b for tetanus toxin, GT1b for botulism toxin,71 and more recently Gb5 for

butterfly toxin pierisin, causing tumor cell apoptosis.72,73

5. Interaction of bacterial adhesins with defined GSLs as a mechanism for microbial infection has been increasingly

well documented; some of these studies are discussed in Section 4.15.7.2.

6. Some brain gangliosides such as GT1a, GT1b, and GQ1ba, but not GM1 or GM3, interact with myelin-associated

glycoprotein (MAG),74 suggesting that MAG is the receptor for gangliosides essential for inhibition of neuritogen-

esis. Further studies indicated that specific gangliosides are nerve cell ligands for MAG, and that their interaction

with MAG inhibits neuritogenesis.75

7. The neuromuscular junction, the site where motor cell nerve sends impulses to muscle cells to cause contraction, is

enriched in and exposes specific gangliosides such as GM1 (see Section 4.15.7.3).
4.15.5 GSL-Mediated Cell Adhesion

GSL clusters in cell surface microdomains may mediate cell adhesion through GSL-binding proteins such as

galectins,76,77siglecs,75,78 and selectins.79,80 Extensive studies are in progress on cell adhesion/recognition mediated

by various types of carbohydrate-binding proteins, and many reviews on this topic are available.81–84 A schematic

version of proposed adhesion mediated by carbohydrate-binding proteins is shown in Figure 9a. In this figure,

proteins in each cell bind to GSLs in microdomain on the counterpart cell. Some GSLs are targets of galectins77 or
Figure 9 Model of cell adhesion mediated by GSLs. a, Interaction of GSL with GSL-binding protein (S) mediates cell

adhesion. b, GSL-to-GSL trans-interaction mediates cell adhesion. c, In either case, GSL-dependent cell adhesion

activates signal transducers present in GSL-enriched microdomain. See text for explanation.
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siglecs;78 however, in the case of selectins, GSLs have not been clearly identified as targets84 except in human

neutrophils and promyelocytic leukemia HL60 cells. In this case, a series of GSLs having terminal sialic acid and

multiple internal fucose, termed ‘myeloglycan’, was identified as the target of E-selectin,85,86 particularly under

physiological, dynamic flow conditions.80 It is surprising that GSLs with sialyl-Lex or sialyl-dimeric-Lex structure

were not found in human neutrophils or HL60 cells.85

In striking contrast to adhesion mechanisms based on GSL-binding proteins, some GSLs expressed and clustered at

the cell surface are capable of recognizing themselves to mediate adhesion of homotypic or heterotypic cells, whereby

signal transducers are activated at microdomain to create concurrent signal transduction to alter cellular phenotype

(see Figures 9b and 9c). Such adhesion was initially observed for autoaggregation of mouse teratocarcinoma F9 cells

mediated by Lex-to-Lex interaction.87–90 The mechanism of strong species-specific self-adhesion of sponge cells in

the presence of Ca2þ, for example,91 was recently shown to be based on self-recognition of specific oligosaccharide

assembled on proteoglycan. Essential oligosaccharides displaying remarkable self-recognition are GlcNAcb3FucaO-
Ser/Thr with or without 3-O-sulfate at GlcNAc, or Galb4GlcNAcb3Fuc having 4,6-cyclic pyruvate substitution at

terminal Gal.92,93 Species-specific autoaggregation may reside on different oligosaccharides which show similar

self-recognition ability, as described above.94

Since then, various GSL-to-GSL interactions, interactions between clusters of oligosaccharides, and interactions

between glycosyl epitopes of glycoproteins have been studied. Such interactions have been verified by cell adhesion

studies, for example, adhesion of GM3-expressing melanoma to Gg3-expressing mouse lymphoma L5178V cells,

which are NK susceptible. Such GM3/Gg3-dependent adhesion was not observed in Gg3-nonexpressing L5178AV

variant, which is NK nonsusceptible. The basic concept of carbohydrate-to-carbohydrate interaction, and experimen-

tal studies to support it, have been reviewed repeatedly.95–100
4.15.6 Interaction of GSLs with Growth Factor Receptors and Integrins

4.15.6.1 Interactions of GSLs with TSPs and Integrins

Basic phenotypic changes of cells during ontogenic development, differentiation, and oncogenic transformation are

associated with changes in signal transduction that induces cell adhesion, motility, growth, and apoptotic processes.

Adhesion and motility are defined by combination of adhesive protein components of ECM and their binding receptor

integrins. In this system, types of integrins required for recognition of ECM are well defined, for example, integrin

a5b1 is for interaction with fibronectin; a3b1 is for laminin-5; a6b4 is for laminin-1 and -2; a1b1 or a2b1 is for collagen,
etc.101,102 Integrins are always highly N-glycosylated, and their type of N-glycosylation strongly affects integrin-

mediated adhesion and motility, as studied extensively by Taniguchi and colleagues (for review, see Ref. 103).

Adhesion and motility mediated by integrins are strongly affected by gangliosides, particularly when complexed

with TSP. TSP CD9 is a typical chloroform/methanol-soluble proteolipid, and has the ability to form a complex with

ganglioside GM3. Such complex strongly inhibits integrin-mediated cell motility.104,105 GM3/CD9 complex interacts

with integrin a3, the receptor for laminin-5.57 Further systematic studies on effect of GM3/TSP complex on tumor cell

invasiveness and cell motility are described in Section 4.15.7.
4.15.6.2 Effects of GSLs on Cell Growth through Modulation of GFRs

In chemically defined medium, growth of fibroblasts is highly dependent on fibroblast growth factor (FGF). In BHK

fibroblasts, exogenous addition of GM3 causes refractoriness of cell growth even when high quantity of FGF is added.

Various other experiments indicate that FGF receptor (FGFR) function, including its internalization, is inhibited by

GM3.106 These findings initiated further studies of ganglioside or GSL effect on receptor function, particularly

cytoplasmic tyrosine kinases associated with the receptor. Examples are shown schematically in Figure 10 and

explained in its legend.

The phenomenon of ‘contact inhibition’, discovered by Abercrombie,107,108 provides an important basis for the

mechanism of growth control in normal cells. Human diploid fibroblast WI38 displays clear contact inhibition, that is,

cell growth is arrested when cells touch each other. Recently, the phenomenon was reinvestigated to determine (1) the

molecular mechanism of cell contact and (2) whether ganglioside involved in cell contact blocks FGFR function,

in analogy to previous process as in Ref. 106 It was found that tyrosine kinase of FGFR is strongly inhibited by
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Figure 10 Enhancing or inhibitory effects of GSLs and sphingolipids on tyrosine kinases associated with growth factor

receptors. Adapted from figure 3 of Hakomori, S., Igarashi, Y. Functional role of glycosphingolipids in cell recognition and
signaling. J. Biochem. (Tokyo) 1995, 118, 1091–1103.168
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GM3/CD9/CD81 complex when cells were in contact and growth was arrested. In actively growing cells not in contact,

GM3/CD9/CD81 complex does not inhibit FGFR tyrosine kinase. It is important to note that FGFR has preferential

binding ability to GM3, but not to other gangliosides or GSLs. An overall mechanism for contact inhibition of WI38

and other cell types is illustrated schematically in Figure 11 and explained in its legend.
4.15.6.3 Functional Interaction (Cross Talk) between Integrins and GFRs

In many cells, integrins coexist with GFRs, presumably in the same microdomain. Functional interaction (cross talk)

between these two receptors is often observed, and has been found to be a basic mechanism for survival of cells.

Reciprocal interaction between b1 and EGFR has been observed in various breast cancer cell lines.109 Application of

functional anti-b1 antibody caused functional reversion of malignant breast cancer cells to benign phenotype, which

was associated with a decrease of EGF-dependent growth.110 Adhesion of WI38 cells to laminin-5 strongly activated

FGFR tyrosine kinase when GM3 was depleted by P4 treatment, or TSP CD9/CD82 was knocked down by

siRNA.111 Many other observations indicate that laminin-5-induced EGFR signaling through cSrc/Akt/MAPK is

inhibited by GM3/CD9/CD82 complex (Figure 12).

Integrin-dependent signaling through adhesion of cells to ECM is essential for cell survival and cell motility.

Integrin dysfunction associated with lack of cell adhesion causes apoptosis.112 It is plausible that ganglioside/TSP

complex plays an important role in physiological control of cell survival as well as normal cell growth. Absence of

ganglioside/TSP complex may cause oncogenic transformation.
4.15.7 Role of GSLs in Disease Development

Although the initial mechanisms of disease development are basically different (infection, wounding, poisoning,

autoimmune process, cancer, etc.), progression of each disease is highly dependent on interaction of diseased cells

with healthy cells in the surrounding microenvironment. Such interaction is generally considered to occur through cell

adhesion/recognition between diseased and healthy cells, in which glycosynaptic microdomains may play an essential

role. Our knowledge in this area is highly limited and fragmentary. However, significant progress on tumor-associated

GSL antigens defined by monoclonal antibodies was made during the 1980s. More recently, the functional signifi-

cance of GSL changes associated with oncogenic transformation has been clarified to some extent. Significant progress

has also been made on the roles of GSL-mediated interaction, adhesion, and signaling to define the outcome of cancer

development (see Section 4.15.7.1).
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Figure 11 Components, and their interactions in glycosynapse of WI38 cells, in contact inhibition of cell growth (a), and
those in transformed VA13 cells displaying loss of contact inhibition (b). a, GM3 complexed with TSP CD9/CD81 inhibits

FGF-induced activation (tyrosine phosphorylation) of FGFR (cis-interaction). GM3/CD9/CD81 complex also interacts with

counterpart surface of FGFR and thereby inhibits FGFR activation (solid line 2) (trans-interaction). Either cis- or trans-

interaction reduces signaling from GM3 or FGFR to cSrc, and thereby reduces cSrc tyrosine kinase (dotted lines 3 and 4).
cSrc activity is further reduced by the presence of Csk, which inhibits cSrc phosphorylation at Y416 through enhanced Y529

phosphorylation (solid line 5). b, Transformed VA13 cells are characterized by loss or great decrease of CD9/CD81, great

increase of FGFR and cSrc, and absence of Csk. The inhibitory effect of GM3 on FGFR is much weaker than in WI38, since

no GM3/CD9/CD81 complex is formed. Therefore, cis or trans inhibitory signals between GM3 and FGFR are weak (dotted
lines 1 and 2). Signaling from FGFR to cSrc, or from GM3 to cSrc, is stronger (solid lines 3 and 4). Since Csk is absent, and

amount of cSrc is high, signaling from cSrc is not reduced (rather enhanced) in VA13, and MAPK activation is also greatly

reduced (solid line 5). Based on data from Toledo, M. S.; Suzuki, E.; Handa, K.; Hakomori, S. Cell growth regulation through
GM3-enriched microdomain (glycosynapse) in human lung embryonal fibroblast WI38 and its oncogenic transformant

VA13. J. Biol. Chem. 2004, 279, 34655–34664.58
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Figure 12 Functional interaction (cross-talk) between integrins and FGFR is inhibited by GM3/TSP complex. When cells
adhere to extracellular matrix (ECM) containing laminin-5 or fibronectin, integrin a3b1 or a5b1 is activated, whereby integrin-

dependent signaling is created, leading to activation of FGFR through enhanced tyrosine phosphorylation (Y-P). cSrc, Akt,

and MAPK are sequentially activated to induce cell proliferation. Thus, functional interaction (cross-talk) between integrins

and FGFR activates both integrin-dependent cell motility and FGFR-induced cell proliferation. High level of GM3/CD9–
CD81 inhibits such cross-talk, and cSrc, Akt, MAPK activation following adhesion of cells to ECM are inhibited. This

phenomenon is clearly observed in well contact-inhibited WI38 cells but not in transformed VA13 cells.
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Considerable attention has been paid to the role of glycosylation and GSLs in infection and subsequent disease

progression and outcome. This area will be briefly discussed in Section 4.15.7.2.

The effect of N-linked glycans in defining functional role of immunoglobulins in arthritis or other autoimmune

processes has been a ‘hot topic’ in glycopathology. Little is known regarding the role of GSLs in autoimmune disease,

except for ganglio-series ganglioside structures involved in autoimmune antigens in Guillain–Barré syndrome (GBS)

and Fisher syndrome (FS), as briefly discussed in Section 4.15.7.3.

The major subject of glycolipid research in disease development has been the sphingolipidoses. This area was

reviewed repeatedly (e.g., see Refs. 113,114). Major progress in recent studies is the discovery of imino sugar

inhibitors that block accumulation of many types of GSLs not limited to be deleted, or accumulation of GlcCer in

Gaucher’s disease. This topic is not covered in this short chapter.
4.15.7.1 Cancer

Dramatic changes of ganglioside pattern associated with oncogenic transformation by DNAvirus115,116 and RNAvirus

(Rous sarcoma virus)117,118 were originally observed. Recently, oncogenic transformation caused by oncoprotein Jun

was also found to induce a dramatic deletion of GM3.119 In each case, loss of ganglio-series structure due to

incomplete synthesis was observed. Importantly, when lost ganglioside was restored by exogenous addition, or

transfection of synthase gene, oncogenic phenotype was reverted to normal phenotype. Jun-induced oncogenic

phenotype, associated with loss of GM3, was reverted to normal by transfection of GM3 synthase gene.119

Certain cancer cell lines showing high motility and invasiveness display characteristic GSL pattern as compared to

related cell lines with low motility/invasiveness. Some examples are described below.

1. Various colorectal or bladder cancer cell lines show decrease or loss of GM3 in those with higher invasiveness

and motility. For example, colorectal cancer SW620 from metastatic deposit had much lower GM3 level than

noninvasive SW480 (Balanzino, L., Hakomori, S., unpublished data). Similarly, highly invasive bladder cancer

YTS1 had much lower (barely detectable) GM3 level as compared to benign, noninvasive KK47.120,121 Malignancy

of each case cannot be correlated solely with ganglioside level, but is more dependent on complex formation with

TSP CD9 and integrin a3b1.
2. Many human cancer tissues or cancer cell lines have been characterized by expression of GSL antigens such as

Gb3, GD3, GD2, globo-H, dimeric Lea, sialyl-Lex, sialyl-dimeric Lex, sialyl-Lea, Ley, trifucosyl-Ley, GalNAcb4
[Siaa3 or 6]Lc4Cer (Table 3). Expression of these antigens enhances tumor cell malignancy, and their presence

in primary tumor is correlated with reduced patient life span.122 In contrast, some GSL antigens expressed in

primary tumors suppress tumor progression (Table 4); the mechanism for this malignancy-inhibiting effect is not

well known except in the case of GM3/CD9 complex (see Section 4.15.6).
Table 3 Tumor-associated GSL antigens that may promote tumor cell malignancy

GSL Structure Type of tumor

GD3 Siaa8Siaa3Galb4GlcCer Melanoma

Gb3 Gala4Galb4GlcCer Burkitt lymphoma, ovary, colorectal

Globo-H Fuca2Galb3GalNAcb3Gala4Galb4GlcCer Breast, prostate

Dimeric-Lea (Lea–Lea) Galb3GlcNAcb3Galb3GlcNAcb3Galb4GlcCer
4Fuca 4Fuca

Colorectal

GalNAcb4
disialyl-Lc3

GalNAcb4Galb3GlcNAcb3Galb1R
3 6

Siaa Siaa

Renal cell

Sialyl-LeX Galb4GlcNAcb3Galb4GlcCer
3

Siaa
3Fuca

Gl, breast, lung

Sialyl-Lea Galb3GlcNAcb3Galb4GlcCer
3

Siaa
4Fuca

Pancreas, Gl, breast, lung



Table 4 Tumor-associated GSL antigens that may inhibit tumor progression through complex formation with membrane

proteins

GSL Structure Type of tumor

GM3 NeuAca3Galb4GlcCer (complexed with TSP CD9) Colorectal, bladder cancer (motility inhibition)

Gb3 Gala4Galb4GlcCer Seminoma

Gb5 Galb3GalNAcb3Gala4Galb4GlcCer Seminoma

globo-H Galb3GalNAcb3Gala4Galb4GlcCer
2

Fuca

Breast, prostate cancer

Sda

Galb4Galb4GlcNAcb3Galb4GlcCer
NeuAca3

GalNAcb4

Colorectal cancer
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Expression of a specific tumor-associated structure could be based on (1) precursor accumulation due to incomplete

synthesis or (2) enhanced specific glycosylation. However, many studies along this line did not clarify the mechanism,

since a single glycosylation depends on not only expression of a specific glycosyltransferase gene, but also various

other factors, for example, (1) organizational arrangement of transferases in Golgi; (2) synthesis of a specific sugar

nucleotide; (3) its transporters; and (4) recycling of glycosylated product through trans-Golgi network (TGN),

endosomes, and lysosomes.123

The functional notion of these tumor-associated glycosyl epitopes is still largely unknown, except that expression of

sialyl-Lea or sialyl-Lex in tumors promotes adhesion of tumor cells to activated endothelial cells through E-selectin

interaction with sialyl-Lea or sialyl-Lex; for review, see Ref. 82.
4.15.7.2 Infection

4.15.7.2.1 GSLs as receptors for microbial exotoxins
GSLs are well known to function as receptors for microbial exotoxins. Binding of GM1 to Vibrio cholerae toxin, and of

GD1b and GT1b to butolism toxin, are classically well known (for review, see Ref. 71). More recently, it was shown

that verotoxin and shigella toxin bind to Gb3 124–126 (see also Section 4.15.4).
4.15.7.2.2 GSL interaction with adhesin, and bacterial infection
GSLs are well established as having specific binding profiles to bacteria, through extensive studies by Karlsson and

colleagues, as reviewed some time ago.127 Such binding profiles suggest that specific bacteria have GSL-binding

lectins (adhesin) that may mediate infectivity, and that specific GSLs may block adhesin-mediated infection. The

large amount of basic data presented by Karlsson127 may be useful for future application in prevention of microbial

infection. This idea is not limited to GSLs, but applies to oligosaccharides carried by glycoprotein at the cell surface in

general. Oligosaccharides as anti-infection agents were proposed some time ago, based on small-scale in vitro

experiments;128 however, synthesis of oligosaccharides or GSLs in large quantity to prevent infection is not economi-

cally feasible.
4.15.7.2.3 Secretor/nonsecretor difference affecting E. coli infectivity
Incidence of urogenital infection caused by E. coli is 4–5 times higher in nonsecretor women than in secretors.

Clinically isolated, infectious E. coli were shown to have adhesin with binding specificity to monosialyl-Gb5

(V3NeuAcGb5Cer), which mediates infectivity at urogenital epithelia.64 Expression of this structure is high in

nonsecretors, and much lower in secretors because Gb5 is converted to globo-ABH structure, which has no capability

to bind to E. coli.129 Staphylococcus saprophyticus infection to urogenital epithelia is mediated by a glycoconjugate

containing GlcNAc, GalNAc, and sialic acid; the epitope structure may well be GSL rather than glycoprotein.130
4.15.7.2.4 Chlamydial infection
GSLs and gangliosides are not known to be involved in chlamydial infection. However, it should be noted that

Chlamydia has N-linked glycan, particularly high-mannose type, which is recognized by mannose-binding protein

expressed at host cells. Such mechanism as a basis of infection applies to Chlamydia trachomatis as well as Chlamydia

pneumoniae, and infection was inhibited in vitro by high-mannose-type oligosaccharide.131
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4.15.7.2.5 Viral infection
Currently, considerable attention is being paid to influenza virus infection. In particular, avian-type virus (H5N1) may

have a structure similar to the ones that caused the worldwide ‘Spanish flu’ pandemic during 1917–18.132 A common

receptor for all influenza viruses is sialic acid of glycoprotein and ganglioside. The virus receptor itself is sialidase, with

differing susceptibility to sialidase inhibitors.133 A major focus of current studies is the comparison of virus receptor

properties and susceptibility to sialidase (for review, see Ref. 134). Interestingly, human tracheal primary epithelial

cells express both sialyl a2-3Gal receptor for human parainfluenza virus type 1 and avian influenza viruses, and sialyl

a6Gal receptor for human influenza virus. Susceptibility to avian influenza virus may be determined by relative

abundance of these two receptors.135
4.15.7.2.6 HIV infection and GSLs
Regarding the HIV infection mechanism, increasing attention has been paid to the role of host cell GSLs in HIVentry

to host cell, besides the well-established interaction between HIV envelope gp120 and T-cell CD4.136 Initially, brain

cerebroside (GalCer) was found to be a receptor of gp120 in the infectious process of CD4-negative cell lines of

nervous system, since anti-GalCer antibody blocked infection.137 This was strengthened by the observation that

recombinant gp120 binds specifically to GalCer or sulfatide, but not to GlcCer, LacCer, or various other GSLs and

gangliosides.138 The functional role of GSLs has been widely observed in HIV infection of some types of T-cells in

which CD4 expression is minimal but lymphokine receptors CCR5 and CXCR4 act as secondary HIV receptors.

Extensive studies by Blumenthal and colleagues clearly indicate that Gb3 or GM3 blocks HIV internalization by

blocking gp120 binding to CCR5 or CXCR4 (for review, see Ref. 139). A novel soluble mimetic of Gb3 (adamantyl-

Gb3) inhibited binding of gp120 to Gb3 and hence inhibited HIV infection.140 N-Linked high-mannose-type glycan

of gp120 affects optimal conformation of gp120 to interact with CD4.141,142 HIV infectivity is therefore controlled by

two types of carbohydrate (one, high-mannose type; the other, GSL) depending on the site of the host cell.
4.15.7.3 Autoimmune Processes

Little is known concerning the role of GSLs in control of autoimmune processes. A few examples are described below.
4.15.7.3.1 Neuropathy with autoimmune process
Some cases of neuropathy initially display sensory nerve disturbance causing abnormal sensation (paresthesia), and

later motor nerve paralysis with occurrence of detectable serum antibody directed to MAG.143 Similar observations

were reported in a number of subsequent papers. The target of anti-MAG antibody in serum was identified as sulfated

glucuronyl nLc4Cer (SO33GlcAb3Galb4GlcNAcb3Galb4Glcb1Cer), which is found as peripheral nerve myelin com-

ponent.144,145 Therefore, anti-MAG antibody may cause peripheral nerve dysfunction. On the other hand, MAG

interaction with gangliosides inhibits neuritogenesis (see Section 4.15.4, (6)). There may be multiple mechanisms by

which anti-MAG antibody causes neuropathy.

Autoimmune neuropathies such as GBS or FS are considered to be due to antiganglioside antibody, whose

production is caused by certain infectious diseases. GBS (acute paralysis of arms and legs) occurs 1–3 weeks after

bronchial or gastrointestinal infection by Gram-negative Campylobacter jejuni. The syndrome is associated with

presence of anti-GM1 IgG antibodies in many cases,146,147 or with reactivity with different gangliosides (GD1a,

GD1b, or their complex) in some cases.148 The GM1 structure is present at the side chain of LPS in C. jejuni, and is

therefore considered strongly immunogenic.146

FS is caused by infection of C. jejuni whose LPS side chain includes GQ1b ganglioside, not other gangliosides. FS

involves sudden onset of ocular muscle paralysis, and cerebellar dysfunction, due to production of anti-GQ1b IgG

antibody with helper T-cells.149,150 Paralysis of arms and legs may occur later, so clear distinction between FS and GBS

is sometimes difficult.
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4.16.1 Introduction

The HNK-1 carbohydrate is a negative-charged trisaccharide glycoepitope expressed on glycoproteins and glycolipids

in the nervous system. Since this carbohydrate had been identified first as a cell surface antigen expressed on human

natural killer cells,1 it was thought to be involved in NK cell functions in the immune system. However, many groups

have reported that this carbohydrate is predominantly expressed in the nervous system rather than in the immune

system.2 In addition, it has been revealed that the HNK-1 epitope expression is conserved among various species from

vertebrates to invertebrates such as Drosophila, Zebra fish, Xenopus, and mammals.3–5 Therefore, the HNK-1

carbohydrate is now considered to have some important roles in the nervous system.

The HNK-1 carbohydrate consists of a GlcA attaching to N-acetyllactosamine structure (HSO3-3GlcAb1-3Galb1-
4GlcNAc-) (Figure 1) on a series of cell adhesion molecules, including neural cell adhesion molecule (NCAM), L1,

P0, telencephalin,6 and some extracellular matrix (ECM) proteins, including tenascin-R, phosphacan,7 and others. On

the other hand, HNK-1 carbohydrate-binding proteins are known to exist in the nervous system, such as sulfoglucu-

ronylcarbohydrate-binding protein (SBP-1), laminin, or brevican.8–10

Expression of the HNK-1 carbohydrate is temporally and spatially regulated during the development in the nervous

system and characteristic expression of this epitope is observed in migrating neural crest cells,11 rhombomeres,12 and

cerebellum.13 The HNK-1 carbohydrate epitope associates with neural crest cell migration,11 neuron to glial cell

adhesion,14 outgrowth of astrocytic processes and migration of cell body,15 as well as the preferential outgrowth of

neurites from motor neurons.16 These lines of evidence indicate that the HNK-1 carbohydrate epitope plays

important roles in cell–cell and cell–substrate interaction during the development of the nervous system.

So far a number of glycosyltransferase genes and related genes have been cloned and targeted deletion of these

genes has revealed the roles of glycans in the modulation of cellular interactions at individual level. The similar

analysis has been applied to the HNK-1 carbohydrate, and the functional roles of the carbohydrate in the neural

network have been revealed. In this chapter, we will describe briefly the biosynthesis and functional roles of the

HNK-1 carbohydrate in the nervous system.
4.16.2 Biosynthesis of the HNK-1 Carbohydrate

The key step of the HNK-1 carbohydrate biosynthesis is GlcA transfer, since the inner structure, N-acetyllactosamine,

is commonly found in a number of glycoconjugates (Figure 1b). Moreover, GlcA, only found in glycosaminoglycan

chains, does not exist in N- and O-glycans except for the HNK-1 carbohydrate. The glucuronyltransferases that play a

key role in the HNK-1 carbohydrate biosynthesis were cloned and well characterized. Terayama et al. had succeeded

in cloning of glucuronyltransferase from rat brain and had named it GlcAT-P.17 Soon after that, the second glucu-

ronyltransferase, GlcAT-S, was cloned.18 By Northern blot analysis using several tissues from adult rat, it is revealed

that both GlcAT-P and GlcAT-SmRNA are expressed only in the nervous system. Moreover, these enzymes are able to

transfer GlcA to the nonreducing end of N-acetyllactosamine, and when these genes are overexpressed in cultured

COS-1 cells, the HNK-1 carbohydrate is actually expressed at the cell surface. However, GlcAT-P, compared with
289
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Figure 1 Structures and biosynthesis of the HNK-1 carbohydrate epitope. a, Glycans on glycoprotein P035 and glycolipid

SGGL-136 are schematically represented. Several neural cell molecules and glycolipids bear the same unique sulfated
trisaccharide, HSO3-3GlcAb1-3Galb1-4GlcNAc, which is known as the HNK-1 carbohydrate. b, Glucuronic acid (GlcA) is

transferred to the N-acetyllactosamine (LacNAc, Galb1-4GlcNAc) moiety by glucuronyltransferases, GlcAT-P and GlcAT-S.

In the synthetic pathway, the sulfotransferase HNK-1 ST, which is expressed ubiquitously throughout brain, is assumed to

sulfate the reducing terminal of GlcA to form HNK-1 carbohydrate immediately.
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GlcAT-S, has wider expression range in brain and higher enzymatic activity, suggesting that GlcAT-P plays a major role

in the HNK-1 carbohydrate biosynthesis. We investigated the detailed substrate specificity using purified native

GlcAT-P from rat brain and recombinant soluble form of GlcAT-P and GlcAT-S19 and revealed that these enzymes

transfer GlcA not only to a glycoprotein acceptor, asialo-orosomucoid, but also to a glycolipid acceptor, paragloboside.

Interestingly, the activity of GlcAT-P toward glycoprotein is markedly enhanced in the presence of sphingomyelin

(SM), but that of GlcAT-S does not depend on the presence of phospholipids. In the case of glycolipid acceptor

substrate, GlcAT-P essentially requires the presence of phospholipids such as phosphatidylinositol (PI) for its enzy-

matic activity. PI also enhanced the activity of GlcAT-S toward glycolipids, but its specific activity is much lower than

that of GlcAT-P. The activity of these two enzymes toward various kinds of oligosaccharides also revealed interesting

results. GlcAT-P strictly recognizes N-acetyllactosamine structure (Galb1-4GlcNAc) as an acceptor substrate, whereas

GlcAT-S can use other oligosaccharides such as lacto-N-biose (Galb1-3GlcNAc), lactose (Galb1-4Glc), or Galb1-4Gal

as a substrate. Moreover, among bi-, tri-, and tetraantennary N-linked oligosaccharides, GlcAT-P increasingly recog-

nizes these oligosaccharide acceptors in proportion to the number of branches, whereas GlcAT-S strongly prefers

triantennary structure. These results indicate that GlcAT-P and GlcAT-S may synthesize functionally and structurally

different HNK-1 carbohydrates in the nervous system.

The final step of the HNK-1 carbohydrate biosynthesis is sulfation of GlcA at 3-position (Figure 1b). One

sulfotransferase involved in this sulfation step was cloned and named as HNK-1 ST.20 The following results suggest
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that sulfation is necessary for HNK-1 carbohydrate functions. One, HNK-1-laminin interaction disappeared after

removing the sulfate group from theHNK-1 carbohydrate.9 Two, all theHNK-1 structure so far examined in the nervous

system is in the sulfated form, and the nonsulfated form of this epitope has not been identified.21 Curiously, HNK-1 ST

mRNA is expressed not only in the nervous system but also in other tissues where the HNK-1 carbohydrate epitope

does not exist, suggesting the possibility that HNK-1 ST may play some other roles in these tissues.
4.16.3 GlcAT-P Gene-Deficient Mice

As described above, GlcAT-P is a major key enzyme for the HNK-1 epitope biosynthesis; we have generated mice

with a targeted deletion of the GlcAT-P gene.22 As expected, GlcAT-P-deficient mice lack almost all the expression of

the HNK-1 carbohydrate in the nervous system. Unexpectedly, however, despite the disappearance of the HNK-1

carbohydrate expression, there was no visible abnormality in embryonic development and no significant difference in

body weight or brain size between GlcAT-P gene-deficient mice and wild-type mice. The HNK-1 carbohydrate is

commonly expressed in a series of cell adhesion molecules (CAMs) such as NCAM, L1, telencephalin, and tenascin-R.

These CAMs are important constituents of the synaptic structure and play important and diverse roles in the

regulation of synaptic plasticity. Aberrations of long-term potentiation (LTP) in the hippocampal CA1 region occur

in mice deficient in NCAM23 and telencephalin.24 Mice lacking ECM molecule tenascin-R are also shown to exhibit

aberrant LTP in the CA1 region.25 On this background, we have analyzed LTP in the CA1 region of GlcAT-P gene-

deficient mice to examine the effect of HNK-1 carbohydrate deficiency on synaptic plasticity. Excitatory postsynaptic

potentials (EPSPs) have been evoked by stimulating afferent fibers in the stratum radiatum of the CA1 region,

resulting in the significantly lower magnitude of LTP in GlcAT-P gene-deficient mice than that in wild-type mice.

In view of the reduced LTP, two types of spatial learning tests have been carried out (Figures 2a and 2b). In the

Morris water maze test, the time taken to reach the hidden platform (escape latency) is significantly longer for

the GlcAT-P gene-deficient mice than wild-type mice (Figure 2a), and in the water-filled multiple T-maze task,

GlcAT-P gene-deficient mice show increased escape latencies to the goal arm (Figure 2b). These results suggest that

the differences in performance of GlcAT-P gene-deficient mice in these tasks are related to impaired spatial learning.

The GlcAT-P gene-deficient mice also exhibit greater exploratory activity in a Y-maze (Figure 2c). In the elevated

plus maze test, GlcAT-P gene-deficient mice spend significantly longer time in open arms than the wild-type mice

(Figure 2d). These results suggest that the GlcAT-P gene-deficient mice show reduced anxiety-like behavior. The

abnormality in higher brain functions of the GlcAT-P gene-deficient mice such as reduced LTP at the Schaffer

collateral-CA1 synapses, defects in spatial memory formation, greater exploratory activity, and modified anxiety-

related behavior is considerably similar to those in NCAM gene-deficient mice.23 This was the first study to

demonstrate the involvement of a carbohydrate, notably of only a single nonreducing terminal carbohydrate residue,

in higher-ordered brain functions including learning and memory. The detailed molecular mechanisms by which the

HNK-1 carbohydrate modulates the higher-ordered brain functions are not clear so far. However, it should be

emphasized that only a subpopulation of CAMs expresses the HNK-1 carbohydrate and that the expression is

regulated independently from the biosynthesis of the protein backbone of CAMs, indicating that the HNK-1

carbohydrate can be a characteristic functional component in vivo as a fine-tuner that regulates synaptic plasticity

or other brain functions. Alternatively, the HNK-1 carbohydrate itself may be involved in LTP via interaction

with binding proteins (receptors) on the cell surface or in the cell matrix. However, the association of these receptors

or binding proteins with LTP has not been proved.

Although the expression of the HNK-1 carbohydrate is almost completely disappeared in GlcAT-P gene-

deficient mice, a low level of the HNK-1 epitope remained in some limited region that may probably be generated

by GlcAT-S.22 In the cerebral cortex, some parts of interneurons seem to express the HNK-1 carbohydrate and such

remaining expression is not so significant up to postnatal 2 weeks but seems to increase gradually thereafter. These

signals and morphological features observed mainly in cortex layers 3–4 are very similar to so-called perineuronal nets

(PNs), which are known to comprise lattice-like accumulation of the ECM on an unidentified subset of neurons.26

Staining with immunofluorescence-labeledWFA lectin, a well-knownmarker of PNs, revealed that a subpopulation of

cortical neurons that are forming PNs is actually HNK-1 positive. These signals appear to be generated by GlcAT-S,

but it has not been proved yet. As described above, GlcAT-S may synthesize HNK-1 carbohydrates functionally

different from those synthesized by GlcAT-P. However, detailed structure and function of the remaining HNK-1

carbohydrate or carrier proteins of the remaining HNK-1 carbohydrate in GlcAT-P gene-deficient mice remain to be

elucidated.
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Figure 2 Impaired spatial learning and behavioral alterations in GlcAT-P �/� mice. GlcAT-P þ/þ (n¼17, open circles)
and �/� (n¼18, closed circles) mice were tested with spatial learning tasks ((a) and (b)). a, Mice were trained in a Morris

water maze for 4 consecutive days. Learning performance is expressed as the mean escape latency of four trials per day.

GlcAT-P �/� mice showed significantly longer escape latency than GlcAT-P þ/þ mice (p<0.01, ANOVA). b, Learning

performance in a water-filled multiple T-maze. Mice were given one session of three trials per day for 3 consecutive days.
The mean escape latency on training day 2 is significantly different between the two genotypes (p<0.05, t-test). The

exploration activity (c) and anxiety-related behavior (d) of GlcAT-P þ/þ (n¼17, open bars) and �/� (n¼18, closed bars)

mice were examined. c, The mean number of arm entries in the Y-maze test during the observation period of 5min

is shown. The number of entries was significantly increased in GlcAT-P �/� mice compared to that in GlcAT-P þ/þ mice
(p<0.01, t-test). d, The mean time spent in open arms in the elevated plus-maze during the observation period of 5min.

GlcAT-P�/�mice spent significantly more time in the open arms than GlcAT-Pþ/þmice (p<0.01, t-test). The vertical bars

represent standard errors of the means.
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The HNK-1 ST gene-deficient mice have also been generated and analyzed independently.27 HNK-1 ST gene-

deficient mice have a low level of the nonsulfated HNK-1 carbohydrate epitope in brain, while they completely lack

the immunoreactivity to the HNK-1 antibody in the nervous system, indicating that this enzyme is responsible for the

final step of the HNK-1 carbohydrate epitope biosynthesis. Basal synaptic transmission in pyramidal cells in the CA1

region of the hippocampus is increased and LTP evoked by theta-burst stimulation is reduced in the HNK-1 ST gene-

deficient mice almost the same as GlcAT-P-deficient mice. In a water maze test, HNK-1 ST gene-deficient mice show

an impaired spatial learning. These lines of evidence indicate clearly the requirement of sulfate group for the HNK-1

carbohydrate functions in the nervous system. In addition, the analysis of HNK-1 ST-deficient mice revealed that

GlcA residue in the HNK-1 carbohydrate also has functional significance as well as the sulfate group. In wild-type
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mice, perisomatic inhibitory postsynaptic currents (pIPSCs) in hippocampal slices are decreased by application of

HNK-1 antibody (which recognizes only sulfated HNK-1 carbohydrate) or 412 antibody (which recognizes both

sulfated and non-sulfated HNK-1 carbohydrates). Whereas application of the HNK-1 antibody to hippocampal slices

from HNK-1 ST gene-deficient mice does not change the pIPSCs, administration of the 412 antibody decreased the

pIPSCs to the same extent as the HNK-1 and 412 antibodies do in those from wild-type mice.27 The reduction of the

pIPSCs after application of the 412 antibody in the HNK-1 ST gene-deficient mice indicates that the absence of

sulfation does not completely abolish HNK-1 carbohydrate-associated modulation of perisomatic transmission. These

experimental results indicate that the glucuronic acid residue as well as the sulfate group are an important functional

constituent of the HNK-1 carbohydrate.
4.16.4 How Does the HNK-1 Carbohydrate Function?

The most characteristic feature of this carbohydrate epitope is its common expression on a series of cell adhesion

molecules, including immunoglobulin superfamily molecules. Why is the HNK-1 carbohydrate epitope expressed

only on some glycoproteins involved in the cell adhesion molecules? The negatively charged HNK-1 carbohydrate on

cell adhesion molecules may play a role in modulating the homophilic adhesion ability of the protein portion, as is the

case with polysialic acid on NCAM. Another possibility is that the HNK-1 carbohydrate epitope directly involved in

cell recognition and adhesion mediated via binding proteins (receptors) present on cell surface or in cell matrix.

Several proteins have been reported to interact with the HNK-1 carbohydrate. SBP-1 is a nuclear protein, but is

secreted from cells and bind with HNK-1 carbohydrate.8 Constituents of ECM such as laminin-1 and laminin-2 also

interact with the HNK-1 carbohydrate.9 In addition, some lecticans including brevican are able to bind to this

carbohydrate.10 These HNK-1-binding proteins are considered to be involved in development in the nervous system.

NCAM and P0, both of which are cell adhesion molecules and belong to immunoglobulin superfamily, are major

HNK-1 carriers in the CNS and PNS, respectively. Such molecules have a lectin-like activity and are also called as

I-type lectins. In fact, P0 bears and interacts with the HNK-1 carbohydrate and it is suggested that P0 homophilic

interaction is regulated through this interaction.28 NCAM also seems to bind to the HNK-1 carbohydrate.29

Recently, it is suggested that the HNK-1 carbohydrate directly binds to GABAB receptor and blocks its function.30

In perisomatic synapses, ECMmolecule tenascin-R that bears the HNK-1 carbohydrate is thought to interact with and

negatively regulate GABAB receptor through the HNK-1 portion.
4.16.5 Future Perspective

Though phenotypes exhibited by GlcAT-P-deficient mice and HNK-1 ST-deficient mice have provided us a number

of important knowledge about the function of the HNK-1 carbohydrate, many things still remain to be elucidated.

GlcAT-S may play some roles in the nervous system distinct from those of GlcAT-P. Interestingly, remaining HNK-1

signals in the cerebral cortex in GlcAT-P gene-deficient mice are found in a part of PNs. PNs comprise of some

chondroitin sulfate proteoglycans and hyaluronan.26 PN structures first appear after birth and are maintained for

3–10 weeks in slice culture,31 suggesting that differentiation to PNs is a programmed process in the nervous system.

Functional roles of PNs are so far within speculation and are considered to be involved in synaptic stabilization and

neuroprotection.32,33 Recently, chondroitin sulfate has been revealed to be associated with the experience-dependent

plasticity in the visual cortex (ocular dominance plasticity) by means of the chondroitinase ABC treatment.34

However, since the HNK-1 carbohydrate that is probably synthesized by GlcAT-S localizes mainly in a part of PNs,

it is suggested that, in some parts of PNs, the HNK-1 carbohydrate appears to have some roles distinct from those of

chondroitin sulfate chain.

Now we are trying to generate GlcAT-S-deficient mice to investigate functional roles of HNK-1 carbohydrate that is

synthesized by GlcAT-S in some limited region in brain. GlcAT-S-deficient mice will hopefully reveal the roles of the

HNK-1 carbohydrate during the formation of PNs. In addition, it may be confirmed that GlcAT-S synthesizes

structurally and functionally different HNK-1 carbohydrate epitope from that synthesized by GlcAT-P in vivo.

Moreover, success in generating GlcAT-S-deficient mice will allow us to generate GlcAT-P and GlcAT-S double

gene-deficient mice. These mice should lack the HNK-1 carbohydrate expression completely in the nervous system.

They will certainly provide us with new animal models to understand the entire roles of the HNK-1 carbohydrate in

the nervous system.
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Glossary

GlcAT-P & GlcAT-S Glucuronyltransferases specific for the biosynthesis of the HNK-1 epitope. GlcAT-P is the major

enzyme in the brain

HNK-1 epitope A negative-charged trisaccharide glycoepitope expressed on glycoproteins and glycolipids in the nervous

system

HNK-1 ST A sulfotransferase specific for the biosynthesis of the HNK-1 epitope

LTP A state of synapses in which a constant level of presynaptic stimulation becomes converted into a larger postsynaptic

output.
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4.17.1 Introduction

It can be considered that the modern proteoglycan (PG) research commenced in the late 1960s. In 1968, Suzuki and

co-workers established a precise determination method for glycosaminoglycan (GAG) disaccharide units produced

by the digestion of GAGs with lyases specific to each GAG (Chapter 1.18).1 In the succeeding year, Sajdera and

Hascall reported a method whereby GAGs could be extracted and purified in a protein-bound form, or in a PG form,

from the cartilage.2 In combination with, or with adequate modifications of these two methods, PGs from various

tissues and organs were characterized thereafter. However, very strangely, PGs of the central nervous system (CNS)

had rarely been investigated until the late 1980s. In 1988, we reported the occurrence of some soluble chondroitin

sulfate proteoglycans (CSPGs) in the developing rat brain with properties different from those of non-nervous tissue
297
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CSPGs.3 Subsequently, Herndon and Lander demonstrated that the brain contained a wide variety of both

soluble and membrane-bound PGs.4 They are largely classified into two groups: a group of PGs whose major GAG

is CS and a group of PGs whose major GAG is HS. Molecular cloning and characterization of these PGs were

performed in the 1990s. Some PGs are mainly expressed by neuronal cells or by glial cells, and others by both cell

types (Chapter3.05). Thus, the occurrence of multiple PG species is a characteristic of the CNS, as explained in detail

in Section 4.17.2.

Since PGs exist in extracellular matrices (ECMs) and at the cell surface, they are believed to mediate cell–

substratum and cell–cell interactions in the morphogenesis and maintenance of various tissues and organs. Morpho-

genesis of the brain is one of the most dynamic processes in the animal body. An extremely wide variety of cellular

events occur during brain morphogenesis, including proliferation and differentiation of neural stem/progenitor cells,

migration of neuroblasts and glioblasts, neurite elongation, synapse formation, and myelination of axons.5 These

cellular events are mediated by interactions of cells with intercellular diffusible factors and ECM constituents, and by

interactions between different cell types such as a neuron–glia interaction. Expression of individual PGs in the CNS is

strictly regulated both spatially and temporally, and one or more PGs are often detectable at the critical sites of these

cell–substratum and cell–cell interactions. This suggests that PGs are involved in various phases of brain morphogen-

esis. In fact, biochemical and cell biological studies have accumulated a huge body of evidence to support this idea.

Gene targeting technology has also demonstrated the involvement of PGs in the development and functional

maintenance of the CNS. Typical experiments to reveal the functional roles of nervous tissue PGs are introduced in

Sections 4.17.3 and 4.17.4.

A variety of cellular events also occur in response to injuries to the CNS at and around the lesion sites, such as

neuronal cell death and recruitment of various cell types of glia.6 The glial cell-rich portion around the lesion sites of the

CNS is called a glial scar. The expression of several CSPGs is extremely upregulated in the glial scar, together with

some other molecules that are inhibitory to axon regeneration. CSPGs are generally considered to be inhibitory as well,

although there have been some inconsistent reports. Functional recovery fromCNS injuries is usually very poor, mainly

because of the poor regeneration of axons in the CNS. For successful brain repair, therefore, it is urgent to establish a

method to promote axon regeneration in the CNS. In Section 5, manipulation of the content and signaling of CSPGs in

the glial scar is suggested to be a promising method to overcome the poor regeneration of axons in the CNS.
4.17.2 Multiple Proteoglycan Species in the Central Nervous System

4.17.2.1 Heparan Sulfate Proteoglycans

4.17.2.1.1 Secretory type
Agrin and perlecan are the major secretory heparan sulfate proteoglycans (HSPGs) detectable in the CNS.
4.17.2.1.1.1 Agrin

Agrinwas originally found in the electric organ ofTarpedo california and in the basal lamina at the neuromuscular junction

as a protein that directs the aggregation of acetylcholine receptors (AChR) and acetylcholinesterase (AChE) at

synaptic sites. The aggregating factor was named ‘agrin’ from the Greek word ‘ageirein’, which means ‘to assemble.’7

A complete cDNA of agrin was first cloned from the rat,8 then from some other species. The amino acid sequence of

agrin predicted from the nucleotide sequence of its cDNA is highly conservative among species,9,10 suggesting that it

plays fundamental roles in the animal body. Agrin has a particular multidomain structure, containing many potential

GAG-attachment sites as well as O- and N-linked glycosylation sites. In fact, the molecule was shown to bear HS side

chains by its molecular mass change from 400 to 250kDa upon sodium dodecylsulfate-polyacrylamide gel electrophor-

esis (SDS-PAGE) after heparitinase treatment.11 Site-directed mutagenesis revealed that CS chains could be

introduced as well.12 Thus, it is believed that agrin molecules are not exclusively HSPGs, but also carry CS

side chains.

Multiple isoforms of agrin are generated by alternative mRNA splicing,13–18 and the biological activities, such as the

AChR aggregation activity,19 and binding activities to heparin,20 laminin,21 and a-dystroglycan,22 are altered by its

alternative mRNA splicing. The expression and distribution of an individual isoform of agrin vary depending on cell

types, such as neuronal and non-neuronal cells, and the developmental stages of tissues and organs.10,13,15,18 In the

CNS, the expression of agrin is high during the period of neurogenesis and synaptogenesis, and then decreases in

adulthood, and as such, agrin is considered to play roles in neurite elongation and synapse formation.10,23,24 Especially,

since a transmembrane form of agrin is highly expressed on neurons at the time of active axonal growth before
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synapse formation,23 this splice variant may play a role in pathfinding of the growing axons. The functional roles of

agrin in neuritogenesis are discussed in detail in Section 4.17.3.4.1. Agrin-knockout mice were first produced by

Gautam et al., and they die perinatally, mainly due to an inability to breathe.25 These mutant mice fail to make

neuromuscular junctions, indicating that agrin actually plays a pivotal role in the construction of the functional

neuromuscular junctions.
4.17.2.1.1.2 Perlecan

Perlecan is a large HSPG with a low buoyant density originally isolated from a basement membrane-producing tumor,

the Engelbreth–Holm–Swarm tumor.26,27 Electron microscopic observation after rotary shadowing and negative

staining revealed that the core protein was folded into a row of six globular domains of variable size, and that three

HS chains generally existed close to each other at one pole of the core protein. A complete cDNA of perlecan was first

cloned by Noonan et al. in 1991,28 and the primary structural data for the core protein agree well with the appearance of

the molecule under the electron microscope as a series of globules separated by rods. Thus, the HSPG was named

‘perlecan’, derived from the middle English ‘perle’ meaning pearl, and ‘can’ indicating the post-translational GAG

modification.

Perlecan is encoded by a single gene in mammals (Hspg2),29 Drosophila melanogaster (trol ),30 and Caenorhabditis

elegans (unc-52).31 Unc-52 mutations in C. elegans lead to an abnormal morphogenesis by affecting various signaling

pathways including transforming growth factor-b (TGF-b), fibroblast growth factors (FGFs), and wingless homologues

(WNTs).32,33 Mutations in the Drosophila trol gene cause cell cycle arrest of neuroblasts in the larval brain. TROL/

perlecan mediates signaling through both the FGF and Hedgehog (Hh) pathways to control the onset of stem cell

proliferation in the developing nervous system.34 Hspg2�/� mice were produced by two research groups, and reported

in the same year.35,36 About half of the perlecan-knockout mice die around embryonic day 10.5 (E10.5), and the

remainder die immediately after birth due to respiratory failure. In the neonatal perlecan-null mice, the fetal dwarfism

is obviously due to abnormal chondrogenesis and ossification. Neuromuscular junctions are apparently normal in

morphology, but AChE, an essential component of the neuromuscular junction, is not recruited.37 Two human

disorders, DDSH (lethal dyssegmental dysplasia, Silver–Handmarker type)38 and SJS (nonlethal Schwartz–Jampel

syndrome),39 have been shown to be caused by perlecan-gene mutations.

In the mammalian CNS, perlecan is localized to the basement membrane surrounding the neuroepithelium at early

developmental stages. In addition, a perlecan variant that is differentially glycosylated is detectable around neuro-

epithelial cells.40 Since their proliferation and subsequent differentiation are believed to be controlled by FGFs,

perlecan may be involved in FGF signaling to regulate the physiology of neuroepithelial cells and of neural stem/

progenitor cells. In the mature CNS, perlecan exists on the adluminal membrane of the capillary, and is involved in

FGF-2-internalization at the blood–brain barrier (BBB),41 suggesting that the HSPG plays a role in maintaining the

BBB function due to acceptance of FGF-2 secreted from astrocytes. In the aged or pathological CNS, evidence has

accumulated to indicate that perlecan is involved in amyloidogenesis.42,43
4.17.2.1.2 Transmembrane type
Syndecans. Syndecan is the family name of membrane-intercalated HSPGs. This PG family consists of four members:

syndecan-1,44 syndecan-2/fibroglycan,45 syndecan-3/N-syndecan,46 and syndecan-4/amphiglycan/ryudocan,47,48 all of

which are expressed in the CNS. Since these PGs have affinities to various cell surface ligands, including ECM

constituents, growth factors/cytokines, proteinase inhibitors, and lipoprotein lipase, they were named ‘syndecans’

from the Greek word ‘syndein’, which means ‘to bind together’.44,49 Syndecan homologs have been identified in

C. elegans,50,51 D. melanogaster,52 and Xenopus laevis,53 indicating that they are also evolutionary ancient molecules.

Syndecan-3 is the largest of the four family members. Figure 1 shows a diagrammatic representation of the domain

structure of rat syndecan based on the deduced amino acid sequence.54 The core protein is composed of 442 amino

acid residues, and is divided into six structurally different domains: an NH2-terminal hydrophobic signal peptide; a

membrane-distal GAG-attachment domain (about 50 amino acids); a mucin homology domain (about 200 amino acids)

rich in proline and threonine residues; a membrane-proximal GAG-attachment domain (about 90 amino acids); a

single transmembrane domain of 24 hydrophobic residues; and a noncatalytic COOH-terminal cytoplasmic domain of

34 amino acids.

The extracellular domains of four syndecan family members are structurally divergent, but each of the four

mammalian syndecans is shed rapidly from the cell surface by proteolytic cleavage at the juxtamembrane region

with a zinc metalloprotease that belongs to the tissue inhibitor of metalloproteinase-3 (TIMP-3)-sensitive ADAM

(a disintegrin and metalloproteinase) family.55 In contrast, the transmembrane domains and the short cytoplasmic



Figure 1 Schematic representation of the domain structure of syndecan-3/N-syndecan.54 The COOH-terminal tetrapep-

tide sequence (EFYA) is conserved in all syndecan species of both the vertebrates and the invertebrates. Syndecans bind to
type II PDZ domain in various proteins through the tetrapeptide domain.
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domains are highly conserved in an amino acid sequence. A peptide domain including the dibasic sequence and

conserved glycine residues in the transmembrane domain is essential for the self-association of syndecan core proteins,54

which may be important for the matrix receptor activity of syndecans. In the cytoplasmic domain, the sequence of a

peptide, RM(R/K)KKDEGSY, immediately adjacent to the cytoplasmic surface, is virtually identical among the four

members. This domain serves as a linkage to the actin cytoskeleton.56 The COOH-terminal tetrapeptide sequence of

the core protein is EFYA in all syndecan species that have been identified in both the vertebrates and the

invertebrates.56,57 Syndecans bind to type II PDZ (postsynaptic density-95/disks large/zonula occludens-1) domain

in various proteins through the tetrapeptide domain.

Syndecan-1 and -2 have a similar domain structure, which is somewhat different from that common to syndecan-2

and -4.58 For example, syndecan-1 contains a proline- and threonine-rich peptide flanked with GAG-attachment

domains in its ectodomain, just like syndecan-3 shown in Figure 1, but both syndecan-2 and -4 bear GAG side chains

on the membrane-distal domain of their core proteins. HS is the major GAG of all the members of the syndecan family,

but syndecan-1 and -4 also bear CS, at least in certain experimental systems.59,60 Cells sometimes synthesize two or

more syndecan species simultaneously. Murine mammary gland epithelial cells synthesize both syndecan-1 and -4 at

the same time, and interestingly, both syndecans bear HS chains that are apparently structurally indistinguishable.61

This suggests that sulfation and C5-epimerization of glucuronate to form iduronate in HS occur independently of the

core protein to which it is attached.
4.17.2.1.3 Glycosylphosphatidylinositol-anchored type
Glypicans.There is a PG family, named ‘glypican’, of glycosylphosphatidylinositol (GPI)-anchored cell surface HSPGs.

Six family members have so far been identified in mammals: glypican-1,62 glypican-2/cerebroglycan,63 glypican-3/

OCI-5/MXR-7,64 glypican-4/K-glypican,65 glypican-5,66,67 and glypican-6.68 All glypicans, except for glypican-2,

which is preferentially expressed in the nervous system,63 are expressed widely in various tissues including the

CNS. C. elegans has one glypican homolog, and Drosophila has two.55 Dally, one of the Drosophila homologs, is required

for cell division patterning during postembryonic development of the nervous system.69 Deletions and translocations

in human glypican genes, which affect glypican-3 and occasionally glypican-4, are associated with Simpson–Golabi–

Behmel syndrome.70,71 This X-linked syndrome is characterized by pre- and postnatal overgrowth, visceral and

skeletal anomalies, and an increased risk of tumor formation.

Glypicans are synthesized as precursor proteins with a stretch of hydrophobic amino acids at both NH2- and COOH-

termini; the former serves as the signal sequence and the latter as a GPI-attachment signal. The precursor protein

is cleaved at several residues away from the start of the hydrophobic COOH-terminal sequence, and the mature

protein thus formed is transferred to a pre-assembled GPI anchor. This process has been termed ‘glypiation’, and is

catalyzed by a transamidase.72 The mature protein consists of about 500 amino acids in all glypican species, and has

14 highly conserved cysteine residues that confer a rather compact shape to the core protein through intramolecular

disulfide bonds.
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The potential HS-attachment sites exist at the COOH-terminal domain (about 70 amino acids) of the mature core

protein in all glypican family members. The number of HS side chains varies from two to five depending on the type

of glypican. Glypican-5 may have CS side chain(s) in addition to HS side chains in tissues, because this glypican

species overexpressed in COS cells bears CS as well as HS.67 Glypican-1, expressed in both COS and CHO cells,

preferentially possessed HS side chains. However, very interestingly, the COOH-terminal HS-attachment domain

without the cysteine-rich globular domain bears CS side chains, when expressed in these mammalian cell lines.73 This

indicates that the glypican-1 globular domain potently influences GAG class determination, and suggests that an

important role of the glypican globular domain is to ensure a high level of HS substitution of these family members.

Besides GAG side chains, all glypicans, except for glypican-2 and -6, have a few potential N-glycosylation sites, but

little or no O-glycosylation sites.57
4.17.2.2 Chondroitin Sulfate Proteoglycans

4.17.2.2.1 Secretory type
The CNS contains many secretory CSPGs of different gene products, and this diversity is further expanded by

alternative mRNA splicing and a different extent of post-translational modifications, including proteolysis, glypiation,

and glycosylation.57,74,75 In this section, the structures and expression patterns of major secretory CSPGs in the CNS

are summarized.

4.17.2.2.1.1 Hyalectans/lecticans

There is a group of CSPGs that have both a lectin-like domain and hyaluronan (HA)-binding domain in their core

proteins, and these form a large aggregate with HA. They are called ‘hyalectans’ or ‘lecticans’ due to these common

characteristics.76,77 This PG family consists of four members: aggrecan/PG-H/S103L/Cat-301;78–80 versican/PG-M;81,82

neurocan;83 and brevican/BEHAB;81,85 these PGs have a similar multidomain structure (Figure 2) composed of an

NH2-terminal immunoglobulin (Ig)-like domain followed by tandem repeats of an HA-binding domain and a COOH-

terminal region consisting of epidermal growth factor (EGF)-like, C-type lectin-like, and complement regulatory

protein-like domains. A GAG-attachment region with a distinct amino acid sequence resides between the NH2- and

COOH-terminal regions with highly homologous amino acid sequence. All these family members are expressed in

the CNS, and the expressions of individual CSPGs are developmentally regulated in the brain: the high expression
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of versican-V1 and neurocan in the developing brain; and the high expression of aggrecan, versican-V2, and brevican

in the mature brain.86–88

Aggrecan was originally identified in the developing cartilage as a large CS/KS-attachment PG (KS; keratan

sulfate) with a high sedimentation velocity (PG-H). Alternative splicing of the aggrecan mRNA produces several

variants with COOH-terminal globular domains different from each other.89,90 Modification of the aggrecan core

protein with carbohydrates, such as CS, KS, and HNK-1 carbohydrate, varies depending on the tissues, resulting in

the synthesis of aggrecan molecules with widely different structural parameters.91,92 Versican is also expressed in

non-neuronal tissues as well as nervous tissues. The differently spliced exons of the versican gene encode the central

GAG-attachment a- and b-domains, so that four versican isoforms are produced: V0 with both a- and b-domains, V1

with a b-domain, V2 with an a-domain, and V3 lacking both domains.82 An additional splice variant of versican is

present in the chicken, which has a PLUS domain consisting of 138 amino acids at the NH2-terminal end of the

a-domain.93 Since the amino acid sequence of this domain is very similar to the KS-attachment domain of chicken

aggrecan, versican with the PLUS domain may bear KS side chains.

In contrast to aggrecan and versican, both neurocan and brevican are preferentially expressed in the CNS.

Alternative splicing of neurocan mRNA has not been reported to date, but proteolytic processing occurs at the

middle of the core protein in a development-related manner.94 In the immature CNS, neurocan exists in a full-length

form, whereas it exists totally in proteolytic fragments of the NH2-terminal and COOH-terminal halves in the

mature brain (Figure 2). The average number of CS side chains that neurocan bears is estimated to be three, based

on its protein sequence: two CS chains are on the NH2-terminal fragment and one is on the COOH-terminal

fragment. In the normal CNS, neurocan is predominantly expressed by neurons,95,96 but this PG is also synthesized

actively by primary cultured astrocytes86 and reactive astrocytes appearing at neurodegrading sites in the mature

CNS (Chapter 3.10). The relationship between PG expression and neurodegradation is discussed in detail in

Section 4.17.5.

Brevican has the shortest core protein among these PG family members. Because of this property, the PG was

named ‘brevican’ from the Latin word ‘brevis’ meaning ‘short’.84 Cloning experiments of brevican cDNA revealed that

there were two differently processed transcripts from the same gene: one encoding a secretory form of brevican, and

the other encoding a GPI-anchored form.97 Both splice variants have a common NH2-terminal globular domain and

the following central CS-attachment domain, but the COOH-terminal globular domain of the secreted brevican is

replaced with a peptide containing a glypiation signal. Transcripts for secreted and GPI-anchored brevican molecules

are differently distributed in the rat brain. The transcript for the secretory isoform is detectable on neuronal cell bodies

widely spread in the gray matter of various CNS regions, and the transcript for the GPI-anchored isoform is observed

on glial cells diffusely distributed in white matter tracts.98

Brevican is subjected to proteolysis just like neurocan, but the sequence of the cleavage site is distinct from that of

neurocan.99 The number of potential CS-attachment sites is five.84,85 However, a significant amount of brevican

devoid of any GAG chains is present in the brain, indicating that brevican is a ‘part-time’ PG.84 Recently, a novel

glycovariant of brevican was described to be tightly associated with the cell membrane of the rat brain by a previously

undescribed Ca2þ-independent mechanism.100 This isoform is neither the GPI-anchored splice variant nor a cleavage

product of this full-length brevican, but is an underglycosylated isoform, lacking GAG chains as well as most of the

carbohydrates that usually modify the brevican core protein. Since this is the major isoform that is upregulated in rat

brain glioma tumor, it may contribute to the invasive ability of glioma cells.100
4.17.2.2.1.2 Small leucine-rich proteoglycans

There is a group of small secretory PGs with characteristic leucine-rich repeats at the central region of the about

40kDa core glycoproteins. This PG family (SLRP: small leucine-rich proteoglycan) comprises at least 13 members,

and can be easily divided into three classes based on several parameters, including their evolutionary protein sequence

conservation, the presence of an NH2-terminal cysteine-rich region, the number of the leucine-rich repeats, and their

genomic organization.101 Class I consists of decorin102 and biglycan,103 which are both detectable in the CNS as well as

in non-neuronal tissues.104,105 Decorin has one chondroitin sulfate/dermatan sulfate (CS/DS) side chain at its NH2-

terminal domain, and biglycan has two CS/DS side chains. The expression of PGs in classes II and III in the CNS

parenchyma has not been reported to date.

Decorin and biglycan are 57% identical at the protein level, and have an identical domain structure. The

NH2-terminal cysteine consensus sequence is CX3CXCX6C, and the leucine-conserved sequence in the leucine-

rich repeat is LX2LXLX2NX(L/I).101 Both PGs have 10 repeats in the central region of the core protein. Decorin binds

noncovalently to the surface of fibrillar collagen, primarily type I collagen, just like a decoration of the surface of
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collagen fibers.106 Interestingly, decorin serves as a natural antidote for TGF-b activity through binding with the

growth factor with a high affinity.101,107 In addition, this PG also acts as an antagonist of the epidermal growth factor

receptor (EGFR) tyrosine kinase through binding to a discrete region of EGFR, partially overlapping with, but

distinct from, the EGF-binding domain.108 These properties can be utilized for the promotion of axon regeneration in

the injured CNS as explained in detail in Section 4.17.5.3. Decorin seems to be expressed by some cell types including

neurons in the brain.105 Biglycan is synthesized by astrocytes109 and meningeal cells,110 and supports the survival of

neocortical neurons.

4.17.2.2.1.3 Testicans

Testican/SPOCK (testican-1) was first identified as a PG in the testis.111 In search for homologous members of the PG,

two molecules termed testican-2 and -3 were identified, and these three molecules form a subgroup within the BM-40/

SPARC/osteonectin family of modular extracellular proteins.112,113 Their core proteins are divided into several

structurally different modules: an NH2-terminal testican-specific domain, a follistatin-like domain, an extracellular

calcium-binding domain, a thyroglobulin-like domain, and a novel COOH-terminal domain with two potential GAG-

attachment sites. Testican-1 bears both CS and HS, whereas testican-2 isolated from tissues including the brain

bears only HS.114

In the CNS, testican-1 mRNA is mainly present in a subpopulation of pyramidal neurons localized in the CA3 area

of the hippocampus112 and in the thalamus.115 Immunoelectron microscopy revealed that testican-1 is associated with

the postsynaptic region,112 suggesting that it is involved in the formation and maintenance of synapses. In contrast, a

widespread expression of testican-2 is detectable in multiple neuronal cell types in the olfactory bulb, cerebral cortex,

thalamus, hippocampus, cerebellum, and medulla.113 Several functions of this PG group have been demonstrated by

in vitro experiments, including low-affinity calcium binding, membrane-type matrix metalloproteinase (MT-MMP)

inhibition, and the inhibition of neurite outgrowth,113–115 but the functions in vivo have yet to be demonstrated by

producing testican-deficient mice or by some other method.
4.17.2.2.2 Transmembrane type

4.17.2.2.2.1 PTPz/RPTPb and its soluble variant, phosphacan

Phosphorylation and dephosphorylation of proteins on tyrosine residues are typical reactions controlling signal

transductions in cells. A number of kinases and phosphatases participate in modulating the level of tyrosine

phosphorylation of signaling molecules. PTPz (protein tyrosine phosphatase z)/RPTPb (receptor-type protein tyro-

sine phosphatase b) is one of these phosphatases, and is expressed preferentially in the CNS.116,117 PTPz/RPTPb is

composed of a large extracellular domain, a single transmembrane domain, and a cytoplasmic domain with two tandem

phosphatase catalytic domains (Figure 3). The ectodomain is divided into four structurally unique regions: the NH2-

terminal region with striking homology to the enzyme, carbonic anhydrase, a fibronectin type III module, a spacer

region, and an intervening region composed of 859 amino acids. Alternative splicing of the PTPz/RPTPb mRNA

produces two receptor-type variants, a long form and a short form lacking the intervening region, and two secretory

variants corresponding to the entire extracellular parts of these two receptor-type variants.116–118 Expression of the

individual isoforms seem to be differently regulated during brain development.119–122

Long PTPz/RPTPb and its soluble form bear CS side chains on the intervening regions.123–125 The long soluble

variant is usually called phosphacan, and also 6B4-proteoglycan/DSD-1.118,123,126,127 Both neurons86 and glial cells119,120

can produce PTPz/RPTPb/phosphacan/6B4-proteoglycan in culture. In situ hybridization experiments revealed that

RPTPb/phosphacan was predominantly expressed by glial progenitors and more mature astrocytes in the CNS,95,119,120

but gene targeting experiments using the RPTPb gene replaced with the LacZ gene demonstrated that neurons as

well as astrocytes express RPTPb.128 Although the majority of RPTPb/phosphacan molecules exclusively carry CS

side chains, some bear both CS and KS side chains.123,129 In addition to these GAG chains, phosphacan appears to be

modified with HNK-1 carbohydrates and Lewis-X/FORSE-1 carbohydrates.126,130,131

4.17.2.2.2.2 NG2

NG2 was originally identified as a large CSPG on the cell surface of some neural cell lines using a monoclonal

antibody produced by a hybridoma clone NG2.132 The core protein predicted from the rat cDNA sequence is

an integral membrane protein with a large extracellular domain (2224 amino acids), a single transmembrane domain

(25 amino acids), and a short cytoplasmic tail (76 amino acids).133 The ectodomain is divided into three structurally

different regions: an NH2-terminal cysteine-containing region, which is stabilized by intrachain disulfide bonds; a

CS-attachment region with some CS side chains; and another cysteine-containing region close to the transmembrane
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domain. The ectodomain contains four internal repeats, including a short sequence that resembles the putative

Ca2þ-binding region of the cadherins.

NG2 is widely expressed not only in the nervous tissues, but also in the extraneural tissues, especially in the

developing mesenchyme such as limb buds and cartilage.134 The core protein of NG2 binds to some ECM macro-

molecules, including collagen type VI, tenascin and laminin,135 and growth factors, such as FGF-2 and platelet-derived

growth factor (PDGF)-AA.136 In the CNS, this PG is present at the surface of multipotential glial progenitor cells, or

O2A progenitor cells, which differentiate into oligodendrocytes during development.137 NG2-positive cells are also

present in the mature brain, and they are distinct from fibrous and protoplasmic astrocytes, resting microglia,

and mature oligodendrocytes.138 They have a small cell body and thin radiating processes.139 This identifies the

NG2-positive cells, sometimes termed ‘polydendrocytes’, as the fourth major glial population in the CNS. Prolifera-

tion of polydendrocytes appears to be dependent on PDGF at least during early development. In fact, these cells

express the a-receptor for PDGF, and NG2 and the PDGF a-receptor form a molecular complex at the surface of these

cells.140 Interestingly, the NG2-positive cells express voltage-gated Naþ, Kþ, and Ca2þ conductances and receptors for

various neurotransmitters including AMPA (a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and GABA

(g-aminobutyric acid) receptors.139 These receptors on polydendrocytes may be implicated in the communication

of these cells with neurons that release the neurotransmitters,141 but the exact physiological meanings remain

to be clarified.

4.17.2.2.2.3 Neuroglycan-C

Neuroglycan C (a neuronal PG with CS; NGC) is the only membrane-spanning CSPG that has so far been identified to

be mainly associated with the neuronal structure such as neuropils and dendrites in the CNS.142,143 A chicken

homolog of NGC is sometimes termed CALEB (chicken acidic leucine-rich EGF-like domain containing brain

protein).144 Cloning studies with NGC cDNA demonstrated the expression of four distinct splice variants (NGC-I,-

II,-III, and -IV), three of which (NGC-I,-III, and -IV) have been identified as CSPGs in the CNS.145,146 NGC-I is the

major variant (about 90% of total), and the entire core protein of mouse NGC-I consists of 509 amino acid residues plus

a 30-residue signal peptide. The ectodomain of the mature core protein is divided into three structurally different
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regions: an NH2-terminal, CS-attachment region, an acidic amino acid cluster, and a cysteine-rich domain containing a

single EGF module (Figure 4). NGC-I,-III, and -IV have a common ectodomain and transmembrane domain, but

NGC-III has a short peptide insert composed of 27 amino acids in the middle part of the cytoplasmic domain of

NGC-I. NGC-IV has a very short cytoplasmic stretch different from those of the other NGC variants.146

There are several potential CS-modification sites on the core protein, but site-directed mutagenesis demonstrated

that CS-modification occurs only on Ser-123 of the core protein.147 NGC exists in a PG form in various regions of the

developing CNS, while most NGC molecules exist in a nonproteoglycan form without any CS side chains in the

mature cerebellum and retina.145,148 In other regions of the mature CNS, most NGC molecules exist in a PG form.

These findings indicate that NGC is a part-time PG, and suggest that the CS-modification of NGC is a part of the

molecular cascade governing cerebellar and retinal development. In addition to CS-modification, the NGC ecto-

domain is modified by O- and N-glycosylations131 and probably by serine-phosphorylation by a casein kinase-II-like

ectoprotein kinase.149

NGC/CALEB binds to two adhesion-regulating ECMmolecules, tenascin-C and tenascin-R, via its acidic domain.150

Tenascins modulate neurite outgrowth and the formation of actin-rich microprocesses along neurite shafts, or deudritic

filopodia,151 where NGC is concentrated.148 This suggests that the interaction of NGC with tenascins at the surface of

dendritic filopodia is implicated in neuritogenesis. NGC also binds to an EGF receptor tyrosine kinase, ErbB3, via its

EGFmodule, and stimulates phosphorylation of the ErbB2/B3 heterodimer.152 Most EGF family members, including

neuregulins, which are preferentially expressed in the CNS, are synthesized as a precursor form of the transmembrane

protein, just like NGC, suggesting that NGC is a new member of the EGF/neuregulin family. Besides these cell

surface or ECM interacting partners of NGC, a Golgi-associated protein, PIST (PDZ domain protein interacting

specifically with the small GTPase TC10), was identified as a cytoplasmic binding partner of NGC/CALEB.153 NGC

interacts with PIST through its juxtamembrane cytoplasmic short peptide domain, and this molecular interaction may

mediate the transport of NGC to and the concentration of NGC in dendritic filopodia.
4.17.2.2.2.4 APP-related proteoglycans

The 4kDa amyloid b peptide (Ab/A4) found in the brains of Alzheimer’s disease patients is a part of the membrane

glycoproteins termed amyloid precursor proteins (APPs).154 APP contains a large extracellular region, a transmem-

brane domain of about 25 amino acid residues, and a small cytoplasmic peptide, and is distributed rather ubiquitously.

APP shed from a glial cell line C6 carries CS side chains, and the PG form of APP is termed ‘appican’.155 Appican is

also detectable in the brain and in the conditioned medium of primary cultured astrocytes, but not in the conditioned

medium of primary cultured neurons.156 The mechanism of CS-substitution on APP is very unique. Alternative

splicing of APPmRNA produces the multiple forms of APPs, and splicing out of exon 15 coding 18 amino acids creates

a new consensus sequence (-G-S-G-) for CS-attachment in the vicinity of acidic amino acid residues on APP.
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Transfection of C6 glioma cells with APP cDNA lacking this exon induces high levels of appican production, while

transfection with APP cDNA containing the exon does not, indicating that the serine residue in the newly created

consensus sequence is modified with CS.157 It is noteworthy that appican, secreted by C6 glioma cells transfected with

an exon-15-lacking APP cDNA, carries a CS side chain rich in oversulfated E-disaccharides, GlcA(b1-3)Gal-

NAc4,6S2.
158 Appican has been shown by cell culture experiments to stimulate neural cell adhesion and neurite

outgrowth,159 but its function in the CNS and physiological significance of the CS-modification should be examined in

the future. In addition to APP, amyloid precursor-like protein 2 (APLP2) is also modified with a single CS side chain

under the same regulation as that for the CS-modification of APP just explained above.160
4.17.2.3 Keratan Sulfate Proteoglycans

KS is a minor GAG in the CNS, but evidence has accumulated to suggest that KS plays important roles in axonal

growth, injury repair, and neuritic plaque formation of Alzheimer’s disease, as discussed in Sections 4.17.3–4.17.5 in

detail. More than 15 KS-linked proteins have been identified, and many of the genes encoding these proteins have

been cloned.161 In the CNS, the occurrence of keratan sulfate proteoglycans (KSPGs) was mainly demonstrated by

immunoreactivity with anti-KS antibodies, and was confirmed by the disappearance of the immunoreactivity after the

treatment of samples with keratanase. Phosphacan, which can be detected using a monoclonal anti-KS antibody, 3H1,

is the major KSPG in the CNS.162 An integral synaptic vesicle (SV) protein, SV2, also bears KS side chains.163 To date,

three homologous SV2 proteins have been identified, and the two most abundant isoforms, SV2A and SV2B, have a

wide distribution throughout the brain. The minor isoform, SV2C, has a more restricted distribution in the brain,

mainly in evolutionarily older brain regions.164,165

In addition to these well-characterized molecules, the CNS contains some other KSPGs identified using

unique anti-KS polysaccharide antibodies. The monoclonal antibody TED15, produced using membrane proteins

from cultured rat glial cells as an immunogen, recognized KS side chains of a 170kDa core protein. This KSPG is

termed ABACAN.166 This PG may be involved in maintaining the structure of the adult somatosensory cortex.

Another anti-KS antibody, 5D4, recognizes a unique KS epitope that is not recognized by antibodies specific to

previously described KSPG species.167,168 Since the cellular sources of 5D4-KSPG are reactive microglia, macro-

phages, and oligodendrocyte progenitors, but not astrocytes which express ABAKAN,169 5D4-KSPG may be distinct

from ABAKAN. The primary structures of the core proteins of both PGs should be determined in the near future

by cDNA cloning.
4.17.3 Proteoglycans and Development of the Central Nervous System

4.17.3.1 Overview of the Developmental Processes

Morphological and functional maturation of the CNS is attained through various cellular events that occur in a

spatiotemporally regulated manner. It should be noted that some of these cellular events are governed not only

genetically but also epigenetically, namely in a neuronal activity-dependent way. In this section, the developmental

processes of the CNS are overviewed to facilitate an understanding of the following explanation on the functional roles

of PGs in CNS development. For a detailed description of CNS development, see Ref. 5.
4.17.3.1.1 Neural stem/progenitor cells
The CNS is an ectoderm-derived organ. The ectoderm (outer germ layer) differentiates into the neural plate, which

forms the neural tube. The cavity of the neural tube persists in the adult as the ventricular system of the brain and

the central canal of the spinal cord. The germinative zones of the neural tube (the ventricular and subventricular

zones) are comprised of neural stem cells (NSCs) that have the potential to replicate themselves as self-renewal

precursors and to differentiate into neuronal and glial cells of the CNS. However, it is noteworthy that, of the many

cell types in the CNS, microglia are believed to be mesodermal derivatives. Some NSCs persist and exhibit activity

throughout life.

NSCs can be identified in the nervous tissues by the immunoreactivities with some marker molecules, including

nestin, an intermediate filament, after the fixation and immunostaining of tissues. The proliferation and differentia-

tion of NSCs are regulated by both intrinsic factors, such as transcription factors, and extrinsic factors present in the

cell environment.170 The most well-known extrinsic factors for NSCs are EGF and FGF-2, which stimulate the

proliferation of neural stem/progenitor cells to form cell aggregates called neurospheres in culture. Extracellular and
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cell surface glycoconjugates which participate in the construction of specialized cell microenvironments, so-called

‘niches’, may also be involved in the regulation of the NSC physiology (Chapter 4.27). The involvement of PGs in

NSC behaviors is discussed in detail in the succeeding section.

4.17.3.1.2 Neural network formation
In the early developmental phase of the CNS, NSCs first generate neuronal progenitor cells which differentiate into

neurons, and then glial progenitors which differentiate into astrocytes and oligodendrocytes in the late gestational

phase.171 A major role of astrocytes is to support neuronal activities in various ways, and that of oligodendrocytes is to

form the myelin sheath of axons in the CNS. Neuronal circuit formation by neurons can be divided into three different

stages.5 The first stage is pathway selection. Postmitotic neuroblasts differentiated from neuronal progenitors in the

ventricular layer migrate out to their destinations along the scaffolds of glial fibers, sometimes of nerve fibers, by

contact guidance. Some neuroblasts migrate without the guidance of the glial fibers. At this stage, the basic spatial

arrangement of neurons in the CNS is established. At the second stage, neuroblasts at their final destination

differentiate into mature neurons that extend two different neuronal processes: dendrites to receive input from

other neurons and axons to output signals to target cells. The growing terminal (growth cone) of an axon reaches a

spine on the dendrite of target cells and forms a synapse with the spine. At the second stage, the neuronal network is

roughly constructed, but the network is functionally immature. At the third stage, the tentative synapses are either

stabilized or eliminated in a neuronal activity- and experience-dependent manner to complete the functional network.

The activity- and experience-dependent modulation of synapses continues throughout life, although limitedly in the

mature CNS. The capability of the neural network to modify its morphology and function in response to stimuli from

the internal and external environments is known as neural plasticity.5 Evidence has accumulated to support the idea

that PGs participate in cell–cell and cell–ECM interactions, both in pathway selection at the first stage and in target

selection at the second stage. In addition, PGs have been shown to regulate the maturation of synapses and neuronal

plasticity. The functional roles of PGs in neuronal circuit formation are reviewed in the ensuing section.
4.17.3.2 Proteoglycans and Proliferation of Neural Stem Cells

In Drosophila, mutations in the dally locus, a gene coding a Drosophila glypican, result in a delay or even arrest of

precursor cell progression in specific stages of the cell cycle in the larval brain.69 Mutations in the Drosophila trol gene,

encoding the Drosophila homolog of perlecan, are also known to cause the cell cycle arrest of neural precursor cells in

the larval brain.172 FGF-2 and Hh activate stem cell division in a Trol-dependent fashion, indicating that Trol can

mediate signaling through both the FGF and Hh pathways to control the stem cell proliferation in the developing

nervous system of Drosophila.

HSPGs appear to be also involved in FGF-mediated proliferation and differentiation of NSCs in the neuroepithe-

lium of mammals. FGF-2 mRNA becomes detectable in the neuroepithelium of the mouse at E9, and the HSPGs

produced by these cells at this stage preferentially bind FGF-2.173 However, at E11, when FGF-1 mRNA is first

detectable, there is a switch in the binding specificity of the HSPGs to FGF-1. Cell proliferation in the neuroepithe-

lium becomes markedly active around E9, and the onset of neuronal differentiation occurs around E11. Thus, the

structure of HS in the neuroepithelium undergoes a rapid, tightly controlled change in the FGF-binding specificity

concomitant with the developmental processes such as cell proliferation and differentiation. Since null-mutant mice of

HS 2-sulfotransferase, which is expressed in the embryonic cortex, exhibit a significant reduction in the proliferation

of cortical precursor cells,174 the 2-O-sulfation of HS may be critical in regulating cell proliferation through the

modulation of cellular responses to growth factor signaling.

Then, the question arises, which HSPGs are involved in NSC proliferation in this early phase of brain development?

Glypican-1 is primarily seen in the ventricular zone of various regions of the developing brain.175 Glypican-4 and -5 are

also detectable in the developing brain, but in the more restricted regions.65,67,176 Glypicans would initiate an

intracellular signal cascade for NSC proliferation by forming a ternary molecular complex with heparin-binding

growth factors such as FGFs and their cell surface receptors. In addition, since glypican, as well as biglycan, is

internalized and transported to the nuclei of neurons and glioma cells,177 the PG may regulate the cell cycle of these

cells directly in the nuclei. Besides glypicans, syndecan-1 is highly expressed in the ventricular regions of the

developing brain at the time of most active proliferation.176 Syndecan-4, although less abundant, is also seen on

cells in the ventricular zone. All these HSPGs, in cooperation with each other, may be involved in the regulation of

early brain development, such as the FGF-stimulated proliferation of NSCs.

Recently, neural precursor cells have been shown to synthesize and secrete CSPGs including some lectican family

members such as neurocan.178 Other CSPGs, such as phosphacan, NG2, and neuroglycan-C, are also expressed in
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neurospheres prepared from the E14 fetal rat telencephalon.179 These CSPGs are localized to the ventricular zone of

the telencephalon, where nestin-positive neural stem/progenitor cells are present. Neurocan, phosphacan, and NG2

have a high affinity to FGF-2,75,138,180 and the interactions of FGF-2 with both phosphacan and NG2 are mediated

primarily through the core proteins rather than the CS chains. Very interestingly, both native phosphacan and the core

protein, not neurocan, potentiate the mitogenic effect of FGF-2 on NIH/3T3 cells,136 suggesting that at least

phosphacan in the ventricular zone of the developing brain participates in the regulation of NSC proliferation.

Various heparin-binding growth factors have been demonstrated to bind not only to heparin/HS but also to CS with a

particular CS-disaccharide sequence. For example, an oversulfated CS-polysaccharide isolated from squid cartilage

(CS-E), which is rich in disaccharide E-units (GlcA(b1-3)GalNAc4,6S2), interacts with a high affinity with midkine

(MK), pleiotrophin (PTN), heparin-binding epidermal growth factor-like growth factor (HB-EGF), and some FGF

family members including FGF-2.181 CS/DS hybrid chains prepared from fetal pig brains also exhibit a considerably

high activity to bind some FGFs including FGF-2, MK, and PTN.182 In contrast, the CS/DS preparation from adult

pig brains, which contains a lower proportion (<1%) of L-iduronic acid than those (8–9%) from the fetal brain, shows

less binding activities toward these growth factors. Since digestion with chondroitinase B of the CS/DS chains from the

fetal brain reduces the binding activities to a level comparable to that of the nondigested CS/DS chains from the adult

brain, the iduronic acid-containing motifs are essential for the interactions of CS/DS polysaccharides with these

heparin-binding growth factors.

It is of interest to examine whether some CS preparations modulate the FGF-2-mediated proliferation of NSCs. DS

has already been shown to stimulate the FGF-2-mediated proliferation of BaF/KGFR cells that do not express any cell

surface GAGs.183 The minimum size of DS required for activation is an octasaccharide, and this fraction is rich in

B-units, IdoA(a1-3)GalNAc4S. Cell proliferation decreases or is abolished with more highly sulfated DS preparations.

Commercial preparations of CS-E and DS (CS-B) promote the FGF-2-mediated proliferation of NSCs.179 In addition,

the CS preparations from E14 fetal and P8 postnatal rat brains have promotive activity on FGF-2-mediated cell

growth. Both CS preparations contain a small but significant proportion of E-units, but B-units are detectable only in

the preparation from the E14 fetal rat brain. This suggests that an E-unit-containing CS oligosaccharide sequence is

implicated in the proliferation of NSCs. E-unit-containing CS side chains are known to bind covalently to the core

proteins of neuroglycan C, neurocan, and phosphacan,131 which are all detectable in the ventricular zone of the

developing brain.

It should be mentioned that CSPGs in the brain at early developmental stages may regulate the differentiation

or specification of a particular class of neural progenitors as well as the NSC proliferation described above. Aggrecan

is co-expressed with glutamine synthase, a glial marker protein, during the period that coincides with the genera-

tion of glioblasts in the ventricular zone of the chick embryo brain, and is expressed always ahead of astrocyte

differentiation.80 Therefore, it is likely that aggrecan may be a product of early glial precursors in vivo, and may play a

role in the specification of a subset of glial precursors to astrocytes. The involvement of the versican V1 isoform in the

differentiation of NSCs into neurons was more directly demonstrated. When neurospheres are co-cultured with

versican V1-transfected astroglial cells for 6 days, the versican-expressing cells facilitate cell survival of the neuro-

spheres, which are larger in size and bear more outgrown MAP-2-positive neurites, compared with vector-transfected

astroglial cells.184 Thus, two characteristics of NSCs, self-reproduction and multipotency, are both regulated at least in

part by neural PGs constructing the microenvironment of NSCs, the so-called ‘niche’.
4.17.3.3 Migration of Neuroblasts

Postmitotic neuroblasts produced in the ventricular zone of the developing cerebrum migrate to the outer surface of

the cortex in contact with radial glial fibers extending from the ventricular zone to the piamater. Cells in the

ventricular zone and migrating neuroblasts express RPTPb receptor forms,122,185 and the radial glial fibers are

immunopositive for PTN, a heparin-binding growth factor.186 Since RPTPb binds PTN at both the CS side chains

and the core protein,187 the interaction between them may be involved in the radial glial fiber-guided migration of

cortical neurons. In fact, the stimulation of neuronal migration on the PTN-coated substratum was observed in cell

migration assay systems with glass fibers and Boyden chambers.185 The binding of PTN to CS is regulated by the

chain length (minimum �20 mer) and the amounts of D- and E-type oversulfated structure.181,188 MK with an amino

acid sequence homologous to that of PTN also interacts with RPTPb/phosphacan, and the MK-coated substratum

stimulates the migration of cortical neurons.189

Mesencephalic dopaminergic neurons generated in the ventricular zone of the mesencephalon migrate toward their

final destinations in two steps: first toward the ventral mesencephalon along radial glial fibers, and then tangentially
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along tangential nervous fibers.190 Tenascin is deposited on the radial glial fibers, and L1/Ng-CAM, a neural cell

adhesion molecule (N-CAM), is found on the tangential fibers. The migrating neurons express RPTPb/phosphacan,
which has a high affinity to tenascin and L1,191,192 so that the heterophilic interaction between RPTPb on neurons and

tenascin or L1 on the fibers is considered to mediate the migration of these dopaminergic neurons. It is noteworthy

that the interactions of RPTPb/phosphacan with tenascin and CAMs including L1 are mediated by asparagine-liked

oligosaccharides present in the carbonic anhydrase- and fibronectin type III-like domains.193

Another heterophilic interaction between PG and CAM may participate in the neuronal migration from the

olfactory placode.194 Neurons producing luteinizing hormone-releasing hormone are generated in the nascent vomer-

onasal organ, and migrate to the forebrain associated with the vomeronasal nerves. All of the migrating neurons, as well

as cells of the olfactory epithelium and the vomeronasal organ, express syndecan-3/N-syndecan, and the vomeronasal

nerves are immunopositive for NCAM, a neural CAM. Considering that NCAM is implicated in the migratory process

of these neurons195 and specifically binds to HS,196 syndecan-3 would also be implicated in this migration by

interacting with NCAM through its HS side chains.
4.17.3.4 Axonal Growth and Pathfinding

Once the immature neuron arrives at its final destination, the outgrowth of its axon begins toward its target cells.

There have been identified many molecules in the route of axonal growth that mediate accurate axonal guidance.

Some of the guidance molecules are diffusible, and others are immobilized on the ECM or cell surfaces. Receptor

molecules on the growth cone, the terminal tip of the elongating axon, are responsive to these molecular cues; some of

them are attractive and others are repellent. Enormous evidence has been accumulated to show that PGs serve as a

guidance molecule for the axon and as a receptor of guidance molecules. Typical works on the topics are reviewed in

further sections.
4.17.3.4.1 Neuronal cell adhesion and neurite elongation in culture
Early in vitro studies demonstrated that CSPGs purified from the developing brain inhibited NGF-induced neurite

outgrowth from PC12 pheochromocytoma cells in a dose-dependent manner,197 and that the CSPG preparation and

their core protein both promote neurite outgrowth from fetal rat neocortical neurons.198 The CSPG preparation

inhibits the adhesion of neurons to culture dishes at higher doses. These observations suggest that the effects of

PGs/GAGs on neurite elongation are dependent on the cell type and dose of PGs/GAGs added to cultures. In addition,

individual PGs/GAGs may exert different effects even on the same cell type. In fact, phosphacan/PSD-1 can promote

neurite outgrowth from fetal rat mesencephalic and hippocampal neurons, and the activity is associated with the

CS side chains.199 In contrast, this PG inhibits neurite elongation of dorsal root ganglion (DRG) neurons cultured

on laminin-coated dishes, and this activity is associated with the core protein. The core protein does not modify

neurite extension of thalamic neurons.200 Both neurocan and phosphacan are repulsive substrata for the adhesion

and neurite extension of fetal rat retinal ganglion cells and adult rat DRG neurons.201,202 The core protein of NG2

inhibits neurite outgrowth from neonatal rat cerebellar granule neurons when presented to the cells as a component of

the substrata.203 The versican V1 isoform promotes neurite outgrowth from hippocampal neurons, but the V2 isoform

fails to do so.184

Additionally, CS and KS show opposing effects on the attachment and outgrowth of ventral mesencephalic

explants in culture.204 When fetal rat mesencephalic explants are cultured on cryoslices of the rat brain, the striatum

is the most permissive and the cortex is inhibitory for mesencephalic neurons. The selective removal of GAGs by

GAG-specific enzyme digestion revealed that CSPGs mediate the permissive effect of the striatum, and that KSPGs

confer an inhibitory effect to the cortex. Using lipid-derivatized GAGs, a novel probe for functional analyses of

GAGs, both CS and HA promote neurite elongation from fetal rat hippocampal neurons in a dose-dependent manner

up to 1.0mgml�1.205 At a concentration higher than 1.0mgml�1, neurons fail to extend neurites and to adhere to the

substrata. Interestingly, heparin neither inhibits the cell–substratum adhesion nor promotes neurite elongation at

the same doses.

The neurite outgrowth-promoting activity of the CS appears to vary depending on the sulfation pattern and the

structure of the carbohydrate backbone. CS containing oversulfated D-motifs of phosphacan has a high activity for

neurite outgrowth.127 CS/DS hybrid chains and oversulfated DS exhibit a high neuritogenic activity.182,206 Since both

the sulfation patterns of CS/DS and the DS backbone are produced by the actions of various enzymes including

sulfotransferases and C5-epimerase, spatiotemporally regulated expression of these enzymes may be implicated in

part in the modulation of neurite extension in vivo.
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Antiadhesive substratum can generally be considered to be also inhibitory for neurite extension, and to prevent

innervation. Neurocan is one of the antiadhesive substrata, and inhibits the adhesion of embryonic chick brain neurons

and neurite outgrowth.192,201,202 Neurocan may regulate two major cell adhesion systems, N-cadherin- and b1-integrin-
mediated system, in the CNS.207 Neurocan can interact with N-acetylgalactosaminylphosphotransferase (GalNAcP-

Tase) expressed at the neuronal cell surface through its NH2-terminal region containing an Ig-like and HA-binding

domains. GalNAcPTase is associated with N-cadherin, and the binding of neurocan to GalNAcPTase dissociates the

functional cadherin complex and evokes a signal, possibly mediated by the nonreceptor protein tyrosine kinase Fer, to

dissociate the functional integrin complex.

SomeHSPGs have also been shown to be involved in neurite elongation in vitro. Syndecan-3 is expressed actively in

the early postnatal brain in association with growing axons,208 and is considered to be a possible receptor for

pleiotrophin/heparin-binding growth-associated molecule (PTN/HB-GAM).209 The neurite outgrowth of fetal rat

neocortical neurons induced by PTN depends on the specific interaction of PTN with the HS side chains containing

an unusually high proportion of 2-O-sulfated iduronic acid residues,210 and the cortactin-Src kinase signaling pathway

is involved in syndecan-3-dependent neurite outgrowth.211 Agrin, another HSPG, differentially regulates the rates of

axonal and dendritic elongation in cultured rat hippocampal neurons.212 Recombinant agrin decreases the rate of

elongation of the main axons, but induces the formation of axonal branches. On the other hand, this HSPG induces

both dendritic elongation and dendritic branching. At this time, an upregulated expression of MAP2 and tau is

observed. In contrast, neurons depleted of agrin by the RNAi technique extend longer, nonbranched axons and shorter

dendrites. The downregulation of MAPs expression is detected in agrin-depleted cells. Thus, agrin serves as a trigger

for the transcription of neurospecific genes involved in neurite elongation and branching in the CNS.
4.17.3.4.2 Thalamocortical pathway
The thalamus and the cortex are connected by both afferent and efferent nerve fibers. The first thalamocortical

afferent axons that are L1-positive traverse a pathway that is separate from the adjacent intracortical pathway for early

efferents that are expressing TAG-1, another CAM.213 The intracortical pathway for the afferent axons is centered on

the subplate rich in neurocan,86,213,214 whereas the TAG-1-positive cortical efferent fibers cross the neurocan-positive

subplate to the neurocan-negative intermediate zone and run in the zone where phosphacan is expressed.213,214 The

restricted distributions of neurocan and phosphacan may be implicated in distinguishing the pathway of the afferent

fibers from that of the efferents. However, since these two CSPGs can bind to both L1 and TAG-1 at the molecular

level,75 the mechanism underlying the separation of these two pathways cannot be explained simply by the molecular

interactions between these CSPGs and CAMs. The zone-specific existence of at least two types of cue – permissive

and repulsive – has been proposed to explain the zone-specific behaviors of thalamocortical fibers, and both types of

cue require CS either for their biological activity or for their localization.215

In the somatosensory cortex, barrel-shaped aggregates of cells in layer IV faithfully replicate the distribution of

mystacial vibrissae on the contralateral whisperpad (Figure 5a). Each barrel center is filled with the thalamocortical

afferents that form connections with cortical neurons.216 Some PGs, including neurocan and phosphacan, are

distributed throughout the somatosensory cortex during early postnatal development, but are excluded from the

centers of cortical barrels at the time of entry and arborization of the thalamocortical axons (Figure 5b).86,166,214,217,218

It appears that neuronal stimuli through early thalamocortical fibers from the sensory periphery cause the reduced

expression of neurocan mRNA in neurocan-producing cells in the presumptive barrel centers.217 Since cortical

dendrites and thalamic axons avoid the barrel walls causing these processes to project preferentially within single

barrel hollows, neurocan transiently localized in the barrel walls would serve as a barrier to these neuronal processes.

Such boundaries that negatively modulate axon growth appear in the developing CNS to guide growing axons

accurately to their targets, and inhibitory molecules in the boundaries are considered to be mainly produced by

glial cells.219,220
4.17.3.4.3 Retinotectal or retinocollicular pathway
Projections from the retina to their higher center, the tectum in nonmammalian vertebrates and the superior colliculus

in mammals, are also feasible for the experimental approaches to identify guidance cues in neuronal circuit formation.

There are some critical points along the retinal pathway where the optic nerve decides in which direction to

grow. Steering of the retinal axons at these critical points is controlled at least in part by PGs and their CS or HS

chains, and the involvement of PGs in the pathfinding of the retinal axons is reviewed in detail.221 In brief, CS

is detectable around the optic chiasm during the pathfinding stage of the retinal axons in mice,222 and the removal of

the CS by digestion with chondroitinase ABC results in aberrant projection of the optic nerve around the diencephalic



Figure 5 The formation of barrel structure and immunolocalization of neurocan.217 a, Diagramatic representation of the
neuronal connection between the peripheral vibrissal field and the central barrel field. The rows (A–E) of vibrissae strictly

correspond to the rows (A–E) of barrels in layer IV of the contralateral somatosensory cortex. b, Immunolocalization of

neurocan in the barrel field of postnatal day-7 rat brain.
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midline.223 As the retinal axons elongate into the superior colliculus, they course along the dorsal midline glia, but do

not cross the midline, whereas, at an earlier stage of development, intertectal afferent fibers freely cross the tectal

midline. An increased GAG biosynthesis, rather than the production of particular PGs, at the critical stage occurs at the

tectal midline,224 and the high concentration of CS would serve as a barrier to prevent the axons from invading the

contralateral tectum.

HS as well as CS is believed to be involved in axon guidance, because an early work demonstrated that the

enzymatic removal of endogenous HS in cockroach embryos perturbed the directed growth of pioneer fibers.225 In

retinal pathfinding, particular HS structures have been shown to be necessary in Xenopus.226 Treatment with

chemically modified heparins revealed that 2-O- and 6-O-sulfated groups, but not an N-sulfated group, cause axons

to bypass their target, suggesting that regionalized biosynthesis of specific HS structures is important for guiding axons

into the tectum. There must be functional sugar sequences, namely sugar codes, in HS polysaccharides.227,228 In mice

as well, HS has been shown to be required for midline axon guidance by the conditional knockout of the Ext1 gene,

which encodes the major HS glycosyltransferase.229 In this knockout mouse, retinal axons show defects of axon

guidance after crossing the midline: instead of entering the contralateral optic tract, they grow aberrantly into the

contralateral optic nerve. It is noteworthy that the guidance phenotype is strikingly similar to that of Slit1/Slit2 double-

knockout mice. In addition to the aberrant growth of the retinal axons, the mice have several severe CNS defects,

indicating that HS is required for not only axon guidance but also brain morphogenesis.

Besides the two major pathways explained above, HS and CS also participate in the formation of another nerve fiber

system, the fasciculus retroflexus (FR) that extends from the habenula to the interpeduncular nucleus in the

diencephalon.230 The formation of this fiber system is regulated by interactions of the GAGs with semaphorin5A.
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HS on the surface of growing FR axons mediates semaphorin5A-attraction, while CS in the surrounding environment

causes semaphorin5A to elicit repulsion. Thus, CS-bound and HS-bound semaphorin5A act in opposite ways

on axon growth, revealing that the precise composition of local GAGs may play a key role in the directional choices

of axons.
4.17.3.5 Synapse Formation

Syndecan-2 is specifically localized in synapses in the mature brain, and in dendritic spines of long-term-cultured

neurons.231 This PG can interact with PDZ domain proteins, including the postsynaptic protein CASK/LIN-2 through

its COOH-terminal EFYA tetrapeptide motif, and syndecan-2 and CASK co-localize in the synapses.232 The over-

expression of syndecan-2 in short-term-cultured hippocampal neurons accelerates the maturation of dendritic spines,

but does not affect the number of synapses or spines.231 In contrast, versican appears to be involved in presynaptic

maturation. In the embryonic chick optic tectum, versican is expressed selectively by subsets of interneurons confined

to the retinorecipient laminae, in which retinal axons arborize and form synapses.233 In vitro, versican promotes the

enlargement of presynaptic varicosities in retinal axons. Depletion of versican in ovo by RNA interference results in

retinal arbors with smaller than normal varicosities, indicating that this CSPG provides a lamina-specific cue for

presynaptic maturation.

Agrin and RPTPz/b have been shown to be present at synaptic sites,10,234 suggesting that these PGs are involved in

the formation and maintenance of synaptic structure. In addition, syndecan-3 exists at synaptic sites, and modulates

the long-term potentiation (LTP) of synapses.235 LTP is the long-lasting increase of synaptic sensitivity, and has

been suggested as an experimental model system for the study of memory formation.236,237 The induction of LTP

is followed by changes in the number and structure of neuronal connections. Mice lacking syndecan-3 are resistant

to diet-induced obesity.238 Since syndecan-3 is heavily expressed in hypothalamic nuclei which are known to

regulate energy balance, aberrant neuronal connections in syndecan-3-null mice in these nuclei appear to induce

the abnormal regulation of energy intake, energy expenditure, or peripheral glucose metabolism. Neurons derived

from mice deficient in neurocan, brevican, RPTPz/b, or neuroglycan C exhibit aberrant LTP or impaired synapse

function.239–242 Therefore, these PGs are also considered to participate in the formation and modulation of neuronal

connections. Recently, the expression of neuroglycan C has been shown to change with the cycle of sleep and

wakefulness,243 and with psychostimulant-induced behavioral alteration associated with addiction.244,245 These

observations also suggest the involvement of this PG in the modulation of synaptic structure induced by external

stimuli, the so-called ‘synaptic plasticity’.
4.17.4 Neuronal Plasticity and Perineuronal Nets

For functional maturation of the neuronal network, both the stabilization of the appropriate synapses and the

elimination of inappropriate synapses in the circuitry occur at a particular developmental stage, called the ‘critical

period’. The impetus to accomplish this is through neuronal activity and by the experience gained by responding and

adjusting to both external and internal environmental stimuli.5 Thus, neuronal plasticity, the potential of the nervous

system to change the patterns of circuits, connections or activity, is limited after the critical period. In coincidence with

the functional maturation of the circuitry, cell bodies and proximal dendrites of a subset of neurons in the circuitry

become wrapped by a finely reticular covering. There is a general agreement that this covering was first described in

the 1890s by Camillo Golgi,246 and the covering is termed ‘perineuronal nets (PNNs)’. From the timing of the

appearance and the mesh-like structure with open holes at the sites of synaptic contacts, it is likely that PNNs function

to stabilize the appropriate synapses and to prevent incorrect projections as a perisynaptic barrier (Figure 6).247
4.17.4.1 Proteoglycans in Perineuronal Nets

An aggrecan glycoform recognized by a monoclonal antibody, Cat-301, becomes detectable in PNNs of the dorsal

lateral geniculate nucleus in the cat visual fiber system at the end of the critical period.248 Very interestingly, its

perineuronal localization is reduced in lid-sutured or dark-reared cats, indicating that the expression of the aggrecan

glycoform is dependent on the neuronal activity evoked by the visual stimuli. There are some glycoforms of aggrecan

that can be distinguished from each other using monoclonal antibodies with different specificities.249 Each antibody

recognizes PNNs on distinct but overlapping sets of neurons in the CNS, indicating the microheterogeneity of

glycosylation in PNNs. Besides aggrecan, some CSPGs, including versican, neurocan, brevican, and phosphacan,



Figure 6 Localization of extracellular matrix (ECM) macromolecules including chondroitin sulfate proteoglycans in the
perineuronal net (PNN).246 a, Immunolocalization of the NH2-terminal half of neurocan in the PNN surrounding a neuron in

the adult rat cerebrum. b, Diagramatic representation of synapses of an immature neuron. Some synapses are activated by

receiving input from the periphery. c, Diagramatic representation of synapses of a mature neuron. Synapses are enwrapped

by ECM composed of chondroitin sulfate proteoglycans (CSPGs), tenascins, hyaluronan (HA), etc. Nonactivated synapses
are not stabilized by the ECM, or the PNN, and are retracted away from the target cell surface.
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can be detected in PNNs of the mature brain.126,218,250–260 These CSPGs may exist in PNNs as a supramolecular

complex with other ECM constituents such as hyaluronan and tenascins,254–258 but a mechanism by which PNNs are

anchored on neuronal surfaces remains to be elucidated.

Since glial cells in culture can produce ECM similar to PNNs observed in vivo, even in the absence of neurons,259 it

can be considered that astrocytes contribute at least in part to PNN formation.260 Recently, it was demonstrated that

PNN-like structure, detected by staining with a CS-binding lectin, HA-binding protein, and antibodies against

neurocan and phosphacan, can be constructed by cortical neurons in long culture without glial cells.261 Probably,

both neuronal cells and glial cells participate in the construction of PNNs in the mature brain.
4.17.4.2 Involvement of Perineuronal Proteoglycans in Neuronal Plasticity

The appearance of PNNs rich in CSPGs at the end of the critical period implies a role for PNNs in maintaining the

synaptic stability and preventing the neuronal plasticity in the mature animals.260 The visual cortex is one of the

favorable cerebral regions to examine the mechanism for neuronal plasticity.262 CSPG-containing PNNs become

detectable on neurons in the visual cortex at the end of the critical period, and the synaptic plasticity of this cerebral

region is greatly diminished. However, visually deprived (dark-reared) rats retain plasticity, and CSPG-containing

PNNs are not observed on neurons in the visual cortex of the rats even after the critical period.263 In addition,

treatment of the mature rat visual cortex with chondroitinase ABC degrades the CSPG-containing PNNs, restoring

synaptic plasticity normally only seen during the critical period in the development, or in dark-rearing animals.
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Injection of the enzyme in the adult rat brain has been shown to induce acute and long-lasting changes in CSPGs of

the perineuronal microenvironment.264 These findings support the idea that the PNNs serve to stabilize synapses, and

give a hint to promote the recovery of neurological functions after CNS injuries by restoring synaptic plasticity.

The magnocellular hypothalamo-neurohypophysial system is another favorable system to examine the molecular

mechanism underlying neural plasticity in the mature mammalian brain. The hypothalamic magnocellular neurons –

synthesizing arginine vasopressin, and oxytocin – show marked structural plasticity in response to chronic physio-

logical stimuli such as dehydration and lactation.265 For example, salt loading, known as a chronic physiological

stimulation, induces structural changes such as synaptic remodeling and direct neuronal membrane apposition. The

neurons under physiological conditions are covered by phosphacan/RPTPb-containing PNNs.266 One week of salt

loading to rats decreases the phosphacan/RPTPb levels in the PNNs on these cells, and the levels are returned to

control basal values within 3 weeks after the cessation of the chronic stimulation.267 Thus, the levels of phosphacan/

RPTPb in the PNNs are regulated in an activity-dependent manner, and may be involved in the structural plasticity

seen in the adult hypothalamic magnocellular nuclei. It is not known exactly how the CSPG is removed from the

PNNs upon chronic stimulation, but proteolytic degradation of the CSPG has been suggested.
4.17.4.3 Alzheimer’s Disease and Perineuronal Nets

Alzheimer’s disease brains are characterized by the presence of senile plaques, which primarily consist of Ab peptides,

and paired helical filaments, which are composed of microtubule-associated protein tau in a hyperphosphorylated

state.268 Evidence has accumulated to show that HSPGs, such as perlecan and agrin, are the major culprits in the

formation of these pathological insoluble deposits in the CNS.268–270 Selective loss of highly sulfated KS in the

Alzheimer cerebral cortex has also been suggested to reflect a specific functional defect of cortical neurons.271

However, although some CSPGs have been shown to be associated with the deposits in the CNS of patients with

Alzheimer’s disease,272 it is still obscure whether neuronal CSPGs play a role in the pathogenesis of dementia

in Alzheimer’s disease.

It is of interest that cortical areas abundant in neurons ensheathed by CSPG-containing PNNs are less affected by

cytoskeletal disorders in Alzheimer’s disease.273 In addition, hyperphosphorylated tau in the cortex and hippocampus

of aged bison is exclusively observed in neurons devoid of PNNs.274 Thus, the low susceptibility of neurons to

abnormal deposit formation correlates well with the high proportions of CSPGs in their microenvironment, or the

PNNs. Recently, a marked loss of PNNs labeled with a lectin,Wisteria floribunda agglutinin (WFA), which binds to the

N-acetylgalactosamine residue in CS, was observed in the brains of many patients with Alzheimer’s disease.275 Taken

together, CSPG-rich PNNs may protect neurons from the neuronal degeneration induced by harmful stimuli such as

displeased deposits.
4.17.5 Proteoglycans and Injury Repair of the Central Nervous System

A recent exciting topic in the research field of the nervous tissue PGs is enhanced axon regeneration by the

modulation of PG expression in the injured CNS. It is well established that axonal regeneration in the adult CNS is

largely unsuccessful, although CNS neurons themselves have the capacity to extend neurites. The major reason for

the poor axon regeneration is considered to be the inhibition by the glial scar formed at the lesion site in response to

the injury. Many inhibitory molecules including CSPGs have been found in the glial scar, and the depletion of CSPGs

from the glial scar has been shown to promote axon regeneration of the CNS. Thus, CSPGs have recently come into

the limelight in terms of injury repair of the CNS, and many comprehensive reviews on this topic have been published

to date.6,260,276–280 In this section, the outcome in this exciting research field is introduced.
4.17.5.1 Cellular Responses to Injuries in the Central Nervous System

The response to CNS lesions is broadly the same regardless of the source of injury, although the details vary somewhat

with different types of pathology.6 The glial scar is an evolving structure with different cells arriving and participating

at different times. The first cells to arrive in CNS injury are macrophages from the bloodstream and microglia

migrating in from the surrounding tissue, and these are seen within hours of injury. After 3–5 days, large numbers of

oligodendrocyte precursors are recruited from the surrounding tissue, and if the injury penetrates the meninges,

meningeal cells will migrate to cover the exposed CNS surface. The final structure of the glial scar is predominantly

astrocytic, and these cells divide and slowly migrate into CNS injuries, eventually to fill in the vacant space.
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4.17.5.2 Proteoglycans in the Glial Scar

Many PG species (KSPGs, CSPGs, and HSPGs) have been shown to change their expression levels around lesion sites

in response to injuries of the mature CNS.276,279 KSPGs become highly expressed by multiple cell types, including

macrophages, reactive microglia, and oligodendrocyte progenitors, recruited to the lesion sites at the early phase after

CNS injuries, but not by reactive astrocytes.170 Some CSPGs including NG2281 and versican V2282 are also expressed

by oligodendrocyte lineage cells. Reactive astrocytes have been shown in many experimental systems to express

several CSPGs, including decorin,283 brevican,284 neurocan,285–290 versican V2,284 and phosphacan/RPTPz/b,291 and
HSPGs, such as glypican-1,292 syndecan-1 and -3.293 Additionally, some other PGs such as biglycan,283 appican,294 and

neuroglycan C/CALEB150 have been demonstrated to be upregulated after injury of the adult CNS.

All these PGs are not always upregulated at the lesion sites after CNS injuries. Although neurocan appears to be

always upregulated regardless of lesion type after CNS injuries in adult animals, phosphacan, brevican, and versican

V2 are downregulated in some CNS injury types.276,284,285,290,295 The expression pattern of an individual PG after

CNS injury may vary depending on the injured area of the CNS, and how the CNS was injured. The age of the injured

animal may be another important factor. In contrast to injured adult CNS, the amount of neurocan is reduced 24h after

hypoxia–ischemia in the neonatal rat cerebrum.296 Since the ischemic insult to the adult brain induces the upregulated

expression of neurocan around the injured sites,297 the response of the brain to ischemia in terms of neurocan

expression varies depending on age. The amounts of phosphacan and neuroglycan C are also reduced significantly

24h after neonatal hypoxia–ischemia.296

What roles do PGs play at the lesion site of the CNS? They in themselves may support neuronal survival, because

some CSPGs, HS-, and DS/CS-polysaccharides have been shown to have neurotrophic and neurostimulative activi-

ties.298–301 They may also support the survival of neurons at the lesion site in conjunction with various GAG/PG-

binding neurotrophic factors, such as FGFs and PTN, as their co-receptors or stabilizers.75,136,180,182,293 In addition, it

is conceivable that PGs surrounding the damaged cerebral regions have a vital role in the sealing of the lesioned

area and limiting secondary injury,260 and that PGs participate in the remodeling of the cellular environment to repair

the injury with other ECM constituents and CAMs. Furthermore, since a high concentration of CSPGs inhibits

neuronal extension as discussed in Section 4.17.3.4, PGs at the lesion site may prevent inappropriate innervation to the

injured area of the CNS.
4.17.5.3 Promising Therapeutics for Axon Regeneration in the Central Nervous System

The PGs of the glial scar may play a protective role as discussed above, but it is also clear that the glial scar and its

associated CSPGs are one of the main impediments to axon regeneration of injured CNS neurons.279,302 Therefore,

one can consider that the depletion of CSPGs from the lesion site of the CNS can promote axon regeneration. In fact,

enzymatic removal of CS by the injection of chondroitinase ABC into the lesion site promoted axon regeneration in

a rat nigrostriatal system303 and in a spinal cord.304 The injection of chondroitinase ABC in the brain is known to

remove CS from the cerebral tissues efficiently.264 The suppression of CSPG core proteins/CS polysaccharides at

lesion sites also promotes axon outgrowth in these locations. Decorin305 and a DNA enzyme designed to target

xylosyltransferase-1306 have been demonstrated to be efficient for this purpose. Lastly, suppression of intracellular

Rho/ROCK signal also promotes axon regeneration.280 Several molecules inhibitory for neurite outgrowth including

CSPGs activate the Rho/ROCK signal pathway,307 and specific inhibitors of Rho/ROCK reduce the inhibitory effect

of CSPGs.308,309 Since the inhibition of protein kinase C also reduces the barrier effect of CSPGs on axonal

regeneration,310 this kinase may be involved upstream of Rho. All these trials suggest that both depletion of CSPGs

themselves from the lesion site and the suppression of CSPG-derived intracellular signals are promising potential

treatments for overcoming CNS injuries, but it should be borne in mind that these might have detrimental effects on

the healing and sealing processes.

Recently, the inhibition of collagen synthesis, not PG synthesis, was shown to override the failure of regeneration of

at least some particular axon fibers, such as nigrostriatal dopaminergic axons.311 The axons regenerate caudally to

rostrally across the lesion site in mice transected at P7, whereas they stop at the lesion site in mice transected at P14 or

older. CSPGs are detectable around the lesion in mice transected at any age, but a fibrotic scar containing type IV

collagen begins to be formed around P14. The injection of an inhibitor of collagen synthesis (2,20-dipyridyl) into the

lesion site limits the formation of a fibrotic scar, and the axons extend across the lesion and reinnervate the striatum.

These results imply that the fibrotic scar formed at the lesion site is a crucial impediment to regeneration of at least

some particular axons, and that the inhibition of collagen synthesis is an alternative treatment for overcoming

CNS injury.
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4.17.6 Conclusion

The existence of multiple molecular species of PG is characteristic of the CNS. Individual PGs have a particular

multidomain structure, and are expressed in the CNS in a spatiotemporally regulated manner. Each PG can usually

bind to some molecules, including growth factors, CAMs, and ECMmacromolecules, through its structurally different

domains, and these binding partners are often co-localized to the cerebral areas where cell–cell and cell–ECM

interactions mediate developmental processes such as cell proliferation, migration, axonal growth, and synapse

formation. Thus, neural PGs are considered to be involved in the various phases of CNS development through

heterophilic molecular interactions at neural cell surfaces. Not only GAG side chains but also other carbohydrate

chains participate in the molecular interactions by themselves or in conjunction with the core protein. In some PGs,

the core protein is differently glycosylated to produce some glycoforms, in addition to splice variants and proteolyti-

cally processed forms, and this contributes to the construction of the highly heterophilic microenvironment of the

CNS that is probably crucial for at least some of these developmental processes.

In future, regulatory mechanisms for the expression of PG core proteins and enzymes to modify them by gly-

cosylation, phosphorylation, and proteolysis will be clarified. The functional roles of neural PGs proposed by

molecular, cell biological, and immunohistochemical studies should also be confirmed in vivo by transgenic and

gene-knockout technologies. The targeting of a single gene encoding a particular PG species has been shown in

many cases to produce abnormal phenotypes less severe than expected from the results of the numerous in vitro

experiments. In the CNS, there are some PGs whose spatiotemporal expression patterns and binding partners are

largely overlapped, and they would take over the functional roles played by the depleted molecule in the knockout

mice (Chapter 4.10). Conditional gene-knockout or knockin techniques, by which the expression of a certain

PG-related gene is modified in a specified cerebral area at a particular stage of CNS development, are promising

for this purpose.

One of the most exciting topics in the research field of the nervous tissue PGs is the restoration of the neural

plasticity and successful axon regeneration in the mature CNS bymanipulation of the neuronal cell microenvironment

such as the depletion of CSPGs. To understand fully the involvement of CSPGs in the plasticity and injury repair of

the CNS, both the cell surface target molecules and the intracellular signaling cascades downstream the CSPGs should

be identified. In conclusion, nervous tissue PGs, that were once considered to be merely a group of inert molecules to

maintain the tissue architecture of the CNS, are now in the limelight as the major modulator of the neuronal cell

microenvironment to regulate not only various developmental but also regenerative processes of the CNS.
Glossary

glial scar A tissue rich in various types of glial cells formed at a lesion site in response to injury to the central nervous system.

The glial scar contains macrophages, microglia, oligodendrocytes, precursor cells, and astrocytes, which produce and deposit an

extensive extracellular matrix composed of many neurite extension-inhibitory molecules such as chondroitin sulfate proteo-

glycans, and tenascins.

glycoform (glycovariant) Isoforms of a protein that are differently glycosylated. In contrast to splice variants and proteolyti-

cally processed forms, glycoforms/glycovariants have a common protein backbone, but are differently modified by various

glycosylation steps including presently unidentified glycosylations as well as well-established O- and N-glycosylations.

neuronal plasticity The potential of the nervous system to change the patterns of circuits, connections, or activity. This change

is induced depending on neuronal activity evoked by responding and adjusting to both external and internal environmental

stimuli, and is associated with remodeling of the molecular architecture at neuronal cell surfaces. Neural plasticity is extremely

high in the developing nervous system, but is limited after the functional maturation of neuronal networks.

part-time proteoglycans Proteins that exist in tissues in two molecular forms: a proteoglycan form with covalently bound

glycosaminoglycan side chains, and a nonproteoglycan form without the glycosaminoglycan side chains – in other words, proteins

that exist in tissues in two glycoforms in terms of glycosaminoglycan modification.

pathfinding A process for immature neurons at their final destinations to extend their axons accurately to their targets that are

usually located far from the soma. There are many molecular cues in the route of axonal growth that mediate accurate axonal

guidance. Receptor molecules on the growth core, the terminal tip of the elongating axon, are responsive to these cues; some of

them are attractive and others are repellent.

perineuronal net A finely reticular covering surrounding neuronal cell bodies and proximal dendrites with open holes at the

sites of synaptic contacts. This fine lattice-like structure is visualized by immunohistochemical stains for various ECMmolecules

including chondroitin sulfate proteoglycans that are confined to the space interposed between glial processes and the nerve cells

that they outline. The perineuronal net becomes detectable in coincidence with the functional maturation of neuronal networks.

From the timing of the appearance, together with the mesh-like structure, the perineuronal net is considered to be involved in

stabilization of the appropriate synapses and prevention of incorrect projections as a perisynaptic barrier.



Multiple Species and Functions of Proteoglycans in the Central Nervous System 317
Acknowledgments

The author thanks all of his colleagues and collaborators who have contributed so much dedicated effort and thought

over many years to his work. Research conduced at the author’s laboratory was supported in part by Grants-in-aid for

Scientific Research from the ministry of Education, Science, Culture, Sports and technology of Japan, and from the

Japan Society for the Promotion of Science, and a grant from the Mizutani Foundation for Glycoscience.
References

1. Saito, H.; Yamagata, T.; Suzuki, S. J. Biol. Chem. 1968, 243, 1536–1542.

2. Sajdera, S. W.; Hascall, V. C. J. Biol. Chem. 1969, 244, 77–87.

3. Oohira, A.; Matsui, F.; Matsuda, M.; Takida, Y.; Kuboki, Y. J. Biol. Chem. 1988, 263, 10240–10246.

4. Herndon, M. E.; Lander, A. D. Neuron 1990, 4, 949–961.

5. Noback, C. R.; Strominger, N. L.; Demarest, R. J.; Ruggiero, D. A. The Human Nervous System. Structure and Function, 6th ed.; Humana Press:

Totowa, NJ, 2005; Chapter 6, pp 101–128.

6. Fawcett, J. W.; Asher, R. A. Brain Res. Bull. 1999, 49, 377–391.

7. Nitkin, R. M.; Smith, M. A.; Magill, C.; Fallon, J. R.; Yao, Y.-M. M.; Wallace, B. G.; McMahan, U. J. J. Cell Biol. 1987, 105, 2471–2478.

8. Rupp, F.; Payan, D. G.; Magill-Solc, C.; Cowan, D. M.; Scheller, R. H. Neuron 1991, 6, 811–823.

9. Iozzo, R. V. Annu. Rev. Biochem. 1998, 67, 609–652.
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24. Böse, C. M.; Qiu, D.; Bergamaschi, A.; Gravante, B.; Bossi, M.; Villa, A.; Rupp, F.; Malgaroli, A. J. Neurosci. 2000, 20, 9086–9095.

25. Gautam, M.; Noakes, P. G.; Moscoso, L.; Rupp, F.; Scheller, R. H.; Merlie, J. P.; Sanes, J. R. Cell 1996, 85, 525–535.

26. Paulssona, M.; Yurchencob, P. D.; Rubenc, G. C.; Engeld, J.; Timpl, R. J. Mol. Biol. 1987, 197, 297–313.

27. Iozzo, R. V. Nat. Rev. Mol. Cell Biol. 2005, 6, 646–656.

28. Noonan, D. M.; Fulle, A.; Valente, P.; Cai, S.; Horigan, E.; Sasaki, M.; Yamada, Y.; Hassell, J. R. J. Biol. Chem. 1991, 266, 22939–22947.
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4.18.1 Glycolipids Are the Predominant Glycans in the Nervous System

Whereas glycoproteins are the major glycoconjugate class in many tissues, glycolipids predominate in the vertebrate

brain, where >80% of the bound glycan is in the form of glycosphingolipids (Figure 1) (Chapters 1.03 and 1.20).1

Nervous system glycosphingolipids are of two major classes, galactosylceramides and gangliosides (Figures 1 and 2).

Galactosylceramides are the major glycolipids of myelin,2,3 the multilayered membrane that ensheathes nerve cell

axons and constitutes white matter tracts throughout the nervous system. Over half of the conjugated saccharide in the

brain, representing a remarkable 1.9% of the brain’s total fresh weight, is accounted for by galactosylceramide (GalCer)

and its 3-O-sulfated derivative, sulfatide (I3-sulfo-GalCer).4 The second most abundant class of glycoconjugates in the

brain are gangliosides, a large and varied family of sialylated glycosphingolipids.5,6 Gangliosides, expressed on all

vertebrate cells, are the major glycans of neurons. Although there are hundreds of distinct gangliosides with varied

oligosaccharide structures, the same four major gangliosides, GM1, GD1a, GD1b, and GT1b, make up >85% of the

total ganglioside content in brains of all mammals and birds studied (Figures 2 and 3).7 Brain gangliosides are based

on the neutral tetrasaccharide core ‘Galb1-3GalNAcb1-4Galb1-4Glcb1-10Cer’. GM1 has a single sialic acid in

(a2-3)-linkage to the innermost (II) Gal residue. The other major brain gangliosides have additional sialic acids

in (a2-3)-linkage to the nonreducing terminal (IV) Gal residue and/or in (a2-8)-linkage to the innermost NeuAc

(Figure 3). Less-abundant brain gangliosides have additional sialic acid residues in (a2-8)-linkage to these NeuAc

residues (e.g., GQ1b; Figure 3), or in (a2-6)-linkage to the (III) GalNAc residue (e.g., GD1a; Figure 3). Because of

their structural diversity, ganglioside nomenclature is quite complex.8 However, a shorthand notation for brain

gangliosides, developed by Svennerholm,8,9 is broadly accepted and used in this chapter (see Figures 2 and 3).

Brain glycosphingolipids are synthesized stepwise starting from ceramide (Figure 3; see Chapter 3.06).10 Many of

the glycosyltransferases involved are glycosphingolipid specific, although some act on terminal saccharide chains of

both glycoproteins and glycolipids. The functions of brain glycolipids have been elucidated in vivo by studying the

pathological effects of glycolipid-specific glycosyltransferase gene disruption in mice and (rarely) humans, and in vitro

by manipulating glycolipid expression on nerve cells.
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Figure 1 Glycoconjugates in the adult rat brain. The mass of constituent monosaccharides (mmol per gram brain fresh

weight) for each glycan class and subclass were calculated from published data as follows. (1) Galactosylceramide and

sulfatide together represent 19.4mg per gram brain fresh weight, with 76% (by weight) being galactosylceramide.4 This

represents �20.3mmol galactosylceramide and �5.8mmol sulfatide per gram fresh weight. (2) Ganglioside sialic acid is
expressed at 1.15mg (3.9mmol) per gram fresh weight. Since there is an average of 2.9 ganglioside monosaccharides per

ganglioside sialic acid, gangliosides represent 11.2mmol monosaccharide per gram fresh weight.7 (3) Glycoproteins

represent 71mmol monosaccharide per gram lipid-free dry weight. Since lipid-free dry weight is�11% of fresh brain weight,

glycoproteins represent �7.8mmol monosaccharide per gram fresh weight.88 Of these, O-linked GalNAc is expressed at
0.28mmol per gram fresh weight. Since there is an average of 3.2 O-linked monosaccharides per O-linked GalNAc, O-linked

glycoproteins represent 0.88mmol per gram fresh weight.89 Proteoglycan hexosamine is expressed at 4.05 mmol per gram

lipid-free dry weight in the adult rat brain (�8.1mmol total monosaccharide per gram dry weight). Based on lipid-free dry
weight being 11% of fresh weight, proteoglycans represent 0.89mmol per gram fresh weight.90 Figure reproduced from

Schnaar, R. L. Brain glycolipids: Insights from genetic modifications of biosynthetic enzymes. In Neuroglycobiology;

Fukuda, M., Rutishauser, U., Schnaar, R. L., Yamaguchi, Y., Eds.; Oxford University Press: Oxford, UK, 2005; pp 95–113,

by permission of Oxford University Press.

Figure 2 Chemical structures of major brain glycolipids. Galactosylceramide consists of a single galactose residue

b-linked to ceramide. ‘R’ represents either hydrogen (galactosylceramide) or sulfate (sulfatide, I3-sulfo-GalCer). Brain
gangliosides have a characteristic neutral tetrasaccharide core structure: Galb1-3GalNAcb1-4Galb1-4Glc in b-linkage to

ceramide. The neutral sugars are designated by Roman numerals, counting outward from ceramide. Sialic acids are

typically bound in (a2-3)-linkage to the galactose residues (II and IV) and less frequently in (a2-6)-linkage to the GalNAc

residue (III). GD1a, an abundant brain ganglioside, is shown as an example (IUPAC nomenclature for GD1a is IV3-a-NeuAc,
II3-a-NeuAc-Gg4Cer).

8
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Figure 3 Brain glycosphingolipid biosynthesis. Glycosphingolipids are synthesized from ceramide (Cer) by the stepwise
addition of monosaccharides from nucleotide sugar donors. Galactosylceramides, predominant in myelin, are built by the

addition of Gal from UDP-Gal to Cer, whereas gangliosides, predominant in neurons, are built by addition of Glc from UDP-

Glc to Cer. Brain gangliosides have the neutral core saccharide ‘Galb1-3GalNAcb1-4Galb1-4Glcb1-10Cer’ or related shorter

structures. Sialic acid (NeuAc) residues are represented in the following linkages: (a2-3) to Gal, (a2-8) to NeuAc, and (a2-6) to
GalNAc. Genes that have been ablated in mice, as described in the text, are as follows: Ugt8a, UDP-galactose:ceramide

galactosyltransferase; Gal3st1, galactosylceramide sulfotransferase; Ugcg, UDP-glucose:ceramide glucosyltransferase;

Siat9 (new gene symbol St3gal5), CMP-NeuAc:lactosylceramide a-2,3-sialyltransferase; Siat8a (new gene symbol St8sia1),

CMP-NeuAc:GM3 a-2,8-sialyltransferase; and Galgt1 (new gene symbol B4galnt1), UDP-GalNAc:GM3(GD3) b-N-acetylga-
lactosaminyltransferase. Major myelin glycolipids and brain gangliosides are indicated by brackets. The pathway to the rare

0-series gangliosides cisGM1 (GM1b) and GD1a, which are overproduced in Siat9-null mice, is indicated by a dashed box.

Ganglioside nomenclature is that of Svennerholm.8,9
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4.18.2 Neural Functions of Galactosylceramides

GalCer and sulfatide together comprise �20% of the total mass of myelin.2,4 They are expressed so predominantly on

myelin that they are used as immunohistochemical markers for differentiation of oligodendrocytes, the myelinating

cells of the central nervous system (CNS).11 Not surprisingly, the functions of galactosylceramides in the brain relate

to the structure and function of myelin. A brief review of myelin and myelination provides a foundation for

understanding glycolipid function in the nervous system.
4.18.2.1 Myelin and Myelination

Myelin, the multilamellar membrane structure that ensheathes axons throughout the central and peripheral nervous

systems, is generated by specialized glial cells, oligodendrocytes in the CNS, and Schwann cells in the peripheral

nervous system (PNS).12 Compacted layers of myelin membrane, from which the cytoplasm has been extruded, act as

an insulator. Segments of compacted myelin (internodes) are separated by periodic short unmyelinated gaps called

nodes of Ranvier (Figure 4), where densely clustered sodium channels provide for saltatory nerve conductance that is

responsible for efficient action potential propagation. Adjacent to nodes of Ranvier, the structure of myelin and axons

is highly specialized.13 Each wrap of compacted myelin balloons out into a cytoplasm-filled paranodal loop that

attaches firmly to the underlying axon via specialized adhesion structures called transverse bands. This process

organizes the nodal region into three distinct molecular and structural domains: the node, where voltage-dependent

sodium channels are clustered; the paranode, where apposing myelin and axon membranes are tightly adherent; and



Figure 4 Myelin and nodes of Ranvier in the CNS.91An oligodendrocyte (blue) ensheathing a neuronal axon (yellow) is
shown. Axon ensheathment occurs in stretches along the axon (myelin internodes) that are interrupted by specialized gaps,

the nodes of Ranvier. The ultrastructural insert shows characteristic paranodal myelin loops adhering firmly to an axon at the

edge of the node. Reproduced from Delcomyn, F. Foundations of Neurobiology; W. H. Freeman: New York, 1998; 592 pp,
with permission from W. H. Freeman and Company/Worth Publishers.
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the juxtaparanode, where voltage-gated potassium channels are clustered. Each of these domains is characterized by

its own set of cell adhesion molecules and cytoplasmic adapter proteins. Disruptions in the structure and molecular

distribution at nodes of Ranvier result in diminished nerve conduction.
4.18.2.2 Dysmyelination in Mice Lacking Galactosylceramides

GalCer is synthesized by the enzyme UDP-galactose:ceramide b-galactosyltransferase (EC 2.4.1.45)14–16 coded by the

gene Ugt8a (Figure 3; also called Cgt). Disruption of Ugt8a in mice results in the complete absence of GalCer and

sulfatide (and of (a2-3)-sialylated GalCer (GM4)).17,18 This indicates that Ugt8a is the only gene capable of galacto-

lipid biosynthesis in vivo. Despite the complete absence of GalCer, Ugt8a-null mice develop myelinated axons in the

CNS and PNS, and the myelin appears grossly normal, indicating that GalCer and sulfatide are not required for

myelinating glia to differentiate and elaborate myelin membranes.

Although grossly normal myelin is present, young Ugt8a-null mice have phenotypic hallmarks of dysmyelination,

including sharply diminished conduction velocity, tremor, ataxia, and early death.17,18 Ultrastructural studies of CNS

nerves in Ugt8a-null mice revealed that transverse bands are absent and paranodal loops are disorganized, often facing

away from the axon (Figure 5).19 This results in elongated nodes, altered node morphology, and uncharacteristically

long stretches of unmyelinated axons. In addition, adhesion molecule and ion channel distribution in the paranodal

region are altered in Ugt8a-null mice.20 The absence of galactolipids results in structurally altered nodes of Ranvier,

demyelination, impaired propagation of action potentials, motor behavioral deficits, and early death (typically before

90 days). These data implicate galactosylceramides as molecules essential for establishing and maintaining functional

myelin–axon interactions, especially nodal and paranodal structures.

In addition to alternations in the node and paranode, Ugt8a-null mice also displayed indications of myelin

sheath immaturity.21 Spinal cord axons displayed thinner myelin sheathes, and there was an increase in abnormal



Figure 5 This schematic diagram92 depicts the altered structural organization of the paranodal region of CNS axons in

Ugt8a-null (CGT) mice. In wild-type (WT) mice (left), the lateral loops turn toward and adhere firmly to the axon membrane,
with the outermost loop terminating closest to the node. Electron-dense structures, transverse bands, span the gap

between the glial and axonal membranes. In the galactolipid-deficient mutant, the paranodal loops frequently turn away

from the axon, with the innermost layer extending closest to the nodal region. Moreover, transverse bands are never

observed. Reproduced from Popko, B.Glia 2000, 29, 149–153, Copyright# 2000, Wiley-Liss. Reprinted with permission of
Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.
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myelination, such as uncompacted and redundant myelin profiles. In contrast to the changes seen in CNS myelin,

alternations in myelin structure were not reported in the PNS ofUgt8a-null mice, suggesting that other molecules may

function redundantly or in place of galactosylceramides in the PNS (Chapter 4.09).

Paradoxically, despite thinner myelin and altered nodal and paranodal structures, oligodendrocyte differentia-

tion was enhanced in Ugt8a-null mice, resulting in higher numbers (up to threefold) of terminally differentiated

oligodendrocytes in the brain.22 Interestingly, galactosylceramides are expressed just at the onset of terminal differ-

entiation of oligodendrocytes. The increased number of mature oligodendrocytes in Ugt8a-null mice implicates

galactosylceramides as negative regulators of terminal oligodendrocyte differentiation, perhaps ensuring the appropri-

ate size of the oligodendrocyte population. Based on studies of Ugt8a-null mice, galactosylceramides have two

important functions, regulating the numbers of oligodendrocytes and ensuring stable myelin–axon interactions,

especially in nodal/paranodal regions.

Glucosylceramide (GlcCer), which does not accumulate significantly in wild-type myelin, is found in the myelin

of Ugt8a-null mice at �20% the level of GalCer in wild-type myelin, which is still a high level of expression.17,19,23

In wild-type oligodendrocytes, GlcCer is quickly converted to higher-order glycolipids, such as gangliosides (see

Figure 3), and does not accumulate. In Ugt8a-null mice, however, some of the ceramide that is normally galactosylated

is instead glucosylated but not converted to gangliosides. This is confirmed by ceramide analysis. In wild-type brain,

much of the GalCer and sulfatide is synthesized on ceramides bearing long chain a-hydroxy fatty acid amides, whereas

GlcCer (and thereby gangliosides) are synthesized on ceramides with nonhydroxylated shorter chain fatty acid amides.

GlcCer that accumulates in Ugt8a-null mice is uncharacteristic, in that its ceramide has long chain a-hydroxy fatty acid
amides. Presumably, in wild-type mice, ceramide galactosyltransferase preferentially accesses ceramides with

a-hydroxylated long chain fatty acids, leaving little available for glucosylation. In Ugt8a-null mice, these ceramides

accumulate, are glucosylated, but then are not acceptors for glycosphingolipid elongation. GlcCer that accumulates in

Ugt8a-null myelin apparently fails to compensate functionally for the missing GalCer.
4.18.2.3 Distinct Neural Functions of Sulfatide and GalCer

Ablation of the Ugt8a gene (Figure 3) results in disappearance of all galactolipids, including GalCer, sulfatide,

and GM4, as well as galactoglycerolipids (seminolipids, synthesized predominantly in the testes). Therefore, the

ultrastructural and functional deficits of Ugt8a-null mice cannot be unambiguously assigned to the absence of either

GalCer or sulfatide. Ugt8a-null mice also have increased GlcCer (see above) and sphingomyelin with a-hydroxylated
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fatty acids. In an effort to distinguish the relative role of sulfatide, the gene responsible for sulfation of GalCer was

disrupted.24,25 Sulfatide is generated from GalCer by the enzyme galactosylceramide sulfotransferase (EC 2.8.2.11),

which is encoded by the Gal3st1 gene in mice (Figure 3, also called Cst). This enzyme transfers a sulfate from

30-phosphoadenylyl sulfate to the galactose 3-hydroxyl of GalCer (Figure 2). Sulfatide is absent in Gal3st1-null mice,

whereas GalCer is expressed at normal levels. Other sulfated lipids are at normal levels, and no novel sulfated

glycolipids are synthesized.

Gal3st1-null mice demonstrate distinctive myelin defects, although much less extensive and severe than those in

Ugt8a-null mice. Whereas Ugt8a-null mice have a short life span (�3 months), Gal3st1-null mice survive >1 year.

Hindlimb weakness was apparent at 6 weeks of age, followed by tremor and progressive ataxia, with structural

evidence of dysmyelination progressing with age.24,26 Transverse bands were often (but not always) missing, and

the structure of the paranode deteriorated with age (disorganized paranodal loops, some facing away from the axon),

such that >80% of the paranodes were abnormal at 8 months of age, with highly significant increased nodal length.

Mice lacking sulfatide also demonstrated age-dependent changes in the distributions of nodal and paranodal adhesion

molecules and ion channels.25,26

As in Ugt8a-null mice, Gal3st1-null mice demonstrated increased numbers of differentiated oligodendrocytes in the

brain.27 The oligodendrocyte differentiation phenotypes of the two null lines were essentially identical.22,27 These

data indicate that sulfatide, per se, rather than GalCer, is responsible for regulating the number of differentiated

oligodendrocytes. This conclusion is supported by data demonstrating that addition of antisulfatide antibody, but not

anti-GalCer antibody, arrests oligodendrocyte differentiation in vitro.22,27 The hypothesis that emerges is that sulfa-

tide, first expressed on the surface of immature oligodendrocytes, binds to an endogenous ligand resulting in sulfatide

cross-linking and the suppression of further differentiation. Antisulfatide antibody mimics the endogenous ligand

(inhibits differentiation), whereas the absence of sulfatide (in Gal3st1-null mice) results in excessive numbers of

oligodendrocytes in vivo.

Together, the data support the conclusion that GalCer is required for proper CNS myelination, myelin structure at

nodes of Ranvier, and myelin stability, whereas sulfatide regulates oligodendrocyte differentiation and is involved in

long-term stability of CNS myelin structure. Both are required for long-term function of the CNS, and their absence

results in loss of nerve function, either sooner (GalCer) or later (sulfatide).
4.18.3 Neural Functions of Gangliosides

Gangliosides, glycosphingolipids that carry at least one sialic acid residue, are found on all vertebrate tissues, but are

expressed at higher concentrations and with greater structural complexity in the nervous system (Figure 6).28

Although many different ganglioside saccharide structures are found in nature, the same four, GM1, GD1a, GD1b

and GT1b, together comprise the great majority (>85%) of brain gangliosides in adult mammals and birds. These are

biosynthesized stepwise as shown in Figure 3. As brain development progresses, the simple gangliosides GM3 and

GD3 give way to more complex species, with GD1a and GM1 becoming the most abundant brain gangliosides.29,30 In

the adult, GM1 is found predominantly on myelin, whereas GD1a, GD1b, and GT1b are expressed predominantly on

neurons and axons.31–33

Because gangliosides are major molecular determinants on the surface of neural cells, their functions have been the

focus of intense interest. Historically, the first functions identified for gangliosides were as binding sites for bacterial

toxins, including cholera toxin and tetanus toxin.34,35 Their physiological functions were unknown until recently, and

have been revealed through both in vitro experiments and genetic alternations of ganglioside expression in vivo. One

of the more striking findings from these studies, given the complexity of gangliosides and the change in ganglioside

expression during development, was that complex gangliosides are not required for the development of the vertebrate

nervous system.36 Subsequent studies defined more subtle, but nonetheless important roles of gangliosides in nervous

system structure and function,37,38 and revealed the devastating results of altered ganglioside expression in humans.39
4.18.3.1 Complex Ganglioside Function in Neuronal Homeostasis and Axon–Myelin
Stabilization

During development, the conversion of the simple ganglioside structures GM3 and GD3 to more complex structures,

that predominate in the adult brain, is accomplished by a series of glycosyltransferases starting with UDP-GalNAc:

GM3 b-N-acetylgalactosaminyltransferase (EC 2.4.1.92; GM2/GD2 synthase), which is coded by the Galgt1 gene (new

gene symbol B4galnt1). The same enzyme is responsible for transfer of GalNAc fromUDP-GalNAc to lactosylceramide
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(LacCer), GM3, and GD3 to produce GA2, GM2, and GD2 respectively (Figure 3). Mice with a disrupted Galgt1 gene

synthesize GD3 and GM3, but not complex gangliosides. The total brain ganglioside concentration is the same in

wild-type and Galgt1-null mice, with only the complexity of the saccharide structures differing. These mice provided

the first opportunity to thoroughly evaluate the function of complex gangliosides in the brain.

Galgt1-null mice are born at the expected frequencies and appear to develop normally despite the complete absence

of complex brain gangliosides.36 However, they demonstrate greater susceptibility to seizure and progressive motor

neuropathies, revealing roles for complex gangliosides in maintaining neuronal homeostasis and axon–myelin

interactions.40,41

Galgt1-null mice are more susceptible to seizure than their wild-type counterparts.40 In a rodent model of status

epilepticus induced by systemic infusion of the glutamate receptor agonist kainic acid, adult Galgt1-null mice had

markedly more severe seizures compared to wild-type mice. Prior administration of a cell-permeant ganglioside GM1

analog, Liga20, to Galgt1-null mice largely reversed their enhanced seizure susceptibility. Previous studies relating

GM1 to calcium homeostasis,42 along with data demonstrating reduced calcium flux into the nuclear envelope of

Galgt1-null mice,40 lead to the conclusion that gangliosides regulate intracellular calcium sequestration and protect

cells from toxic calcium fluxes, perhaps by direct association with and regulation of a nuclear envelope sodium–

calcium exchanger. Greater susceptibility of Galgt1-null mice to excitotoxin-induced seizure is consistent with

spontaneous seizure activity observed in mice and humans with deficits in ganglioside biosynthesis (see below).

A second phenotype of Galgt1-null mice relates to deficits in axon–myelin interactions. Histological analyses of

adult PNS and CNS of Galgt1-null mice revealed marked axon degeneration.41,43 Other neurohistological hallmarks of
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these mutants included reduced axon diameter and reduced axonal neurofilament spacing. These data are indicative

of a problem in stable axon–myelin interactions resulting in changes in axon cytoarchitecture and long-term axon

instability. As Galgt1-null mice aged, ongoing axon degeneration resulted in significant and progressive behavioral

neuropathies, including deficits in reflexes, strength, coordination, and balance, such that 1-year-old Galgt1-null mice

demonstrated splayed hindlimbs and walked in small labored movements.41,44 The phenotype of Galgt1-null mice is

consistent with a lack of proper cell–cell communication between axons and the cells that ensheathe them with

myelin: oligodendrocytes in the CNS and Schwann cells in the PNS. The mechanism for this deficit may involve a

lectin – myelin-associated glycoprotein (MAG).

Myelination is required for rapid nerve conduction, but myelin also nurtures the axons it ensheathes. When myelin

is lost, the underlying axons suffer.45 Axon degeneration associated with dysmyelination is a key factor in the

pathology of progressive demyelinating diseases, such as multiple sclerosis.46,47 MAG, which is a quantitatively

minor protein in myelin, acts as an axon–myelin stabilizing factor by binding to specific receptors on the axon surface.48

The discovery that MAG is a sialic acid-binding lectin49 (Chapter 3.27) led to the hypothesis that it functions by

binding to nerve cell surface gangliosides. Binding studies demonstrated that MAG specifically recognized the

‘NeuAca2-3Galb1-3GalNAc’ terminus of gangliosides GD1a and GT1b.50–52 Since Galgt1-null mice lack that termi-

nus on gangliosides (Figure 3), an axon-degeneration phenotype similar to that of Mag-null mice was predicted and

observed.43 If MAG and GD1a/GT1b function via complementary binding to each other, Mag-null, Galgt1-null, and

Mag-Galgt1-double-null mice would be expected to have a similar phenotype. To a significant extent, this is the case,

with mice of all three genotypes displaying similar PNS and CNS axon degeneration, decreased axon caliber, and

decreased neurofilament spacing compared to wild-type mice, leading to similar motor behavioral deficits.41 These

observations, combined with prior MAG binding specificity studies,52 are consistent with the conclusion that MAG

and complex gangliosides function, in part, via complementary binding to each other. This conclusion gained further

support in studies of another function of MAG, regulation of axon regeneration, a topic discussed later in this chapter.

Mag-null and Galgt1-null mice both displayed significant hyperactivity, despite their diminished motor behavioral

skills.41 Whether this shared phenotype is related to the seizure susceptibility of the Galgt1-null mice (see above) is not

yet known.

The phenotypes of Galgt1-null mice reveal the functions of complex gangliosides as a group, but does not assign

those functions to any particular subset of complex ganglioside structures. In addition, the increased brain concentra-

tions of GD3 and GM3 in Galgt1-null mice may contribute to their phenotype.
4.18.3.2 Functional Roles of Simple Gangliosides and GlcCer-Based Glycosphingolipids
in the Nervous System Revealed Using Mouse Genetics

Although complex gangliosides are abundant and diverse in the brain, Galgt1-null mice, which lack all complex

gangliosides, developed a grossly normal nervous system with subtle rather than devastating neural pathology. To test

the roles of simpler gangliosides, additional biosynthetic gene disruptions were engineered.

Disruption of Siat8a (GD3-synthase, new gene symbol St8sia1) in mice resulted in loss of the major gangliosides

GD1b and GT1b, with compensatory increases in GM1 and GD1a, consistent with the biosynthetic pathway shown in

Figure 3. These mice showed no neural pathologies.53 Double-mutant mice with disrupted Siat8a and Galgt1 genes

express only ganglioside GM3 in the brain, with the GM3 concentration roughly equivalent to the combined complex

ganglioside concentration in wild-type mouse brain.53 Mice expressing only GM3 were viable, but demonstrated a

severe neurological phenotype with sharply increased sensitivity to audiogenic seizure, which may be related to the

enhanced kainic acid seizure sensitivity in Galgt1-null mice (see above). A second line of Galgt1/Siat8 double-mutant

mice was subsequently reported. Although seizure was not noted, the authors observed degenerative changes in

peripheral nerves of relatively young mice.54 Together, these findings indicate that mice lacking GD3 and complex

gangliosides (GM3-only mice) have phenotypes akin to the Galgt1-null mice, but more severe, suggesting that GD3

partially compensates for the lack of more complex gangliosides in neuronal homeostasis and axon stability.

In an effort to generate mice lacking all ganglio-series gangliosides, simple and complex, mice were engineered to

lack Siat9, GM3 synthase (new gene symbol St3gal5).55 The resulting mutant mice were viable and showed no overt

neuronal pathologies. These mice were much healthier than the Siat8a/Galgt1-double-null mice that express only

GM3. Ganglioside analysis in Siat9-null mice revealed the reason. When GM3 synthesis was blocked, the LacCer that

accumulated was acted upon by the Galgt1 gene product and other glycosyltransferases leading to the synthesis of the

so-called ‘0-series’ gangliosides cisGM1 (GM1b) and GD1a (dashed box, Figure 3). Whereas these structures have

been reported as rare brain gangliosides, in Siat9-null mice they became the major species and were expressed at
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concentrations comparable to the major brain gangliosides in wild-type mice. The overtly normal neural phenotype of

Siat9-null mice suggests that cisGM1 and GD1a effectively compensate for the loss of common complex gangliosides.

Prior studies demonstrating that GD1a is a potent ligand for MAG are consistent with this interpretation.56 This

conclusion was further confirmed when Galgt1 was disrupted in Siat9-null mice (Siat9/Galgt1 double null).57 In these

mice, both GM3 synthesis and the pathway from lactosylceramide to the 0-series gangliosides were absent (Figure 3).

They lacked all ganglio-series gangliosides in the brain, instead expressing excess lactosylceramide. Although Siat9/

Galgt1 double-null mice were born at expected frequencies, had grossly normal morphology, and developed a

functional nervous system, they succumbed within weeks to a severe neurodegenerative disease marked by reduced

brain size, white matter vacuolization, axon degeneration, oligodendroglial cytopathology, and perturbed cell–cell

interactions at nodes of Ranvier. Most Siat9/Galgt1-double-null mice were dead within 2 months. Whereas ganglio-

sides are evidently not essential for development of the nervous system, they are required for critical cell–cell

interactions and cellular homeostasis in the brain.

Further evidence that GlcCer-based glycosphingolipids (including gangliosides) are not required for brain devel-

opment, but are essential to brain function, comes from experiments in which the enzyme responsible for GlcCer

synthesis, UDP-glucose:ceramide glucosyltransferase (EC 2.4.1.80), encoded by the Ugcg gene (Figure 3), was

disrupted. Since mice engineered to lack the Ugcg gene die at gastrulation, investigators used Cre–Lox technology

to disrupt Ugcg selectively in the nervous system.58 The resulting mice had greatly reduced (<5% of normal) levels of

GlcCer-based glycosphingolipids, including gangliosides, in the brain, without a change in GalCer and sulfatide

expression. They appeared to develop normally, but failed to thrive, displayed severe ataxia during their first week of

life, and typically died within 3 weeks. Despite their diminished motor behavior, their gross brain morphology

was normal. At a finer level, Purkinje cells (in the cerebellum) had less extensive and less arborized dendrites,

but appeared to have normal synapses, and hippocampal neurons had diminished neurite growth and branching

when cultured in vitro. Characteristic of ganglioside-deficient mice, those with diminished Ugcg expression in

the brain displayed axon–myelin abnormalities. Although the Cre–Lox system results in a low level of GlcCer-

based glycosphingolipids remaining, the conclusion from these studies is consistent with prior findings, indicating

that glycosphingolipids are not required for cell differentiation in the brain or for brain development, but are essential

to the fine structure, stability, and function of the postnatal brain.
4.18.3.3 Human Deficits in Ganglioside Biosynthesis Confirm Roles in
Neural Homeostasis

Human deficits in ganglioside biosynthesis are rare. In a case report, a child with severe developmental pathology was

found to express GM3 andGD3 in brain but no complex gangliosides, akin to Galgt1-null mice.59,60 Biochemical assays

attributed the altered ganglioside pattern to reduced activity of UDP-GalNAc:GM3 b-N-acetylgalactosaminyltrans-

ferase. The phenotype was severe, with poor physical and motor development, neurological dysfunction, and death in

infancy. Although the genetic basis for the disorder was not determined, the results indicate that reduced expression of

complex gangliosides in the brain is not as well tolerated in humans as in mice.

Recently, a recessive mutation in SIAT9 (new gene symbol St3GAL5)was discovered in humans via genemapping of

anOldOrder Amish pedigreewith several severely affected individuals.39 Whereas in mice, disruption of the Siat9 gene

is well tolerated (presumably due to compensation by overproduction of ‘0-series’ gangliosides, see above), in humans,

SIAT9 gene disruption resulted in profound progressive neurological deficits. Affected individuals appeared normal at birth,

but soon displayed irritability, poor appetite, and failure to thrive. This was followed within a year by generalized tonic–

clonic seizures accompanied by neurodevelopmental stagnation, selective areflexia, blindness, and progressive diffuse brain

atrophy. Biochemical studies of plasma glycolipids confirmed loss of GM3 and other ganglio-series gangliosides in humans

with SIAT9 mutations. Ganglioside expression in nerve tissues from affected individuals has not yet been evaluated to

determine whether humans compensate for SIAT9 disruption by production of ‘0-series’ gangliosides. The deficits

noted in humans with a disrupted SIAT9 gene have parallels in Galgt1-null mice (areflexia, progressive behavioral

deficits, optic nerve axon degeneration, seizure) and Siat8a/Galgt1-double-null mice (audiogenic seizure).
4.18.3.4 Gangliosides Regulate Axon Outgrowth after CNS Injury

Biochemical and genetic evidence indicate a functional interaction between gangliosides (particularly GD1a and

GT1b) and the nervous system lectin MAG (see above).41,52 In addition to its role in stabilizing axon–myelin

interactions, MAG is one of a small group of endogenous inhibitors of axon regeneration that severely limit recovery
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from traumatic nervous system injuries (such as those to the spinal cord) and disease.61 Axon regeneration inhibitors,

which accumulate at injury sites, bind to complementary receptors on the surface of axons and growth cones to inhibit

outgrowth. Reversing the action of axon regeneration inhibitors may enhance recovery after CNS injury.62 If the

interaction between MAG and gangliosides is responsible for MAG-mediated inhibition of axon regeneration,

targeting gangliosides at the injury site may have therapeutic benefit.

In vitro evidence supports a role for gangliosides in MAG-mediated inhibition of axon outgrowth.63 When neurons

from young rat brains (cerebellar granule neurons) were plated on surfaces coated with MAG, their axon outgrowth

was stunted. Treating the neurons with sialidase or an inhibitor of glycosphingolipid biosynthesis reversed the

inhibitory effect of MAG, as did addition of a competitive saccharide inhibitor similar to the tetrasaccharide terminus

of GD1a (Figure 3).63,64 Neurons from Galgt1-null mice were less responsive to MAG inhibition than were neurons

from wild-type mice. Together, these data implicate gangliosides GD1a and GT1b as required receptors for MAG

inhibition of axon outgrowth, and suggest that targeting gangliosides may enhance axon regeneration after injury.
4.18.4 Mechanisms of Glycosphingolipid Action in the Nervous System

Glycosphingolipids regulate cellular functions via three possible mechanisms.65,66 They may bind to and modulate the

function of membrane proteins that are expressed in the same membrane as the glycosphingolipid (cis-regulation),

they may act as complementary receptors for glycan-binding proteins in the extracellular milieu, such as on apposing

membranes (trans-recognition), or they may be components of lateral associations of signaling molecules on the plasma

membrane termed lipid rafts or microdomains. Examples of each mechanism, as it applies to neuronal function, are

detailed below. The examples are representative, and not inclusive of all interactions that have been reported for each

mechanism.
4.18.4.1 cis-Regulation: GM1 Enhancement of TrkA Neurotrophin Receptor Activation
Drives Asymmetric Axonogenesis

Ganglioside GM1 interacts laterally with the TrkA neurotrophin receptor, enhancing its autophosphorylation in

response to primary ligands such as nerve growth factor (NGF).67 This interaction has been evoked as a mechanism

for specifying which neuronal extension (neurite) becomes an axon in highly polarized hippocampal neurons.68

A plasma membrane ganglioside-specific sialidase (PMGS, Neu3) is asymmetrically distributed in one neurite,

where it associates with TrkA. PMGS acts on major axonal gangliosides such as GD1a and GT1b to produce

GM1 (see structures, Figure 3). Since the innermost sialic acid on complex gangliosides is sialidase resistant, GM1

accumulates and is not further degraded by PMGS. The newly generated GM1 associates with nearby TrkA, increases

its response to neurotrophic factors, and selectively enhances outgrowth of a single neurite, leading to asymmetric

axon outgrowth and proper neuronal polarization. In this manner, gangliosides, via their interactions with multiple

proteins in the plane of the membrane (PMGS and TrkA), regulate nerve cell morphology and axon outgrowth.

Alternative mechanisms for specification of hippocampal polarity are likely to exist, since mice lacking GM1 (e.g.,

Galgt1-null mice) develop apparently normal neuronal histology. Nevertheless, lateral associations of gangliosides with

proteins in the plasma membrane are well established biochemically and genetically,55,69 and may play a regulatory

role in specifying axon outgrowth.
4.18.4.2 trans-Recognition: Gangliosides as Functional Receptors for
Myelin-Associated Glycoprotein

As dominant structures on the surfaces of neuronal cells, gangliosides act as receptors for complementary glycan-

binding proteins28,70 as well as complementary glycans (carbohydrate–carbohydrate interactions) (Chapters ,3.21 and

3.24).71 This was first appreciated for bacterial toxins,34,72 including tetanus toxin, which binds preferentially to b-

series gangliosides (GD1b, GT1b) on neurons.73 Once bound, tetanus toxin is transported retrogradely and

transsynaptically, where it blocks inhibitory neurotransmitter release.

Gangliosides are also receptors for endogenous lectins, including MAG. Initial studies on MAG–glycan binding

revealed selective recognition of the ‘NeuAca2-3Galb1-3GalNAc’ determinant,74 which is abundantly expressed on

brain gangliosides GD1a and GT1b. Subsequent studies established selective binding of native MAG to these

gangliosides,50,52 as well as enhanced binding to ‘a-series’ gangliosides bearing an additional (a2-6)-linked NeuAc
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Figure 7 MAG-mediated cell adhesion to gangliosides: structural specificity.50,52 COS cells (fibroblasts) were transiently

transfected with a plasmid encoding full-length MAG. After 48h of culture to allow MAG expression, cells were collected,

pretreated with sialidase (to enhance adhesion), and placed in microwells previously adsorbed with an artificial membrane

monolayer containing phosphatidylcholine, cholesterol, and the indicated gangliosides. After incubation at 37�C for 45min
to allow adhesion to proceed, nonadherent cells were removed by centrifugation and adherent cells were quantified

enzymatically. Adhesion is expressed relative to the total number of cells added to each well, and represents the

mean�standard error (bars) of 5–77 replicate determinations. Ganglioside structures (right panel) utilize the sugar key
shown in Figure 3.
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on the GalNAc moiety (Figure 7).56 The specificity revealed in direct binding studies is consistent with genetic and

cell biological data (see above). Notably, mice lacking the ‘NeuAca2-3Galb1-3GalNAc’ terminus (Galgt1-null mice)

display deficits in axon–myelin interactions that are very similar to those of Mag-null mice.41 In contrast, Siat9-null

mice do not show such deficits.55 This is consistent with the overexpression of GD1a in Siat9-null mice, since GD1a
has a ‘NeuAca2-3Galb1-3(NeuAca2-6)GalNAc’ determinant (also found on GQ1ba; see Figure 7), binds to MAGwith

higher affinity than GD1a or GT1b,56 and may fully compensate for their absence.

The ability of sialidase to reverse MAG-inhibition of axon outgrowth in vitro63 is also consistent with MAG’s

ganglioside-binding specificity. Since sialidase is inactive against the internal (II3) sialic acid on gangliotetraosylcer-

amides,75 it converts the major gangliosides GD1a and GT1b, which bind MAG, to GM1, which does not bind MAG.

Data indicating that genetic or pharmacological depletion of complex gangliosides reverses MAG’s outgrowth inhibi-

tion, along with the sialidase data, strongly implicate complex gangliosides as functional MAG receptors on the axon

surface. In addition, soluble glycosides reverse MAG-mediated inhibition of axon outgrowth from cultured neurons

with the same rank-order potency as their MAG-binding affinities.64 Together, these data implicate trans-recognition

between MAG, on myelin, and gangliosides on apposing axonal membranes in the control of axon regeneration.
4.18.4.3 Gangliosides in Lipid Rafts: GD3-TAG1-Lyn Signaling

Indirect lateral associations of gangliosides with signaling molecules on the outer and inner leaflets of membranes have

been proposed to occur via lateral plasma membrane microdomains, also called lipid rafts (Chapters3.30 and4.15).66,76

Based on chemical and physical properties imparted by hydrogen bonding groups and saturated alkyl chains,

sphingolipids, including glycosphingolipids, associate laterally with each other and with a subset of other plasma

membrane lipids and proteins including GPI-anchored proteins and lipid-modified signaling proteins.77,78 Although

the size, stability, and even existence of lipid rafts remain controversial,79 rafts could provide a mechanism for

glycosphingolipids to induce cell signaling without directly binding to transmembrane or intracellular signaling

proteins. Changes in the association of gangliosides at the extracellular leaflet of the plasma membrane may result
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in clustering of raft-associated signaling proteins on the intracellular leaflet, leading to changes in cell signaling. In

brain membranes, lipid raft associations between the ganglioside GD3, the adhesion molecule TAG-1, and the Src

family tyrosine kinase Lyn may exemplify such a signaling complex.80

Certain membrane molecules, including glycosphingolipids, are resistant to cold detergent solubilization, a method

that has been widely used to distinguish components of membrane rafts from nonraft plasma membrane constituents.81

The nonreceptor tyrosine kinase Lyn was found exclusively in detergent-resistant structures of rat cerebellum, and

was immunoprecipitated with anti-GD3 antibody.82 Treatment of cerebellar neurons with anti-GD3 antibody resulted

in activation of Lyn. Since GD3 is on the extracellular leaflet and Lyn on the intracellular, indirect ganglioside-

mediated activation was implied. Subsequent studies showed that a GPI-linked adhesion molecule, TAG-1, was also

immunoprecipitated from cold detergent-treated rat cerebellar membranes with anti-GD3 antibody.80 Cross-linking

of TAG-1 on intact cerebellar neurons activated Lyn kinase in a glycosphingolipid-dependent manner, in that

enzymatic removal of glycosphingolipid head groups reversibly blocked activation. Further analysis of gangliosides

and proteins in anti-GD3 immunoprecipitates from cerebellar neurons indicated that all gangliosides, as well as

multiple Src family members and TAG-1, were represented, indicating that GD3 was not specifically associated with

TAG-1, but was a component of a larger molecular complex.83 This conclusion was supported using semisynthetic

photoaffinity ganglioside derivatives, in that exogenously added GM3, GM1, or GD1b carrying a photoaffinity tag on

their lipid moiety, each photolabeled TAG-1,84 as did GM1 having a photoactive group on the terminus of its glycan

chain.85 The conclusion from these studies is that gangliosides and GPI-anchored proteins on the extracellular leaflet,

and signaling molecules on the intracellular leaflet, may coexist in microdomains on the nerve cell plasma membrane

that can transduce extracellular associations into intracellular signal cascades.

Although lipid rafts are an inviting pathway by which glycosphingolipids in the extracellular leaflet may

mediate transmembrane signaling, challenges remain in establishing their properties and physiological roles.79

Cold detergent solubilization can lead to re-equilibration of gangliosides among membranes,86 and exogenously

added (e.g., photoaffinity) gangliosides may not partition into membrane domains in the same way as native

biosynthesized gangliosides. Although the existence and signaling functions of glycosphingolipid-containing lipid

rafts have not been unequivocally established,79 they remain the focus of vigorous current investigations.87
Glossary

axon A long nerve cell fiber that conducts electrical impulses away from the neuron cell body (soma) to other nerve cells,

muscles, or glands.

cerebroside A glycosphingolipid bearing a single sugar moiety. In the brain, galactosylceramide.

ganglioside A glycosphingolipid bearing one or more sialic acid moieties.

glycosphingolipid Ceramide bearing one or more sugar moieties in glycosidic linkage to its 1-position hydroxyl.

myelin Multilamellar membrane that ensheathes axons throughout the nervous system and allows for rapid conductance

of action potentials.

nodes of Ranvier Periodic short longitudinal gaps in the myelin sheath of axons at which sodium ion channels are clustered.

oligodendrocyte Myelin-producing cell in the central nervous system.

paranodal loop The broadened edge of the myelin sheath adjacent to the node of Ranvier. Paranodal loops normally adhere

firmly to the underlying axon.

Schwann cell Myelin-producing cell in the peripheral nervous system.
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4.19.1 Overview

This chapter covers human diseases associated with the metabolism of carbohydrates and biosynthesis of glycoconju-

gates. It will exclude disorders of degradation (lysosomal storage disorders) and nonenzymatic glycanation.

The disorders will be divided based on the major metabolic pathway(s) affected. It will be clear that this simple

subdivision is not always possible and that, in some cases, the specific pathway causing pathology may not be known.

Some of these disorders were identified decades ago, along with their general link to glycosylation. However, the great

majority are newly identified diseases whose root in glycan synthesis emerged within the last decade. Most of the

diseases are inherited in an autosomal recessive pattern, a few are dominant, and several result from somatic mutations

in either stem cells or on X-linked genes.

A short historical perspective and quick biosynthetic pathway review precedes the detailed description of the

diseases. The most challenging problem in the future will be to show how mutations that affect an entire pathway

yield specific phenotypic outcomes. This will require identification of the specific affected proteins in those pathways.

Fortunately, some have been solved – at least in models – and may serve as guideposts for future work.
4.19.2 History

Solving the biosynthetic pathways of different classes of glycans was arguably the most important fundamental

contribution to identifying many of these disorders since they often result from mutations in specific individual

steps within the pathway(s). This is seen from the initial substrate monosaccharide activation and interconversion
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steps to the impact of multiple pathways caused by defects in the assembly of multiprotein complexes that affect

multiple steps in glycan biosynthesis.

The first N-glycan biosynthetic disorder solved in 1980 was I-cell disease, also called mucolipidosis II (ML-II)

and ML-III. This disorder is caused by the loss of GlcNAc-1-P-transferase activity, which prevents the creation of

Man-6-P residues specifically on lysosomal enzyme. This loss causes multiple lysosomal enzymes to be misrouted

from the cells to the plasma or cell culture medium. Fortunately this affects only a small subset of proteins, making it

relatively easy to identify likely causes. It would take another 15 years before the next defect in N-glycan biosynthesis

was defined.

A series of chondrodysplasias (CDs) caused by the inability to make chondroitin sulfates were first seen in the 1960s

and eventually linked to abnormal glycan synthesis. Improper synthesis produced dysmorphic features including

scoliosis, hitchhiker thumb, clubfoot, and epiphyseal dysplasia.

In both classical galactosemeia, first described in 1917, and hereditary fructose intolerance, described in 1962, the

inability to normally metabolize galactose and fructose leads to accumulation of metabolic intermediates and a cascade

of toxic effects.

In all of these disorders of sugar metabolism and impaired glycan synthesis, there is a failure to make the appropriate

product, and this often leads to the accumulation of metabolic intermediates proximal to the blocked metabolic step.

This forms the cornerstone of the fundamental approach to solving most of the diseases discussed here. Glycan

structural analysis or identification of an abnormal metabolite sets the focus on specific molecules. Knowing the

pathways and identifying the defective enzyme or activity frequently set the stage that led to genetic proof of a

disorder. That accomplishment has often depended upon the availability of yeast and mammalian cell lines defective

in specific steps, thereby providing ideal complementation workshops for confirming pathological mutations in the

genes.
4.19.3 Organization of the Biosynthetic Pathways and Machineries

4.19.3.1 N-Linked Glycans

N-linked glycosylation occurs co-translationally and is initiated in the endoplasmic reticulum (ER). A precursor

oligosaccharide, containing 14 residues (two GlcNAc, nine Man, and three Glc residues), is first built on a dolichol-

phosphate (Dol-P) forming the lipid-linked oligosaccharide (LLO) anchor, and then transferred to consensus sequence

Asn residues in the nascent acceptor proteins (Figure 1a). The initial hepta-oligosaccharide is built on the cytoplasmic

side of the ER using UDP-GlcNAc and GDP-Man as donors (UDP, uridine diphosphate). This structure is flipped

into the luminal side of the ER and is completed using Dol-P-Man and Dol-P-Glc as donors. After transfer, the

protein-bound oligosaccharide is trimmed by various glycosidases, a process vital for protein folding and quality

control in the ER. In the Golgi apparatus, the oligosaccharides may be further trimmed and modified (Figure 1b),

creating an enormous variation among the different types of structures found. This gives rise to three distinct groups of

N-glycans: (1) high Man, (2) hybrids, and (3) complex types (Figure 1b).1
4.19.3.2 O-Linked Mannosylation

O-Mannosylation is a prominent feature of the yeast cell wall,2 but was only recently shown to occur in humans.3 It is

only found on a limited number of glycoproteins, confined to the nervous system and muscles.4 O-Mannosylation (see

Figure 2a) is initiated in the ER, where a Man residue is added a1-O- to either Ser or Thr residues in the acceptor

protein. In mammalians, two enzymes, POMT1 and POMT2, are thought to function as a complex, catalyzing this

reaction,5 using Dol-P-Man as donor sugar. The second step is the addition of a GlcNAc residue to the Man in b1-2
linkage. This is catalyzed in the Golgi by POMGnT1 using UDP-GlcNAc as the donor substrate. The enzyme is

different from other GlcNAc:Man transferases and loss of POMGnT1 cannot be compensated for by other glycosyl-

transferases.4 Interestingly, in mammals, GlcNAc-(2-6)-substituted O-Man structures have been found and an enzyme

catalyzing the transfer of GlcNAc to the 6-branch of Man (GnT-IX) is highly expressed in the brain. Some of the

O-Man structures are further modified with the additions of a Galb1-4 and a Neu5Aca2-3 residue to the O-Man core,

catalyzed by a specific galactosyltransferase and sialyltransferase, respectively. UDP-Gal and CMP-Neu5Ac are

used as sugar donors in the respective reactions. In sheep brain, fucosylated O-Man species have been found, but

their role is not known.6 Other genes with putative glycosyltransferase motifs (Fukutin, Fukutin-related protein, and

LARGE) have been implicated in the biosynthetic scheme of O-Man structures, but their roles need to be further

elucidated.4
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4.19.3.3 O-Linked Xylosylation/Glycosaminoglycan Biosynthesis

Glycosaminoglycans (GAGs) are heteropolysaccharides, synthesized with the repeating disaccharide formula (glu-

curonic acid (GlcA)-hexosamine)n.
7 GlcNAc is the amino-hexose used to make heparan sulfate (HS), heparin, and

hyaluronan, while GalNAc is used for chondroitin sulfate (CS) or dermatan sulfate (DS) biosynthesis. Exchanging

GlcA for Gal defines keratan sulfate (KS). The backbone polysaccharides (except for hyaluronan) are selectively

modified by sulfation, N-deacetylation, and epimerization of GlcA to iduronic acid (IdoA), allowing for an enormous

number of possible structures. A protein carrying GAGs is referred to as a proteoglycan. The biosyntheses of HS,

heparin, CS, and DS, are initiated with O-xylose (Xyl) transfer to consensus sequence serine residues (Figure 2b).

Two Gal and one GlcA residue are added to the O-xylose, forming a link region. Thereafter, this tetrasaccharide is

extended with either GlcNAc or GalNAc, depending on whether HS/heparin or CS/DS is made.
4.19.3.4 O-GlcNAc Biosynthesis

Addition of single GlcNAc residues to Ser/Thr acceptors is a recently recognized area in protein regulation. It mainly

occurs in the cell nucleus and appears to counteract protein phosphorylation. The addition is catalyzed by a multi-

substrate enzyme (OGT; O-GlcNAc transferase) that uses UDP-GlcNAc as donor substrate.8 The OGT action is

regulated by a number of OGT-interacting proteins (OIPs) that direct the OGT toward its targets.9 The

O-GlcNAc’ation level is balanced by a specific O-GlcNAc’ase that removes the GlcNAc residues from the proteins,

creating a system that resembles the kinase/phosphatase system. Levels of O-GlcNAc’ation have been implicated in

transcription factor activity, lymphocyte function, and type 2 diabetes.8,10,11
Figure 1 a, ER localized LLO biosynthesis and CDG defects. The figure depicts the biosynthesis and transfer of the

LLO and the first ER-based trimming steps of the protein-bound oligosaccharide. The lipid anchor dolichol (Dol) is
synthesized from an intermediate (farnesyl-pyrophosphate) in the cholesterol biosynthesis and is activated to Dol-P via

the action of dolichol kinase. Thereafter, the lipid carrier is added a GlcNAc residue via the action of GlcNAc-1-phospho-

transferase, using UDP-GlcNAc as donor. This step is deficient in CDG-Ij. Next follows the addition of a GlcNAcb1-4 and
then a (b1-4)-linkedMan, the latter catalyzed by mannosyltransferase-1, deficient in CDG-Ik. GDP-Man is used as the donor

sugar nucleotide. Consecutive additions of an Mana1-3, an Mana1-6, an Mana1-2 on the Mana1-3 branch, and finally

another Mana1-2 on the Mana1-3 branch follow. The reactions all occur on the cytoplasmic side of the ER and use GDP-

Man as donor sugar nucleotide. The second mannosylation step is deficient in CDG-Ii. Next, the hepta-oligosaccharide is
flipped into the lumen of the ER, where subsequent additions of an Mana1-3 to the Mana1-6 branch, an Mana1-2 to this

Man a1-3, an Mana1-6 to the core Mana1-6 residue, and finally an Mana1-2 to the last Mana1-6 occur. The donor substrate

is Dol-P-Man and the reactions are facilitated by a protein with so far unknown action, MPDU-1, deficient in CDG-If. The

synthesis of Dol-P-Man is deficient in CDG-Ie. These last mannosylation reactions are catalyzed by three different enzymes,
ManTVI (M5 ! M6), ManTVII (M6 ! M7 and M8 ! M9), and ManTVIII (M7 ! M8), which are deficient in CDG-Id, CDG-IL,

and CDG-Ig, respectively. Using Dol-P-Glc as donor, next follws the addition of three Glc residues which finalizes the LLO

structure. Deficiency in the first glucosyltransferase causes CDG-Ic, whereas lack of the second causes CDG-Ih. The LLO is
now transferred to consensus sequence acceptor asparagines in the recipient protein. The transfer is catalyzed by a

complex named oligosaccharyltransferase. No CDG patients with deficiency in this complex have been described. After

transfer, the protein-bound oligosaccharide is trimmed by various glycosidases before it enters the Golgi apparatus. The

first step, removal of the third Glc residue, catalyzed by glucosidase-I, is deficient in CDG-IIb. The synthesis of GDP-Man is
also depicted in the figure. Fructose-6-P from glycolysis is isomerized into Man-6-P via the action of phoshomannose

isomerase, the enzyme deficient in CDG-Ib. Man-6-P is transformed intoMan-1-P and subsequently activated by GDP-Man

synthase to form GDP-Man. PMM, catalyzing the conversion of Man-6-P to Man-1-P, is deficient in CDG-Ia. b, Processing

of the protein-bound oligosaccharide in the Golgi apparatus and associated CDGs. When the protein-bound oligosaccharide
enters the Golgi, it consists of a GlcNAc2Man5 structure, which is however different from the one found in the biosynthetic

pathway of the LLO. It has a free a1-3 branch and two Man residues on the a1-6 branch. Some oligosaccharides are

stopped at this stage and are referred to as high-Man structures. Upon entry, a GlcNAc is added to the a1-3 branch

catalyzed by GlcNAc transferase II. This enzyme is deficient in CDG-IIa. Next, the formed structure can either be
demannosylated on the a1-6 branch or get a Gal and subsequently a Neu5Ac attached on the a1-3 branch. The latter

structure is referred to as a hybrid oligosaccharide. The removal of the two Man residues on the a1-6 branch is catalyzed by

a-mannosidase-II, an enzyme that has been implicated in the erythrocyte disorder HEMPAS. After the Man removal, the a1-6
branch is substituted with a GlcNAc and this structure serves as substrate for various reactions including fucosylation,

galactosylation, and sialylation. Fucosylation is decreased in CDG-IIc, galactosylation in CDG-IId, and sialylation in CDG-IIf.



Figure 2 a, The biosynthesis and disorders associated with O-mannosylation. This pathway is initiated with the addition of
a Man residue to serine/threonine residues in a small number of proteins confined to the neuronal system and muscles.

Dol-P-Man is used as the donor sugar nucleotide. The addition is catalyzed by a complex of two proteins encoded by

POMT1 and POMT2.When either of these genes are deficient, mannosylation is impaired, which causesWWS. Next follows

the addition of GlcNAc to the Man core. This catalyzed by PomGnT1 and deficiency causes MEB disease. The chains are
completed with addition of Gal and Neu5Ac residues but no diseases have been defined that have mutations in enzymes

proven to take part in these steps. b, The biosynthesis of GAGs and related disorders. The GAG biosynthesis is initiated with

the transfer of xylose to consensus sequence serine residues. Thereafter, addition of two Gal and one glucuronic acid (GlcA)
residue follows. Some patients with the progeria variant of Ehler–Danlos syndrome have a deficiency in the first galacto-

sylation step. After this link region is formed, either glucosaminoglycans or galactosaminoglycans are made. If the next

sugar residue added is GalNAc, the resulting polymer will be either CS or DS. CS is a polymer in which all uronic acids are

GlcA’s, whereas in DS some are epimerized to iduronic acid (IdoA). The repeating polysaccharide is then sulfated at various
positions, using PAPS as the sulfate donor. PAPS synthase is deficient in spondyloepimetaphyseal dysplasia (SEMD),

whereas transport of sulfate ions is deficient in four types of CDs. If the link region contains GlcNAc instead, the resulting

polymer will be either HS or heparin. The transfer of both the GlcNAc and the following GlcA is catalyzed by an enzyme

complex encoded by two genes, EXT1 and EXT2. Mutations in each cause hereditary multiple exostosis (HME) syndrome.
After polymerization of the HS/heparin backbone, a series of N-deacetylations, sulfations, and epimerizations take place.
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4.19.3.5 O-GalNAc Glycans of Mucin Type

A very large group of O-linked carbohydrates is attached to the core protein via an a-GalNAc bound to Ser/Thr

residues, constituting the mucin-type glycosylation (see Chapter 3.03). More than 150 proteins have been shown

to carry this type of glycosylation and are present on the cell membrane or secreted to the cell exterior. The initiation

of mucin glycosylation is catalyzed by a group of enzymes, the polypeptide GalNAc transferases (ppGaNTases),

using UDP-GalNAc as donor substrate.12 The resulting structure (GalNAca1-Ser/Thr) is referred to as the

Tn-antigen. The Tn-antigen is used as substrate for a multitude of specific glycosyltransferases that form the

so-called core antigens. Addition of an (a2-6)-linked Neu5Ac forms sialyl-Tn, addition of a (b1-3)-linked Gal

constitutes the core 1 antigen, which can be modified with a (b1-6)-linked GlcNAc, forming the core 2 antigen and

so forth. The variation is enormous and each step is catalyzed by one or several specific glycosyltransferases. The core
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structures are further modified by other glycosyltransferases finalizing the ‘complex mucin-type oligosaccharides’ that

are implicated in all aspects of biology including barrier protection, immune system function, and coagulation. For a

more complete review of the O-linked mucins, please refer to Chapter 3.03.
4.19.4 Congenital Disorders of Glycosylation: N-Glycan Defects

4.19.4.1 Overview

A report in 198013 opened up a new field in the metabolic disorder research area – disorders related to defective or

absent glycosylation. Since then, this area has literally exploded. However, several syndromes stem from mutations in

genes forming glycan structures other than N-linked, such as the hereditary multiple exostoses14 (a defect in HS

biosynthesis), a type of progeria15 (deficiency of galactosyltransferase-I), some muscular dystrophies (e.g., muscle–

eye–brain (MEB) disease and Walker–Warburg syndrome (WWS); see below) and a syndrome called familial tumoral

calcinosis, which is caused by mutations in the initiation of O-glycosylation.16 These syndromes are discussed later

in this chapter, whereas this part of the chapter focuses on disorders caused by a defective synthesis of N-glycans, the

so-called congenital disorders of glycosylation (CDGs). The CDGs were initially termed the carbohydrate-deficient

glycoprotein syndromes (CDGSs), as their diagnosis is based on the finding of under-glycosylated transferrin (Tf).

The CDGs can be divided into two different types. In CDG type I, the underlying defect disrupts the synthesis, or

transfer, of the LLO precursor glycan (see above; Figure 1a), whereas the type II syndromes involve a defective

trimming/processing of the protein-bound glycan (Figure 1a and 1b).17,18 Even though the number of glycan-

processing genes probably outnumber those involved in the LLO synthesis, most known CDG patients are of type I.

A combined arsenal of diagnostic tools, including enzymatic assays and radiolabeling of LLOs, has made it relatively

straightforward to resolve type I defects, whereas finding the molecular basis of type II CDG cases has been more

tedious and has required more advanced and diverse techniques. Today, there are 12 known CDG type I19–31 and six

type II.32–37 A summary of the syndromes are given inTable 1. Clinically, many symptoms are shared by several CDG

subtypes – psychomotor retardation, strabismus, ataxia, failure to thrive, dysmorphic features (including inverted

nipples and subcutaneous fat pads), and coagulopathies – but there are also noticeable differences.
4.19.4.2 Diagnosis of CDG

The CDGs were initially known as CDGSs, since they were found to have hypoglycosylation of the serum Tf by

isoelectric focusing. When a child is suspected to have CDG, a serum sample is analyzed for deficient Tf glycosylation,

either by isoelectric focusing,38 mass spectrometry,39 or other available methods.40,41 Electrospray ionization mass

spectrometry is most informative because it distinguishes a loss of entire glycans from a loss of individual mono-

saccharides. Occasionally, patients have combinations of both that are undetectable with other methods.42 Tf normally

carries two complex oligosaccharide chains, having a total of four NeuA residues. In most CDG syndromes, hyposia-

lylated (less than four Neu5Ac) species are seen in a larger proportion than normal, which is diagnostic. Other

metabolic causes of hyposialylation of Tf however exist (e.g., galactosemia,43 hereditary fructosemia,44 and prolonged

alcohol intake45) and have to be excluded. Also, a few of the known CDG subtypes did not have a pathological Tf

pattern (CDG-IIb, CDG-IIc, and CDG-IIf), showing that some type II CDGs can fail to be detected if hyposialylation of

Tf is the only glycoanalysis performed. Tf is the best known test for hypoglycosylation so far, even though a multitude of

other serum glycoproteins have been tested and sometimes used to check for CDG clinically.46 Type I CDGs have also

been diagnosed using protein chip technologies.47

A positive Tf test says nothing about the subtype. Glycan analysis helps focus the search. Fibroblasts and/or

leukocytes are assayed for PMM and PMI activity to eliminate or confirm CDG-Ia and -Ib, followed by metabolic

radiolabeling with sugars (usually Man) to analyze glycosylation intermediates. The size of LLO glycans and their

transfer efficiency are especially important. Accumulation of incomplete LLO often pinpoints a candidate gene, and

sequencing can reveal the causal mutations.

The initial identification of the defects that underlie CDG-IIa, -IIc, and -IIf relied on glycan analysis of Tf, selected

blood cell glycoproteins, or total serum glycans. However, these analyses are not always informative; for example, in

CDG-IIe, the defect lies in a Golgi-associated cytoplasmic protein used to move and organize the glycosylation

machinery in cells.33 A growing number of patients with as yet unclassified CDG-II defects may have similar



Table 1 Genetic defects in the human glycome

Disorder Gene Enzyme OMIM Key features

CDG-Ia PMM2 Phosphomannomutase II 212065 MR, hypotonia, esotropia, lipodystrophy, cerebellar hypoplasia, stroke-like

episodes, seizures

CDG-Ib MPI Phosphomannose isomerase 602579 Hepatic fibrosis, PLE, coagulopathy, hypoglycemia

CDG-Ic ALG6 Glucosyltransferase I Dol-P-Glc:

Man9GlcNAc2-PP-Dol

glucosyltransferase

603147 Moderate MR, hypotonia, esotropia, epilepsy

CDG-Id ALG3 Dol-P-Man: Man5GlcNAc2-PP-Dol

mannosyltransferase

601110 Profound psychomotor delay, optic atrophy, acquired microcephaly, iris

colobomas, hypsarrhythmia

CDG-Ie DPM1 Dol-P-Man synthase I GDP-Man:

Dol-P-mannosyltransferase

603503 Severe MR, epilepsy, hypotonia, mild dysmorphism, coagulopathy

CDG-If MPDU1 MPDU1/Lec35 608799 Short stature, icthyosis, psychomotor retardation, pigmentary retinopathy

CDG-Ig ALG12 Dol-P-Man: Man7GlcNAc2-PP-Dol

mannosyltransferase

607143 Hypotonia, facial dysmorphism, psychomotor retardation, acquired microcephaly,

frequent infections

CDG-Ih ALG8 Glucosyltransferase II Dol-P-Glc:

Glc1Man9GlcNAc2-PP-Dol

glucosyltransferase

608104 Hepatomegaly, PLE, renal failure, hypoalbuminemia, edema, ascites

CDG-Ii ALG2 Mannosyltransferase II GDP-Man:

Man1GlcNAc2-PP-Dol

mannosyltransferase

607906 Normal at birth; MR, hypomyelination, intractable seizures, iris colobomas,

hepatomegaly, coagulopathy

CDG-Ij DPAGT1 UDP-GlcNAc: dolichol phosphate N-
acetylglucosamine 1-phosphate

transferase

608093 Severe MR, hypotonia, seizures, microcephaly, exotropia

CDG-Ik ALG1 Mannosyltransferase I GDP-Man:

GlcNAc2-PP-Dol

mannosyltransferase

608540 Severe psychomotor retardation, hypotonia, acquired microcephaly, intractable

seizures, fever, coagulopathy, nephrotic syndrome, early death

CDG-IL ALG9 Mannosyltransferase Dol-P-Man:Man6
and Man8GlcNAc2-PP-Dol

mannosyltransferase

608776 Severe microcephaly, hypotonia, seizures, hepatomegaly

CDG-IIa MGAT2 GlcNAc-transferase 2 (GnT II) 212066 MR, dysmorphism, stereotypies, seizures

CDG-IIb GLS1 Glucosidase I 606056 Dysmorphism, hypotonia, seizures, hepatomegaly, hepatic fiborsis (death at

2.5 months)

CDG-IIc SLC35C1/
FUCT1

GDP-fucose transporter 266265 Recurrent infections, persistent neutrophilia, MR, microcephaly, hypotonia

(normal Tf)

CDG-IId B4GALT1 b-1,4-Galactosyltransferase 607091 Hypotonia (myopathy), spontaneous hemorrhage, Dandy–Walker malformation

CDG-IIe COG7 Conserved oligomeric Golgi complex

subunit 7

608779 Fatal in early infancy; dysmorphism, hypotonia, intractable seizures,

hepatomegaly, progressive jaundice, recurrent infections, cardiac failure

CDG-IIf SLC35A1 CMP-sialic acid transporter 605634 Thrombocytopenia, no neurologic symptoms, normal Tf, abnormal platelet

glycoproteins
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CDG-II/Cog1 COG1 Conserved oligomeric Golgi complex

subunit 1

606973 Hypotonia, growth retardation, progressive microcephaly, hepatosplenomegaly,

mild MR

Mucolipidosis II and III GNPTA UDP-GlcNAc: lysosomal enzyme,

GlcNAc-1 phosphotransferase

252500 Coarsening, organomegaly, joint stiffness, dysostosis, median neuropathy at the

wrist; MLIII less severe than MLII, which presents in infancy

Walker–Warburg

syndrome

POMT1/
POMT2

O-mannosyltransferase 1 236670 Type II lissencephaly, cerebellar malformations, ventriculomegaly, anterior

chamber malformations, severe delay; death in infancy

Muscle–eye–brain

disease

POMGnT1 O-mannosyl-b-1,2-N-
acetylglucosaminyltransferase 1

253280 Type II lissencephaly, progressive myopia, developmental delay, weakness,

hypotonia; resembles, but is less severe than WWS

Fukuyama muscular

dystrophy

FCMD Fukutin, a putative glycosyltransferase 253800 Cortical dysgenesis, myopia, weakness, and hypotonia; 40% have seizures

Congenital muscular

dystrophy type 1C

(MDC1C)

FKRP Fukutin-related protein; putative

glycosyltransferase

606612 Hypotonia, impaired motor development, respiratory muscle weakness

Congenital muscular

dystrophy type 1D

(MDC1D)

LARGE Putative glycosyltransferase 608840 Muscular dystrophy with profound MR

Hereditary inclusion

body myopathy-II

(IBM2)

GNE UDP-GlcNAc epimerase/kinase 600737 Adult onset with progressive distal and proximal muscle weakness, spares

quadriceps

Ehlers-Danlos Syndrome B4GALT7 b-1,4-Galactosyltransferase 7 130070 Progeroid Ehlers–Danlos syndrome; macrocephaly, joint hyperextensibility

Heriditary multiple

exostosis

EXT1/
EXT2

Glucuronyltransferase/N-
acetylglucosaminyltransferase

133700 Multiple exostoses (diaphyseal, juxtaepiphyseal)

Chondrodysplasias DTDST/
SLC26A2

Sulfate anion transporter 222600

600972

256050

Diastrophic dysplasia; airway collapse, early death in severe cases, adults

reported. Achondrogenesis Ib; usually stillborn or early death of respiratory

failure. Atelosteogenesis II; pulmonary hypoplasia, fatal in infants

Spondyloepimetaphyseal

dysplasia

ATPSK2 PAPS synthase 603005 Abnormal skeletal development and linear growth

Malcular corneal

dystrophy types I and

II

CHST6 Keratan sulfate 6-O-sulfotransferase 217800 Corneal clouding and erosions, painful photophobia

Amish infantile epilepsy SIAT9 GM3 synthase 609056 Tonic–clonic seizures, arrested development, neurological decline

Familial tumorous

calcinosis

GALNT3 GalNAc transferase 211900 Massive calcium deposits in skin and tissue

Congenital

dyserythropoietic

anemia (CDA II)

? ? 224100 Anemia, jaundice splenomegaly, gall bladder disease

Tn syndrome COSMC Chaperone of b-1,3-GalT 230430 Anemia, leukopenia, thrombocytopenia (somatic mutation)

Paroxysmal nocturnal

hemoglobinuria

PIGA PI-GlcNAcT 311770 Complement-mediated hemolysis (somatic mutation)
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trafficking mutations that affect multiple glycosylation pathways, and, in these cases, glycan analysis alone is unlikely

to pinpoint the defect.

Complementation assays have been extremely useful for identifying defective genes in patients. Yeast or mamma-

lian cells with functional defects in the genes that encode glycosylation pathway proteins provide a complementation

system to confirm the pathology of specific mutations. The use of Saccharomyces cerevisiaemutants in this way has made

important contributions to understanding the CDGs, especially the type I disorders. The early stages of the N-linked

glycosylation pathway, including precursor activation, LLO assembly, glycan transfer to protein, and initial trimming

steps, are nearly identical to those in humans, with a few important exceptions. Yeast cell lines with individual or

multiple genetic glycosylation deficiencies with measurable, sometimes lethal, effects on glycoprotein synthesis

provided an ideal complementation system to test the impact of putative pathological mutations in the human

orthologs. The normal human alleles restore growth or rescue impaired glycosylation of a marker protein (usually

carboxypeptidase Y), while the mutant allele does not. Even mild human mutations can be teased out. Where the

yeast pathways differ from those in humans, equally robust mutant mammalian cell lines, usually Chinese hamster

ovary (CHO) cells, are available. These have been used to identify CDG-Ie, -If, and -Ij and have provided important

insights into all of the CDG-II defects, as yeast lacks most of these steps.
4.19.4.3 Mouse Models of CDGs

CDG patients usually harbor hypomorphic alleles, not null genes. There are only a few systemic knockout mouse

models, because they die early in development. Generating accurate models for many types of CDG is more likely to

rely on introducing proven pathological point mutations into the mouse orthologs of the defective human genes.

Tissue-specific conditional gene ablation can provide some functional insights, but it would not model the diseases

since typical patients do not have null mutations.

Nevertheless, a few successful CDG-like mouse models have been created. Mgat2 (which encodes the GlcNAc-

transferase II) null mice rarely survive beyond weaning (1%) and all die by 4 weeks. However, the occasional survivors

have a strong resemblance to CDG-IIa patients in nearly all respects, including glycan profile, facial dysmorphic

features, and other pathologies.48 Fx (required for GDP-Man to GDP-Fuc) null mice resemble CDG-IIc patients.

Depending on the genetic backgrounds into which the mutation is introduced, Fx null survivors respond to the

addition of fucose in drinking water.49 Fuc is first converted to Fuc-1-P and then to GDP-Fuc, bypassing the Fx block.

Without Fuc supplements, the mice die within a few weeks. This response is similar to that seen in Fuc therapy50 in

CDG-IIc patients lacking the GDP-Fuc transporter.35 The background genes of Fx null mice that compensate are

unknown, but it is likely that they are more efficient at salvaging Fuc because of higher Fuc-kinase activity of

the GDP-Fuc synthase. Mouse models to identify modifiers such as these genes would be desirable, but require

significant commitment of resources.
4.19.4.4 CDG-Ia

Most patients diagnosed with CDG belong to this group, and over 650 patients are known worldwide. The defective

gene is PMM2,31 encoding phosphomannomutase (PMM), responsible for the conversion Man6-phosphate (M6P) !
Man1-phosphate (M1P).51 This causes a diminished production of GDP-Man and Dol-P-Man, both essential pre-

cursors for LLO biosynthesis. R141H is the most common mutation, with a carrier frequency in the Caucasian

population of about 1/6052 to 1/80,53 but there are more than 70 mutations that are known to be pathogenic.53a The

R141H mutation gives rise to an enzyme devoid of activity and has never been found to be homozygous in a patient,

implying that residual PMM activity is required for fetal survival. Diagnosis of CDG-Ia is made by a positive Tf

hypoglycosylation test followed by an enzymatic assay of PMM in either fibroblasts or white blood cells. High residual

PMM activity in fibroblasts may be a potential pitfall, as a patient may be considered normal upon analysis.54,55 CDG

type I can be tested for by prenatal analysis; however, this is only offered to families with at least one affected child and

proven pathological mutations in the parents. Around a hundred tests have been performed prenatally to exclude

CDG.53 Most have been of type CDG-Ia (formerly known as CDGS-I) and the most reliable method is sequencing;

analysis of PMM activity in amniocytes is hazardous since slowly growing amniocytes have a naturally low PMM

activity.56 An interesting observation by Schollen et al. is that the transmission ratio of mutated alleles does not follow

Mendel’s second law, insofar as higher percentages (around 1/3) of fetuses in CDG-Ia families are affected.57

The first patients diagnosed with CDG-Ia were phenotypically rather alike, presenting inverted nipples, subcuta-

neous fat pads, psychomotor retardation, ataxia due to cerebellar hypoplasia, retinitis pigmentosa, and short stature,
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a phenotype still considered the ‘classical’ presentation of CDG. Today we know that a CDG-Ia patient can present a

wide spectrum of symptoms, ranging from only very mild retardation,54,55,58 to patients with hypoglycemia,59

gastrointestinal problems,60 or hypertrophic cardiomyopathy61 as leading symptoms; to severely affected individuals

with profound psychomotor retardation, intractable seizures, and grave dysmorphisms.

Why most CDG patients develop neuronal problems is not fully known. The structures of N-linked glycans of the

brain differ a lot from glycans of other organs and there is a multitude of unusual structures found in brain tissue.

A specific feature of brain N-glycoproteins is the presence of incompletely processed oligosaccharides, lacking

terminal Neu5Ac and Gal residues. Other prominent features involve core and outer-arm fucosylated species, and

oligosaccharides with bisecting GlcNAc (reviewed by Albach et al.).62 This plethora of unusual structures implies that

a vast amount of processes during neurodevelopment require a specific structure and it is easy to comprehend that lack

or addition of a brain oligosaccharide is detrimental to the fine-tuned process of fetal brain development. However,

very few of these structures have been proved to take part in the development of the brain. In a case description by

Aronica et al.,63 the brain of a CDG-Ia patient was studied. It was shown that the patient had a pronounced lack of

Purkinje cells in the cerebellum, but it is unknown whether lack of a specific oligosaccharide structure accounts for

this neuropathological finding.

No mammalian model of PMM deficiency exists at present. Mice with null alleles are embryonic lethal,250 but mice

with hypomorphic alleles are underway. In order to investigate whether a mutation is pathogenic, yeast deficient in

PMM64 is available for complementation. Moreover, no effective treatment of the disorder is at hand. Man has been

tried in clinical studies, but no objective improvements have been noted.65–67 Several groups have attempted to

synthesize Man-1-P compounds68–70 that are cell permeable in order to replenish the intracellular pools of Man-1-P

and consequently the GDP- and Dol-P-Man pools. There have been some promising data in cell culture systems, but

without a functional animal model, further attempts will be hindered.
4.19.4.5 CDG-Ib

CDG-Ib (around 20 known patients) is due to a deficiency in phosphomannose isomerase (PMI), the enzyme that

catalyzes the formation of M6P from fructose 6-phosphate30 and thus links glycolysis and N-linked glycosylation.

These patients differ from other CDG subjects as they have no neuronal involvement. The reason for this is probably

that the maternal serum Man level during the embryonic development is high enough to compensate for the loss of

Man-6-P by direct Man-6-phosphorylation via the action of hexokinase. This is also used in the treatment of CDG-Ib,

where the patients are given alimentary supplementation with Man, which completely abolishes the symptoms. The

molecular defect was first resolved and published in 199830,71,72 along with its treatment.30

Main features of CDG-Ib patients include thromboembolic disease with coagulation factor disturbances, congenital

hepatic fibrosis, protein-losing enteropathy (PLE), and failure to thrive,18,73,74 but persistent vomiting72 and hypo-

glycemia75 have also been described as main symptoms. PLE in CDG is though to be the result of mis-glycosylation

(and hence malfunction) of enterocyte proteoglycans,76 which leads to a disturbed barrier function of the intestinal

border.77 Many CDG patients get an engraved symptomatology during periods of stress such as infections and

pronounced growth. In one patient, the defect was not found until her adolescence and she was then asymptomatic.78

Other patients have been taken off Man treatment after they have reached puberty, without regaining any symptoms.

This indicates that PMI deficiency is of much less importance in adults. Since CDG-Ib is easily manageable and

potentially fatal, a rapid diagnosis is vital. A positive Tf hypoglycosylation test is followed by enzymatic analysis of

PMI, which is diagnostic. After therapy has been initiated, improvement is noted after a couple of weeks, but full

recovery cannot be expected first until several months of treatment.

No mammalian model system of PMI deficiency exists presently. Null mice die around embryonic day E11.5 due to

toxic accumulation of Man-6-P,79 showing the importance of PMI as a shuttle not only of fructose-6-P to Man-6-P, but

also the reverse. This has been noted previously in honeybees and is referred to as the ‘honeybee effect’.80 In order to

overcome this problem, mice with hypomorphic alleles instead of null alleles are under construction to make a

functional model system.
4.19.4.6 CDG-Ic

CDG-Ic is the second most common CDG subtype with more than 30 known patients. It stems from mutations in the

gene hALG629 resulting in a deficiency of the first glucosyltransferase that adds a Glc residue to the growing LLO

chains. The phenotype of this syndrome is usually milder than classical CDG-Ia, often with a spared cerebellum and
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minor psychomotor retardation.18 Why these patients are milder is not completely known, but it seems that defects

which occur relatively late in the LLO formation have a smaller impact on neuronal function, possibly because these

chains are transferred to proteins in a larger amount than shorter chains. Features such as low density lipoprotein (LDL),

deficiency in coagulation factor XI, and PLE are often present, and may persist into adolescence.81 The most common

mutation causing CDG-Ic is A333V accounting for more than 50% of the known alleles, but there are at least 11

described pathogenic mutations.81,82 Interestingly, one patient with CDG-Ic was found to have a large deletion,

spanning the hALG6 region, on the paternal chromosome and was a carrier of a point mutation in the maternal allele,

causing this syndrome.82 This made the diagnostic procedure difficult and shows the importance of a thorough

analysis of the parents prior to genetic counseling.

The diagnosis of CDG-Ic is made by the detection of truncated LLOs, lacking Glc, after a positive Tf hypogly-

cosylation test has been performed. There is no treatment readily available for CDG-Ic and no animal model has been

created that mimics the syndrome.
4.19.4.7 CDG-Id

The defective gene in CDG-Id is hALG3, encoding mannosyltransferase-VI that catalyzes the first Dol-P-Man-

dependent step in LLO formation, addition of the sixth mannosyl residue to the growing LLO chain. This is a very

severe subtype of CDG, often with multiple facial and skeletal dysmorphic features, intractable seizures, pronounced

mental retardation, and optic nerve atrophy.83–85 In one recently diagnosed patient, the main medical issue apart

from severe dysmorphisms was persistent hypoglycemia due to dysregulation of insulin production and secretion,85 which

has only been seen in CDG-Ia86 and -Ib75,87 patients before. Only six patients have been described,28,83–85,88,89 and

the diagnosis is based on a pathological LLO pattern together with mutational analysis. In one child, CDG-Id was

caused by a combination of segmental maternal isodisomy and a de novo mutation, where the initial phenotype

indicated homozygosity for a point mutation.84 This highlights the importance of mutational analysis of the parents for

correct genetic counseling in CDG families, as discussed in the CDG-Ic section.82 There are to date seven known

mutations that cause CDG-Id.53a,85

Currently, no therapy is available for CDG-Id, and no mammalian model system exists.
4.19.4.8 CDG-Ie

CDG-Ie stems from mutations in DPM1 that encodes the catalytic domain of Dol-P-Man synthase.27 In humans, two

other genes, DPM2 and DPM3, contribute to the formation of the Dol-P-Man synthase, but so far no CDG cases with

mutations in these genes have been found. CDG-Ie is similar in phenotype and severity to CDG-Id and -If,18 and is

characterized by pronounced psychomotor retardation, muscular hypotonia, intractable seizures, and often blindness

and facial dysmorphisms such as hypertelorism and a Gothic palate. The children sometimes have normal birth

weight, length, and head circumference, but microcephaly is characteristic later on.27,90,91 Five patients have been

published to date, four with a severe phenotype27,91 and one with a milder.90 The four severe cases were either hetero-

or homozygous for the point mutation 274C>G (R92G), where arginine 92 is conserved fromHomo sapiens to S. pombe.

Additionally, the heterozygous patients carried either insertions or deletions, resulting in premature stop codons.

The milder case was, on the other hand, homozygous for another mutation (742T>C, S248P), which is not conserved

between mammals and yeast. This may explain the discrepancy in phenotypic expression; however, more

patients with other mutations need to be identified to validate this subgroup heterogeneity. It is noticeable that an

enzyme assay never was performed in the milder case, which allows the speculation that the S248P mutation is a

polymorphism.

The diagnosis is based on Tf analysis, enzymatic analysis of Dol-P-Man synthase, and a defective LLO pattern with

accumulation of Man5GlcNAc2 structures. To exclude the risk of mutations being polymorphisms, an enzyme assay

should always be performed.

There is no current therapy for CDG-Ie patients, even though the LLO pattern of fibroblasts can be corrected with

exogenous addition of Man and Man-1-P derivatives. No animal model of CDG-Ie has been created.
4.19.4.9 CDG-If

The underlying defective gene in CDG-If (MPDU-1/Lec35) encodes a protein whose function is not fully understood,

but is involved in the utilization of Dol-P-Man and Dol-P-Glc. There is no yeast homolog for MPDU-1/Lec35.
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Phenotypically, CDG-If resembles CDG-Id and -Ie. The patients are usually born at term with normal birth weight

and length. They often develop muscular hypotonia, blindness, and severe psychomotor retardation; however,

myelination by MRI is usually normal.25 In addition to these symptoms, two patients presented with ichthyosis25,26

and others have shown generalized eczema or patchy desquamation.25 This is the only CDG subtype associated with

skin disorders, which may point to a role, other than that in N-linked glycosylation, for MPDU-1 in skin growth and

homeostasis. To date, there are six known patients and the diagnosis is based on the Tf pattern, a pathological LLO

pattern (accumulation of Man5GlcNAc2 and Man9GlcNAc2 structures), and genetic analysis with complementation of

fibroblasts to exclude polymorphisms.

No therapy is currently available for CDG-If and no animal model system has been created.
4.19.4.10 CDG-Ig

Mutations in hALG12, causing deficiency of the mannosyltransferase that catalyzes the addition of the eighth Man

residue to the growing LLO chain, constitute the molecular explanation to this subtype.24,92,93 The patients present

with psychomotor retardation, hypotonia, and often inverted nipples and subcutaneous fat pads. Interestingly many of

these patients are more prone to infection and show a deficiency in IgG.94 Of the known male patients, all have shown

genital hypoplasia, but there is no distinct molecular explanation for this finding.94 Furthermore, facial dysmorphisms

with epicantus, large ears, and thin face have been observed in several of the patients.95 In this group, the variation of

severity is considerable and a very active intervention with physical, speech, and occupational therapy was suggested

to be clearly beneficial.94 There are seven known cases, and 10 published pathogenic mutations. The diagnosis is

based on accumulation of truncated LLO (Man7GlcNAc2 structures) and genetic analysis.

No current therapy for CDG-Ig is available and no genetic animal model has been brought through.
4.19.4.11 CDG-Ih

Deficiency of the second glucosyltransferase in the LLO biosynthesis (encoded by hALG8) causes CDG-Ih.23 Along

with CDG-Ib, it is the only CDG subtype that can present without detectable neuronal involvement. The patients

often present with a severe syndrome involving the intestine, the kidneys, and the liver, and an early, fatal outcome is

often seen (coagulopathies, PLE, kidney failure).96 The lack of severe symptoms from the brain can be explained, in

most patients, by the fact that they succumbed before reaching an age where they could be properly tested.96,97

However, the first known case was 3 years at the time of diagnosis, and no neurological findings were present.23

Possibly the lack of CNS symptoms in this case can be explained by the relatively low underglycosylation

(Glc1Man9GlcNAc2 structures are transferred relatively well to proteins), whereas the presence of a structure derived

from this precursor may be involved in the kidney pathology, not seen commonly in other CDG subtypes. The LLO

pattern shows accumulating Man9GlcNAc2 and Glc1Man9GlcNAc2 structures. The presence of Man9GlcNAc2 is

likely due to the action on the accumulating Glc1Man9GlcNAc2 structure by an ER glucosidase. This is strengthened

by the fact that the Glc1Man9GlcNAc2 structures increase upon treating the cells with castanospermine, an inhibitor of

the a-glucosidase.23,96 The LLO pattern along with genetic analysis, diagnoses CDG-Ih, and there are five known

cases to date.23,96,97 Since CDG-Ib is treatable, it is vital to exclude this subtype before continuing the diagnosing

process of CDG-Ih.

There is currently no available therapy of CD-Ih and no animal model exists.
4.19.4.12 CDG-Ii

The defective gene is hALG2, encoding the second mannosyltransferase in the LLO pathway. The only patient

published with this syndrome was normal at birth, but during the first year developed hypomyelination, mental

retardation, seizures, hepatomegaly with coagulation deficiencies, and coloboma of the iris.22 It is noteworthy that on

the mother’s side, several cases of early infantile deaths, psychomotor retardation, migraine and seizures were known.

The analysis of the small Dol-linked oligosaccharides showed an accumulation of both Man1GlcNAc2-P-P-Dol and

Man2GlcNAc2-P-P-Dol. The authors show that this may be caused by alternate pathways in the early steps of the

LLO biosynthesis, where the addition of the (a1-3)-linked ‘second’ Man also may be the third mannosylation step.22

Diagnosis was based on the abnormal LLO pattern, an enzymatic assay, genetic analysis, and complementation of a

yeast strain.

There is no current therapy of CDG-Ii and no animal model system is known.
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4.19.4.13 CDG-Ij

In this subtype, the defective gene (DPAGT1) encodes the GlcNAc transferase that catalyzes the addition of the first

GlcNAc to the growing LLO chain (GPT). There is only one known case with this defect.21 The patient presented

with mental retardation, microcephaly, intractable seizures, muscular hypotonia, and esotropia. The diagnosis was

based on LLO analysis (low amounts of LLO formed), enzymatic assays, and genetic analysis. The paternal allele

contained a single point mutation (660A>G), and the resulting protein had no GlcNAc-transferase activity. Interest-

ingly, the maternal allele produced a complex pattern of several alternatively spliced bands after reverse transcriptase-

polymerase chain reaction (RT-PCR), but no mutations were found on the genomic level.

Mice embryos deficient in GPT have been created. They complete the pre-implantation development, but die

shortly after implanting in the uterine epithelium around days 4–5 post fertilization.98 There is no current therapy of

CDG-Ij.
4.19.4.14 CDG-Ik

CDG-Ik stems from deficiency of the first mannosyltransferase (encoded by hALG1) in the LLO biosynthetic

pathway. It is a very severe syndrome where only one of four known patients survived into the second year.20,99,100

Main features are intractable seizures, hypotonia, cerebral atrophy, visual impairment, and coagulopathy. One patient

developed nephrotic syndrome and hypogammaglobulinemia,100 whereas another had grave dysmorphic features and

cardiomyopathy,99 showing the large variability within the CDG subtypes. The diagnosis is based on LLO analysis of

short species,101 enzymatic assays, and genetic analysis.

No animal model exists and there is no current treatment.
4.19.4.15 CDG-IL

This syndrome is caused by mutations in the human ortholog of yeast alg9 (hALG9). This gene encodes an a-1,2-
mannosyltransferase that catalyzes the addition of both the seventh and the ninth mannose residue onto the growing

LLO chain.102 There are two known patients to date.19,103 Both had severe brain abnormalities, including microceph-

aly,19 diffuse brain atrophy, cerebellar hypoplasia, delayed myelination, and seizures.103 One patient also showed

failure to thrive, cystic renal disease, hepatosplenomegaly, pericardial effusion, and inverted nipples.103 Their

diagnoses were based on a pathological LLO pattern (accumulating Man6GlcNAc2- and Man8GlcNAc7-structures)

and genetic analysis.

No animal model exists and there is no current therapy of CDG-IL.
4.19.4.16 CDG-IIa

A deficiency in the GlcNAc transferase-II (encoded by MGAT2),104 an enzyme involved in the formation of complex

type oligosaccharides,105 is the cause of this syndrome. Four patients are known.18 There is a marked psychomotor

retardation compared to CDG-Ia, but no peripheral neuropathy and normal deep-tendon reflexes. The patients

develop muscular hypotonia, and seizures have been described. In contrast to CDG-Ia patients, who are usually

prothrombotic, CDG-IIa (formerly known as CDGS-II) patients have a tendency to bleed. A possible explanation is

that platelets from CDG-Ia patients have an enhanced nonspecific platelet interaction, whereas CDG-IIa platelets are

deficient in glycoprotein Ib reactivity with the vessel walls.106 Diagnosis of CDG-IIa is based on oligosaccharide

structure analysis and enzymatic assays.

An accurate phenocopy animal model has been made,48 but there is no therapy of CDG-IIa.
4.19.4.17 CDG-IIb

This syndrome is caused by mutations in GCS1, encoding a-glucosidase-I,36 which constitutes the first processing step

of the protein-bound N-linked oligosaccharides. Only one patient has been described, a consanguineous girl with

generalized hypotonia, seizures, multiple dysmorphic features, hepatomegaly, feeding problems, and hypoventilation.

The outcome was fatal at 74 days. Even though the estimated activity of the patient’s glucosidase was<1% of normal,

more than 80% of the protein-bound oligosaccharides were processed normally. Furthermore, a tetrasaccharide
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(Glc3Man) was found in the urine of the patient. These findings are explained by a compensatory upregulation of an

endo-a-1,2-mannosidase activity in the patient, functioning as an alternative pathway.107 The diagnosis was based on

enzymatic activity assays and genetic analysis, where the accumulation of Glc3Man gave a significant lead.

No animal model exists and there is no current therapy. However, the Lec23 CHO cell line, deficient in the

a-glucosidase-I, can be used to analyze the significance of mutations in GCS1.108
4.19.4.18 CDG-IIc

CDG-IIc (also known as leukocyte adhesion deficiency type II (LADII)) is caused by mutations in the GDP-fucose

(Fuc) transporter (encoded by FUCT1).35 To date, seven patients have been described.35,109–112 This syndrome is

characterized by nonfucosylated oligosaccharides, and presents with severe mental retardation and immunodeficiency

due to an adhesion defect of the leukocytes (probably due to absence of (a1-3)-fucosylated sialyl-Lewisx selectin

ligands).50 Apart from high blood leukocyte counts, recurrent bacterial infections and mental retardation, these

patients have a short stature and characteristic facial abnormities.

Alimentary supplementation with Fuc corrected the immunological defect in two patients,50,110 and also improved

the neurological symptoms.50 However, in another set of three CDG-IIc patients, Fuc supplementation was ineffec-

tive.113 This discrepancy in outcome was suggested to be the difference in mutations, one affecting the Km of the

GDP-Fuc transporter, hence being sensitive to an increased Fuc pool, and one affecting the GDP-Fuc transport Vmax,

rendering it insensitive to Fuc treatment.109 However, in one of the successfully treated patients, the FUCT1

mutations cause a severely truncated transporter, suggesting that there may be an alternative pathway to transport

GDP-Fuc into the Golgi lumen.110 An attempt to treat CDG-IIc children with Fuc is recommended since, even

though they may be insensitive to the treatment, no nonmanageable adverse effects have been noted.50,110,113

Diagnosis is based on oligosaccharide and mutational analyses. There is no animal model of CDG-IIc.
4.19.4.19 CDG-IId

Mutations in B4GALT1 cause CDG-IId,34 a deficiency of a galactosyltransferase involved in the formation of sialylated

complex-type oligosaccharides.114 One patient has been described so far, suffering from a syndrome involving

muscular hypotonia, mild developmental delay, coagulopathy, and myopathy. He also had a Dandy–Walker malforma-

tion with macrocephalus and progressive hydrocephalus. It was speculated that this malformation was coincidental,

but it is noteworthy that a Dandy–Walker malformation has also been described in a CDG-Id patient.85 Diagnosis was

based on oligosaccharide and mutational analysis.

There is no animal model of CDG-IId and no current therapy.
4.19.4.20 CDG-IIe

CDG-IIe differs from other types of CDGs since the molecular etiology is caused bymutations in a protein not directly

involved in glycosylation, but rather in Golgi function.33 It stems from a deficiency in the conserved oligomeric Golgi

complex-7 (COG7; encoded by COG7), which is a subunit of COG, a complex involved in inter- and intra-Golgi

trafficking of proteins.115 Two consanguineous siblings were described with a syndrome characterized by severe

dysmorphic features, hypotonia, and progressive, fatal liver disease.116 The diagnosis was facilitated by the presence of

characterized CHO cell mutants with a similar glycosylation phenotype (involvement in both N-, O-, and lipid-linked

glycosylation)117 and was based on thorough oligosaccharide characterization and mutational analysis.33

Recently, another COG-deficient patient was reported, with a defect in COG1.118 The patient had a fairly mild

syndrome with mild, but progressive, psychomotor retardation, growth inhibition, some dysmorphic features, progres-

sing hepatosplenomegaly, and left ventricular hypertrophy. The authors suggest a novel nomenclature for

COG-deficient CDG-II patients, since the current nomenclature does not adequately describe the molecular back-

ground to these syndromes. They suggest that syndromes due to COG deficiency is referred to as CDG-II/Cogx, that

is, CDG-IIe would be CDG-II/Cog7 and the new syndrome CDG-II/Cog1118 instead of CDG-IIg as would be its

current classification. Patients have also been found who are Cog8-deficient and severely retarded (CDG-II/Cog8 or

CDG-IIh).

There is no current therapy, but C. elegans has been proposed as a tractable model to study COG defects.251
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4.19.4.21 CDG-IIf

This syndrome is caused by a deficiency in the CMP-sialic acid transporter (encoded by SLC35A1), and, in the only

patient known,32,119 caused a fatal bleeding disorder with severe thrombocytopenia and giant platelets.

A characteristic deficiency in sialylated leukocyte oligosaccharides was seen. Surprisingly, serum glycoproteins were

sialylated normally, suggesting that the proven splice site mutationmay not have been recognized in the liver. Whether

other tissues were affected is unknown because the patient died and only DNAwas available for molecular analysis.

There is no animal model of CDG-IIf and no current therapy. The patient succumbed before alimentary addition of

sialic acid was attempted.
4.19.5 Other Defects in N-Glycan Biosynthesis

Several other defects in N-glycan synthesis were known before the explosion of the CDG group. In some cases, the

defective genes and/or the affected proteins have still not been identified.

In mucolipidosis II (ML-II or I-cell disease) and a less severe version, ML-III (pseudo-Hurler polydystrophy),

N-glycans of the majority of lysosomal enzymes are specifically affected.120 They are mistargeted because they lack

the Man-6-P recognition marker, needed for their binding to the cation-independent receptor MPRI/IGF2R and the

cation-dependent receptor (MPRD) in the Golgi. These receptors route them to the lysosome.121,122 All ML-II and

ML-III patients have mutations in the transferase complex that is involved in the first of two steps in the addition of

Man-6-P. There are no knownmutations in the ‘uncovering enzyme’, a specific a-GlcNAc hydrolase that generates the

functional Man-6-P residue from the phosphodiester, GlcNAc-1-P-6-Man. Mice deficient in both phosphomannosyl

receptors have a phenotype that clinically resembles I-cell disease.123

Autosomal recessive congenital dyserythropoietic anemia (CDA) type II (also known as HEMPAS) impairs

erythropoiesis, resulting in anemia and morphological abnormalities of most bone marrow erythroblasts. The disease

is genetically heterogeneous, but several cases show abnormal glycosylation of erythrocyte membranes, and in some

cases abnormal glycan structures suggest a deficiency of the N-glycan-processing enzymes a-mannosidase II or

MGAT2124 (the gene that is mutated in CDG-IIa). In support of this, the a-mannosidase II knockout mouse also

develops dyserythropoietic anemia.124 However, no CDA-II patients have proven mutations in these genes. Linkage

analysis located the defective locus to 20q11.2, which eliminates both of these candidates, and sequencing candidate

genes in this region in a large CDA-II population failed to find mutations in other known genes, including an a-1,2
mannosidase-like gene.125 The cause(s) of CDA-II therefore remain(s) unknown, but the discovery of glycosylation-

promoting chaperone proteins in the ER, such as COSMC, and those in the cytoplasm (e.g., COG) provides a

perspective that defects could lie in noncatalytic proteins.
4.19.6 Glycosylation-Related Congenital Muscular Dystrophies

4.19.6.1 Overview and Cell Biology

The congenital muscular dystrophies (CMDs) constitute a heterogeneous group of disorders with an onset at birth or

shortly thereafter.126 Together with the muscle disease, these patients characteristically present with neuronal deficits

and metal retardation, due to a malfunctioning neuronal migration in the cortex.127 In all CMDs, a muscle-specific

complex, called the dystrophin–glycoprotein complex (DG), is altered. A central protein in this complex, dystroglycan,

is cleaved from a precursor to a- and b-dystroglycan (a- and b-DG). b-DG is a transmembrane glycoprotein that binds

to intracellular proteins such as dystrophin/utrophin, Rapsyn and GRB2 with its C-terminal cytosolic part, and to the

extracellular a-DG with its N-terminal part.128 It thereby functions as a transponder between the inside and outside of

muscle cells. On the inside, dystrophin/utrophin interacts with F-actin of the cytoskeleton, and, extracellularly, a-DG

binds to laminins and several proteoglycans.128 Other proteins are associated with the DG such as dystrobrevin,

sarcoglycans, syntrophins, and sarcospan. Mutations in several of these different proteins have been shown to be the

molecular explanation to muscular dystrophies: Duchenne muscular dystrophy is caused by defective dystrophin,129

limb girdle muscular dystrophy 2C-F by mutated sarcoglycans,130 and muscular dystrophy – congenital muscular

dystrophy 1A by mutations in the laminin-2 a2-chain.131 O-Mannosylation (see above) constitutes a rare carbohydrate

modification of very specific proteins confined to the brain and the neuromuscular junction. a-DG carries these rare

modifications, and the interactions of a-DG with its extracellular ligands depend on their presence. The importance of

correct glycosylation of the dystroglycan complex (DGC) is highlighted by the fact that mutations in glycosyltrans-

ferases and putative glycosyltransferases have been shown to cause CMDs.
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4.19.6.2 Muscle–eye–brain (MEB) disease

This is a rare autosomal recessive disorder where the patients are mentally retarded, with a neuronal migration

dysfunction leading to cerebellar hypoplasia and flattened brain stem.132 They also present with ocular abnormalities

such as congenital myopia, glaucoma, and pallor of the optic discs. The patients are floppy, with generalized muscle

weakness from birth.126 Most of the patients are found in Finland.133 The disease progress is comparably slow and

most patients survive into their adulthood. The defective gene (hPOMGnT1) encodes a GlcNAc transferase, specifi-

cally adding GlcNAc residues to protein O-linked Man, creating the epitope GlcNAcb1-2Man-O-protein. Several

mutations have been characterized, most of which are nonsense mutation either causing a deletion or an insertion

resulting in a premature stop codon and dramatic loss of enzymatic activity.132
4.19.6.3 Walker–Warburg syndrome (WWS)

WWS is a more severe autosomal recessive CMD, also associated with a neuronal migration dysfunction. The disease

course is usually more progressive than in MEB and the patients usually succumb during their first year of life.134

Classical signs involve cobblestone lissencephaly (smooth brain), agenesis of the corpus callosum, and cerebellar

hypoplasia. The brain displays dramatic developmental disruption, and severe muscle dystrophy is seen.134 In the

eye, there is often an anterior/posterior chamber dysplasia.135 The first mutations shown to cause WWS were in the

putative protein mannosyltransferase gene (hPOMT1).136 However, more recent studies have shown that mutations in

the related gene hPOMT2 also cause WWS,137 and, interestingly, co-expression of both these genes are required for

activity.5 The product catalyzes the addition of an O-linked Man residue to very specific proteins in the brain and

muscles, and is the initiation of the O-mannosylation cascade. In classical WWS, this mannosyltransferase activity is

completely lost, causing the fatal phenotype, whereas, lately, milder mutations with residual mannosyltransferase

activity have been described. These patients show a milder pathology sometimes without any ocular involvement.138

The POMT1 gene has been deleted in mice, which causes embryonic lethality at E7.5–E9.5.139 The probable

explanation to this phenotype is a deficient formation of Reichert’s membrane due to underglycosylation of aDG.
4.19.6.4 Other Putative Glycosyltransferase-Associated CMDs

In addition, at least three other human CMDs have shown mutations in genes whose products are putative glycosyl-

transferases; Fukuyama CMD (Fukutin mutations), and CMD-type 1C (severe form)/limb girdle muscular dystrophy-

type 2I (mild form; both have Fukutin-related protein mutations).127,140 Also the LARGE gene, mutated in the

myodystrophy mouse, encodes a putative bifunctional glycosyltransferase.141

Fukuyama congenital muscular dystrophy (FCMD) is caused by a 3-kb 30-retrotransposon insertion into the Fukutin

gene, which partially reduces the stability of the mRNA, making it a relatively mild mutation. FCMD is one of the

most common types of CMD in Japan, where the heterozygous carrier frequency is 1 in 188; however, it is far less

frequent even in other closely related populations and the causal mutation is thought to have arisen from a single event

2000–2500 years ago in the Japanese population. The fukutin gene product is expressed both in muscle and other

tissues, and co-localizes with a-DG in various regions of the adult mouse brain. The protein has a putative glycosyl-

transferase domain (DXD) and localizes to the cis-Golgi,142 but no transferase activity has been demonstrated.

Fukutin null mice die by E9.5 in embryogenesis and appear to have basement membrane defects.143 Chimeric

mice in which there is a <50% contribution of cells that are heterozygous for loss of fukutin show typical muscular

dystrophy, compromised survival, and disorganized laminar structures in the brain, along with ocular and retinal

abnormalities.144 However, patients with functional null mutations in Japan survived but had a more severe WWS-like

phenotype.145

Studies of two other CMDs provide further examples of novel, as yet uncharacterized, enzymes that play a role in

O-mannose glycan biosynthesis. CMD-type IC and the related, considerablymilder, limb-girdle muscular dystrophy 2I

are caused by mutations in fukutin-related protein.146 The protein has a glycosyltransferase signature (DXD), but no

known transferase activity. It is Golgi-localized, but a portion may also reside in the ER.147

Patients with congenital muscular dystrophy 1D (MDC1D) contain mutation in LARGE,148 which was originally

described in myodystrophic mice (myd, now called Largemyd).141 The protein has two glycosyltransferase signatures

(DXD motifs) in different domains, suggesting that it is a bifunctional enzyme; however, no enzymatic activity has

been demonstrated. On the other hand, mutating these motifs prevents LARGE from rescuing defective glycosyla-

tion. The protein is located in the Golgi and recognizes N-terminal portion of a-DG, which is subsequently

proteolyzed, leaving the glycosylated mucin domain. When LARGE is overexpressed, it hyperglycosylates a-DG,
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suggesting that LARGE activity is the rate-limiting step. LARGE overexpression can phenotypically rescue the

Largemyd mouse, and it also prevents the development of muscular dystrophy, but it does so without increasing

the expression of the other dystroglycan complex proteins.149 It is surprising that LARGE also rescues defective

glycosylation in FCMD and WWS myoblasts as well as fibroblasts from MEB. Again, LARGE expression did not

increase the activity of these enzymes, but it restored their glycosylation and function by a compensatory mechanism.

These results suggest that LARGE may be a potential candidate for gene therapy in a variety of CMDs.149 Large can

also be expressed along with a-DG and PomGnT1 in CHO cells, but only a small amount of a-DG becomes

glycosylated with the O-Man glycans recognized by the antiglycan antibodies IIH6 and VIA4-1. When LARGE was

expressed in nucleotide sugar transporter or Dol-P-Man synthesis deficient CHO cells, it was able to produce

functionally glycosylated a-DG as measured by laminin binding. Activity was also enhanced by co-expression of

core 2 GlcNAcT. Surprisingly, PNGaseF digestion reduced functional expression of a-DG in transporter-deficient

cells. This may mean that LARGE can function by improving the synthesis of N-glycans.150

The ability of LARGE to complement abnormal glycosylation is not unique. Overexpression of a specific cytotoxic

T-cell a-GalNAc transferase creates a novel glycan on a-DG as well, preventing the onset of pathology in the mdx

mouse. This mutant is deficient in dystrophin, the cause of Duchenne’s muscular dystrophy, and these results show

that formation of an effective extracellular complex can override and substitute for the bridging to actin.151 The

mechanism appears to involve increased binding to utrophin, a dystrophin homolog, which is not present at the muscle

membrane in sufficient levels.
4.19.6.5 Hereditary Inclusion Body Myopathy Type II

Autosomal recessive adult-onset hereditary inclusion bodymyopathy type 2 (HIBM2) occurs worldwide, but is especially

common among Persian Jews (1:1500) (OMIM 600737, 605820, and 603824). It is allelic with distal myopathy with

rimmed vacuoles (Nonaka myopathy) and patients accumulate vacuoles containing b-amyloid, tau, and presenilin.152

They are caused by mutations in the gene GNE.153 Dominant mutations in GNE also cause sialuria,154 resulting

in continuous secretion of sialic acid, but HIBM2 patients do not show this phenotype. GNE encodes a bifunctional,

two-domain enzyme UDP-GlcNAc 2-epimerase/N-acetylmannosamine kinase,153 which catalyzes successive steps in

the de novo pathway for sialic acid biosynthesis.155 Sialuria patients have mutations that inactivate an allosteric binding

site for CMP-Sia.156,157 In HIBM2, mutations occur in various combinations in both domains, with the most common,

M712T, occurring in the kinase domain.158 In vitro assays show only moderately reduced enzyme activity (20–60%) in

both domains.159–161 Clearly, point mutations within one domain can affect activity in both. Whether such modest

decreases in measured activity cause defective sialylation is controversial,161–164 especially on a-DG, which is also

unresolved. GNE was reported to co-localize with the Golgi in many cells, including muscle, and is also detected in the

nucleus where CMP-Sia is synthesized.165 Whether GNE has additional roles besides sialic acid biosynthesis is unknown.

Since sialic acid is efficiently salvaged from degraded glycoproteins, some cells may be less reliant on de novo synthesis.

There is little information on the cell-type preference or age-dependent contributions of the de novo versus salvage

pathways. GNE null mice have an embryonic lethal outcome.166 Homozygous knock in M712T mice survive till birth,

but rapidly develop kidney failure due to undersialylation of podocalexin. Providing ManNAc in the drinking water

rescues the lethal phenotype. This finding opens the way for possible therapeutic use of ManNAc in HIBM2 patients.
4.19.7 Defects in O-Xylose GAGs

4.19.7.1 Progeria Variant of Ehlers–Danlos Syndrome

Impaired GAG synthesis causes a range of human disease phenotypes. B4GALT7 encodes the b-1,4-galactosyltrans-
ferase167 used to add the first Gal residue to xylose in the linkage region of GAG chains.168 A handful of patients with

the progeria variant of Ehlers–Danlos syndrome have been described with compound heterozygous mutations in this

gene,15,169–171 and a DS proteoglycan from one patient’s fibroblasts contained only xylose.15 In two recent cases from a

large consanguineous kinship, a milder phenotype due to a homozygous point mutation (R270C) in the gene was

observed.171
4.19.7.2 Hereditary Multiple Exostosis

Defects in the formation of HS cause hereditary multiple exostosis (HME), an autosomal dominant disease with a

prevalence of about 1:50000.172 It is caused by missense or frameshift mutations in either gene EXT1 or EXT2 all of
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which are involved in HS synthesis.14 HME is characterized by bony outgrowths, usually at the growth plates of the

long bones. Normally, the growth plate contains chondrocytes in various stages of development, which are enmeshed

in an ordered matrix composed of collagen–CS. In HME, however, the outgrowths are capped by disorganized

cartilagenous masses with chrondrocytes in different stages of development.14 One to two percent of patients also

develop osteosarcoma.172

About 60–70% of HME mutations occur in EXT1 while EXT2 account for 30–40%. These proteins probably form a

complex in the Golgi and both are required for polymerizing of the GlcNAca1-4 and GlcAb1-3 into the repeating

disaccharide. Both enzymes have transferase activity, but EXT1 is enzymatically more robust in vitro. However, the

partial loss of one allele of either gene appears sufficient to cause HME. This means that haplo-insufficiency decreases

the amount of HS and that EXT activity is rate limiting for HS biosynthesis. This is unusual, since most glycan

biosynthetic enzymes are in substantial excess.

The mechanism of HME pathology probably involves disruption of normal distribution of HS-binding growth

factors, which includes various members of the FGF family, and morphogens, such as hedgehog (Hh), wingless (Wg),

and decapentaplegic (Dpp).173 Loss of HS disrupts Hh, Wg, and Dpp pathways in Drosophila.174 Mice that are null for

either Ext gene are embryonic lethal and fail to gastrulate;175,176 however, EXT2 heterozygous animals are viable and

about one-third develop a single visible exostosis on the ribs.176 No exostoses develop on the long bones of these

animals as in HME, but subtle chondrocyte growth abnormalities occur on the growth plates of these bones. These

defects did not result from defective Hh signaling because no difference was detected in the protein distribution

based on immunohistochemistry. EXT1 heterozygotes also develop exostoses, but the penetrance is strain dependent,

suggesting a strong effect of modifier genes.175 This kind of heterogeneity is also seen within different families who

carry the same mutations. EXT1 heterozygotes have reduced signaling of FGF18 through FGFR3 receptors and

compounding the EXT mutation with FGFR3þ/� increases penetrance and severity of the phenotype (personal

communication, J. Esko), suggesting that this pathway is a likely casualty of the impaired HS synthesis.
4.19.7.3 GAG Sulfation Deficiencies

A series of autosomal recessive chondrodysplasias (CDs) result from defects in sulfation of GAGs. Most affect

synthesis of CS, which is critical to bone and joint development. Spondyloepimetaphyseal dysplasia (SEMD)

(OMIM 603005) results from defects in synthesis of 30-phosphoadenosine 50-phosphosulfate (PAPS), the universal

sulfate donor. Studies of one large inbred Pakistani family with abnormal skeletal development, linear growth and

maintenance of cartilage and bone was due to a nonsense mutation in the PAPS synthase, encoded in humans by

ATPSK2.177 The mouse ortholog of this gene is responsible for the brachymorphic mutation in mice, which reduces

limb length and axial skeletal size. This defect progressively reduces the size of the columnar and hypertrophic zones

in the epiphyseal growth plates.178 Other CDs including diastrophic dysplasia (OMIM 222600), achondrogenesis type

IB (OMIM 600972), neonatal osseous dysplasia I (OMIM 256050), and autosomal recessive multiple epiphyseal

dysplasia (OMIM 226900) are collectively caused by over 30 mutations in sulfate ion transporter, encoded by DTDST

(also known as SLC26A2).179

This transporter is required to provide sufficient sulfate for GAG synthesis and its loss is especially evident in

tissues such as bone where demand is high.

Macular corneal dystrophy (MCD) (types I and II) (OMIM 605294) is caused by a deficiency in a tissue-specific

sulfotransferase, corneal N-acetylglucosamine-6-sulfotransferase (GlcNAc6ST), which is responsible for the production

of the corneal GAG KS.180 The affected glycan is N-linked to the core protein, lumican, so this disorder can also be

considered an N-glycan deficiency. It is included here because KS has GAG-like properties – large repeating disacchar-

ides with a high density of negative charge. Nonsulfated keratan chains are poorly soluble and their eventual precipita-

tion disrupts the collagen network, leading to thinning and loss of transparency of the corneal stroma. This disease is very

common in Iceland,181 where it accounts for a third of all corneal grafts. MCD type I shows multiple point mutations in

CHST6 that are predicted to inactivate the enzyme, while in MCD type II large deletions and/or replacements result

from homologous recombination in a region upstream of the gene and are thought to abolish transcription.180
4.19.8 Defects in O-GalNAc Glycan Synthesis

4.19.8.1 O-GalNAc Defects

Only one inherited defect in O-GalNAc glycosylation is known and it causes familial tumoral calcinosis (OMIM

211900).16 This is a severe autosomal recessive condition that exhibits phosphatemia and massive calcium deposits in
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the skin and subcutaneous tissues. Linkage analysis identified mutations in both alleles of GALNT3,16 encoding one

enzyme in the O-GalNAc transferase group.12 Mutations in the O-glycosylated FGF23 are also known to cause

phosphatemia,182 suggesting a link between GALNT3 and FGF23 function,183 but this is still speculative.

An exciting development is the discovery of the basis of the rare autoimmune disease called Tn syndrome. It results

from somatic mutations in the X-linked gene COSMC, which encodes a highly specific chaperone needed for proper

folding and normal activity of T-synthase, converting GalNAca-Ser/Thr (Tn antigen) to Galb1-3GalNAca1-Ser/Thr

(T-antigen).184 In the syndrome, subpopulations of all types of blood cells carry the Tn antigen due to somatic

mutations in a stem cell. Most people have anti-Tn antibodies, and in Tn syndrome, the recognizing of this antigen

leads to an autoimmune response that causes anemia, leukopenia, and thrombocytopenia.185 It has been speculated

that COSMC mutations will be found in other Tn-related disorders such as IgA nephropathy.186
4.19.9 Defects in Glycolipid Synthesis

4.19.9.1 Glycosphingolipid Biosynthesis

Autosomal recessive Amish infantile epilepsy syndrome is caused by mutations in SIAT9, which was identified by

positional mapping.187 This gene encodes a GM3 synthase converting lactosyl-ceramide (Galb1-4Glc-ceramide) to

ganglioside GM3 (Siaa2-3Galb1-4Glc-ceramide) GM3 is also a precursor for some more complex gangliosides. The

nonsense mutation in these families truncates the protein and abolishes GM3 synthase activity. Analysis of plasma

glycosphingolipids showed the accumulation of multiple nonsialylated glycolipids. In contrast to the human form of

the disease, mice that lack GM3 do not have seizures or a shortened life span.188 However, strains that are null for

the sialyltransferase and a GalNAc transferase that is required for making other complex gangliosides do develop

seizures,189 suggesting that the absence of these more complex gangliosides is the underlying problem.

4.19.9.2 GPI-Anchor Biosynthesis

There are >100 acquired somatic mutations in the X-linked gene PIGA,190 which encodes an N-acetylglucosylaminyl

transferase that initiates the GPI-anchor pathway.191 Impaired glycosphospholipid anchor synthesis causes paroxysmal

nocturnal hemoglobinuria (PNH).192 Progeny of an abnormal multipotential hematopoietic stem cell that lack GPI-

anchored proteins become apoptotic resistant and come to dominate the population.193 Their survival appears to

involve loss of stress-inducible UL16 binding proteins (ULBP1 and ULBP2), which activate NK and Tcells. Patients

are sensitive to complement-mediated hemolysis. Clearly, PNH and the COSMC-related disorders alert us to the

consequences of X-linked somatic mutations in glycosylation pathways. Although no other disorders have been

identified, there are other X-linked genes including the UDP-Gal transporter,194 ALG13, a subunit required for

addition of the second GlcNAc to LLO195 and OGT, the O-GlcNAc transferase.196
4.19.10 Genetics and Environmental Impact

4.19.10.1 Protein-Losing Enteropathy

Genetically impaired glycosylation may not always be sufficient to cause a given symptom, but the combination of

pathological mutations with additional environmental insults may tip the balance toward disease. For instance, some

CDG patients are more susceptible to develop PLE (intestinal loss of plasma proteins) during viral or bacterial

infections. During these PLE episodes, HS disappears from enterocytes and reappears when PLE resolves. This loss

of HS, a severe change of the intestinal epithelial glycome, increases the potency of pro-inflammatory cytokines that

disrupt epithelial tight junctions and cause protein leakage. Subcutaneous heparin injections are sometimes effective

against PLE, suggesting that soluble heparin compensates for epithelial HS loss. Why HS disappears during PLE

episodes in some CDG patients is currently unknown. Genetically deficient N-glycosylation may impair biosynthesis

or intracellular trafficking of Syndecan-1, the predominant HS-carrying protein in intestinal epithelial cells.77

4.19.10.2 Classical Metabolic Diseases and Nutrition

Many other conditions may exist where subtle to severe changes in the glycome of a tissue or the whole body

predispose for diseases, which then precipitate upon additional environmental stress. One of the most important

environmental factors is nutrition. Thus, the following provides examples on how nutrition affects glycan-related

classical metabolic diseases and how dietary glycans could impact health and disease in general.
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4.19.10.2.1 Lactase persistence, lactase nonpersistence, and congenital alactasia
The enzyme lactase (EC 3.2.1.108, lactase-phlorizin hydrolase or b-galactosidase) is expressed on the brush border

membrane of small intestinal enterocytes and hydrolyzes lactose, the main carbohydrate in milk, to Gal and Glc, which

are then absorbed by the enterocytes. Reduced or absent lactase activity (hypo- or alactasia) impairs lactose digestion.

Nonhydrolyzed lactose increases the osmotic pressure in the intestine and is metabolized by colonic bacteria, which

causes diarrhea, abdominal bloating and pain, flatulence, nausea, and borborygmi. Lactase activity is high during

infancy and declines after weaning in most mammals including most humans. Thus, this primary adult hypolactasia or

lactase nonpersistence is a normal physiologic pattern. In fact, about two-thirds of the world adult population is lactase

nonpersistent, with almost 100% prevalence in some Asian countries. In contrast, lactase persistence, maintaining high

lactase activity throughout adult life, is caused by a polymorphic element cis-acting to the lactase gene. Lactase

persistence is most prevalent in northwestern Europe, with more than 95% in Swedes and Danes. The ability to

tolerate high amounts of lactose frommilk, which also has high contents of Vitamin D and highly bioavailable calcium,

may have been advantageous in regions with low solar irradiation, assuming that rickets and osteomalacia were

selective forces.

Secondary hypolactasia can result from diseases that damage the intestinal epithelium and therefore reduce lactase

amount and activity.

Congenital lactase deficiency or alactasia is extremely rare with only a few documented cases worldwide, most of

them in Finland. In each case, the mother noted watery diarrhea, generally after the first feed of breast milk but at the

latest by age 10 days. In humans with congenital alactasia, lactase activity is almost absent from birth, whereas lactase-

nonpersistent humans have high activity at birth which declines to 5–10% remaining activity in adults.

Congenital defects of other brush border disaccharidases, for example, congenital sucrase–isomaltase deficiency, are

less common and result in osmotic diarrhea when the respective disaccharide is ingested. Most brush border

disaccharidases are O- or N-glycosylated, which may affect their biosynthesis, intracellular trafficking, stability, or

enzymatic activity.
4.19.10.2.2 Galactosemia
Dietary lactose and other galactose-rich foods can be toxic for patients with galactosemia. Galactose is metabolized via

the Leloir pathway (Figure 3): galactokinase (GALK, EC 2.7.1.6) phosphorylates galactose to galactose 1-phosphate,

which is further activated to UDP-galactose by galactose-1-phosphate uridyl transferase (GALT, EC 2.7.7.12), and

then converted to UDP-glucose by UDP-galactose 4-epimerase (GALE, EC 5.1.3.2). Deficiencies in any of these

three galactose-metabolizing enzymes result in galactosemia, although frequency and clinical presentation vary.

With an incidence of 1:30000–1:60000, GALT deficiency causes the most common and most severe form of

galactosemia, also called classic galactosemia. Near or total absence of GALT activity is typically asymptomatic at

birth, but exposure to milk causes vomiting, diarrhea, cataracts, heptomegaly, and Escherichia coli sepsis, with high

frequency of neonatal death. Although dietary galactose restriction relieves or prevents these acute and life-threaten-

ing symptoms, patients on galactose-restricted diets develop long-term complications that include speech and learning
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Figure 3 Leloir pathway and uridine diphosphate (UDP)–glucose pyrophosphorylase pathway. Gal, galactose; Glc,
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disabilities in 30–40% of all patients and primary or premature ovarian failure in almost 85% of females. In contrast,

GALK deficiency is extremely rare. The only acute symptom is neonatal cataracts that resolve upon dietary galactose

restriction. No long-term complications have been described. GALE deficiency is also extremely rare, but the

phenotype is less clear.

In an attempt to link enzymatic defects and accumulating galactose metabolites with specific clinical symptoms, it

was shown that galactitol (reduced galactose) is poorly diffusible, accumulates inside cells, and most likely accounts for

cataract formation. Connections between altered concentration of other galactose metabolites and the development of

other nonopthalmological abnormalities are less well understood. On the one hand, abnormally elevated intracellular

galactose 1-phosphate concentrations might inhibit a number of essential enzymes, including glucose-6-phosphatase,

phosphoglucomutase, liver glycogen phosphorylase, UDP-glucose pyrophosphorylase, glucose-6-phosphate dehydro-

genase, or myo-inositol monophosphatase,197 which may account for some of the phenotypes. On the other hand, the

observed depletion of intracellular UDP-galactose in GALT-deficient patients may cause defects in the biosynthesis of

glycoconjugates. In fact, in patients with untreated classic galactosemia, there is a partial deficiency of whole glycans

of serum Tf associated with increased fucosylation and branching as seen in CDG-I patients.198 This suggests that

some symptoms may be related to improper glycosylation.

It is currently unknown why some symptoms still develop even under dietary galactose restriction. Most puzzling,

however, is the fact that mice with complete GALT deficiency accumulate galactose metabolites such as galactose-1-

phosphate, but show no observed phenotype.
4.19.10.2.3 Hereditary fructose intolerance
While galactosemia precipitates upon galactose exposure during breast-feeding, hereditary fructose intolerance

(HFI) is a disease of weaning when not only fructose and fructose-containing sugars such as sucrose, but also

sorbitol, are introduced to the diet. HFI occurs with an incidence of approx. 1:20000 and is caused by mutations in

the liver isozyme of fructoaldolase (aldolase B, EC 4.1.2.13), which cleaves fructose 1-phosphate to form dihydroxy-

acetone phosphate and D-glyceraldehyde. Upon fructose exposure, intracellular fructose 1-phosphate accumulation

leads to sequestration of inorganic phosphate and subsequent activation of AMP deaminase which irreversibly

converts AMP to IMP, followed by hyperuricemia, intracellular ATP depletion, and transient hypermagnesemia.

Accumulated fructose 1-phosphate inhibits both glycogenolysis and gluconeogenesis which results in glucagon-

resistant hypoglycemia.

HFI mainly affects the fructose-metabolizing tissues of intestine, liver, and proximal renal tubule. Continuous

fructose exposure causes persistent vomiting, chronic liver disease, jaundice, renal tubular defects associated with

rickets and metabolic acidosis, and failure to thrive. HFI can be fatal.

Interestingly, fructose 1-phosphate accumulation also inhibits phosphomannose isomerase activity, which could

impair glycosylation.199 Because the metabolic defects in patients with galactosemia and HFI also impair Tf

glycosylation, these diseases are sometimes called secondary CDGs.
4.19.10.3 Dietary Glycans in Health and Disease

Glycans, either as part of glycoconjugates or as free-standing entities, are part of all organisms, and, as a consequence,

are ubiquitous in food and consumed daily with the human diet. As outlined above, some mono- and disaccharides are

beneficial or even essential for certain patients with rare disorders, for example, mannose for CDG-Ib patients or

fucose for CDG-IIc patients. Others are toxic for patients with metabolic diseases, as described for lactose intolerance,

galactosemia, or HFI. While these nutritional glycan interventions are important for only a small subpopulation, other

dietary glycans may impact human health and disease in general. Although little or nothing is known about their

effectiveness, the market for so-called ‘glyconutritionals’ is booming.
4.19.10.3.1 Milk oligosaccharides
Human milk is often the sole dietary source for the first few months in life. One liter contains about 70g of lactose,

9g protein, and 3.5g lipid.200 Some of these macronutrients are present as glycoproteins and glycolipids whose

biological function may depend on their glycan structure. Human milk also contains 5 to 10gl�l of unbound

oligosaccharides.200 Both the quantity and the structural diversity of these milk oligosaccharides are unique to

humans.201 Human milk oligosaccharides (HMOs) carry lactose at the reducing end and are elongated with up to 15

N-acetyllactosamine repeat units (Galb1-3/4GlcNAc). This polylactosamine backbone can be sialylated in a2-3 and/or
a2-6 linkages and/or fucosylated in a1-2, a1-3, and/or a1-4 linkages (reviewed by Kunz et al.200). More than 130
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different structures have been identified so far, varying in chain length and the amount and type of sialylation and

fucosylation. In contrast, mature bovine milk and, as a consequence, bovine milk-based infant formula contain only

trace amounts of these oligosaccharides.201 Whether these significant differences in amount, composition, and

diversity of human and bovine milk oligosaccharides result in physiological distinctions between breast-fed and

formula-fed infants remains speculative, but may very well be as outlined below.

Once ingested, HMOs remain almost undigested in the infant’s intestine.202,203 They withstand the low pH in the

gut,203 resist degradation by pancreatic and brush border membrane enzymes,202,203 and virtually rinse the infant’s

esophagus, stomach, and small intestine before they partially serve as nutrients for colon bacteria. HMOs are thought

to promote the growth of a nonpathogenic, bifidogenic microflora and are therefore considered prebiotic. HMOs may

further influence the intestinal microflora through other, more specific mechanisms. Adhesion to the host’s epithelial

surface is essential for the virulence of most pathogenic microorganisms, for example, Campylobacter jejuni, E. coli,

Vibrio cholera, and Shigella and Salmonella strains.204,205 The adhesion-related virulence factors of these pathogens are

often lectins that dock to oligosaccharides on the epithelial cell surface.206–208 These carbohydrate-binding determi-

nants often also occur as part of HMOs (reviewed by Kunz et al.200), suggesting that HMOs serve as soluble ligand

analogs, block pathogen adhesion, and thus protect the breast-fed infant against infections and diarrhea. 60-Sialyllac-
tose, one of the predominant sialylated HMOs, has also been shown to alter the expression of intestinal glycosyl-

transferases, which modifies the glycome of intestinal epithelial cells and reduces the adhesion of certain pathogens

such as enteropathogenic E. coli.209

HMOs may not only function on a local level within the gastrointestinal system but also systemically. They are

partially absorbed in the intestine and excreted with the urine in an intact form.210–212 This indirectly proves that

HMOs reach the systemic circulation of breast-fed infants, although the direct detection of HMOs in the blood has not

been reported yet. Complex sialylated and fucosylated HMOs serve as selectin ligand analogs. They inhibit leukocyte

rolling and adhesion to endothelial cells in tissue culture models213 and reduce formation of highly activated platelet–

neutrophil complexes ex vivo.214 If transferable to the in vivo situation, HMOs may keep the immune system in check

and protect the breast-fed infant from overshooting immune responses. For example, the incidence for necrotizing

enterocolitis, a common and often fatal disorder affecting premature infants, is 6 times lower in breast-fed infants than

in formula-fed infants.215

Next to the selectins, HMOs carry binding determinants for a variety of other human lectins, including DC-SIGN,

siglecs, or galectins. Whether HMOs alter physiology and pathophysiology of breast-fed infants by interfering with any

of these lectins remains elusive. HMOs are exclusively synthesized in the human mammary gland, but next to nothing

is known about the biosynthetic pathways. Recent advances in glycobiology and nutrition, including the use of stable

isotopes, frontal-affinity chromatography, glycan microarrays, mass spectrometry, and automated solid-phase carbohy-

drate synthesis, will help unravel the mysteries behind HMOs.
4.19.10.3.2 Dietary sialic acids
Sialic acids, neuraminic acid derivatives, are carboxylated nine-carbon sugars present on mammalian membrane-

associated and secreted glycoconjugates or unbound oligosaccharides. The most common sialic acids are N-acetyl-

neuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). Unlike most other mammals, including our

closest relatives the great apes, humans are unable to synthesize Neu5Gc due to an inactivating mutation in the

CMAH-gene encoding for the enzyme CMP-Neu5Ac hydroxylase which catalyzes the hydroxylation of CMP-

Neu5Ac to generate CMP-Neu5Gc.216,217 Despite the lack of this hydroxylase, immunohistochemistry and HPLC

revealed the expression of Neu5Gc in various human tumors but also in epithelial and endothelial cells of healthy

humans.218 An alternative pathway to synthesize Neu5Gc in humans is unknown, suggesting that the presence of

Neu5Gc stems from the incorporation of exogenous, dietary Neu5Gc in human glycoconjugates. In fact, orally

administered Neu5Gc is rapidly absorbed and excreted into the urine but small amounts are also metabolically

incorporated into newly synthesized glycoproteins. Because Neu5Gc in human tissues is of nonhuman origin, it must

be considered as a nonself epitope. Indeed, circulating anti-Neu5Gc-antibodies can be found in humans218,219 and

have been associated with several diseases.220,221

While Neu5Gc is not synthesized in plants or microorganisms, Neu5Gc, unbound, on glycolipids or glycoproteins, is

found in common dietary sources of animal origin, with high amounts in red meat, intermediate amounts in bovine

milk and milk products, and low levels in poultry and fish.218 Therefore, dietary Neu5Gc must be considered an

exogenous source for the incorporation into Neu5Gc-containing glycoconjugates found in human tissues. Epidemio-

logical studies are needed to address the questions whether the consumption of red meat increases the incorporation of

Neu5Gc in human tissues and whether vegetarians or vegans have lower amounts of Neu5Gc. A plethora of dietary
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bioactive components are already under investigation in an attempt to explain the correlation between red meat

consumption and common diseases such as cancer and cardiovascular diseases. However, dietary Neu5Gc has to be

considered as yet another piece of the puzzle.218

Neu5Gc incorporation is enhanced in various tumors and fetal tissues222 and might also be increased in the fast

growing tissues in newborns. The extensive Neu5Gc supply through bovine milk-based infant formula may increase

the Neu5Gc tissue content of formula-fed infants compared to breast-fed infants since human milk contains only

traces of Neu5Gc. Whether such differences affect infant physiology or even influence the predisposition for diseases

later on in life remains elusive.
4.19.10.3.3 Osteoarthritis and glucosamine/CS supplements
Glucosamine and CS rank among the ‘glyconutrition best-sellers’, mostly because of their praised effects for relieving

symptoms of osteoarthritis (OA). In the year 2002, a total of 34.3 million prevalent OA cases were diagnosed in the

United States, Europe, and Japan (reviewed by Wieland et al.).223 OA is a multifactor disease with a gradual

destruction of the articular cartilage in synovial joints such as those in the hand, hip, and knee. Cartilage consists of

a dense network of collagen, GAGs, and proteoglycans and generates a smooth cushion between the bones that

prevents mechanical damage. Its degeneration in OA patients is associated with a loss of GAGs and proteoglycans due

to an imbalance in breakdown and synthesis.223,224 Several clinical trials report symptom-modifying effects225–227

and, in some cases, even structure-modifying effects226,228–230 after dietary glucosamine intervention. However,

most of these studies have often been criticized for their biased design and industry sponsorship,223,231,232 and other

clinical studies find no evidence of symptomatic benefits at all.233–235 Recently, the multi-center, randomized, double-

blinded Glucosamine/Chondroitin Arthritis Intervention Trial (GAIT) showed that glucosamine hydrochloride and

CS alone or in combination did not reduce pain in the overall group of patients with knee OA, but had slight effects in

a subgroup of patients with moderate to severe knee pain.236 These studies do not support the hoped-for validation of

the products, but even the slight benefits raise questions of mechanisms and the hopes of OA patients.
4.19.10.3.4 Glyconutrition – facts and fiction
Several companies sell expensive ‘phytonutrients’ containing ‘eight essential monosaccharides’ required for proper

‘cell communication’. The companies contend that without a sufficient supply of these monosaccharides, health may

not be optimal. Written claims are carefully worded and conform to legal parameters stating that these substances

cannot be used to treat an illness or disease. However, the implication of extensive promotion is that these substances

provide monosaccharide supplements for people having a broad range of disorders ranging from autism and alcoholism

to inherited diseases. These claims are not supported by any peer-reviewed literature. There is no evidence that any

monosaccharide supplement has any beneficial effect for any disease except for the cases of CDGwhere mannose and

fucose have been used to treat patients. In addition, these ‘phytonutrients’ are composed of polysaccharides such as

arabinogalactan, galactomannan, and others, which cannot be digested in the stomach or intestine to yield mono-

saccharides. They are probably digested in the colon by bacteria that utilize the components in an anaerobic

fermentation pathway producing short chain fatty acids such as butyrate. The monosaccharides are not bioavailable

to the customer, but the polysaccharides are unlikely to be harmful, except for their significant financial burdens on

the patients with significant medical problems.
4.19.11 Perspectives and Future Directions

4.19.11.1 Diagnostic Challenges

Specific diagnosis of new patients with glycosylation disorders presents many challenges. Many children with multi-

systemic disorders, especially developmental delay and psychomotor retardation, often do not receive a definitive

diagnosis. Within the last 10 years, progress in glycosylation disorders has rightfully been called ‘booming’,237

32 diseases caused by defective glycosylation-related genes having been identified; it is likely that more defective

glycosylation-related gene defects will be identified. Many predictable N-glycosylation defects have been found, and

it is likely that defects will also be found in neighboring steps within this pathway. We know 19 of the more than 60

genes involved in the N-glycosylation. Based on the known types of defects, other COG and trafficking-related

disorders will be found. Defects in many of the GAG and O-GalNAc pathway biosynthetic steps must certainly exist.

The phenotypes will be extremely diverse. Some may have a predictable phenotype, such GPI-anchor biosynthesis
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that will probably affect blood homeostasis. Such phenotypes may also overlap with symptoms in CDG-Ie patients,

with impaired Dol-P-Man synthesis used for biosynthesis of both GPI anchors and N-glycans.

Clinical awareness of and testing for glycosylation disorders must continue to increase. In the United States, efforts

are underway to include CDG Tf glycosylation in the next generation of infant screening tests. Various methods can

be applied to infant blood cards238 to detect CDG. This should begin to provide information on the incidence of the

aggregate of CDG disorders, applying the simplest of tests, such as Tf IEF, so that developing countries should also

begin to yield information about the true incidence of these disorders.

In the case of CDGs, identifying the defective gene in each patient is slow using current methods. Designer gene

chips that represent all known and potential defects are possible, but this is too costly. A cDNA complementation

approach may be effective, but using lectin binding differences to distinguish normal and CDG cells is not inspiring.

The one exception is CDG IIc,35 but for most it will be impractical to exploit such binding to recognize cDNA-

complemented cells. Glycan structural analysis will continue to help inform and educate us about the specific impact

of glycosylation disorders on various pathways, and this is very important from a functional point of view. Newmarkers

may be useful. In some cases, traditional glycan analysis together with new markers may orient the search for specific

defects; however, they are unlikely to provide a dependable, routine Rosetta Stone that translates an altered structure(s)

into a best-candidate defective gene. New defects will be increasingly difficult to find because much of the ‘low-

hanging fruit’ may have been part of the last decade’s harvest. Defects in Cog-like Golgi trafficking proteins and

chaperones that cover multiple steps in glycosylation complicate the picture, so simply finding an altered glycan

structure will not indicate the defect.17
4.19.11.2 Basis of Glycan Pathology: Excessive Glycosylation?

One of the challenges of the future is to determine whether pathology in the spectrum of glycosylation disorders is due

to the absence of an appropriate glycan, the presence of an inappropriate glycan, or the over-accumulation of a

metabolite such as Gal-1-P. There are examples of each of these given throughout this chapter. Taking another

perspective, is it possible to have ‘too much’ N-glycosylation? All available N-glycosylation sites on ER/Golgi-

trafficked proteins are not occupied239–241 and some are variably occupied in different tissues.242 Nevertheless, the

location of N-glycan sequons is conserved in most proteins. Point mutations that create novel glycosylation sites could

induce protein misfolding and lead to rapid degradation. Alternatively, survival of such proteins could have even more

severe effects if the glycan’s presence impairs formation of a signaling complex or multimeric protein. Good examples

of this are mutations seen in fibrillin-1 (FBN1), as a cause of Marfan syndrome.243

Patients with heightened susceptibility to mycobacterial infections (OMIM 209950) were found to carry a patho-

logical point mutation that created a novel glycosylation site in the interferon receptor 2 (IFNgR2).244 This mutation

does not impair protein folding or its residence on the plasma membrane; however, its function is dramatically

impaired. Inhibitors of N-glycosylation or digestion of intact cells with PNGaseF to cleave the N-glycan restored

IFNgR2 activity, showing that addition of an N-glycan at that site destroyed the receptor’s function. Function-

compromising mutations in other immune-related proteins were proven to be glycosylated, and a survey of

577 missense mutations in proteins that travel the ER-Golgi highway showed that 13% of them create inappropriate

N-glycosylation sites. This is a surprisingly high number, and it is much greater than would be predicted based on

chance. One interpretation of this result is that protein overglycosylation has a greater impact on protein function than

loss of glycosylation. Perhaps it should not be surprising that randomly inserting bulky glycans into a receptor that may

form complexes has negative effects on its ability to transmit signals.245 Whether overglycosylation occurs in other

pathways is unknown.
4.19.11.3 Identification of Specific Proteins and Contribution to Complex Diseases

Another challenge will be to identify specific mis-glycosylated proteins that account for a given phenotype. Solid

examples are known for T-cell receptor signaling and Gnt5, the development of emphysema in Fuct8 knockout mice

lacking core Fuca1-6,246 and the development of type 2 diabetes-like condition in Gnt4a knockout mice.247 These

approaches need to be generally applied to other mouse models of disease. The lethality of most murine knockouts

will likely mean that patient mutations will need to be knocked in, if the genes are highly conserved.

Glycosylation will likely contribute to complex diseases, since glycans are important to promote the assembly

of various signaling complexes and regulate the turnover of receptors, as has been already suggested for autoimmu-

nity, emphysema, and type 2 diabetes.245,247,248 Furthermore, single nucleotide polymorphisms (SNPs) can affect
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glycosylation efficiency.249 For instance, one known SNP that occurs in an N-glycan biosynthetic enzyme may alter its

subcellular localization.249a Over 150 other nonsynonymous SNPs occur in genes involved in multiple glycan

biosynthetic pathways, but their impact is unknown. As discussed above, glycosylation is also likely to be featured

at the genetic–environmental interface in the development of PLE.
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Glossary

dysmorphology A morphologic defect resulting from an abnormal developmental process.

heterosis Heterozygous genotypes having an advantage over either homozygous genotypes.

hypomorphic allele Mutation causing a partial decrease in the activity of the gene product.

interferon Pro-inflammatory cytokine made by T-cells in response to antigenic or mitogenic stimuli.

isoelectric focusing Method to separate proteins within an electric field based on their isoelectric points where they have equal

number of negative and positive charges.

leucopenia Reduction in the number of circulating leukocytes.

Marfan Syndrome Inherited connective tissue disorder caused by mutations in the Fibrillin1 gene.

neutropenia A type of leukopenia primarily affecting neutrophils.

Reichert’s membrane The first basement membrane formed during mouse embryonic development, but not found in

humans.

thrombocytopenia Decreased number of blood platelets.

unoccupied glycosylation sites Sites on proteins that normally contain an N-linked glycan. They are unoccupied because cells

make insufficient or poorly transferred lipid linked oligosaccharide donor.
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4.20.1 Preface

We live in a hostile environment and are constantly exposed to potential pathogens; however, we are mostly unaware

of these insults due to protective innate and adaptive immune responses. An immune response can precipitate a

cascade of inflammatory mechanisms that recruit leucocytes and cells of the reticulo-endothelial system to inactivate,

ingest, and destroy targeted pathogens. The response must be appropriate to the threat since uncontrolled inflamma-

tory reactions can result in ‘bystander’ or ‘collateral’ damage to healthy tissue. These attributes are summarized in the

definition of inflammation:

A response triggered by damage to living tissues. The inflammatory response is a defence mechanism that evolved

in higher organisms to protect them from infection and injury. (Encyclopædia Britannica).

The adaptive immune response is comprised of a humoral and cellular arm and an intact immune system is essential

to the integrity of the individual. A spectrum of disease precipitates an inflammatory response that may be manifest by

a transitory, overt pathology. However, a number of chronic inflammatory diseases are characterized by immune

disregulation with autoimmunity as a primary or secondary component. It is essential to identify the immune

mechanism underlying pathology so that we might devise means to alleviate them while, in the longer term, we

seek to restore normal immune function and regulation. Since the humoral arm of the immune response is determined

by the properties and activities of antibodies it is essential that we understand their in vivo activities and contribution(s)

to inflammation. A traditional reductionist approach has provided us with a fairly comprehensive understanding of the

relationship between the structure and function of human antibodies, in in vitro systems; however, our understanding
373
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of the multiple roles of antibody in vivo and hence our ability to predict the outcomes for autoantibody responses or

passive antibody therapy are rudimentary. This has been brought graphically into focus with the unfortunate

consequences of a toxicity study for a monoclonal anti-CD28 antibody in healthy volunteers.1 The challenge for

the future is to devise multi-component systems that will bring greater insights to studies performed in vitro and

methods of analyzing activities in vivo, either in humans or improved animal models. This chapter attempts to

extrapolate the activities of defined IgG antibody glycoforms in vitro to observed changes in human IgG glycosylation

observed in chronic inflammatory diseases.
4.20.2 Antibodies

4.20.2.1 Basic Structure/Function

Early studies of serum identified albumin and globulin protein fractions and, subsequently, that humoral immune

protection was mediated by components of the globulin fraction – hence, immunoglobulins. Antibodies are, formally,

immunoglobulins of defined antigen specificity; however, the terms antibody and immunoglobulin are widely used

interchangeably and as synonyms. In human, five classes of secreted immunoglobulin (Ig) are defined that exhibit

unique structural and functional features: IgG, IgM, IgA, IgD, and IgE.2–7 Antibodies are often referred to as adaptor

molecules that function as a ‘bridge’ between humoral and cellular immunity. Initially, antibodies are expressed as

receptor molecules on the cell membrane of B lymphocytes, which, following productive engagement with antigen,

undergo proliferation and differentiation to generate nonproliferating plasma cells that are specialized antibody

producing and secreting ‘factories’. Initial stimulation of the adaptive immune system results in a primary response

and the secretion of specific IgM antibody by plasma cells. The released antibody binds antigen, to form antibody/

antigen complexes, that activate downstream biologic pathways leading to their removal and destruction. The same

cells may function as antigen-presenting cells that process protein antigens and present peptides in association with

MHC class II molecules on the cell surface. Antigen presentation in this manner leads to stimulation of T-cells with

the generation of antigen-specific ‘helper’ T-cells that induce a secondary immune response, exemplified by ‘class

switching’ and somatic mutation in B-cells, with the production of plasma cells secreting IgG or IgA antibodies.

Antibody of the IgG class predominates in human blood and extravascular fluids. The IgG molecule exemplifies

the basic four-chain antibody structural unit; comprised of two identical light chains and two identical heavy chains

(Figure 1). Examination of the amino acid sequence reveals repeating structural motifs, homology regions, each

of �110 amino acid residues; a light chain being comprised of two homology regions and heavy chains of four (IgG,

IgA, IgD) or five (IgM, IgE). Each homology region is comprised of two antiparallel b-sheets that form a b-barrel
structure stabilized by the orientation of hydrophobic amino acid side chains toward the interior and the presence of an
Figure 1 The basic four-chain structure of the IgG molecule, showing the variable regions of the heavy (VH) and light (VL)

chains and the constant-homology domains (CL, CH1, CH2, CH3).
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intersheet disulfide bridge. This structure, referred to as the immunoglobulin fold or domain, is structurally robust

while the b-turns allow for essentially infinite structural variation. The immunoglobulin fold, first defined for IgG

molecules, is the structural paradigm for molecules of the immunoglobulin supergene family. The N-terminal

domains of heavy and light chains are variable in sequence and determine the antigen specificity of the antibody mole-

cule, referred to as VH and VL, respectively. The other light- and heavy-chain domains are referred to as the ‘constant

domains’ (CL, CH1, CH2, CH3, etc.) since they have a conserved sequence that is characteristic for a light-chain type or

heavy-chain isotype.2–7

In human, there are two types of light chain, kappa (k) and lambda (l), defined by the sequences of their variable

and constant domains. Kappa light chains are encoded on chromosome 2 by a unique ‘library’ of Vk gene segments and

a single Ck gene; l-chains are encoded on chromosome 22 by a unique ‘library’ of Vl gene segments and multiple Cl

genes. The heavy-chain isotypes are encoded on chromosome 14 by a unique ‘library’ of VH variable-region gene

segments and single copies of genes for the constant regions, designated g, m, a, d, and e for IgG, IgM, IgA, IgD, and

IgE, respectively. Rearrangements within each V gene segment library generate unique sequences and random pairing

of VH and VL domains, referred to as ‘combinatorial pairing’, providing the diversity of the primary antibody

repertoire.8–10 The secondary immune response is characterized by class switching and somatic hypermutation of

the rearranged V gene segments; while most mutations will be deleterious, a minority have increased specificity and

affinity for antigen and are positively selected to provide enhanced humoral protection. The mechanism for genera-

tion of the antibody repertoire, by random recombination of gene segments and somatic mutation, is essential if the

individual is to mount a protective immune response to new pathogens arising in the environment, also resulting from

random mutations and selection. The individual must, therefore, be able to mount a protective antibody response to

any external antigen but not against self-antigens; when this occurs, it gives rise to autoimmunity; self-reactive B- or

T-cells are normally eliminated to establish self-tolerance. Individual B-cells and plasma cell clones synthesize only

one light- and one heavy-chain sequence, that is, antibody of a unique antigen specificity;8–10 therefore an individual

antibody molecule bears either two k-chains or two l-chains, never one of each.

The gross three-dimensional structure of the IgG molecule is of three globular regions linked together by a flexible

‘hinge’ region (Figure 2). The IgG-Fab (fragment antigen binding) and IgG-Fc (fragment crystallizable) regions are

defined as fragments released following exposure to the enzyme papain. Within an individual antibody molecule the

IgG-Fab regions are of identical sequence and antigen binding specificity, while the IgG-Fc region mediates effector

functions resulting in the clearance and destruction of immune complexes. The compact structure of IgG-Fab is due

to the ‘pairing’ of hydrophobic surfaces of VH/VL, CH1/CL domains, respectively; CH3 domains similarly ‘pair’.

However, CH2 domains do not pair but the hydrophobic surface is overlain by complex diantennary oligosaccharides

structures (Figures 2 and 3). The flexible nature of the hinge region allows each IgG-Fab arm to bind antigen and for
CH2 domain

Fab Fab
Antigen binding

Hinge

Asn-297

CH3 domain

Fc
Effector functions

Oligosaccharide

Figure 2 The a-carbon backbone structure of the IgG molecule illustrates the sequence of b-pleated sheet homology
domains. The oligosaccharide is integral to the protein structure and has defined conformation.



Table 1 The ligand binding and activation properties of the human IgG subclasses

Isotype IgG1 IgG2 IgG3 IgG4

C1a þþ � þþþ �
FcgRI þþþ � þþþ þþ
FcgRII þ �b þ ?

FcgRIIIa/b þc �c þc �b,c

FcRn þ þ þ þ
aImmune complexes may also activate the alternate pathway.
bDependent on FcgR polymorphisms.
cDependent on glycoform.

-Gln-Tyr-Asn297-Ser-Thr-Tyr-Arg-

GlcNAc-1

GlcNAc-3

Man-4

Man-5 Man-8

GlcNAc-9GlcNAc-6

Fuc-2

Gal-7 Gal

GlcNAc

Neu5Ac Neu5Ac

(a1-3)(a1-6)

Figure 3 The complex diantennary oligosaccharide structures released from normal human IgG-Fc. A ‘core’ heptasac-

charide (blue) is identified and heterogeneity rises from variable addition of outer-arm sugars (red). The sugar residues

identified with a number are those originally identified in the X-ray structure of rabbit IgG-Fc4,6 GlcNAc, N-acetylglucosa-
mine; Man, mannose; Fuc, fucose; Gal, galactose; Neu5Ac, N-acetylneuraminic acid.
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the IgG-Fc to be mobile and accessible to engage effector ligands, for example, IgG-Fc receptors (FcgR) and the C1

component of complement. The complex diantennary oligosaccharide moiety attached to the CH2 domain of IgG has

been shown to be essential for recognition and engagement of these ligands and subsequent activation of effector

functions.11–17 In this chapter, the impact of glycosylation at a conserved site within the IgG constant region and at

differing sites within heavy- and light-chain variable regions is discussed.
4.20.2.2 The Antibody (Immunoglobulin) Isotypes

Structural and serological studies define five human antibody (immunoglobulin) classes – IgM, IgG, IgA, IgD, and

IgE – and within IgG and IgA four and two subclasses, respectively. The subclasses are designated IgG1, IgG2, IgG3,

and IgG4 and IgA1 and IgA2 according to their relative concentrations in serum: IgG1>IgG2>IgG3>IgG4 and

IgA1>IgA2. Each class or subclass is defined by the amino acid sequence of the heavy-chain constant regions

and collectively constitute the nine immunoglobulin isotypes, present in all normal individuals. The sequence

homology between heavy chains of different Ig class is �30%, while between subclasses of IgG or IgA it is >90%;

reflecting their evolutionary relationships. Each immunoglobulin heavy-chain isotype expresses a unique profile

of effector ligand recognition and consequent biological functions; Table 1 summarizes that profile for the IgG

subclasses.2–7 The ability of IgG to activate its effector ligands is critically dependent on the IgG-Fc glycosylation,

aglycosylated IgG being highly deficient in activities monitored in vitro that are thought to correspond to protective

biologic functions in vivo (Table 2).11–17

The demonstration of glycoform heterogeneity for normal polyclonal human IgG-Fc led to the proposition that

individual antibody glycoforms might differ, qualitatively or quantitatively, in biologic function. The finding of altered



Table 2 The ligand binding/activation properties of aglycosylated human IgG1

FcgRI Activation Reduced�100

FcgRII Binding Abolished

FcgRIII Activation Abolished

C1 Activation Abolished

MBL/MR Binding Abolished

FcRn Catabolism Unaffected

Placental transport ??

Neutralization Unaffected?

Apoptosis Unaffected?

Immunogenicity Reduced?
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glycoform profiles for IgG isolated from the serum of patients with inflammatory diseases, initially patients with

rheumatoid arthritis (RA), led to speculation that the ‘defect’ may underlie the etiology of the disease. This

speculation suggested itself because RA is an autoimmune disease in which a diagnostic feature is the presence of

autoantibodies, rheumatoid factors (RFs), specific for epitopes within the patient’s own IgG-Fc. Thus, the rationale

was that the ‘abnormal’ IgG glycoform(s) corresponded to altered self-protein that is recognized as non-self by the

immune system leading to the production of RF autoantibodies; RF and IgG were shown to be produced within

synovial tissue and the RF/IgG immune complexes formed to activate the classical complement pathway, generating a

self-perpetuating inflammatory reaction that could contribute to pathology. Subsequently, altered IgG-Fc glycoform

profiles have been reported for a number of autoimmune inflammatory diseases in which RF is not present; therefore,

a direct role in disease etiology may be dismissed and the impact on immune function must be assessed against our

knowledge and understanding of glycosylation in normal polyclonal IgG, monoclonal IgG myeloma proteins, and

recombinant monoclonal antibodies of defined antigen specificity.18–22
4.20.2.3 Glycosylation of Normal Human IgG

The oligosaccharides released from normal polyclonal human IgG are of the complex diantennary type but

exhibit considerable heterogeneity. Potentially, there are 32 different complex diantennary structures that could

generate (32�32¼1024)/2, that is, 512 IgG-Fc glycoforms, given random ‘pairing’ of heavy chain glycoforms; the

apparent total is divided by 2 to account for the symmetry of the molecule. Analysis of oligosaccharides released

from normal IgG-Fc and myeloma IgG proteins have defined a ‘core’ heptasaccharide (blue, Figure 3), with

heterogeneity arising from variable addition of outer-arm sugar residues (red,Figure 3). The oligosaccharides released

from IgG-Fc reveal a paucity of sialylation (<10%) and only 12 of the 16 possible neutral oligosaccharides predominate

(Figures 4 and 5).18–22 The 12 neutral oligosaccharides can generate a total of 72 glycoforms, assuming random pairing

of heavy-chain glycoforms. The ‘core’ heptasaccharide is often referred to in the literature by the shorthand

nomenclature G0, indicating the absence of galactose, G1 and G2 being the ‘core’ oligosaccharide plus one or two

galactose residues, respectively. The ‘core’ with fucose is referred to as G0F and that with fucose and the bisecting

N-acetylglucosamine G0bF; additions of galactose generate G1F, G2F, G1bF, and G2bF forms. It is evident that

the major structures are G0F with variable addition of galactose. Variations in galactose addition are also observed

for the G0 and G0b structures. It is interesting to note that oligosaccharides having bisecting GlcNAc in the absence

of fucose (G0b, G1b, etc.) are not detected in normal IgG-Fc; however, they may be a predominant glycoform

generated by engineered CHO cells – see below. Mass spectroscopic analysis of intact recombinant antibodies shows

that different glycoforms of heavy chain may associate to form symmetric or asymmetric glycoforms.23,24 Since the

IgG molecule is fully assembled before entering the Golgi apparatus asymmetrically glycosylated molecules result

from differential processing of heavy chains within an individual molecule; it is not determined whether pairing is

totally random or whether one heavy-chain glycoform influences the processing of the ‘companion’ heavy-chain

glycoforms.

Glycosylation of IgG at the equivalent position of Asn-297 is a conserved structural feature among mammalian

species. It is of interest to consider the IgG-Fc oligosaccharide profile of animal species used in model systems and as

possible vehicles for the production of recombinant antibody molecules for human therapy.25 The values for the

following species and oligosaccharides are:
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Figure 4 The HPLC profile of neutral oligosaccharides released from normal human IgG-Fc.20 GN, N-acetylglucosamine;
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Figure 5 The potential ‘library’ of neutral complex diantennary oligosaccharides – see Figure 4.
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� Fucosylated: human, 90%; rhesus, 90%; mouse, 90%; goat, 60%; rabbit, 20%;

� Agalactosylated: human, 30%; rhesus, 30%; mouse, 60%; goat, 30%; rabbit, 50%; and

� Bisecting GlcNAc: human, 15%; rhesus, 30%; mouse, 0%; goat, 20%; rabbit, 30%.

There are also differences in the preference for the addition of galactose to the (a1-6)/(a1-3) arms, reflected in the

ratios: human, 60/40; rhesus, 60/40; mouse, 75/25; goat, 30/70; rabbit, 30/70.

It has not been determined whether individual specific antibody populations exhibit a similar oligosaccharide

profile; however, analysis of the oligosaccharides released from monoclonal human IgG proteins, produced by
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malignant plasma cell clones in multiple myeloma, shows that each protein exhibits an oligosaccharide profile

qualitatively similar to that of polyclonal IgG but quantitatively unique.18–22,26 For total polyclonal IgG-Fc addition

of galactose to the (a1-6) arm is seen to take precedence over addition to the (a1-3) arm; however, this reflects the

predominance of the IgG1 subclass (60%). Analysis of the preference for addition of galactose to myeloma proteins of

each of the four IgG subclasses reveals the influence of subtle structural differences. While for IgG1 and IgG4 proteins

preference for addition to the (a1-6) arm is observed, for IgG2 myeloma proteins the preference is for addition to the

(a1-3) arm. For IgG3 myeloma proteins the arm preference varied with the allotype of the heavy chain, possibly

correlating with a phenylalanine/tyrosine interchange at residue 296.26 Further evidence of the influence of structure

on oligosaccharide processing is provided by the profiles of oligosaccharides released from a series of mutant IgG3

proteins in which amino acids contributing to interactions with the oligosaccharide were replaced, sequentially, by

alanine.27 Increased accessibility to the b-1,4-galactosyltransferase and a-2,3-sialyltransferase was evident since each

mutant protein was extensively galactosylated and sialylated. The extent of IgG-Fc galactosylation has been shown

to vary with age, gender, and pregnancy.28–30 These findings are relevant to an evaluation of the significance of

changes in galactosylation observed in inflammatory diseases – below.
4.20.3 Impact of Glycosylation on Structure and Function

The initial finding that IgG-Fc, generated by papain digestion of polyclonal rabbit IgG, crystallized suggested relative

structural homogeneity and integrity.31 Similar results have been obtained for IgG-Fc generated from monoclonal

human and mouse proteins. A human IgG-Fc fragment comprised of residues 216–446 was crystallized; however,

electron density was observed for residues 238–443 only;4 thus residues 216–237, which constitute the hinge and lower

hinge region, were assumed to be mobile and without defined structure. This finding was not consistent with the

later proposal that residues in the lower hinge region were critical to the differential recognition of the three human

FcgR’s.16,17,41,42 It was proposed, therefore, that the hinge/lower hinge region was constituted of an equilibrium of

structural conformers, among which are particular conformers that recognize individual effector ligands.16,17 All crystal

structures reveal a distinct conformation for the oligosaccharide that is integral to the three-dimensional protein

structure and overlays the hydrophobic surface of the CH2 domain making �1040Å2 contact.4,32–37 Each (a1-6) arm,

branching fromMan 5, is directed toward the CH2/CH3 interface region and, in addition to covalent attachment at Asn

297 (Eu sequence)38 in a cis-conformation, makes an estimated 85 noncovalent contacts with the protein backbone and

amino acid side chains, including at least six hydrogen bonds (Table 3).32–37,39 Sugar residues of the (a1-3) arm extend

into the internal space and contact the (a1-3) arm of the opposing CH2 domains. The integration of the oligosaccharide

into the tertiary and quaternary structure of IgG-Fc suggests that the observed heterogeneity in galactosylation and the

paucity of sialylationmay be due to limited access for the b-1,4-galactosyltransferase and a-2,6-sialyltransferase enzymes.
Table 3 The contacts between the protein and oligosaccharide of human IgG1-Fc

GlcNAc 1 Fuc 2 GlcNAc 3 Man 4 Man 5 GlcNAc 6 Gal 7 Man 8 GlcNAc 9

Phe241 5 8 4

Phe243 3 3 7

Pro245 2

Lys246 4h 14

Asp249 1h

Thr256 1

Glu258 9h

Thr260 2

Val264 1

Asp265 5h

Tyr296 3 4 1

Asn297 3h

Thr299 1

Arg301 4h

GlcNAc, N-acetylglucosamine; Man, mannose; Fuc, fucose; Gal, galactose; Neu5Ac, N-acetylneuraminic acid.

Sugar residue numbering as in Figure 3.
The letter h signifies that the contact involves at least one hydrogen bond.6
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4.20.3.1 Stability

Differential scanning microcalorimetry has been employed to compare the stability of a series of homogeneous, normal,

and truncated glycoforms of IgG1-Fc with the aglycosylated form.40 Fully galactosylated (G2)2 and agalactosylated

(G0)2 glycoforms of IgG-Fc exhibited two transition temperatures, Tm1 and Tm2, of 71.4
�C and 82.2�C. The Tm1

and Tm2 transitions represent the unfolding of the CH2 and CH3 domains, respectively. These data suggest that while

it is proposed that the galactose residue on the (a1-6) arm has substantial contacts with the protein structure it does

not impact CH2 domain stability. Sequential removal of the terminal GlcNAc and the two arm mannose residues,

generating a glycoform bearing only theManGlcNAc2 trisaccharide, resulted in destabilization of the CH2 domain and

a lowering of Tm1 to 67.7�C; Tm2 was unchanged. The thermodynamic parameters describing CH2 thermal denatur-

ation of all IgG-Fc glycoforms was consistent with a cooperative unfolding. By comparison, the unfolding of the CH2

domain of deglycosylated IgG1-Fc was noncooperative, involving at least one intermediate. It was proposed that this

intermediate is a partially unfolded CH2 domain pair possessing hinge proximal disordered/unfolded loops that

may account for the compromised functional activities of deglycosylated IgG and IgG-Fc.41,42 Thus, theManGlcNAc2

trisaccharide is sufficient to confer a degree of order/structural stability on the CH2 domain and the generation of lower

hinge conformers compatible with FcgRI and C1 binding and activation. It is proposed that, in addition to the covalent

bond, the ManGlcNAc2 trisaccharide makes 31 noncovalent contacts with the protein, at least three being hydrogen

bonds39 (Table 3). These data are consistent with X-ray crystal data obtained for the same truncated IgG-Fc

glycoforms that showed progressive increases in the temperature factors for the CH2 domain, as evidence of

progressive structural disorder (destabilization).43 Interestingly, in this study, all attempts to obtain a crystal form

of deglycosylated IgG-Fc failed. This may be indicative of the structural destabilization that results from complete

removal of oligosaccharides. Truncation of the sugar residues results in the mutual approach of Cg2 domains with the

generation of a ‘closed’ conformation, in contrast to the ‘open’ conformation observed for the fully galactosylated

IgG-Fc.43 A truncated glycoform bearing only a fucosylated primary GlcNAc was shown not to bind soluble recombi-

nant FcgRIIIa, and NMR studies indicated conformational alterations of the lower hinge region that contributes to

FcgR binding sites.44
4.20.3.2 IgG-Fc Effector Functions: Inflammatory Cascades

Monomeric IgG is monovalent for FcgR and C1q, therefore, while IgG, C1q, and cells bearing FcgR coexist in

blood and tissue and may interact, transiently; such an engagement does not result in activation. The formation

of IgG/antigen complexes results in the generation of multivalent arrays of IgG-Fc regions that can engage

multiple effector ligands and initiate inflammatory cascades. The principal ligands through which effector

pathways are initiated are cellular Fc receptors (FcgR’s) and the C1q component of the classical complement

cascade.2–7,45,46 In human, the family of structurally homologous FcgR (FcgRI, FcgRII, and FcgRIII) is constitutively
but differentially expressed on human leucocytes, for example, B-cells, T-cells, NK-cells, macrophages, eosinophils,

neutrophils, mast cells, etc. The expression of FcgR may be upregulated and/or induced as a consequence of the

release of cytokines in an inflammatory response. There are multiple isoforms and polymorphic variants of FcgR
that differ in IgG subclass recognition and activation or inhibitory functions.45,46 The FcgR’s are transmembrane

glycoproteins and there is evidence that the glycoform profile of a receptor may influence the outcome of encounters

with IgG immune complexes, in a tissue-specific manner.47–49 There is emerging data suggesting that certain glyco-

forms of IgG, and other immunoglobulin classes, may activate complement through the lectin pathway mediated by

mannan-binding lectin (MBL), a C1q homolog.50–53 Similarly, some glycoforms may bind the mannose receptor (MR)

that is expressed on phagocytic antigen-presenting cells.54,55 Many parameters impact on the nature of immune

complexes formed, for example, IgG subclass, antibody/antigen ratio, epitope density, glycoform, etc., and conse-

quently the inflammatory cascades activated; these include antibody-dependent cellular cytotoxicity (ADCC),

secretion of inflammatory mediators, enhanced antigen presentation, regulation of antibody production, the

oxidative burst and phagocytosis.45,46,56–58 Since a polyclonal antibody response to an environmental antigen may be

comprised of multiple isotypes, it is virtually impossible to predict or monitor the effector functions activated.

In addition, pathogens have evolved mechanisms that may frustrate or divert immune protection; thus bacteria

produce IgG-Fc binding proteins, for example, SpA and SpG, while virus produce Fc receptors that aid cellular

infection.7,16

It is established that glycosylation of the IgG-Fc is essential for optimal expression of biological activities mediated

through FcgRI, FcgRII, FcgRIII, and the C1q component of complement.11–17 The association constant of agly-

cosylated IgG1 or IgG3 binding for FcgRI is reduced by 2 orders of magnitude, relative to that observed for the
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Figure 6 Interaction sites have been localized to the hinge and hinge proximal region of the CH2 domain for FcgRI, FcgRII,
FcgRIII, and C1q; to the CH2/CH3 interface for FcRn, SpA, SpG, MBL, MR.
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normally glycosylated form; however, aglycosylated IgG3 antibody can mediate ADCC if a high level of target cell

sensitization is achieved; cellular activation through FcgRII and FcgRIII appears to be completely ablated.13,14 The

association constant for C1q binding to aglycosylated IgG is also reduced by 1 order of magnitude and results in loss of

complement-dependent cytotoxicity (CDC).11,12,14 The binding to FcRn is only marginally affected such that the long

catabolic half-life is maintained; similarly, binding to bacterial proteins, for example, SpA and SpG, to human IgG-Fc

is essentially unaffected by the presence or absence of oligosaccharides.2–6,16

Protein engineering, employing alanine scanning, has been used to ‘map’ amino acid residues deemed to be critical

for FcgR and C1q binding. These studies ‘map’ the binding site for all four of these ligands to the hinge proximal or

lower hinge region of the CH2 domain15,41,42,59,60 (Figure 6). The proposal that the hinge region of the IgG molecule

is not without structure but is comprised of multiple conformers in equilibrium is supported by the X-ray crystal

structure of the complex of IgG-Fc with a recombinant, soluble form of FcgRIII.35,36 The interaction site on the

IgG-Fc is seen to include asymmetric binding to discrete conformations of the lower hinge residues of each heavy

chain. Other residues of the hinge proximal region of the CH2 domain also form contacts with the FcgRIII. Interest-
ingly, one structure reveals a possible contribution of the primary N-acetylglucosamine residue to binding35 while the

other primary publication held that there is no direct contact;36 in a subsequent review, the authors of the latter

publication stated that the oligosaccharides contribute�100Å2 to the contact interface;61 this conclusion resulted from

refinement of the crystal data (personal communication, P. Sun). Taken together, these data suggest that any direct

contribution of the oligosaccharide to binding is minimal and that the oligosaccharide contributes indirectly through

its influence on protein conformation. The asymmetric binding to both heavy chains provides a structural explanation

for an essential requirement – that the IgG should be univalent for the FcgR; if it were divalent monomeric IgG could

cross-link cellular receptors and hence constantly activate inflammatory reactions.7,17,62 X-ray crystal structures of

IgG-Fc in complex with SpA, SpG, and the autoantibody RF show that each of these ligands interacts with sites

embracing residues at the junction of the CH2 and CH3 domains and IgG-Fc is divalent for these ligands4,32,33

(Figure 6).
4.20.3.3 Catabolism, Pharmacokinetics, and Placental Transport

Catabolism and placental transport of human IgG is effected through pathways of pinocytosis followed by exocytosis

or transcytosis, respectively,63,64 mediated by interactions with the neonatal IgG-Fc receptor FcRn – so named

because it was first identified in the rat, where it mediates transport of IgG across the neonatal gut wall. It is a

homolog of MHC class I molecules and in man is expressed as a transmembrane protein on endothelial, epithelial,
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trophoblast, dendritic, and monocyte cells. The high concentration of IgG in blood and intravascular fluids leads to

cellular internalization during the natural process of nonspecific pinocytosis. The pinocytic vesicles fuse with

endosomes that express membrane-bound FcRn. At the pH within the endosome, �pH 6.5, IgG binds FcRn and

is protected from enzymatic degradation; however, IgG remaining in the fluid phase is degraded. At exocytosis, the

IgG/FcRn complexes are exposed to physiological pH 7.2 and the IgG is released. The catabolic half-life of human

IgG1, IgG2, and IgG4 is �23 days, the longest of any serum protein, while for IgG3 it is 7 days. Present evidence

suggests that the catabolic half-life of IgG is independent of the natural glycoform and is essentially unaltered for

aglycosylated IgG;7,62,63 there are no data available for placental transport of aglycosylated IgG. It should be

emphasized that while circulating IgG bears terminal galactose residues it is not cleared in the liver by cells expressing

the asialylglycoprotein receptor. Abnormal glycoforms of IgG may be catabolized by alternate pathways; for example,

high-mannose glycoforms may be cleared by cells expressing the MR.

The long catabolic half-life of IgG is being exploited to increase the in vivo activity of therapeutic proteins that

naturally have a short half-life, for example, cytokines, by the generation of cytokine/IgG-Fc fusion proteins. An

exciting recent development has been the demonstration that lung epithelial cells express FcRn and can mediate

transcytosis with the delivery of locally dosed drug-fusion proteins to the systemic circulation. A bioavailability of 70%

was reported for an erythropoietin/IgG-Fc fusion protein.65 Several groups have reported increased FcRn binding and

catabolic half-life for protein-engineered IgG molecules.7,64,66 An added bonus would be that such molecules might

be produced in Escherichia coli since there is not a requirement for IgG-Fc glycosylation.
4.20.4 Individual IgG-Fc Glycoforms and Effector Activities

Since glycosylation of IgG-Fc is shown to be essential to recognition and activation of numerous effector ligands,

quantitative and/or qualitative functional differences between glycoforms might be anticipated. While it is virtually

impossible to analyze the structural and functional diversity of a polyclonal antibody, response to an individual target

antigen analysis of the oligosaccharides released from serum IgG has revealed significant differences associated with a

number of inflammatory diseases, includingRA,67 inflammatory bowel disease,68 juvenile chronic arthritis,69 vasculi-

tis,70 coeliac disease,71 periodontal disease,72 etc.; in addition, differentiation among rheumatic disease(s) is claimed

for ‘sugar mapping’.73,74 Studies employing recombinant monoclonal antibodies have established that individual

glycoforms can have a very significant impact on functional activity. This leads us to question whether the immune

system responds not only by production of an optimal isotype but also an optimal glycoform.
4.20.4.1 Sialylation of IgG-Fc Oligosaccharides

A minority of oligosaccharides released from polyclonal IgG-Fc are sialylated and a majority bear one or two terminal

galactose sugar residues.18–22,26 The paucity of sialylation is presumed to reflect the intimate integration of the

oligosaccharides within the IgG-Fc structure such that the steric/spatial requirements of the a-2,6-sialyltransferase
cannot be met. This conclusion is supported by the fact that when the IgG-Fab is glycosylated it bears highly

galactosylated and sialylated structures, demonstrating that the sialylation pathway is fully functional. It might be

anticipated that IgG-Fc bearing terminal galactose sugar residues would be recognized by the asialoglycoprotein

receptor (ASGPR) and catabolized in the liver; however, it has been shown that the major sites for catabolism of IgG

bearing terminal galactose residues is the skin and muscle, by cells expressing FcRn, with only a small fraction being

cleared via the liver.53,55 The explanation may again be due to a lack of accessibility of the galactose residues to the

receptor; also, due to the relative paucity of galactose residues, since there is evidence that the binding affinity of the

ASGPR increases markedly when multiple galactose residues are available. As discussed above, catabolism of IgG is

mediated through FcRn and is independent of glycoform, including absence of IgG-Fc oligosaccharides. The

situation for IgG-Fab glycoforms is explored below.

The balance between structure and accessibility is graphically illustrated for a panel of IgG-Fc’s in which amino acid

residues contributing to contacts with the oligosaccharide were replaced, one at a time, by alanine. In each case,

replacement of a single contact residue resulted in the production of hypergalactosylated and highly sialylated

glycoforms.27 This again demonstrated that hypogalactosylation and paucisialylation are not due to deficits in the

processing machinery of the Golgi apparatus.
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4.20.4.2 The Influence of Galactosylation on IgG-Fc Activities

It can be appreciated from Figure 4 that differences in galactosylation are a major source of IgG-Fc glycoform

heterogeneity. The distribution for normal adult serum-derived IgG-Fc is agalactosyl (G0þG0FþG0bF), 20–25%;

monogalactosyl (G1þG1FþG1bF), 35–45%; and digalactosyl (G2þG2FþG2bF), 10–20%.17–23 Lower levels of

IgG-Fc galactosylation are observed for young children and for older adults; there is also a small but significant

gender difference.28 Hypogalactosylation of IgG-Fc is reported for a number of inflammatory states associated with

autoimmune diseases.67–74 An increase in IgG-Fc galactosylation occurs over the course of a normal pregnancy with

levels returning to the adult norm following parturition.29,30 The extent of IgG-Fc galactosylation observed for

monoclonal human myeloma IgG proteins is highly variable, indicating that the level of IgG-Fc galactosylation is a

clonal property.26 The antibody products of CHO, SP2/0, and NS0 cell lines used in commercial production of

recombinant antibody are generally fucosylated but hypogalactosylated, relative to normal human IgG;17,75–78 it is

necessary, therefore, to consider the impact of differential IgG-Fc galactosylation on functional activity.

Initially, the coincidence of IgG-Fc hypogalactosylation and the presence of autoantibodies with specificity for IgG-

Fc, RFs, in the serum of patients with RA, fueled speculation of cause and effect, that is, the lack of galactose on the

(a1-6) arm generates a denatured and immunogenic form of IgG. The finding of hypogalactosylation in a number of

other autoimmune/inflammatory diseases, in the absence of RF and RA, would seem to negate this proposition;

however, it is an index of inflammation that has diagnostic, prognostic, and management potential.73,74 Several studies

have probed the influence of the presence or absence of galactose residues on IgG-Fc structure and function, with

conflicting reports. An NMR study of galactosylated (G1F, G2F) and agalactosylated (G0F) glycoforms of IgG-Fc

reported the mobility of the glycan to be comparable to that of the backbone polypeptide chain, with the exception of

the galactose residue on the (a1-3) arm, which was highly mobile; it was concluded that agalactosylation does

not induce any significant change in glycan mobility and that it remains ‘buried’ within the protein structure.79

This report is consistent with binding and stability studies showing minimal differences between G0 and G2 glyco-

forms40,43,80 and crystal structures37 of a series of truncated glycoforms of IgG-Fc. A sophisticated NMR study probed

changes in local environments on the binding of soluble recombinant FcgRIIIa to G2F and G0F glycoforms of IgG1-

Fc and reported chemical shift differences>0.2ppm for Lys-248 and Val-308 residues;44 this is a very localized change

distant from the interaction site for the FcgRIIIa moiety. The finding of a changed environment for these residues is

interesting since they were not predicted, from the crystal structure, to make contacts with the (a1-6) arm galactose

residue; small perturbations for the predicted contact residues Lys-246, Asp-249, and Thr-256 were also observed.

Conflicting data were reported from an NMR study which concluded that glycans with Gal(a1-6) residues had the

same relaxation time as the protein backbone, while in the absence of (a1-6) arm galactose the glycan had relaxation

rates 30 times slower, indicating high mobility and freedom from interactions with the protein structure.81

Studies of the influence of terminal galactose residues on IgG-Fc effector functions have resulted in conflicting

reports, probably because the impact of core fucosylation was not appreciated or analyzed.40,43,79–83 Early studies

reported only ‘slight’ differences in binding/adherence to FcgRI, FcgRII, or FcgRIII bearing cells for highly galacto-

sylated anti-D antibody, compared to paucigalactosylated anti-D; however, a consistent reduction in lysis of erythro-

cytes mediated through FcgRIII on K cells was observed.82,83 No difference in binding or receptor-mediated signaling

of FcgRII was reported for G0 and G2 glycoforms of the humanized IgG1 Campath-1H antibody.84

As previously stated, recombinant IgG antibody therapeutics secreted by cell lines adapted for commercial

production is hypogalactosylated, relative to normal IgG-Fc. The possible consequences for in vivo activity are

extrapolated from in vitro assays and animal experiments. Removal of terminal galactose residues from Campath-

1H was shown to reduce CDC but to be without effect on FcR-mediated functions.85 Similarly, the ability of

Rituximab to kill tumor cells by CDC was shown to be reduced by a factor of 2 for the (G0)2 glycoform in comparison

to the (G2)2 glycoform.86 The product that gained licensing approval was comprised of �25% of the G1 glycoform;

therefore, regulatory authorities required that galactosylation of the manufactured product be controlled to within a

few percent of this value. In the absence of sialic acid and galactose, the terminal sugar residues of IgG-Fc are GlcNAc.

The serum protein MBL and the cellular MR can each recognize and bind arrays of GlcNAc.50–54,87–89 It is possible,

therefore, that immune complexes comprised of G0 IgG-Fc may engage and activate these lectin molecules. MBL is a

structural homolog of the C1q molecule that forms a complex with MASP-1, MASP-2, andMASP-3 molecules that are

the homologs of C1s and C1r. The MBL/MASP complex circulates in the blood and when activated triggers the

complement cascade through the initial binding and cleavage of C2, as for the C1 complex. A degalactosylated form of

IgG1 was shown to bind and activate the MBL/MASP complex and the consequent cascade.50 A G0 glycoform of

IgG4-Fc was also shown to bind MBL.51 These findings have been cited to suggest that in inflammatory diseases
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characterized by increased levels of G0 IgG-Fc glycoforms, activation of the lectin pathway may contribute to

inflammation.87–89

The MR is a C-type lectin, expressed at the surface of macrophages, endothelial cells, and dendritic cells, that

recognizes arrays of mannose and N-acetylglucosamine residues.90 Thus, immune complexes of G0 antibody glyco-

forms may aid their uptake by these cell types. Of particular interest is uptake by dendritic cells since they are

‘professional’ antigen-presenting cells and may be implicated in the development of autoimmunity. Experimental

evidence is provided by the mouse collagen model of arthritis in which monoclonal anticollagen type II antibodies

were passively administered as complexes of collagen with G0 or G2 glycoforms of anticollagen type II antibodies.

The onset and severity of induced arthritis was greater for complexes formed with G0 glycoform of anticollagen type II

antibodies.54 This finding may be relevant to the generation of immune responses to monoclonal antibody therapeu-

tics; thus, the predominance of G0 glycoforms may similarly result in immune complex uptake by dendritic cells and

the presentation of non-self-peptides generated from the antibody, for example, mouse V regions and idiotypic

determinants. This role for MR has been disputed and there is evidence that enhanced antigen presentation is

through the processing of glycoproteins taken up by DC-SIGN, another C-type lectin molecule.91 Cambi and Figdor

have reviewed the multiple roles of C-type lectin receptors.92
4.20.4.3 The Influence of Fucose and Bisecting N-Acetylglucosamine on IgG-Fc Activities

A comparison of the ability of antibody produced in different cell lines to mediate ADCC showed the product of rat

YB2/0 cells to bemore active than the product of CHO or SP2/0 cells.93 Analysis of the oligosaccharide profiles of these

antibodies showed a possible correlation of ADCC activity with the ability of YB2/0 cells to produce IgG glycoforms

bearing a bisecting N-acetylglucosamine residue. This rationale appeared to be vindicated by the demonstration of

increased FcgRIII-mediated ADCC for antibody produced in CHO cells that had been transfected with the human b-
1,4-N-acetylglucosaminyltransferase III (GnTIII) gene and shown to be producing antibody bearing bisecting N-

acetylglucosamine residues.94,95 A profound increase in FcgRIII-mediated ADCC was also reported for antibody

produced in a mutant CHO cell line that failed to add either bisecting GlcNAc or fucose.96 Comparison of the ability

of nonfucosylated, fucosylated, and bisecting GlcNAc glycoforms forms of IgG antibody to mediate ADCC led to the

conclusion that it is the absence of fucose rather than the presence of bisecting GlcNAc that accounts for increased

FcgRIII-mediated ADCC.97 Further studies showed that in CHO cells the expression of GnTIII competes with the

endogenous a-1,6-fucosyltransferase and inhibits addition of fucose.98 Thus, the increased ADCC was in fact due to

the absence of fucose. When transfected with genes for chimeric transferases that localize the GnTIII transferase to an

earlier Golgi compartment, increased addition of bisecting GlcNAc and increased inhibition of the addition of fucose

resulted.99 It is difficult to reconcile these data with the conclusion of Davies et al.95 who credited the improved ADCC

to an IgG glycoform bearing bisecting GlcNAc and fucose. A possible explanation for this discrepancy could be that

only the major glycoforms were positively characterized in this study and that the ADCC activity observed was due to

the presence of a minor but increased population of nonfucosylated glycoforms. Due to the asymmetry of the IgG-Fc/

FcgRIII interface, the lack of fucose on one heavy chain should be sufficient to provide improved binding and

activation. It should be noted that the glycoform bearing bisecting GlcNAc in the absence of fucose is not observed for

normal human IgG-Fc (Figure 4).

Surface plasmon resonance studies show that nonfucosylated IgG-Fc binds soluble recombinant FcgRIII with

higher affinity than does the fucosylated form while aglycosylated IgG-Fc shows no evidence of binding.98,99 A similar

study of the binding of different glycoforms of FcgRIIIa showed that glycosylation at asparagine 162 of the receptor

influenced IgG-Fc binding, with aglycosylation at this site resulting in increased affinity for the normal fucosylated

glycoform of IgG-Fc.100 This residue is at the interface between the FcgRIIIa receptor and IgG-Fc, and it was

suggested that the presence of fucose on IgG-Fc might result in steric inhibition of glycosylated srFcgRIIIa binding.99

It was concluded that high-affinity IgG-Fc/FcgRIIIa binding requires an interaction of sugar residues attached at

Asn-162 with surface structures of the nonfucosylated IgG-Fc glycoform and that due to the asymmetry of the IgG-Fc/

FcgRIIIa interaction nonfucosylation of one heavy chain would be sufficient for tight binding. Interestingly, it was

shown that the increased affinity for the nonfucosylated glycoform of IgG-Fc was negated when FcgRIIIa was not

glycosylated at Asn-162.99 The presence or absence of fucose was shown not to influence the binding affinity of

IgG-Fc for the inhibitory FcgRIIb receptor and it was suggested that IgG antibody glycoform might be a sensitive

modulator of FcgRIIIa-mediated ADCC – through tissue-specific production of different Asn-162 glycoforms of

FcgRIII.101,102 Although most studies were conducted with IgG1 subclass proteins, increased ADCC was also

demonstrated for nonfucosylated IgG3 and IgG4 antibodies, some activity also being observed for IgG2.103 Increased
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ADCC activity was also reported for a nonfucosylated glycoform of CH1/CL-deleted fusion protein and could,

presumably, be extended to IgG-Fc fusion proteins.104

As stated previously, crystal structures for IgG-Fc in complex with aglycosylated soluble recombinant FcgRIIIa
were initially interpreted to show that there is no direct contact between the oligosaccharide and the FcgRIIIa protein
moiety.35,36 However, a subsequent review article61 claimed that, following model refinement, the carbohydrate on

IgG-Fc was seen to contribute 100Å2 to receptor contact (personal communication, P. Sun). These investigators also

demonstrated that while the binding of deglycosylated IgG-Fc to aglycosylated srFcgRIIIa was undetectable the

binding of deglycosylated whole IgG was only decreased 10–15-fold.105 This serves to remind us to exercise great

caution when attempting to extrapolate from in vitro experimental data to predict in vivo biological outcomes.

Nonfucosylated oligosaccharides account for�10% of those released from normal polyclonal IgG-Fc. Given random

pairing between different heavy-chain glycoforms, a maximum of�10% assembled IgGmolecules may be anticipated

to be comprised of one nonfucosylated heavy chain, with variable galactosylation. Studies of human IgG myeloma

proteins, however, show that antibody producing plasma cell clones can secret predominantly nonfucosylated IgG

glycoforms.21 Thus, polyclonal IgG may similarly contain populations of IgG comprised of two nonfucosylated heavy-

chain glycoforms. The significance of fucosylation has been established from studies of monoclonal antibody

therapeutics, in vitro; however, improved clinical efficacy for nonfucosylated antibody therapeutics is now being

reported.
4.20.5 IgG-Fab Glycosylation

It is established that 15–20% of polyclonal human IgG molecules bear N-linked oligosaccharides within the IgG-Fab

region, in addition to the conserved glycosylation site at Asn 297 in the IgG-Fc.17,106–110 There are no consensus

sequences for N-linked oligosaccharide within the constant domains of either the k- or l-light chains or the CH1

domain of heavy chains; therefore, when present, they are attached in the variable regions of the kappa (Vk), lambda

(Vl), or heavy (VH) chains, sometimes both. In the immunoglobulin sequence database, �20% of IgG V regions have

N-linked glycosylation consensus motifs (Asn-X-Thr/Ser, where X can be any amino acid except proline). Interest-

ingly, these consensus sequences are mostly not germline encoded but result from somatic mutation – suggesting

positive selection for improved antigen binding.107,110,117 The functional significance for IgG-Fab glycosylation of

polyclonal IgG has not been fully evaluated but data emerging for monoclonal antibodies suggest that Vk, Vl, or VH

glycosylation can have a neutral, positive, or negative influence on antigen binding.17

Analysis of polyclonal human IgG-Fab reveals the presence of diantennary oligosaccharides that are extensively

galactosylated and substantially sialylated, in contrast to the oligosaccharides released from IgG-Fc.17,106,107,109 This

is somewhat surprising since ‘random’ mutations could result in the generation of a glycosylation motif at many sites

within a polyclonal antibody population and, as a consequence, site-specific glycosylation would be observed with

varied incorporation of complex diantennary, high-mannose, triantennary oligosaccharides, etc. It could be anticipated

that IgG-Fab oligosaccharides would be exposed/accessible and, therefore, readily released by the enzyme PNGase F;

however, to date, only contrary experiences have been reported. It might also be anticipated that glycoforms with

terminal galactose residues could be subject to accelerated catabolism following binding to the asialoglycoprotein

receptor. The stable oligosaccharide composition of IgG-Fab glycoforms suggests that this is not the case; however, we

cannot know whether more complex IgG-Fab glycoforms, for example, high-mannose glycoforms, are generated but

are rapidly removed and, therefore, not detected on analysis.

A similar glycoform profile was observed for human monoclonal IgG1 (myeloma) protein that is glycosylated within

the VL region. While both the IgG-Fc and IgG-Fab bore diantennary structures, the IgG-Fc oligosaccharides were

predominantly nonfucosylated G0 and G1 whereas the IgG-Fab oligosaccharides were predominantly fucosylated,

galactosylated, and sialylated.17 Interestingly, while the IgG-Fc oligosaccharides could be quantitatively released on

exposure to PNGase F, the IgG-Fab oligosaccharides were refractory, but could be released on exposure to Endo F, in

contrast to the IgG-Fc oligosaccharides that could not be released with this enzyme.

A comparable glycoform profile was observed for the therapeutic antibody Cetuximab (Erbitux) that has specificity

for the epidermal growth factor receptor and is licensed for the treatment of colon, head and neck cancer, etc. This

antibody, produced in Sp2/0 cells, bears an N-linked oligosaccharide at Asn-88 of the VH region; interestingly, there is

also a glycosylation motif at Asn-41 of the VL but it is not occupied.112 Different glycoforms predominate at each site;

the IgG-Fc bearing fucosylated G0 and G1 oligosaccharides and the IgG-Fab fucosylated G2 and sialylated

oligosaccharides. While the IgG-Fc oligosaccharides could be released on exposure to PNGase F, the IgG-Fab
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oligosaccharide linkage was refractory. Thus, this antibody structure and the Sp2/0 cell line appear to replicate the

situation observed for polyclonal and monoclonal human IgG produced in vivo.

Several other examples of recombinant antibodies bearing IgG-Fab glycosylation have been reported and the

presence of a diantennary oligosaccharide resistant to removal by PNGase F has been a repeated observation. Partial

occupancy of IgG-Fab but not IgG-Fc has also been observed. A contrary experience has also been reported;113 a

detailed analysis of the glycoforms of a humanized IgG antibody, expressed in Sp2/0 cells, bearing oligosaccharides

at Asn-56 of the VH and Asn-297, reveals the expected IgG-Fc oligosaccharides profile of predominantly fucosylated

G0 and G1; however, 11 oligosaccharides were released from the IgG-Fab, including triantennary, and other

oligosaccharides not observed for normal human IgG. Clearance rates, in mice, were independent of the IgG-Fc

glycoform and for nine of the IgG-Fab oligosaccharides, however, marginally accelerated clearance was observed for

two IgG-Fab glycoforms. All IgG-Fab oligosaccharides were extensively sialylated with N-glycolylneuraminic acid,

rather than N-acetylneuraminic acid. The IgG-Fab oligosaccharide linkages were refractory to release by PNGase

F. Presentations made by biopharmaceutical companies at meetings have reported similar finding of conserved IgG-Fc

oligosaccharide profiles and more heterogeneous IgG-Fab glycosylation;112 the latter showing relatively high levels of

galactosylation and sialylation. It is important to emphasize that IgG-Fab glycosylation has not been shown to

compromise clearance rates, at least in mouse models.113

The influence of IgG-Fab glycosylation on antigen binding has been the subject of several reports. Three

antibodies with specificity for (a1-6)-dextran, differing only in potential N-glycosylation sites at Asn-54, -58, or -60

in the VH CDR2 region, were evaluated for antigen-binding affinity. The Asn-54 and Asn-58 molecules, each of which

bore a complex diantennary oligosaccharide rich in sialic acid, were equivalent in antigen binding, and the glycosy-

lated forms had a 10–50-fold higher affinity for antigen compared with aglycosylated forms. In contrast, the Asn-60

molecule bore a high-mannose oligosaccharide and had a lower affinity for antigen.114,115 A significant proportion of

IgG-Fab oligosaccharides bore Gal(a1-3)Gal structures.116 By contrast, humanization of a mouse anti-CD33 antibody

with concomitant removal of a potential glycosylation site at Asn-73 of the VH resulted in higher affinity for antigen;

subsequent deglycosylation of the original mouse antibody similarly resulted in an increased affinity.117 Increased

affinity for ovomucoid was reported for the deglycosylated form of a mouse antibody bearing N-linked oligosaccharide

in the light-chain CDR2.118 A multispecific human monoclonal antibody, produced in mouse–human heterohybri-

doma cells, has been reported to bear both diantennary and tetraantennary oligosaccharides attached at Asn-75 of the

VH region and to include antigenic N-glycolylneuraminic acid sugar residues.119 IgG-Fab glycosylation can impact

differentially on the structural and functional characteristics of IgG. It may be exploited to increase the solubility and

stability of antibodies, limiting aggregation and hence immunogenicity. However, given the essential demand for

product consistency, it offers an additional challenge to the biopharmaceutical industry.

A further intriguing feature of IgG-Fab glycosylation is being revealed in study of human B-cell lymphoproliferative

disease. While �10% of normal B-cells bear surface Ig glycosylated within VH or VL, the frequency among patients

with sporadic Burkitt’s lymphoma, endemic Burkitt’s lymphoma, and follicular lymphoma is 42%, 82%, and 94%,

respectively.111 Sequence analysis revealed multiple glycosylation motifs – one sequence encoding four VH and two

VL motifs. These data are evidence of somatic mutation and an apparent selection for VH/VL glycosylation and could

be revealing of the etiology of the disease.
4.20.6 IgG Glycosylation and Disease

4.20.6.1 Rheumatoid Arthritis

The finding that the serum of�80% of patients with RA contained an antibody specific for their own IgG defined RA

as an autoimmune disease.120 These autoantibodies, referred to as RF(s), were shown to be specific for the IgG-Fc

region of the patient’s IgG,121 and it was surmised that the immunogen provoking the autoimmune response might be

an altered or denatured form of the IgG-Fc. The subsequent demonstration that oligosaccharides released from

polyclonal IgG-Fc of RA patient are frequently hypogalactosylated suggested a possible explanation.67 Examination

of the crystal structure of IgG-Fc shows that galactose on the (a1-6) arm interacts with the protein surface though a

hydrophobic ‘patch’ and makes 27 noncovalent contacts with the protein structure, including a minimum of two

hydrogen bonds; in the absence of a Gal(a1-6) residue, this ‘patch’, which may be described as having lectin

properties, is exposed. It was hypothesized that terminal galactose residues on other IgG molecules, or other

glycoproteins, might bind to the IgG-Fc forming immune complexes that may activate inflammatory reactions and/

or be immunogenic, provoking the formation of RF. 67,121 The site of interaction of the Gal(a1-6) residue is on the
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inner surface proximal to the CH2/CH3 junction, while a predominant epitope recognized by RF is also expressed at

the CH2/CH3 junction.121–123

The presence of aggregated IgG in synovial fluid harvested from the joints of RA patients provided supporting

evidence and suggested that consequent local complement activation could result in perpetuation of an inflammatory

cascade. It is now recognized that RA is a spectrum of similar diseases and has a much more complex etiology,

however, whether as a contributing factor or an epiphenomenon hypogalactosylation being still tantalizing – for

example, the coincidence of disease remission in pregnant women coinciding with an increased galactosylation of

serum IgG.29 Parturition is followed by the re-emergence of hypogalactosylated IgG-Fc and the return of disease

symptoms. Hypogalactosylation has now been reported for numerous inflammatory conditions in which RF is not

present or implicated and may be regarded as an acute phase reactant, having value in differential diagnosis and

patient management.67–74

The specificity and affinity of monoclonal RFs, generated from synovial tissue obtained from RA patients, have

been evaluated for differing glycoforms of IgG. While some showed preferential binding to agalactosyl IgG, others

either did not discriminate between galactosylated and agalactosylated IgG or showed preferential binding to the

former.122 However, the presence and titer of anti-agalactosyl IgG antibody has been developed as a more specific

diagnostic and prognostic indicator than RF for RA,124 although also detected in the sera of patients with juvenile

arthritis, Sjogren’s syndrome, scleroderma, etc.125 The presence of autoantibodies with specificity for citrullinated

proteins is proving to be a more selective diagnostic marker for RA.126 There may be emerging a common character-

istic of autoimmune disease – that the autoantibodies have specificity for epitopes, generated by normal post-

translational modification (PTM) processes acting on self-proteins that are not normally subject to the given PTM.127

Unfortunately, hypogalactosylation of human IgG-Fc in RA was frequently reported as ‘abnormal’ glycosylation,

while in fact it is an increase in the proportion of G0 oligosaccharides that is observed. Thus, while normal serum IgG

may be comprised of 20–30% of G0F oligosaccharides in RA the values could be as high as 50–60%. Paradoxically, at

the time that hypogalactosylation was being proposed as a cause of autoimmunity in RA, clinicians were investigating

a new therapy that comprised delivery of pooled human IgG at doses of �80g/week; such doses contain �20g of G0F

IgG! It is important to appreciate that hypogalactosylation is observed for polyclonal IgG which is comprised of

thousands (tens of thousands!) of structurally unique antibodies, each specific for a unique epitope (antigenic

determinant). This suggests that either an environmental factor is having a ‘global’ influence on the plasma cells

producing and secreting IgG or that galactose residues are being removed, post secretion, by the action of a

galactosidase. The demonstration that while IgG-Fc oligosaccharides may be hypogalactosylated IgG-Fab oligosac-

charides could be highly galactosylated and sialylated106–110 confirms that the glycosylation machinery and processing

within the Golgi is intact and suggests a subtle influence impacting on IgG-Fc processing, as opposed to IgG-Fab

processing. Earlier studies proposing that hypogalactosylation resulted from a deficit in the level of b-1,4-galactosyl-
transferase expressed in peripheral blood lymphocytes of patients with RA are unconfirmed;128,129 a deficit in b-1,4-
galactosyltransferase activity has been shown to account for the production of hypogalactosylated glycans by LEC 19

CHO cells.130
4.20.6.2 Wegener’s Granulomatosis and Microscopic Polyangiitis

Wegener’s granulomatosis (WG) and microscopic polyangiitis (MPA) are autoimmune systemic vasculitic diseases in

which antineutrophil cytoplasm antibodies (ANCAs) are characteristically present in the serum. The predominant

specificity in WG is for proteinase 3 (PR3), a serine protease present in cytoplasmic azurophilic granules, and in

MPA for myeloperoxidase. These antibodies can be useful diagnostic markers since titers correlate with disease

activity, falling on remission and rising on relapse.131–133 Indirect evidence for a pathogenic role for PR3-ANCA

andMPA-ANCA in vivo is provided by the benefit afforded by plasmapheresis of patients with severe acute disease.134

Analysis of serum-derived IgG from patients with acute disease revealed an extreme example of hypogalactosylation.70

Subsequent analysis of IgG-Fc and IgG-Fab fragments revealed the predominance of G0 glycoforms within IgG-Fc

while IgG-Fab oligosaccharides were predominantly galactosylated and mono- or disialylated.109 This study demon-

strates, again, that the glycosylation machinery is intact; it is suggested that the microenvironment within the Golgi

apparatus is altered with a consequent change in the conformation of the IgG-Fc and its accessibility to the action of

b-1,4-galactosyltransferase.
The a1-acid glycoprotein (AGP) is a sensitive marker of inflammation and is one of the major acute phase

glycoproteins with plasma concentration increasing up to 4 times during acute inflammation.135 A substantial portion

of AGP, �45%, bears five complex N-linked glycans and displays a high degree of glycoform heterogeneity and the
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extent of branching, fucosylation, sialylation, etc. During inflammation, the increase in plasma concentration is

accompanied by changes in glycoform profiles. These changes vary with the type of inflammation episode and can

be used to distinguish between acute and chronic inflammatory episodes. Following acute trauma, such as burns, an

increase in diantennary-containing glycoforms (decreased branching) in combination with increased fucosylation is

observed while under chronic conditions the increase in AGP concentration is slight; however, the level of fucosylation

is increased and diantennary glycoforms are decreased (increased branching).135 It was of interest, therefore, to analyze

the glycoform profile of AGP isolated from the sera of the WG and MPA patient groups for whom the IgG

oligosaccharide profiles had been determined.70,109 The glycoform profiles of AGP isolated from these sera were

consistent with an acute inflammatory condition, in contrasts to the proscribed diagnosis of both WG and MPA as

chronic diseases. Thus, the glycoform profiles were highly abnormal and comparable to those observed in acute

trauma, such as burns and sepsis (unpublished observations, W. van Dijk, M. Holland, and R. Jefferis).
4.20.7 Recombinant Monoclonal Antibodies for Therapy

It is projected that 30–40% of new drugs entering the market over the next 10 years will be based on antibodies and

that the market value will be $30 billion in 2010. The efficacy of recombinant antibodies results from their specificity

for the target antigen and the biological activities (effector functions) activated by the immune complexes formed. To

date, all licensed therapeutic antibodies have been of the IgG class. Numerous parameters impact on the effector

function profile, for example, IgG subclass and glycoform, and their definitions offer opportunities for optimizing an

antibody for a given disease indication. It is increasingly appreciated that the choice of IgG subclass is a critical

decision. In oncology, a major disease indication, it would seem beneficial to maximize the potential to induce ADCC

and CDC in order to eliminate targeted cancer cells.136 However, in chronic diseases, neutralization of a soluble target,

for example, a cytokine, may be the central objective and excessive effector activity could be detrimental, for instance

where the target is also expressed as a membrane protein on certain cells, for example, the targeting of tumor necrosis

factor-a (TNF-a) by Infliximab in patients with RA. Consequently, IgG1 may not be the automatic choice and the

other IgG subclasses are now being evaluated, both in native and engineered forms. Some companies have selected

IgG4 as the preferred alternative subclass and two IgG4 antibodies have been licensed. However, recent studies

suggest that IgG4 may not be the best alternative since it is has been shown that it can activate inflammatory reactions

through cellular IgG-Fc receptors.17,103,139 It should be noted that the ‘superagonistic’ anti-CD28 antibody TGN

1412, which appears to have induced a ‘cytokine storm’ in healthy volunteers,1 is a humanized IgG4 recombinant

antibody.

To date, all licensed therapeutic antibodies have been produced in CHO, NSO, or Sp2/0 cells. The glycoform

profile of the product can vary widely from clone to clone and is dependent on the mode of production and culture

conditions. Under nonoptimal conditions, CHO, NS0, and Sp2/0 cells can produce a number of abnormally glycosy-

lated products, including partial occupancy, high-mannose forms, the addition of Gal(a1-3)Gal and N-glycolylneur-

aminic acid structures. These glycoforms may compromise potency and have the potential to be immunogenic. The

licensed antibody products are characteristically hypogalactosylated, relative to normal polyclonal IgG, and lack the

presence of glycoforms bearing bisecting N-acetylglucosamine residues; abnormal glycoforms are deemed to be at an

acceptably low level.

The glycoform profiles of the currently licensed antibodies were determined rather late in the clone selection

process; however, the lessons learned are being applied to clone selection at a much earlier stage and monitored

throughout development and production, as an integral element of process analytical technology (PAT).137,138 There

have been quite dramatic increases in the productivity of antibody-producing mammalian cells with concentrations of

1–5gl–1 being reported; however, when selecting for high specific protein production, particular attention has to be

given to product quality. High levels of antibody production can compromise glycosylation resulting in partial

occupancy, unacceptable levels of high mannose, etc.; however, clones producing antibody at high levels and

acceptable quality have been achieved.140
4.20.8 Conclusions and Future Perspectives

Glycosylation represents the most frequent post-translational modification of natural and recombinant proteins; it is

estimated that �50% of genes encode for protein with the potential to be glycosylated. The importance of glycosyla-

tion is evident from the fact that defects in a number of genes in the glycosylation pathway result in congenital

disorders with serious and/or life-threatening consequences.141 Changes in the glycosylation profiles of specific
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proteins may be recognized as disease markers and be exploited in diagnosis and/or patient management. Hypo-

galactosylation of human IgG appears to act as a marker for an acute inflammatory episode and G0 IgG may be

regarded as an acute phase response. It is relatively nonspecific but combined with other markers may provide

discrimination.73,74

The impact of IgG-Fc glycosylation on function has been revealed from studies employing recombinant antibody

therapeutics. There is considerable scope for further developments in this area as the glycoform profile can be

employed as a functional ‘rheostat’ in order to optimize functional activity for a given disease indication. Production

cell lines have been developed that allows for the glycoform profile of an antibody therapeutic to be selected, in

advance. A present and future challenge is to develop means of monitoring mechanisms activated by antibody

glycoforms in vivo and to anticipate variations in individual patient responses, determined by the interaction of

multiple polymorphisms resident in an outbred human population – it is called ‘systems biology’.
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4.21.1 Biosynthesis of GPI-Anchored Proteins in Mammalian Cells

4.21.1.1 Introduction

Glycosylphosphatidylinositol (GPI) is a complex glycolipid that serves as a membrane anchor for many cell surface

proteins.1–3 This membrane-anchoring structure is ubiquitous in eukaryotes. More than 100 mammalian proteins are

anchored in the cell membrane via GPI. Some examples of GPI-anchored proteins (GPI-APs) in mammalian cells

are enzymes, adhesion molecules, receptors, complement regulatory proteins, and histocompatibility antigens.4

In addition, GPI also anchors surface proteins in protozoan parasites and in fungi. In all species, GPI-anchoring

moieties share a common backbone structure consisting of EtN-P-6Mana1-2Mana1-6Mana1-4GlcN linked a1-6 to an
inositol phospholipid, but are variously modified on their side structures depending on organisms and cell types.

Structure of the inositol phospholipid also varies in different organisms. Mammalian proteins usually contain 1-alkyl,

2-acyl phosphatidylinositol, while the yeast Saccharomyces cerevisiae uses inositol phosphoceramide or diacylphospha-

tidylinositol, and Trypanosoma brucei uses dimyristoylphosphatidylinositol at the mammalian bloodstream stage and

lysophosphatidylinositol at the insect intestinal stage.5 In lower eukaryotes such as T. brucei, malaria parasites, and

yeasts, GPI-APs are abundantly coating the cell surface, and GPI anchors are essential for growth,6,7 although

mammalian cells can survive without GPI-APs. GPI anchoring may be an ancient way to link proteins to the cell

surface, but there may be reasons why somemammalian proteins retain this anchoring mechanism. On the other hand,

many viruses and bacterial toxins use GPI-APs of hosts as their receptors.

The core backbone of the GPI anchor is assembled in the endoplasmic reticulum (ER) and is transferred to proteins.

The GPI-APs are then transported to the Golgi apparatus where they are modified, and then are targeted to specific

microdomains of the cell surface.8

In the following sections, recent progress in molecular cloning and characterization of enzymes involved in

mammalian GPI-AP biosynthesis and transport are summarized (Figure 1).
4.21.1.2 Biosynthesis of GPI Anchor Precursors

Biosynthesis of GPI anchors occurs in the ER. At least eight reaction steps are required for the generation of a

complete GPI anchor precursor.
4.21.1.2.1 Step 1

PIþUDP-GlcNAc ! GlcNAc-PIþUDP

The biosynthetic pathway of GPI anchors starts with the transfer of N-acetylglucosamine (GlcNAc) from UDP-

GlcNAc to phosphatidylinositol (PI) by GPI-N-acetylglucosaminyltransferase (GPI-GnT). This enzyme has some

selectivity in using various species of PI, because bovine PI is more efficiently used than soybean PI9 and the lipid

groups on the glycerol backbone of GlcNAc-PI contain a higher percentage of alkyl chains than in common PI species.

A genetic approach revealed that this simple reaction step was regulated by an enzyme complex of seven proteins

including PIG-A (phosphatidylinositol glycan class A),-C,-H,-P,-Q (also termed GPI1),-Y, and DPM2.10–12 PIG-A
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encodes a 484-amino-acid ER membrane protein whose large amino terminal portion (400 amino acids) is located on

the cytoplasmic side, and contains a region homologous to a bacterial GlcNAc transferase for lipopolysaccharide (LPS)

synthesis and binding site for UDP, indicating that it bears a catalytic site.13,14 Functions of the other components of

the enzyme complex remain unclear, but the unusual complex structure for a single sugar transferase may be relevant

to the regulation of the enzyme.
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4.21.1.2.2 Step 2

GlcNAc-PIþH2O ! GlcN-PIþ acetate

The next step in the biosynthesis of GPI anchors involves deacetylation of GlcNAc-PI into glucosaminyl-phospha-

tidylinositol (GlcN-PI). The reaction is mediated by GlcNAc-PI de-acetylase PIG-L, which is an ER membrane

protein, most part of which is located on the cytoplasmic side of the cell membrane.15
4.21.1.2.3 Step 3

GlcN-PIþ acyl-CoA ! GlcN-ðacylÞPIþ CoA

GlcN-PI is then acylated on position 2 of inositol to form GlcN-(acyl)PI. Palmitoylation is the major reaction.

It is catalyzed by the acyltransferase PIG-W. PIG-W is a multiple membrane spanning protein, and is an

acyltransferase with no homologous domain to known acyltransferases.16 In contrast to the mammalian

and yeast systems, in which inositol acylation precedes the first mannosylation, the reaction order is reverse in

T. brucei. This will be described in more details in the next section.
4.21.1.2.4 Step 4

GlcN-ðacylÞPIþDol-P-Man ! Mana1-4GlcN-ðacylÞPIþDol-P

GlcN-(acyl)PI serves as a substrate for addition of the first mannose (Man1) of the three mannosyl residues, all of

which are donated by dolichol-phosphate-mannose (Dol-P-Man). Man1, linked to GlcN via an a1-4 linkage, is

transferred by GPI mannosyltransferase I (GPI-MT1), which is a complex of the catalytic subunit PIG-M and the

regulatory subunit PIG-X.17,18 PIG-M has a functionally essential DXD motif (a motif conserved among the

glycosyltransferase family) within the luminal domain, indicating that this step takes place on the luminal side of

the ER. Biosynthesis of GlcN-PI occurs on the cytoplasmic side; therefore, GlcN-PI or GlcN-acyl-PI should flip from

the cytoplasmic side to the luminal side. Topological study of PIG-W suggested that all conserved domains were

facing the ER luminal side, that is, GlcN-PI would flip before inositol acylation. Sequential mannosylation can take

place even without inositol acylation, although that would be inefficient. Inositol acylation may function as a trapping

mechanism, which prevents GPI intermediates from flipping back. Translocation of GPI would be mediated by a

‘flippase’. This enzymatic activity was shown using microsomes, but the gene remains to be cloned.19
4.21.1.2.5 Dol-P-Man synthase

Dol-P þGDP-Man ! Dol-P-ManþGDP

Dol-P-Man is synthesized on the cytosolic surface of the ER by Dol-P-Man synthase, flipped into the ER lumen, and

used as a mannose donor. Dol-P-Man synthases of S. cerevisiae and T. brucei are single-component enzymes encoded by

DPM1 genes. They have a hydrophobic membrane-insertion domain at the carboxyl terminus. In contrast, the human

enzyme consists of three components including the catalytic subunit DPM1, and the regulatory subunits DPM2 and

DPM3.20–22 Human DPM1 lacks a membrane-insertion domain. Instead, it associates with DPM3, and becomes

stabilized. DPM2 associates with DPM3 and stabilizes it. Without DPM2 the expression level of DPM1 is severely

decreased. As described above, DPM2 also associates with GPI-GnT, suggesting the presence of co-regulation of

biosyntheses of GPI and Dol-P-Man.11 For luminal translocation of Dol-P-Man, MPDU1 (SL15), which is probably

involved in the translocation reaction, is required.23
4.21.1.2.6 Step 5

Mana1-4GlcN-ðacylÞPIþDol-P-Man ! Mana1-6Mana1-4GlcN-ðacylÞPIþDol-P

This step involves the transfer of the second mannose (Man2) from Dol-P-Man to generate the fifth intermedi-

ate, Man-Man-GlcN-(acyl)PI or H3. Man2, linked to Man1 via an a1-6 linkage, is transferred by PIG-V, a GPI

mannosyltransferase II.24
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4.21.1.2.7 Step 6

Mana1-6Mana1-4GlcN-ðacylÞPIþ PE ! Mana1-6ðEtNP-2ÞMana1-4GlcN-ðacylÞPIþ diacylglycerol

Step 6 involves the addition of an ethanolamine phosphate (EtNP) side chain to position 2 of Man1, generating

the sixth intermediate, Man-(EtNP)Man-GlcN-(acyl)PI or B. This reaction is mediated by PIG-N, a GPI EtNP

transferase I, and phosphatidylethanolamine (PE) is the donor substrate. Disruption of the Pig-n gene in mouse F9

cells resulted in a lack of side-chain modification on the first mannose, whereas surface expression of GPI-APs was

only slightly affected.25 Therefore, this modification is not essential for later steps in mammalian cells, while MCD4,

the yeast homolog is essential for growth.26 PIG-N contains a sequence motif that is conserved in various nucleotide

phosphodiesterases and pyrophosphatases. YW3548/BE49385A is a terpenoid lactone produced by a fungus and

selectively inhibits GPI EtNP transferase I.
4.21.1.2.8 Step 7

Mana1-6ðEtNP-2ÞMana1-4GlcN-ðacylÞPIþDol-P-Man ! Mana1-2Mana1-
6ðEtNP-2ÞMana1-4GlcN-ðacylÞPIþDol-P
This step involves the transfer of the third mannose (Man3) to Man2 from Dol-P-Man by PIG-B, a GPI mannosyl-

transferase III, generating the seventh intermediate, Man-Man-(EtNP)Man-GlcN-(acyl)PI or H6. Man3 is linked to

Man2 via an a1-2 linkage.27 Sometimes, the fourthmannose (Man4) is added toMan3with an a1-2 linkage as a side chain.
Man4 is transferred fromDol-P-Man by SMP3, a GPI mannosyltransferase IV. Man4 is essential in S. cerevisiae whereas

it is not a common component in mammalian GPI-APs and its biological requirement remains to be clarified.28

4.21.1.2.9 Step 8

Mana1-2Mana1-6ðEtNP-2ÞMana1-4GlcN-ðacylÞPIþ PE ! EtNP-

6Mana1-2Mana1-6ðEtNP-2ÞMana1-4GlcN-ðacylÞPIþ diacylglycerol
This step involves the addition of EtNP from PE to position 6 of Man3, generating EtNP-Man-Man-(EtNP)Man-

GlcN-(acyl)PI or H7, one of the complete GPI precursors that are competent for attachment to proteins. This EtNP

(bridging EtNP) moiety links GPI to proteins. Transfer of EtNP is mediated by GPI EtNP transferase II, a complex

including the catalytic subunit PIG-O and the regulatory subunit PIG-F.29 The H7 can be further modified by the

second EtNP-side-chain linked to position 6 of Man2, generating EtNP-Man-(EtNP) Man-(EtNP)Man-GlcN-(acyl)

PI or H8. This reaction is mediated by GPI EtNP transferase III consisting of catalytic GPI7 (also termed PIG-G) and

regulatory PIG-F. Knockdown of PIG-G by RNAi caused increase of H7 and a concomitant decrease of H8, but no

effects on GPI-APs expression. Therefore, modification by the second EtNP side chain is not essential at the cellular

level, and its biological significance remains to be determined.30
4.21.1.3 Attachment of GPI to Proteins

GPIðH7 or H8Þ þ pro-protein ! GPI-APþ signalpeptide

Attachment of the complete GPI precursors H7 or H8 to proteins is mediated by GPI transamidase. Precursor

proteins that are to beGPI anchored contain a carboxyl terminal signal sequence for GPI attachment. GPI transamidase

recognizes and cleaves off the GPI attachment signal peptide and forms an enzyme–substrate intermediate linked via a

thioester. The intermediate is then attacked by the nucleophilic terminal amino group in GPI, generating GPI-APs.

GPI transamidase consists of five subunits: PIG-K (also termed GPI8),31,32 GAA1, PIG-S, PIG-T, and PIG-U.33,34

PIG-K seems to be a catalytic component because it is homologous to members of the cysteine protease family. The

conserved cysteine in PIG-K is important for generating a disulfide bond with PIG-T, which was shown to be

important for enzymatic activity.35
4.21.1.4 Post GPI-Attachment Processing

The first event following attachment of GPI to proteins is inositol deacylation within the ER, which is mediated by

the deacylase PGAP1 (Post GPI Attachment to Proteins 1). In PGAP1 mutant, transport of GPI-APs from the ER to
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the Golgi apparatus is significantly delayed, indicating that some carrier protein recognizes inositol-deacylated

structure.36

Inositol-deacylated GPI-APs are then transported to the cell surface through the Golgi apparatus via a secretory

pathway. One protein termed PGAP2 that is mainly found in the Golgi apparatus was recently identified. Although

the exact function of PGAP2 remains to be determined, PGAP2 is likely involved in lipid remodeling of GPI from

the unsaturated fatty acid chain at the sn-2 position of PI to the saturated form, facilitating GPI-APs localization in

lipid rafts.37
4.21.2 Paroxysmal Nocturnal Hemoglobinuria

4.21.2.1 Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare disease with a prevalence of 1–4 per million, but the unique

features of this disorder have attracted the interest of many hematologists and immunologists. PNHwas first described

by Paul Strübing in 1882 as a distinct clinical syndrome with hemoglobinuria after sleep.38 About 50 years later,

Ham demonstrated that hemoglobinuria was due to abnormal sensitivity of red cells to the hemolytic action of the

complement system.39 This intravascular hemolysis, from which the disease got its name, is due to intrinsic

abnormalities of red cells. In contrast, all other acquired hemolytic anemias are due to extracorpuscular causes. In

addition, contrary to other acquired hemolytic anemias, PNH is an acquired genetic disease, and is characterized by

clonal blood cells defective in surface expression of GPI-APs such as CD59 and decay accelerating factor (DAF).40

CD59 and DAF are complement regulatory proteins that protect host cells from the destructive action of the

complement system. Red cells are protected mainly by CD59 and DAF. Clonal cells defective in GPI-APs are present

in all cell lineages, but not in other tissues, and persist for many years, indicating that a clone of hematopoietic stem

cells defective in GPI-APs is present in patients with PNH. Such clone is generated by somatic mutation in the PIG-A

gene, product of which is essential for the first step in GPI anchor biosynthesis.41 Furthermore, this abnormal clone

needs to expand to a certain degree for clinical manifestation. How affected stem cell clone dominates hematopoiesis

has still been an issue.

In the following section, recent advances in the understanding of the molecular pathogenesis of PNH is summarized

and mechanisms of the clonal dominance of PNH cells are discussed.
4.21.2.2 Molecular Genetics of PNH

4.21.2.2.1 Biochemical defects in PNH
The biological basis of PNH involves a defect in the biosynthesis of GPI. GPI is synthesized in the ER through at least

eight reactions, and is transferred en bloc to proteins by GPI transamidase (Figure 1). If GPI is not transferred, proteins

are degraded or secreted into the extracellular compartment leading to defective surface expression of GPI-APs. In

fact, blood cells derived from PNH patients are defective in various GPI-APs on their cell surface.

Analysis of affected cell lines from patients with PNH showed a defect in the first step of GPI biosynthesis, that is,

transfer of GlcNAc from UDP-GlcNAc to PI. Affected PNH cell lines were hybridized for each mutant cells defective

in the first step to determine the complementation group of PNH cells. As a result, all PNH cell lines restored GPI-AP

expression when fused with PIG-C and PIG-H mutants, but not PIG-A mutants, indicating that PNH-affected cells

fall into class A mutants.
4.21.2.2.2 PIG-A gene
PIG-A cDNAwas isolated in 1993 by expression cloning and using its ability to restore expression of GPI-APs on the

surface of JY5 cells: a human lymphoid cell line of class A mutants. The gene was called PIG-A for phosphatidyl

inositol glycan complementation group A.42 In fact, PIG-A is mutated in most, and perhaps in all patients with PNH.43

The human PIG-A gene is about 17 kb and consists of six exons while the mRNA contains 3589 nucleotides. The

coding region is 1452-nucleotide long for a predicted protein of 484 amino acids, starting at position 86. A hydrophobic

region near the carboxyl terminus may corresponds to a transmembrane domain (amino acids 415–442). The

hydrophilic carboxyl 42-residue terminal region corresponds to the luminal domain of PIG-A. A region of 92 amino

acids spanning residues 304–395 is homologous (27% identity) to bacterial N-acetylglucosaminyltransferase, RfaK,



Table 1 Chromosomal location of genes involved in biosynthesis and transfer of GPI

Gene Location

PIG-A Xp22.1

PIG-C 1q23.3

PIG-H 14q11–q24

PIG-P 21q22.2

PIG-Q (GPI1) 16p13.3

PIG-Y 4q22.1

PIG-L 17p12–p11.2

PIG-W 17q12

PIG-M 1q22

PIG-X 3q29

PIG-N 18q21

PIG-V 1p36.11

PIG-B 15q21–q22

PIG-F 2p16–p21

PIG-O 9p13.3

PIG-G (GPI7) 4p16.3

PIG-K (GPI8) 1p22.2–p22.3

GAA1 8q24.3

PIG-S 17p13.2

PIG-T 20q12–q13

PIG-U 20q11.22

DPM1 20q13.1

DPM2 9q33

DPM3 1q21.2

MPDU1(SL15) 17p13.1
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which is involved in the synthesis of LPSs, suggesting that PIG-A is the catalytic domain of the enzyme, and reaction

takes place on the cytoplasmic side of ER.

It was shown that the N-acetylglucosaminyltransferase responsible for this reaction consisted of seven proteins:

PIG-A, PIG-C, PIG-H, PIG-P, PIG-Y, PIG-Q (GPI1), and DPM29,11,12 (Figure 1).

PNH defect is caused by somatic mutation in the PIG-A gene. PIG-A is located on the X-chromosome at Xp22.1.

Both male and female somatic cells have only one functional allele of the PIG-A gene through X-inactivation, so one

inactivating mutation causes loss of PIG-A function in male and in female cells, resulting in GPI anchor deficiency.

More than 20 genes are known to be involved in the biosynthesis of GPI. Among them, PIG-A is the only X-linked

gene. In almost all patients with PNH analyzed, PIG-A is responsible for GPI anchor deficiency. This should be due to

the X-linkage of the PIG-A gene, and autosomal localization of other genes involved in GPI anchor biosynthesis

requiring two inactivating mutations to lead to a loss of function (Table 1).
4.21.2.2.3 Somatic mutation of PIG-A
More than 150 PIG-A mutations have been identified in patients with PNH. They are widely distributed in coding

regions and splice sites. Single-base substitutions, deletions, and insertions contribute to 75% of all mutations. The

latter mechanisms involve two to several base deletions and insertions, and a few cases involve larger deletions and

insertions. The majority of somatic mutations cause frameshift of the coding sequence, resulting in premature stop

codons. Base substitutions cause nonsense or missense mutations. Some missense mutations result in partial loss of

PIG-A activity which accounts for partial deficiency of GPI-APs.44 These mutations provide indirect information on

the critical region of the PIG-A protein for catalytic activity and association with other components. Furthermore,

some other regions might be critical for binding to the substrate UDP-GlcNAc, which was recently reported to bind

directly to PIG-A, using a photoaffinity-labeling method.14

Somatic mutation in PIG-A occurs in hematopoietic stem cells, so affected granulocytes and lymphocytes from

individual patients show the same mutation. The same clones can be maintained for at least 6 years. Many PNH

patients have more than one mutant clone, and in most cases, one clone is predominant.45
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4.21.2.3 Mechanism of Clonal Expansion of PNH Cells

4.21.2.3.1 A PIG-A mutation is not sufficient for clonal expansion
As mentioned above, a somatic mutation in the PIG-A gene occurs in one or a few of the numerous hematopoietic stem

cells. However, GPI-negative cells are dominant within the bone marrow and in the peripheral blood of patients with

PNH, indicating that clonal expansion is an essential step in the pathogenesis of PNH. Several lines of evidence

support the idea that a PIG-A mutation alone is not sufficient to cause clonal expansion.

First, somatic mutation of PIG-A which is found in PNH patients is also found in a very small fraction (average

0.002%) of granulocytes in most healthy individuals, but this percentage does not increase.46 Whether these mutations

in healthy individuals occur in hematopoietic stem cells remains unclear.

Second, many PNH patients possess more than one clone, but not all clones become equally dominant, while one of

them dominates for about 6 years,45 suggesting that some other factors may be necessary for clonal expansion.

Third, data from a PNH mouse model support the involvement of additional factors. As GPI-APs are essential for

embryogenesis, Piga (mouse ortholog of PIG-A)-disrupted mouse is lethal.47 PNH mice bearing GPI-deficient cells

only in the hematopoietic system were generated by a combination of Cre/loxP-mediated disruption of Piga in

embryos, and transplantation of fetal liver cells into irradiated hosts. Analysis of these mice revealed that the

percentage of GPI-deficient cells did not increase.48 A different group also reported the same conclusion using

different Cre/loxP-mediated Piga-disrupted mice.49

4.21.2.3.2 What causes clonal dominance of PNH cells?
There are two major hypotheses for possible mechanisms of clonal expansion of PIG-A mutant cells. First, immuno-

logical selection by some pathological conditions of the marrow environment has been suggested.50 A second

mechanism would involve some genetic changes of the PNH clone, causing benign tumor-like proliferation.51

4.21.2.3.3 Immunological selection
This hypothesis is based on the frequent association between PNH and aplastic anemia (AA).50 That is, bone marrow

failure is commonly seen in patients with PNH, and a significant percentage of PNH cells can be seen in patients with

aplastic anemia.52 AA is most likely caused by autoimmunity against hematopoietic stem cells; therefore, a small

fraction of PIG-A mutant cells which is found in normal individuals increases in number by escaping from immuno-

logical attacks within the environment of marrow failure.53–55 This notion is now becoming widely accepted, and is

supported by several clinical and experimental evidences.
4.21.2.3.3.1 Clinical evidences

The effector responsible for AA has not been identified, but there have been reports that CD4þ T-cell clones

capable of killing autologous hematopoietic progenitor cells could be generated by culturing T-cells from AA

patients in the presence of autologous hematopoietic progenitor cells.56 PNH, like AA, is reported to be strongly

associated with the HLA-DR2 allele,57 particularly with the haplotypes DRB1*1501, DQA1*0102, DQB1*0602,58

and skewed usage of T-cell antigen receptor Vb genes;59 suggesting that a CD4þ cytotoxic T-cell clone which

recognizes autoantigen presenting MHC class II of a specific haplotype is proliferating within certain patients

with PNH.

Recently reported clinical cases of myelodysplastic syndrome (MDS) and AA also strongly support this notion.

Refractory anemia (RA), one subtype of MDS, and patients with AA can be divided into two groups according to the

presence of DAF� CD59� PNH-type cells. Both RA patients and AA patients with increased numbers of PNH-type

cells possess HLA-DRB1*1501, and show a better response to immunosuppressive therapy, indicating that the

presence of PNH-type cells suggests a benign type of bone marrow failure due to immunological mechanisms.60,61

According to these findings, antigenic proteins reacting with an HLA-DRB1*1501 antibody were screened in sera of

AA patients possessing HLA-DRB1*1501 and PNH-type cells. Results showed that diazepam-binding inhibitor-

related protein 1 (DRS-1), which is expressed in CD34þ cells derived from normal individuals, presented on HLA-

DRB1*1501 and elicited T-cell responses,62 suggesting that DRS-1 is a candidate protein which serves as an

autoantigen eliciting immune attack against hematopoietic stem cells.
4.21.2.3.3.2 Experimental evidence

Based on clinical evidence, we established an experimental system to prove that PNH cells could escape immunolog-

ical attacks.63 Assuming that CD4þ T-cells are cytotoxic effectors that inhibit hematopoiesis in normal stem cells, we
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currently propose two models (Figures 2a and 2b). First, when the autoantigen recognized by CD4þ T-cells was

derived from GPI-APs, GPI-deficient cells were insensitive to CD4þ T-cell-mediated cytotoxicity because GPI-

deficient cells could not present the antigenic peptide on MHC-class II. Second, when the autoantigen was not from

GPI-APs, CD4þ T-cells recognized GPI-deficient cells less efficiently, probably because GPI-APs co-stimulated

antigen presentation by enhancing cell–cell interactions. For example, CD2-expressing T-cells bound GPI-AP CD48

on antigen-presenting cells. To provide in vivo evidence for the second model, we also showed that multipotential

hematopoietic GPI-deficient cells escaped from attack by cytotoxic CD4þ T-cells and expanded in a mouse model.

Another study assumed that natural killer (NK) cells were the effectors64 (Figure 2c). Sensitivities of GPIþ and

GPI� cells to NK cells were examined in three different human cell lines. Experimental results showed that PIG-A

mutant cells had a certain advantage in surviving NK cell-mediated killing. Nagakura et al. further investigated the

mechanisms involved in this hypothesis, and reported that survival advantage of GPI-deficient cells was due to a lack

of expression of stress-inducible GPI-APs, UL16 binding protein (ULBP) 1 and 2, which activate NK cells and T-cells

through binding to stimulatory receptor NKG2D.65 It is an attractive idea that expression of ULBPs is induced on

hematopoietic stem cells by some marrow-damaging incident, which has already been reported.66 Naturally existing

GPI-deficient cells escape from the attack of NK cells or T-cells expressing their receptor NKG2D and expand.

Another group also reported similar evidences showing that T-cells (CD3þ) from patients with PNH expressed the

activated form of IRS (inhibitory receptor superfamily), and showed NK-like cytolytic activity to which GPI– cells

were less sensitive than GPIþ cells.67

Another possible hypothesis is that GPI itself is an autoantigen, and is present on a family of MHC class

I-related molecules CD1a, CD1b, CD1c, and CD1d, which possess lipids and glycolipid antigens, and is recognized by

T-cell or NKTcells. Indeed, CD1d binds GPI in its antigen-binding groove.68 If hematopoietic stem cells present GPI

on the CD1d molecule, GPI-deficient stem cells will escape from an attack of NKTcells and will expand (Figure 2d).

4.21.2.3.4 Benign tumor hypothesis
Evidences mentioned above strongly support the idea that immunological selection plays a critical role in clonal

expansion of PNH cells. However, several lines of evidence suggest that immunological selection alone cannot
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account for the so-called florid PNH, a fully developed state of PNH usually showing a very high percentage of GPI

anchor-deficient cells.

First, percentages of GPI-deficient cells in AA patients are generally low, and do not increase to near complete

dominance, even after 10 years. Second, some patients possess several GPI-deficient clones, but one clone is dominant

and others are minor after 6 to 10 years and the dominant clone does not always show severe deficiency compared to

the minor ones.

This evidence suggests that additional factors may be necessary. We propose that the additional factor involves a

genetic change in the PIG-A mutant clone itself to allow growth as a benign tumor.

The early growth response gene (EGR-1) encoding one of the zinc-finger transcription factors69 and the Wilms

tumor gene (WT1) have been reported58 to be upregulated in all PNH cases. Since these transcriptional factors

regulate cell growth, differentiation and apoptosis, and would rather function as tumor suppressors, upregulation of

these genes may result from proliferation rather than cause proliferation.

The supportive evidence of the benign tumor theory is based on the analysis of 2 PNH patients who showed fully

expanded GPI-deficient clones with similar chromosomal abnormalities. The high-mobility group protein

A2 (HMGA2) is localized at the breakpoint and 30 UTR of HMGA2 is truncated in both patients.69a The truncated

form of HMGA2 is ectopically expressed in tumor tissues, unexpressed in normal state, and makes cells grow like a

benign tumor.70,71 We suggest that ectopic expression of this truncated HMGA2 or upregulation of this target gene

together with a PIG-A mutation results in expansion of GPI-deficient stem cells. It is well known that some patients

with PNH eventually develop acute myelogenous leukemia from the PNH clone. Further accumulation of genetic

abnormalities in a benign tumor-like subclone leads to the generation of a leukemic clone.
4.21.2.3.5 Three-step model for the pathogenesis of PNH
The two previously described hypotheses are not mutually exclusive. Rather, it is possible that both mechanisms

operate together. Figure 3 shows a schematic model for the pathogenesis of PNH. Step 1 involves the generation of a

GPI-deficient hematopoietic stem cell by somatic mutation of the PIG-A gene. Step 2 involves the immunological

selection of GPI-deficient hematopoietic stem cells. At this step, GPI-deficient cells survive and proliferate much

more frequently than usual to compensate for anemia. Elevated proliferation would increase the chance of additional

mutations. Step 3 involves the generation of a subclone bearing the growth phenotype.
4.21.2.4 Clinical Aspects of PNH

The International PNH Interest Group proposed the following classification with regards to patient management.72
4.21.2.4.1 Classification

� Classic PNH. Patients show clinical evidence of intravascular hemolysis, but have no evidence of another defined

bone marrow abnormality.

� PNH in the setting of another specified bone marrow disorder (e.g., PNH/AA or PNH/refractory anemia-MDS). Patients

show clinical and laboratory evidence of hemolysis, and concomitantly have or have had a history of a defined

marrow abnormality.

� Subclinical PNH (PNH-sc) in the setting of another specified bone marrow disorder (e.g., PNH-sc/AA). Patients have no

evidence of hemolysis, but have a small population of GPI-deficient hematopoietic cells as seen by sensitive flow

cytometric analysis, usually associated with bone marrow failure syndrome.

4.21.2.4.2 Clinical manifestations of PNH

4.21.2.4.2.1 Hemolytic anemia

Among proteins deficient from the surface of PNH cells are the complement regulatory proteins CD55 (DAF) and

CD59. Increased complement sensitivity of PNH cells leads to hemolysis. DAF inhibits C3 and C5 convertases,

whereas CD59 is the membrane regulator of membrane attack complex (MAC) assembly. Studies of two kinds of

patients with inherited DAF deficiency (Inab phenotype)73 and CD59 deficiency74,75 suggested that hemolysis and

thrombosis were mainly caused by a lack of CD59.
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4.21.2.4.2.2 Thrombosis

Thrombosis is the leading cause of mortality in PNH. In most cases, the venous system is involved. In contrast to

hemolysis, much less is known about the mechanisms of thrombosis. It is considered that absence of CD59 renders

platelets susceptible to attack by the complement system. When this occurs, platelets release vesicles or microparti-

cles that are procoagulant in vitro. Indeed, platelet-derived microparticles are present at significantly elevated levels in

patients with PNH.76 Recent clinical studies suggested that a thromboembolic event was directly related to the

size of the PNH clone. However, prevalence of thromboembolism among patients from Japan, China, and Mexico

appears to be lower than in patients from the United States and Europe.
4.21.2.4.2.3 Bone marrow failure

As mentioned above, PNH is often associated with marrow failure diseases, making the symptoms of PNH more

complicated. Anemia is caused either by hemolysis or marrow failure. Management is also different according to

causes.
4.21.2.5 Recent Topics

4.21.2.5.1 Complement inhibitors
Recently, blockade of complement activation by a monoclonal antibody against complement C5 (eculizumab) has

been shown to be a safe and effective strategy to prevent hemolysis in PNH.77,78 However, two problems can arise.

One is that systemic and prolonged blockade of complement C5 function may render patients susceptible to infections

like neisserial infection. The other is that prolonged inhibition of the complement system increases proportions of

PNH erythrocytes, raising risks of severe hemolysis if therapy is interrupted.

Another strategy is reported to block the complement system using membrane-targeted recombinant soluble CD59.79
4.21.2.5.2 Inherited GPI deficiency
Two families with autosomal recessive GPI deficiency were recently found.80 The patients were characterized by

severe portal vein thrombosis and neurological dysfunction. Hematopoietic cells and fibroblasts derived from affected

members of these families were partially deficient in the surface expression of GPI-APs, and expression levels of GPI-

APs were different among lineages, indicating a defect in some regulatory mechanism, but not in the coding part of the

affected gene. In fact this disease is caused by the point mutation in the SP1 binding site of the promoter region of

PIG-M, GPI mannosyltransferase I. These patients have grown almost normally in spite of the fact that GPI is essential

for embryogenesis. To our surprise, these patients were suffering from severe thrombosis although surface expression

of CD59 or DAF on erythrocytes and platelets was only slightly decreased, and there was no evidence of hemolysis.

These observations do not agree with a report that a thromboembolic event is directly related to the size of the

PNH clone.
4.21.2.5.3 Future perspectives
PNH is a rare disease with a multitude of features. It results from a loss of function of one gene which results in a lack

of expression of many proteins. It is clear that PNH is caused by a somatic mutation of the X-linked gene PIG-A.
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Normal people can also show a PIG-A mutation in hematopoietic cells, which is probably the case with many other

genes. If the mutated gene gains a self-proliferating character, pathogenesis is simple like with other oncogenes.

However, PIG-A mutation alone does not cause clonal dominance. PIG-A-mutated cells increase in number within a

marrow-suppressed environment, the cause of which remains to be clarified, waiting for a second genetic change to

activate full proliferation. We hypothesized that the second genetic change contributed to proliferation in combination

with the PIG-A mutation. It remains unclear how this combination of events leads to cell proliferation. While several

clues have been identified, investigations are still underway.
4.21.3 GPI-APs as Receptors of Viruses, Bacteria, and Toxins

4.21.3.1 Physiological Role of Lipid Rafts

In the plasma membrane, specialized structural microdomains exist, and are commonly referred to as caveolae and

lipid rafts. These are enriched in cholesterol, glycosphingolipids, and GPI-APs. Rafts control numerous protein–

protein interactions at the cell surface. At the cellular level, rafts have been implicated in protein sorting, membrane

trafficking, and signal-transduction events including proliferation, apoptosis, migration, or adhesion. Rafts have a

central role in complex physiological processes such as the immune response.81

As mentioned above, GPI-APs are selectively transported to rafts. A specific reason must exist for necessity of their

localization in rafts. Proteins attached to the plasma membrane through GPI linkage are diverse, but some GPI-APs,

which transduce signals to inside the cell, seem to use common signaling pathways. Being a GPI-AP, a protein lacks a

transmembrane domain to span the lipid bilayer. By being localized in rafts, where many signaling molecules such as

the Src family protein tyrosine-kinases (PTKs) and G-proteins assemble, GPI-APs may transduce signals by indirect

association with them presumably through transmembrane adaptor proteins.82
4.21.3.2 Caveolae and Lipid Raft-Mediated Entry of Viruses and Bacteria

Whereas some viruses enter host cells via endocytosis through clathrin-coated pits, many viruses and bacteria exploit

host membrane microdomains as entry points, utilizing non-clathrin-mediated (caveolae and/or lipid raft-mediated)

endocytosis pathway. The former pathway leads to fusion with lysosomes which provide the acidic pH environment

needed for virus uncoating and entry into the cell cytoplasm.83 These two pathways are equally available in host cells

such as phagocytic cells, but many pathogens prefer to enter through rafts.84

One advantage to enter through rafts is avoidance of the intracellular degradative pathway. Lipid rafts are not

destined to the endosomal pathway, allowing associated molecules to avoid entering the degradative compartment.

The other advantage of using rafts is that it triggers cell signaling that leads to membrane ruffling, and rearrangement

of the cytoskeleton to support uptake of bacteria.85

4.21.3.2.1 Entry of viruses
A polyomavirus, simian virus 40 (SV40) has been reported to enter through caveolae after binding to its receptor, the

major histocompatibility complex (MHC) class I, and is then delivered to ER, by avoiding the traditional endosome/

lysosome system.86 Echovirus 1 (EV1) also uses caveolae to enter, but its receptor is a2b1 integrin.87 A number of other

enteroviruses including hemoagglutinating echoviruses,88 enterovirus 70,89 coxsackie B viruses,90 and coxsackie-

virus A21 (CAV21)91 use DAF as receptors. These viruses bind to different short consensus repeat regions (SCR) of

DAF. However, most of these viruses require additional cofactor proteins for infection such as ICAM-I for CAV21, and

coxackie and adenovirus receptor (CAR) for coxsackievirus B3.92 Infection by these viruses is inhibited by raft

destructive reagents. Immunodeficiency virus type I (HIV1) is also known to enter through rafts.93 Marburg (MBG)

and Ebola (EBO) viruses, which cause lethal hemorrhagic fever are also reported to utilize a GPI-AP, a folate receptor,

as mediator of entry.94

Prion diseases such as Creutzfeldt–Jakob disease in humans, are caused by self-aggregation of a pathogenic form

(PrPsc) of the host prion protein (PrP). PrPsc interacts with PrP, leading to the transformation of PrP into the pathogenic

form. This prion protein itself is a GPI-AP and interactions are localized in rafts.95
4.21.3.2.2 Entry of bacteria
The phagosome-containing Mycobacterium spp. actively binds to TACO (tryptophan-aspartate-containing coat

protein), a protein that associates with the cell membrane in a cholesterol-dependent manner, and prevents delivery
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of internalized bacteria to lysosomes.96 FimH adhesion-expressing Escherichia coli and Dr/afa-expressing E. coli

enter host cells through the GPI-APs CD48 and DAF, respectively, within a caveola and this pathway is distinct

from the classical pathway.97
4.21.3.2.3 Binding of toxins
Toxins are soluble proteins that bind target membrane using specific cell receptors, many of which are raft compo-

nents. It is well known that the cholera toxin associates with the ganglioside GM1, and enters through caveolae.98

Rafts not only provide binding sites, but also mediate oligomerization of pore-forming toxins such as Aeromonas

hydrophilia aerolysin99 and Clostridium septicum a toxin.100 The former binds GPI anchor and N-glycan parts of the

target protein, and GPI anchor only is not sufficient. The latter binds GPI anchors with high affinity.101 It was also

reported that cell sensitivity of Helicobacter pylori VacA toxin depended on a GPI-AP.102

Binding of LPS to GPI-AP CD14 induces raft recruitment of several proteins including Toll-like receptors (TLR4),

and triggers the production of pro-inflammatory cytokines such as tumor necrosis factor (TNF), IL-1, and IL-6.

Outcomes of LPS signaling are quite different according to doses of LPS, from optimal-response, LPS tolerance, to

septic shock.103 Signaling mediated by rafts regulates LPS sensitivity.

Thus, investigation of molecular mechanisms by which microorganisms succeed in entering the host cell via rafts

will provide important information for the development of new therapeutic methods.
4.21.4 Infectious Diseases and GPI Anchors

4.21.4.1 Introduction

GPIs play critical role in the survival of pathogens in mammalian hosts. Eukaryotic pathogens such as protozoan

parasites and fungi possess GPIs, which appear to be involved in pathogenesis. Most bacteria do not synthesize PI, and

thus GPIs are generally absent in bacteria. However, one notable exception is mycobacteria, such as the tuberculosis

pathogen, in which PI is a major plasma membrane phospholipid and the bacterial GPIs termed PI mannosides (PIMs)

and lipoarabinomannan (LAM) are abundantly present and are thought to play important roles in infection.

Importance of GPI anchors in the biology of protozoan parasites is clearly evident by the abundance of GPIs in the

membranes of these organisms. The GPI anchor structure was first determined in T. brucei, an etiologic agent of

African sleeping sickness. The structural determination of T. brucei GPI was facilitated partly due to the abundant

occurrence of the GPI-anchored variant surface glycoprotein (VSG) which constitutes approximately 10% of the total

protein in this parasite.5 Since the establishment of T. brucei GPI structure, it has become clear that many functionally

important surface proteins of a wide variety of protozoan parasites are anchored to the cell membrane through GPI.

These observations lead to an assumption that GPI biosynthesis is essential for the survival of these microorganisms.

This assumption was validated by the demonstration that GPI anchor biosynthesis was indeed essential for the

bloodstream form of T. brucei, which is the proliferative form of the parasite dwelling in the host bloodstream.6

Subsequently, a number of studies have shown that the biosynthesis of GPI anchors is critical for the survival of

protozoan parasites and in the case of T. brucei it has been shown that enzymes involved in GPI biosynthesis can be

effective drug targets.

In this section, we describe the structure and biosynthesis of GPI anchors found in protozoan parasites, fungi, and

mycobacteria. We also illustrate the structural differences of GPIs in these organisms as compared to mammalian GPI

anchors. Finally, based on the available information on the structures and functions of GPIs in various pathogenic

microorganisms, we attempt to pinpoint specific targets for chemotherapies.
4.21.4.2 Pathogens’ GPI Anchors Crucial for Infection and Survival

Here, we describe the best-studied GPI anchors of some of the pathogenic organisms and illustrate their crucial roles

in pathogenesis. For a more complete coverage of GPI-anchored molecules in various organisms, refer to the

published review articles.3,5,104–108
4.21.4.2.1 African sleeping sickness
T. brucei causes sleeping sickness in humans in sub-Saharan Africa. It is believed that half a million people are

currently infected and 60 million people are at risk of infection.108a As described above, African trypanosomes reside



406 Diseases Associated with GPI Anchors
in the bloodstream of the mammalian host and are densely covered by a single GPI-AP termed VSG. VSGs are

encoded by hundreds of genes, but only one gene is expressed on the parasite’s cell surface at a given time. Periodical

switching of surface coat by antigenically variant VSGs represents a key molecular mechanism of immune evasion for

African trypanosomes.109–111 A recent study indicated that there was a cell cycle checkpoint monitoring proper

formation of the VSG coat, reiterating the importance of VSG for a parasite’s survival.112 The fact that all VSGs are

anchored by a structurally conserved GPI and that GPI biosynthesis is essential for parasite survival indicate that the

GPI biosynthesis is a good target for chemotherapy against African sleeping sickness. As described later in this section,

it has been demonstrated that the GPI biosynthetic pathway is indeed a valid drug target for African sleeping sickness.

4.21.4.2.2 Chagas disease
It is believed that 16–18 million people in Central and South America are infected by T. cruzi, the etiologic agent

of Chagas disease, resulting in �20000 deaths annually.108a Infection by T. cruzi leads to the production of

pro-inflammatory cytokines such as IFN-g, IL-12, and TNF-a. The GPI-anchored mucin-like glycoproteins have

been shown to play key roles in the inflammatory response during the early stage of T. cruzi infection. The GPI-

anchored mucin-like glycoproteins are encoded by a large multigene family, and represent the major component of

the parasite cell surface. The GPI moiety of mucin-like glycoproteins from T. cruzi trypomastigotes induces pro-

inflammatory cytokines, and is as potent as bacterial LPS and Mycoplasma-derived lipopeptide.113 The structural

determinants of GPI-APs that are responsible for this strong host cytokine response have been studied in great detail.

A unique combination of an unsaturated fatty acid in the lipid moiety and modification of GPI core glycan by galactose

residues has been shown to be important structural determinants for the pro-inflammatory activity of the parasite

GPIs. A recent review summarizes the series of works related to these topics.105

Another well-studied GPI-AP from T. cruzi is trans-sialidase. Trypanosomes cannot synthesize sialic acids, but

instead scavenge them from the host. T. cruzi trans-sialidases are the enzymes that transfer sialic acids from the host

glycoconjugates to mucin-like glycoproteins. These enzymes are located on the plasma membrane, and are anchored

by GPIs. Interestingly, while multiple genes encode trans-sialidases, some of the gene products are not functional

enzymes. These non-functional proteins are suggested to be involved in host–parasite interactions.114,115

4.21.4.2.3 Leishmaniasis
Leishmaniasis is found worldwide, and it is believed that some 12million people are currently infected and 350million

people are at risk of infection.108a A major GPI-anchored phosphoglycan molecule called lipophosphoglycan (LPG)

covers the surface of Leishmania parasites. LPG lacks a protein component and consists of a structurally divergent GPI

anchor, which is hyperglycosylated with linear chains of -6Galb1-4Mana1-P- (Figure 4). The phosphoglycan back-

bone is modified with glycan side chains, which vary with the parasite’s life cycle stages and species.104,116,117 LPG is

essential for the successful infection and invasion of the insect’s midgut or mammalian macrophages by Leishmania

major,118,119 and an insect galectin is used by the parasite as a receptor for specific binding to the insect midgut.120

Once the infective forms of the parasite (metacyclic promastigotes) are taken up by host macrophages, parasites

differentiate into amastigotes, which downregulate the surface expression of LPG.121,122 Therefore, persistence in

macrophages after differentiation to amastigotes is independent of LPG. In contrast to L. major, LPG is dispensable

for the infection of mice by L. mexicana,123 suggesting an evolutionary divergence in terms of LPG as a virulence

factor.124

4.21.4.2.4 Malaria
Malaria is the most devastating disease in the tropical and subtropical regions of the world, killing more than one

million people every year.108a Severe malaria and associated deaths occur primarily by Plasmodium falciparum

infection. GPI was suggested to be the pro-inflammatory toxin because of its ability to induce the production of

pro-inflammatory cytokines by macrophages and cause acute malaria-like symptoms in mice.125 Indeed, human adults

who are resistant to clinical malaria contain high levels of anti-GPI antibodies, while susceptible children do not,

implying a role for GPIs as a toxin associated with clinical symptoms of malaria.126 In hope of developing antitoxic

vaccines, mice immunized with chemically synthesized GPI glycan were challenged with rodent malaria parasites, and

were shown to be protected against clinical symptoms of malaria pathogenesis.127 Structural requirement of malarial

GPI to induce cytokine response is similar to that found in T. cruzi mucin, in that an effective immune response

requires both the glycan and diacylglycerol moieties of an intact GPI. A comprehensive information about the

P. falciparum GPI structure and activity is available from a recent review.106
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Figure 4 Structures of GPI-anchored molecules from various pathogenic organisms. Side-chain modifications may vary

(see text). The second mannose of Leishmania LPG is a1-3-linked and thus divergent from the ordinary protein-anchoring
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4.21.4.2.5 Tuberculosis
Tuberculosis claims millions of deaths every year. The causative agent is Mycobacterium tuberculosis, which infects

one-third of the world population. Mycobacteria belong to the order Actinomycetales in the Bacteria domain, and

they do not have eukaryotic GPI anchors. However, these bacteria synthesize glycosylated PIs termed PIMs and

LAM.128 PIMs and LAM differ structurally from eukaryotic GPIs (Figure 4), but show parallel mechanisms in the

general scheme of biosynthetic pathway with eukaryotic GPI biosynthesis (Figure 5). PIMs and LAM are thought to

play important roles in the survival of M. tuberculosis in the phagosomes of the host macrophages by blocking the

maturation of phagosomes to phagolysosomes.129 LAM has been shown to induce potent anti-inflammatory activity,

which has been the topic of many recent studies, and review articles summarizing the results of these studies are

available.130–133 Later in this section, we briefly review the structure and biosynthesis of PIMs and LAM as an

example of bacterial GPI anchors.
4.21.4.3 Structural Differences of GPI Anchors between Host and Pathogens

The core glycan structure of GPI-APs is conserved among eukaryotes including protozoan parasites. One

exception is found in Entamoeba histolytica proteophosphoglycans, which consist of Gal1Man2GlcN-myo-inositol

as a core GPI structure.134 While the primary function of GPIs is to anchor protein onto cell membranes,

some protozoan and fungal GPIs are not attached to proteins, but to large glycan moieties (e.g., Leishmania LPG,

see Figure 4). Another important class of GPIs is free GPIs, which anchor neither proteins nor polysaccharides,

and are found in wide varieties of organisms.135 Free GPIs can be considered as a pool of excess biosynthetic

precursors, but may also play physiologically important roles in their own right. Depending on organisms and protein

species, the lipid moiety of GPIs can be diacylglycerol, alkylacylglycerol, or ceramide. The core glycan can be

modified by side chains such as ethanolamine phosphates, monosaccharides, and/or oligosaccharides. Below,

we describe key structural characteristics that differentiate pathogen and mammalian GPIs and provide rationale

for exploiting specific biosynthetic steps as chemotherapeutic targets.
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4.21.4.3.1 Structure of lipids
Mammalian GPI anchors are glycerolipids containing either diacylglycerol or 1-alkyl-2-acyl-glycerol as lipid moieties.

Protozoan parasites have a repertoire of GPIs that are structurally distinct from their mammalian host counterparts. For

example, in the case of the bloodstream form T. brucei, the VSG GPI anchor consists exclusively of dimyristoyl glycerol

(Figure 4).136 In contrast, in the case of procyclic forms of the parasite, which resides in the midgut of insect vectors,

the GPI anchors of major surface glycoproteins known as procyclins are lyso glycerolipids.137 Lyso glycerolipids are

also found in Leishmania LPGs.138–140 Ceramide-based lipid anchors are found in GPI-APs and free GPIs of T. cruzi,

and appear to be developmentally regulated.141–144 Ceramide-based GPIs are also found in S. cerevisiae145,146 and in

other fungal pathogens.147,148

Another structural variation of lipids involves acylation of inositol. In many cases, inositol acylation is an essential

step of GPI precursor biosynthesis. However, the acyl group attached to the inositol is often removed before the

proteins reach the cell surface (see Figure 5). In some cases, inositol remains acylated, and prominent examples are

found in T. brucei procyclin,137 and P. falciparum proteins (Figure 4).149
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4.21.4.3.2 Modification of the glycan core
In mammalian cells, the glycan core is modified by ethanolamine phosphate moieties attached to the first and second

mannose residues in addition to the one attached to the third mannose residue, which is linked to proteins.150–152 In

some proteins such as rat brain Thy-1, the fourth mannose is attached to the glycan core.152 These modifications are

also found in fungus S. cerevisiae146,153 as well as in P. falciparum and T. cruzi (Figure 4) (see below).

In protozoan parasites, varying degrees of core glycan modifications have been described. Well-investigated

examples are found in T. brucei. VSG-GPI anchors are modified by galactose residues, which are added to all three

mannose residues, though the degree of modification varies depending on the structural type of VSG (Figure 4).154

Galactosyltransferases are thought to be expressed constitutively, and variable galactose modifications are thought

to arise from constraints imposed by different VSG structures that sterically interfere with addition of galactoses.

Galactosylation is proposed to fill the spaces beneath the VSG protein layer, and thus to provide an additional

glycan layer for greater protection.155 Similar galactosylation of GPI core glycan is also found in E. histolytica

proteophosphoglycan, suggesting that several parasites have independently evolved similar strategies for making a

surface glycocalyx that employs GPIs.134 A more extensive and totally different modification is found in procyclins,

the major proteins covering the cell surface of procyclic parasites. The core glycans of procyclins are substituted by

heterogeneously branched polylactosamine chains with terminal sialic acids attached to the galactose residues. This

large side chains are proposed to be involved in the formation of dense surface glycocalyx.137

How do these structural differences fit into the biosynthetic scheme? What is the physiological significance of these

structural variations? What genes are involved in these enzymatic reactions? Many questions remain to be answered,

but studies in the past several years have accumulated evidence clarifying some of these issues. Below, we discuss

some of the key issues that have been the topics of recent investigations.
4.21.4.4 Metabolic Differences in GPI Anchor Biosynthesis between Host and Pathogens

Differences in metabolic pathways between mammalian hosts and pathogens must account for the structural differ-

ences in GPIs of these organisms. In the following paragraphs, we describe the main pathway of GPI head group

biosynthesis and illustrate the differences in the main pathway in the host and pathogens. We rationalize how these

differences in the biosynthetic steps between the host and pathogen can be exploited for therapeutic purposes. We

will also discuss the remodeling of lipid moieties that occurs in the GPIs of mammalian host and in some pathogens

and exemplify how the observed structural differences in lipid moieties of GPI anchors of host and pathogens are

achieved. Finally, we describe modifications of the glycan core that are specific to pathogens and discuss their

physiological significance.

4.21.4.4.1 Core biosynthesis
Genetic approaches to validate that GPI biosynthesis can be exploited as a therapeutic target were first reported by

Nagamune and colleagues, who cloned TbGPI10, the ortholog of human PIG-B encoding the third mannosyltransfer-

ase, from T. brucei.6 The demonstration that both alleles of the TbGPI10 gene could be knocked out only after

introduction of an episomal copy provided the first genetic evidence that GPI anchor biosynthesis is essential and thus

can be exploited as a drug target. Another study supported the same conclusion. TbGPI12 was cloned from T. brucei,

and its product, GlcNAc-PI deacetylase (ortholog of mammalian PIG-L) involved in the second step of GPI anchor

biosynthesis was shown to be essential for parasite growth.156

In a series of studies, Ferguson and co-workers further demonstrated that GPI biosynthesis of T. brucei is a practical

drug target. Studies using synthetic analog of GlcN-PI demonstrated different substrate specificities of GPI biosyn-

thetic enzymes between mammalian cells and trypanosomes.157–162 These studies culminated with the develop-

ment of cell-permeable GPI analog that are toxic to trypanosomes, but can be tolerated by mammalian cells.163 These

studies represent the direct chemical validation of the main GPI biosynthetic pathway as a drug target, providing

valuable lead compounds for future drug development.

The situation is less clear for leishmaniasis in terms of GPI biosynthesis as a drug target. As discussed above, while

LPG is important for promastigote stages of L. major to survive during macrophage invasion,119 amastigote stages of

L. majormutants deficient in LPG are as virulent as wild type. Furthermore, LPG is totally dispensable for the growth

and establishment of infection for L. mexicana.123 To examine broader effects of mannose metabolism, a gene involved

in the synthesis of dolichol-phosphate-mannose, the mannose donor of GPI and N-glycan biosynthesis, was knocked

out in L. mexicana. The mutants lacked all GPI-anchored molecules, but remained viable, and infectious to animals,

suggesting the nonessential nature of GPI.164 Nevertheless, mannose biosynthesis per se is critical for survival in

macrophages, and for the establishment of animal infection;164–166 and a factor important for virulence is attributed not
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to GPI anchors, but to intracellular b1-2 mannan oligosaccharides.167 Mannan accumulates upon differentiation of

metacyclic promastigotes to amastigotes in macrophages, and is suggested to protect the L. mexicana parasite from

starvation and/or stress conditions within macrophage phagolysosomes. Taken together, GPI biosynthesis may not be

an effective drug target to combat L. mexicana infection. LPG biosynthesis remains a valid target for L. major infection,

but the fact that LPG is naturally downregulated and dispensable in amastigotes119,121,122 makes LPG biosynthesis

difficult as a strategic drug target.

In other parasites, no direct genetic validation is available. In Plasmodium species, the role of GPI as a malaria toxin

implies that GPI biosynthesis is likely to be a good target for the development of antimalarial drugs. Furthermore,

inhibition of GPI biosynthesis by mannosamine and glucosamine correlates with attenuation of parasitic growth,

suggesting that GPI biosynthesis is essential in Plasmodium.168,169 In the case of T. cruzi, GPI-deficient transgenic

parasites were created by heterologous expression of T. brucei GPI-specific phospholipase C, and survival of

GPI-deficient amastigotes in mammalian cells was shown to be attenuated.170 More direct evidence is needed to

firmly establish the importance of GPI biosynthesis in this parasite, but considering the potent immunomodulatory

activity of the GPI-anchored surface molecules, GPI biosynthesis may represent a good drug target to treat Chagas

disease.

In mycobacteria, the first step of the PIM/LAM biosynthesis is the transfer of mannose fromGDP-Man to the 2-OH

group of the D-myo-inositol residue of PI (Figure 5). This step is mediated by a mannosyltransferase termed PimA,

and the pimA gene has been shown to be essential for viability in M. smegmatis, an experimentally tractable model

species.171 AcPIM2 is a major PIM species, which is not only a mature product but also functions as a precursor for

polar PIM (i.e., AcPIM6) and LAM synthesis. Biosynthetic pathways of PIMs and LAM share first several steps before

diverging to AcPIM6 and LAM biosyntheses,172–174 and several genes involved in the early biosynthesis have been

identified.172,175,176 AcPIM4 appears to be the intermediate at the branch point of AcPIM6 and LAM pathways.

Metabolic flux through these PIM/LAM pathways appears to be regulated and a lipoprotein involved in the flux

control has been identified.177 To determine if the essential component of the pathway was AcPIM2, AcPIM6, LAM,

or a combination of these components, an inositol auxotroph defective in the final step of inositol synthesis was

generated, and detailed analyses provided evidence that AcPIM6 was the essential component associated with cell

viability.178 Taken together with immunomodulatory activities of these molecules, PIM/LAM biosynthetic pathway

appears to be a good target for anti-tuberculosis drug development.
4.21.4.4.2 Inositol acylation
Inositol acylation occurs in mammalian cells as well as in pathogenic organisms. Inositol acylation takes place in a

relatively early stage during core biosynthesis. In many cases, fatty acids attached to inositol are removed before

mature GPI-AP reaches the cell surface. However, in some cases, inositol-acylated proteins are expressed on the cell

surface. The function of inositol acylation remains unclear. Since acylated inositol is often removed from proteins

before reaching the cell surface, it is reasonable to assume that it plays a role in controlling GPI precursor metabolism.

However, inositol acylation may also control the way GPI-APs associate with the plasma membrane on the cell surface.

In some cases, inositol acylation may be linked to specific host–pathogen interactions during infection. In this regard,

it is interesting to note that GPIs from T. cruzi trypomastigote mucin are much more active with regard to pro-

inflammatory response than P. falciparum GPIs, and one prominent difference is that Plasmodium GPI is inositol

acylated.106 Inositol acylation/deacylation is best studied in mammalian cells and T. brucei, and therefore we will

discuss in details differences between these two organisms.

In mammalian cells, inositol is acylated after the formation of GlcN-PI, resulting in the synthesis of GlcN-(acyl)PI.

Inositol acylation precedes mannosylation reactions,158,179–181 and is mediated by PIG-W.16 The inositol remains

acylated until after anchoring to proteins in mammalian cells, but then it is deacylated by an inositol deacylase

encoded by the PGAP1 gene before exiting ER.36 GPI-APs on the mammalian cell surface usually do not carry inositol

acylation, suggesting that removal of inositol acyl groups is an important processing step after the attachment of GPI

precursors to proteins. One exceptional situation exists in human erythrocytes in which inositol residues of surface-

expressing GPI-APs remain acylated.182–184 Presumably, PGAP1 enzyme activity is regulated in a tissue-specific

manner.

The biosynthetic pathway is similar in Plasmodium species in that inositol acylation takes place prior to mannosyla-

tion reactions.185 A gene highly homologous to human PIG-W is present in the genome of P. falciparum. In contrast to

the mammalian system, inositol remains acylated in mature proteins expressed on the cell surface. Thus, Plasmodium

GPI biosynthetic pathway may not require PGAP1. Consistent with such a prediction, the PGAP1 homolog is not

obvious in the genome of P. falciparum while it can be easily identified in the T. brucei genome (see below).
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In T. brucei, timing for inositol acylation is different. Mannosylated GPI intermediates are inositol acylated, but

GlcN-PI is not. Three mannosylated intermediates (i.e., Man1-GlcN-PI, Man2-GlcN-PI, and Man3-GlcN-PI) are all

substrates for inositol acylation, and equilibrium exists between acylated and non-acylated forms at least for some of

these intermediates.186,187 Inositol acylation is essential for the addition of ethanolamine phosphate to the third

mannose residue.158 Once the ethanolamine phosphate is transferred, the acyl group on the inositol is removed before

proceeding to fatty acid remodeling reactions in the bloodstream form of the parasite (Figure 5). In procyclic parasites,

inositol-acylated GPIs are transferred to proteins, and are expressed on the cell surface as mature GPI anchors,

predicting that inositol deacylase is downregulated in this life cycle stage.

In the bloodstream form, the mature GPI precursor termed glycolipid A is in equilibrium with its inositol-acylated

form called glycolipid C.186,187 The physiological significance of glycolipid C accumulation remains speculative. It has

been suggested that glycolipid C serves as a reservoir of GPI precursors, or is the first step in the catabolism of GPI.188

The PIG-W homolog is not obvious in the genome of T. brucei. Considering the fact that the substrate of trypanosome

inositol acyltransferase is a mannosylatedGPI intermediate rather than simple GlcN-PI, it may be reasonable to speculate

that T. brucei has an evolutionary divergent inositol acyltransferase, which cannot be identified by searching databases

with the primary structure of PIG-W. In addition, the fact that PMSF inhibits inositol acylation in T. brucei but not in

mammalian cells biochemically supports that enzymes are substantially different between these two organisms.187

An inositol deacylase, termed GPIdeAc, has been purified, and the gene encoding GPIdeAc has been cloned.189

GPIdeAc is not homologous to mammalian PGAP1, but affinity-purified GPIdeAc was shown to be an active inositol

deacylase able to convert glycolipid C to glycolipid A. Interestingly, inositol deacylase activity was not abolished but

only partially reduced in GPIdeAc knockout mutants, suggesting that there was another enzyme with redundant

function. We recently identified a PGAP1 homolog, designated as GPIdeAc2, in the genome of T. brucei.190 GPIdeAc2

is six times more highly expressed in the bloodstream than in the procyclic form. Its higher expression agrees with the

fact that inositol becomes deacylated prior to protein anchoring in the bloodstream forms, but not in the procyclic

forms. RNAi knockdown of GPIdeAc2 expression resulted in accumulation of inositol-acylated intermediates in

bloodstream-form parasites, reduction of surface-expressed VSG, and severe growth defects, suggesting that GPI-

deAc2 is a major inositol deacylase of T. brucei.

T. cruzi synthesizes a GPI intermediate similar to T. brucei glycolipid C,191 suggesting that inositol is acylated and

subsequently deacylated during the biosynthesis of T. cruzi GPI. Consistent with this observation, homologs of

GPIdeAc and GPIdeAc2 (PGAP1) exist in the genome of T. cruzi. Inositol acylation has also been documented in

L. mexicana.192 However, neither GPIdeAc nor GPIdeAc2 homologs are found in the L. major genome. Inositol

acylation/deacylation in Leishmania may be a species-dependent phenomenon, or may be catalyzed by enzymes

significantly different from trypanosomal counterparts.

4.21.4.4.3 Glycerolipid remodeling
Fatty acid remodeling of GPI anchors was first described in T. brucei.193 After synthesis of the glycan head group, fatty

acids attached to the sn-2 and sn-1 positions of diacylglycerol are sequentially replaced by myristate, a short fatty acid

(Figure 5).194 Fatty acid remodeling occurs in the ER prior to attachment of the GPI precursor to VSG. There is a

second myristoylation mechanism termed myristate exchange for GPIs attached to VSG proteins in a post-ER

compartment.195 A large amount of myristate is needed for myristoylation of VSG GPI, and trypanosomes have a

fatty acid synthase designed to supply myristate for GPI anchors.196 Furthermore, myristate analogs have been shown

to be toxic to trypanosomes.197 These observations suggest that dimyristoyl GPI anchor is critical for parasite survival.

Lipid remodeling has been suggested to occur in related organisms, such as Leishmania. In the case of L. mexicana,

sn-1 fatty acid of a free GPI is alkylated, and only the sn-2 acyl group is replaced by myristate.198 T. cruzi trypomastigote

mucins contain unsaturated fatty acids at the sn-2 position on glycerol, while epimastigote mucins contain saturated sn-

2 fatty acids.113,142,199 Epimastigotes appear to synthesize PIs with unsaturated sn-2 fatty acids,200 and it is not clear

how epimastigote mucins acquire saturated fatty acids at the sn-2 position. As a likely possibility, sn-2 fatty acid

remodeling may take place in this organism as well.105

In mammalian cells, similar fatty acid remodeling has been suggested. The intracellular PI pool is represented

predominantly by a species containing an unsaturated chain at the sn-2 position.201 In contrast, the sn-2 position of

mammalian GPI-APs is usually stearate.3,104,202,203 A recently identified mammalian gene PGAP2 has been proposed

to function in the reaction to replace unsaturated sn-2 fatty acid with stearate.37 Genes with high homologies to

mammalian PGAP2 exist in the genomes of T. cruzi and L. major where sn-2 fatty acid remodeling has been suggested.

Candidates for the T. brucei ortholog could not be found in the genome through standard bioinformatics searches

(unpublished observation). Based on these observations, it appears that T. brucei has evolved a substantially different

system for fatty acid remodeling of both sn-1 and sn-2 acyl chains.
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4.21.4.4.4 Ceramide remodeling
Inositolphosphoceramide is found as a lipid moiety of GPI anchors in some organisms such as yeast and T. cruzi. In

yeast, ceramide remodeling takes place in the ER and Golgi apparatus.204–206 The biosynthetic pathway of GPI

precursors is based on PI rather than inositolphosphoceramide. The complete PI-based precursor is attached to

proteins, but then the glycerolipid moiety is replaced by ceramide before proteins reach the cell surface.207 In

T. cruzi, GPI precursors containing sn-1-alkyl-2-acyl-glycerol as a lipid moiety have been identified.191 Further-

more, recent data suggested that inositolphosphoceramide was not a substrate for the first step of GPI biosynthesis

in T. cruzi.208 These data suggest that ceramide remodeling takes place in T. cruzi in a similar way as in yeast

remodeling. In a fungal pathogen, Aspergillus fumigatus, GPI-anchored molecules have been structurally characterized,

and their lipid moiety was found to be inositolphosphoceramide.147,148 In this fungus as well, the biosynthetic

precursors are based on PI,209 suggesting that ceramide remodeling takes place after PI-based GPI has been

synthesized. The ceramide remodeling appears to be important in yeast for trafficking of GPI-APs to the cell

surface.210 Since ceramide-linked GPIs are not present in mammalian cells, ceramide remodeling may be exploited

as a chemotherapeutic target.
4.21.4.4.5 GPI:protein transamidase complex
GPI:protein transamidase represents a key step in the biosynthesis of GPI-APs. Consistent with the essential nature of

the VSG surface coat, RNAi knockdown of TbGPI8, the catalytic component of the GPI:protein transamidase

complex, in the bloodstream of T. brucei, was lethal.211 In contrast, in L. mexicana, GPI8 deletion resulted in viable

mutants specifically lacking surface-exposed GPI-APs. The mutant parasites having normal levels of LPG and free

GPIs did not show significant growth defect in culture and could infect cultured macrophages and mice indicating that

GPI-APs are not essential for the survival of parasites and establishment of infection in hosts.192

GPI:protein transamidase is a cysteine peptidase, and attaches a GPI precursor to a nascent protein using an

acyltransferase reaction.212 The enzyme complex has different metabolic requirements in different organisms. The

mammalian transamidase complex recognizes a number of different proteins, but the quantity of GPI-APs to be

processed is relatively small. In T. brucei, GPI:protein transamidase processes a large quantity of proteins, but the

repertoire of proteins to be handled is relatively small. In the mammalian system, GPI:protein transamidase is a

complex of five polypeptides: GPI8, PIG-T, GAA1, PIG-S, and PIG-U.33–35 The T. brucei counterpart is also a

complex of five polypeptides, of which TbGPI8, TbGPI16, and TbGAA1 are homologous to GPI8, PIG-T, and

GAA1, respectively.213,214 PIG-S and PIG-U are not present in the parasite transamidase complex, but two novel

components, TTA1 and TTA2, are found as unique components. TTA1 is conserved in Kinetoplastids such as T. cruzi

and L. major, but the homologs do not appear to be present in other organisms. Interestingly, PSI-BLAST analysis

indicated that PIG-S and TTA1 are distantly related, suggesting that they share a common ancestry.
4.21.4.4.6 GPI glycan side-chain modification
Relatively little is known about the biosynthesis of GPI glycan side chains especially in the case of protozoan GPIs. In

mammalian cells and yeast, genes involved in addition of the fourth mannose (Smp3) and ethanolamine phosphate

substituents (PIG-N, GPI7) have been identified.25,26,28,30,215,216 While ethanolamine phosphate side chains are not

found in protozoan parasites, the fourth mannose is found in GPI anchors of Plasmodium and T. cruzi. Smp3 is thought

to be the mannosyltransferase, but potential candidates for this enzyme could not be identified by homology searches

of the P. falciparum genome217 or T. cruzi. In mammalian cells, addition of the fourth mannose is not an essential step in

GPI precursor biosynthesis, and GPI-APs with the fourth mannose modification may be a tissue-specific phenome-

non.28 In contrast, in yeast and P. falciparum, the fourth mannose is found in a majority of GPI-APs. In the case of

S. cerevisiae, addition of the fourth mannose appears to be a step prerequisite for the addition of ethanolamine

phosphate to the third mannose.216 In Plasmodium, a precursor with ethanolamine phosphate attached to the third

mannose is synthesized without the fourth mannose, suggesting that the fourth mannose is not required for the

addition of ethanolamine phosphate.185 T. cruzi synthesizes GPI precursors that are similar to T. brucei glycolipids A and

C. These precursors appear to carry a fourth mannose, and the addition of the fourth mannose is proposed to take place

prior to the ethanolamine phosphate transfer.191 In-depth studies on the physiological significance of the fourth

mannose modification of GPIs in both host and pathogens are necessary to determine whether this enzyme can be an

effective target for chemotherapy.

Although direct genetic validation remains to be performed, data from several studies strongly support the essential

roles of GPI side-chain modifications in T. brucei. Galactose is a major component of GPI side chains in both the

bloodstream and procyclic forms of the parasite. When galactose synthesis was blocked, the bloodstream-form
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parasites lost their ability to grow.218 In procyclic forms, galactose is required primarily for the GPI side-chain

biosynthesis, and conditional null mutants defective in galactose biosynthesis accumulated truncated procyclins and

ceased cell growth. These data are consistent with the possibility that side-chain modification is essential for the

survival of the parasite.

Another important side-chain modification of procyclic form T. bruceiGPIs is terminal sialylation of polylactosamine

side chains. Sialylation is mediated by GPI-anchored cell surface enzymes, the trans-sialidases, that transfer sialic

acids from the host glycoconjugates to the parasite’s GPI side chains.219–221 Procyclic cell mutants deficient in

sialic acid modification on the cell surface could not survive in the tsetse fly midgut, suggesting critical roles for

the sialylated GPI side chains.222
4.21.4.4.7 Membrane topology and compartmentalization
It is well established that the GPI biosynthesis starts in the cytoplasmic side of the ER membrane in mammalian

cells,223 and at some point during biosynthesis, the GPI precursor flips from the cytoplasmic side to the luminal side.

The first glycosyltransferase reaction that involves the addition of GlcNAc to the PI is dependent on sugar nucleotides

on the cytoplasmic side. The second step, deacetylation of GlcNAc-PI, also takes place on the cytoplasmic side, but

the third step mediated by PIG-W inositol acyltransferase probably occurs on the luminal side.16 The subsequent

mannosylation reactions are dolichol phosphate mannose-dependent, and take place in the luminal side as suggested

by the active site orientations of mannosyltransferase enzymes.17,24 Similar topological arrangements are probably

conserved in all eukaryotic systems.

In mouse thymoma cells, the second reaction mediated by PIG-L GlcNAc-PI de-N-acetylase, is enriched

in a specific domain of ER membrane that is associated with mitochondria.224 In contrast, in HeLa cells, the

de-N-acetylase activity as well as epitope-tagged PIG-L protein are not enriched in the mitochondria-associated

domain of ER, suggesting that compartmentalization of GPI biosynthesis in mammalian ER membrane is dependent

on cell types.225 In L. mexicana, GPI biosynthesis is enriched in an ER sub-compartment that is clearly different from

the localization of a general ER marker, BiP, as determined by sucrose gradient fractionation.226,227 A similar

compartmentalization of PIM biosynthesis in mycobacteria has been demonstrated, indicating that the initial and

later steps of the biosynthesis were differentially enriched in distinct domains of the plasma membrane.228

The molecular mechanisms and physiological significance of flipping GPI intermediates at specific biosynthetic

steps are largely unknown. It is also not clear why the GPI biosynthesis is compartmentalized. Such topological

arrangements may be important to control the metabolic flux of the pathway, allowing regulation of the chemical

reactions by physical parameters. Understanding of these topological issues is important for both identifying

novel chemotherapeutic targets, and for evaluating specific drug targets in a broader view of the biosynthetic

mechanism as a whole.
Glossary

X inactivation This is a process by which one of the two copies of the X chromosome present in the female is inactivated

randomly. It occurs so that the female, with two X chromosomes, does not have twice as many X chromosome gene products as the

male. It occurs during early embryogenesis and once an X chromosome is inactivated it will remain inactive throughout the

lifetime of the cell.

variant surface glycoprotein (VSG) The major GPI-anchored protein that coats the surface of the bloodstream from

Trypanosoma brucei dwelling in the mammalian host bloodstream.

procyclin the major GPI anchored surface coat protein of the procyclic form Trypanosoma brucei that proliferates in the midgut

of tsetse fly vector.

phosphatidylinositol mannoside (PIM) A major class of free GPI present in mycobacteria. Dimannosides (such as AcPIM2)

and hexamannosides (such as AcPIM6) are the major products of the PIM biosynthesis.
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4.22.1 Introduction

A long-term discussion is underway whether aberrant glycosylation is a result or a cause of malignant transformations.1,2

Although metastatic spread of cancer cells is associated, not only with aberrant glycosylation changes, but also with

many other factors, recent studies indicate that some, if not all, aberrant glycosylations are the result of an initial

oncogenic transformation, as well as a key event in inducing invasion and metastasis.3–6 One of the most common

modifications in transformed or malignant cells is the presence of larger N-glycans, due primarily to a combination of

increased GlcNAc branching, sialylation, and poly-N-acetyllactosamine content.3,6 Studies of glycosylation-dependent

tumor progression have been conducted in parallel with clinicopathological experiments. High expression of some

glycol-epitopes is related to invasion and metastasis, leading to shorter 5–10 year survival rates of patients.7,8 The

category of these glyco-epitopes includes b1-6 GlcNAc branching in N-linked structures; sialyl-Tn in O-linked

structures; sialyl-Lex, sialyl-Lea, and Ley in N,O-linked, or lipid-linked structures. The hypersialylation of the cell

surface is a common signal in transformed and malignant cells, as well as leukemia cells.9–11 Although normal cells

rarely express sialyl-Tn antigen, this structure is increasingly seen in cancer cells and is associated with a poor

prognosis.12,13 Cell adhesion molecules that recognize glyco-epitopes may play an important role in the inflammatory

process, the trafficking of lymphocytes, and other cell–cell interactions. Sialyl-Lex and related antigens act as receptor

of E-, L-, and P-selectins and as tumor-associated antigens.14 Human epithelial cancer cells express ligands for

E-selectin (ELAM-1).15,16 Human epithelial cancer cells and human leukemic cell lines have been studied for their

ELAM-1-mediated adherence to the vascular epithelium. These cancer cells show adhesion to vascular endothelial

cells, which is dependent on ELAM-1.16 This type of binding may be important for metastasis of cancer cells in the

process of tumor progression. In addition, it was also reported that tumor cells’ migration and invasiveness were

modulated by N-glycosylation on integrin/tetraspanin complex in low-density membrane fraction.17–19 Clinically, the

expressions of sialyl-Lex and sialyl-Lea are inversely correlated with the postoperative survival rate of patients.20–22
421
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Our group has focused on the underlying mechanism of the biosynthesis of N-glycan branching in glycoproteins,

and reported on various N-glycan branching enzymes that play a pivotal role in various steps.23 The characteristics

of the N-acetylglucosaminyltransferase involved in the synthesis of N-glycan antennas have been reviewed.24,25

Rous sarcoma virus and H-ras-transformed cells have shown to significantly increase the extent of b1-6 GlcNAc

branching, a product of N-acetylglucosaminyltransferase V (GnT-V), a key structure that is associated with malignant

transformations and cancer metastasis.26–31 An increased b1-6 GlcNAc branching of N-glycans is now established as a

consistent finding in many animal models, and human melanomas and carcinomas of the breast and colon. Several

interesting experiments concerning relationships between the b1-6 branched structures of N-glycans and cancer

metastasis have been conducted by many authors.3,30 However, before the successful cloning of the GnT-V enzyme

which catalyzes the formation of b1-6 branching , it was not clear whether or not b1-6 branching was actually related to

the metastatic potential of cancer cells. The enzyme was independently purified from rat kidney by Pierce’s group and

from human cancer cells by our group,32,33 and both groups subsequently cloned the corresponding cDNAs.34,35 Using

the cloned genes, several studies have provided evidence for the presence of a strong association between b1-6
GlcNAc branching and cancer metastasis.36–38 Tumor growth and metastasis are suppressed in GnT-V-deficient mice

with polyoma middle Tantigen transgenic mice.39 It is established that GnT-V modifies the N-glycan of glycoproteins

with diverse roles in cell adhesion, migration, and proliferation, including matriptase, lamp-1, N-cadherin, b1-integrin,
and epidermal growth factor receptor (EGFR).36,40–44 N-cadherin is a calcium-dependent glycoprotein that mediates

cell–cell adhesion and cell motility.45 Lamp-1 is expressed on cell and lysosome membranes and is important in

lysosomal trafficking, matrix degradation, and cell adhesion.46 The b1-integrin subunit associates with several

different a-subunits forming a heterodimeric protein involved in cell–cell and cell–matrix binding.47 Focal adhesion

formation by mouse embryonic fibroblasts (MEFs) is impaired in GnT-V null cells. Recently, Guo et al. reported that

the deletion of MEF GnT-V resulted in enhanced integrin clustering and activation of a5b1 transcription by protein

kinase C signaling, which, in turn, upregulated the levels of cell surface a5b1 fibronectin receptors, ultimately

resulting in increased matrix adhesion and inhibition of migration.48 EGFR is a tyrosine kinase receptor that binds

to several EGF-related growth factors and promote cell proliferation.

Our recent findings clearly demonstrated a novel pathway of GnT-V-mediated metastasis via the upregulation of

matriptase, an epithelial and integral membrane serine protease.43,44 This protease was initially reported to be as a

trypsin-like serine proteinase secreted by human breast cancer cells.49 Protein purification and cDNA cloning

revealed that matriptase is a type II transmembrane serine proteinase with multiple extracellular domains.50–52

This proteinase actually activates two important cancer invasion effectors, the membrane-bound activator of

urokinase-type plasminogen activator (uPA) and hepatocyte growth factor (HGF), also designated as a scatter factor

on the surface of cancer cells.53,54 The expression of both matriptase and lamp-1 is enhanced by GnT-V glycosylation

where the addition of b1,6 GlcNAc branches prevents the degradation of both proteins.55,43 In contrast, the over-

expression of GnT-V has not been shown to alter the expression of EGFR, b1-integrin, or N-cadherin.41 More recently,

we investigated the molecular basis of GnT-V and matriptase expression in thyroid cancer cells, and the clinical

significance of their expression was investigated in correlations with the histology and biological aggressiveness of

thyroid cancers.56

In this section, GnT-V, its target glycoprotein relative to cancer metastasis, and the unique function of an

angiogenesis inducer are reviewed, with emphasis on the roles of b1-6 GlcNAc branching on glycoprotein in terms

of the metastasis of cancer cells.
4.22.2 Molecular Properties of GnT-V

UDP-N-acetylglucosamine:a-mannoside b-1,6-N-acetylglucosaminyltransferase (GnT-V) catalyzes the formation

of the b1-6 GlcNAc branch on asparagine-linked oligosaccharides (Figure 1a) (EC 2.4.1.155).57,58 This enzyme

requires the prior action of b-1,2-GlcNAc transferase-2 (E.C. 2.4.1.143), which in turn requires the prior action of

b-1,2-GlcNAc transferase-1 (E.C. 2.4.1.101). GnT-V cannot act on substrates that contain a bisecting GlcNAc, the

formation of which is catalyzed by b-1,4-GlcNAc transferase-3 (E.C.2.4.1.144). The presence of a core Fuc(a1-6)
residue on substrate glycoproteins reduces enzyme activity to a minimal level and the GlcNAc-terminal triantennary

compound is a better substrate than the diantennary compound.32 The Leu residue at position 188a-a.59 is required for

Golgi localization without affecting enzymatic activity.59 Supporting these data, our laboratory reported that the region

comprised of �45-184 amino acid residues in the stem region serves as the functional domain responsible for Golgi

localization but is not associated with enzymatic activity.60 The C-terminal portion of rat GnT-V comprising 213–740

amino acid sequences is required for catalytic activity61 (Figure 1b).
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Figure 1 Expected function of GnT-V. a, Reaction catalyzed by GnT-V. b, Domain structure of human GnT-V for Golgi

localization and enzymatic acitivity.
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4.22.3 Purification and Cloning of GnT-V

We and another group independently succeeded in the purification and cDNA cloning of GnT-V from rat kidney35,33

and human lung cancer cells,32,34 respectively. GnT-V has been purified from a Triton X-100 extract of a rat

kidney acetone powder and from culture medium of human lung cancer cells. The rat kidney enzyme was purified

450000-fold , with a 26% yield, to a specific activity of 19 mmol/mm/mg using only two affinity chromatography steps,

UDP-hexanolamine-sepharose and an inhibitor column (synthetic oligosaccharide inhibitor-spacer-bovine serum

albumin-sepharose). The pure enzyme showed two major bands (69 and 75kDa) on SDS-PAGE. The human lung

cancer enzyme was purified 20000-fold from the conditioned medium without the use of a detergent. Two bands

73 and 60kDa were seen on sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE); tryptic peptide

maps from these two bands were almost identical indicating that the 60kDa protein was probably a proteolytic

product.
4.22.4 b1-6 GlcNAc Branching and Malignant Transformation

Structural changes in N-glycans are one of the critical steps in cellular transformations and malignant trans-

formation. The level of b1-6 GlcNAc branched N-glycan has been observed to increase in some cancers, and is

associated with a poor prognosis. The gene transcription of GnT-V is regulated by proto-oncogenes such as the

Ets family,62,63 src,64 and erbB2.65 The 50 flanking region of the GnT-V gene contains the functional binding sites

for the Ets family.63 Although increased expression of GnT-V in MuLv epithelial cells resulted in a loss of contact

inhibition, morphological transformation, and tumor formation in athymic mice, the modification of specific glyco-

proteins which contain b1-6 GlcNAc-branching has not yet been clarified.36 The gene expression in mouse

mammary carcinoma cells with GnT-V enhances invasion and metastasis.66,67 In an opposite approach to identify
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factors related to the tumor metastasis, tumor cell mutants selected for leukoagglutinating phytohemagglutinin

(L4-PHA) resistance and found to be deficient in GnT-V activity are also associated with a decrease in metastasis.68

These experiments suggest that b1-6 GlcNAc-branching produced by GnT-V regulates autonomous tumor

cell regulation.

In a clinical study, a high level of expression of theGnT-V gene in human colorectal and breast cancer is correlated with

distant or lymph node metastasis with a poor prognosis 69,70,38 On the other hand, the expression of GnT-V is an early

event in rat hepatocarcinogenesis, and the level of GnT-Vexpression in patients with hepatomas did not correlate with

the prognosis of the patient after an operation.71 In fact, hepatoma cells with high levels of GnT-V, such as Huh7 and

HepG2 cells, showed no metastasis in experiments using athymic mice experiments (unpublished data). This

discrepancy between colon cancer and hepatoma could be attributed to differences in the target glycoproteins of

GnT-V in various tissues.

To directly identify the functions of GnT-V in cancer metastasis in vivo, GnT-V-deficient mice were crossed

with transgenic mice expressing the polyomavirus middle T oncogene under the control of the mouse mammary

tumor virus long terminal repeat (MMTV-PyMT) in breast epithelium. PyMT transgenic mice develop multifocal

breast tumors, which then metastasize to the lung. The PyMT viral oncogene activates c-Src, as well as the

Shc/RAS and PI3K/PKB pathways, each of which contributes to rapid carcinoma formation.72–74 Breast carcinomas

develop in GnT-V knock-out mice with a longer latency and the tumors growmore slowly. In addition, the incidence of

lung metastases is reduced by 20-fold. The experiment directly indicated that cancer progression and metastasis

require b1-6 GlcNAc branching mediated by GnT-V. The mechanisms associated with this suppression involving b1-6
GlcNAc branching stimulated membrane ruffling and phosphatidilinositol 3 kinases-protein kinase B activation,

leading to focal adhesion signaling.39 However, these pathways are not always associated with the late stage of cancer,

but, rather, are involved in its early progression. Although lung metastasis was dramatically suppressed in GnT-V-

deficient mice, the size of the original tumors was also small. Therefore, the detailed mechanism of tumor metastasis

in terms of b1-6 GlcNAc branching remains unclear and the phenotype of GnT-V-expressing tumor cells should be

compared with their original cells from the standpoint of metastasis. These recent studies on targeted mutations

of glycosyltransferase genes in mice and the ectopic expression of glycosyltransferases in cell lines suggest that

tissue-specific and disease-associated glycosylation processes may regulate the activity of certain receptors, and

thereby cell behavior.

Matriptase is a tumor-associated type II transmembrane serine protease, which positively regulates carcinoma

metastasis by activating latent forms of the hepatocyte growth factor (HGF), urokinase-type plasminogen activator

(uPA), and extracellular matrix (ECM) degradation.53,75,54 We recently demonstrated that the overexpression of

GnT-V in gastric carcinoma cells prolonged the degradation of matriptase and accelerated the peritoneal dissemination

of these cancer cells in athymic mice.43,44 These experimental data indicate that the b1-6 GlcNAc branching of

N-glycans of matriptase plays a pivotal role in its stabilization, and provides some new insights into the relation

between b1-6 GlcNAc branching and glycoproteins.
4.22.5 Increased b1-6 GlcNAc Branching on Glycoproteins in Proteins Secreted
into Conditioned Medium, as Judged by L4-PHA Lectin Blot

In order to better understand detailedmechanisms of metastatic potential upregulated by GnT-V, we established GnT-V

transfectants using a gastric cell line, MKN45, and a colon cancer cell line, WiDr. After transfection of the GnT-V gene

followed by G418 selection, several types of positive transfectants of GnT-V were established. These transfectants

showed high levels of GnT-V activity. To better understand changes that occur in oligosaccharide structures of

glycoproteins, lectin blotting was performed, using L4-PHA (leukocyte phytohemagglutinin). L4-PHA binds prefer-

entially to GlcNAc residues on b1-6 branches of tri- or tetraantennary sugar chains. Secreted proteins from mock and

GnT-V transfectants of MKN45 cells were highly reactive to L4-PHA under reducing conditions (Figure 2a). In

contrast, membrane proteins from the mock and GnT-V transfectants showed almost the same results in L4-PHA

lectin blots. Although enzymatic activity of GnT-V was increased, no changes were found in total proteins secreted

from mock and GnT-V transfectants. These results suggested that the overexpression of GnT-V in MKN45 cells leads

to an increase in b1-6 branches on the N-glycan of glycoproteins, especially in conditioned medium. However, when

we performed two-dimensional electrophoresis followed by a lectin blot, increases in L4-PHA lectin binding were

observed for certain types of proteins. This result indicates that the addition of b1-6 GlcNAc branching by GnT-V on

membrane glycoproteins would be relatively selective.
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Figure 2 Experimental metastasis of GnT-V transfectants of MKN45 cells. a, Analysis on oligosaccharide structure of the

GnT-V transfectants. L4-PHA lectin blot analysis of the conditioned media from GnT-V transfectants showed an abundant

secretion of protein(s) carrying b1-6 GlcNAc branching. Coomassie brilliant blue staining was shown as controls.

b, Overexpression of GnT-V in MKN45 cells resulted in severe cancer metastasis in athymic nude mice. Arrowheads
indicate metastatic lesion of tumor. c, Gelatin zymography of 10-fold concentrated conditioned media from GnT-V

transfectants showed increases in the activity of a metal-dependent serine protease of �70–80kDa. Reproduced from

Ihara, S.; Miyoshi, E.; Ko, J. H.; Murata, K.; Nakahara, S.; Honke, K.; Dickson, R. B.; Lin, C. Y.; Taniguchi, N. Prometastatic
effect of N-acetylglucosaminyltransferase V is due to modification and stabilization of active matriptase by adding beta 1-6

GlcNAc branching. J. Biol. Chem. 2002, 277, 16960–16967.
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4.22.6 Experimental Metastasis

To investigate the metastatic potential of the GnT-V transfectants, we focused on tumor formation in various organs

after the injection of tumor cells into the peritoneum of athymic mice. The results of these experiments are

summarized inFigure 2b. A marked dissemination of metastatic cancer cells was observed in the GnT-V transfectants

compared to parental cells and negative transfectants (mock). The incidence of tumor metastasis in the liver and

lymph nodes was significantly higher in the GnT-V transfectants than in the parent or mock cells. The expression of

GnT-V mRNA, protein expression, and the enzymatic activity in these metastatic lesions were dramatically increased.

Similar phenomena were observed in GnT-V-transfected colon cancer cells WiDr (unpublished data). These results

indicate that glycoprotein(s) containing b1-6 GlcNAc branching in MKN45 and WiDr cells might be involved in

cancer metastasis to visceral organs, including lymph nodes. Demetriou et al. reported that GnT-V plays an important

role in T-cell activation by modifying oligosaccharides on the T-cell receptor.76,77 In our experiments, T-cell

systems did not appear to be involved in GnT-V-mediated metastasis, since athymic mice which are devoid of

T-cells were used.
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4.22.7 Analysis of Protease Secreted by GnT-V-Transfected MKN45 Cells

To better understand the mechanisms underlying increased metastatic potential produced via b1-6 GlcNAc branch-

ing, gelatinolytic activity in conditioned medium of mock and GnT-V transfectants MKN45 cells was assayed by

gelatin zymography. We detected some protease activities in the conditioned medium of mock and GnT-V-transfected

MKN45 cells. Serum-free conditioned medium by these transfectants were assayed for gelatinolytic activity by gelatin

zymography. When the gelatin gel was incubated in a reaction mixture containing 5mMCa2þ, a strong negative

staining band with an apparent molecular mass of about 80kDa was present in the conditioned medium of both mock-

and GnT-V-transfected MKN45 cells. The intensity of this band for the GnT-V transfectants was significantly higher

than that of control cells. These results indicate that GnT-Vactivity leads to an increase the 80kDa protease activity in

conditioned medium. To characterize this 80kDa protease, a gel was incubated with various kinds of protease

inhibitors. The gelatinolytic activities of all proteases were eliminated by the addition of ethylenediamine-tetraacetic

acid (EDTA), an inhibitor of metal-dependent proteases (Figure 2c), suggesting that these proteases require metal

ions for the activity. Specific metalloprotease inhibitor BE16627B77,78 failed to inhibit the activity of 80kDa protease.

However, the gelatinolytic activity of about 92, 72, and 62kDa bands in conditioned medium and tumors were

completely inhibited by BE16627B. These results strongly suggest that 92, 72, and 62kDa proteases correspond to

MMP9 and MMP2. Treatment with pepstatin, an inhibitor of aspartate protease, had no discernible effects on the

gelatinolytic activity of the 80kDa protease. The proteolytic activity of the 80kDa protease of condition medium was

completely blocked by aprotinin, a serine protease inhibitor (Figure 2c). These results indicate that the 80 kDa

protease is a metal-dependent serine protease.
4.22.8 The 80kDa Protease in Condition Medium Was Identified as Matriptase

The results of gelatin zymography, including inhibitor experiments, suggest that the 80kDa protease is a divalent

cation-dependent serine protease. The protease specificities indicate that it is very similar to a protease secreted from

human breast cancer cells, T47D.49 It is known that T47D cells secrete about an 80 kDa serine protease, matriptase,

also called membrane-type serine protease 1.50–52 In order to identify the protease, the conditioned medium from

MKN45 cells was analyzed by immunoblotting analysis with antibody against human matriptase, mAb21-9.50 Western

blot and immunodepletion experiments revealed that the protease activity in the conditioned media is matriptase.

Matriptase is expressed in normal epithelial tissues such as the skin, stomach, colon, kidney, breast, ovary, and

pancreas, but not in mesenchyma.80–82 Matriptase-deficient mice showed that it plays a critical role in epidermal

barrier function, hair follicle development, and thymic homeostasis.83,84
4.22.9 Analysis of Molecular Property of Purified Matriptase

We performed a pulse chase experiment to examine the degradation of matriptase in cell lysates. As expected, the

degradation of matriptase was dramatically delayed in cell lysates from GnT-V transfectants. Even after 300min,

approximately 80% of the matriptase was not degraded in the case of the GnT-V transfectants (Figure 3a). Similar

phenomena were observed in GnT-V-transfected colon cancer cells, WiDr. Pulse chase studies for matriptase showed

that the half-life of matriptase remained unchanged in synthesis rate and secretary pathway, but was markedly

prolonged in the conditioned media of GnT-V transfectants (Figure 3b). When we investigated the level of matriptase

in conditioned media, high levels of matriptase in GnT-V transfectants was observed after 60h of culture (Figure 3c).

We conclude that the upregulation of matriptase by b1-6 GlcNAc branching is due to the resistance of matriptase to

degradation.

The next question to be raised is why proteins that contain b1-6 GlcNAc branching (such as matriptase) are resistant

to degradation. Three scenarios are possible.

1. Matriptase with b1-6 GlcNAc branching could be resistant to degradation by proteases.

2. Certain inhibitors that serve to reduce the degradation of matriptase could be induced/activated by b1-6 GlcNAc

branching.

3. In GnT-V transfectants, certain proteases that degrade matriptase are inhibited. To address this question, we

purified and characterized matriptase from mock and GnT-V transfectants (referred to as matriptase and b1-6
GlcNAc matriptase, respectively). The b1-6 GlcNAc matriptase purified from the conditioned medium of GnT-V-

transfected MKN45 cells has a great amount of b1-6 GlcNAc branching on N-glycans. In the purification of
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matriptase and b1-6 GlcNAc matriptase from the culture medium of MKN45 cancer cells, the crude protein was

isolated by precipitation with ammonium sulfate, followed by column chromatography using an antimatriptase

column. These purification procedures are simple but very effective for purifying the enzyme. Purified proteins

were visualized at approximately 70–80 kDa by silver staining and Western blot analysis. Eighty microgram of

control matriptase and 170mg of b1-6 GlcNAc matriptase were obtained from 2 l of conditioned medium from the

mock and GnT-V transfectants, respectively. A convenient purification method established by Lin et al. in 1999

enabled us to easily prepare large amounts of matriptase.50 To analyze the oligosaccharide structures on purified

matriptase, lectin blotting with L4-PHA was performed. As expected, a marked increase in b1-6 GlcNAc matrip-

tase levels was observed in GnT-V transfectants, indicating that GnT-V attached b1-6 GlcNAc branching to the

N-glycans of matriptase.
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4.22.10 b1-6 GlcNAc Branching Enhances Stability of Matriptase

To evaluate the effect of b1-6 GlcNAc branching on matriptase, we investigated its autodegradation. It is most

likely that matriptase is self-degraded in the conditioned medium, because a secreted type of matriptase from cancer

cells has enzymatic activity as an active protease. Although control matriptase was degraded after 24h, this autode-

gradation process was markedly delayed in the case of b1-6 GlcNAc matriptase. We next investigated the resistance of

b1-6 GlcNAc matriptase to proteolysis by various proteases. Control and b1-6 GlcNAc matriptases were treated with

trypsin, elastase, and chymotrypsin, followed by observation of the degradation profile by Western blotting. The b1-6
GlcNAc matriptase showed a higher resistance to degradation by trypsin than the control. In contrast, elastase

and chymotrypsin led to no changes in the degradation profiles of either the control or b1-6 GlcNAc matriptase

(Figure 4a). Importantly, the strong resistance mediated by b1-6 GlcNAc branching was abolished by treatment with

N-glycosidase-F which digests all types of N-glycans. These results indicate that the resistance to degradation and

stabilization of b1-6 GlcNAc matriptase are specifically due to the presence of b1-6 GlcNAc branching on its

N-glycans. The specific activities of matriptase, b1-6 GlcNAc matriptase, and deglycosylated matriptase were next

measured using various synthetic fluorescent peptide substrates. The enzymatic activities of control matriptase, b1-6
GlcNAc matriptase, and deglycosylated matriptase were almost the same, as shown in Figure 4b. Thus, the addition

of b1-6 GlcNAc branching changes the stability of matriptase but not its specific enzymatic activity toward synthetic

substrates. The b1-6 GlcNAc matriptase could be more continuously active for ECM degradation and the activation of

growth factors such as HGF. In terms of their molecular mechanisms, we speculated that the b1-6 GlcNAc branching

could mask a portion of matriptase that confuses susceptibility to trypsin acts or autodegradation.
4.22.11 N-Glycan of Asn 772 is Important for the Stabilization of Matriptase

Matriptase contains four potential Asn-linked oligosaccharide linkage sites (N109, N302, N485, and N772).51,52 To

determine which of these sites are involved in the stabilization of matriptase, we prepared three mutants of putative

glycosylation sites (N302Q, N485Q, and N772Q) using a site-directed mutagenesis method. After matriptase is

synthesized in a latent form, it is immediately cleaved at the Gly149 residue by proteolytic processing.85,86 Therefore,

the Asn109 putative N-glycosylation site cannot be involved in the stabilization of active matriptase induced by the

addition of b1-6 GlcNAc branching. Although all potential sites contain oligosaccharides, N772Q in the protease

domain was more important for the stabilization of matriptase induced by adding b1-6 GlcNAc branching. Further-

more, the N772Q matriptase mutant profoundly inhibited the formation of the matriptase-hepatocyte growth factor

activator inhibitor-1 (HAI-1) complex (active form). The N302Q matriptase mutant also dramatically reduced the

formation of the matriptase-HAI-1 complex. In contrast, the N109Q and N485Q matriptase glycosylation mutants did

not reduce the formation of the matriptase-HAI-1 complex.86 These results indicate that the N-glycosylation of N772

regulates the activation mechanism and stabilization by b1-6 GlcNAc branching. Based on our findings, we propose a

model for the molecular behavior of b1-6 GlcNAc branching and matriptase, which is shown in Figure 5.
4.22.12 Immunohistochemistry Analysis of GnT-V and Matriptase

b1-6 GlcNAc branching is increased in atypical hyperplasia and carcinomas of breast compared with normal and

benign lesions, as evidenced by L4-PHA assays. Similar results were observed from colon cancers.69,38 Our previous

studies have shown that an elevated expression of GnT-V is a poor prognosis factor in patients with colonic adenocar-

cinoma.87 We investigated whether the relationships between GnT-V and matriptase exist in patients with tumors.56

A high GnT-V level of expression was found in 113 (52.1%) nonsmall cell lung cancers (NSCLCs), and a low GnT-V

expression was found in 104 (47.9%) NSCLCs. Patients with tumors having a low GnT-Vexpression had a significantly

shorter survival time than patients with tumors having a high level of GnT-V expression in 103 patients with

pStage I NSCLCs (5-year survival rates, 49% and 86%, respectively; P¼0.0009), as well as in 59 patients with pStage

I nonsquamous cell carcinomas (5-year survival rates, 54% and 89%, respectively; P¼0.007). A low GnT-Vexpression

was a significantly unfavorable prognostic factor in pStage I NSCLCs (hazard ratio, 2.86; P¼0.002) and in pStage

I nonsquamous cell carcinomas (hazard ratio, 3.02; P¼0.02). These results indicate that GnT-V expression has an

opposite effect in some cancer cells. We, next, investigated whether the co-localization of immunohistochemical

staining of GnT-V and matriptase in target glycoprotein in thyroid neoplasm tissues, to determine the clinical
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significance of the co-expression of these two proteins in thyroid cancer. While neither GnT-V nor matriptase was

expressed in normal thyroid tissue, positive staining for matriptase and GnT-V was observed in 52/68 and 66/68 cases

of papillary carcinoma, 3/23 and 10/23 cases of follicular carcinoma, 5/13 and 9/13 cases of follicular adenoma, and 11/28

and 6/28 cases of anaplastic carcinoma,56 respectively. When the expression of GnT-Vand matriptase was investigated
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in a variety of cancer cell lines by Western blotting, their levels of expression were highly correlated with each other in

gastric cancer, colon cancer, and thyroid cancer cell lines, but not in hepatoma and pancreatic cancer cell lines

(unpublished data). On the other hand, the expression of matriptase mRNAwas not correlated with its protein levels,

suggesting that the enhancement in matriptase expression is likely regulated by a post-translational modification such

as glycosylation through b1-6 GlcNAc branching. In the case of papillary carcinoma, the levels of expression of both

GnT-Vand matriptase were significantly higher in tumors that were 1cm or less in size (microcarcinoma) and in those

without poorly differentiated lesions, and the two proteins were significantly correlated. In contrast, the prognosis for

thyroid carcinoma after surgery was neither correlated with GnT-V expression nor matriptase, because the levels of

their expression were quite low in anaplastic (undifferentiated) carcinomas. These results suggest that the prolonged

stability of matriptase is due to GnT-V-mediated glycosylation in vivo, thus extending its halftime and permitting it to

play a role in the early phases of papillary carcinoma, but not in its later phase progression.
4.22.13 Reduction of Cell Adhesion to Fibronectin by GnT-V

In other experiments, we found that GnT-Venhanced the attachment of colon cancer cells to vascular endothelial cells

by inducing sialyl Lewisx, a ligand for E-selectin of the endothelium. On the other hand, GnT-V reduced the

attachment to fibronectin in the same cells.87 These data are consistent with a previous report showing that adhesion

to fibronectin and collagen type IV was reduced in mink lung epithelial cells expressing GnT-V.36A possible

mechanism for this reduction was recently proposed for human fibrosarcoma HT1080 cells.40 The clustering of

integrin a5b1, a fibronectin receptor, was inhibited by GnT-V transfection, and the inhibition was caused by b1-6
GlcNAc branching on N-glycans of the b1 subunit of integrin but not the a5 subunit. This phenotype is advantageous

early in the metastatic cascade, but later at distant organs, cancer cells must attach tightly to endothelial cells for

metastasis. According to these data, these demonstration of changes in cell adhesion potentials to ECM or endothelial

cells is a topic of considerable interest in cancer biology. It was reported that transfection of sense GnT-V affected

upregulation of a5 and a6, but not b1 subunit, while antisense GnT-V decreased a5 and b1 but not a6.88 These results

might suggest that GnT-V activity not only modulates the function of integrin mediated by N-glycosylation, but also

affects the expression.
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4.22.14 A Novel Function of GnT-V as an Inducer of Angiogenesis and GnT-V
Transfectants Induces Hypervascularization in Athymic Mice

Angiogenesis is known to be a critical step in cancer progression.89,90 We recently found the angiogenesis effect of

GnT-V itself via the direct release of FGF-2 from heparan sulfate proteoglycan (HSPG) on the cell surface and/or

extracellular matrix.91 These data suggest that GnT-V is a bifunctional protein and that a secreted type of the GnT-V

protein itself plays a pivotal role in tumor angiogenesis, acting as an angiogenic cofactor for FGF-2.

Todeterminewhich domain ofGnT-V contains the humanumbilical vein endothelial cell (HUVEC)growth-stimulating

activity, we analyzed several types of deletion mutants of GnT-V and found that HUVEC growth-stimulating activity

is located in the region corresponding to amino acids 234–436 of GnT-V, which does not encompass the glycosyl-

transferase activity of the protein. There is a markedly basic region, corresponding to amino acids 254–269, of human

GnT-V, the sequence of which is KSVRGKGKGQKRKRKK, and which is very similar to the sequence of amino acids

142–157 of vascular endothelial growth factor 189 (VEGF189). In addition, the context of basic amino acids in this

region is conserved in placenta growth factor-2 (PlGF-2) and heparin-binding type epidermal growth factor-like

growth factor (HB-EGF) and serves as a heparin-binding motif. The effect of the basic peptide, KRKRKK, which

corresponds to amino acids 264–269 of GnT-V, and a nonbasic control peptide, FSGGPL (corresponding to amino

acids 291–296 of GnT-V), were examined on the growth of HUVEC. GnT-VD1–73 and peptide KRKRKK induced the

release of FGF-2, whereas GnT-VD1–436 and peptide FSGGPL had no effect. Both GnT-VD1–188 and D233, as well
as GnT-VD1–73, also induced the release of FGF-2. The peptide KRKRKK promoted the growth of HUVEC. These

results suggest that the KRKRKK region is sufficient for HUVEC growth-stimulating activity, and that the GnT-V

protein stimulates angiogenesis by releasing FGF-2 from HSPG on endothelial cells via the action of the basic region

of the protein. These experimental data are summarized in Figure 6.
4.22.15 Discussion

Since our group, as well as other groups, have succeeded in the purification and cDNA cloning of GnT-V, a number of

studies have been reported in terms of GnT-Vand tumor metastasis. Although a recent study of GnT-V knockout mice

demonstrated the biological significance of GnT-V on tumor growth and metastasis, the mechanisms were not

investigated in detail, except for the finding of membrane ruffling and phosphatidylinositol 3 kinase (PI3 kinase)

activation.39 In C.elegans and mammals, the GnT-V gene is conserved, suggesting specific roles in cellular and

extracellular processes. We speculate that b1-6 GlcNAc branching on certain glycoproteins might function in a

common pathway in developmental or pathological stages of multicellular organisms.92

Since glycosyltransferases are known to modify many glycoproteins, it is quite difficult to identify a target

glycoprotein(s) with b1-6 GlcNAc branching that is a specific contributor to tumor growth and metastasis. The poor
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Figure 6 Proposed model of a secreted type of GnT-V and angiogenesis.
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prognosis of GnT-V in certain types of cancers might have a similar profile of organs which express matriptase. Our

study indicated one possible pathway of metastasis through the upregulation of matriptase by addition of b1-6 GlcNAc

branching. Matriptase is widely expressed in many organs and a high level of expression is observed in the

gastrointestinal tract, especially the intestine.52 A breast cancer cell line, T47Dco, with a phenotype of high metastatic

potentials expresses large amounts of matriptase.49 The involvement of matriptase in tumor metastasis has been

reported in prostate cancer.52 We found that overexpression of matriptase in gastric cancer cells promoted peritoneal

dissemination in athymic mice.43 Furthermore, List et al. have reported that transgenic mice of matriptase induced

spontaneous squamous cell carcinomas, possibly though activation of the tumor-promoting PI3K–Akt pathway.93

Matriptase is a glycoprotein that contains four potential sites for Asn-linked oligosaccharides. The addition of b1-6
GlcNAc branching to these oligosaccharides was observed in matriptase that had been purified from GnT-V transfec-

tants. Post-translational modification such as the suppression of proteolysis or degradation might be associated with

the upregulation of matriptase by GnT-V. Matriptase is also involved in the activation of PAR254 which is associated

with cell adhesion through the G protein.

A clinical study of GnT-V in colon cancer showed that GnT-V-positive cases underwent lymph node metastasis at an

early stage, resulting in a poor prognosis after an operation. Our previous study demonstrated that GnT-V is a tumor

marker of poor prognosis after the surgical removal of a tumor, although the detailed mechanism of this remains

unknown. When we performed a combinational immunological study of GnT-V and matriptase, their expression

completely coincided in 3 cases of 19 colon cancer tissues, indicating that GnT-V and matriptase systems act in the

in vivo system (unpublished data). In addition to colon cancer results, we performed a combined immunohistochemi-

cal study of GnT-Vand matriptase in thyroid cancer cells.56 The findings showed that stabilized matriptase of GnT-V-

mediated glycosylation was observed in vivo. However, a positive correlation between GnT-V expression and a poor

prognosis was not observed in thyroid cancer.

Specific sugar chains are implicated in various roles of glycoproteins. These various phenomena might be cell

specific, because the target proteins would be different for each type of cells. While the identification of these

glycoproteins is a difficult task, recent advances in biotechnology have overcome some of these difficulties, since

glycobiology and cancer cell biology can be used together with their development. In summary, our recent findings of

relationship between b1-6 GlcNAc branching and glycoproteins may provide useful insights into malignant transfor-

mation and tumor progression.
Glossary

GnT-V UDP-GlcNAc, a-mannoside b-1,6-N-acetylglucosaminyltransferase. This enzyme is involved in a synthesis of b1-6
GlcNAc branching on N-glycans. Until recently, approximately 80 papers about GnT-Vand tumor metastasis have been reported.

matriptase Amembrane-type of serine proteases. Two to three groups independently succeeded the cloning of these proteases

in 1999.

target glycoprotein(s) A glycoprotein whose oligosaccharides are selectively modified by a specific glycosyltransferase.
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4.23.1 Introduction

4.23.1.1 Impact of Helicobacter pylori Discovery

Spiral microorganisms in the stomach had already been observed in the 1930s and 1940s,1,2 but little attention was paid

to gastric microorganisms. In 1983, Marshall and Warren in Australia first isolated and succeeded in culturing the

bacterium Helicobacter pylori (H. pylori), originally named Campylobacter pyloridis, from the gastric mucosa of patients

with chronic gastritis.3,4 Their epoch-making discovery revealed that H. pylori is associated with various gastric

diseases such as chronic gastritis, peptic ulcer, and malignant tumors, and the eradication of this microorganism

prevents gastric disorders. For their achievement, Marshall and Warren won the Nobel Prize in Physiology or

Medicine in 2005.
4.23.1.2 Specialized Traits of H. pylori

Helicobacter pylori is a spiral-shaped, Gram-negative, and microaerophilic bacterium, measuring approximately 3–5mm
in length. Helicobacter pylori is a member of a genus of bacteria that have adapted to the ecological niche provided by

gastric mucus, where there is little competition from other microorganisms. The specialized traits allowing this

organism to flourish in the harsh environment of the stomach include the following:

1. Elaboration of urease. Helicobacter pylori elaborates a large amount of urease (10–15% of total proteins by weight),

which produces ammonia and carbon dioxide resulting from hydrolysis of endogenous urea, thereby buffering

(neutralizing) gastric acid in the immediate vicinity of the organism.

2. Motility. Helicobacter pylori possesses numerous long flagella, the flailing movements of which allow them to swim

through viscous gastric mucus with forceful screw-like movements, much like the spinning of a drill bit.5

3. Binding of H. pylori to gastric epithelial cells via bacterial adhesins. The bacterium colonizes the gastric mucosa by

adhering to mucous epithelial cells and the mucus layer lining the gastric epithelium. Helicobacter pylori possesses

adhesins that enhance adhesion with gastric epithelial cells by recognizing specific carbohydrate structures, such as

the Lewis b blood group antigen and sialyl dimeric Lewis X (see Section 4.23.2.3 for detail).
4.23.1.3 Epidemiology of H. pylori Infection

Helicobacter pylori infection occurs worldwide and affects over 50% of the world’s population, but the prevalence of

infection varies greatly from country to country. The overall prevalence is highly correlated with socioeconomic status

measured by household crowding and parental income.6,7 Prevalence among adults is approximately 80% in many

developing countries and 50% in industrialized countries.8 The prevalence of infection increases with advancing age.

In some populations, a disproportionately high rate of H. pylori infection is observed in people over 40. This seems

to reflect a birth cohort effect, that is, transmission of this chronic infection was more common in the past than it is

today.9–11

The mode of transmission has not yet been fully defined; however, it is widely believed that the organism is

transmitted directly from person to person by human feces (fecal-oral spread) or gastric contents (gastric-oral spread).

It is now generally accepted that most individuals acquire H. pylori infection in childhood.12 Once the stomach is

colonized and left untreated, the organism persists for decades, if not for a lifetime.13 Frequently, children are infected

by a strain with a genetic fingerprint identical to that of each parent. Husbands and wives do not exchange strains, and

infection is rarely transmitted to an uninfected partner.14
4.23.1.4 Helicobacter pylori and Associated Diseases

4.23.1.4.1 Chronic gastritis
Following H. pylori infection, a chronic, usually lifelong, mucosal inflammation (gastritis) develops with concomitant

appearance of serological responses against the bacterium. However, H. pylori is resistant to innate and acquired

immune responses, and the immune system fails to remove the organism effectively.15 Chronic gastritis leads

eventually to mucosal atrophy characterized by a decrease in the proper glands and intestinal metaplasia marked by

the replacement of gastric epithelial cells with epithelial cells such as columnar absorptive cells and goblet cells of

intestinal morphology.16



Glycoconjugates and Bacterial Infections: Helicobacter pylori 441
4.23.1.4.2 Peptic ulcers
Peptic ulcers are chronic, often solitary lesions that occur in gastroduodenal mucosa exposed to aggressive action of

acid-peptic juices. These lesions appear to be produced by an imbalance between mucosal defense mechanisms and

damaging forces. The pathogenesis of peptic ulcers appears to be multifactorial, 15 and the apparent role of H. pylori in

peptic ulcers cannot be overemphasized. However,H. pylori infection is present in virtually all patients with duodenal

ulcers and about 70% of those with gastric ulcers. Furthermore, antibiotic treatment of H. pylori infection promotes

healing of ulcers and tends to prevent their recurrence.16

4.23.1.4.3 Gastric adenocarcinoma
Gastric adenocarcinoma can be divided into two distinct histological subtypes,17 each with different epidemiological

and clinicopathological features. One subtype is intestinal-type adenocarcinoma, which usually occurs at a late age and

progresses through a relatively well-defined series of histological steps, namely, chronic gastritis, atrophy of pyloric

glands, intestinal metaplasia, and dysplasia.18,19 The other subtype is diffuse-type adenocarcinoma, which more

commonly affects younger people and is not associated with intestinal metaplasia.19
4.23.1.4.4 MALT lymphoma
Most lymphomas of the stomach are mucosa-associated lymphoid tissue (MALT) lymphoma, a low-grade B-cell

lymphoma. This type of lymphoma arises in MALT, hence the name. B-cells that give rise to MALT lymphomas

normally reside in the marginal zones of lymphoid follicles and are generated in response to various types of chronic

inflammation, including chronic gastritis due to H. pylori infection.20 It is generally accepted that chronic infection

withH. pylori leads to generation ofH. pylori-reactive T-cells, which, in turn, activate a polyclonal population of B-cells

by secreting soluble factors. In time, a monoclonal but T-cell-dependent population of proliferating B-cells emerges.

Presumably, such monoclonal B-cell proliferation subsides when the antigenic stimulus for T-cells is removed by

antibiotic treatment. However, if untreated, genetic mutations accumulate in these proliferating B-cells, and they

eventually become T-cell independent.21
4.23.1.5 Virulence Factors

4.23.1.5.1 CagA
In the industrialized world, 60–70% of H. pylori strains possess the cytotoxin-associated antigen CagA, a 120–145kDa

protein.22 The cagA gene is localized at one end of the cag pathogenicity island (cag-PAI), a 37-kb genomic fragment

containing 31 genes.23,24 Several of these are homologous to genes encoding the type IV secretion apparatus.14 Upon

direct contact of H. pylori with gastric epithelial cells, CagA is injected from the bacterium into the host cell via the

type IV secretion system.25–28 After entering an epithelial cell, CagA is phosphorylated and binds to Src homology

2 domain-containing tyrosine phosphatase-2 (SHP-2), leading to a growth factor-like cellular response and cytokine

production.29 Deregulation of SHP-2 by CagA is an important mechanism by which CagA promotes gastric epithelial

carcinogenesis.

4.23.1.5.2 VacA
Vacuolating toxin (VacA) is a major virulence factor secreted by H. pylori and is a key component in the

pathogenesis of gastric diseases.30 Approximately 50% ofH. pylori strains express the VacA protein, and that expression

is correlated with expression of CagA. The most established activity of VacA is cellular vacuolation in mammalian

cells.30–32 Although the precise mechanism of VacA-induced vacuole formation is not fully understood, it involves

binding and internalization of toxin. It has been proposed that vacuolation is a consequence of anion-selective channel

formation in late endosomal compartments.33–36 In addition to its vacuole formation activity, VacA causes numerous

cellular events, including depolarization of the membrane,35,37 apoptosis,38–41 interference with epithelial cell attach-

ment,42 and inhibition of T-lymphocyte activation.43
4.23.2 Glycoconjugates Associated with H. pylori

4.23.2.1 Glycan Structure of H. pylori Lipopolysaccharide

The cell wall of all Gram-negative bacteria is composed of two phospholipid bilayers with a peptidoglycan

layer sandwiched between them. Lipopolysaccharide (LPS) is a structural component of the outer cell wall



442 Glycoconjugates and Bacterial Infections: Helicobacter pylori
(Chapters 1.17, 2.15, 2.16, and 2.17). LPS is composed of a long-chain fatty acid anchor called lipid A, a core sugar

chain, and a variable carbohydrate chain designated O antigen, which is attached to the core sugar.44 Thus, the

O antigen has the potential to exhibit enormous structural variability and is the domain determining the serological

specificity of LPS.45

Clinical isolates of H. pylori produce O antigen of a relatively constant chain length.46 It is this region of H. pylori

LPS that shares structural homology with Lewis blood group antigens in the gastric mucosa, predominantly Lewis

X and Lewis Y antigens bearing type 2 blood group determinants. Serologically, 80–90% of H. pylori strains have been

found to contain Lewis X and/or Lewis Y epitopes (Chapter 3.19).
4.23.2.2 Putative Consequence of Lewis Expression by H. pylori

Lewis blood group antigens are present in normal human gastric mucosa and in human gastric carcinoma, and the

expression of these antigens on H. pylori LPS has important biological implications. Molecular mimicry mediated by

H. pylori LPS has been suggested to camouflage the bacterium and facilitate initial colonization.47

Additionally, H. pylori Lewis antigens undergo phase variation; specifically, random, reversible high-frequency

switching of phenotype contributes to virulence. The molecular mechanisms involved in phase variation are slipped-

strand mispairing in poly-C tracts and translational frameshifting by ribosomal slippage.48 At least five glycosyltrans-

ferase genes are involved in generating phase variants: the genes encoding a3-fucosyltransferase (of which there are

two similar but nonidentical copies), a2-fucosyltransferase, b3-galactosyltransferase, and b3-N-acetyl-D-glucosaminyl-

transferase.49 Each of these genes can be either ‘on’ or ‘off ’, and thus, in any H. pylori cell population, at least 32

different glycosyltransferase gene ‘on–off ’ combinations and potentially the same number of LPS phenotypes are

present.49 Thus, any H. pylori strain can potentially express any LPS Lewis phenotype.

This antigenic mimicry may result in immune tolerance against antigens of the pathogen or in induction of auto-

antibodies that recognize gastric epithelial cells, which is frequently observed in patients with chronic active gastritis.
4.23.2.3 Adhesion of H. pylori to Gastric Epithelial Cells

Attachment is a prerequisite for microbial colonization of epithelial surfaces and is mediated by molecules on the

bacterial surface, adhesins, which recognize proteins or glycoconjugates on the surface of eukaryotic cells (Chapter3.21).

The specificity of this interaction and the limited distribution of receptors often result in a restricted range of hosts

and tissues utilized for colonization, a phenomenon known as tropism. Bacteria unable to adhere to epithelium tend to

be rapidly removed by shedding from surface cells and the mucus layer.

Helicobacter pylori expresses adhesins that confer intimate adherence to the gastric epithelium where the bacteria

can gain easy access to nutrients from host tissues.50 These adherence properties protect the bacteria from the extreme

acidity of the gastric lumen and displacement from the stomach by forces such as those generated by peristalsis and

gastric emptying.51 Two carbohydrate structures in surface mucous cells serve as specific ligands forH. pylori adhesins:

Lewis b, which binds to the adhesin BabA, and sialyl dimeric Lewis X-bearing glycosphingolipid, which binds to the

adhesin SabA. In addition, attachment of H. pylori to gastric epithelial cells can induce pedestal formation.52 Pedestal

formation describes the creation of an upright support, constructed of host cell material, beneath an attached

bacterium.
4.23.2.4 H. pylori Adhesins

4.23.2.4.1 BabA
The best defined H. pylori adhesin–receptor interaction characterized to date is that between blood group antigen-

binding adhesin (BabA), a member of a family ofH. pylori outer membrane proteins, and Lewis b, H, and related ABO

antigens.51 These fucose-containing blood group antigens are found on red blood cells and in the gastrointestinal

mucosa. Blood group O individuals suffer disproportionately from peptic ulcer disease,53 suggesting that bacterial

adherence to H and Lewis b antigens influences severity of infection. BabA has 2 isoforms – babA1 and babA2. The

product of babA1 gene, in contrast to that encoded by the babA2 gene, cannot interact with Lewis b; thus it does not

enhance H. pylori colonization of the surface epithelium.51,54

4.23.2.4.2 SabA
The SabA gene encodes a 651-amino-acid protein of 70 kDa and belongs to the large hop family of H. pylori outer

membrane protein genes, which also includes the babA gene.55 Sialyl dimeric Lewis X glycolipid is rarely expressed in
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normal gastric mucosa. However, the gastric mucosa infected by H. pylori newly expresses this unique glycolipid in

surface mucous cells, and its expression level is increased as inflammation progresses. The adhesion mediated by sialic

acid-binding adhesin (SabA) binding to sialyl dimeric Lewis X glycolipid contributes to persistent H. pylori infection.

Sialyl dimeric Lewis X is also expressed in leukocytes, but an ‘on–off’ frameshift mutation of the SabA gene allows

H. pylori to escape intimate contact with these inflammatory cells. Such adaptive mechanisms play an important role in

the extraordinary chronicity of H. pylori infection in human gastric mucosa.
4.23.3 Induction of PNAd in Gastric Mucosa Infected by H. pylori

4.23.3.1 Role of PNAd in Secondary Lymphoid Organs and Chronic Inflammatory Sites

In chronic inflammatory states, L-selectin and its ligands (Chapter 3.26) are implicated in lymphocyte recruitment in

those diseases in which peripheral lymph node addressin (PNAd) is induced on high-endothelial venule (HEV)-like

vessels.56,57 Such HEV-like vessels have been observed in rheumatoid arthritis, lymphocytic thyroiditis, and inflam-

matory bowel diseases.58–61 In these studies, the induction of PNAd is detected by the MECA-79 antibody,62 which

decorates PNAd on HEV-like vessels. MECA-79-positive HEVs in secondary lymphoid organs play a major role in

lymphocyte circulation.56 The MECA-79 epitope has been shown to be 6-sulfo-N-acetyllactosamine attached to

extended core 1 O-glycans, Gal(b1-4)GlcNAc6S(b1-3)Gal(b1-3)GalNAc(a1-O)Ser/Thr.63 Moreover, MECA-79 anti-

body can also bind to its sialylated and fucosylated form that constitutes PNAd.63 Structural studies also show that

6-sulfo sialyl Lewis X on core 2 branched O-glycans, Sia(a2-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc6S(b1-6)[Gal(b1-3)]Gal-

NAc(a1-O)Ser/Thr, is present as a major L-selectin ligand on HEVs.63,64
4.23.3.2 HEV-Like Vessels Are Induced in H. pylori-Induced Inflammation

Because it has been reported that de novo formation of HEV-like vessels, which express PNAd, is associated with

various chronic inflammatory diseases, we determined whether chronic inflammation caused by H. pylori infection is

associated with formation of HEV-like vessels.65 To do so, gastric mucosa from patients infected with H. pylori were

stained with MECA-79 antibody and HECA-452 antibody, which reacts equally well with sialyl Lewis X and 6-sulfo

sialyl Lewis X capping structure on extended core 1 and core 2 branches. Gastric mucosa derived from H. pylori-

infected patients displayed HEV-like vessels expressing MECA-79 and HECA-452 antigens as well as CD31 and

CD34, which are markers of vascular endothelial cells. These HEV-like vessels can potentially recruit L-selectin-

expressing lymphocytes, because L-selectin-IgM chimeric protein bound to the same vessels in a Ca2þ-dependent
manner. These results indicate that H. pylori-induced inflammation is associated with formation of PNAd present on

HEV-like vessels.

These results demonstrate that 6-sulfo sialyl Lewis X on extended core 1 O-glycans is present on HEV-like vessels,

based on positive staining by MECA-79 and HECA-452 antibodies. To elaborate further the chemical nature of

L-selectin ligands on these vessels, the NCC-ST-439 monoclonal antibody was used. NCC-ST-439 antibody binding

has been verified for sialyl Lewis X-capping structure on Gal(b1-4)GlcNAc(b1-6)GalNAc(a1-R but not on natural

core 2 branched O-glycan Gal(b1-4)GlcNAc(b1-6)[Gal(b1-3)]GalNAc(a1-R.66 Moreover, it has not been determined

whether 6-sulfo sialyl Lewis X is also recognized by this antibody. To test these possibilities, we made CHO cells

expressing various types of O-glycans and stained cells with NCC-ST-439 antibody. NCC-ST-439 antibody binds to

CHO cells expressing nonsulfated and 6-sulfo sialyl Lewis X on core 2 branched O-glycans but barely to CHO cells

expressing those capping structures on extended core 1 O-glycans. NCC-ST-439 antibody can also stain HEV-like

vessels formed in the gastric mucosa. These combined results suggest that PNAd induced by H. pylori infection

expresses 6-sulfo sialyl Lewis X on both extended core 1 and core 2 branched structures in the same manner as PNAd

expressed in secondary lymphoid organs.63
4.23.3.3 Increased Formation of HEV-Like Vessels is Correlated with Progression
of Inflammation

Based on the updated Sydney system, progression of inflammation initiated by H. pylori infection is ranked in four

stages from least to most severe: normal, mild, moderate, and marked.67 In moderate and marked stages, intestinal

metaplasia frequently occurs, indicating an advanced stage of the disease.
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Figure 1 Gastric mucosa of different degrees of chronic inflammation and association of HEV-like vessels with progres-

sion of inflammation. a, (upper) Gastric mucosa at a mild stage barely expresses HEV-like vessels with minimum recruitment

of lymphocytes; (lower) gastric mucosa at a marked stage expresses a significant number of recruited lymphocytes
(arrowheads) around HEV-like vessels. b, The number of MECA-79þ or HECA-452þ vessels is positively correlated with

the progression of chronic inflammation. Each group consists of 11 (normal), 42 (mild), 67 (moderate), and 23 (marked)

patients. c, The number of patients exhibiting greater than 1% MECA-79þ or HECA-452þ vessels is highly correlated with
progression of chronic inflammation. *, P<0.05; **, P<0.01; ***, P<0.001; NS, not significant. Scale ¼ 50mm. Adapted with

permission from Kobayashi, M.; Mitoma, J.; Nakamura, N.; Katsuyama, T.; Nakayama, J.; Fukuda, M. Proc. Natl. Acad. Sci.

USA 2004, 101, 17807–17812, Copyright 2004 National Academy of Sciences, USA.
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Figure 1a (lower panels) indicates a marked stage of inflammation in which recruitment of mononuclear

cells obscures proper glands in the gastric mucosa, which contrasts with glands visible in mucosa at the mild stage

(Figure 1a, upper panels). These observations demonstrate that lymphocyte infiltration is more prominent when

HEV-like vessels are more abundant.

After examining over 140 human specimens, it was found that the number of HEV-like vessels, as detected by

MECA-79 or HECA-452 antibody, correlates positively with the progression of inflammation (Figure 1b). Figure 1c

illustrates that more patients display HEV-like vessels as inflammation progress. H. pylori was detected in 0%, 21%,

82%, and 87% of patients in normal, mild, moderate, and marked stages of inflammation, respectively. Overall, HEV-

like vessels were found in 79.2% of H. pylori-infected patients.
4.23.3.4 Formation of HEV-Like Vessels Requires Continuous H. pylori Infection

To determine whether formation of HEV-like vessels is correlated with H. pylori infection, gastric biopsies were

obtained from 17 patients with chronic active gastritis before and after eradication of H. pylori by treatment with

antibiotics and a proton pump inhibitor. Patients with moderate inflammation displayed both H. pylori and HEV-like

vessels detected by MECA-79 and HECA-452 antibodies (Figure 2a). After eradication of H. pylori, the gastric

mucosa of all the patients no longer displayed HEV-like vessels as assessed by MECA-79 and HECA-452 staining and

showed minimum lymphocyte infiltration (Figure 2b). These results indicate that continuous infection of H. pylori is

necessary for formation and maintenance of HEV-like vessels expressing PNAd. It is tempting to speculate that

bacterial components such as LPSs, acting through Toll-like receptor-dependent pathways in the gastric epithelium,

stimulate the release of cytokines, that is, lymphotoxin a.68 This effect might in turn modulate gene expression in

postcapillary venules in ways that could cause their biochemical, functional, and morphological transformation by

upregulating chemokines, such as CCL19 and CCL21, that act on CCR7 receptors.
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Figure 2 Disappearance of HEV-like vessels in the gastric mucosa after eradication of H. pylori. Gastric mucosa infected

with H. pylori was examined before and 2 months after treatment to eradicate H. pylori. a, Before treatment, HEV-like

vessels detected by MECA-79 and HECA-452 antibodies were abundant, and large numbers of mononuclear cells

(lymphocytes) were present around these vessels. b, After eradication of H. pylori, HEV-like vessels were no longer present
and very few mononuclear cells were present. CD34 was used for a marker of vascular endothelial cells. HE, hematoxylin

and eosin; scale¼100mm. Adapted with permission from Kobayashi, M.; Mitoma, J.; Nakamura, N.; Katsuyama, T.;

Nakayama, J.; Fukuda, M. Proc. Natl. Acad. Sci. USA 2004, 101, 17807–17812, Copyright 2004 National Academy of
Sciences, USA.

Glycoconjugates and Bacterial Infections: Helicobacter pylori 445
4.23.3.5 HEV-Like Vessels in NSAID-Induced Gastritis

It is well established that continuous use of non-steroidal anti-inflammatory drugs (NSAIDs) results in chemical

gastritis. To determine whether HEV-like vessels are induced in chronic inflammatory responses caused by factors

other than H. pylori infection, gastric mucosa obtained from long-term rheumatoid arthritis patients taking NSAIDs

were examined. Most of the 20 patients examined exhibited chemical gastritis phenotypes and were devoid of HEV-

like vessels. HEV-like vessels were found in specimens from six of the 20 patients, but three of these were also

infected with H. pylori. Those three patients also had lower scores for chemical gastritis, and HEV-like vessels were

likely formed by inflammation caused by H. pylori infection. In three H. pylori-free patients, HEV-like vessels

were found only in 0.68%, 0.67%, and 0.21% of CD34-positive vessels, and two patients displayed intestinal

metaplasia, suggesting a possible prior H. pylori infection. The other patient displayed both a chemical gastritis

phenotype and lymphocyte recruitment. Interestingly, MECA-79 staining was much less intense in tissues from this

patient than in tissues from patients infected with H. pylori. These results indicate that chemical gastritis induces

PNAd at a very low level in the gastric mucosa.
4.23.4 Antibiotic Function of GlcNAc(a1-4)-Capped O-Glycans against H. pylori

4.23.4.1 Two Types of Mucins Present in Gastric Mucosa

As described in Section 4.23.1.3, over half the world’s population harbor H . pylori, but only a fraction of those infected

develop diseases such as peptic ulcer disease, gastric adenocarcinoma, and MALT lymphoma. This observation

suggests the presence of host defense mechanisms against H. pylori pathogenesis.

Gastric mucins are classified into two types based upon their histochemical properties:69 one is a surface mucous

cell-derived mucin, and the other is a mucin secreted by gland mucous cells, including cardiac gland cells, mucous

neck cells, and pyloric gland cells (Figure 3). These two types of mucins form the surface mucous gel layer (SMGL),

which shows an alternating laminated array.

Helicobacter pylori is associated exclusively with surface mucous cell-derived mucins and rarely colonizes deeper

portions of gastric mucosa, where gland mucous cells produce mucins having terminal (a1-4)-linked-GlcNAc residues

attached to core 2 branched O-glycans [GlcNAc(a1-4)Gal(b1-4)GlcNAc(b1-6)[GlcNAc(a1-4)Gal(b1-3)]GalNAc(a1-O)
Ser/Thr] (GlcNAc(a1-4)-capped O-glycan).70 These findings raise the possibility that GlcNAc(a1-4)-capped O-gly-

cans protect against H. pylori infection.



Figure 3 Human gastric mucosa stained by galactose oxidase-cold thionin Schiff-paradoxical concanavalin A. This
method allows identification of surface mucous cell-derived mucins as blue and gland mucous cell-derived mucins as

brown. Scale¼500mm.

Figure 4 Growth curve of H. pylori incubated with soluble CD43 having GlcNAc(a1-4)-capped O-glycan (aGlcNAc(þ)) and

soluble CD43 lacking this O-glycan (aGlcNAc(–)). One milliunit of aGlcNAc(þ) is defined as 1mg of PNP N-acetyl-a-D-
glucosaminide. The protein concentration of aGlcNAc(–) is the same as that of 31.2mUml–1 of aGlcNAc(þ). Adapted with

permission from Kawakubo, M.; Ito, Y.; Okimura, Y.; Kobayashi, M.; Sakura, K.; Kasama, S.; Fukuda, M. N.; Fukuda, M.;
Katsuyama, T.; Nakayama, J. Science 2004, 305, 1003–1006.
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4.23.4.2 Effect of GlcNAc(a1-4)-Capped O-Glycan on H. pylori Growth

To test the above hypothesis, we generated GlcNAc(a1-4)-capped O-glycans and determined their effect on H. pylori

in vitro.71 H. pylori was cultured in the presence of recombinant soluble CD43 with or without GlcNAc(a1-4)-capped
O-glycans secreted from transfected Lec2 cells, a mutant of Chinese hamster ovary cells defective in the CMP-sialic

acid transporter.72 As shown in Figure 4, H. pylori cultured in the presence of control soluble CD43 lacking GlcNAc

(a1-4)-capped O-glycans grew rapidly, whereas soluble CD43 having GlcNAc(a1-4)-capped O-glycan inhibited growth

of H. pylori in a dose-dependent manner. Such inhibitory effects were also demonstrated when CD34 was used as a

scaffold protein instead of CD43. Moreover, p-nitrophenyl (PNP) N-acetyl-a-D-glucosaminide and gastric gland



Figure 5 Morphology of H. pylori incubated with 31.2mUml–1 of soluble CD43 having GlcNAc(a1-4)-capped O-glycan

(aGlcNAc(þ)) and the same protein concentration of soluble CD43 lacking this O-glycan (aGlcNAc(–)). Scale¼1mm. Adapted

with permission fromKawakubo,M.; Ito, Y.; Okimura, Y.; Kobayashi, M.; Sakura, K.; Kasama, S.; Fukuda,M. N.; Fukuda,M.;
Katsuyama, T.; Nakayama, J. Science 2004, 305, 1003–1006.
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mucins containing GlcNAc(a1-4)-capped O-glycan also suppressed H. pylori growth. In addition to growth suppres-

sion, significant reduction of motility as well as abnormal morphology such as elongation, segmental narrowing, and

folding were seen in bacteria incubated with soluble CD43 having GlcNAc(a1-4)-capped O-glycan (Figure 5),

supporting the idea that GlcNAc(a1-4)-capped O-glycans have anti-H. pylori activity.
4.23.4.3 GlcNAc(a1-4)-Capped O-Glycan-Mediated Reduction of a Cell Wall Component,
Cholesteryl a-D-Glucopyranoside

The morphological abnormalities seen in H. pylori induced by GlcNAc(a1-4)-capped O-glycans are similar to those

induced by antibiotics such as b-lactamase inhibitors, which disrupt biosynthesis of peptidoglycan in the cell wall.73

Therefore, these O-glycans may inhibit cell wall biosynthesis in H. pylori. The cell wall of Helicobacter species

characteristically contains a-cholesteryl glucosides, including cholesteryl a-D-glucopyranoside (CGL).74 Mass spec-

trometric analysis of cell wall components, particularly CGL, from H. pylori cultured with GlcNAc(a1-4)-capped
O-glycans showed significant reduction of CGL compared to controls in which H. pylori was incubated with soluble

CD43 without GlcNAc(a1-4)-capped O-glycans.71 Similar results were seen when sonicated H. pylori was used as an

enzyme source of UDP-Glc:sterol a-glucosyltransferase, which is responsible for the biosynthesis of CGL. These

results suggest that GlcNAc(a1-4)-capped O-glycans directly inhibit biosynthesis of CGL by H. pylori.
4.23.4.4 Role of CGL in H. pylori Viability

CGL is formed by an UDP-Glc:sterol a-glucosyltransferase, which transfers glucose (Glc) from UDP-Glc to the C3

position of cholesterol with an a-linkage. Since genes involved in cholesterol biosynthesis are not found in its genome,

H. pylori cannot synthesize CGL in the absence of exogenous cholesterol. We thus created H. pylori deficient in CGL

by culturing it without cholesterol for 5 days and found that growth and motility of bacteria were dramatically

suppressed compared with H. pylori cultured in the presence of cholesterol.71 Abnormal morphology was also noted

in the culture, and bacteria died after 21 days in culture, indicating that CGL is crucial for H. pylori survival.
4.23.4.5 Antibiotic Function of GlcNAc(a1-4) Residues

Finally, to determine whether mucous cells expressing GlcNAc(a1-4)-capped O-glycans are protected againstH. pylori

infection, gastric adenocarcinoma AGS-a4GnTcells stably transfected with a4GnTwere co-cultured with H. pylori.71

With a short-term incubation of 8h, the microbes attached equally well to AGS-a4GnT cells and mock-transfected

AGS cells. No significant morphological changes were observed in either group of cells at this time point. However,

after a 24h incubation, mock-transfected AGS cells exhibited remarkable deterioration, such as flat morphology or

shrinkage, and showed increased numbers of associated H. pylori. After three days in culture, the number of viable

AGS cells was dramatically reduced. By contrast, growth of H. pylori in cultures with AGS-a4GnTcells was markedly

suppressed, and evidence of cellular damage seen in mock-transfected AGS cells was barely detected in these cells.

The viability of AGS-a4GnTcells was fully maintained for up to 4 days. These findings indicate that GlcNAc(a1-4)-
capped O-glycans have no effect on adhesion of H. pylori to AGS-a4GnTcells but protect the host cells from H. pylori

infection.74
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These results provide critical insight into the antibacterial armory of the gastric mucosa. The next challenge will be

to harness this natural antibiotic for use in human therapy.
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Glossary

adhesins Adhesion molecules present in bacteria that recognize proteins or glycoconjugates on the surface of eukaryotic cells.

Specific interaction of adhesins and host cells often account for the pathogenesis of infectious diseases.

cholesteryl a-D-glucopyranoside (CGL) A cell wall constituent characteristic for Helicobacter species. Structurally, CGL is

composed of a-glucose attached to the C3 position of cholesterol with (a1-3) linkage.
Helicobacter pylori A Gram-negative, microaerophilic spiral-shaped bacterium that infects in the stomach. This organism

elaborates urease, which produces ammonia and carbon dioxide from endogenous urea, thereby neutralizing gastric acid.

Helicobacter pylori is closely associated with chronic gastritis, peptic ulcer, and gastric cancer.

peripheral lymph node addressin (PNAd) A glycoprotein expressed on high-endothelial venules (HEVs) that is recognized

by L-selectin expressed on lymphocytes. PNAd is utilized in lymphocyte homing in the secondary lymphoid organs and chronic

inflammatory sites.

terminal GlcNAc(a1-4) residue GlcNAc(a1-4)Galb residues attached to O-glycans. This unique glycan is specifically found

in mucin secreted from gastric gland mucous cells and duodenal Brunner’s glands.
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4.24.1 Introduction

Botulinum toxins are produced by the anaerobic bacterium Clostridium botulinum and are classified into groups

A through G based upon immunological differences of neurotoxin. The molecular masses of all types of these

neurotoxins are about 150kDa. The neurotoxins associate with several kinds of protein in culture fluids to form

large complexes that are designated progenitor toxins such as 900kDa (19S), 500kDa (16S), and 300kDa (12S). Type

C strain produces 16S and 12S toxins; C16S toxin consists of a neurotoxin, hemagglutinin components (HAs), and a

nontoxic non-hemagglutinin (nontoxic non-HA) component. The hypothetical structure is shown in Figure 1. C12S

toxin is formed by only the neurotoxin and a single nontoxic non-HA component. On the HAs, molecular composition

and size were determined based on nucleotide sequences and protein chemical analysis.1,2 The HAs consist of four

kinds of subcomponents (HA1, HA2, HA3a, and HA3b). HA3a and-3b were provided by protease processing after

translation of HA3, and HA1 and HA3b have binding activity to erythrocyte.3 A combination of at least HA1,-2,

and -3b are required for full hemagglutination activity of botulinum progenitor toxin, but each single HA component

shows weak or no aggregation of erythrocytes.4–7

Synaptotagmin, in association with ganglioside GTlb or GDla at the nerve terminals, is identified as the receptor for

botulinum neurotoxin.8,9 It was also reported that lipid microdomains were involved in neurospecific binding and

internalization of neurotoxin.10 Neurotoxin is a high potent inhibitor of the neurotransmitter release from the

peripheral nerve terminus. Once localized in the cytoplasm of nerve cells, the neurotoxin functions by specifically

cleaving one of the three different soluble NSF attachment receptor (SNARE) (NSF, N-ethylmaleimide sensitive

factor) proteins essential for synaptic vesicle fusion.11,12 Like these, neurotoxin receptors on the nerve cell surface are

gradually being clarified. However, the migration mechanism of orally ingested progenitor toxin from the digestive tract

into the body fluid circulation system is not clearly understood.

Mucins have structured various large molecular weight glycoproteins that function as vertebrates to protect

epithelial cell surfaces from pathogens and digestive enzymes and also act as lubricants.13,14 The carbohydrate content

of mucin is generally more than 50% and is mainly O-linked oligosaccharides covalently linked to Ser and Thr

residues. The role of O-linked oligosaccharides is less well understood. The highly glycosylated structures of mucins

produce a large hydration sphere upon which the viscoelastic properties of secreted mucins and the proposed masking

function of the transmembrane mucins depend.15,16

Simpson et al. reported that the neurotoxin of Clostridium botulinum type A was absorbed from the gastrointestinal

system and advanced into the general circulation.17 On the other hand, we reported that the C16S toxin, but not the

C12S toxin, bound intensely to the microvilli of epithelial cells of guinea pig small intestine in both in vivo and in vitro

tests,18 and estimated that HAs were necessary for effective binding of the progenitor toxin to epitherial cells of the

small intestine. Actually in type A and C, HA1 and HA3b bind to each terminal galactose and sialic acid moieties of
453



Figure 2 C16S toxin bound to HT-29 cell surface. Type C16S and C12S toxins were prepared from the culture fluid of
C. botulinum type C strain Stockholm according to the previous procedure.18 Rabbit antiserum against type C neurotoxin

(anti-C7S) have been prepared previously.48 HT-29 cells purchased from ATCCwere grown on glass coverslips which were

precoated by collagen. The cells or pretreated cells with various reagents were washed twice with fresh Dulbecco’s

modified Eagle’smedium (DMEM) pH7.0 and incubatedwith 10nMof each toxin (a, C16S toxin; b, C12S toxin; c, neurotoxin)
in DMEM pH 7.0 at 37�C for 3min. After incubation, the cells were washed with phosphate buffered saline (PBS) twice, fixed

with 3.7% formaldehyde for 15min, quenched with 50mM NH4Cl for 10min, and then blocked with 2% bovine serum

albumin (BSA) for 60min at room temperature. To observe the binding of neurotoxin, the fixed cells were treated with anti-
C7S antiserum for 60min, followed by tetramethylrhodamine isothiocyanate (TRITC)-labeled goat anti-rabbit IgG (5.0mgml–1 in

PBS). Reproduced with permission from Nishikawa, A.; Uotsu, N.; Arimitsu, H.; Lee, J. C.; Miura, Y.; Fujinaga, Y.; Nakada, H.;

Watanabe, T.; Ohyama, T.; Sakano, Y.; et al . Biochem. Biophys. Res. Commun. 2004, 319, 327–333, figure 1.

C16S
Hemaggulutinin (HA)

Non-toxic non-HAHA1 HA2 HA3

HA3a HA3b

Neurotoxin

Figure 1 The hypothesis structure of C16S toxin. From previously published data, normally C16S composed of a

neurotoxin, a nontoxic non-HA, four HA1 molecules, four HA2 molecules, and two HA3 (HA3 are processed to HA3a and

HA3b by protease) molecules.
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sugar chains.19,20 However the internalization pathway and mechanism into the epithelial cells and its mechanism are

still unknown.

Human adenocarcinoma HT-29 cells are epithelial-like and moderately well-differentiated cells21 and express

several kinds of mucins.22,23 In this chapter, we comment on the internalization of C16S toxin into HT-29 cells and

the targeting of neurotoxin using immunofluorescence microscopy and confocal laser scanning microscopy according

to our recent data. We also show that the oligosaccharides of mucin at the cell surface fulfill a very important role in the

internalization of the toxin.
4.24.2 Binding and Internalization of Toxins to HT-29 Cells

4.24.2.1 Overview

HT-29 cells, a human colon carcinoma cell line, express several kinds of mucin.22,24 First HT-29 cells were exposed to

C16S, C12S, and neurotoxin, respectively, and the binding of toxins to cell surface was observed using immunofluo-

rescence microscopy. As shown in Figure 2, only C16S toxin was observed binding to the surface of HT-29 cells. It

seems that HA components are necessary for the toxin’s adsorption to the cell surface. To examine the internalization



Figure 3 Internalization of C16S toxin into HT-29 cells. HT-29 cells were incubated with 40nM C16S toxin at 37�C
for 5min, then washed and incubated in toxin-free medium for various times. The cell-associated toxin and internalized toxin

were analyzed by confocal laser scanning microscopy using rabbit anti-C nontoxic component antiserum and
TRITC-labeled anti-rabbit IgG. Reproduced with permission from Nishikawa, A.; Uotsu, N.; Arimitsu, H.; Lee, J. C.; Miura, Y.;

Fujinaga, Y.; Nakada, H.;Watanabe, T.; Ohyama, T.; Sakano, Y.; et al. Biochem. Biophys. Res. Commun. 2004, 319, 327–333,
figure 2.
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of the toxin, HT-29 cells were exposed to C16S toxin for 5 min, incubated without toxin for several periods, and then

observed using confocal laser scanning microscopy. As shown in Figure 3, C16S toxin was clearly observed inside the

plasma membrane after 4min of incubation and later. These results indicate that HT-29 cells have a receptor for the

C16S progenitor toxin on their cell surface and a mechanism for the uptake of the toxin.

4.24.2.2 Investigation of the C16S Toxin Receptor

To estimate the affinity of the HT-29 cell receptor for C16S toxin, an affinity assay was performed. HT-29 protein

fractions, which were separated by ReadyPrep Sample Preparation Kit, were subjected to sodium dodecylsulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membrane. The

binding affinity of C16S toxin to blotted protein was measured by using the ECL Plus system (Figure 4a). It was

found that the toxin combined with four high molecular weight proteins from fraction 2. The estimated molecular

weights of these bands were approximately 210, 430, 680, and 1200kDa, respectively. Since these high molecular

weight proteins were solubilized by Preparation Kit reagent 2 which contained 4% CHAPS, it seems that these

proteins were associated with membranes. Previous reports showed that sialic acid was an important residue for the

toxins binding to erythrocyte and epithelial cells of the small intestine.3,18 Next, the protein fractions of HT-29 cells

and the cells themselves were treated with neuraminidase, and then the affinity with the toxin was examined. Four

fractionated protein solutions were pre-incubated with sialidase at 37�C for 8h and subjected to the toxin-binding

assay. As shown in Figure 4a, C16S toxin could no longer combine with the high molecular membrane-associated

proteins as measured by the disappearance of sialic acid. HT-29 cells which were treated with neuraminidase also lost

their C16S toxin binding activity, as shown in Figure 4b. These results indicate that C16S toxin recognizes the sialic

acid residue of cell surface oligosaccharides.

The following experiments were performed in order to determine whether sialic acid, which fulfilled the important

role of the C16S toxin binding, was derived from glycolipid or N- or O-linked oligosaccharides. It has been reported

that GT1b is a necessary component of the neurotoxin receptor in nerve cells.8,9,25 It was also reported that C16S toxin

could bind to gangliosides extracted from human erythrocytes.3 To determine whether gangliosides on the surface of

HT-29 cells function as receptors for C16S toxin, the cells were pretreated with D,L-threo-1-phenyl-2-hexadecanoyl-

amino-3-morpholino-propanol (PPMP), which reduces the level of gangliosides. PPMP is an inhibitor of glucosylcer-

amide synthase.26 In this experiment, the amount of gangliosides in PPMP-treated HT-29 cells were reduced.
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Figure 4 Influence of neuraminidase treatment on the binding of C16S toxin to HT-29 cells. a, Whole proteins of HT-29
cells were separated into four fractions by ReadyPrep Sample Preparation Kit (BioRad). After treatment with (þ) or without

(�) neuraminidase, each fraction was subjected to SDS-PAGE (3–15% gradient gels) under reducing conditions. Separa-

ted proteins were transferred to a PVDF membrane, and toxin-binding proteins were detected by far Western blotting
method using anti-C7S antiserum and ECL Plus system (Amersham Biosciences). Mr indicates the migrated position of

standard proteins and its relative molecular mass. It is considered from the composition of the sample preparation reagents

that fraction 1 contained mainly cytosolic proteins; 2, weakly membrane associated proteins; 3, strongly membrane

associated proteins; and P, an unextractable fraction. b, HT-29 cells were treated by neuraminidase in PBS at 37�C for
1h in 5% CO2 atmosphere and they were incubated with 10 nM C16S toxin in DMEM pH 7.0 for 3min. The cell-associated

toxins were detected by immunofluorescence microscopy using mouse monoclonal anti-CHA3b-6 antibody which

recognize type C HA components21 and FITC-labeled anti-mouse IgG. Reproduced with permission from Nishikawa, A.;

Uotsu, N.; Arimitsu, H.; Lee, J. C.; Miura, Y.; Fujinaga, Y.; Nakada, H.; Watanabe, T.; Ohyama, T.; Sakano, Y.; et al.Biochem.
Biophys. Res. Commun. 2004, 319, 327–333, figure 3.
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Examples GM3, GM1, GD1a, GD1b and GT1b are shown in Figure 5a. C16S toxin, however, could bind to the cell

surface and internalize into HT-29 cells (Figure 5b). On the other hand, benzyl 2-acetamido-2-deoxy-a-D-galacto-
pyranoside (benzyl-GalNAc) is well known to inhibit the O-glycosylation of mucin in colon cancer cells.27 The

influence of benzyl-GalNAc on toxin binding to HT-29 cells was investigated next. The cells were cultured with 5mM

benzyl-GalNAc for 48 h, and then total cellular protein was fractionated by ReadyPrep Sample Preparation Kit and

subjected to the toxin-binding assay. As shown in Figure 6a, there was no band which combined strongly with C16S

toxin. Furthermore, C16S toxin could not be observed on benzyl-GalNAc pretreated HT-29 cells surface by immuno-

fluorescence microscopy (Figure 6b). We therefore propose that C16S toxin recognizes sialic acid strongly and may be

taken up into cells with O-linked oligosaccharide derived from high molecular weight glycoproteins such as mucin on

the surface of HT-29 cells.
4.24.2.3 The Internalization of the C16S Toxin in HT-29 Cells

Recent studies have shown that HT-29 cells have receptor for the C16S toxin on their surfaces and have elucidated the

mechanism for the uptake of this toxin.30 To clarify the internalization mechanism of C16S toxin in HT-29 cells, a

double-labeling method with antibodies against the toxin and the organelle marker protein was attempted, and

the internalized toxin was observed by confocal laser scanning microscope. C16S toxin binds to the sugar chain of

mucin-like glycoproteins but not ganglioside on the cell surface. Since glycoprotein mucin, MUC1, is internalized by

clathrin-mediated endocytosis,31 it was expected that the C16S toxin is internalized via the same pathway. Double

labeling with antibodies against both the clathrin heavy chain32 and the early endosome marker EEA133 showed that

the C16S toxin was internalized via clathrin-coated pits and localized in early endosomes (Figure 7a). This is seen in
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Figure 5 Influence of PPMP treatment on C16S toxin internalization. a, influence of PPMP treatment on the volume of
acidic gangliosides. HT-29 cells were pretreated with (þ) or without (�) 7.5mM PPMP and gangliosides were extracted with

chloroform–methanol (1:2). The extracted samples were applied to the high performance thin layer chromatography

(HPTLC) plate, and the plate was developed in chloroform:2-propanol:50mM KCl (2:13.4:4.6 v/v/v).26 Glycolipids were
detected using the orcinol H2SO4method.Mix and GM3 show themigration positions of the standard glycolipid mixture and

GM3. b, HT-29 cells treated with 7.5mM PPMP were incubated with 40nM C16S toxin at 37�C for 5min, then washed

and incubated in toxin-free medium for various times. The cell-associated toxin and internalized toxin were analyzed by

confocal laser scanning microscopy using rabbit anti-C nontoxic component antiserum and TRITC-labeled anti-rabbit IgG.
Reproduced with permission from Nishikawa, A.; Uotsu, N.; Arimitsu, H.; Lee, J. C.; Miura, Y.; Fujinaga, Y.; Nakada, H.;

Watanabe, T.; Ohyama, T.; Sakano, Y.; et al . Biochem. Biophys. Res. Commun. 2004, 319 , 327–333, figure 4.
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Figure 6 The influence of benzyl-GalNAc preincubation on C16S toxin binding to cell surface. a, HT-29 cells were cultured
with (þ) or without (�) 5mM benzyl-GalNAc for 48h, and the separated proteins were subjected to the toxin-binding assay.

C16S toxin-binding proteins on membrane were detected by the ECL Plus system using rabbit anti-C7S antiserum

and anti-rabbit Ig HRP-linked F(ab0)2. b, HT-29 cells treated with or without benzyl-GalNAc in DMEM were incubated with
10nM C16S toxin for 3min and then washed with PBS. The cell-associated toxins were detected by immunofluores-

cence microscopy using mouse anti-CHA3b-6 antibody and fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG.

Reproduced with permission from Nishikawa, A.; Uotsu, N.; Arimitsu, H.; Lee, J. C.; Miura, Y.; Fujinaga, Y.; Nakada, H.;

Watanabe, T.; Ohyama, T.; Sakano, Y.; et al . Biochem. Biophys. Res. Commun. 2004, 319 , 327–333, figure 5.
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Figure 7 (continued)
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Figure 7a as the yellow colored endosomes, the color of which is due to overlap between the marker protein (green)

and the component of progenitor toxin (red). As shown in the upper- and middle-right images, the intracellular

locations of clathrin heavy chain, EEA1, and C16S toxin overlap well. On the other hand, in the lower-right image,

there were some good merged yellow spots and relatively lots of green and red spots, suggesting that the intracellular

caveolin-1 and C16S toxin only colocate a little. The same experiments using anti-C neurotoxin antiserum instead of

anti-non-toxic components antiserum were done, as shown in Figure 7b. There were no differences in results caused

by the change of antiserum. Since cholera toxin from Vibrio cholerae is internalized via caveolae and clathrin-coated

pits,34–36 the possible internalization through caveolae was examined using the monoclonal antibody against caveolin-1,

which is one of the components for caveolae formation and maintenance.37 Transferrin was used as a positive control

regarding the clathrin-coated pits38 and early endosomes,39 and also as a negative control regarding the caveolae.40 As

shown in Figures 7a and 7b, a small amount of the C16S toxin was localized in caveolin-1-positive endosomes,

whereas no overlap was observed in the case of transferrin (Figure 7c). This finding was supported by the observation

of double-labeling experiments with rabbit polyclonal antibody against Src-family kinases and caveolin. Src-family

kinases associated with the rafts domain, which is the area associating the caveolae invagination, are used as specific

marker molecules of the domain.41 Anticaveolin is a polyclonal antibody against caveolin-1, which was used to confirm

the result that C16S toxin merged with caveolin-1. The double-labeling images also showed that an HA component of

the C16S toxin, HA1, and HA3b, colocating with raft- or caveolae-associated proteins existed (Figure 7d). These

results clearly indicated that the C16S toxin was internalized to HT-29 cells, mainly via clathrin-coated pits and

slightly via caveolae, and located in early endsomes.
4.24.2.4 The Transport of the Neurotoxin to the Golgi Apparatus

The next experiment was designed to determine whether the C16S toxin internalized in endosomes is transported to

the Golgi apparatus or to some other undetermined location. The Golgi apparatus is the focus of this experiment based

on the fact that the C16S toxin binds to mucin-like glycoproteins and mucin is ultimately transported to the Golgi

apparatus. The Golgi apparatus in HT-29 cells was visually detected with a monoclonal antibody against the trans-

Golgi network marker TGN38.42 As shown inFigure 8a, the nontoxic components of C16S toxin were not transported

to the TGN.Moreover, the presence of C16S toxin in the Golgi apparatus was tested after the cells were incubated for

30min. This result also showed that C16S toxin was not transported to the TGN (Figure 8a). Given that the

antiserum used in the above experiment does not recognize neurotoxin, the internalized toxin was observed with

antiserum against neurotoxin to further confirm that the toxin was not transported to the Golgi apparatus. As shown in

Figure 8b, the neurotoxin was clearly colocalized with TGN38. These results suggested that the neurotoxin might

dissociate from the C16S toxin in HT-29 cells. Furthermore, the confocal images of the double-labeling experiment

with antiserum against the neurotoxin and monoclonal antibody against the HA1 or HA3b component showed that the

neurotoxin was dissociated from the C16S toxin after entering the cells (Figure 8c). However, these results are not

consistent with the transport of internalized premature mucin to the Golgi apparatus. It is not clear why the nontoxic

components were not transported to the TGN.

It is known that other internalized bacterial toxins, cholera toxin, and the plant toxin ricin are transported to the

Golgi apparatus and to the endoplasmic reticulum (ER). These transported toxins migrate to the cytoplasm and

ultimately cause disease.21,29,43 Since the botulinum neurotoxin was transported to the TGN, experiments were done

to determine if it was also transported to the ER using a monoclonal antibody against protein disulfide isomerase

(PDI).44 The results indicated that the components of the C16S toxin did not reach the ER, as overlapping was not

detected between the toxin components and PDI. Many toxins from bacteria and plants invade epithelial cells and

impair cellular functions. Botulinum toxin, however, passes through epithelial cells in the intestine and migrates into
Figure 7 The initial internalization pathway of C16S toxin into HT-29 cells. a, HT-29 cells were treated with C16S toxin at

37�C for 5min and then incubated in toxin-free medium for 10min. The bound and internalized C16S toxins were observed
with confocal laser scanning microscopy using rabbit anti-C nontoxic component antiserum and tetramethylrhodamine

anti-rabbit IgG (HþL). b, The cells were treated with C16S toxin as the same as (a), and detected neurotoxin (NT) using

rabbit anti-C neurotoxin antiserum instead of anti-C nontoxic component antiserum. c, HT-29 cells were incubated with
transferrin at 37�C for 2min. The cell-associated transferrin was detected using rabbit antitransferrin antiserum and

tetramethylrhodamine anti-rabbit IgG (HþL). d, HT-29 cells were incubated with C16S toxin at 37�C for 5min and then

incubated in toxin-free medium for 10min. The HA components were detected using a mouse monoclonal antibody against

the HA components and Alexa fluor 488 anti-mouse IgG (HþL). Reproduced with permission from Uotsu, N.; Nishikawa, A.;



Figure 8 The intracellular trafficking of the neurotoxin. a, HT-29 cells were preincubated with C16S toxin at 37�C for 5min
and then incubated in toxin-free medium for 10min or 30min. b and c, HT-29 cells were preincubated with C16S toxin at

37�C for 5min and then incubated in toxin-free medium for 10min. All cells were observed with confocal laser scanning

microscopy. The nontoxic components of the C16S toxin were detected using rabbit anti-non-toxic components antiserum.

The neurotoxin of C16S toxin was detected using the rabbit antiheavy chain of neurotoxin antiserum. HA1 were detected
using monoclonal mouse anti-CHA1–489 antibody. HA3b were detected using monoclonal mouse anti-CHA3b-6 antibody.

TGN was detected using monoclonal mouse anti-TGN38 antibody. ER was detected using monoclonal mouse anti-PDI

antibody. Reproduced with permission from Uotsu, N.; Nishikawa, A.; Watanabe, T.; Ohyama, T.; Tonozuka, T.; Sakano, Y.;
Oguma, K. BBA – Mol. Cell Biol. 2006, 1763, 120–128, figure 4.
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the bloodstream. Therefore, it is expected that botulinum toxin follows a different transport pathway from that of

cholera toxin and ricin.

The key step in this process is the point at which the neurotoxin component of C16S toxin dissociates from the

remainder of the molecule. The neurotoxin is known to separate from C16S toxin when the toxin is exposed to

alkaline conditions (pH 8.8) and subjected to sucrose density gradient ultracentrifugation.18 It has been reported,

however, that the pH value of endocytic vesicles inside the plasma membrane was 5.5–6.5 using a pH indicator.45,46

Presumably, there are other mechamisms, for example, a conformation exchange through binding to a receptor or

hydrolysis by a protease enzyme. The conformation of this neurotoxin is known to change at pH 4.5–5.0 lower than

endosomal pH 5.5–6.5.47 It does not exclud the possibility that acidic factor involves to the dissociation of neurotoxin

from C16S toxin.
4.24.3 Conclusion

The protein toxins, for example, ricin, diphtheria toxin, shiga toxins, cholera toxin, and botulinum neurotoxin, bind to

a variety of receptors and they use different endocytic mechanisms.28 However, the receptor for botulinum progenitor
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toxin, which is a large complex of neurotoxin, HAs, and nontoxic non-HA component, are not known. In addition, the

toxin migration mechanism from digestive tract into body fluid circulation system is not clearly understood. There-

fore, our experimental results seem to provide some useful insights into this matter. To date, more than 15 human

mucin genes have been identified. Some of them are membrane bound and some of them are secretion types.29 It is an

interesting thing to find out which kinds of mucin play an important role for botulinum toxin internalization.

We also showed that C16S toxin was internalized mostly via clathrin-coated pits and localized in early endosomes.49

The observation that the neurotoxin was overlapped with TGN38 indicated that the neurotoxin dissociated from the

C16S progenitor toxin inside the plasma membrane. This study provides fundamentally important information on the

internalization pathway and on the transcytosis pathways of the botulinum neurotoxin in cells since it is unknown

mechanism how the orally taken toxin reaches nerve cells.
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4.25.1 Introduction

The influenza viruses are segmented genome RNAviruses classified in the family Orthomyxoviridae. They constitute

three of the five genera of the family and are designated influenza virus A , B, and C. The influenza A viruses cause

annual outbreaks in humans and domestic animals. Periodically, new strains emerge in humans that cause global pan-

demics. Influenza A viruses exist as several distinct subtypes, defined by the hemagglutinin (HA) and neuraminidase

(N) surface antigens, which infect humans and a range of avian and mammalian species. In contrast, the influenza B

viruses do not exhibit subtype variation and appear to infect humans only, causing epidemics but not pandemics,

presumably because there is no reservoir of novel antigenic variation in nonhuman hosts. The influenza C viruses

infect humans and have also been isolated from pigs in China, but these viruses are not associated with either

epidemic or pandemic disease in the human population. The influenza A viruses exist in greatest profusion in

waterfowl. Until recently, 16 distinct HA (H1-16),1 and nine distinct N (N1-9) antigenic types have been recognized.

All subtypes of the hemagglutinin and neuraminidase spike are maintained in the avian world. In 1997, an H5N1

highly pathogenic avian influenza A virus was transmitted directly from chicken to humans in Hong Kong, killing

six of the 18 people infected with 33% motality rate.2–6 The H5N1 subtype has been circulating in eastern Asia with

unprecedented epizootic and epidemic effects, and have spread to poultry, and other species of animals including

humans, cats, tigers, etc., in nine Asian countries (Cambodia, China, Indonesia, Japan, Laos, Malaysia, South Korea,

Thailand, and Vietnam), Kazakhstan, Russia, Mongolia, Tibet, and now some countries in Europe (Rumania, Croatia),

and African countries. H5N1 infections have caused 151 cumulative human deaths in 256 infected persons in Vietnam,

Thailand, Cambodia, Indonesia, China, Turkey, Iraq, Azerbaijan, Djibouti, and Egypt until October 16, 2006 (WHO

report). These records indicate that this outbreak of human H5N1 infections is the largest documented since its

emergence in humans in 1997. Efficient viral transmission among poultry caused the virus to spread regionally, leading

to the loss of 150 million birds from disease and culling. In contrast, human-to-human transmission of the virus is

exceptional but has been described.7
4.25.2 Receptor Binding Specificity of Influenza Viruses and Molecular
Mechanism of Host Range Variation of Influenza Viruses

Influenza viruses specifically recognize selected sialyl sugar chains and molecular species of sialic acid on the host cell

membranes. After determining the binding specificity of more than 100 native and synthetic sialyl sugar chains, we

found that the influenza A and B viruses can bind to monosialo-lactosamine type I and II, Siaa2-3(6)Galb1-3(4)-
GlcNAcb1-.8–13 One terminal sialic acid is necessary, but tandem sequences of sialic acid and also sialic acid linked to

an internal galactose in a sugar chain, such as in GM1 and GM2 gangliosides, are not recognized.

We determined the receptor binding specificity of human, swine, avian, and equine influenza A virus and also

the sialyl linkage present on the cells of the host target organs, trachea epithelium for humans, pigs, and horse,

and intestinalmucosa for birds, using lectinswhich recognize sialyl linkages, a2-3 or a2-6.Human influenza viruses isolated

in MDCK cells bind the Neu5Aca2-6Gal sequence; however, equine and avian viruses bind a2-3 predominantly.14–16

Swine viruses bind both a2-6 and a2-3, equally or with a slight predominance toward a2-6.14–16 Human trachea
465
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expresses Siaa2-6Gal significantly,17 while horse trachea and duck intestinal mucosa express Siaa2-3Gal. By contrast,

pig trachea expresses epitopes with both a2-3 and a2-6 linkages.13,14,16,18,19 According to their ability to support

replication of both avian and human influenza viruses, thus, pigs have been implicated as intermediate hosts, serving as

mixing vessels for avian and human viruses. As indicated by the previous data, the availability of receptors, such as a2-3
and a2-6 containing moieties, in host animals correlates with the receptor specificity of influenza viruses from those host

animals, suggesting that receptor specificity is an important determinant of the host range restriction of influenza

viruses.8–22 Human influenza B viruses recognize Neu5Aca2-6Gal linkages.23,24

We found at least two possible mechanisms for host range variation of influenza Aviruses, that is, (1) selection due to

the presence of antibody in the host,25 and (2) selection by the host cell receptor based on the type of sialyl sugar

chains in the host cell membranes.14,16,18 A single amino acid substitution (205Ser ! Tyr) in the antigenic site D of

viral H3 hemagglutinin changes the binding specificity to sialyl linkages from Neu5Aca2-3Gal (Ac2-3) to Neu5Aca2-
6Gal (Ac2-6). Although 205Ser is located distant from the receptor binding site, this amino acid is proximate to the

receptor binding site of the next subunit. Substitution of the Ser to the bulky amino acid Tyr, makes that the receptor

binding specificity changes from a2-3 to a2-6. This amino acid substitution can be generated experimentally using

antibodies directed against the viral hemagglutinin,25 indicating that the host range variation of the H3 viruses can be

induced by the selection of antibody in the host. We also found that when amino acid Leu226, located in the receptor

binding pocket of H3 human virus hemagglutinin, is substituted to Gln, a dramatic change in receptor binding

specificity from Ac2-6 (human receptor) to Ac2-3 (avian receptor) occurred. Experimentally, this has been demon-

strated when culturing influenza isolates from human trachea with a2-6 specificity in the allantoic membrane of

embryonated chicken eggs which have a Siaa2-3Gal receptor.14 An additional mutation from Ser to Gly at 228 in H3

human virus hemagglutinin resulted in approximately equal recognition of Ac2-3 and Neu5Gca2-3Gal (Gc2-3).16 Thus,

amino acids 226 and 228 in the viral H3 hemagglutinin are very important for receptor binding specificity and can be

manipulated to change the receptor specificity of human influenza viruses.14,16,18 These results indicate that sub-

stitutions of 226Leu ! Gln and 228Ser ! Gly in H3 hemagglutinin are critical for jumping the viral host range from

humans to avians. It is generally believed that replication of avian influenza viruses in humans is restricted by a poor fit

of these viruses to cellular receptors and extracellular inhibitors in the human respiratory tract. However, detailed

mechanisms of this restriction remain obscure. Human tracheal epithelium was shown to contain mostly Siaa2-6Gal,17

whereas duck gut epithelium contains mostly Siaa2-3Gal.19 Recently, Matrosovich et al.26 demonstrated that

influenza viruses enter the human airway epithelium through specific nonciliated cells, whereas avian viruses, as

well as the egg-adapted human virus variant with an avian virus-like receptor specificity, mainly infected ciliated cells.

This pattern correlated with the predominant localization of receptors for human viruses (a2-6-linked sialic acids) on

nonciliated cells and of receptors for avian viruses (a2-3-linked sialic acids) on ciliated cells. We27 also demonstrated

that human trachea primary epithelial cells express not only the Siaa2-6-Gal receptor for human influenza viruses but

also the Siaa2-3-Gal receptor for avian influenza viruses.
4.25.3 Spanish Influenza Virus Hemagglutinin Recognizes Human
Neu5Aca2-6Gal Receptors

The 1918 influenza pandemic killed an estimated 20–50 million people. The origin of this highly virulent

strain continues to be of interest. Taubenberger’s group analyzed short fragments of RNA from the tissues of 1918

victims,28,29 and proposed recently that the 1918 virus was not a reassortant virus like those of the 1957 and 1968

pandemics, but more likely an entirely avian-like virus that adapted to humans.30 To identify properties of the 1918

pandemic influenza A strain, we produced viruses which contain the viral hemagglutinin and neuraminidase genes of

the 1918 strain by the reverse genetics technique.31 Using a competitive binding assay, we found that the hemagglu-

tinin of the 1918 strain preferentially recognizes the human receptor Neu5Aca2-6Gal. Although human possesses both

types of receptor species in respiratory epithelia26,27 and as susceptible to infection with viruses bearing hemagglutinin

proteins of either receptor specificity, all of the human viruses studied thus far preferentially recognize Neu5Aca2-6
Gal over Neu5Aca2-3Gal. Thus, our data suggest that the virus that eventually became the 1918 pandemic strain must

have circulated in humans, or possibly another adaptive host such as pigs, with human-type receptors, for a sufficient

time to develop a preference for the human sialyl sugar chain receptors. This model gains support from the recently

solved crystal structure of HA of the 1918 strain32,33 which predicts that the protein would preferentially bind to the

human receptor.32 The data suggest that it seems to be similar to the bird flu that emerged in Hong Kong in 1997.34

Recently, Glaser et al.35 demonstrated that only a single amino acid change in the hemagglutinin (Asp190Glu) from
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one of the 1918 viruses, the A/New York/1/18 strain, which recognized both the a2-6 and the a2-3-linked sialic acid

(avian) cellular receptors, to the avian consensus sequence is required to reduce binding to the human receptor, indicating

that a single amino acid substitution in the 1918 influenza virus hemagglutinin changes the receptor binding specificity.
4.25.4 Highly Pathogenic and Potentially Pandemic H5N1 Avian Influenza
Viruses and the Molecular Mechanism of the Transmission of the
Viruses into Humans

It has been believed that the host range of avian influenza virus does not transfer the avian influenza viruses directly to

humans. Actually, the previous influenza pandemic such as H2N2 (Asian flu in 1957) and H3N2 (Hong Kong flu in

1968) were from avian virus reassorted with the human gene in pigs. Pigs have receptors for both human and avian

influenza viruses,18,19 and can be infected by both human and avian viruses, and are the animals that live closely with

both humans and birds in nature. Pigs have been the ‘mixing vessel’,36 resulting in a new mutant that can infect

people. Although the same lineages of virus subtypes (H1N1, H3N2) as those of humans are maintained in pigs, pigs

have more genetically diverse subtypes of influenza A viruses. Avian-like Swine H1N1 emerged during the late 1970s

in Europe and is antigenically and genetically distinct from the classic H1N1 virus.37 Another lineage of human-like

swine viruses has recently appeared in pigs in the United States during the latter part of the 1990s,38 indicating that

pigs may play a role as mixing vessels of human, avian, and other different origins.18,19,36

In 1997, an H5N1 avian influenza Avirus was transmitted directly from chicken to humans in Hong Kong, killing six

of the 18 people infected with 33% motality rate.2–6 The H5N1 virus in Hong Kong seemed to be rarely transmissible

from human to human. The 1997 H5N1 bird flu was once eradicated by the culling of all poultry in Hong Kong.

However, the donor of the hemagglutinin gene in the 1997 H5N1 strain (A/goose/Guangdong/1/96 [H5N1]) continued

to circulate in geese in southeastern China39,40 and this virus was soon replaced by different genotypes41 that were

highly pathogenic in chicken but not in ducks. These H5N1 viruses were again eradicated by the slaughter of poultry,

only to be replaced by additional genotypes in 2002. In February 2003, the H5N1 bird influenza virus reemerged in a

family in southeastern China including Hong Kong.42 Infection with H5N1 virus in the father and the son was

confirmed. From December 2003, H5N1 virus, the extremely highly pathogenic bird influenza virus has spread over

many Asian countries (reviewed by Lipatov et al).43

This virus killed nearly 150 million poultry in Asia, and at least 62 people in Thailand,44 Vietnam, Cambodia, and

Indonesia until 1 November 2005. Later during the outbreak, additional H5N1 virus isolates from various avian

species (duck, quail, goose, crow, and native birds) were reported. A big outbreak of H5N1 virus in migratory

waterfowl was first reported in Qinghai Lake in western China in 2005, which is a protected nature reserve with no

poultry farms in the vicinity.45 Twenty-eight H5N1 viruses from 92 cloacal, tracheal, and faecal swabs, and a further

five viruses from tissue samples from the wild waterfowls were isolated. Sequence comparison revealed that the H5N1

viruses were almost identical across all gene segments. The hemagglutinin gene retains the motif of basic amino acids

(QGERRRKKR) in the connecting peptide that characterizes highly pathogenic avian flu. All Qinghai isolates had a

Lys 627 mutation in the PB2 gene, which has been associated with increased virulence in mice.46 Phylogenetic

analysis of hemagglutinin, neuraminidase, and nucleoprotein indicated that the Qinghai viruses were closely related to

H5N1 virus A/Chicken/Shantou/4231/2003 (genotype V) of the viruses; however, another five internal genes, represented

by thematrix-protein gene, were closely related to A/Chicken/Shantou/810/2005 (genotypeZ) isolated in southern China

during 2005.45 Qinghai lake viruses, therefore, are clearly distinguishable from those that have caused human infection

in Thailand and Vietnam. The genomic analysis of H5N1 avian influenza A viruses isolated from poultry and other

animals47 and from humans48 in Thailand has been reported. The H5N1 virus is also isolated from tigers and leopards

in Thailand.49–52 Recently, domestic cats can be experimentally infected with H5N1 virus, and it is suspected that the

cat may act as an intermediate host between bird and humans.53 Probable tiger-to-tiger transmission of avian influenza

H5N1 in Thailand has been reported.52 Transmission of equine influenza virus (H3N8) to racing dogs, greyhounds

was reported.54 It has also been reported that the H5N1 virus was isolated from pigs in Vietnam and China which has

been reported as an intermediate host between birds and humans. Thus, the H5N1 viruses can easily jump the wall of

the host range restriction. Molecular changes in the H5N1 virus hemagglutinin suggested adaptive evolution in the

new host.

The molecular mechanism of H5N1 transmission to humans in Vietnam and Thailand 2004 is still unclear. The

unique substitution Ser239Asn (Ser227Asn in H3 numbering) identified in viruses isolated from two patients (a boy

and his father) with H5N1 influenza after visiting Fujian province, China in 20036,42 was not seen in any other H5N1
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viruses. We55 have characterized the receptor binding specificity of the isolate (A/Hong Kong/212/03) from the boy

who had close contact with live chickens during a visit to Fujian province, and found that the virus bound to both

Neu5Aca2-3Gal- and Neu5Aca2-6Gal-sequences under the condition that reference virus from duck (A/duck/Hong

Kong/836/80, A/duck Hong Kong/200/01) and human (A/New Caledonia/20/99, A/Memphys/1/71) bound to

Neu5Aca2-3Gal and Neu5Aca2-6Gal, respectively. These results suggest that after its transmission from a bird to a

human, it may have acquired the ability to recognize Neu5Aca2-6Gal. This concept is consistent with the current

knowledge in that the HAs of the first strains available from all pandemics of the twentieth century were transmitted

from birds to humans.56,57 More recently, Mai Le et al.7 have analyzed the receptor binding specificity of the H5N1

isolate from a patient in Vietnam. An H5N1 influenza virus, A/Hanoi/30408/2005, was isolated from a 14-year-old

Vietnamese girl who had received a prophylactic dose (75 mg once a day) of oseltamivir for 4 days and then was given a

therapeutic dose (75 mg twice daily) for 7 days. The virus which resist to oseltamivir was isolated during her

prophylactic treatment and no virus was isolated after the administration of increased doses of oseltamivir. The girl

had not had any known direct contact with poultry, but had cared for her 21-year-old brother while he had documented

H5N1 virus infection. The timing of infection in these two patients together with the lack of known interaction of the

girl with poultry, raises the possibility that the virus could have been transmitted from brother to sister. Ten clones

were purified from the virus, and oseltamivir-resistant clone 9 and-sensitive clone 7 were submitted to determine the

receptor binding specificity. We found both clones bound to a2-3-linked polymer and a2-6-linked polymer. The

reference bird virus, A/duck/Mongolia/301/2001, bound a2-3-linked polymer but did not bind a2-6-linked polymer at

all; human reference virus, A/Kawasaki/1/2001 bound strongly to a2-6-linked polymer, but only weakly to a2-3-linked
polymer. The broader binding properties of the H5N1 clones may reflect a degree of adaptation in human hosts. Our

two experiments on the H5N1 isolates from humans in China and Vietnam shows that the highly pathogenic avian

H5N1 virus may mutate after its transmission from a bird to a human, and may acquire the ability to recognize the

human Neu5Aca2-6Gal receptor which easily spread from human to human, and then may cause a severer pandemic

than the 1918 Spanish flu in human world. It is particularly concerning that perhaps only one or two amino acid

changes in the viral receptor binding site of the H5N1 virus hemagglutinin may be required to change the tropism of

the H5 hemagglutinin from avian- to human-type receptors.7

In 1999, H9N2 bird influenza virus was also transmitted to two children in Hong Kong and caused mild influenza.

Our group58 and Matrosovich et al.59 demonstrated that some H9N2 influenza viruses isolated from quails in China

have already acquired a preference for binding to Neu5Aca2-6Gal receptors like human strain, indicating this virus has

a potential to cause human-to-human transmission although the case is not reported until now. This results shows that

bird influenza viruses that recognize the Neu5Aca2-3Gal receptor can be mutated in the infected bird body during

their circulation in the avian world to human type that binds to the human receptor Neu5Aca2-6Gal sialosugar chains.

H9N2 viruses have also been detected in pigs in Hong Kong,60 and are now panzootic in domestic poultry in

Eurasia.61 These results support H9N2 viruses have a potential role as pandemic influenza agents.

In March 2003, pathogenic H7N7 subtype of avian influenza A virus emerged in poultry in The Netherlands. The

virus transmitted to humans. One veterinarian died and conjunctivitis occurred in at least 82 persons.62,63 Receptor

binding specificities of the virus H7N7 isolated from chicken and humans and the molecular mechanism of the viral

transmission from bird to humans are still unknown. The recent human infections caused by H5N1, H9N2, and H7N7

avian influenza viruses give a threat of generation of new mutated influenza viruses that spread easily from one

person to another which could set the stage for worldwide outbreak of highly pathogenic influenza viruses.

The highly pathogenic and potentially pandemic H5N1 avian influenza viruses have become endemic and are now

resident in Asia and currently spreading to Russia and European countries, may not easily eradicable.41 Long-term

control measures are required to reduce this threat to public and veterinary health in this region and potentially the

world.64 It is imperative that outbreaks of a H5N1 disease in poultry in Asia are rapidly and sustainably controlled.
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4.26.1 Introduction

In the past 50 years, there has been remarkably little change in the worldwide incidence of human, parasitic worm

infections, in respect to the major gastrointestinal nematodes Ascaris lumbricoides, Trichuris trichiura, as well as the

hookworms Ancylostoma duodenale and Necator americanus.1 Because of the intensive use of anthelminthics in the

treatment of human and veterinary parasitic helminth diseases, there is a rule of thumb that emergence of resistance

occurs within 10 years of introduction.2 Therefore, there is a continuous and urgent need for the development of new

drugs with novel mechanisms of action. Such an example is the investigation of inhibitors that interfere with the

pathways of nematode glycosphingolipid (GSL) biosynthesis and/or choline metabolism.3

What is(are) the underlying reason(s) for the pre-eminence of such metazoan parasites in terms of survival,

longevity, growth, and reproduction? The ‘secret’ would appear to be immunomodulation, the ability on infection

to generate a conducive, anti-inflammatory immune response dominated by a T-helper 2 (TH2) phenotype.4–7

Parasitic helminth-derived, protein-and/or lipid-bound antigenic glycans have been implicated in this phenomenon

from the three major groups of helminth parasites: the cestodes (tapeworms),8 the trematodes (flukes),9 and the

nematodes (roundworms).10 It will be the aim of this chapter to characterize the range of glycoconjugate structural

elements synthesized by the various parasites and to analyze those involved, directly or indirectly, in the immunoreg-

ulation of the host’s immune response following infection.
4.26.2 Structural Modifications of Helminth Glycosylated Antigens

Just a brief word is necessary to nomenclature of helminth glycoconjugates (as comprehensively summarized by Dell

et al.).11 The oligosaccharide backbones of GSLs are defined in terms of ‘core series’ consisting of specific monosac-

charide sequences, linkages, and anomeric configurations. Glycoproteins are of the N- and O-linked glycan types.

O-glycans, with nonreducing terminals corresponding to N-glycans, are O-linked to serine/threonine via characteristic

cores, the most frequent of which are core-1 type (Galb3GalNAca-) and core-2 type (GlcNAcb6[Galb3]GalNAca-).
N-Glycans are defined by four classes of core types, namely, high mannose (Man5–9GlcNAc2), truncated

(Man1–4GlcNAc2), complex (XMan3GlcNAc2), and hybrid (XMan4–5GlcNAc2; X corresponding to the various termi-

nal and side chain ‘capping’ modifications as detailed in the next paragraph).
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Table 1 Cited helminth species that have undergone partial or extensive glycoconjugate analysis

Helminth species

Glycoconjugates analyzed

Glycoprotein Glycolipid

Cestodes (tapeworms)

Diphyllobothrium hottai � þ
Echinococcus granulosus þ þ
Echinococcus multilocularis þ þ
Metroliasthes coturnix � þ
Spirometra erinacei � þ
Taenia crassiceps þ þ
Taenia saginata � þ
Taenia solium þ þ
Nematodes (roundworms)

Acanthocheilonema viteae þ �
Ascaris suum � þ
Caenorhabditis elegans þ þ
Dictyocaulus viviparus þ �
Dirofilaria immitis þ �
Haemonchus contortus þ �
Litomosoides sigmodontis � þ
Onchocerca gibsoni þ �
Onchocerca volvulus þ þ
Parelaphostrongylus tenuis þ �
Setaria digitata � þ
Toxocara canis þ �
Toxocara cati þ �
Trematodes (flukes)

Fasciola gigantica � þ
Fasciola hepatica � þ
Schistosoma japonicum þ þ
Schistosoma mansoni þ þ
þ, partial/complete determination; �, not determined.
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As an oversimplification, chain elongation of glycoconjugates (glycoprotein N-/O-glycans and GSLs) occurs via

one of three pathways, or variants thereof: through N-acetylactosamine (LacNAc/LN); N,N0-diacetyllactosediamine

(LacdiNAc/LDN); or chitobiose (N,N0-diacetylchitobiose/b4-linked GlcNAc oligomer).12,13 TheLacNAcpathways are

relatively abundant in vertebrates, while the LacdiNAc backbone is foundmore often in invertebrates and the chitobiose

pathway is mostly restricted to invertebrate glycoconjugates. In helminth parasites, the nonreducing termini of the

oligosaccharide antennas are then often capped by a-linked sugars to confer defined immunological and/or biological

properties on the parasite-derived glycans. Capping by fucosylation, O-methylation, phosphorylcholine (PC), and tyve-

losylation is known to yield immunodominant epitopes, which are either helminth-specific or (mammalian) host-shared

antigenic determinants.11,14,15 In the following section, the glycoproteins and glycolipids of the three main helminth

parasite groups (cestodes, trematodes, and nematodes) are considered. Emphasis is placed on the glycan structures that

are known for or suspected of immunoregulation of the infection-induced host immune response (Table 1).
4.26.2.1 Cestodes

Galactosylation ‘capping’ appears to be a common device for cestode glycoproteins and a defining trait of glycolipids. Thus,

the dominant antennas of O-glycans from the juvenile stage ofEchinococcus multilocularis16 was Gal4Gal-(Figure 1). The

major N-glycans of the juvenile stage from the closely related Echinococcus granulosus17 were of the complex type with

core fucosylation. The antennas were truncated with GlcNAc ‘stubs’ or elongated with b-galactose to form LacNAc,

while a significant proportion of these were capped with a-galactose to form the GalaGalb structure. From the known

cross-reactivity of E. granulosus glycolipids with the blood group P1 epitope (Gala4Galb4GlcNAcb-),18 this cap is also

expected to be Gala4Galb-. However, N-glycans from juvenile forms of two members of Taenia spp., Taenia solium19

and Taenia crassiceps,20 were completed with other structural elements. The major core-fucosylated complex-type

structure of T. solium comprised a single, truncated antenna bearing only a b-linked GlcNAc ‘stub’, while minor
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O-Glycans from E. multilocularis

N-Glycans from E. granulosus, T. crassiceps, and T. solium, respectively
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Figure 1 Structures of N- and O-linked glycoprotein glycans of selected cestodes: O-glycans of Echinococcus multi-

locularis;16 major N-glycans of Echinococcus granulosus,17 Taenia crassiceps,20 and Taenia solium.19 The hypothesized

Gala4Galb-determinant has been highlighted.
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components bore GlcNAc, LacNAc, and LacdiNAc antennas. Taenia crassiceps, on the other hand, expressed a signifi-

cant proportion of unique diantennary, complex glycans with Fuca3GlcNAcb-, along with truncated and, further,

complex glycans carrying single GlcNAc or LacNAc units.

Much more is known concerning the structure of cestode GSLs, which, according to fundamental differences in

saccharide sequence, are best separated commensurate with their phylogeny (Figure 2). Juvenile and adult stages

of pseudophyllidean cestodes, Spirometra erinacei21,22 and Diphyllobothrium hottai,23 have neutral glycolipids of

the novel spirometo-series and are termed spirometosides. The repetitive theme of galactosylation is observed in

the core ceramide trisaccharide Galb4Glcb3GalbCer, that may be modified by fucosylation and/or galactosylation

to yield ceramide tetrasaccharide SEGLx (Galb4[Fuca3]Glcb3GalbCer) and ceramide pentasaccharide GalSEGLx

(Galb4[Fuca3]Glcb3[Galb6]GalbCer). These structures are so unusual that they are possibly of taxonomic signifi-

cance. The structural similarity to the Lex epitope (Galb4[Fuca3]GlcNAcb-) should not go unnoticed and will be

discussed further at the appropriate point.24

Adult and juvenile stages of cyclophyllidean cestodes E. multilocularis,25 Metroliasthes coturnix,26 Taenia saginata and

T. solium,27 and T. crassiceps28 express neutral GSLs which almost exclusively represent the neogala-series carbohydrate

chain of Galb6Galb-(Figure 2). In a ceramide di-/trisaccharide fraction of E. multilocularis, a3-fucosylation of the

second galactose residue from the reducing end could occur.25 And, the a-galactosylation ‘capping’ theme could be

continued by the reoccurrence of the cestode glycoprotein-derived Gala4Galb-gala-series determinant on a fraction of

ceramide disaccharides from M. coturnix26 and ceramide tetrasaccharides from T. crassiceps.28

Sialic acid-containing glycoconjugates have been detected18 and structurally determined17,20,29 in T. crassiceps,

E. multilocularis, and E. granulosus. However, the general consensus of opinion is that they are host and not cestode

derived.

4.26.2.2 Trematodes

The two genera Schistosoma spp. and Fasciola spp. are considered. In terms of parasitic helminth glycobiology, the

three major blood-fluke species Schistosoma haematobium, Schistosoma japonicum, and, in particular, Schistosoma mansoni

have been the most intensively investigated.14,15,30–33 Of the liver fluke Fasciola spp., only the GSLs of adult stage

Fasciola gigantica and Fasciola hepatica have been structurally determined34–36 (Figure 3).

Fasciola gigantica and F. hepatica glycolipids continue the theme of structural determinant ‘galactosylation’, but with

the added twist of ‘molecular mimicry’, that is, the capability of parasitic helminths to express the same or homolog-

like molecules of the host.37 Fasciola hepatica, in particular, is a rich source of different core-series glycolipids. The
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Figure 2 Carbohydrate structures of GSLs from cestodes: depicted glycolipids were obtained from Echinococcus multi-

locularis (a),25,191 Taenia crassiceps (b),28 Metroliasthes coturnix (c),26 and Taenia solium (d),192 belonging to the order
Cyclophyllidea, as well as Spirometra erinacei (e)21,22 and Diphyllobothrium hottai (f),23 belonging to the order Pseudophyl-

lidea. Gal(b1–6)-motifs have been highlighted. Cer, ceramide.
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Gal(b1-4)Glc(b1-1)Cer
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Figure 3 Carbohydrate structures of neutral and acidic GSLs of Fasciola hepatica.34–36 Cross-reacting Gal(b1–6)
epitopes have been highlighted. Cer, ceramide.
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basic structure is represented by the globo-/isoglobo-series of Gala4Galb4GlcbCer/Gala3Galb4GlcbCer,34,36 but with
modification(s). Core elongation can involve the neogala-Galb6Galb-structural element,36 which is antigenic and

responsible, at least in part, for the serological cross-reactivity with neogala-glycolipids of the cestodes E. granulosus

and T. crassiceps.18,36,38 Core elongation can also involve the GalNAca3GalNAcb-motif to yield the Forssman antigen,

but from their ceramide signature they are of host origin.36 Besides these neutral GSLs, a novel antigenic and acidic

glycolipid was isolated with the structure GlcNAca-HPO3–6GalCer.35

Schistosoma haematobium, S. japonicum, and S. mansoni have discontinued the use of galactose capping in favor of

‘fucosylation’ in the absence of sialic acid,14 but have retained the twist of ‘molecular mimicry’ (Figure 4). Concen-

trating on the best-known species from a glycobiological viewpoint, S. mansoni glycome is dominated by the

developmental expression of both parasitic helminth-derived and mammalian-shared, fucosylated structures on either
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Figure 4 Structures of N- and O-linked glycoprotein glycans of Schistosoma mansoni life-cycle stages: cercarial N- and

O-glycans;39,49,50 adult N-glycans51–53 as well as the O-glycans of CAA55 and CCA;54 and egg N-glycans.56,57 Lex and LDN-
F moieties have been highlighted by shading, and oligofucosyl side chains have been circled by dashed lines.
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a LacNAc/LN, LacdiNAc/LDN, chito-oligomeric (-GlcNAcb3/4-), or modified backbone. The former, mammalian-

shared, is represented by the fucosylated LacNAc/LN structural element, Lex.39 The latter, parasitic helminth-

derived, is represented by the oligo-/multifucosylated, terminal and subterminal repeating unit of complex egg

GSLs and cercarial O-glycans, as �Fuca2Fuca3GalNAcb(4[Fuca2Fuca3]GlcNAcb-)n
15,40 (Figure 5). This then

includes the known antigenic fucosylated glycan motifs of F-LDN (Fuca3GalNAcb4GlcNAcb-), F-LDN-F

(Fuca3GalNAcb4[Fuca3]GlcNAcb-), F-LDN-DF (Fuca3GalNAcb4[Fuca2Fuca3]GlcNAcb-), LDN-F (GalNAcb4
[Fuca3]GlcNAcb-), and LDN-DF (GalNAcb4[Fuca2Fuca3]GlcNAcb-).41 LDN, and its fucosylated form LDN-F,

belong to the mammalian-shared structural elements, with the rest being parasitic helminth-derived. Both types of

structure are found on schistosome glycoproteins and glycolipids,14 and while both types are immunogenic the

stronger immune response is against the parasite’s own structural determinants.42 As cited by Huang et al.,39 the latter

glycoprotein-derived glycans may represent the most highly fucosylated structures known.

GSLs are distinguished by the schisto-series core of GlcNAcb3GalNAcb4GlcbCer.14,43 The N-acetylhexosamine

backbone is terminated mainly by the Lex-trisaccharide in cercariae, but also with the pseudo-Ley variant of

Fuca3Galb4[Fuca3]GlcNAcb-.44 Size, complexity, and antigenicity are increased in the larger egg glycolipids, as the

previously mentioned multifucosylated sequence, being characterized by a backbone of N-acetylhexosamine residues

decorated with oligofucosyl sidechains, and exemplified by Fuca3GalNAcb4[�Fuca2Fuca2Fuca3]-GlcNAcb-.40,45
(a–c)

(a–c)

(a, b)

(a)

(a, b)
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GalNAc(b1-4)Glc(b1-1)Cer

Glc(b1-1)Cer

Gal(b1-1)Cer

Gal(b1-4)GlcNAc(b1-3)GalNAc(b1-4)Glc(b1-1)Cer

Gal(b1-4)GlcNAc(b1-3)GalNAc(b1-4)Glc(b1-1)Cer

Fuc(a1-3)

Gal(b1-4)GlcNAc(b1-3)GlcNAc(b1-3)GalNAc(b1-4)Glc(b1-1)Cer

Fuc(a1-3)
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Figure 5 Carbohydrate structures of GSLs from S. mansoni cercariae (a), eggs (b), and adults (c).40,43–45,193 Lex and
pseudo-LeY carbohydrate epitopes have been highlighted. Cer, ceramide.
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The major antigenic determinant differentiating these structures was Fuca3GalNAcb-, as recognized by the mono-

clonal antibody (MAb) M2D3H.46 In addition, the structural basis for the serological cross-reactivity between

schistosome infection sera, schistosome glycolipid glycans, and keyhole limpet hemocyanin (KLH) can now be

explained in terms of the N-linked glycan Fuca3GalNAcb4[Fuca3]GlcNAcb-moiety, that is, F-LDN-F.47,48

Due to the complexity of the developmentally regulated expression, schistosome glycoproteins are best considered

according to the most frequently investigated life-cycle stages of cercariae, adults, and eggs.

� Cercariae. The infective cercarial stage is surrounded by highly fucosylated, O-glycosylated proteins of the

protective glycocalyx with the characteristic repeating unit �Fuca2Fuca(3GalNAcb4[Fuca2Fuca2Fuca3]-
GlcNAcb3Gala)n

49 (Figure 4). They share with egg GSLs the previously designated, oligofucosylated lacdiNAc

cap.40 A subset of smaller O-glycans were structurally analyzed to reveal Lex carried on novel branched cores to

yield diantennary-like structures that mimic N-glycans.39 N-Glycan mono-/diantennary structures were also domi-

nated by the Lex determinant.50 In addition, N-glycan cores of S. mansoni were identified by a6-fucosylation
together with (frequent) b2-xylosylation. Lex would then appear to be a representative, cercarial feature being

present on glycolipids, as well as N- and O-glycans.

� Adults. Besides mainly high mannose- and paucimannose-type N-glycans, a considerable variety of complex-type

structures have been detected.50 These have been determined, in part, as diantennary, fucosylated/nonfucosylated

LacdiNAc antennas and as two to four LacNAc antennas extended as oligomeric Lex of up to 10 repeating units51,52

(Figure 4). Also, a family of core a6-fucosylated, diantennary N-glycans has been characterized with LacdiNAc

repeats, that is, carrying dimers of LacdiNAc with or without fucose a3-linked to GlcNAc residues of the

antennas.53 The two predominant O-glycosylated proteins are highly antigenic, gut-associated, secreted and circulat-

ing, being termed circulating cathodic antigen (CCA)54 and circulating anodic antigen (CAA),55 respectively. The

80% carbohydrate and core 2-linked CCA contains poly-LacNAc chains of up to 25 repeating units, many of the

internal GlcNAc residues of which are a3-fucosylated, that is, polymeric Lex. The 30% carbohydrate of glycosamino-

glycan-like CAA represents a repeating, polymeric (-6GalNAcb-)n of up to 30 residues, each of which is substituted

with GlcAb3-.
� Eggs. The structural analysis of egg glycoprotein N- and O-glycans is incomplete, but terminal structures are known

to consist of the nonfucosylated structural elements HexNAc, LacNAc, and LacdiNAc, as well as their fucosylated

counterparts14,56,57 (Figure 4). O-Glycan cores are based on types 1 and 2, while N-glycans are defined by

b2-xylosylation and/or a3-fucosylation of the a6-fucosylated core. The a6-fucosylated, trimannosyl-chitobiose

core can either be a3-fucosylated or b2-xylosylated in S. japonicum and S. mansoni, but only in the former both

difucosylated and xylosylated.
4.26.2.2.1 Why Schistosoma spp. eggs are a special case
The schistosome egg is a veritable cornucopia of secreted and nonsecreted, highly fucosylated, antigenic glycoconjugates

of both glycoproteins and glycolipids. Structural glycan elements are shared not only between different life-cycle stages,

but show genus and species specificity.58–60 Structural analyses, therefore, have mostly been performed on the total

mixture of extracted glycoproteins and not on a purified glycoprotein of known function.14,56 With the first protein-

specific glycosylation analysis of an individual schistosome egg-glycoprotein, this has been recently rectified.57

Previously, three glycoproteins were isolated and classified from soluble egg antigen (SEA) as a-1, o-1, and k-5.61,62

Omega-1 has been found to be a secreted, cytotoxic ribonuclease.63 Alpha-1 has been identified to correspond to a

major, immunogenic, and secreted egg glycoprotein termed IPSE (interleukin (IL)-4-inducing principle from

S. mansoni eggs).64,65 IPSE is a general activator of human basophils triggering their degranulation and release of

IL-4, IL-13, and histamine. Monomeric IPSE/a-1 displays core-difucosylated, diantennary N-glycans carrying one or

more Lex motifs.57 In this context, the recently described schistosome egg-derived, pro-angiogenic factor(s) also has

(have) the traits of a glycoconjugate.66
4.26.2.3 Nematodes

From the standpoint of displaying a remarkable array of different ‘capping’ structures, parasitic nematodes must be

regarded as masters of subterfuge and camouflage.11,14,67 In fact, some species use more than one structural element

during a single life-cycle, the specialist in this regard being Trichinella spiralis.68 These capping structures are

characterized as being highly conserved, immunodominant, and displaying either antigenic specificity (in the case

of tyvelose) or cross-reactivity (in the case of PC). It is certainly no accident that the three major, parasitic helminth
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infections of humans are caused by nematodes, namely, A. lumbricoides, T. trichiura along with the hookworms A.

duodenale andN. americanus.69 This success must be due, at least in part, to glycoconjugate components of the cuticular

surface coat, external to the epicuticle, and/or excretory-secretory (ES-) products.70

� Galactosylation. The capping tactic of galactosylation, as associated with putative immunoevasion and molecular

mimicry, has not been ‘forgotten’ by the cervid nematode parasite, Parelaphostrongylus tenuis. Besides high-mannose

and paucimannosidic N-linked glycans, the mono-, di-, tri-, and tetraantennary structures of complex N-glycans are

capped by Gala3Galb4GlcNAcb-antennas71 (Figure 6).

� Fucosylation. The fucosylation tactic is displayed on the glycoproteins of a number of nematode parasites. The

N-glycans of Dirofilaria immitis microfilariae31,72 carry an a6-fucosylated core with two to four short, potentially

fucosylated lacdiNAc antennas33 (Figure 6). Haemonchus contortus infective L3-larvas and adults possess N-glycans

of the high-mannose, paucimannose, and complex classes, with the latter again of short LacdiNAc and fucosylated

LacdiNAc antennas.73,74 Novel trimannosyl-chitobiose cores can be substituted with up to three fucose residues,

especially, the adult-specific fucosylation of the distal GlcNAc monosaccharide. Such difucosylated/trifucosylated cores

containing the Fuca3GlcNAc-moiety have antigenic and/or allergenic consequences for the host.75 The trick of

‘molecular mimicry’, however, is also maintained by the parasitic nematodes! Besides the usual high-mannose

and paucimannose cores of Dictyocaulus viviparus adult N-glycans,76 the most abundant two to four short antennas

incorporate the Lex-structural determinant. As yet, this is the first finding of Lex on a nematode glycoconjugate.

� Tyvelosylation. Trichinella spiralis is a most unusual nematode parasite among many unusual helminth parasites

in being, so to speak, the world’s largest intracellular parasite.77 However, its originality does not end there

when considering its N-glycans, in that the developmentally regulated expression of glycoconjugates occurs with

up to three ‘capping’ structures, that is, fucosylation, tyvelosylation, and PC modification in the infective L1

larvas.68,78–80 Tyvelose and fucose caps are present on tri-/tetraantennary glycans of short LacdiNAc antennas from

ES- and larval, cuticular surface-glycoproteins (Figure 6). PC substitution is present on GlcNAcb-antennal ‘stubs’
or short, LacdiNAc antennas on mono-, di-, tri-, and tetraantennary structures of nonsecreted glycoproteins. As a

further surprise, tyvelose, fucose, and PC modification(s) are absent from the adult!81 The tyvelose decoration and/

or carbohydrate moiety, that is, tyvelose-capped, tetraantennary N-glycan Tyv4Fuc5Hex3HexNAc10 has been

detected on a number of secreted, L1 larvas-derived glycoproteins/enzymes.82–84 Further, there is the suspicion

that tyvelose is not restricted to T. spiralis, but may be more widespread in other parasitic nematode embryonated

eggs and/or L1 larvas.85

� O-Methylation. The O-methylation cap has been structurally determined just once, on the O-glycans of L2

larval stage cuticular surface- and ES-glycoproteins from Toxocara canis and Toxocara cati.86 Two major

O-glycans were found on heavily O-glycosylated ES-glycoproteins as Fuc2Mea2Gal4Meb3GalNAca- and

Fuc2Mea2Galb3GalNAca- (Figure 6). These O-methylated sugars, despite the substitutions, have not escaped

attention as to their similarity to the H-antigen of the ABO-blood group system. Once again, there is the added

suspicion that O-methylation is not restricted to these two ascarid, parasitic nematodes.87

� PC modification. The highly conserved PC moiety of glycoconjugates is not the exclusive preserve of filarial

nematodes, but is most frequently encountered in members of the family Onchocercidae.88–90 It has been

structurally determined on ES-products of Acanthocheilonema viteae and Onchocerca gibsoni, as well as glycoprotein-

containing extracts of adult A. viteae and Onchocerca volvulus. These PC-containing N-glycans are developmentally

regulated and expressed, being carried on trimannosyl-chitobiose cores with and without fucosylation, by one to

four GlcNAcb-antennal ‘stubs’.91 Adult filarial nematodes were also characterized by the presence of eukaryote-

novel, chito-oligomeric antennas (GlcNAcb4GlcNAcb-)n containing up to five or six GlcNAc residues as short

chitin oligosaccharides (Figure 6).

The GSLs of adult Ascaris suum are almost as ‘expressive’ as T. spiralis in terms of ‘capping’ complexity (Figure 7).

As originally found in dipteran insects,92 A. suum neutral glycolipids reveal the arthro-series core of

Gala3GalNAcb4GlcNAcb3Manb4GlcbCer and are, therefore, termed arthrosides.93 In zwitterionic glycolipids, the

GlcNAcb-residue can be substituted at position C6 with PC and the Manb-residue at C6 with phosphorylethanol-

amine.94 The frequently observed serological cross-reactivity between parasitic nematode glycoconjugates is due, at

least in part, to the presence of PC.95 On elongation of the pentasaccharide core, that is, more complex glycolipids,

fucosylation and galactosylation are exhibited.96 Ascaris suum is not finished yet, in that, it synthesizes the novel, acidic

phosphoinositol-containing glycolipid GalaIns-P-Cer in addition to 3-sulfogalactosylcerebroside HSO33Galb-Cer.97

PC-substituted, arthro-series glycolipids were also detected in adult O. volvulus and Setaria digitaria, as well as adult

females and microfilariae of Litomosoides sigmodontis. This was confirmed by the structural determination of three

GSL-species from O. volvulus.98
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Figure 6 Capping structures of N- and O-linked glycoprotein glycans from selected nematodes: a-galactosylation
of Parelaphostrongylus tenuis N-glycans;71 fucosylation of Haemonchus contortus core glycans,73,74 Dictyocaulus

viviparus lacNAc antennas76 and Dirofilaria immitis LDN moieties;72 tyvelosylation of Trichinella spiralis complex-type

N-glycans;68,78–80 O-methylation of Toxocara canis86 and Caenorhabditis elegans105 O-glycans; PC modification of

Acanthocheilonema viteae ES-62 N-glycans;88–90 and filarial nematode chito-oligomerization of N-linked sugar chains.88

Characteristic capping motifs have been highlighted.
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Figure 7 Carbohydrate structures of neutral and zwitterionic GSLs of nematodes: depicted glycolipids were obtained from

the parasitic nematodes Ascaris suum (a);93,94,96,194 Onchocerca volvulus (b);98 Litomosoides sigmodontis (c);98 Acantho-
cheilonema viteae (d);195 Setaria digitata (e);98 and the free-living nematode Caenorhabditis elegans (f).100,101,104 PC,

phosphorylcholine; PE, phosphorylethanolamine; Cer, ceramide.
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4.26.2.3.1 Caenorhabditis elegans: A parasitic nematode model
As a model organism, the free-living nematode Caenorhabditis elegans is being used to study the glycome in a

multicellular eukaryote, that is, the entire set of glycans present.87 At the same time, a case has been made for

using C. elegans as a prototypic nematode for parasitic nematode investigation(s).99 So, it would be better to combine

the two directions, with studies so far producing promising results (Chapter 4.06).

Its GSL structures are highly conserved with the insect-characteristic, neutral, arthro-carbohydrate series core,100

that is converted to the zwitterionic form on PC substitution of the GlcNAcb-residue at C6.101 Not only insects, but
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also nematodes, have proved susceptible to the biological insecticide/nematicide Bacillus thuringiensis (Bt) toxin, for

example, C. elegans and the rat parasitic nematode, Nippostrongylus brasiliensis.102 Recent examination of arthro-series

core-derived, complex, neutral GSLs from C. elegans have confirmed not only the original supposition of the

involvement of such sequences in Bt toxin-binding,103 but also that these lipid-bound elements are also Bt toxin-

receptors.104 Galactosylation, that capping tactic of cestodes, trematodes, and nematodes, appears to be responsible for

the Bt toxin-glycolipid receptor interaction. These Bt toxin-active glycolipids are not only fucosylated, but also 2-O-

Me-fucosylated!104

Once again, studies of C. elegans glycosylation have revealed glycans of very novel, structural features. Seven

major O-glycans were found based on the type-1 core, but with highly unusual Glcb4- and Glcb6-branching of the

Galb3-and/or GalNAc-backbone residues. Perhaps, the most intriguing feature of such unusual structures was the

decoration of an O-linked LacdiNAc antenna with a b-linked, branched Gal-tetramer, itself modified with Fuca2- and
Fuc2Mea2-,105 that is, Galb6[Fuc2Mea2]Galb6[Fuca2/Galb3]Galb3[Glcb6]GalNAcb4GlcNAca-.
The N-glycosylated proteins have furnished five classes of N-glycans, of which, there is general agreement on the

abundant high-mannose and paucimannose(truncated) types, as well as on the minute amounts of the truncated

and complex-type.87,106 However, divergent data have been reported on the structure(s) of the PC-containing

N-glycans.87,106–108 So far, three types of PC-substituted N-glycans have been described: oligomannosidic species

with five Man residues carrying up to three PC residues;107 trimannosyl-core species which are elongated by N-acet-

ylglucosamine bearing a PC unit at C6 of the nonreducing GlcNAc;87 and glycans which are substitutedwithPC at both

core and terminally linked GlcNAc residues.108 The presence of PC-bound glycans in a nonparasitic nematode is, in

itself, of intense interest. There is also some disagreement in the literature as to the highly fucosylated paucimannose-

type N-glycans (Fuc2–4Hex2–5HexNAc2), in which fucose has been reported to be bound to subterminal galactose or

mannose.87,107,109 Similarly, the linkage positions of naturally occurring O-methylated Fuc, Man, and/or GlcNAc

residues have not been fully assigned as yet.87,108,109 These differences have been comprehensively reviewed.106
4.26.3 Immunomodulatory Properties of Modified Helminth Glycosylated
Antigens

It is the CD4þ T-helper (TH) cells of the host’s adaptive immune system which respond directly to infection. The

response of mature CD4þ TH-cells can be of the TH1 (pro-inflammatory) or the TH2 (anti-inflammatory) type to

determine susceptibility or resistance to the pathogenic parasite. The direction of the adaptive immune system

response, however, is dependent on cells of the innate immune system, the antigen-presenting cells (APCs), and, in

particular, dendritic cells (DCs) and macrophages. Their activation and phenotypic maturation depend on their

interaction with parasite-derived, conserved molecular patterns that are termed pathogen-associated molecular

patterns (PAMPs), via pathogen recognition receptors (PRRs). APCs, together with the expression of appropriate

co-stimulatory molecules and release of the relevant cytokines, are capable of inducing, either a type-1, pro-inflam-

matory response and promotion of TH1-type CD4þ T-cells or a type-2, anti-inflammatory response and promotion of

TH2-type CD4þ T-cells.110,111 During acute and chronic conditions, the whole response is accompanied by regulatory

T-cells (Treg), the immunoregulatory cytokine IL-10, and suppressor cells, which include alternatively activated

macrophages.112,113

Helminth infections apparently drive a polarized and dominant T-helper 2 cell (TH2) phenotype coincident with a

selective loss of effector activity,7 in other words, a conducive anti-inflammatory environment for helminth parasite

survival and reproduction. It would appear also that helminth-derived, immunomodulatory glycans, in large part, are

responsible for driving anti-inflammatory responses and promoting polarization of the TH2 phenotype.114 We now

consider cestode, trematode, and nematode glycoconjugates in relation to the framework of host-parasitic helminth

immune response (Figure 8).
4.26.3.1 Cestodes

Thegeneralprincipleofpolarization in theshift fromanearly, acute-phase,protectiveTH1-type immune response to a late,

chronic-phase, permissive TH2-type immune response is clearly seen in cyclophyllidean cestode T. crassiceps-murine

cysticercosis.115 In this case, the TH1-polarized response of cytokines IL-2/interferon (IFN)-g with parasite antigen-

induced splenocyte proliferation is switched to a TH2-polarized response of cytokines IL-4, IL-6, and IL-10, along

with parasite-specific IgG-isotypes (IgG1, IgG2a, and IgG2b) and inhibition of lymphocyte proliferation. Cestode

carbohydrate-mediated immunomodulation has been found to be responsible for: the resultant TH2-polarized
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Figure 8 The generalized mechanism for parasitic helminth-induced polarization of DC maturation, T-helper (TH) cell
activation, and the resultant, modulated adaptive immune response. The maturation pathway from immature DCs (iDC) to

effector DCs is determined and polarized by either pathogen-derived type-1, type-2, or regulatory type PAMP interaction.

Type-1 PAMP activation yields classically mature DCs (mDC), type-2 PAMP activation generates modulated mDC, while
regulatory PAMPs provide either immature or regulatory DCs (DCreg). The type-2 PAMPs from helminth parasites are known

to include glycosylated, ES-products. The effector DCs promote the differentiation of naı̈ve TH-cells to the corresponding

TH1-, TH2-, and regulatory T-cells (Treg). Together with other factors, the cytokines secreted by the effector TH-cells regulate

the developing immune response, that is, the parasitic helminth-mediated TH2-cell immune response is characterized
by the cytokines interleukin (IL)-4,-5, and -13. The chronic infection symptomatic of pathogenic helminths is distinguished

by the negative feedback of a regulatory network. CD86 and OX40L, co-stimulatory surface proteins of activated and

mature DCs; IFN-g, interferon-g; TGF-b, transforming growth factor b.
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immune response;116 generation of a TH2-polarizing (IL-6) cytokine by naı̈ve, peritoneal macrophages via a Toll-like

receptor;117 and, expansion of a myeloid suppressor cell-population, phenotypically expressing the maturation surface

markers F4/80þ/Gr1þ, capable of cell contact-mediated suppression of polyclonal T-cell activation and proliferation.118

The postulated carbohydrate fraction-bound, Lex-structural determinant of T. crassiceps117 would, on structural

grounds, most likely correspond to the novel Fuca3GlcNAc short antennas of T. crassiceps complex-type N-glycans.20

Echinococcus granulosus and E. multilocularis, the causative agents of hydatid cyst and alveolar echinococcosis,

respectively, both generate immunodominant and immunomodulatory glycans.8,119 Both have been designated

T-cell-independent carbohydrate antigens (TI antigens). In particular, the T-cell-independent type-2 polysaccharide

antigen (TI-2 antigen) of E. multilocularis has been characterized as inhibiting T-cell proliferation, of inducing an

isotype switch of parasite-specific IgM to all IgG isotypes (except IgG1) without avidity maturation and a weak TH2-

type shift. All of these immunophenomena were independent of abþCD4þT-cells and CD40–CD40L interaction.

Echinococcus multilocularis neogala-series GSLs of ceramide disaccharide as well as GSLs with longer carbohydrate

chains were antigenic in binding infection sera-IgG, but not IgM or IgE, and were immunomodulatory in inhibiting

proliferation of infection-primed lymphocytes due to decreased IL-2 synthesis.25,120,121

The spirometoside glycolipids of pseudophyllidean cestodes are surface-located, where they should be if they are to

function at the host–parasite interface.23 ‘Molecular mimicry’ is also inferred, in that, the MAb generated against the

spirometoside epitope on SEGLx/GalSEGLx of Galb4[Fuca3]Glcb cross-reacts with the Lex (Galb4[Fuca3]-
GlcNAcb-).24 The Lex-antigenic determinant is considered more fully in the following section, in the context of

the trematodes, that is, Schistosoma spp.
4.26.3.2 Trematodes

Schistosomiasis belongs to the ‘big five’ of parasitic helminth diseases of humans, unfortunately, characterized by high

morbidity and mortality.122 A degree of humoral immunity has been achieved in rodent123–125and primate126

models, using attenuated S. mansoni-cercariae as vaccine against challenge infection. In parallel, mucosally adminis-

tered egg antigen-cholera toxin B subunit conjugates have induced long-lasting T-cell tolerance that suppressed

schistosome egg pathology and morbidity.127 A major target of the humoral immune response to infection has proved

to be the schistosome’s carbohydrate or glycan fraction.9,30,31,44 This has led to schistosomes, in the main S. mansoni,

being the focus of intense investigation and the subject of a number of reviews addressing the following

topics: first, schistosome glycobiology in determining the entire glycome of glycoconjugate-derived structures,

including and emphasizing, those structural features that distinguish parasite-specific and mammalian-shared deter-

minants;15,30–32 second, schistosome immunobiology in determining the antigenic or immunogenic glycans that are

recognized by and are involved in the functional pathways of the innate and/or adaptive immune system arms of the

immune response;128–132 and third, combined schistosome immunoglycobiology in determining those immunomodu-

latory glycans that could potentially serve as future vaccine candidates and immunodiagnostic reagents32,33,133

(Figure 9).

That glycoconjugates of S. mansoni are antigenic has been demonstrated many times, with the antigenicity of adult

worm, lipid-bound glycans serving here as a suitable illustration.134 The array of antigenic, fucosylated glycan motifs

on glycoproteins and glycolipids has been ‘mapped’ to the life-cycle stages of cercariae, adults, and eggs41,42 as: the

mammalian-shared epitopes of LDN, LDN-F (the shorthand form for LacdiNAc and fucosylated LacdiNAc) and

monomeric Lex; and the schistosome-characteristic epitopes of F-LDN, F-LDN-F, LDN-DF, and oligomeric Lex.

They are all immunogenic, that is, from humoral and cell-mediated immune responses of the adaptive immune

system, as defined by infection sera antibodies or infection-derived MAb’s.42,135–142 Of note, in the primate model,

are the apparently dominant epitopes F-LDN and LDN-DF in generating high levels of specific IgG antibodies, as

well as the IgM antibodies against oligomeric Lex.42,141 Intriguingly, the humoral immune response is, at least in the

murine model, able to differentiate between monomeric and oligomeric Lex.142

Acute schistosomiasis is a TH1-type disease driving a CD4þ T-cell TH1-polarized immune response and production

of the cytokines IFN-g and IL-2. Immunomodulation occurs on egg deposition and the switch to chronic schisto-

somiasis, a TH2-type disease driving a CD4þ T-cell TH2-polarized immune response and production of the cytokines

IL-4, IL-5, IL-6, IL-9, and IL-13, along with a high level of IgE antibodies.114,128,129 This includes production of the

immunoregulatory cytokine IL-10 that downregulates the TH1-associated mediator IFN-g. Two immunomodulatory

glycans are known to contribute to this switch: LDN-DF;143 and the predominant glycan epitope of SEAs, the Lex

trisaccharide that is also present in lacto-N-fucopentaose III Galb4[Fuca3]GlcNAcb3Galb4Glc-(LNFPIII/Lex).114

Both oligosaccharides involve triggering cellular responses of the innate and/or adaptive immune systems. LDN-DF

interacts in a fucose-dependent manner with naı̈ve monocytes to produce pro- and anti-inflammatory cytokines IL-10,
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Figure 9 The generalized mechanism for Schistosoma mansoni (Trematoda)-induced polarization of DC maturation,

T-helper (TH) cell activation, and the resultant, modulated adaptive immune response. The maturation pathway from
immature DCs (iDC) to effector DCs is determined and polarized by either pathogen-derived type-2 or regulatory type

PAMP interaction. Type-2 PAMP activation generatesmodulatedmature DCs (mDC), while regulatory PAMPs provide either

immature or regulatory DCs (DCreg). The type-2 PAMPs from S. mansoni eggs include highly glycosylated SEAs carrying, in
part, Lex, the first molecularly defined carbohydrate epitope in this context. The effector DCs promote the differentiation of

naı̈ve TH-cells to the corresponding TH2- or regulatory T-cells (Treg). Along with other factors, the immunoregulatory

cytokines interleukin (IL)-4 and-10 regulate the resultant immune response. The chronic infection symptomatic of schisto-

somiasis is distinguished by the negative feedback of a regulatory network. CD86 and OX40L, co-stimulatory surface
proteins of activated and mature DCs; IFN-g, interferon-g; TGF-b, transforming growth factor b.
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IL-6, and tumor necrosis factor (TNF)-a. LNFPIII/Lex induces expansion, outgrowth, and activation of peritoneal

B1-cells and splenic B-cells to produce large amounts of IL-10 and prostaglandin E2, two molecules of TH1-down-

regulation.144–147 DCs, the primary APCs of the innate immune system, are the target of LNFPIII in stimulating DC

differentiation to the DC2 maturation-phenotype capable of promoting the TH2-polarized response.114,148,149 This

Toll-like receptor (TLR)4-mediated event distinguishes LNFPIII/Lex as the first molecularly defined TH2-PAMP.

Further, DC glycoconjugate-primed, antigen presentation may involve CD1d,150 while binding of the Lex- and

pseudo-Ley-epitopes by the C-type lectin DC-SIGN (dendritic cell-specific ICAM-3 grabbing nonintegrin) may

prove to be of biological significance.151,152

Chronic schistosomiasis is characterized by CD4þ TH-cell hyporesponsiveness and TH2-polarized cytokine and

immune responses. However, excessively polarized cytokine profiles of both the TH1 and TH2 types are equally

dangerous,153 hence requiring regulatory feedback loops to constrain the imbalance. The immunoregulatory cytokine

IL-10 is of critical importance in this pro- and anti-inflammatory regulatory network.154 Together with the cytokine

transforming growth factor (TGF)-b, IL-10 is produced by activated innate and adaptive immune system-cells, that is,

regulatory dendritic cells (DCreg), regulatory T-cells (Treg), alternatively activated macrophages, B/B1-cells, and

myeloid suppressor cells.112,129,147,155,156Besides the above-mentioned effects of LNFPIII/Lex on B/B1-cell stimu-

lation,147 a second egg-derived immunomodulatory glycan-epitope has been identified in lacto-N-neotetraose (LNnT,

the nonfucosylated homolog of LNFPIII),155 acting on expanded and primed myeloid suppressor cells. These IL-10-

and TGF-b-secreting cells not only suppressed naı̈ve CD4þ T-cell proliferation, but transformed them into a

‘conditioned’ TH2-cytokine phenotype. Equally, two immunomodulatory phospholipids have been recognized

derived from S. mansoni adults and eggs.157,158 Phosphatidylserine (PS) induces DC2 maturation phenotype-

differentiation to promote the TH2 phenotype, but as lyso-PS induces TLR2-dependent DCreg maturation

phenotype-differentiation to promote the IL-10-producing Treg phenotype.

The main (immuno)pathology of schistosomiasis is caused by schistosome egg-induced, hepatic and intestinal

granuloma formation; a protective device to prevent the release of egg-excreted, cytotoxic products. This aggregation

of infection-primed, inflammatory immune cell-eosinophils, macrophages, and T-lymphocytes is mediated by cyto-

kines, chemokines, and adhesion molecules, although ultimately, it is dependent on egg-activated, antigen-specific

CD4þ TH-cells.
129,154 Immunogenic and immunomodulatory, SEA-derived glycans have been implicated in this

transformation,159–161 with the suspected trigger consisting of LDN- and LN-capped glycoconjugates.162
4.26.3.3 Nematodes

� Galactosylation. As the aGal epitope of Gala3Gal is present in all mammals, except primates, the presence of the

‘self-glycan’ Gala3Galb4GlcNAcb on glycoproteins of P. tenuis would suggest their involvement in immune

evasion.71 In agreement with this assumption, a-galactosylation is stage-dependent in being present only in the

adult and not L1 or L2 larvas.

� Fucosylation. The pre-eminence of oligosaccharide backbone fucosylation has been most clearly illustrated by the

schistosomes, whereby both parasite-characteristic and mammalian-shared glycans are immunogenic.33,46–48,143,148

Specifically, the fucosylated immunogens are involved in protective host–parasite interaction,9,139 to such an extent,

that they are even capable of acting as adjuvants in inducing a polarized TH2-type immune response.163,164

Nematodes, such as the canine heartworm D. immitis,72 ovine twisted stomach worm H. contortus,67,73–75 and the

cattle lungworm D. viviparus76 have continued the trend in expressing LDN-, LDN-F-, and Lex glycans, along

with their predicted immunogenicity. The question is: do such immunogenic glycans generate protective, humoral

immune responses? A high and specific antiglycan, humoral immune response, including anti-LDN-F-epitope IgG,

IgA, and IgE antibodies, was produced against ES-glycoproteins from adult H. contortus and correlated with

protection.165 However, as defined by Geldhof et al., the H-gal-GP complex-directed, anti-LDN-F-epitope IgG2

antibodies did not contribute to nor correlate with protection.166

� Tyvelosylation. Trichinella spiralis is noteworthy for stage-specific tyvelosylation and PC modification expression in

the infective L1 larvas, both of these terminal caps being immunodominant to generate highly immunogenic,

N-glycosylated proteins. They are based on very similar complex-type, N-glycan core structures carrying short

antennas of either Tyvb3LDN-F/LDN or PC6GlcNAc/LDN, respectively.68,79,81,85 The cell-mediated immune

response on infection is initially of the TH0/TH1 type, but is rapidly replaced by a typical TH2 immune response

associated with cytokines IL-4 and IL-13, together with IL-3, IL-9, and inflammatory immune cells, such as

eosinophils and mast cells.10,167 The humoral immune response toward the two T. spiralis larva (TSL)-antigen
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groups is biphasic – the PC-bearing TSL-4 antigens of the early, intestinal phase and Tyv-bearing TSL-1 antigens

of the later muscle phase. PC-specific IgG2 antibodies of the rat are directed against internal, structural

PC-containing glycoproteins and although unprotective are believed, from the potency of the response, to be

immunomodulatory.168 Tyv-specific IgG antibodies react with Tyv-containing glycoproteins of cuticular sur-

face and ES-products, which have been shown to be protective.78,169 From the result of the ‘rapid expulsion’

reaction,170 it is apparent that the ES-products of T. spiralis Tyv-bearing glycoproteins are prime mediators for

invasion, niche establishment, epithelial migration, and cellular remodeling.82–84

� O-Methylation. O-Methylation of glycoconjugates has been observed on N-/O-glycans and GSLs of C. elegans,87,104,105

on the monosaccharides GalNAc, GlcA, Fuc, and Xyl of freshwater mollusk,Hyriopsis schlegelii glycolipids,171,172 but

only once in O-glycosylated proteins of parasitic nematodes, namely, T. canis and T. cati.11,86 They yielded two

trisaccharide O-methylated variants of the otherwise quite common oligosaccharide core type-1 sequence,

R-Galb3GalNAca-, that resemble antigen H of the ABO-blood group substances. Both of them are immunodomi-

nant in generating highly immunogenic O-glycosylated proteins. A large proportion of the humoral immune

response is directed to carbohydrate epitopes, as reflected in the preponderance of oligosaccharide-specific

MAb’s that are propagated against the major surface and ES glycoprotein antigens of T. canis (TES).173 Perhaps

the enigma of T. canis immunomodulation lies in the function(s) of the biologically active TES-glycoproteins, in

which TES-32 and TES-70 have been identified as C-type lectins 1 and 4, respectively.174 Such Man-/Gal- and

epithelial cell-binding lectins, respectively, may be involved in modulating mechanisms of innate immune system

cell inflammation in the host.

� PC modification. Filariases, like schistosomiases, are characterized by their longevity and chronicity that are

associated with an anti-inflammatory phenotype. The polarized, suppressed, anti-inflammatory TH2-phenotype

has been correlated with the synthesis and excretion-secretion of filarial nematode-derived immunomodulatory

factors.5,175,176 In this regard, host-enzyme inhibitors, cytokine homologs, and stage-specific surface/secreted

antigens have been identified.177 In particular, the structural, biological, and immunological properties of one

filarial nematode-derived immunomodulator have been defined and comprehensively investigated, specifically,

the PC-containing glycoprotein ES-62.178 PC-ES-62 modulates the host immune response by way of APCs of the

innate immune system, B-/T-lymphocytes, and the humoral immune response of the adaptive immune system.

If splenic B2-cells are the responder, then antigen receptor-mediated proliferation is suppressed via uncoupling

of proliferative, signaling pathways.179–181 However, if peritoneal B1-cells are the responder, then antigen receptor-

mediated proliferation is stimulated and IL-10 release is upgraded.182 The cytokine responses of antigen-specific

TH-cells were suppressed
183 and, at the same time, polarized by the alteration of APC phenotypes. DCs assumed a

DC2 maturation-phenotype that promoted TH2-type differentiation,184,185 while production of the TH1-inducing

cytokine IL-12, and the pro-inflammatory cytokines TNF-a and IL-6, by activated macrophages was blocked.186,187

The net result of PC-ES-62 immunomodulation was the establishment of a biased TH2-type immune response

with an anti-inflammatory phenotype. The resultant IL-4/IL-10 milieu, also, polarized IgG isotype-class switching

to the TH2-type antibody, that is, IgG1 in the mouse.188

The PC-ES-62-induced, anti-inflammatory phenotype has been taken a step further, as a therapeutic to alter the

cytokine imbalance and ameliorate the associated pathology of a TH1-autoimmune disease.183,189 The immuno-

modulatory properties of PC-ES-62, also, proved to be an anti-arthritic in suppressing the TH1-mediated response,

the associated excess production of pro-inflammatory cytokines, and the initiation and disease progression of a

murine model of rheumatoid arthritis. Thus, helminth parasitism may be regarded as beneficial under certain

circumstances,190 in that the immunomodulatory properties of parasitic helminth-derived ES-products and/or

surface (glycosylated) molecules have been shown to reduce the incidence of allergic, autoimmune, and inflamma-

tory diseases, for example, the TH1-type inflammatory bowel disease–Crohn disease complex.
4.26.4 Summary

Parasitic helminths express a great variety of carbohydrate structures, including both host-like structural elements and

highly antigenic, parasite-specific determinants. As a characteristic feature, resulting glycoconjugates may either

imitate host-specific glycosylation in agreement with the concept of ‘molecular mimicry’ and/or modulate the host’s

immune response. In schistosomes, extensive fucosylation of the glycans can be observed leading to difucosylated

N-glycan cores, polymeric Lex structures, and LacdiNAc units carrying oligofucosyl side-chains. Fasciola spp. and

cestodes preferentially exhibit glycoconjugates with terminal a- or b-glycosidically linked galactosyl residues or
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oligogalactosyl chains. Parasitic and free-living nematodes use, in part simultaneously, different moieties for capping,

comprising again host-related carbohydrate motifs such as Gala3Gal-units, LacdiNAc, or Lex epitopes, as well as highly

antigenic structural elements such as O-methylated monosaccharide derivatives, b3-linked tyvelose, novel types of

core-fucosylation and phosphorylcholine (PC) substituents. Due to their unique carbohydrate structures, parasite-

derived glycans are compelling candidates for vaccination strategies. Furthermore, they represent promising drug

targets, since they are known to modulate the immune system of the host after parasitic helminth infection by

inducing an anti-inflammatory immune response of the T-helper cell 2 (TH2) phenotype. The aim of this chapter is to

highlight recent progress made in the characterization of parasitic helminth-derived glycan structures and biological

activities.
Glossary

capping The structural completion of nonreducing oligosaccharide termini or formation of side chains by galactosylation,

fucosylation, tyvelosylation, O-methylation, or PC substitution.

CD86 A co-stimulatory surface protein of activated and mature dendritic cells.

GSLs Oligosaccharide-carrying sphingolipids.

glycome The description of an organism’s entire set of glycan structures.

LacdiNAc/LDN An abbreviation for the common invertebrate (sub)terminal structure of N,N0-diacetyllactosediamine (Gal-

NAcb4GlcNAc).

LacNAc/LN An abbreviation for the common vertebrate/invertebrate (sub)terminal structure of N-acetyllactosamine

(Galb4GlcNAc).

MAb An epitope- or antigenic determinant-specific monoclonal antibody.

molecular mimicry The ability of parasites (protozoa, helminths) to express the same or homolog-like molecules of the host.

OX40L A co-stimulatory surface protein of activated and mature dendritic cells.

PAMPs Pathogen-associated molecular patterns that are responsible for the activation, maturation, and polarization of den-

dritic cells.
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4.27.1 Carbohydrate Mimicry as a Cause of Guillain–Barré Syndrome

Guillain–Barré syndrome (GBS), characterized by symmetrical limb weakness and loss of tendon reflexes, is a typical

post-infectious autoimmune disease.1 Since the near-eradication of poliomyelitis throughout the world, GBS ranks as

the most frequent cause of acute flaccid paralysis, the annual incidence being 1 or 2 cases per 100 000 population.

Plasma exchange therapy shortens the time needed for artificial ventilation and the period of the inability to walk,

thereby providing significant savings in health care. Intravenous infusion with a human immunoglobulin preparation

has equivalent clinical effects. Despite the frequent use of these modern treatments, a considerable number of

patients still perceived a decrease of power and sensation with an often-disturbing effect 1 year after the onset.

Patients and physicians therefore must await more effective therapies that are based on full knowledge of the

syndrome’s molecular pathogenesis.
4.27.1.1 True Case of Molecular Mimicry

Molecular mimicry has been proposed as a pathogenic mechanism for autoimmune disease. The hypothesis is based

on the epidemiological, clinical, and experimental evidence of an association of infectious agents with autoimmune

disease and observed cross-reactivity of antibodies raised by microbial components with host ‘self’-antigens. Many

studies are consistent with the mimicry hypothesis, but none have convincingly demonstrated that mimicry is an

important mechanism in the development of autoimmune disease in humans.2 No replica of autoimmune disease has

been obtained by immunization of animals with a microbial component associated with epidemiological evidence

between the disease and the agents. Replicas associated with definite, epidemiological evidence of microbial infection

are required to test the molecular mimicry theory of the development of autoimmune diseases.
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Four criteria must be satisfied to conclude that a disease is triggered by molecular mimicry:3 first, the establishment

of an epidemiological association between the infectious agent and the immune-mediated disease; second, the

identification of T-cells or antibodies directed against the patient’s target antigens; third, the identification of

microbial mimics of the target antigen; and fourth, reproduction of the disease in an animal model. As reviewed

here, GBS subsequent to Campylobacter jejuni enteritis fulfils all four criteria and provides the first verification that

molecular mimicry is a cause of human autoimmune diseases.
4.27.2 Campylobacter jejuni Infection

Some form of infection preceded nearly 90% of GBS cases:4 upper respiratory infection preceded symptoms had been

experienced by 60%, and gastrointestinal illness by 30%. A Gram-negative bacterium C. jejuni is a leading cause of

acute gastroenteritis in developed countries. In 1982, the first such case where a patient had developed GBS after

C. jejuni enteritis was reported.5 Thirty-eight percent of 56 patients with GBS had evidence of anti-Campylobacter

antibodies as compared with none of a similar number of controls.6

A prospective case-control study detected evidence of recent C. jejuni infection in 26% of 96 patients with GBS as

compared with 2% of the household controls (the patient’s households) and 1% of the age-matched hospital controls.7

This study established an epidemiological association between C. jejuni infection and GBS. On the whole, patients

with the anti-C. jejuni antibodies significantly develop a purely motor syndrome, as defined by the absence of sensory

symptoms and signs. Although there was no significant difference in the degree of overall disability at the peak of

illness, the anti-C. jejuni-positive patients took longer to recover and were more likely to be severely disabled at the

end of 1 year. These findings were correlated with the significantly greater population of anti-C. jejuni-positive

patients who had electrophysiological and clinical evidence of axonal degeneration.

A serological study was performed on 16 infectious agents in 154 GBS patients and sex- and age-matched controls

with other neurological diseases.8 Multivariate analysis showed that infections of C. jejuni (32%), cytomegalovirus

(13%), and Epstein–Barr virus (10%) in the GBS patients were significantly more frequent than those in the controls

(12%, 2%, and 1%, respectively). Univariate analysis showed that Mycoplasma pneumoniae infections occurred more

often in the GBS patients (5%) than in the controls (1%). The variety of possible infectious agents may be a factor in

the clinical heterogeneity of GBS.

Serological studies are useful for epidemiological studies, but C. jejuni isolation is required for the diagnosis of this

infection. Epidemiological features of 102 patients with GBS, from whom C. jejuni had been isolated, have been

reported.9 C. jejuni-isolated GBS peaked in the 10- to 30-year-olds, and the male/female ratio was 1.7:1. The

dominance of young adult, male patients with C. jejuni-isolated GBS may be related to the preponderance of young

adult and male patients who had had C. jejuni enteritis. The median latent period between antecedent symptoms

and neuropathy onset was 10 days. Diarrhea or abdominal pain preceded in 90% of those studied, often accompanied

by fever.

Based on electrodiagnostic and pathologic criteria, GBS is divided into acute inflammatory demyelinating poly-

neuropathy (AIDP) and acute motor axonal neuropathy (AMAN). Whereas electrodiagnostic studies have shown that

C. jejuni infection is associated significantly with primary axonal dysfunction, the relationship between primary axonal

dysfunction and neurophysiology has been the subject of debate. To investigate whether C. jejuni infection does elicit

AIDP, serial electrodiagnostic studies were conducted on C. jejuni-positive GBS patients.10 The presence of anteced-

ent C. jejuni infection was determined by strict criteria; a positive C. jejuni serology and a history of diarrheal illness

within the previous 3 weeks. Based on the electrodiagnostic criteria, 22 C. jejuni-positive patients were classified as

having AMAN (n¼16, 73%), AIDP (n¼5, 23%), or unclassified (n¼1) in the first studies. The five C. jejuni-positive

patients with the AIDP pattern showed prolonged motor distal latencies but rapid normalization within 2 weeks.

Eventually all showed the AMAN pattern. In contrast, patients with cytomegalovirus- or Epstein–Barr virus-related

AIDP had progressive increases in distal latencies during 8 weeks after onset. Patients with C. jejuni-related GBS had

transient slowing of nerve conduction that mimicked demyelination, but C. jejuni infection did not produce AIDP.
4.27.2.1 Autoantibodies against Gangliosides

GBS is a self-limited, muscle weakness usually reaching its nadir within 2 weeks, and partial or complete recovery

occurring over weeks to months.1 The rate of recovery is facilitated by plasma exchange, and its therapeutic effect

presumably is related to the removal of circulating factors. Plasma concentrations of cytokines are elevated in GBS

patients during the acute phase, but, because their circulating half-lives are only a few hours, the effect of plasma
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exchange on their plasma levels would be within hours. Complement depletion also is brief. The respective half-lives

of IgM and IgA are 5 and 6 days. In contrast, the half-life of IgG, except the IgG3 subclass (7 days), is 21 days, much

longer than that of the other plasma proteins. The plasma IgG concentration may remain decreased for up to 5 weeks

after plasma exchange therapy. Immunopathological studies suggest that the target of immune attack differs with the

GBS subtype. In AIDP, the attack appears to be directed against a component of the Schwann cell. In AMAN, the

target appears to be the axolemma and nodes of Ranvier. These findings indicate that the presence of IgG, which

binds effectively with complements, is the most important factor in the development of GBS.

Gangliosides constitute a large family of glycosphingolipids. Gangliosides are predominantly distributed at the cell

surface membrane and are anchored in the external leaflet of the lipid bilayer via ceramide moiety. Sialylated

oligosaccharides are exposed extracellularly. Figure 1 shows the relevant gangliosides discussed in this chapter. In

1988, antiganglioside antibodies were first reported to be found in five of 26 patients with GBS.11 IgG antibodies

in one patient reacted strongly with LM1 and Hex-LM1. IgG from two patients reacted with GD1b. IgM antibodies in

sera from two other patients reacted with GD1a and GT1b. The antibody titers in these cases decreased with clinical

improvement. In the same year, a patient with GBS followingM. pneumoniae infection who had IgM antibody to Hex-

LM1 was reported.12 On the basis of these early findings, the search for antiganglioside antibodies in GBS accelerated

rapidly throughout the 1990s.

A 25-year-old policeman who had experienced rapidly progressive weakness of the limbs was admitted to a hospital.13

He had had watery diarrhea before the onset of muscular weakness. He showed tetraplegia and areflexia without

sensory signs and symptoms. Based on the electrodiagnostic criteria, he was diagnosed as having AMAN. Although

plasma exchange was administered, he continued to have distal dominant limb weakness with atrophy and 6 months

later had to use canes and braces for walking. In 1986, serum from a patient with motor neuron disease was reported to

contain IgM antibody to GM1 ganglioside.14 As mentioned above, some patients with GBS were reported to have

autoantibodies to gangliosides, but GM1 antibody was not included.11,12 Those patients showed sensory impairment

of the glove-and-stocking type, whereas the patient with anti-GM1 antibody showed pure motor dysfunction. This

raised the possibility that, as the patient who was was diagnosed with having motor neuron disease,14 anti-GM1
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antibody might play a critical role on the symptom development. Serum IgG from the patient reacted strongly with

GM1, GD1b, and asialo-GM1, and IgG from another patient with GM1 alone. The antecedent symptom of the latter

patient also was watery diarrhea. She had AMAN and became bedridden three years after onset. The anti-GM1 IgG

antibody titers of both patients decreased with the clinical course of the disease. Because diarrhea before GBS is

closely associated with C. jejuni infection,6 it was strongly suspected that the antecedent agent in both patients was

C. jejuni. The preceding C. jejuni infection was determined serologically. In contrast, patients who had had C. jejuni

enteritis but no neurological disorder did not have the autoantibodies against gangliosides.

The observations subsequently were confirmed by other groups. A group showed that patients with anti-C. jejuni

and anti-GM1 antibodies were more likely to have axonal degeneration than those with none of the antibodies.15 Anti-

GM1 antibody-positive patients had less sensory disturbance than anti-GM1 antibody-negative patients. Another

group also showed the significant association of anti-GM1 antibody with antecedent C. jejuni infection in GBS.8 The

subgroup of GBS patients with anti-GM1 antibody suffered more often from more severe neuropathy with predomi-

nantly distal distribution of weakness without sensory disturbances. The subgroup also often had a severe pure motor

type symptom.

Anti-GD1a IgG antibody in AMAN was first detected in two GBS patients.16 Then, in 37 patients, a significant

association was found between the presence of anti-GD1a IgG antibody and the requirement of prolonged artificial

ventilation with poor recovery at 3 months.17 One autopsy case showed severe axonal degeneration and segmental

demyelination of peripheral nerves, lymphocytic infiltration, and marked central chromatolysis of the lower motor

neuron cell bodies. In a large group of GBS patients and appropriate controls, 24% of 138 AMAN patients and neither

AIDP patients nor control subjects had high titer of anti-GD1a IgG antibody.18 The anti-GD1a antibody was the most

specific for AMAN among other antiglycolipid antibodies tested (GM1, GD1b, asialo-GM1, and GQ1b), and it was

in particular indicated that anti-GD1a IgG antibody was better able to discriminate between AMAN and AIDP than

anti-GM1 antibody.

N-Acetylgalactosaminyl GD1a (GalNAc-GD1a) was proposed to be a target molecule recognized by serum antibody

in some patients with AMAN of GBS subsequent to C. jejuni enteritis.19 GBS sera that had anti-GalNAc-GD1a

antibody reacted with several gangliosides in bovine peripheral nerve, one of which was identified as N-acetylgalac-

tosaminyl GM1b (GalNAc-GM1b).20 Serum binding to GalNAc-GM1b was decreased by absorption with GalNAc-

GD1a, indicating that the anti-GalNAc-GM1b antibody cross-reacts with GalNAc-GD1a. Anti-GalNAc-GD1a

antibody could be detected in 14% of 132 cases and correlated with antecedent C. jejuni infection, a rapidly

progressive, more severe course with predominantly distal weakness and little sensory and cranial nerve involvement.

Autoantibody to GM1b was found to be a useful diagnostic marker of GBS.21 Anti-GM1b IgG antibody is associated

with GBS after C. jejuni enteritis.22 In the 132 patients with GBS, 19% had anti-GM1b antibody.23 The patients with

anti-GM1b antibody had a clinical pattern distinct from that of the others, more frequently showing serological

evidence of recent infection by C. jejuni. The anti-GM1b-positive subgroup was distinguished by more rapidly

progressive, more severe, and predominant distal weakness. Cranial nerve involvement and sensory deficits were

less common in the patients with anti-GM1b antibodies, and the presence of these antibodies was associated with

slower recovery.

To clarify the relations of AMAN to antiganglioside antibodies and C. jejuni infection, 86 GBS patients with the

diagnosis of C. jejuni infection were studied.24 Electrodiagnostic criteria showed AMAN in 38% of the patients and

AIDP in 36%. The most frequent antiganglioside antibodies were of the IgG class and against GM1 (40%), GD1a

(30%), and GalNAc-GD1a (17%). Identified infections were C. jejuni (23%), cytomegarovirus (10%), M. pneumoniae

(6%), and Epstein–Barr virus (3%). There was a strong association between AMAN and IgG antibodies against GM1,

GD1a, and GalNAc-GD1a. Almost all the patients with at least one of these antibodies had the AMAN pattern or rapid

disappearance of conduction slowing/block, possibly because of early-reversible changes on the axolemma. Campylo-

bacter jejuni infection was frequently associated with AMAN or antiganglioside antibodies, although more than half of

the patients with AMAN or antiganglioside antibodies were C. jejuni-negative. Of the same 86 patients, 10 had anti-

GM1b antibody alone and frequently had AMAN (80%) and C. jejuni infection.25 These results showed that GM1,

GM1b, GD1a, and GalNAc-GD1a could be target molecules in the AMAN form of GBS subsequent to C. jejuni

infection.
4.27.2.2 Campylobacter jejuni Mimic of Gangliosides

Since their introduction in 1975, gangliosides extracted from bovine brain were extensively prescribed in Italy,

ironically for the treatment of peripheral neuropathies.26 Some evidence indicated that bovine brain gangliosides

played an important neuroprotective role and promoted nerve repair by enhancing nerve sprouting. However, GBS
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cases following ganglioside administration were reported and the number of affected subjects mounted. A causal

association between ganglioside injection and the precipitation of GBS was inferred, and ganglioside administration

was eventually withdrawn in Italy in 1993. Whether there is an epidemiological relationship between exogenous

gangliosides and GBS is still slightly controversial. An appropriate temporal relationship between ganglioside injection

and onset of GBS was found for only two of nine patients who had treatment with gangliosides, and a statistically

significant association was not shown.27 Another study supported such an association.28 In a population of 4.5 million,

4% were treated with parenteral gangliosides in 1 year. Six GBS patients occurred in the administered population and

42 cases in total population, and this was calculated to be significantly higher in the administered population than the

nonadministered subjects (odds ratio (OR) 9.1, 95% confidence interval (CI) 2.8–29.4). Seven patients developed

AMAN following parenteral ganglioside treatment,29 six of whom had anti-GM1 IgG antibody and one had IgG

antibodies to GD1a and GT1b. The time of the onset of weakness after ganglioside injection was about 10 days. As a

control group, no antiganglioside antibodies were found in eight subjects who had been treated with ganglioside but

did not develop GBS.

Those reports of patients who developed GBS after receiving bovine brain ganglioside prompted the search for

ganglioside mimics on preceding infectious agents. Lipooligosaccharide (LOS) is one of the most important cell

surface structure expressed by C. jejuni. LOS was extracted from C. jejuni (CF90–26) isolated from an AMAN patient

who had anti-GM1 IgG antibody.30 The LOS reacted with cholera toxin B subunit, a highly specific ligand for GM1-

oligosaccharide. Gas-liquid chromatography-mass spectrometric analysis showed that the purified LOS contained

galactose (Gal),N-acetylgalactosamine (GalNAc), and N-acetylneuraminic acid (Neu5Ac); the oligosaccharide compo-

nents of GM1 ganglioside. 1H nuclear magnetic resonance showed that the oligosaccharide structure Gal(b1-3)
GalNAc(b1-4)[Neu5Ac(a2-3)]Gal(b1- protrudes from the LOS core (Figure 2). This terminal structure is identical

to that of the terminal tetrasaccharide of the GM1 ganglioside. The study was the first to demonstrate the existence of

molecular mimicry between nerve tissue and the infectious agent isolated from a patient with GBS. This strain also

carried a GD1a-like LOS (Figure 2).31

Another C. jejuni strain (16971.94GSH) isolated from a patient with GBS carried a GM1-like LOS.32 In contrast, a

C. jejuni strain (ATCC43446) from an enteritis patient also hadGM1- andGD1a-like LOSs.33 Campylobacter jejuni strains

isolated from GBS patients who had anti-GM1b IgG antibody expressed GM1b- and GM3-like LOSs, each terminal
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structure being identical to that of the terminal trisaccharide of GM1b (Gilbert and Yuki, unpublished observations).

Campylobacter jejuni strains isolated from GBS patients who had anti-GalNAc-GD1a IgG antibody expressed GalNAc-

GM1b-like LOS, the terminal structure being identical to that of the terminal tetrasaccharide of GalNAc-GD1a.

IgG subclass distribution of the anti-GM1 antibody in GBS patients is mainly restricted to IgG1 and IgG3.34 Since

IgG antibodies to bacterial polysaccharide are generally restricted to IgG2 subclass, some investigators have assumed

that either the general rules for immune response to LOS are broken in the patients or an alternative antigen has yet to

be identified.35 To clarify whether the LOS participates in the production of the anti-GM1 antibody, the subclass of

IgG antibody to the GM1-like LOS was investigated.36 The subclasses of IgG antibody to the LOS were restricted

predominantly to IgG1 and IgG3 in 12 patients with GBS subsequent to C. jejuni enteritis. These results suggested

that the GM1-like LOS functions in the anti-GM1 antibody production. Subclasses IgG1 and IgG3 are produced by a

T-cell-dependent antibody response, but whether T-cells function in the production has yet to be clarified.

The IgG subclass of anti-GM1 antibody was examined and compared with clinical data on 42 GBS patients positive

for the antibody.37 Frequency of anti-GM1 antibody subclasses was IgG1 (76%) and IgG3 (31%). IgG1 antibody was

associated with preceding gastroenteritis by C. jejuni, whereas IgG3 antibody was associated with preceding respiratory

infection. Although the severity at nadir was similar for IgG1- and IgG3-positive patients, the percentage of patients

who could not walk independently was greater for the IgG1-positive group at 1 month (42% vs 0%; p¼0.02), 3 months

(28% vs 0%), and 6 months (25% vs 0%) after onset. Rapid recovery within 1 month occurred frequently in the patients

with the IgG3 antibody but rarely in those with the IgG1 antibody (67% vs 11%; p¼0.003). The IgG1 subclass of anti-

GM1 antibody is a major subtype showing slow recovery, whereas elevation of IgG3 subclass antibody titer suggests

rapid recovery. Variation in subclass patterns may depend on which pathogen triggers GBS.
4.27.2.3 Animal Models

After receiving a bovine brain ganglioside mixture or an isolated GM1, some patients developed AMAN, and anti-

GM1 IgG antibody was detected in the patients.29 There were two reports in the older literature of GM1-immunized

rabbits developing paralysis or subclinical peripheral neuropathy,38,39 but this has not been convincingly observed in

rodents, despite efforts. These findings suggested that failure to induce neuropathy by sensitization with gangliosides

might depend in part on species and strain susceptibility and the immunization procedures used.

According to the procedure successfully inducing experimental sensory ataxic neuropathy by the sensitization with

GD1b,40 an AMAN model was established by the sensitization of Japanese white rabbits with a bovine brain

ganglioside mixture including GM1.41 None of the 10 control rabbits inoculated with keyhole lympet hemocyanin

(KLH) and complete Freund’s adjuvant (CFA) developed anti-GM1 antibody and limb weakness. In contrast, all of

the 13 rabbits immunized with the bovine brain gangliosides, KLH, and FCA developed anti-GM1 IgG antibody at

high titers, then flaccid limb weakness of acute onset with a monophasic course. Pathological findings in their

peripheral nerves showed predominant Wallerian-like degeneration with neither lymphocytic infiltration nor demye-

lination. IgG was deposited on the axons of the ventral roots, internodal axolemmas, and nodes of Ranvier. Cauda

equina and spinal nerve root specimens from the paralyzed rabbits showed macrophage infiltration in the periaxonal

space.42 Surrounding myelin sheaths were almost intact. These findings correspond well with pathological findings for

human AMAN. Sensitization with purified GM1 also induced this motor axonal neuropathy, indicating that GM1 was

the immunogen in the mixture.41

Nerve conduction of paralyzed rabbits during the acute phase was almost normal despite severe paralysis.42 Late

F wave components were absent in some rabbits. These electrophysiological findings suggest that the initial nerve

conduction abnormality is located on a proximal site. Like human AMAN, the initial lesions are predominatly

distributed on nerve root axons which are vulnerable due to the lack of blood–nerve barrier. A point worth noting is

that GM1 is expressed in both the peripheral and central nervous system (PNS and CNS), but the lesion was limited to

PNS as peripheral neuropathy. The blood–nerve barrier that protects the PNS is not as tight as the blood–brain barrier.

Thus, it seems probable that small amounts of circulating IgG, which cannot enter the CNS, can penetrate the

endoneurial space in the PNS. This relative leakiness may make the PNS, especially the nerve roots, more vulnerable

than the CNS to IgG antibody-mediated disorders.

Various protocols of ganglioside immunization were examined to refine the procedure for establishing an animal

model of AMAN.43 The most effective one was subcutaneous injection of an emulsion of 2.5mg of bovine brain

ganglioside mixtures, KLH, and CFA to Japanese white rabbits, with repeated injections at 3-week intervals. Under

that protocol, all the rabbits developed marked flaccid paralysis associated with the increased levels of plasma anti-

GM1 IgG antibody. This AMAN rabbit model also could be reproduced by injecting incomplete Freund’s adjuvant,

and methylated bovine serum albumin, and into New Zealand white rabbits.



Glycoconjugates and Neurological Diseases 501
Themost straightforward way to verify whether molecular mimicry between microbes and autoantigens causes GBS

is to establish a GBS model by the immunization of animals with components of antecedent infectious agents.

Chickens fed with C. jejuni isolated from a GBS patient developed a paralytic neuropathy.44 Their nerves showed

Wallerian-like degeneration similar to that seen in the human form of GBS subsequent to C. jejuni infection. Neither

whether the C. jejuni strain carried a GM1-like LOS nor whether the paralyzed chickens had anti-GM1 antibodies

was investigated. Several research groups have failed to induce neuropathy by sensitization with a GM1-like LOS of

C. jejuni. Rats immunized with C. jejuni LOS only showed an IgM response to GM1.45 Anti-GM1 IgG antibody

was induced in rabbits by sensitization with the LOS from the C. jejuni reference strain obtained from an enteritis

patient and the LOSs from GBS-associated strains, but there was no muscle weakness:46 this would be because New

Zealand white rabbits were immunized with a smaller amount of LOS and without KLH, and the observation period

may have been too short.

Because induction rates of the GM1-inoculated GBS depend on species or breed susceptibility and the immu-

nization procedure used,43 Japanese white rabbits were injected repeatedly with KLH and 2.5mg of LOS fraction of C.

jejuni (CF 90–26) containing a GM1-like LOS.47 Four of the 10 rabbits developed weakness that was associated with

anti-GM1 IgG antibody. Because induction rates for the GM1-inoculated GBS model were dose dependent,43 a larger

amount of the LOS was injected. All eight rabbits immunized with 10mg of the LOS developed limb weakness, and

muscle weakness progressed rapidly. One rabbit had a monophasic course similar to clinical course of patients with

GBS. GM1 is expressed on rabbit peripheral nerve axons, and all the paralyzed rabbits had IgG deposit in their

peripheral nerves. The infiltration of macrophages within the periaxonal space surrounded by an intact myelin sheath

is the pathological indication of AMAN. This was confirmed in the nerve roots. Sciatic nerves from the paralyzed

rabbits showed Wallerian-like degeneration. Demyelination and remyelination were rare, and there was no T-cell

infiltration. IgG was deposited on some axons in the cauda equina. These pathological and immunohistochemical

findings, compatible with the features of human AMAN, provide evidence that the rabbits inoculated with C. jejuni

LOS constitute a valid GBS model. This is the first, definitive replica of a human autoimmune disease produced by

immunizing with the mimic of the infectious agent associated with epidemiological evidence of microbial infection.

LOS is composed of oligosaccharide and lipid A. Several lines of evidence support that GM1-like oligosaccharide

rather than lipid A structure of the C. jejuni LOS is important in the development of GBS. Escherichia coliK12 LOS and

Salmonella minnesota R595 LOS do not carry the GM1 epitope. Sensitization of those LOSs that carry lipid A did not

induce anti-GM1 antibodies in the rabbits, indicating that anti-GM1 IgG antibody is not a result of polyclonal B-cell

stimulation. None of the rabbits developed limb weakness. In contrast, as mentioned above, a model of human AMAN

has been established by the protocol of inoculation of isolated GM1 which carries a ceramide moiety but not lipid A.43

The pathology of the rabbits is identical to that of human AMAN, as well as to that of paralyzed rabbits inoculated with

C. jejuni LOS.
4.27.2.4 Campylobacter jejuni Genes Associated with Guillain–Barré Syndrome

Most studies have failed to find a specific C. jejuni genotype for GBS.48–51 As stated, ganglioside mimicry of C. jejuni

LOS is one of the causes of GBS. Ganglioside-like LOS is synthesized by sialyltransferase Cst-II, N-acetylgalactos-

aminyltransferase CgtA, and galactosyltransferase CgtB (Figure 3).52 Compared with enteritis-related isolates (n¼81),

GBS-related C. jejuni isolates (n¼28) were strongly associated with the expression of GD1a-like LOS (79% vs 20%,

p<0.001, OR 14.90, 95% CI 4.7–49.7), not with that of GM1-like LOS (43% vs 43%).53 The presence of three genes

cst-II, cgtA, and cgtB was strongly associated with GBS-related strains, unlike with enteritis isolates (82% vs 45%,

p¼0.001, OR 5.5, 95% CI 1.7–18.3). The LOS biosynthesis genes cluster at the LOS biosynthesis gene locus. C. jejuni

has seven LOS locus classes (A–G) based on the organization of the 37 distinct genes found in the LOS biosynthesis

loci of 20 strains. This LOS locus typing scheme should help in identifying the gene content responsible for GBS

development.54 Class A locus containing cst-II, cgtA, and cgtB was overpresented in GBS-associated strains as

compared to enteritis strains (9/17 (53%) vs 3/21 (14%), p¼0.02).55 The clustering of class A in GBS isolates has

been confirmed:56 Fourteen of 16 GBS-associated isolates tested in the study shared the same LOS class. In a larger

study, isolates from GBS patients had specific LOS biosynthesis gene loci (classes A, B, and C) containing cst-II or

cst-III more frequently than those from enteritis patients (102/106 (96%) vs 72/103 (70%); p<0.001, OR 11.0, 95%CI

3.7–32.5), and that the GBS isolates expressed GM1 or GD1a epitope.31

The cst-II gene encodes an enzyme that transfers sialic acid to the LOS, and neuA1 an enzyme that synthesizes the

donor (CMP-sialic acid) used by the Cst-II sialyltransferase.52 Because both genes are involved in LOS sialylation,

they are essential for ganglioside-like LOS synthesis. Mutants of C. jejuni that lack these genes have been made and

analyzed.56 Whereas a mixture of GM1- and GD1a-like structures were identified in wild-type C. jejuni strains isolated
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from GBS patients, neither structure was in the mutants. The cst-II and neuA1 knockout mutants, unlike the wild

types, had decreased reactivity to the sera of GBS patients. GM2/GD2 synthase knockout mice, which lack GM1 and

GD1a, are immune-naı̈ve hosts that can be used to obtain high-titer antiganglioside antibody responses. Immunization

with the wild-type strain induced an anti-GD1a IgG antibody response in these mice, whereas immunization with the

mutant strains did not. This shows that the genes involved in LOS sialylation are essential for the induction of

antiganglioside antibodies.
4.27.2.5 A Bacterial Gene (cst-II) Polymorphism as a Determinant of
Neurological Features

Fisher syndrome (FS) is characterized by the acute onset of ophthalmoplegia, ataxia, and areflexia57 and is the

commonest variant of GBS, accounting for 5–10% of GBS cases. In a survey, the annual incidence has been estimated

at 0.09 per 100 000 population.58 In 1992, it was first reported that all six patients with FS had anti-GQ1b IgG

antibodies during the acute phase of the illness,59 and this strong association was confirmed by other studies.60,61Anti-

GQ1b IgG antibodies almost invariably cross-react with the structurally similar ganglioside GT1a.62,63 Anti-GQ1b IgG

antibody titers are also elevated in the acute-phase sera of some patients with ‘GBS with ophthalmoplegia’.61,62

Biochemical analysis of the ganglioside fractions obtained from cranial nerves and the spinal roots showed that the

oculomotor, trochlear, and abducens nerves, which innervate into the extraocular muscles, have a relatively higher

proportion of GQ1b.64 In addition, an immunohistochemical study on human tissues using an anti-GQ1b monoclonal

antibody showed that GQ1b is specifically and densely localized in the paranodal myelin of the extramedullary portion

of these three cranial nerves but not in that of other cranial or peripheral nerves.62 The close association between the

anti-GQ1b IgG antibody and ophthalmoplegia is most likely explained by this uniquely concentrated localization of

GQ1b to these sites.

A prospective case-control serologic study of five antecedent infections (C. jejuni, cytomegalovirus, Epstein–Barr

virus, M. pneumoniae, and Haemophilus influenzae) was conducted in 73 patients with FS and sex- and age-matched
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hospital controls.65 Serologic evidence demonstrated that the incidence of C. jejuni (21%) and H. influenzae (8%)

infections in FS patients was significantly higher than that in the hospital controls. None of the five pathogens

examined was found in the 67% patients with FS. Mass spectrometry analysis identified that a C. jejuni strain (CF93–6)

isolated from an FS patient carries a GT1a-like LOS. Another C. jejuni strain (PG836) isolated from an FS patient

carried a GD1c-like LOS.66 Both GT1a- and GD1c-like LOS share the trisaccharide residue with GQ1b ganglioside

(Figure 2).

The reason why a certain microbial infection could induce the development of several autoimmune diseases has yet

to be clarified. For example, group A streptococcal infection could induce the development of acute rheumatic fever in

some patients and acute glomerulonephritis in others. However, the molecular pathogenesis is unknown. The

mechanism through which C. jejuni infection induces the development of GBS in some patients and FS in others

has been clarified.67 Variation in the nucleotide sequence of cst-II might affect enzymatic activity; Cst-II (Thr51) has

only a-2,3-sialyltransferase activity (monofunctional) and can make GM1- and GD1a-like LOSs, whereas Cst-II

(Asn51) has both a-2,3- and a-2,8-sialyltransferase activities (bifunctional) and can make GT1a- and GD1c-like

LOSs (Figure 3).54 C. jejuni isolates were collected from 105 GBS (including its variants) and 65 uncomplicated

enteritis patients. The frequency of cst-II and polymorphism (Asn/Thr51) was examined in connection with the

bacterial ganglioside epitopes, autoantibody reactivities against GM1, GD1a, and GQ1b, and patients’ neurological

findings. Neuropathic strains more frequently had cst-II, in particular cst-II (Thr51), than did enteritic ones (85% vs

52%, p<0.001). Strains with cst-II (Asn 51) regularly expressed the GQ1b epitope (83%), whereas those with cst-II

(Thr 51) had the GM1 (92%) and GD1a (91%) epitopes. The presence of these bacterial epitopes in neuropathy

patients corresponded to autoantibody reactivity. Patients infected with C. jejuni (Asn51) more often were positive

for anti-GQ1b IgG (56% vs 8%, p<0.001) and had ophthalmoparesis (64% vs 13%, p<0.001) and ataxia (42% vs 11%,

p¼0.001). Patients who had C. jejuni (Thr 51) more frequently were positive for anti-GM1 (88% vs 35%, p<0.001)

and anti-GD1a IgG (52% vs 24%, p¼0.006) and had limb weakness (98% vs 71%, p<0.001). These results have

presented a new paradigm that the bacterial genetic polymorphism determines the clinical presentation of

autoimmune diseases (Figure 4).

Convincing evidence has shown that carbohydrate mimicry is a cause of AMAN/FS subsequent to C. jejuni enteritis.

Moreover, the bacterial gene (cst-II) responsible for this has been determined. However, only a minority of those who

had C. jejuni enteritis develop GBS. An epidemiological study showed that about one of 3000 C. jejuni enteritis patients

developed GBS.68 No host susceptibility genes associated with the development of GBS have yet been identified.

Lipopolysaccharide receptors CD14 and Toll-like receptor 4 are important in antigen presentation and intracellular

signaling, but the functional polymorphisms in CD14 and TLR4 are not associated with susceptibility to C. jejuni-

associated GBS.69 Fas polymorphisms are associated with the presence of antiganglioside antibodies in GBS.70

A genome-wide search of single nucleotide polymorphisms could identify the host susceptibility genes.
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Figure 4 Campylobacter jejuni gene polymorphism as a determinant of clinical features of Guillain–Barré syndrome.

C. jejuni carrying cst-II (Thr51) may express GM1- or GD1a-like LOS on its cell surfaces. Infection by such C. jejuni strains
could induce anti-GM1 or anti-GD1a IgG production in certain patients. Anti-GM1 or anti-GD1a IgG antibody would bind to

GM1 or GD1a expressed on motor nerves in the four limbs. This would induce the development of acute motor axonal

neuropathy. In contrast, C. jejuni carrying cst-II (Asn51) may express GT1a-like or GD1c-like LOS on its cell surfaces.

Infection by suchC. jejuni strains could induce anti-GQ1b IgG production in certain patients. Anti-GQ1b IgG antibody would
bind to GQ1b expressed on the oculomotor nerves and primary sensory neurons. This would induce the development of FS

and the related conditions.
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4.27.3 AD and Gangliosides

The assembly and deposition of the amyloid b-protein (Ab) are an invariable feature in the pathogenesis of AD.71 Ab is

physiologically generated from a larger protein, the amyloid precursor protein (APP). As Ab is composed of hydropho-

bic amino acids, it naturally tends to assemble at high concentrations in vitro. However, it remains to be determined

how Ab starts to assemble in vivo at low concentrations. In some cases of familial AD, the expression of responsible

genes likely accelerates Ab assembly due to an enhanced Ab generation.72 In contrast, no evidence has yet been

provided to suggest that Ab generation os enhanced in sporadic AD, the major form of the disease. Thus, it is

suggested that the pathological assembly and deposition of Ab in AD is induced by unknown factors other than an

enhancement of Ab generation. This possibility is supported by the fact that APP mutations within the Ab sequence,

which are responsible for familial AD and hereditary cerebrovascular amyloid angiopathy (CAA), do not induce an

increase but rather a decrease in Ab production.73 It is noteworthy that Ab assembly and deposition in the brain occur

in specific sites. This is particularly true in the cases with APP mutations in the Ab sequence.73–77 For example, the

Dutch-type mutation (E693Q) induces Ab deposition preferentially in the cerebral blood vessel walls, whereas the

Arctic-type mutation (E693G) induces predominant Ab deposition in the parenchyma of the cerebral cortex. Thus,

taken all together, it is likely that Ab assembly in the brain is accelerated by as-yet unclarified assembly-promoting

local factors.
4.27.3.1 Identification of GAb in Brains with Early Pathological AD Changes

To clarify the initial step in the pathological assembly and deposition of Ab in AD brains, we previously performed an

immunochemical analysis of various human cerebral cortices of patients with AD and of individuals who died without

evidence of dementia.78 We attempted to detect the Ab species that is initially deposited in the brain in the samples

prepared by sucrose density gradient fractionations of the cerebral cortices. Using various monoclonal antibodies

against Ab, a unique Ab species was detected selectively in the brains that showed early pathological changes: that is,

the strength of Ab immunoreactivity in the membrane fraction of the brains correlated positively with the abundance

of diffuse plaques and negatively with that of neurofibrillary tangles. Interestingly, Ab immunoreactivity was

prominent in the membrane fraction but not in the amyloid fraction of the brains. Furthermore, the Ab tended to

form large aggregates after being separated from samples of cerebral cortices. Thus, this Ab species is likely to be the

novel species that is involved in the early pathological steps in Ab deposition in the brain.

The characterization of the novel Ab species revealed that it shows an altered immunoreactivity, that is, most anti-

Ab antibodies raised against synthetic fragments of Ab fail to recognize it. This Ab species also shows retarded

mobility in SDS-polyacrylamide gel electrophoresis, giving a smeared appearance. Importantly, these unique molec-

ular characteristics disappeared following the treatment of the samples obtained from the cerebral cortices with

methanol. This result suggested that the Ab species was a ganglioside-bound form of Ab. This possibility was

examined using cholera toxin (CTX), which is a natural ligand for GM1 ganglioside, one of the most abundant

gangliosides in the brain. As expected, the Ab species was readily reacted with CTX, implying that the Ab species is a

GM1 ganglioside-bound Ab (GAb). Interestingly, GAb was only detected by a group of monoclonal antibodies that

were raised against synthetic fragments of Ab and some antibodies against Ab failed to recognize GAb. This result

suggests that GAb has an alternative conformation. As with the other unique characteristics of GAb, the selectivity of

GAb recognition by monoclonal antibodies disappeared following the treatment of the samples with methanol. On the

basis of these molecular characteristics, together with the evidence that GAb is selectively detected in the brains with

early pathological AD changes, we hypothesized that Ab adopts an altered conformation by binding to GM1

ganglioside, and then acts as a seed for Ab assembly and deposition in the brain.78–80 To date, a body of evidence

that supports this hypothesis has been provided by in vitro81–86and in vivo88 studies.
4.27.3.2 Acceleration of Ab Assembly in Presence of GAb (Seeding Ability)

The first evidence that Ab assembly is accelerated in the presence of GM1 ganglioside was provided by Choo-Smith

et al.82,83 They incubated soluble Ab in the presence of GM1 ganglioside-containing vesicles and found that Ab
assembly is markedly accelerated by GM1 ganglioside. They stressed that no Ab association with the membranes is

detected when GM1 ganglioside is replaced by an asialoganglioside. Moreover, they reported that the nonspecific

binding of Ab to membranes can occur at low a salt concentration through electrostatic interaction; however, it was

completely abolished at a higher physiological salt concentration. Many previous studies suggested that Ab can readily

bind to artificial membranes; however, the conditions for those experiments were not physiological, that is, the salt
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concentration of the incubation mixture was usually very low. Thus, the Ab binding to GM1 ganglioside under

physiological conditions is very unique and is considered to be important for Ab assembly and deposition in vivo.

To further confirm that the Ab binding to GM1 ganglioside plays a crucial role in the initial step in Ab assembly, we

performed a kinetic study in which Ab (Ab1-40 and Ab1-42) solutions were incubated in the presence of liposomes

containing GM1.88 In an experiment on fibril formation from soluble Ab, the removal of undissolved peptides, which

act as pre-existing seeds, is critical.89,90 Thus, seed-free Ab solutions, which were carefully prepared by peptide

solubilization followed by ultracentrifugation to remove undissolved peptides, were used throughout our kinetic

studies. The fluorescence intensity of thioflavin T (ThT), which specifically recognizes the amyloid structure, in the

Ab1-40 solutions from which undissolved peptides were removed did not increase for 96h at an Ab concentration of

50mM and 37�C88 (Figure 5). However, ThT fluorescence intensity increased without a lag phase after the addition

of GM1-containing liposomes to the Ab1-40 solutions.88 We also examined Ab1-42, another Ab isoform with two

additional hydrophobic amino acids at its C-terminal that shows a high tendency to naturally assemble in solution. The

ThT fluorescence intensity of seed-free Ab1-42 did not increase for at least 6h; however, the addition of GM1-

containing liposomes to the solution induced an immediate increase in ThT fluorescence intensity.88 Furthermore, a

kinetic study of Ab assembly using a semilogarithmic calculation revealed that soluble Ab binds to GM1, leading to the

generation of GAb, and then the generated GAb accelerates Ab fibrillogenesis from soluble Ab by acting as a seed in the

manner of a first-order kinetic model88,91 (Figure 5). It is likely that the extension of Ab fibrils in the presence of GM1

proceeds via the consecutive binding of soluble Ab first to GM1 ganglioside and then to Ab at the ends of growing

fibrils. To examine this possibility, we performed electron microscopy of Ab fibrils using 4396C, which is a novel

monoclonal antibody specific to an altered conformation of Ab that can act as a seed (as will be described below).88

Recently, much attention has been paid to Ab oligomers as this aggregated form likely causes neuronal death in the

brain. Thus, we investigated whether the formation of Ab oligomers is accelerated in the presence of GM1. On a

Western blot of the Ab1-40 solutions incubated in the presence of GM1 ganglioside, Ab oligomers of different

molecular sizes were detected.88

4.27.3.3 Characterization of Altered Conformation of GAb Using Monoclonal
Antibody Specific to GAb

To characterize the conformational alteration of Ab through its binding to GM1 ganglioside, we previously attempted

to generate monoclonal antibodies specific to the altered conformation of Ab.79 We prepared a membrane fraction

from the cerebral cortices of subjects with abundant diffuse plaques and then purified GAb from the membrane
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Figure 5 Kinetics of Ab (Ab40 and Ab42). Ab solutions, after removal of undissolved peptide by ultracentrifugation, were
incubated at 50mMand 37�C in the presence of GM1-containing liposomes (filled circle) or GM1-lacking liposomes (plus), or

incubated in the absence of liposomes (open circle). The GM1-containing liposomes alone were also incubated in the

absence of Ab (triangle). The fluorescence intensity of thioflavin T was obtained by excluding background activity at 0h.
Inset: semilogarithmic plot of the difference, A – F(t), versus incubation time (0–24h). F(t) represents the increase in

fluorescence intensity as a function of time in the case of Ab incubated with GM1-containing liposomes and A is tentatively

determined as F (infinity). Linear regression and correlation coefficient values were calculated (r¼0.997). F(t) is described by

a differential equation: F0(t)¼B – CF(t). Reproduced with permission from Hayashi, H.; Kimura, N.; Yamaguchi, H.;
Hasegawa, K.; Yokoseki, T.; Shibata, M. J. Neurosci. 2004, 24, 4894–4902. Copyright 2004 by the Society for Neuroscience.
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fraction by Prepcell electrophoretic fractionation (Bio-Rad). As the amount of GAb obtained from the preparation was

limited, an in vitro immunization technique was employed. Positive clones were screened by Western blotting and

immunostaining of the membrane fraction smear on glass slides using the supernatants of hybridoma cell cultures,

and, then, we obtained an IgMmonoclonal antibody (4396).79 From the original IgM hybridomas, the IgGmonoclonal

antibody (4396C) was generated by the genetic class-switch technique.88 The binding specificity of 4396C was

examined by immunoelectron microscopy. The immunoelectron microscopy of GM1 ganglioside-containing and

GM1-deficient liposomes with 4396C or the isotype-matched control IgG revealed that 4396C but not the control

IgG recognizes GAb on the surface of liposomes88 (Figure 6a). The specificity of 4396C binding to GAbwas further

confirmed by a quantitative binding assay88 (Figure 6b). Dot blot analysis of the liposomes carrying GAb on their

surface also showed a specific binding of 4396C to GAb generated on the surface of the liposomes.88 Importantly,

throughout the characterization of binding specificity, 4396C did not react with the unbound forms of Ab and GM188

(Figure 7). Thus, we concluded that 4396C specifically recognizes the altered conformation of Ab induced by its

binding to GM1 ganglioside. Furthermore, on the basis of the findings that a monoclonal antibody specific to

the midregion of Ab does not recognize GAb, whereas a monoclonal antibody specific to the N-terminus of Ab
recognizes GAb, and that 4396C readily recognizes the GM1 ganglioside-bound forms of two Ab isoforms with

different C-termini, we concluded that the mid-region of Ab, but not the N- or C-terminus, is altered through its

binding to GM1.
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Figure 6 Characterization of binding specificity of 4396C to GAb generated on the surface of liposomes. a, Immunoelec-

tron micrographs of liposomes. GM1-containing and GM1-lacking liposomes were subjected to immunoelectron micros-
copy of 4396C or control IgG staining following incubation with soluble Ab40. GM1(þ): GM1-containing liposomes, GM1(–):

GM1-lacking liposomes. Scale¼50nm. b, Quantitative assay of binding of 4396C to liposomes. GM1-containing liposomes

were incubatedwith 4396C (diamond) or isotype-matched control IgG (filled square) following their mixing with soluble Ab at

indicated concentrations. GM1-lacking liposomes were also incubated with 4396C (triangle) or isotype-matched control
IgG (X). Reproduced with permission from Hayashi, H.; Kimura, N.; Yamaguchi, H.; Hasegawa, K.; Yokoseki, T.; Shibata, M.

J. Neurosci. 2004, 24, 4894–4902. Copyright 2004 by the Society for Neuroscience.
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Figure 7 Dot blot analysis regarding binding specificity of 4396C to GAb. Liposomes carrying GAb (GAb40), Ab40 and

GM1 in amounts equal to those contained in blotted liposomes (300ng and 600ng of Ab40; 2mg and 4mg of GM1), were

blotted. The blots were incubated with 4396C, BAN052100 (a monoclonal antibody specific to N-terminus of Ab), HRP-
conjugated cholera toxin subunit B (CTX), or control IgG. Reproduced with permission from Hayashi, H.; Kimura, N.;

Yamaguchi, H.; Hasegawa, K.; Yokoseki, T.; Shibata, M. J. Neurosci. 2004, 24, 4894–4902. Copyright 2004 by the Society

for Neuroscience.
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4.27.3.4 Confirmation of GAb Generation in Human and Monkey Brains

Although GAbwas detected by Western blotting of the membrane fractions of human cerebral cortices, the possibility

that GAb was an artificially generated product during the homogenization of the tissues could not be excluded. To

confirm that GAb is endogenously generated in the brain, we performed immunohistochemistry using 4396C. No

immunoreactivity with 4396C was observed in sections of AD brains fixed in formaldehyde and pretreated with formic

acid; however, a strong immunostaining of neurons was observed in the sections fixed with Kryofix following SDS

treatment88 (Figure 8). Kryofix eliminates the possibility of obtaining false-negative results that could occur in the

case of fixation using formalin, thus, it is likely that the conformation of GAb is sensitive to routine immunohisto-

chemistry. Among the sections examined using 4396C, the strongest immunostaining was observed in the section

obtained from a patient with Down syndrome.88 In the control brains, neuronal staining by 4396C was absent or

weaker than that of AD brains. However, in some control brains neuronal staining at levels comparable to those of AD

brains was observed. These results suggest that neuronal staining by 4396C under these conditions can also be

nonspecifically induced, probably due to postmortem changes. To confirm the immunohistochemical detection of

GAb, we needed to examine fresh brains with neuropathological changes. For this purpose, we used fresh brains of

nonhuman primates, which naturally develop Ab deposition after age 25. The cerebral cortices of seven animals at 4, 4,

5, 17, 19, 30, and 36 years of age were examined. In the sections of older animals (30 and 36 years old), a number of

neurons were strongly immunostained by 4396C with a granular pattern88 (Figure 9a). The immunostaining of the

intraneuronal regions by 4396C in the sections of the older animals was clearly co-localized with that of Ab or GM188

(Figure 9b). Furthermore, we performed an immunoprecipitation study using cerebral cortices obtained from three

animals of different ages. In this study, GAb was immunoprecipitated by 4396C only from the cerebral cortex of the

oldest animal88 (Figure 9c). These results indicate that GAb is generated in the brain.
4.27.3.5 Background for GAb Generation at Molecular and Neurobiological Levels

It remains tobedeterminedhowGAb is generated in thebrain.Ab is physiologicallygenerated froma largerprecursorprotein

(amyloid precursor protein), and secreted into the extracellular space.GM1 is also physiologically expressed on the surface of

neurons.However, we have not detectedGAb in the brainswithout Ab deposition.78 Thus, it is interesting to elucidate how

GAb is generatedonly inADbrains.Matsuzaki andhis colleagues previously attempted to clarify themolecularmechanism

underlying Ab binding to GM1 using liposomes with various compositions of lipids.86 They found that increases in not

only GM1 content but also cholesterol content in these liposomes facilitate Ab binding to GM1. They also noticed that

the facilitation of Ab binding to GM1 in the cholesterol-rich membrane is due to the clustering of GM1.86

It is interesting to determine whether the contents of GM1 and/or cholesterol can be increased under biological

conditions. In this regard, we should pay attention to previous papers of Wood and his colleagues. They reported that

local content of cholestrol in neuronal membranes can be increased under various biological conditions. They found

that the asymmetric distribution of cholesterol throughout the lipid bilayers of synaptic plasma membrane (SPM)
4396C 4G8

Figure 8 Immunohistochemical detection of GAb in the sections of a brain obtained from patient with AD. Immunostaining

of serial sections of the cerebral cortex of an AD brain fixed in Kryofix and pretreated with SDS. Neurons (arrowheads) were

strongly immunostained by 4396C but not by 4G8, whereas plaques (arrows) were immunostained by 4G8 but not by
4396C. The asterisks indicate the same blood vessel in the serial sections. Scale¼50mm. Reproduced with permission

from Hayashi, H.; Kimura, N.; Yamaguchi, H.; Hasegawa, K.; Yokoseki, T.; Shibata, M. J. Neurosci. 2004, 24, 4894–4902.
Copyright 2004 by the Society for Neuroscience.
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Figure 9 Validation of GAb generation in the aged nonhuman primate brains. a, Immunostaining by 4396C of sections

of the primate brains, which were fixed in paraformaldehyde, from animals of different ages. Scale¼50mm. Inset: higher

magnification. Scale¼20mm. b, Double immunostaining of sections of a 36-year-old primate brain following the blocking of

autofluorescence by pretreatment with Sudan Black B. Co-localization of immunostaining by 4396C and that by BAN052
or CTX is shown in the merged image. Scale¼25mm. c, Immunoprecipitation of GAb by 4396C from cerebral cortices of

primates at different ages. The blots were reacted with BAN052 or HRP-conjugated cholera toxin subunit B (CTX).

Reproduced with permission from Hayashi, H.; Kimura, N.; Yamaguchi, H.; Hasegawa, K.; Yokoseki, T.; Shibata, M.
J. Neurosci. 2004, 24, 4894–4902. Copyright 2004 by the Society for Neuroscience.
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alters with age, resulting in an approximately twofold increase in cholesterol content in the exofacial leaflet of SPM

prepared from old mice compared with that from young mice.92 They also found that a similar alteration in the

distribution of cholesterol in SPMs in apolipoprotein E (apoE)-knockout mice. We extended this line of study using

human apoE3- and apoE4-knockin mice. In this study, we found that apoE4 knockin mice showed an approximately

twofold increase in cholesterol content in the exofacial leaflet compared with apoE3-knockin mice and wild-type

mice. Aging and the apoE4 expression are strong risk factors for AD development; thus, an alteration in lipid content

in neuronal membranes may be crucial for the induction of Ab assembly and deposition in the brain.

Regarding the possibility of an increase in the level of GM1 of neuronal membranes, we have analyzed synaptosomes

obtained from human apoE3- and apoE4-knockin mice. We prepared detergent-resistant membrane microdomains
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(DRMs) from the synaptosomes. We found that the levels of GM1 in DRMs obtained from synaptosomes increase

with age, and this increase is more marked in apoE4-knockin mouse brains than in apoE3-knockin mouse brains

(Figure 10a). Interestingly, in contrast to the levels of GM1 in the DRMs, those in other plasma membranes obtained

from the synaptosomes did not show any increase with age (Figure 10b). Furthermore, the characterization of the age-

dependent increase in the levels of GM1 of DRMs revealed that GM1 is accumulated in a unique microdomain

distinct from lipid rafts. Although it remains to be elucidated how GM1 accumulates in the DRMs of SPM in an age-

dependent manner and an apoE4 expression-dependent manner, whether an alteration in the level of GM1 influences

Ab assembly is an interesting issue. The ThT fluorescence intensity of Ab solutions incubated with synaptosomes

from an aged apoE4-knockin mouse brain significantly increased compared with that from a young mouse brain.93

The age-dependent acceleration of Ab assembly in the presence of the synaptosomes obtained from the old apoE4

mouse brain was supported by the result of Western blotting of the incubation mixtures.93 Thus, it should be

concluded that aging and apoE4 expression cooperatively accelerate Ab assembly in the brain through an increase

in the levels of GM1 in neuronal membranes. It remains to be elucidated how GM1 accumulates in unique

microdomains in SPM under these conditions; however, it may be possible to assume that aging and the apoE4

expression stabilize GM1 in these particular microdomains through the acceleration of its clustering due to an increase

in local cholesterol content.
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Figure 10 Age-dependent increase in the levels of GM1 in DRMs of synaptosomes. a, The levels of GM1 in the DRM

fractions, isolated from brain synaptosomes from three different age groups of apoE3- and apoE4-knockin mice, were

determined by CTX binding. Each lane contains 0.1mg protein of DRM fraction isolated from synaptosomes prepared from

five brains combined. The blots were reacted with CTX-HRP. The intensities of the bands relative to those for 8-week-old
mice are indicated. Each column represents the average value þ1SD of three values **: p<0.0001, *: p<0.001 (one-way

ANOVA combined with Sheffe’s test). b, CTX binding to the blots containing all sucrose density gradient fractions of

synaptosomes isolated from three different age groups of human apoE4-knockin mice. Reproduced from Federation of the

European Biochemical Societies, with permission from Elsevier.



510 Glycoconjugates and Neurological Diseases
4.27.3.6 GM1 Ganglioside-Induced Generation of Neurotoxic Ab Assemblies

To determine the pathological significance of GM1-induced Aß assembly, we co-incubated primary-cultured neurons

with the incubation mixtures containing Ab with or without GM1-containing liposomes. In this experiment, marked

neuronal death was observed only in the culture incubated with both Ab and GM1.88 As described above,

the generation of both Ab fibrils and Ab oligomers can be facilitated in the presence of GM1. Thus, it may be

important in the future to determine the nature of the biological activities of these Ab assemblies formed in the

presence of GM1.
4.27.3.7 Further Evidence of Pathological Significance of Ab Binding to Gangliosides

The results of our studies thus far suggest that the Ab binding to gangliosides plays a critical role in the Ab assembly

and deposition in the brain. Recently, further evidence of the pathological significance of Ab binding to gangliosides

has been obtained from a study using hereditary variant-type Ab’s. Regarding the mechanism underlying Ab assembly

and deposition, it seems likely that not only altered generation of Ab but also environmental factors play critical roles

in the pathological process. The significance of environmental factors in AD pathogenesis is suggested by the

evidence that Ab assembly and deposition occur in specific areas in the brain, and this is particularly true in the

development of hereditary amyloid angiopathy and familial AD, which are caused by APP mutations within the Ab
sequence.73–77 Notably, in contrast to APP mutations outside the Ab sequence, the level of Ab, especially Ab42,
secreted from cultured cells transfected with genes coding these mutations does not increase but rather decreases; that

is, most of these mutations induce Ab deposition in the brain parenchyma and/or cerebral blood vessel without

increasing the secretion level of Ab.73 Among APP mutations within the Ab sequence, Dutch-type (E693Q) and

Arctic-type (E693G) mutations induce distinct phenotypes despite the substitution of an amino acid at the same

position. The former induces predominant Ab deposition in the cerebral blood vessels whereas the latter induces

preferential Ab deposition in the brain parenchyma. As our previous studies strongly suggest that GM1 plays a critical

role in the initiation of Ab assembly and deposition in the brain parenchyma, we hypothesized that the assembly

and deposition of the Arctic-type Ab, but not of the Dutch-type Ab, are accelerated by GM1. To examine this

possibility, we performed a kinetic study using these two hereditary Ab variants in the presence of GM1-containing

liposomes. As we expected, the ThT fluorescence intensity in the incubation mixture containing the Arctic-type

Ab markedly increased.94 The accelerated assembly of the Arctic-type Ab in the presence of GM1 was confirmed

by electron microscopy and Congo red staining of precipitates obtained from the incubation mixtures. In regard to the

assembly of Dutch-type Ab, Nostrand et al. previously reported that the Dutch-type Ab assembles at a higher

level on the surface of cultured human cerebrovascular smooth muscle (HCSM) cells.95,96 This result suggests that

blood vessels, but not the cerebral parenchyma, provide a particularly favorable environment for Dutch-type Ab.
We then investigated whether HCSM cells express a ganglioside other than GM1 and found that these cells

exclusively express GM3. Furthermore, it is of note that the assembly of Dutch-type Ab was markedly accelerated

in the presence of GM3. This line of evidence, together with our previous findings, strongly suggests that assembly

and deposition of Ab, including wild-type and hereditary variant-type Ab’s are accelerated by local gangliosides.

Recently, this possibility has been supported by finding that the assembly of other hereditary variant-type Ab’s,
including Italian-type and Flemish-type Ab’s, is accelerated in the presence of GM3 and GD3, respectively97

(Figure 11). Importantly, Italian-type Ab predominantly deposits in cerebrovessel walls in the same manner as

Dutch-type Ab. In contrast, Flemish-type Ab starts to deposit on the outer surface of cerebral vessels, where GD3

is preferably expressed.
4.27.3.8 Extracellular Amyloidogenesis and Gangliosides

Recently, accumulating evidence has suggested that gangliosides are also involved in the assembly and deposition of

host-derived amyloidogenic proteins other than Ab as follows. First, Gellermann et al. have shown that serum amyloid

A (SAA), a constituent of amyloid deposited in visceral organs following prolonged inflammation, assembles through

the interaction with GM1 on the cultured cells, leading to generation of amyloid fibrils.98 Second, Wang et al. have

provided other line of evidence: that is, the fibril formation of calcitonin, a protein recently identified as a constituent of

amyloid fibrils that deposits in association with thyroid cancer, is enhanced in the presence of ganglioside mixtures.99

A challenge for future studies is to elucidate how the synthesis and expression of gangliosides are altered under these

pathological conditions.
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of four values. *: p<0.0001 versus the value of the wild-type Ab (one-way ANOVA combined with Sheffe’s test). Reproduced

from Federation of the European Biochemical Societies, with permission from Elsevier.
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4.27.3.9 Conclusion

Studies conducted by our group and others have provided the evidence that gangliosides are intimately involved in the

induction of the assembly and deposition of Ab in the brains affected with AD and amyloid angiopathy. The

mechanism underlying the pathological binding between Ab and gangliosides in the brain remains to be clarified;

however, studies regarding this issue may provide a new insight into the pathophysiology of AD.
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Glossary

amyloid b-protein A constituent of senile plaque, which is one of the pathological hallmarks of Alzheimer’s disease.

Campylobacter jejuni A Gram-negative bacterium, a leading cause of acute gastroenteritis in developed countries, which is the

most frequent cause of Guillain–Barré syndrome.

Fisher syndrome A post-infectious autoimmune disease characterized by the acute onset of ophthalmoplegia, ataxia, and

areflexia.

Guillain–Barré syndrome A post-infectious autoimmune disease characterized by the acute onset of limb weakness and

areflexia, which is the most frequent cause of acute neuromuscular paralysis in developed countries.

seed A putative molecule that is endogenous generated and facilitates the assembly of host-derived proteins, including amyloid

b-protein, into amyloid fibrils.
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1996, 40, 181–187.

9. Takahashi, M.; Koga, M.; Yokoyama, K.; Yuki, N. J. Clin. Microbiol. 2005, 43, 335–339.

10. Kuwabara, S.; Ogawara, K.; Misawa, S.; Koga, M.; Mori, M.; Hiraga, A. Neurology 2004, 63, 529–533.

11. Ilyas, A. A.; Willison, H. J.; Quarles, R. H.; Jungalwala, F. B.; Cornblath, D. R.; Trapp, B. D.; Griffin, D. E.; Griffin, J. W.; McKhann, G. M.

Ann. Neurol. 1988, 23, 440–447.

12. Inuzuka, T.; Miyatani, N.; Baba, H.; Tanaka, M.; Tanaka, K.; Sato, S.; Nakamura, K.; Miyatake, T. Acta Neurol. Scand. 1988, 78, 53–57.

13. Yuki, N.; Yoshino, H.; Sato, S.; Miyatake, T. Neurology 1990, 40, 1900–1902.

14. Freddo, L.; Yu, R. K.; Latov, N.; Donofrio, P. D.; Hays, A. P.; Greenberg, H. S.; Albers, J. W.; Allessi, A. G.; Keren, D. Neurology 1986, 36,

454–458.

15. Rees, J. H.; Gregson, N. A.; Hughes, R. A. C. Ann. Neurol. 1995, 38, 809–816.

16. Yuki, N.; Yoshino, H.; Sato, S.; Shinozawa, K.; Miyatake, T. Muscle Nerve 1992, 15, 899–903.

17. Yuki, N.; Yamada, M.; Sato, S.; Ohama, E.; Kawase, Y.; Ikuta, F.; Miyatake, T. Muscle Nerve 1993, 16, 642–647.

18. Ho, T. W.; Willison, H. J.; Nachamkin, I.; Li, C. Y.; Veitch, J.; Ung, H.; Wang, G. R.; Liu, R. C.; Cornblath, D. R.; Asbury, A. K.; et al. Ann.

Neurol. 1999, 45, 168–173.

19. Kusunoki, S.; Chiba, A.; Kon, K.; Ando, S.; Arisawa, K.; Tate, A.; Kanazawa, I. Ann. Neurol. 1994, 35, 570–576.

20. Yuki, N.; Taki, T.; Handa, S. J. Neuroimmunol. 1996, 71, 155–161.

21. Kusunoki, S.; Iwamori, M.; Chiba, A.; Hitoshi, S.; Arita, M.; Kanazawa, I. Neurology 1996, 47, 237–242.

22. Yuki, N.; Tagawa, Y.; Irie, F.; Hirabayashi, Y.; Handa, S. J. Neuroimmunol. 1997, 74, 30–34.

23. Yuki, N.; Ang, C. W.; Koga, M.; Jacobs, B. C.; van Doorn, P. A.; Hirata, K.; van der Meché, F. G. A. Ann. Neurol. 2000, 47, 314–321.
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4.28.1 Introduction

Protein glycation, also called the Maillard reaction, describes a reaction between monosaccharides and protein amino

groups. In contrast to glycosylation, which is catalyzed by glycosyltransferases, glycation is a nonenzymatic reaction,

and, therefore, is also referred to as ‘nonenzymatic glycosylation’ or ‘nonenzymatic glycation’. While the addition of

sugar chains is normally an indispensable reaction for glycoproteins to function properly, glycation proceeds under the

conditions of aging or hyperglycemia. In this chapter, the chemical basis of glycation, the role of glycation in the

pathogenesis of various diseases such as diabetic complications, and inhibitors of glycation are discussed. For further

information, there are books compiling the papers presented at the international Maillard symposia,1–8 and those by

Baynes and Monnier,4 Fayle and Gerrard,9 and Nursen.10
4.28.2 Chemistry of Protein Glycation

Protein glycation is initiated by an amino–carbonyl reaction between the free amino group of a protein (N-terminal

a-amino group or e-amino group of lysine residue) and the carbonyl group of a reducing sugar to form a Schiff base.

Figure 1 indicates the reaction pathway in the case of aldose, in which the Schiff base undergoes an Amadori

rearrangement to form an Amadori product (N-substituted 1-amino-1-deoxy-ketose).11 When the reducing sugar is

ketose, Heyns rearrangement occurs and the corresponding aldose derivatives are formed (Figure 2). The reaction
515
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pathway of the formation of Amadori products (or other corresponding products) is referred to as the ‘early reactions’ of

the glycation. Amadori products (or other corresponding products) undergo enolization, dehydration to produce a wide

variety of intermediate products, including a-dicarbonyl compounds (Figure 3), which are highly reactive and can

further modify proteins. Amadori products also undergo oxidative cleavage to form N e-(carboxymethyl)lysine

(CML).12,13 The pathways associated with Amadori products are summarized in Figure 4. Moreover, condensation,

dehydration, ring formation, or fragmentation of intermediate products take place to form stable covalent adducts or

cross-linking products. These heterogeneous end products are collectively termed advanced glycation end products

(AGEs) (Figure 5). The pathways involved in the formation of AGEs are complex and it is thought that innumerable

types of AGEs are produced. Oxidative stress plays a role in the formation of AGEs, such as pentosidine and CML,

which is called glycoxidation.14 The reaction beginning from Amadori products to produce AGEs is called the ‘late

reaction’ of glycation.

The degree of glycation is determined by the susceptibility of the protein to glycation, the glucose concentration,

and the incubation time. The susceptibility of a protein to glycation is determined by the reactivity of its amino

groups. The rate of Schiff base formation, the first step of glycation, is affected by the pKa values of the amino groups
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and also by the accessibility of the amino group to glucose. On the other hand, the rate of Amadori rearrangement is

determined by the microenvironment of the amino acids, since it is accelerated by local acid–base catalysis by carboxyl

groups of acidic residues, e-amino groups of lysyl residues, or histidine imidazole groups in the primary sequence or

tertiary structure. Bound phosphate or bicarbonate ions also accelerate glycation in a similar manner.
4.28.3 Protein Glycation In Vivo

Research on protein glycation was originally developed in the field of food science. In 1912, Louis-Camille Maillard,

a French chemist, reported the reaction between amino acids and reducing sugar causing browning.15 He proposed

that this reaction is related to the browning of food during cooking or long-term storage. Glycation also plays a role in

the characteristic color and flavor of a variety of food products, including coffee, beer, miso (Japanese bean paste), or soy

sauce. Thus, glycation in food is sometimes favorable and sometimes unfavorable, and has been extensively inves-

tigated in food science. Maillard also pointed out that the same reaction could occur in soil, and also in the body, which

turned out to be the case later. In 1968, Rahbar reported that hemoglobin A1c (HbA1c) levels are elevated in diabetic
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patients;16 HbA1c is an Amadori product of hemoglobin, in which the amino group of the N-terminal valine of the

b-chain has reacted with glucose. In 1970s, Cerami et al. also reported that protein glycation occurs in the body, and

proposed that glycation plays a role in diabetic complications.17 Subsequently, glycation has been implicated in the

pathogenesis of various diseases, and there is a growing body of evidence to suggest that the accumulation of glycation

products is causative or correlative with aging and disease progression.18 Figure 5 shows some examples of AGEs

identified in tissue. As shown in the figure, AGEs can be classified into three groups, depending on the fluorogenicity

and whether the modification involves cross-linking.

Glycation in vivo is estimated mainly by high-performance liquid chromatography using an affinity column.

Amadori products in the blood are increased by two- to threefold in diabetic patients. Since the average life span of

an erythrocyte is 120 days, the level of serum HbA1c is utilized as the index of metabolic control in diabetic patients

and indicates an average of blood glucose concentration over the past 1–2months. Serum albumin is also susceptible to

glycation in vivo, and is used as an indicator of average of blood glucose levels over the past 1–2 weeks. AGE formation

in vivo can be determined using a specific antibody or by liquid chromatography mass spectrometry.
4.28.4 The Mechanisms of Glycation-Related Pathogenesis

Protein glycation is considered to play a role in the pathogenesis of diabetes, neurodegenerative diseases, atherosclero-

sis, and aging as described in this chapter. Here, several hypotheses for glycation-related pathogenesis are introduced,

which are summarized in Figure 6.
4.28.4.1 Impairment of Protein Function by Glycation

As glycation occurs at a reactive amino group, which is often involved in enzymatic activity, protein glycation

sometimes results in the inactivation of enzymes and dysfunctions of cell metabolism. In particular, the inactivation

of antioxidative enzymes or detoxification enzymes by dicarbonyl compounds may be involved in the acceleration of

glycation, as described below.19–21

Glycation is also reported to cause the dysfunction of proteins other than enzymes. For example, glycated FGF2

displays a lower mitogenic activity and weaker angiogenic properties compared to nonglycated FGF2 in diabetic

model mice.22 Glycation of basic FGF also reduces its growth factor properties and its mitogenic cellular activity.23

The results, together with the fact that glycation of the extracellular matrix in vessels leads to resistance to degradation

by MMPs,24 suggest that glycation may be implicated in the impairment of angiogenesis observed in diabetic patients

with coronary or peripheral artery disease.

The glycation of albumin has been suggested to induce abnormal refolding of its three-dimensional structure, and

the conformational rearrangement of amino acids into b-sheets.25 The cross-b-structure characteristic of amyloid

fibrils may result from this process. Such glycated albumin subsequently is prone to condense into amorphous fibrous

aggregates while losing its innate biochemical properties. Local deposits of amyloid albumin condensates may be

resistant to removal by macrophages and promote inflammation.

AGE accumulation may directly influence structural proteins with low turnover rates, and impair the function of the

protein. Lens crystallin never turns over once it is produced, and glycation products accumulate. Thus, in case of

hyperglycemia, glycation causes diabetic cataracts (please refer to the section on diabetic cataract for details). In the

case of glycation of collagen, AGEs such as glucosepane are also produced and decrease the flexibility.26

In the vasculature, AGEs have been shown to quench the action of nitric oxide, thereby adversely affecting vascular

relaxation and function.27 These features have profound implications for vascular wall elasticity and the development

of arterial hypertension.

In addition to proteins, amino groups of adenine and guanine bases in DNA are also susceptible to glycation and

AGE formation.28,29 AGEs could also form on phospholipids and induce lipid peroxidation by a direct reaction

between glucose and amino groups on phospholipids such as phosphatidylethanolamine and phosphatidyl serine

residues.
4.28.4.2 Elevation of Oxidative Stress and Carbonyl Stress by Glycation

Oxidative stress is involved in pathogenesis of variety of diseases. Glycation is closely related to oxidative stress; in the

presence of transition metals and molecular oxygen, Amadori products generate reactive oxygen species (ROS) such as
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superoxide anions.30 ROS are also generated in the Namiki pathway, in which low-molecular enaminol compounds are

produced directly from a Schiff base.31,32 Superoxide anions are produced from glucose itself in the pathway called

glucose autoxidation;33 however, the frequency of in vivo glucose auto-oxidation is estimated to be much lower than

the oxidation of Amadori products. The binding of AGEs to AGE receptors also generates ROS, characterized by an

increased nuclear factor kB (NF-kB).
Besides oxidative stress, carbonyl stress is upregulated by glycation.34,35 For example, 3-deoxyglucosone (3-DG)

and methylglyoxal (MG) are typical carbonyl compounds generated by glycation, as stated above (see also Figure 3).

The serum concentrations of both MG and 3-DG are significantly increased in diabetic patients. Since they are highly

reactive compounds, they are involved in protein modifications as AGE precursors.36–38

Both oxidative stress and carbonyl stress result from an increase in the generation and/or a decrease in scavenging

activity. It is noteworthy that antioxidative stress enzymes or carbonyl detoxification enzymes may be glycated and

inactivated by glycation, as stated above. For example, Cu,Zn-superoxide dismutase (Cu,Zn-SOD) is reported to be

glycated in vitro and in vivo; during the reaction, superoxide anion is generated and a hydrogen peroxide anion is then

formed via the dismutase reaction catalyzed by SOD, causing the site-specific fragmentation of Cu,Zn-SOD in vitro.19

Aldehyde reductase which detoxifies 3-DG and MG is glycated and inactivated, as observed in streptozotocin-

induced diabetic rats.20 Glutathione peroxidase, which reduces various peroxides present in cells, has been reported

to be modified by MG and inactivated in smooth muscle cells.21 Since 3-DG and MG are reported to be internalized

by cells,39 the extracellular upregulation of carbonyl compounds might be involved in enzyme inactivation. Therefore,

it is possible that the defense system may be impaired by glycation, leading to an acceleration in oxidative stress and

carbonyl stress in hyperglycemia.
4.28.4.3 Activation of Signal Transduction by Glycation

The intracellular ROS generated by glycation play a key role in damaging cellular macromolecules, and also in

activating signal transduction. It has been reported that MG and 3-DG evoke signal pathways via ROS production, in

which apoptosis is induced in macrophage-derived cells and Jurkat cells,40 and heparin-binding EGF-like growth

factor is upregulated in smooth muscle cells.41

The interaction of AGEs with their cellular receptors plays a crucial role in the pathogenesis of various diseases; it

has been revealed that AGEs evoke downstream signaling and induce various cellular responses via releasing



Glycation and Disease 521
pro-inflammatory cytokines, growth factors, and adhesion molecules, and it is implicated in the pathogenesis of

diabetic complications. To date, the receptor for AGEs (RAGE), scavenger receptor class A (SR-A), scavenger receptor

class BI (SR-BI), CD36, FEEL-1 and FEEL-2, galectin-3 are reported to function as AGE receptors.

RAGE is a 35kDa protein, expressed with a 80kDa lactoferrin-like polypeptide.42,43 It belongs to a multi-ligand

member of the immunoglobulin superfamily, and is expressed in endothelial cells, smooth muscle cells, erythrocytes,

and macrophages. As a multi-ligand receptor, RAGE interacts with a diverse class of ligands, including AGEs, S100/

calgranulins,44 amphoterin,45 and amyloid-b peptides,46 and other fibrillar proteins. The expression of RAGE is

enhanced during diabetes and inflammation. In contrast to other AGE receptors, RAGE does not appear to contribute

to the removal of AGEs, and appears to function as a signal transduction receptor for AGEs; ligand binding to RAGE

induces various biological signaling pathways including the Ras/Erk, p38, JNK pathways, the phosphoinositol-3

kinase pathway, the NF-kB pathway, and the JAK/STAT pathway,47,48 and is involved in interleukin-6 (IL-6)

production in neuronal cells,49 vascular endothelial cell growth factor (VEGF), collagen, and vascular cell adhesion

molecule-1 (VCAM-1) production in endothelial cells,49 and transforming growth factor-b (TGF-b) production in

smooth muscle cells. It has been suggested that the binding of a ligand to RAGE triggers the generation of ROS, partly

by the activation of NADPH oxidase, which may be involved in downstream signaling.50,51 Studies using soluble

RAGE (sRAGE), an extracellular region of RAGE, as an inhibitor of RAGE signaling, suggest that RAGE is involved

in the pathogenesis of atherosclerosis and the dysfunction of endothelial cells.52

SR-A was first reported as an endocytosis receptor for acetylated low-density lipoprotein (LDL), but was later

identified as an AGE receptor in macrophages.53 In particular, glycolaldehyde-modified LDL has been suggested to

be endocytosed via SR-A and cause foam cell formation.54 SR-BI and CD36 are members of the scavenger receptor

class B. SR-BI, CD36, and FEEL-1 and-2 recognize denatured LDL, and it has also been suggested that they

are involved in the endocytosis of AGEs.55–57 Galectin 3 has been reported to function by forming complexes with

OST-48 and 80K-H.58 These receptors are proposed to have a range of functions in diabetic tissues, including the

removal and detoxification of AGEs, as well as the modulation of cellular properties by receptor-triggered signal

transduction on AGE association.
4.28.5 Protein Glycation and Diseases

Glycation is implicated in diabetic complications, with other hypothesis such as ‘polyol theory’ and ‘protein kinase

C theory’, and fundamental cross talk among these pathways has been proposed. Among those hypotheses, the

‘glycation theory’ offers a reasonable explanation for the gradual development of chronic complications, as microvas-

cular disease (nephropathy, retinopathy, and neuropathy) develops in diabetic patients over 10–15 years.59,60
4.28.5.1 Diabetic Nephropathy

The initial stage of development of diabetic nephropathy, incipient nephropathy, is characterized by the onset of

persistent microalbuminuria and hyperfiltration. Histological studies indicate a thickening of the basement mem-

brane, glomerulosclerosis, and the accumulation of extracellular matrix in the mesangium. The levels of 3-DG showed

a significant correlation with the progression of diabetic nephropathy. In diabetic animal models and diabetic patients,

glomerulosclerosis is associated with AGE deposition in the mesangium and in hyalinized or sclerotic lesions.61

The levels of CML are increased in soluble proteins and insoluble collagen in patients with diabetes and renal

impairment.62,63 Serum AGE levels reflect the severity of diabetic nephropathy and may be of value in its clinical

assessment, as their measurement can be used to predict the expansion of the mesangial layer and thickening of the

basement membrane.64

The expression of RAGE in podocytes is upregulated in patients with diabetic nephropathy.65 The blockade of

RAGE by sRAGE in db/db mice, or the genetic deletion of RAGE in mice with streptozotocin-induced hyperglyce-

mia, results in decreased albuminuria, mesangial expansion, and glomerulosclerosis, indicating the possible implica-

tion of RAGE in the pathogenesis of diabetic nephropathy.66 It has been suggested that RAGE activation causes the

expression of VEGF and mesangial activation with TGF-b expression, which results in hyperpermeability/proteinuria

and glomerular sclerosis, respectively.

Galectin 3 has also been suggested to be involved in diabetic nephropathy; galectin 3 knockout mice show an

accumulation of AGEs in the kidney and accelerated diabetic glomerulopathy, suggesting a protective function of

galectin 3.67
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4.28.5.2 Diabetic Retinopathy

Diabetic retinopathy is characterized by the early loss of pericytes, vessel weakening, and endothelial dysfunction,

leading to the development of acellular capillaries, micro aneurysms, capillary closure, and ischemia. In later stages,

which is called proliferative retinopathy, angiogenesis, macular edema, and severe visual impairment occur. AGEs

have been detected in retinal blood vessel walls. Studies have shown that AGEs upregulate RAGE mRNA levels in

pericytes and microvascular endothelial cells.68 AGEs have been suggested to trigger oxidative stress and induce

apoptosis of pericytes, perhaps in a RAGE-modulated fashion.69 In addition, AGEs may disrupt the synthesis of nitric

oxide by endothelial nitric oxide synthesase (eNOS) in the retinal microvascular endothelium, which might lead to a

reuction in capillary blood flow.70 It has also been suggested that AGEs might be involved in the enhanced expression

of ICAM-1 in macrovessels in diabetes,71 leading to a marked adhesion of leukocytes to the endothelium, causing

capillary occlusion and vascular cell death.72 Moreover, the exposure of retinal cells to AGEs causes the upregulation of

VEGF, and stimulates angiogenesis and neovascularization, both of which are involved in proliferative retinopathy.73

The levels of VEGF in ocular fluid are also associated with the breakdown of the blood–retinal barrier, resulting in

increased microvascular permeability and vascular leakage.
4.28.5.3 Diabetic Cataract

Diabetic cataracts are characterized by opacification of the lens, and eventual loss of vision. It has been suggested that

the glycation of lens crystallins may cause conformational changes resulting in the exposure of thiol groups to

oxidation, leading to aggregation and the covalent cross-linking.74 Furthermore, lens crystallins have virtually no

turnover, and when AGEs are accumulated, they, in turn, cause aggregation of the crystallins producing the high

molecular weight material responsible for opacification in diabetic model animals.75 It has been suggested that

fluorescent AGEs isolated from human cataractous lenses are derived from glycation by ascorbate.76 The effects of

dicarbonyl compounds, such as glyoxal and methylglyoxal, are enhanced in diabetes and aging, leading to the cross-

linking of a-crystallins with the resultant loss of chaperone activity and the formation of dense aggregates. The

increased glycation of Na-K ATPase in vitro reduces its activity, altering intracellular ion concentration and

subsequent water movement via osmosis.77 Such an effect in vivo may contribute to cataract formation in diabetes.
4.28.5.4 Diabetic Neuropathy

Diabetic neuropathy is a spectrum of damage to peripheral nerves in diabetic subjects. It arises as a result of

progressive damage to the peripheral sensory and autonomic nervous system and is characterized by segmental

demyelination and axonal degeneration of peripheral neurons, together with functional abnormalities such as reduced

nerve conduction and blood flow. AGEs have been shown to reduce sensory motor conduction velocities, nerve action

potentials, and blood flow in peripheral nerves in animal studies. The glycation of myelin is increased in diabetes.

Glycated myelin is susceptible to phagocytosis by macrophages in vitro and can also stimulate macrophages to secrete

proteases and this might contribute to the nerve demyelination observed in diabetic neuropathy.78 Furthermore,

AGEs onmyelin can trap plasma proteins such as IgG, IgM, and C3 to elicit immunological reactions that contribute to

neuronal demyelination.79 Moreover, AGEs and ROS affect neuronal and glial function, and nerve microvasculature.

Decreased blood flow and ischemia further contribute to diabetic neuropathy. The RAGE signaling in diabetic

neuropathy is implicated in human patients and in animal models.
4.28.5.5 Diabetic Atherosclerosis

Atherosclerosis is the most serious consequence of long-term diabetes. It is characterized by the deposition of

atherosclerotic plaques on the insides of arterial walls, occlusion of blood flow, and eventual myocardial infarction.

The glycation of LDL is enhanced in diabetes, and the oxidation of LDL is also caused by glycation and AGE

formation. Glycation or the oxidation of LDL results in reduced recognition by normal LDL receptors,80 leading to

delayed clearance, increases in serum LDL levels, and eventually an enhanced uptake of LDL by scavenger receptors

on macrophages and vascular smooth muscle cells.81 This may be involved in the hyperlipidemia and accelerated

foam cell formation observed in diabetic patients. LDL is also modified by AGE and such LDL-AGE levels are

increased in diabetic patients and has a reduced serum clearance.82 Conversely, the glycation of high-density

lipoprotein (HDL) increases its turnover and reduces its efficiency during reverse cholesterol transport.83 The

glycation of HDL also reduces the activity of paraoxonase, an HDL-associated enzyme, which is important for the
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prevention of LDL oxidation and monocyte adhesion to aortic endothelial cells, both of which are key initial events

that occur during atherosclerotic plaque formation.84 AGEs have been detected in atherosclerotic plaques from

diabetic patients by immunohistochemical staining with anti-AGE antibodies.85 Increased glycation and AGE

formation on arterial collagen may also be important in atherogenesis, since collagen-linked AGEs can trap LDL

and other plasma proteins. This delays the normal outflow of LDL particles, which penetrate the vessel wall and thus

enhance cholesterol deposition in the intima, contributing to accelerated atheroma formation in diabetes.86

An increase in atherosclerosis with a increased lesion area together with the expression of RAGE and AGEs are

observed in diabetic apolipoprotein-E null mice.52 The binding of AGEs to RAGE produces oxidative stress,

diminished vascular barrier function, increased vascular permeability, and increased expression of VCAM-1. Further-

more, AGEs promote the secretion of several cytokines including IGF-I and PDGF. These cytokines not only control

the migration of monocytes and macrophages but also promote the proliferation of smooth muscle cells, an important

step in atherosclerotic plaque formation.

AGEs residing in the vessel wall can interfere with eNOS and the vasodilatory action of nitric oxide.27 AGEs react

directly to inactivated nitric oxide-mediated vasodilatation while AGE-infused nondiabetic animals show diabetic-

like disruption in vasorelaxation.87 These alterations may contribute hypertension and atherosclerosis. Endothelial

dysfunction leading to enhanced procoagulant activity may result from the exposure of endothelial cells to AGEs

in vitro.88 Furthermore, vascular endothelial cells may react to AGEs by promoting cell adhesion and trans-endothelial

migration.89,90 Thus, by causing significant dysfunctional changes in the macrovascular endothelium, AGEs can

potentiate vessel wall atherogenesis, hypertension, or prothrombiotic events independent of, but enhanced by,

diabetes.
4.28.5.6 Neurodegenerative Disease

Glycation has been implicated in neurodegenerative disease. For example, it has been shown that AGEs are present in

affected regions of Alzheimer’s disease such as senile plaques, and neurofibrillary changes.91,92 Glycation has also been

implicated in the pathogenesis of familial amyotrophic lateral sclerosis (FALS). Point mutations of Cu,Zn-SOD are

observed in 15–20% of FALS cases. This mutated Cu,Zn-SOD has been found to be vulnerable to glycation compared

to the wild type.93 Indeed, Lewy body-like hyaline inclusions that are characteristically found in FALS patients are

immunopositive for both Cu,Zn-SOD and AGEs such as CML, pyrraline, and pentosidine.94,95 It has been suggested

that glycated Cu,Zn-SOD is fragmented, and the released Cu induces the Fenton reaction followed by reactive

hydroxyl radical production. Since motor neurons contain large amounts of Cu,Zn-SOD, the site-specific and late-

onset occurrence of FALS might be caused by the glycation of mutated Cu,Zn-SOD.
4.28.6 Enzymes Acting against Intermediate Products of Glycation

Protein glycation is involved in the pathogenesis of various diseases. Is there any specific defense system for glycation?

There are two major categories of enzymes that act on intermediate products of glycation: one includes enzymes that

act on Amadori products and the other includes enzymes that act on dicarbonyl compounds.
4.28.6.1 Enzymes that Act on the Amadori Products (Deglycating Enzymes)

The deglycating enzymes have been reviewed by Wu and Monnier.96 There are two major groups of Amadori

metabolizing enzymes: the first group includes fructosyl amine oxidases and the other is fructosamine kinase.

Fructosyl amine oxidases oxidize Amadori products and generate hydrogen peroxide. The oxidized Amadori products

decompose spontaneously via hydrolysis into the original amino acid and glucosone (Figure 7). Several enzymes have

been purified from various microorganisms such as Corynebacterium sp.,97 Penicillium sp.,98 Aspergillus sp.,98,99 or

Fusarium sp.,100 and cDNA were cloned from Penicillium sp. and Aspergillus sp.98,101 All are FAD enzymes and have

an ADP-binding bab-fold sequence (GXGXXG). However, no mammalian enzymes with a similar activity have been

reported. A membrane-bound enzyme with deglycating activity from a Pseudomonas sp. strain has also been found, and

identified as 1-deoxyfructosyl alkyl amino acid oxidase; however, it cleaves Amadori products at the alkylamine bond

to produce fructosamine (Figure 8).102,103

On the other hand, fructosamine 3-kinase (FN3K) has been isolated from human erythrocytes.104,105 It phosphor-

ylates Amadori products, producing fructoselysine-3-phosphate (F3P), and the F3P decomposes into lysine, inorganic

phosphate, and 3-DG (Figure 9). A homologous enzyme has been reported in mice, and also predicted in the
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databank of Caenorhabditis elegans, Escherichia coli, and Synechocystis sp. A tissue distribution study revealed that the

fructosamine kinase gene is expressed in all tissues, with the highest level in the kidney. It has been reported that an

inhibitor of FN3K caused a significant increase in accumulated glycated hemoglobin, suggesting that FN3K may be

involved in an intracellular deglycating pathway in erythrocytes.

It was also reported that there is a pathway utilizing Amadori products in E. coli, in which fructose-lysine 6-kinase

and fructose-lysine-6-phosphate deglycase cooperate.106 The biological significance of the pathway is currently

unknown, but it could be involved in the metabolism of Amadori products by microorganisms.
4.28.6.2 Enzymes that Act on Dicarbonyl Compounds

Among many intermediate products, 3-DG is considered to be important since it reacts with amino residues at

10000-fold higher rates than glucose, and it has also also been reported that 3-DG is a precursor of AGEs such as
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pyrraline or 3-DG imidazolon. 3-DG is produced from Amadori products by both a nonenzymatic pathway and an

enzymatic pathway, catalyzed by fructosamine kinase, as described above.

There are two reported metabolic pathways of 3-DG: one involves the NADPH-dependent reduction of 3-DG

to 3-deoxyfructose (3-DF) (Figure 10) and the other, the NAD(P)-dependent oxidation of 3-DG to 2-keto-3-

deoxygluconic acid. The former pathway is catalyzed by a member of the aldo-keto reductases such as aldehyde

reductase (ALR)107–109 and aldose reductase (AR), and the latter pathway is catalyzed by an oxoaldehyde dehydroge-

nase.110 It appears that the reduction pathway is dominant, since isotopically labeled 3-DG is reduced to 3-DF in

rats.111 Experiments using human umbilical vein endothelial cells (HUVECs) have also indicated that 3-DG is

internalized by cells and reduced to 3-DF. When aldo-keto reductase activity is inhibited, the cytotoxicity of 3-DG

is enhanced and the rate of apoptosis is upregulated. This, therefore, suggests that extracellular 3-DG is endocytosed

into endothelial cells and detoxified by aldo-keto reductases such as ALR.39 It has been reported that ALR is

inactivated when it is glycated.20 Serum levels of 3-DG are correlated with the extent of diabetic nephropathy, and

it is thought that both an increase in production and a decrease in the metabolism of 3-DG might occur under

condition of hyperglycemia.
4.28.7 Glycation Inhibitors

A variety of pharmacological compounds and strategies have been studied in vitro as well as in vivo for their potential

for preventing the deleterious effects of glycation.112 Reagents have been proposed for preventing glycation reaction,

reducing the effects of glycation in the cells and breaking established AGE cross-links. These inhibitors offer

important insights into the pathogenic role of glycation and may also have clear applicability for the treatment of

patients.

Neutralizing antibodies against glycated albumin have been shown to lower the rate of progression of diabetic

nephropathy in diabetic rats without altering the glycemic status of the animals, showing that Amadori products could

be a therapeutic target.113 On the other hand, many of the drugs investigated are proposed that act on post-Amadori

reactions, such as aminoguanidine (Pimagedin) or pyridoxamine (Pyridorin). They are both thought to reduce post-

Amadori reactions by trapping reactive carbonyl intermediates based on their nucleophilic potential or their ability to

quench ROS formation and oxidative stress. Aminoguanidine, a small nucleophilic hydrazine derivative, which has

been shown to react with dicarbonyl compounds to form triazines,114 prevents diabetes-related vascular complications

in experimental animals.23,115–117 Interestingly, aminoguanidine does not prevent the initial phase of experimental

diabetic retinopathy in rats, although a secondary intervention can retard the progress of the disease. It should

be noted that aminoguanidine is relatively nonspecific for glycation, and also has antioxidant or inducible nitric

oxide synthase (iNOS) inhibitory properties.118 Pyridoxamine has been shown to be an efficacious post-Amadori

inhibitor, with the ability to prevent renal dysfunction in diabetic rats.119 It is highly effective in reducing retinal AGE

accumulation, preventing the upregulation of basement membrane-associated genes and diabetes-associated capillary

dropout. Pyridoxamine is well tolerated at all dose levels, with no serious adverse effects.

The AGE-binding properties of lysozyme have been used to reduce AGE levels in the dialysates from diabetic

patients with kidney disease.120,121 The protocol involves the capture of in vivo-derived AGEs with lysozyme linked to

a Sepharose matrix allowing the selective depletion of AGEs from the sera or dialysate.

Reducing oxidative stress is another strategy for preventing the effects of glycation. Vitamin antioxidants have been

shown to be an effective therapy in experimental models. Chelating transition metals may reduce glycation-derived
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ROS as well.122 It has been reported that many of the glycation inhibitors have the ability to chelate transition metals

in a buffer, in addition to their proposed properties. Examples are aminoguanidine, OPB-9195, pyridoxamine,

2,3-diaminophenazine,123 and LR-90.124

Drugs preventing AGE-induced cellular activation, for example, inhibitors of RAGE, could be an alternative, when

inflammatory reactions need to be controlled. Experimentally, sRAGE has been used extensively as a tool to block

RAGE-dependent effects in vivo and in vitro. As stated in the section on diabetic nephropathy, the administration of

sRAGE in diabetic animals suppressed the accelerated vascular changes typical of diabetic atherosclerosis.

A more recent antiglycation strategy has been to reduce the amount of already-formed AGEs by chemically

reopening AGE-mediated cross-links that are formed in biological systems. Such an AGE’s cross-link ‘breaker’

prototype, N-phenyl-thiazolium bromide (PTB), has been reported to attack covalent carbon bonds of dicarbonyl-

derived cross-links in vitro.125 It has been shown to ameliorate myocardial stiffness in aged dogs and improve the

ability of the carotid artery to expand during systole in diabetic rats. In preliminary clinical trials, ALT-711, a derivative

of PTB, improved arterial compliance in aged patients with measurable cardiovascular stiffening.126 Thus, an AGE

breaker may prove highly beneficial in the reversal of late cardiovascular complications that afflict older adult

populations, regardless of whether they have been diagnosed with diabetes.

Figure 11 indicates the chemical structures of some glycation inhibitors, and the site on which glycation inhibitors

act are summarized in Figure 12. Although many different compounds intended to prevent glycation are currently

under scrutiny and extensive in vivo testing in animal models has occurred, only a few have successfully entered

clinical trials thus far, mostly due to unfavorable side effects or because their beneficial effects were only marginal at

the doses tested compared to conventional treatment strategies. These drugs, however, allow important experimental

insights into AGE-related pathophysiological mechanisms, at least in animal models.

Finally, a number of drugs for treating diabetic complications based on nonglycation theories have been found to

inhibit AGEs’ formation in vitro and in vivo. Examples of these drugs includes aldose reductase inhibitors127 and

angiotensin-converting enzyme inhibitors.128–130Aldose reductase inhibitors (ARIs) have been shown to inhibit

pentosidine formation in the lens, and showed a moderate decrease or plasma AGE concentrations in parallel with

improved parameters of oxidative stress. Thiamin (vitamin B1) inhibits plasma and renal AGE formation in vivo, and

its proposed mechanism of action involves the diversion of triose glycolytic intermediates toward the reductive

pentose pathway.131
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4.28.8 Concluding Remarks

Diabetes is the leading cause of end-stage renal failure and the requirement for chronic dialysis, and diabetic

retinopathy is the most common cause of blindness. The control of protein glycation might lead to the amelioration

of these diabetic complications. Recent studies provide evidence to show that glycation reaction is regulated by a

variety of factors including enzymatic pathways. Clarification of the chemical reactions and structures of AGEs will

lead to the development of novel therapeutic options for controlling glycation in disease.
Glossary

glycation Reaction by which free amino groups of proteins, lipids, and nucleotides are modified by monosaccharides in the

amino–carbonyl reaction, initiated by the formation of a Schiff base, followed by Amadori rearrangement, production of

a-dicarbonyl compounds and eventually AGEs (advanced glycation end products). This sequence is also referred to as nonenzy-

matic glycosylation, or the Maillard reaction. In contrast to the Maillard reaction, glycation is often used to describe in vivo
reactions. The most important distinction between glycation and glycosylation is that the former is modification with the acyclic

form of sugar, while the latter is modification with the cyclic form of sugar.

Maillard reaction Reaction by which free amino groups of proteins, lipids, and nucleotides are modified by monosaccharides

in the amino–carbonyl reaction, initiated by the formation of a Schiff base, followed by Amadori rearrangement, production of

a-dicarbonyl compounds and eventually AGEs (advanced glycation end products). This sequence is also referred to as glycation,

or nonenzymatic glycosylation. Compared to glycation, the Maillard reaction is often used to describe in vitro reactions.
nonenzymatic glycosylation Reaction by which free amino groups of proteins, lipids, and nucleotides are modified by a

monosaccharide by the amino–carbonyl reaction, initiated by the formation of a Schiff base, followed by Amadori rearrangement,

production of a-dicarbonyl compounds and eventually AGEs (advanced glycation end products). This sequence is also referred to

as glycation or the Maillard reaction.

advanced glycation end products (AGEs) End products of glycation (Maillard reaction, nonenzymatic glycosylation). It is

thought that innumerable types of AGEs are produced during glycation (refer to Figure 5). Some of them are characterized by

their fluorescence and/or cross-linking properties.

oxidative stress Cellular stress derived from reactive oxygen species (ROS), such as superoxide anions, hydrogen peroxide, and

hydroxyl radicals.

glycoxidation Oxidative stress plays a role in the formation of AGEs, such as pentosidine and N e-(carboxymethyl)lysine

(CML). Oxidation that is involved in AGEs’ formation is called glycoxidation.

carbonyl stress Cellular stress derived from reactive carbonyl species, such as a-dicarbonyl compounds (methylglyoxal,

3-deoxyglucosone, etc.).

reactive oxygen species (ROS) The partially reduced metabolites of molecular oxygen (dioxygen; O2), which are highly

reactive. These include superoxide anions (˙O2
–), hydrogen peroxide (H2O2), and hydroxyl radicals (˙OH).

reactive carbonyl species Carbonyl compounds are highly reactive and cause carbonyl stress. Reactive carbonyl species

include a-dicarbonyl compounds (methylglyoxal, 3-deoxyglucosone, etc.; refer to Figure 3).
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4.29.1 Introduction

The increasing problem of the worldwide shortage of donor organs has led to a revival of interest in xenotransplanta-

tion. Xenografting can be classified as either discordant or concordant, such as pig to human or monkey to human,

respectively, based on the severity and pattern of the graft rejection.1

The pig represents an ideal animal for discordant xenografts for a variety of reasons, including anatomical,

physiological, and ethical considerations. The exposure of pig cells, tissues, and organs to human blood,

however, results in a hyperacute rejection (HAR), which is mediated by naturally occurring high-titer antibodies

and complements in humans.2 The major xenoantigen responsible for this type of rejection is a single carbohydrate

structure, the a-gal epitope (Gala1-3Galb1-4GlcNAc-R), which is expressed by most mammalian cells, including

the pig.3

Trials designed to overcome hyperacute rejection by the expression of complement regulatory proteins, such as

membrane cofactor protein (MCP; CD46),4 decay-accelerating factor (DAF; CD55),5 and CD59 (MACIF, HRF20)6 on

the graft has been shown to be quite effective.7–9 As the next step, trials, designed to overcome not only HAR and

acute vascular rejection (AVR), which is characterized by the production of xenoreactive antibodies and subsequent

activation of the graft endothelium, as well as by modification of the glycosyltransferase(s) using gene technology, are

currently underway.10
4.29.2 The a-gal Epitope

4.29.2.1 History

The a-gal epitope is one of the most common carbohydrate structures found in mammalian tissues. This antigen

is the major antigen involved in pig to human xenotransplantation, and is synthesized by the glycosylation

enzyme a-1,3-galactosyltransferase (a1,3GT; UDPgalactose:b-D-galactosyl-1,4-N-acetyl-D-glucosaminide a-1,3-galac-
tosyltransferase).11 The enzyme a1,3GTcatalyzes the following reaction:

Galb1-4GlcNAc-RþUDP-Gal�!ða1;3GTÞ
Gala1-3Galb1-4GlcNAc-RþUDP

The a-gal epitope was first identified as a major component of rabbit erythrocyte glycolipids, ceramide pentahexo-
12
side (CPH), and was reported to be an internal type 1 chain by Eto et al. and later corrected to be a linear type 2 chain

oligosaccharide by Stellner et al.13 The a-gal epitope was subsequently shown to be present on rabbit red cell

glycolipids with carbohydrate chains of various lengths.14,15

Galili et al. reported that the anti-Gal antibody is present as a natural antibody, and constitutes as much as 1% of

the circulating IgG in humans and displays a distinct specificity for the Gala1-3Gal structure. They also analyzed

a-gal epitope expression in various tissues of many nonprimate mammals, and found a distinct evolutionary

pattern that, while anti-Gal was found to be present in Old World monkeys and apes in titers comparable to

those in humans, its corresponding antigenic epitope is expressed at relatively high levels on erythrocytes of

New World monkeys. In further studies, they found an abundance of this a-gal epitope (1–30�106) on cells from

many species, kangaroo, mouse, rat, rabbit, pig, cow, horse, cat, dog, dolphin,16,17 and on cells of prosimians, and of

New World monkeys (platyrrhines) (e.g., monkeys of South America). In contrast, the catarrhines, which include

Old World monkeys, apes, and humans, lack this enzyme activity because the a1,3GT gene is inactivated, and in

contrast produce large amounts of antibodies, designated as anti-Gal, against the a-gal epitope. The inactivation of

the a1,3GT gene in ancestral catarrhines was probably the result of intensive evolutionary pressure for alteration in

the makeup of cell surface carbohydrates (i.e., suppression of a-gal epitope expression) and for the production of the

anti-Gal antibody.

They also proposed the existence of a reciprocal relationship between a-gal epitope expression and the production

of the anti-a-Gal antibody, which is probably produced by constant antigenic stimulation by a-gal-like epitopes which
are located on the surface of normally occurring bacterial flora. Thus, humans acquire natural antibodies that account

for as much as 1% of the total circulating IgG.18,19

In terms of a1,3GT activity in each organ, we have shown that the mouse expresses a relatively lower a1,3GT

activity than the pig in many organs, but the differences are in the 10-fold range, except for the lung. On the contrary,

some mouse tissues, such as the pancreas, show a higher a1,3GT activity than those in pigs.20 Our data may not

support the reports by Galili et al. who concluded that the expression of the a-gal epitope expression in pig organs is up

to 500-fold higher than in mouse organs.21 Thus, the amount of a-gal epitope in each tissue may not be directly related

to a1,3GTenzyme activity.
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4.29.2.2 Approach Based on Xenograft Research

Regarding the a-gal epitope and anti-Gal antibody, several interesting papers have appeared recently from xenograft

reseachers. Good et al. demonstrated in 1992 that human antipig antibodies were not only IgG, but also included IgM

and IgA, and these bound most strongly to oligosaccharides with an alpha-galactose (a-Gal) terminal residue. These

included (1) a-Gal-R (a-galactose), (2) Galal-3Galb-R (B disaccharide), (3) Galal-3Galb l-4GlcNAcb-R (linear B type

2 trisaccharide), and (4) Galal-3Galb l-4Glcb-R (linear B type 6 trisaccharide) where R is (CH2)8COOCH3.
22 In 1993,

Sandrin et al. also revealed that most of the human IgM antibodies present in the serum of healthy donors and reactive

predominantly with pig cells react with a-gal epitopes.23

On the other hand, Cooper et al., in experiments involving the staining of pig vascular endothelium utilizing a panel

of carbohydrate-specific lectins and immunoaffinity antibodies, confirmed the presence of three different carbohy-

drate epitopes, namely (1) Galal-3Galbl-4GlcNAcb-R (linear B type 2 trisaccharide, (2) NeuAca2-3Galbl-4GlcNAcb-R
(sialyl-N-acetyllactosamine), and (3) Galbl-4GlcNAcb-R (N-acetyllactosamine). They investigated organs from several

breeds of pigs and concluded that the a-gal epitope is either monomorphic or at least has a high incidence in pig

species.24
4.29.2.3 The a1,3GT Gene

This enzyme is found in the trans-Golgi network where it catalyzes the production of a-gal epitopes using

N-acetyllactosaminyl residues as the sugar acceptor and UDP-Gal as the sugar donor.

a1,3GT activity was first detected in mouse Ehrlich ascites tumor cells in 1981.25 The cDNA encoding a1,3GT

was cloned from both the bovine and mouse by Joziasse et al. and Larsen et al. in 1989, respectively.26,27 The

enzyme was different from the blood group B transferase, another a1,3GT that has a different acceptor substrate

specificity (Figure 1).

Joziasse et al. also found in 1989 that this gene is present in the DNA of humans and Old World monkeys, but is not

transcribed by them, suggesting the complete lack of a1,3GT mRNA. The findings suggest that the evolutionary

inactivation of the a1,3GT gene in ancestral primates was likely associated with mutations in the regulatory domain(s)

of this gene (e.g., mutations in the promoter/enhancer domains).26,28

In 1990, Larsen et al. 29 found frameshift mutations in the open reading frame of the human a1,3GT pseudogene,

which results in premature stop codons.

Shortly after the above study, in 1991, Galili et al. found similar frameshift mutations in apes, but not in Old

World monkeys. Thus, the lack of a1,3GT activity in humans appears to be the result of both regulatory and
N-Acetyllactosamine

Galb1-4GlcNAcb-

Galb1-4GlcNAcb -
Fuca1-2Gala1-3Galb1-4GlcNAcb-

GalNAca1-3Galb1-4GlcNAcb -
Fuca1-2

Gala1-3Galb1-4GlcNAcb -
Fuca1-2

a-1,3-N-Acetylgalactosaminyltransferase

(A transferase)

Blood group A Blood group B

a-1,3-Galactosyltransferase
(B transferase)

a-1,2-Fucosyltransferasea-1,3-Galactosyltransferase

a-gal epitope H antigen

Figure 1 a-1,3-Galactosyltransferase and histoblood group A and B transferases.
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structural mutations within the a1,3GT gene. A detailed analysis of the sequence of this pseudogene in humans and in

other primates by Galili et al. suggested that the a1,3GT gene was inactivated in ancestral Old World primates, after

apes and monkeys diverged from each other, and that it might have occurred approximately 20 Ma30,31 (Figure 2).
4.29.3 Remodeling of the Major Xeno-Glycoantigen

4.29.3.1 a-Galactosidase Treatment

Early on, a variety of strategies, designed to downregulate the a-gal epitope, were reported (Figure 3). The

elimination of the a-gal epitope on the cell membrane by treatment with a-galactosidase represents a potentially

effective approach, and the transgene of the cDNA of this enzyme is also effective.

Enzymatic removal of the a-gal epitope was first investigated by Cairns et al. using pig lymphocytes, pig vascular

endothelium, rabbit islets, and rabbit erythrocytes. The removal of accessible a-gal epitopes as judged by fluorescence

activated cell sorting (FACS) using Griffonia simplicifolia 1 isolectin (GS-IB4 lectin) was complete in rabbit erythro-

cytes, near-complete in pig lymphocytes, partial in the pig endothelium, and absent in rabbit islets. They indicated

that carbohydrate epitopes on small- and medium-sized glycolipids are much less accessible to enzymatic degradation

than those on glycoproteins and megaloglycolipids.32

LaVecchio et al. also demonstrated the removal of a-gal epitope from pig endothelial cells. The reactivity of both

human and cynomolgus monkey serum with endothelial cells was decreased by 59% to 90% after treatment with

coffee bean a-galactosidase.33,34
Old World Monkey
(Monkey of Eurasia) Ape

Human

H−D antigen
mutation

a1,3GT mutation

2000−3000 years ago

New World Monkey
(Monkey of South America)

Figure 2 Evolution of glycoantigen.
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a-Galactosidase
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( )
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+
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DNA
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Figure 3 Strategy for the downregulation of the a-gal epitope.
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However, the effects of these approaches are temporary, and perfusion of tissue with a-galactosidase prior to

transplantation only delayed the onset of hyperacute rejection, but does not directly address the problem of the

continual resynthesis and replacement of the epitope.
4.29.3.1.1 Transfection of a-galactosidase cDNA in cells
Human a-galactosidase A (a-D-galactoside galactohydrolase; a-Gal A) is an X chromosome-linked lysosomal exogly-

cosidase that cleaves the terminal a-D-galactosyl residues from glycolipids and glycoproteins. The subunits of this

homodimeric enzyme are synthesized as 50kDa precursor glycopeptides. After cleavage of the signal peptide, and

carbohydrate modifications in the Golgi and lysosomes, the mature enzyme has a native molecular mass of 101kDa.

The deficient activity of a-Gal A of humans results in Fabry’s disease.35,36

The efficacy of using a-galactosidase to remove a-Gal by transfection of the cDNA was examined by Osman et al.

The co-expression of a-galactosidase cDNA and a1,3GTcDNA in COS cells, that has originally no a-Gal expression,

resulted in a 75% reduction in a-Gal expression, with increased levels of a-galactosidase activity. The results

demonstrated that expression of a-galactosidase enzyme within a cell, by transfection of cDNA, can significantly

reduce the surface levels of a-gal epitope. They achieved the same types of results using a pig endothelial cell line

expressing a-galactosidase cDNA. The experiments showed a 10-fold decrease in anti-Gal antibody binding compared

to control cells, demonstrating a significant reduction in cell surface a-gal epitope.37
4.29.3.1.2 In vivo expression of a-galactosidase
Transgenic mice expressing a-galactosidase under an H2-Kb promoter were next produced by Osman et al. to test the

ability of a-galactosidase to reduce a-gal epitope in vivo. However, in spite of the drastic elimination of a-Gal in pig

cells with the a-galactosidase gene, the transgenic mouse carrying the a-galactosidase alone showed only a 15–25%

reduction in a-Gal expression.37
4.29.3.1.3 Combination of a-1,2-fucosyltransferase (a1,2FT ) and a-galactosidase
In a further strategy, Osman et al. combined the a1,2FT approach to this a-galactosidase approach. COS cells

co-transfected with a1,3GT, a1,2FT, and a-galactosidase cDNAs showed essentially no cell surface expression of

a-gal epitope, and background lysis was observed in the cytotoxicity assay.37

In addition, they produced a chimeric form of a-galactosidase to relocalize to the trans-Golgi network. Unfortunately,

the expression levels of the chimeric form of a-galactosidase expressed by itself would probably be insufficient in a

transgenic mouse. However, when expressed as a transgene in mice, the trans-Golgi network form of a-galacosidase
was more effective in decreasing cell surface terminal a-galactose than was the native lysosomal form. In conjunction

with the a1,2FT, the reduction was additive. While hemizygous a1,2FT and the trans-Golgi network form of

a-galacosidase reduced a-Gal expression by 36% and 25%, respectively, splenocytes from the transgenic mouse with

both a1,2FTand the trans-Golgi network form of a-galactosidase indicated a 65% reduction in a-Gal expression.38

They reported that the activity of a-galactosidase is the greatest at pH 4.5 which is appropriate to its function as a

glycosidase within lysosomes but not as a glycosidase in the trans-Golgi network, which is less acidic (pH 6.0), or on the

plasma membrane (pH 7.0). It remains to be determined whether mutations of the a-galactosidase catalytic domain,

which can alter its activity at different pH levels, or transgene of the a-galactosidase derived from a species that have

greater activity at different pH will prove to be more useful for the elimination of a-gal epitope.38
4.29.3.2 Substrate Competition in Core Glycosylation

One strategy for reducing the a-gal epitope involves controlling sugar chain biosynthesis using the b-D-mannoside

b-1,4-N-acetylglucosaminyltransferase III (GnT-III) enzyme. This enzyme was first purified by Nishikawa et al. from

normal rat kidney using several chromatographic techniques and a cDNA was subsequently obtained.39,40

In general, the regulation of sugar chain biosynthesis is under the control of glycosyltransferases, the substrate

specificities of the enzymes, and the localization of the enzymes in tissues and organelles. Concerning the mechanism

of GnT-III, it catalyzes the branching of N-linked oligosaccharides to produce a bisecting N-acetylglucosamine

(GlcNAc) residue. The attachment of a bisecting GlcNAc inhibits the further processing of oligosaccharides by

other glycosyltransferases. That is, once a bisecting GlcNAc residue is added to the core mannose by GnT-III, the

action of other competitive enzymes such as a-3-D-mannoside b-1,4-N-acetylglucosaminyltransferase IV (GnT-IV)

and a-6-D-mannoside b-1,6-N-acetylglucosaminyltransferase V (GnT-V)41 are prevented from introducing any
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additional triantennary structures into the Golgi stack. As a result, it is likely that a-gal epitope levels are decreased

because the bisecting GlcNAc suppresses the further processing of complex-type sugar chains (Figure 4).

We showed that the introduction of the GnT-III gene into pig endothelial cells (PECs) reduced their susceptibility

to normal human serum (NHS) in complement-mediated cell lysis, and also suppressed the antigenicity to human

natural antibodies, as evidenced by a flow cytometric analysis, as well as GS-IB4 lectin binding to the a-galactosyl
epitope. AWestern blot analysis indicated that proteins smaller than 66kDa had a diminished reactivity to NHS and

the GS-IB4 lectin. GnT-III, a key enzyme which is involved in the branch formation of N-linked sugars, was found to

downregulate the expression of xenoantigen, suggesting that this approach may be of value in clinical xenotransplan-

tation in the future.42,43

Further structural analysis by our group revealed that the amount of N-linked oligosaccharides containing the a-gal
epitopes in GnT-III-transfected cells was less than 10% that in parental cells, due to the alteration of the terminal

structures as well as a decrease in branch formation. In addition, it appeared that the addition of a bisecting GlcNAc,

which is catalyzed by GnT-III, leads to a more efficient sialylation rather than a-galactosylation. It appears that

a-galactosyl residues are ‘replaced’ by sialyl residues in transfected cells, although the enzyme activities involved in

these modifications are not significantly affected by the transfection. In vitro kinetic analyses showed that the

bisecting GlcNAc has an inhibitory effect on a-galactosylation, but does not significantly affect sialylation.

We proposed that the bisecting GlcNAc covers a wide area on the surface of the GlcNAc1-2Man1-3Man-unit,

thereby sterically hindering the reactions of and recognition by glycosyltransferases.44,45 On the other hand, a

biantennary-complex-type structure can exist in two interconvertible conformations, which differ in the torsional

angle at the C5–C6 bond of-Man residue, to which a Mana1-6 branch is linked. The presence of the bisecting GlcNAc

is thought to greatly shift the conformational equilibrium toward one conformer in which the Mana1-6 branch is

folded back toward the core.46,47 Thus, the inhibitory effects of the bisecting GlcNAc residue on the action of

glycosyltransferases appear to result from either steric hindrance or a conformational change or both. The distinct

effects of the bisecting GlcNAc on a1,3GT and a-2,6-sialyltransferase (a2,6ST) may be associated with these two

effects of the residue on the oligosaccharide structure. It appears that the action of a1,3GTismarkedly affected by both

steric hindrance and conformational change. In contrast, the action of a2,6STmay be sensitive only to steric hindrance

in the proximity of the Man-3 branch. It seems likely that such a difference in the susceptibilities of the capping

enzymes constitutes the molecular basis for the regulation of the biosynthesis of the terminal structures by GnT-III.48

Unfortunately, the disadvantage of this strategy is that GnT-III acts only on the N-linked sugar of a glycoprotein

which is considered to have strong antigenicity. Therefore, other epitopes on O-linked sugars and glycolipids are

basically unregulated by this enzyme. However, among the strategies designed to downregulate the xenogeneic

glycoantigens, this strategy can be available, even after the knocking out of the a-galactosidase gene.
4.29.3.3 Substrate Competition in Terminal Glycosylation

This strategy for downregulating the a-gal epitope capitalizes on the enzymatic competition for terminal glycosylation

between a1,3GT and other glycosyltransferases for the common acceptor substrate in the trans-Golgi network by

masking the a-gal epitope by fucosylation or sialylation. Several glycosyltransferases, such as a1,2FT, a-1,3-fucosyl-
transferase (a1,3FT), a-2,3-sialyltransferase (a2,3ST), as well as a2,6ST represent possibilities for achieving this.49,50
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4.29.3.3.1 a1,2FT
Sandrin et al. first developed the enzymatic carbohydrate remodeling strategy with the nonantigenic universal donor

human blood group O antigen, the Fuca1-2LacNAc (LacNAc¼N-acetyllactosamine) moiety (H-epitope). Xenogenic

cells expressing human a1,2FT expressed high levels of the H-epitope and significantly reduced a-gal epitope
expression. They reported an approximate 70% reduction in a-Gal expression in pig kidney fibroblast cells.51 As a

result, these cells were shown to be resistant to human natural antibody binding and complement-mediated cytolysis.

As a mechanism, they proposed that the a1,2FT had been localized in the medial-Golgi strack. However, a1,3GT,

similar to other glycosyltransferases that are involved in the addition of terminal monosaccharides, may be localized in

the trans-Golgi network. Therefore, it is likely that a different topographical distribution of the two glycosyltrans-

ferases leads to maturing proteins advancing through the Golgi complex, interacting with the a1,2FT in an earlier

compartment than with the a1,3GT. This would result in fucosylated N-acetyllactosamine residues and would

effectively eliminate the substrate for a1,3GTand thus eliminate the expression of the a-gal epitopes.
This approach to reduce a-Gal was also demonstrated to be effective by Sharma et al. approximately 70%, in

transfected CHO cells with a1,3GT and a1,2FT.52 They also demonstrated a homozygous transgenic mouse that

expresses a1,2FT leading to synthesis of Fuca1-2Galb-(H antigen) and concomitant decrease in the level of the a-Gal,

as judged by the reduced binding of xenoreactive natural antibodies to the endothelial cells.

However, a disadvantage of this strategy was reported by Sepp et al. They showed that the a-gal epitope was

reduced by competition with a1,2FT, and LewisX expression was also reduced to background levels. However, the

LewisY neoepitope was induced in the case of pig endothelial cells with human a1,2FT. The expense of considerable

distortion in the overall cell surface glycosylation profile induced the appearance of carbohydrate epitopes that are

absent from the parent cells53 (Figure 5).

In addition, Osman et al. reported the effect of Golgi localization by exchanging the cytoplasmic tails of a1,2FTand

a1,3GT. If Golgi targeting signals are contained within the cytoplasmic tail sequences of these enzymes, a tail switch

would permit a1,3GT first access to the substrate, thereby reversing the observed dominance of a1,2FT.
Co-expression of the two chimeric glycosyltransferases resulted in the cell surface expression of the a-gal epitope,

and virtually no a1,2FT product was expressed, suggesting that the cytoplasmic tails of GTand a1,2FTare sufficient

for the localization and retention of these two enzymes within the Golgi, and the cytoplasmic domains of GT and

a1,2FT play a central role in the temporal order of action of these enzymes.54

4.29.3.3.2 Sialyltransferase
Concerning this transferase, Sharma et al. reported that they were unable to reduce the level of the a-gal epitope in

cells in culture, and suggested that the effect on the expression of the a-gal epitope may be specific to a1,2FT.52

On the other hand, we first reported that the overexpression of the a2,3ST (ST3Gal III) gene suppresses the

antigenicity of pig endothelial cells to human natural antibodies by 77% relative to control cells and by 30% relative to
H antigen
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cells transfected with a1,2FT, and in addition, reduces complement-mediated cell lysis by 74% compared with control

cells and by 22% compared with cells transfected with a1,2FT. The mechanism by which the a-galactosyl epitope was
reduced was also studied. A suppression in a-1,3-galactosyltransferase activity by 30% to 63% was observed in the

transfectants with a2,3ST, and mRNA expression of the a-1,3-galactosyltransferase gene was reduced as well. In

addition, we proposed that the a2,3STeffectively reduced the a-galactosyl epitope as well or better than a1,2FT, and
that the reduction in the a-galactosyl epitope is due not only to substrate competition but also to an overall reduction

of endogenous a1,3GTenzyme activity.55,56

Further experiments demonstrated the reduction of the major xenoantigen on glycolipids of pig endothelial cells by

various glycosyltransferase. The overexpression of all two different types of glycosyltransferases, GnT-III, as well as

a2,6ST (ST6Gal I), a2,3ST (ST3Gal III), and a1,2FT, suppresses the total antigenicity of PEC to a significant extent.

However, the reduction in reactivities toward NHS and GS-IB4 lectin in the case of GnT-III transfectants was milder

than those in other transfectants. Western blot analysis indicated that the glycoproteins in all transfectants had a

diminished reactivity to NHS and the GS-IB4 lectin to approximately the same extent. Therefore, the neutral

glycosphingolipids of these transfectants were separated by thin layer chromatography, followed by immunostaining

with NHS and the GS-IB4 lectin. The levels of the a-galactosyl epitope in glycosphingolipids were not decreased in

the GnT-III transfectants but were in the ST6Gal I, ST3Gal III, and a1,2FT transfectants.57,58

These data indicate that ST6Gal I, ST3Gal III, and a1,2FT reduced the a-galactosyl epitope levels in both

glycoproteins and glycosphingolipids, while GnT-III reduced them only in glycoproteins.
4.29.3.3.3 GnT-IIIþST
We examined the elimination or reduction in antigenicity of PEC via the overexpression of two different types of

glycosyltransferases, GnT-III and a2,3ST (STIII-3).56 As expected, the downregulation of xenoantigenicity was quite

evident for the case of each transfectant, as judged by flow cytometric analysis using the GS-IB4 lectin which

preferentially recognizes the a-gal epitope and by a specific antibody to the a-gal epitope. A cytotoxicity assay was

also consistent with the data.

In general, GnT-III transfection alone appeared to be as, or slightly less, effective than a2,3ST. The synergistic

effect of these glycosyltransferases could not be clearly demonstrated because the availability of each transfectant was

limited. The co-tranfection of these glycosyltransferases achieved a 70–80% suppression in the xenoantigen of PEC,

although GnT-III acts only on N-linked sugars and a23ST (STIII-3) acts mainly, but not exclusively, on N-linked

sugars. One possibility is that N-linked sugars provide over 80% of the antigenicity in pig to human xenotransplanta-

tion. Another possibility is that these two glycosyltransferases act on N-linked sugars as well as O-linked sugars and

glycolipids, either directly or indirectly.59
4.29.3.4 GP3ST

A novel sulfotransferase, glycoprotein-3-sulfotransferase (GP3ST), a type II transmembrane protein which is com-

posed of 398 amino acid residues, shows sulfotransferase activities toward oligosaccharides and contains nonreducing

b-galactosides, such as N-acetyllactosamine, lactose, lacto-N-tetraose (Lc4), lacto-N-neotetraose (nLc4), Galb1-
3GalNAca-Bzl (O-glycan core 1 oligosaccharide). GP3ST is able to act on both type 1 (Galb1-3GlcNAc-R) and type

2 (Galb1-4GlcNAc-R) chains with a similar efficiency. In the body, carbohydrate structures with 30-sulfo-b-Gal

linkages are ubiquitous in both N-glycans and O-glycans of glycoproteins.60

The functional feature of GP3ST to the a-gal epitope belongs to the terminal enzyme competition group, such as

a1,2FTand a2,6ST, because the substrate specificities of GP3STare nearly the same as a2,6ST.
We reported that the introduction of the GP3ST gene into PEC suppressed its antigenicity with respect to normal

human pooled serum (NHS), including the a-gal epitope and the Hanganutziu–Deicher (H–D) antigen, and, in

addition, reduced the susceptibility to NHS in complement-mediated cell lysis. Western and lectin blot analysis of

the products of parental PEC and the transfectants indicated that proteins smaller than 66kDa had a diminished

reactivity to NHS and the IB4 lectin. The levels of the a-gal epitope in neutral glycosphingolipids were also decreased

in the GP3ST transfectants in thin layer chromatography immunostaining.

While the features of the downregulation of xenoantigens, such as the a-gal epitope, by GP3STwere very similar to

those by a2,6ST, the degree of reduction of xenoantigen by GP3ST transfection is slightly milder than that by a2,6ST,
about the same extent as a1,2FT. GP3ST transfection is effective in downregulating the a-gal epitope in both

glycoproteins and glycolipids.61

No transgenic animal with this gene has yet been reported.
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4.29.3.5 Endo-b-Galactosidase C (EndoGalC)

This enzyme was identified and purified from a Clostridium perfringens culture media, has a strong activity for digesting

a-gal epitopes by cleaving the b-galactosidic linkage in the Gala1-3Galb1-4GlcNAc (a-gal epitope) structure, reducing
Gala1-3Gal disaccharide, as evidenced, by an in vitro assay and ex vivo perfusion as well.62 Due to its neutral optimum

pH, around 7.5, the enzyme is expected to be valuable as an aid in xenotransplantation.63 In addition, it is possible to

inject EndoGalC into pigs and monkeys intravenously without serious side effects. This drug would be useful in

eliminating the a-gal epitope of the donor tissue as a temporary method.

The gene for this enzyme was cloned by Ogawa et al. and was reported to encode a protein with a predicted

molecular mass of about 93kDa. Transfection studies in COS7 cells using EndoGalC combined with a1,3GTshowed

that the expressed EndoGalC was localized not only inside but also outside the cell. The gene transfer of EndoGalC

was also effective in reducing a-Gal antigen expression on pig cell surfaces, although the efficiency of reduction

was not satisfactory.64 They next indicated that an in vivo gene transfer of Igk-EndoGalC/pCAGGS (EndoGalC

conjugated with a murine immunoglobuline(Igk)-chain signal sequence/chicken b-actin promoter) almost completely

digested the a-gal epitopes on erythrocytes and vascular endothelial cell on rat organs, and that it had no serious

adverse effect.65,66 They were next strongly encouraged to produce transgenic animals with EndoGalC. A transgenic

mouse with this gene has not yet been reported in a published paper, but was reported in a Japan meeting as being

feasible by ordinary microinjection methods of the gene.
4.29.4 Transgenic Pigs with Glycosyltransferase

4.29.4.1 The a1,2FT Pig

Regarding a transgenic pig that produces a glycosyltransferase, four groups have reported on a transgenic pig

producing human a1,2FT. The first report was by Nagoya’s group at the III Congress of the International Xenotrans-

plantation Association in 1995.67 They actually produced transgenic pigs with a1,2FT, but could not maintain the

transgenic line long enough for a clear analysis. The next report byNextran analyzed only a tail section of the transgenic

pig. Another case was reported by Alexion Pharmaceuticals Inc.68 They used an H2Kb and a cytomegalovirus (CMV)

promoter and obtained an acceptable level of expression of the a1,2FT gene in most of the transgenic pig tissues, and

analyzed modified cell surface carbohydrates, mainly fibroblasts.69 A 50% reduction in the a-gal epitopes of the

PEC from the a1,2FT transgenic pigs was also shown, but they did not perform a transplantational experiment.70

They subsequently produced combined transgenic pigs with a complement regulatory protein, CD59 and a1,2FT.
However, the reduction of a-Gal was only 30–50%.71 Finally, they produced (a1-3)Gal-KO cloned pigs expressing hu-

man a1,2FT (KO, knockout). The differences between simple a1,3GT-KO pigs and these cloned pigs are unknown.

Another report by Cowan et al. also described combined transgenic pigs with another complement regulatory

protein, CD55 (DAF)/a1,2FT and CD55/CD59/a1,2FT. However, a1,2FT expression was relatively weak and did

not greatly reduce the a-gal epitopes, suggesting the importance of a combination of complement regulatory proteins

and the glycosyltransferases, from a clinical point of view.71
4.29.4.2 The a2,3ST Pig

Concerning transgenic animals with other glycosyltransferases, we were able to produce several transgenic mice of

a2,3ST lines showing a low enzyme expression. The transgenic pig carrying a high level of a2,3STactivity or a2,6ST is

difficult to produce, judging from our past experience.

Sialyltransferase transgenic pigs have not been reported, as of this writing.
4.29.4.3 The GnT-III Pig

GnT-III is relatively easy to express in transgenic pigs. This approach leads to a remodeling of the total antigenicity,

that is, not only the a-Gal but the H–D antigen and other unknown epitopes as well in most tissues and cells, and

confers resistance to human natural immunity. The PEC from the transgenic pig showed an approximate 50%

reduction in antigenicity by GnT-III. Therefore, after an a1,3GT KO pig becomes feasible, it would be advisable

to add this gene to the KO pig, in addition to a-Gal to reduce xenoantigenicity.

As the feature of the transgenic pig with GnT-III in detail, the pCX (chicken b-actin promoter and CMVenhancer)72

expressed human GnT-III ubiquitously, and intensely in vascular endothelia of transgenic pigs. With this construct,
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the frequency of live births was decreased slightly, suggesting the possibility of a slight deleterious effect of human

GnT-III expressed under the regulation of this promoter on the early development of pigs.

While each organ of the immunohistochemical profiles in wild-type animals reacted strongly with human natural

antibodies in NHS and GS-IB4, most organs in the transgenic pig showed a diminished reactivity, because surface

xenoantigens, especially a-Gal, were reduced.

Concerning the downregulation of a-Gal in each organ, kidney, liver, brain, and pancreas, in comparison with the

transgenic mouse, it is particularly noteworthy that the endogenous mouse GnT-III activity avoids remodeling the

antigenicity in the transgenic mouse kidney, in spite of the high-elevated level of expression of human GnT-III

activity. On the contrary, the liver, with a relative low-elevated human GnT-III activity in the transgenic mouse, clearly

showed a downregulation in antigenicity. On the other hand, wild-type pigs, in which low endogenous GnT-III activity

was observed in the kidney, led to an apparent downregulation in antigenicity in the kidney of transgenic pigs.

In the case of pig brain, the level of GnT-III is not distinct, but is higher than that of other tissues. Therefore, similar

to the mouse kidney, endogenous GnT-III activity might have hindered the remodeling of glycoantigen in this organ.

Fortunately, the wild-type pig brain itself did not indicate a high level of antigenicity to human serum, as evidenced by

immunostaining procedures. These data suggest that transgenic pigs with GnT-III are suitable for kidney xenotrans-

planation and also have the possibility of therapeutic use for Parkinson’s disease using the brain.

Concerning the issue of whether pancreatic islets from the GnT-III transgenic pig can be used for pancreatic islet

transplantation, in addition to the high level of GnT-III activity in entire pancreas tissue of the transgenic pig,

pancreatic islets were clearly found to expresse GnT-III.

Concerning GnT-IV and a1,3GT, the average enzyme activities of most tissues, including PEC from transgenic

animals, were lower than those for the wild type, but the differences were not significant.21
4.29.4.4 Cloned Pigs with EndoGalC

At the VIII Congress of the International Xenotransplantation Association in 2005, Kobayashi et al. reported on cloned

pigs expressing EndoGalC . They did not produce transgenic pigs with EndoGalC by an ordinary microinjection

method, but cloned pigs by a nuclear transfer technique. An analysis of these pigs showed that the great majority of

a-gal epitopes could be removed by transferring the EndoGalC gene, but complete elimination was not achieved.

Fibroblasts from the ear of the cloned pig expressd only 1% of the a-Gal antigens, compared with fibroblasts from the

wild type. IgG and IgM antibodies of human sera that bind to fibroblasts were reduced to 19% and 13%, and, those of

the baboon were reduced to 31% and 28%, respectively.73
4.29.5 Knockout

4.29.5.1 Previous Prospects

The immunological barriers in the xenotransplantation field are becoming more well defined and promising strategies

for addressing these are currently under development. At the present time, none of these approaches, except for the

KO, completely eliminates the expression of a-Gal. Pig endothelial cells express approximately 20 � 10 6 a-gal
epitopes. Therefore, Galili et al. suggested that even a decrease in a-Gal expression of 95% may not suffice for

preventing the rejection of a xenograft. In addition, 10–30% of the xenoantigenicity to the human may remain on a pig

cell membrane after the targeting knock out the a1,3GT.11

Regarding the KO of this gene, a1,3GT KO mice have been produced by several groups. Compared to wild mice,

the cells and tissues of these mice bind to a lesser extent to the xenoantibody from human serum and are less sensitive

to human complement. These mice, however, develop cataracts at 4–6 weeks of age.74,75

In terms of a1,3GTactivity in organs, the mouse expresses a relatively lower a1,3GTactivity than the pig in many

organs. The differences are in the 10-fold range, except for the lung, based on our studies.21 Galili et al. then expected

that the a-gal epitope expression in pig organs would be up to 500-fold higher than in mouse organs. Problems

continue to persist regarding a1,3GT KO pigs, including severe deformity or lethality.
4.29.5.2 The a1,3GT Gene

Mouse a1,3GTwas first encoded by a multi-exon, single-copy gene, which spans at least 80kb. Exons 1–3 encode the

50-untranslated sequence, whereas the protein coding sequence is distributed over exons 4–9. The start codon is
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located in exon 4, whereas exons 5–7 encode the ‘stem region’. The largest exon, exon 9, contains nearly the entire

catalytic domain, and in addition encodes 1.9kb of the 30-untranslated sequence.28

The pig gene was also found to have a similar organization by Sandrin et al. and Strahan et al. Sequencing of the

clones demonstrated a single open reading frame coding for the predicted 371-amino-acid protein sequence with a

high homology to murine (75% identity) and bovine (82% identity) a1,3GT. Southern blot analysis shows the pig

a1,3GT gene to be a single copy gene, and Northern analysis demonstrated an mRNA of 3.9kb. By using fluorescence

and isotopic in situ hybridization, the GGTA1 gene was mapped to the region q2.10-q2.11 of pig chromosome 1.76,77
4.29.5.3 Accomplishment of the Knockout Pigs

Regarding knocking out the pig a1,3GT, gene targeting by homologous recombination in embryonic stem cells has not

been feasible till now, since pig embryonic stem cells are not available for study. However, nuclear transplantation

techniques from somatic cells to pig oocytes have been established at several institutes.78–82 Piglets, in which one

allele of the a1,3GT locus has been knocked out, were produced by nuclear transfer, using pig fibroblasts, by several

different groups including our group83–87 (Table 1).

Phelps et al. reported earlier on the targeted distruption of one allele of the a1,3GT gene in cloned pigs, using fetal

fibroblast and an electroporation method. A selection procedure based on a bacterial toxin was next used to select for

cells in which the second allele of the gene was knocked out. Finally, four healthy a1,3GT double-KO piglets were

produced by three consecutive rounds of cloning.88

However, regarding the xenoantigenicity to human remaining on the cell from the a1,3GT-KO pig, no clear data

have yet been reported. In addition, other issues such as pig iGb3 synthase and the non-Gal epitope have become

topics of discussion.
4.29.6 iGb3 Synthase

After the production of a1,3GT-KO animals, mice and pigs, the predicted complete elimination of the a-gal epitope
has not been achieved, at least in tissues from a1,3GT-KO mice.

Sandrin et al. reported, at the VI Congress of the International Xenotransplantation Association in 2001, on the

isolation of DNA clones that encode a second a1,3GT from mice and pigs, which is homologous to the rat iGb3, that

was previously cloned by Keusch et al. in 2000.89 The pig has two different a1,3GT’s, that is, a1,3GT(GT1) and iGb3

synthase (GT2). They clearly encode GT2 as a different gene from GT1, and the potency of GT2 for producing

the a-gal epitopes has been clearly demonstrated by staining with the GS-IB4 lectin. The sequence of mouse iGb3 was

registered in the databank, but that for the pig was not.

Taylor et al., in 2003, reported on the cloning of the rat homolog of a1,3GT, showing that the rat expresses two

distinct a1,3GT’s, GT1 and GT2. Rat a1,3GT has a low amino acid sequence identity, 42%, with rat iGb3 synthase,

and can synthesize the gal epitope on glycoproteins but cannot synthesize the glycolipid iGb3. These data strongly

suggest that glycolipid iGb3 is produced by GT2 in the rat.90 In addition, Milland et al. reported, at the VIII Congress

of the International Xenotransplantation Association in 2005, that a1,3GT-KO mice still express Gala1-3Gal on lipid
Table 1 a-Gal KO pigs

Venture company
and university Target site (vector) Cell used for Methods Reference

PPL-Revivicor

Pittsburgh Univ.

Exon 9 isotonic

promoter trap

Fetal fibroblast (Day 28 or 33

pregnancy)

Electroporation 88

Immerge Harvard

Univ.

Exon 9 promoter trap Fetal fibroblast (Day 37 pregnancy)

MGH miniature pig

Electroporation 83

Bresa Gen Adelaide

Univ.

Exon 9 or exon 4

Isotonic

Fetal fibroblast (Day 25 pregnancy) Lipid (fugene) 84

Alexion Exon 4 Fetal fibroblast from a1,2FT-TG-pig Electroporation 86

AERI Osaka Univ. Exon 9 Fetal fibroblast from GnT-III þ
DAF-TG-pig

Electroporation 87

Lipid (fugene)

Lipofectamine
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synthesized by iGb3 synthase. Therefore, they strongly suggested that the a-Gal-KO pig retains the a-gal epitopes on
glicolipids synthesized by pig iGb3 synthase, and that the remaining epitope is involved in hyperacute rejection in pig

to human xenotransplantation91 (Figure 5).

On the contrary, at the same congress in 2005, Diswall et al. characterized glycolipids from a1,3GT-KO and wild-

type pig tissues with respect to the expression of a-gal epitopes. However, while thin layer chromatography of wild-

type small intestine, pancreas, and heart glycolipids revealed a complex pattern of compounds, in which three

components reacted with anti-Gal Ab, glycolipids from the a1,3GT-KO pigs were nonreactive with anti-Gal Ab.

That is, they were not able to detect glycolipid fractions purified from the tissues of a1,3GT-KO pigs.73

Concerning the existence of this iGb3 synthase gene and its function in pigs, further studies will be required.
4.29.7 The Non-Gal Antigen

4.29.7.1 The H–D Antigen

H–D antibodies can be detected in patients with serum abnormalities. In 1924, Romanian pathologist Hanganutziu

noticed that serum taken from a patient who had received antitetanus horse serum abnormally and strongly aggluti-

nated sheep, horse, guinea pig, rabbit, calf, and pig red blood cells. Two years later, Deicher replicated these results.

Antibodies that react broadly with heterologous antigens were called heterophilic antibodies. H–D antibodies are

heterophilic antibodies, as are Forssman antibodies and Paul–Bunnell antibodies.

The target epitopes of H–D antibodies were proven by Higashi et al.92 and Merrick et al.93 to be glycoproteins and

gangliosides containing N-glycolylneuraminic acid (NeuGc).94

The H–D antigen is widely distributed in mammalian species including monkeys and apes, except for humans and

birds. The expression of NeuGc is controlled by cytidine monophospho-N-acetylneuraminic acid (CMP-NeuAc)

hydroxylase activity. A cDNA for human CMP-NeuAc hydroxylase was cloned by two different groups, Irie et al.95 and

Chou et al.96 The cDNA encodes a 486-amino-acid protein, and its deduced amino acid sequence lacks the domain

corresponding to the N-terminal 104 amino acids of the mouse CMP-NeuAc hydroxylase protein that is essential for

enzyme activity, although the human protein is highly identical (93%) to the rest of the mouse hydroxylase protein

(Figure 6).

The N-terminal truncation of the human hydroxylase is caused by the deletion of a 92-base-pair-long exon, exon 6,

in the genomic DNA. That is, different from the molecular mechanism of the a1,3GT, the absence of NeuGc in

human glycoconjugates is due to the partial deletion of the gene that encodes CMP-NeuAc.

Therefore, this epitope has the potential to be one of the largest epitopes in pig to human xenotransplantation after

a1,3GT is knocked out.

On the other hand, H–D antigens are strongly expressed on almost all pig and bovine aortic endothelial cells and/or

the intestine of various organs in pig and baboon. Morozumi et al. examined the expression of H–D antigens in many

human carcinoma cells. The incidence of positive H–D antigens was 56% in gastric cancer, 25% in colon cancer, 57%

in lung cancer, 88% in hepatocellular cartinoma, 66% in uterine cartinoma, 57% in nasopharyngeal cartinoma, 13–59%

in leukemia, 40% in malignant lymphoma, and 100% in retinoblastoma. The prevalence of H–D antibodies in healthy

human serum was 0–4%.94
4.29.7.2 The H–D Antibody

In 2000, Kobayashi et al. reported that large amounts of N-glycolylneuraminic acid-terminated saccharides are present

on the surfaces of pig endothelial cells. 9.7 � 10 7 NeuAc and 6.3 � 10 7 NeuGc residues per cell were released from PEC
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by treatment with neuraminidase, while 25.7 � 10 7 NeuAc and undetectable levels of NeuGc were released from

human aortic endothelial cells (HAECs). However, no difference in the mean values of IgG and IgM antibody levels

against NeuGc-GM3 was observed between healthy volunteers and patients with pig kidney perfusion 1–3 weeks

previously or pig islet cell transplantation 2 months previously. They used an enzyme-coated immunosorbent assay

(ELISA) with NeuGc-GM3 plates.97

On the contrary, in 2002, Zhu and Hurst indicated that the majority of human anti-non-Gal antibodies are specific

for carbohydrate structures carrying terminally linked NeuGc, using flow cytometry and pig red blood cells that had

been pre-incubated with sialidase, NeuAc, or NeuGc. Furthermore, this anti-N-glycolylneuraminic acid activity was

detectable in 85% of healthy humans. They proposed that N-glycolylneuraminic acid is involved in HAR, indicating

the importance of developing strategies for removing N-glycolylneuraminic acid for clinical xenotransplantation.98

In addition, Magnusson et al. reported that, in a patient who had been extracorporeally xenoperfused with a pig

kidney, the staining of both a-Gal-terminated structures as well as the H–D reactive gangliosides, NeuGc-GM3 and

NeuGc-GD3, in post-perfusion serum samples was increased by thin layer chromatography.99

Miwa et al. subsequently investigated the discrepancy among these papers. They demonstrated that the carbohy-

drate structures on pig red blood cells (PRBC) are different from those on PEC. NeuGc is expressed on both pig RBC

and PEC, but naturally occurring anti-NeuGc IgG antibodies recognize only NeuGc glycoprotein on PRBC. They

speculated that anti-non-Gal IgG antibodies to PRBC are able to recognize both NeuGc and protein.100

Whether or not antibodies against NeuGc glycolipids (GM3 or GD3) are present in the patients remains

unknown.101
4.29.7.3 Regulation of the H–D Antigen

Several strategies for reducing this antigen in pig cells are under consideration and include the KO of the

CMP-NeuAc gene.102

Koike et al. reported at the VI Congress of the International Xenotransplantation Association in 2001 on the isolation

and characterization of the pig CMP-NeuAc hydroxylase gene. The major transcripts for CMP-NeuAc hydroxylase

gene comprises 1734bp encoding 576 amino acids. A genomic organization analysis revealed 18 exons and 17 introns.

In addition, several cryptic exon and/or alternative poly A usage were identified. Moreover, it was confirmed that exon

1 of this gene is located within a CpG island, spanning more than 30kbp. They initiated the KO of this gene.

On the other hand, Nagasaka et al., at the VIII Congress of the International Xenotransplantation Association in

2005, reported that the complete elimination of NeuGc by knocking out cytidine monophospho-N-acetylneuraminic

acid hydroxylase, by which NeuGc is considered to be produced, might cause immunological disorder, because the

ligand of B-cell CD22 in mice was reported to contain NeuGc epitopes. Therefore, they attempted to reduce the

expression levels of NeuGc antigens by RNA interference for pig CMP-N-acetylneuraminic acid hydoxylase.73

Alternatively, it is possible for GnT-III to reduce the levels of H–D antigen, because GnT-III does not act

exclusively on a-Gal. GnT-III acts only on the N-linked sugar of a glycoprotein, but it has strong antigenicity,

including the H–D antigen.
4.29.7.4 Other Unknown Glycoantigens

A few reports have some relevance to the non-Gal antigen, except for the H–D antigen. Ezzelarab et al. mentioned

in their review article the known carbohydrate antigens against which humans may have naturally occurring

Ab’s: blood type A – GalNAca1-3(Fuca1-2)Galb1-4GlcNAc-R; blood type B – Gala1-3(Fuca1-2)Galb1-4GlcNAc-R;

H–D – NeuGca2-3Galb1-4Glcb1-R; Thomsen–Friedenreich (Tor TF) – Galb1-3GalNAca1-R; Tn (TF precursor) –

GalNAca-R; Sialosyl-Tn – NeuAca2-6GalNAca1-R; Forssman – GalNAca1-3GalNAcb1-3Gala1-4Galb1-4Glcb1-R;
a-rhamnose-containing oligosaccharides; sulfatide I – SO4-3Gal-R; P antigens; and I or i antigens. They included the

Forssman antigen on their list, but were unable to find any conclusive report concerning whether the pig is Forssman-

positive or-negative.103

On the other hand, one possible strategy for investigating the non-Gal antigen is to study the results of the

antibody titer in clinical xenotransplantation patients. In 1994, Groth et al. first carried out the transplantation of

fetal wild-type pig islet-like clusters (ICC) to 10 insulin-dependent diabetic kidney-transplant patients, with several

months survival.104 Holgersson et al. reported at the VIII Congress of the International Xenotransplantation Associa-

tion in 2005 on the carbohydrate specificities of sera obtained from three of these patients in whom the pig ICC had

been intraportally injected, using a printed covalent glycan array with 200 structurally defined glycans. The array
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comprises 200 synthetic and natural glycan sequences representing the major glycan structures of glycoproteins and

glycolipids. 105 The blood group A patients had Ab’s against terminal a-linked N-acetylgalactosamine, especially the

Forssman epitopes. Two of the patients had Ab’s against linear and branched oligomannose structures. The titers of all

Ab specificities detected in the pretransplantation sera arose following transplantation and remained high during one

year post transplantation sera. In the blood group O patient, Ab against the Gala1-3LeX structure was not detected

prior to transplantation but appeared after transplantation. Two patients (blood group A and O) had Ab’s against

NeuAca2-3Galb1-3GlcNAc and the NeuGc derivative of the same structure prior to transplantation. However, in one

of the patients (blood type A), a strong Ab response to a variety of (a2-3)- and (a2-6)-linked NeuGc-terminated

structures was observed, indicating an elicited anti-NeuGc Ab response.73
4.29.7.5 Neoantigen in the a-Gal KO Pig

A neoantigenmight be produced in the a-Gal KO pig, and induce new immunological responses in humans. Gustafsson

et al., at the same congress in 2005, reported that isolated PECs from the aorta and vena cava of a1,3GT-KO and

wild-type pigs were cultured. A slight increase in the Maackia amurensis-reactive epitope (NeuAca2-3Galb1-
4GlcNAc), but not in blood group H type 2 structures, was detected in aortic PEC from a1,3GT-KO, compared to

wild-type pigs. An increase in Erythrina cristagalli-reactive epitopes (Galb1-4GlcNAc) was detected in the aortic PEC

of the a1,3GT-KO, compared to the wild-type pig, suggesting that the precursor chain for the Gala1-3Gal is exposed

following its detection in these cells. No Lewisx or sialyl-Lewisx structures were detected in any of the PECs. In the

light of the presence of natural anti-b-Gal Ab’s in human, the exposure of lactosamine units on PEC from a1,3GT-KO

pigs may be relevant with respect to the potential mAb-mediated rejection caused by such Ab’s.73
4.29.8 Expression of Glycoantigens in Islets

The pig pancreas is considered to be the most suitable potential source of islets for xenotransplantation into patients

with type 1 diabetes. The antigenicity of pig islets remain controversial. In1998,McKenzie et al. indicated that pig islet

xenografts are not destroyed by the anti-a-Gal antibody plus complement but are susceptible to other antibodies.106

On the other hand, in 1997, Mirenda et al. reported that adult islets express detectable levels of the a-gal epitope and
that the human natural antibody reacts to capillary endothelial cells therein.107

In 2000, Bennet et al. indicated high and low levels of a-gal epitopes on fetal and adult islets, respectively. However,

they reported no evidence for the binding of IgM, IgG, and IgA to adult islet cells, and did not verify C4 deposition.108

Rayat et al. also recently concluded that the expression of a-Gal on neonatal pig islet cells is highly associated with the

age of the tissue.109

The expression of a-Gal on specific pig islet cells remains unclear. However, most researchers have concluded that

the expression of a-Gal in adult pig islet cells is negligible. We clearly reached the same conclusion, via an

immunohistochemical study, FACS, and the measurement of a1,3GTenzyme activity in this issue.

We also clearly demonstrated the existence of the H–D antigen on adult islets, which is in agreement with

conclusions reached in our previous PEC study.110 Treatment with tunicamycine (TM), a specific inhibitor of the

glycosylation of N-linked sugar, led to a drastic downregulation in human IgG and IgM deposition on pig islet cells,

while the effect of PDMP (D-threo-1-phenyl-2-decan-oylamino-3-morpholino-1-propanol), a specific inhibitor of the

glycosylation of glycolipids, was much less. We also clearly demonstrated that neuraminidase treatment resulted in the

clear downregulation of antigenicity without a downregulation of the H–D antigen. These data indicate that pig sialic

acids, in addition to the H–D antigen, have antigenicity to human serum.111
4.29.9 NK Cell Receptor and Glycoantigen

Increasing evidence has accumulated to suggest that NK cells play an important role in pig to human xenogenic

cytotoxicity, whereas the molecular mechanism by which oligosaccharides are recognized by NK cell remains

controversial.112 In the case of interactions between NK cells and target cells, the potential target molecules for NK

cells are not only proteins, but also carbohydrate determinants.

It has been reported that sensitivity to NK cells is increased by treatment of the cells with sialidase, suggesting that

the surface sialic acid content is inversely correlated with sensitivity to NK cell cytotoxicity.113 These investigators
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also reported that rat NKR-P1 contains a lectin-like domain with an order of preference GalNAc>GlcNAc>Fuc>

Gal>Man.114 In addition, it was reported that the presence of high-mannose-type glycans correlated with NK cell

susceptibility.115 It has also been reported that the remodeling of oligosaccharides in GnT-III-transfected K562 cells

led to a decrease in susceptibility to NK cell cytotoxicity.116 On the contrary, another report demonstrated that sialic

acid (a2-6)-linked to the N-linked chains of target cell glycoproteins did not play a major role in the recognition of the

target by human NK cells.117

Inverardi et al. first noted in the xenotransplantation field in 1997 that oligosaccharide ligands, including the a-gal
epitope, a major xenoantigen, appears to play a role in antibody-independent adhesion to and the destruction of

xenogenic endothelial cells by human unstimulated NK lymphocytes.118 This suggests that an oligosaccharide could

be a target through which direct NK cell-mediated cytotoxicity is inhibited.

In 1999, we next investigated the issue of whether the remodeling of glycoantigen, especially the a-gal epitope, by
glycosyltransferases, affects the susceptibility of PEC to NK-mediated direct lysis in the absence of an antibody-

mediated reaction. Several PEC transfectants were established by transfection with genes for GnT-III, a2,3ST, and
a1,2FT. These transfections led to dramatic reductions in both direct and indirect NK cell-mediated cytotoxicities by

72–94% in the case of human peripheral blood mononuclear cells (PBMCs) and by 27–72% in the case of an NK-like

cell line, YT cells, in addition to the effective reduction in xenoantigenicity, which is substantially brought by the

a-gal epitope, to human natural antibodies. The NK cell-mediated direct cytotoxicity was blocked substantially by an

anti-a-gal epitope monoclonal antibody or by GS-IB4 lectin which preferentially binds to the epitope. Furthermore,

treatment of parental cells with a-galactosidase resulted in a significant reduction in cytotoxicity. Those data

demonstrate the importance of the a-gal epitope in NK cell-mediated direct cytotoxicity.119

In the same year, Artrip et al. reported that susceptibility of PEC to human NK cell lysis was related to the surface

expression of ligands containing the a-gal epitope. Genetically modifying the expression of this epitope on PEC by

transfection with the a1,2FT led to a reduced susceptibility to human NK lysis. They also suggested the possibility

that the increase of Fuca1-2Gal residues within the PEC ligands bind nonactivating or inhibitory receptors on human

NK cells.120

Several studies contradictory to these studies were subsequently reported. Sheikh et al. in 2000 demonstrated that

unstimulated NK cells recognize xenogeneic endothelial cells under conditions in which binding to the Gala1-3Gal

structures is minimized by the presence of blocking by an anti-Gal IgG or soluble Gala1-3Gal and in the absence of

xenoreactive natural antibodies and complement.121 In 2004, He et al. also showed that a-Gal expression on primary

human endothelial cell has no effect on human NK cell adhesion, cytotoxicity, or IFN-g production, strongly arguing

against an important role for the a-Gal in the antibody-independent interaction of human NK cells with PEC.122

Furthermore, Baumann et al. reported in 2004 that the removal of a-Gal leads to a clear reduction in complement-

induced lysis and antibody-dependent cell-mediated cytotoxicity (ADCC), but the direct xenogeneic lysis of an

a-Gal-negative PEC line, mediated either by freshly isolated or IL-2-activated NK cells or the NK cell line, NK92,

was not reduced.123 In addition, in 2005, they further investigated the adhesive interactions between human leucocyte

subsets and primary endothelial cells derived from inbred a-Gal-KO pig and wild-type pig, and the susceptibility of

such Gal KO PEC to human NK cell cytotoxicity. They concluded that neither human leukocyte adhesion nor

xenogeneic NK cell cytotoxicity against PEC are impaired by a lack of Gal, indicating that Gal is not a dominant target

of cellular rejection.124

As mentioned in their paper, the lack of congruence in analyzing the role of a-Gal in xenogeneic NK responses is

difficult to explain. Differences in experimental protocols, including the grade of activation of the NK effector cells

and the source of pig target cells, may, in part, be responsible.

Further studies will be needed to define the relation between the NK receptor and xenogeneic glycoantigen,

including the a-gal epitope.
4.29.10 PERV Infectivity to Human Cell and N-Linked Sugars

The infectivity of PERVs released from pig cells to human cells has been investigated by many researchers.125–127 The

discoveries that PERV can infect human cells in vitro and SCID mouse tissue in vivo have stimulated considerable

discussion concerning the infectious risk associated with xenotransplantation.128–130 In pigs, at least several proviral

copies of PERV-A,-B, and-C are present in the genome.131 In addition, recombinations between PERV-A and PERV-C

cannot be excluded.132 Therefore, the possibility of producing pigs that are completely devoid of all PERV-related

elements is very remote. At the present time, although PERV-related infections have never been detected in human

and nonhuman primates that have been exposed to pig xenografts,133,134 the possibility that they could arise as a

consequence of xenotransplantation cannot be excluded.
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Analysis of the O-glycan is less relevant to general retrovirus infectivity. On the other hand, most of the individual

consensus N-linked glycosylation sites are indispensable for viral infectivity. We first demonstrated the effects of the

remodeling of pig cell surface glycoproteins, especially N-glycans, not only with reference to the susceptibility of

PERV to human serum but the infectivity to human cells as well, using PEC transfectants that produce different

glycosyltransferases, such as a1,2FT, a2,3ST, or GnT-III.135 PERV-B particles from the parental PEC were efficiently

neutralized by human serum, while those from PEC transduced with a1,2FT, a2,3ST, or GnT-III were less sensitive to

human serum.

We next showed that the high-mannose type of N-glycan of the envelope glycoprotein is closely related to PERV

infectivity in human cells. Inhibition of the processing of the terminal a-glucose residues from the precursor N-glycan

by castanospermine (CS), 1-deoxynojirimycin (dNM) attenuated PERV infectivity, whereas both mannose inhibitors,

1-deoxymannojirimycin (dMM) and swansonine (SS), upregulated infectivity. In addition, treatment with a-mannosidase

and incubation with Concanavalin A completely abrogated the transmission of PERV to human cells136 (Figure 7).

While the carbohydrate moiety of human immunodeficiency virus (HIV)-gp120 that binds to CD4 molecules

consists of 24 N-linked oligosaccharides, PERV-A and-B contain only seven and five N-linked sites, respectively, on

the surface of the envelope protein.131 In addition, information on the specific types attached at each N-linked site

such as high-mannose or complex type is unavailable. However, the number of sites for N-glycan attachment on the

surface envelope does not imply their importance in virus infectivity. The N-glycan considered to be necessary is

forming the structure of the ligand glycoprotein, gp70, corresponding to the PERV receptor.131,137

In general, a-mannosidase plays an essential role in the processing of N-glycans to hybrid and complex structures in

mammalian cells. Following the transfer of the Glc3Man9GlcNAc2 precursor to nascent polypeptides and the removal

of the three glucose residues in the endoplasmic reticulum, the concerted action of a-1,2-mannosidase I (Man I)138

present in the endoplasmic reticulum and the Golgi cleave up to four (a1-2)-linked mannose residues to form

Man5GlcNAc2. The resulting Man5GlcNAc2 structure is then modified by the addition of a single GlcNAc by a3-D-
mannoside-b-1,2-N-acetylglucosaminyltransferase I (GnT-I),139 before the final hydrolytic steps in the pathway are

accomplished by a-mannosidase II (Man II),140 catalyzing the removal of (a1-3)- and (a1-6)-mannosyl residues. The

trimming and elongation phase of the pathway overlap at the GnT-I/Man II steps, with each also being essential for

processing to a hybrid or complex-type structure, while the absence of Man II activity results in the accumulation of

N-linked hybrid oligosaccharides instead of the standard array of complex-type structures. Man II then occupies a

central position in the N-linked oligosaccharide-processing pathway, functioning as the committed step in the

synthesis of complex-type structures.
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We addressed the effects of the remodeling of pig cell surface glycoproteins, especially the high-mannose type of

N-glycan, on the susceptibility of PERV by the overexpression of Man Ib, GnT-I, andMan II. The reduction in PERV

infectivity by each enzyme was approximately 50%. It is possible that there is no specific limiting step in the N-linked

sugar-processing pathway and that each glycosyltransferase may function independently. Therefore, the individual

overexpression of each transferase is faced to the limit in suppressing PERV infectivity by reducing the high-mannose-

type N-glycans on the PEC surface.
Glossary

acute vascular rejection (AVR) The main subject in xenograft after hyperacute rejection is prevented, sometimes called

delayed xenograft rejection (DXR).

anti-Gal A natural antibody that specifically interacts with the mammalian carbohydorate epitope Gala1-3Galb1-4GlcNAc-R,

termed the a-galactosyl epitope.
hyperacute rejection (HAR) Mediated by natural antibodies, present in recipients, and rapidly interacts with the vascular

endothelium of the discordant xenograft, activates complement, and causes a precipitous coagulation and the destruction of the

vascular system of the graft within a few hours.

porcine endogenous retroviruses (PERVs) One of the major concerns in xenotransplantation, pig to human, in terms of

transmission to the recipients or to other members of the community. Among the three distinct groups of polytropic type C PERV

(PERV-A,-B, and-C), PERV-A and-B are infectious for human cells in vitro.
xenotransplantation A transplantaion between different species, such as the use of organ or tissues from pig donor for human

patients. Xenotransplantation can be classified as concordant (e.g., rat to mouse, baboon to human) or discordant (e.g., pig to

human), based largely on the presence or absence of pre-existing innate responses to the xenograft.
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4.30.1 Introduction

Cell surface carbohydrates are the front line of interaction betweenmicrobial pathogens and their host cell targets. Cell

surface carbohydrates are involved in eukaryotic intercellular recognition. Such carbohydrates are recognized by

both transmembrane1 and soluble2 lectins. However the function of the majority of these cell surface conjugates in

normal cell physiology remains unknown. The ability of various microbial adhesins and virulence factors to interact

with host cell carbohydrates (primarily glycosphingolipids (GSLs)) has provided valuable tools to probe the function of

such glycoconjugates in cell biology. The two examples where this has proved most effective are the bacterial toxins,

cholera toxin, which binds to the ganglioside GM1, found in cell surface lipid microdomains or rafts and used as a raft

marker widely in cell biology, and the Escherichia coli-elaborated verotoxin which binds its receptor neutral glycolipid

globotriaosyl ceramide (Gb3). Both cholera toxin and verotoxin are AB5 subunit toxins comprising of pentameric array

of small receptor-binding B subunits with a noncovalently associated single catalytic A subunit responsible for the

intracellular inhibition of protein synthesis, in the case of verotoxin, and inactivation of G protein signaling in the case

of cholera toxin. It is of interest to consider whether most is known about the functions of these GSLs because they

are the receptors for these toxins or whether they are the receptors for these toxins because they have so many

physiological functions.
4.30.2 Verotoxin-Induced Pathology

Verotoxins are a family of E. coli-elaborated homologous toxins comprising VT1, VT2, VT2c, VT2d, and

VT2e. Verotoxins, also referred to as Shiga toxins (Stx1, Stx2, etc.), are the cause of the hemolytic uremic syndrome

(HUS).3 This is a potentially life-threatening renal disease, primarily affecting the very young and the very old,4 which

can result from gastrointestinal infection with verotoxin-producing E. coli (VTEC). Such infection is the result of fecal

contamination of food stuffs and inadequate cooking or sterilization procedures. VTEC can also be transmitted via

water contamination and inadequate sanitary procedures. VT1 and VT2 are the primary cause of clinical symptoms

following VTEC infection in humans. However, VT2-producing organisms are more frequently associated with

significant greater clinical pathology than those expressing VT1 alone,5,6 and increased susceptibility to VT2 as
555
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compared to VT1 has been shown for human renal endothelial cells.7 VT1 and VT2 show some 60% sequence

homology. VT2c is >90% homologous to VT2, yet shows a major reduction in cytopathology seen in vitro.8 However,

VT2c is rarely seen in clinical VTEC isolates.
4.30.2.1 Hemolytic Uremic Syndrome

HUS is primarily a disease of the renal glomerulus.9 The course of infection typically comprises gastrointestinal

problems, 3–4 days following contaminated food ingestion, including cramps and diarrhea, which mostly become

bloody (hemorrhagic colitis) a few days later. Generally, there is no fever. This is the stage when cases are first

presented clinically. The diarrhea can last 2–5 days and then resolves. Thus VTEC infection is self-limiting. In a

subpopulation (�10%) of cases, however, some 7 days later, during apparent recovery, the more significant sequelae of

HUS become manifest.10 In the renal glomerulus VT induced endothelial cell damage results in swelling and fibrin

occlusion of the blood vessels. The significant thrombocytopenia seen is considered to be due thrombogeneic

activation via fibrin-occluded capillaries but a more direct effect of verotoxin on platelets may occur.11–14 Similarly,

the anemia and fragmented red cells observed in HUS are thought to result from passage through partially occluded

vessels. In the majority of cases, this renal pathology also resolves, leaving greater or lesser degree of permanent renal

damage. But in about 10% of cases HUS still proves fatal, despite intensive interventive efforts (primarily peritoneal

dialysis and electrolyte balance).15
4.30.2.2 Verotoxin GSL Receptor Binding

All members of the verotoxin family bind to the neutral GSL, globotriaosyl ceramide, (Gala1-4Galb1-4Glcb1-1ceramide,

Gb3).
16 This glycolipid (Figure 1), also known as the B-cell differentiation antigen CD77,17 and the blood group

antigen pk,18 is bound with high affinity by the receptor binding B subunit pentamer. The terminal disaccharide

(galabiose) defines the binding specificity and galabiosyl ceramide is also recognized.19 In vitro binding studies to

purified Gb3 indicate the binding affinity of 10–8–10–9 molar.20 However, the binding of VT1 to Gb3-expressing cells

can be many orders of magnitude higher,21 suggesting that membrane Gb3 organization plays an important role in

determining the binding affinity.

The pig edema disease toxin, VT2e, binds primarily to the next member of the globo series of GSLs, Gb4,
22

containing an additional (b1-3)-linked GalNAc residue. VT2 and VT2e are highly homologous, and site-specific
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mutagenesis have exchanged this binding specificity for Gb4 between the two toxins.23 Despite the fact that

all VTs bind Gb3 the binding is differential, showing different dependence on different regions of the carbo-

hydrate moiety.24,25
4.30.2.3 Verotoxin Gb3-Binding Site

The nature of the binding site within the B subunit pentamer is complex and somewhat controversial. Binding to the

lipid-free oligosaccharide of Gb3 shows a reduction in affinity of many orders of magnitude,19,26 indicating that the

lipid moiety plays an important role in defining the binding interaction. This is consistent with the observed

discrepancy between VT1 binding to purified Gb3 and Gb3 within the membrane environment. Despite the strictly

carbohydrate-dependent VT–Gb3 binding, changes in the Gb3 lipid moiety27–29 and membrane environment30 have

a strong influence on binding the different VTs.

4.30.2.3.1 B subunit co-crystal versus modeling structure
The crystal structure of the B subunit provided the first clue as to the nature of the Gb3 binding site within the

pentameric array. It was seen that residues within the inter B subunit cleft were retained within the different verotoxin

B subunit family members and this was proposed to comprise the glycolipid receptor binding domain.31 Subsequent

thermodynamic modeling studies confirmed an energetically favorable binding site at this location and defined the

amino acids responsible for interacting with particular hydroxyl groups within the Gb3 oligosaccharide.
24 While the

contacts with the protein were all mediated via the carbohydrate moiety, the binding site allowed the intact glycolipid

to be docked. Studies with deoxy analogs in which individual hydroxy groups within the Gb3 oligosaccharide were

deleted confirmed many of the predictions (in terms of the binding of different members of the verotoxin family)

made in this modeling. The model also explained the ability of the VT2e B subunit pentamer to bind Gb4 in addition

to Gb3.
24 A second, less favorable binding site was found as a shallow groove on the surface of the single B subunit

pentamer which would oppose the target host cell membrane. Subsequent solution of the co-crystal structure of the

VT1 B subunit pentamer bound to the lipid-free Gb3 oligosaccharide showed that this second site, site 2, was

preferentially bound and that the inter subunit, site 1, was less frequently occupied.32 These results were subsequent-

ly verified NMR analysis of the solution binding of the VT1 B subunit pentamer to the same lipid-free Gb3

oligosaccharide.33,34 Thus it was considered that site 2 was the primary site of interaction with the Gb3 glycolipid

on the host cell membrane. In addition, a third site, site 3, comprising solely of Trp34, was also found to bind the Gb3

oligosaccharide in the co-crystal structure.32 This was not supported by NMR study or in subsequent co-crystallogra-

phy studies of VT1-related B subunits.35 The docking of Gb3 in site 124 and the co-crystal site 1-globotriaose

structure32 are very similar (Figure 2). It was demonstrated that a 55� rotation about the b-Gal residue aligned the

trisaccharide moieties. The positioning within the docked site 1 allowed for the attached ceramide and thus

accomodated membrane Gb3 glycolipid binding. This was not optimal for the co-crystal. It was hypothesized that

this rotation defined the possible ‘wobble’ in the carbohydrate-binding site but that the lipid moiety restricted Gb3

binding to that in the modeled site 1.36

The possibility that analysis of the complex between the B subunit pentamer and the lipid-free Gb3 sugar does not

necessarily reflect the binding format for the intact glycolipid or the membrane-located receptor is worthy of

consideration. It has been shown that changes in the structure of the lipid moiety had a marked effect on VT1– and

VT1 B–Gb3 glycolipid binding19,27 and, similarly, that membrane presentation was important.19 Site-specific muta-

genesis of amino acids deemed to be selective to disturb site 1, site 2, or site 3 demonstrated that each site contributed

thermodynamically to the Gb3-binding affinity.37 However, subsequent detailed analysis of the binding affinity of

these site-specific mutants to Gb3 oligosaccharide and Gb3 glycolipid showed interesting additive inhibition of

binding. Modification of site 1 together with site 3 and site 1 together with site 2 had remarkable additive effects to

reduce Gb3 glycolipid binding and holotoxin cell cytotoxicity.38 Of significance was the demonstration that the major

reduction of Gb3 glycolipid binding and cell cytotoxicity obtained by combined mutations in site 1 and site 3 had

essentially no effect on the binding of Gb3 oligosaccharide in site 2.38 Thus, as was contended earlier, the binding

of Gb3 oligosaccharide in site 2 is of limited significance in relationship to the pathophysiological binding of

the holotoxin to Gb3 glycolipid within the target cell membrane. This provides a precedent and a caution in

the interpretation of the physiological significance of ligand/oligosaccharide-bound crystal complexes when that

oligosaccharide is normally a GSL. Approaches to design Gb3 mimics solely based on site 2 occupancy are therefore

inherently flawed.

The crystal structure of VT239 further validates the central role of site 1 in Gb3 binding. In the VT2 B subunit

pentamer, the disulfide-linked loop responsible for site 2 binding is in a different conformation that would prevent



Figure 2 Comparison of the lipid-free globotriaose in the VT1 B subunit site 1 co-crystal32 and the trisaccharide of Gb3
glycolipid docked in site 1.24 a, Red ball-and-stick bonds represent Gb3 glycolipid modeling data; gray stick bonds show

Gb3 sugar from the co-crystal structure. Brown stick amino acids are from modeling and blue are from the co-crystal
structure. Relative orientation of globotriaose and Gb3 glycolipid b, before and c, after a 55� rotation about the globo-

triaose b-galactose, which virtually superimposes the structures.36 Reproduced with permission, from Mylvaganam, M.

Binnington, B.; Hansen, H.; Magnusson, G.; Lingwood, C. 2002, Biochem. J., 368, 769–776. © the Biochemical Society.
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carbohydrate binding. In addition, the C-terminus of the A subunit in VT2 extends through the B subunit pentamer to

prevent any potential carbohydrate binding at site 3.39

It is possible that sites 2 and 3 in VT1 B serve to facilitate subsequent binding in site 1. The lack of these sites in

VT2 could be responsible for the lower receptor binding affinity reported.40

The differences in lipid-free oligosaccharide and glycolipid binding have been assumed to be restricted to multi-

valency and the fact that multitivalent globotriaose dendrimers bound VTwith high affinity41 supported this concept.

While this is a reasonable conjecture for verotoxin/Gb3 binding, similar discrepancies between lipid-free sugar and

GSL binding are observed for monovalent ligands,42 suggesting that other factors are in play.
4.30.2.4 Gb3 Tissue Distribution and Verotoxin Pathology

The tissue distribution of Gb3 within animals and human suggests that inhibition of this binding may be a mechanism

to prevent verotoxin-induced cytopathology. In animal studies, Gb3 distribution correlates with the site of tissue
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pathology.43 The most significant result of such animal studies is the demonstration that the renal glomeruli of rodents

and rabbits do not express Gb3. This correlates with a lack of induction of HUS following VT1 administration in such

convenient small laboratory animals. The lack of an animal model of HUS represents a significant obstacle in the

development of effective preventative and interventive approaches to the treatment of this disease. The only

effective model for studying verotoxin-induced HUS is the baboon.44 In this model system, adolescent baboons

have been shown to be susceptible to verotoxin-induced HUS. A single bolus injection of VT1 or VT2 is able to

reproduce all of the clinical manifestations of HUS seen in man.45 It has been shown that the baboon renal glomerulus

expresses Gb3, and that this is enhanced by pretreatment with LPS known to enhance the pathology of VT1 in this

model system.44 VT2 has been shown to be more potent in the induction of HUS in baboons.45 Of significance was the

demonstration that a single bolus injection of VT1 able to reliably induce HUS in baboons, if divided into four equal

doses and administered for a period of 48h, resulted in no significant clinical pathology.46 Thus, in human, it is likely

that a single induction of systemic verotoxemia is responsible for HUS, rather than a prolonged low level of

transcytosis of verotoxin across the gastrointestinal mucosa. This bolus-induced pathology further supports the

contention that the availability of a receptor mimic during this time frame might well alleviate the majority of

verotoxin-induced pathology subsequent to VTEC infection.

In humans, the relationship between Gb3 distribution within the renal glomerulus and the susceptibility to

verotoxin-induced HUS remains unclear. Initial studies using the VT1 B subunit demonstrated that Gb3 was not

expressed in the renal glomerulus of adults but was significant within the pediatric glomerulus.47 These data were

subsequently challenged using anti-Gb3 and VT1 tissue staining at 4�C, by the demonstration that Gb3 was present in

the renal glomerulus throughout ontogeny.48 This anomaly was in part resolved by subsequent demonstration that

VT1 binding to renal glomerular Gb3 was temperature and sample dependent.25 It was shown that anti-Gb3, VT1, and

VT2 differentially recognize the Gb3 carbohydrate moiety and that, though anti-Gb3 and VT2 renal Gb3 binding in

tissue sections was similar, the binding of VT1 at room temperature and above could be quite distinct in that renal

tubules but not renal glomeruli were bound in certain adult renal sections.25 In samples where renal glomeruli were

bound by anti-Gb3 VT2 but not VT1, treatment of such sections with methylcyclodextrin to extract cholesterol

resulted in the induction of VT1 binding. Thus a potential role for membrane cholesterol, somehow obscuring Gb3 for

VT1 (but not anti-Gb3 or VT2), was hypothesized.25 This has led to the consideration that VT1 and VT2 may

recognize different molecular organizations (cholesterol-enriched lipid rafts) of Gb3 on the cell surface. This is a major

focus of our current research.

Studies have shown that for VT1, the binding of Gb3 within lipid rafts or microdomains was necessary for the

subsequent internalization (via clathrin-coated pits) and retrograde transport of the complex to the Golgi/ER.49 For

cells in which Gb3 was not expressed in rafts, the VT1/Gb3 complex was rather routed intracellularly to the lysosome

where it was degraded.49 This was found to provide an explanation for the resistance of mucosal epithelial cells within

the bovine gastrointestinal tract to VT1-induced pathology.50 In these cells, the verotoxin–Gb3 complex was inter-

nalized into the lysosomes. Thus the differential routing, potentially mediated via the differential organization of Gb3

on the cell surface, is responsible for the resistance of the bovine animal reservoir to the cytopathology of VTEC. This

solves the ‘colonic conundrum’, whereby Gb3 is expressed within the bovine gastrointestinal tract51 but cattle are

resistant to gastrointestinal VTEC, whereas the human gastrointestinal tract is Gb3-negative yet man is VTEC

susceptible. In cattle, the GI mucosal Gb3 is actually protective.

While internalization of VT1 into Gb3-positive cells by clathrin-coated pits was the first mechanism demonstrated

for VT1 endocytosis,52–54 later studies showed that VT1 could also be internalized via caveoli.55,56 Despite the

differential internalization route, retrograde transport to the Golgi/ER was achieved via both routes. The use of

these two pathways varies as a function of cell type. It was shown that the internalizaton mechanism was also a

function of toxin concentration.57

The mechanism by which a GSL, present solely in the membrane outer leaflet, can be recruited to clathrin pits

which are organized via proteins on the cytosolic surface of the membrane remains unclear. It has been hypothesized

that Gb3 reacts with a transmembrane protein to effect such trans-bilayer communication. Two such candidate

proteins, the a-2 interferon receptor58 and the B subunit differentiation marked CD19,59 both of which contain

sequence similarity to regions of the receptor binding VT1 B subunit, were identified.60 Gb3 has been found to play

a role in the signal transduction of both these proteins.60–62 On cell surface ligation, CD19 was internalized and

found to undergo Gb3-dependent retrograde transport to the nuclear envelope.63

Recently the A subunit has been shown to influence the endocytosis and intracellular trafficking of VT1 by

increased recruitment to clathrin-coated pits,64 perhaps mediated via the C-terminal extension of the A subunit

which penetrates the central core of the B subunit pentamer, to possibly modulate Gb3 binding. This effect was not

observed for VT2.



560 Glycotherapeutics and Verotoxin
The retrograde transport of the internalized toxin-Gb3 complex is central in determining VT susceptibility. The

degree of retrograde transport may also be dependent on the structure of Gb3 receptor molecule. Cells that are highly

sensitive to verotoxin-induced cytopathology undergo rapid retrograde transport to the Golgi and to the ER, whereas

cells expressing equivalent levels of Gb3 but showing less sensitivity to cytopathology have been shown to undergo

retrograde transport only as far as the Golgi within the same time frame.65 This differential rate of intracellular

trafficking and sensitivity to VT has been shown to correlate with the fatty acid chain length of Gb3, in that cells

undergoing the more rapid retrograde transport pathway to the ER have preferentially higher levels of the shorter fatty

acid chain Gb3 species (C:16, C:18), whereas those which retrograde traffic more slowly to the Golgi have higher levels

of C:22 and C:24.65 Treatment of such cells with sodium butyrate resulted in increased VT1 sensitivity, VT1

trafficking to the ER, and the induction of higher proportion of short-chain fatty acid Gb3 isoforms.65 VT1 trafficking

within the retrograde transport pathway has been shown to be resistant to Triton extraction,49 suggesting that such

VT1 is bound to Gb3 within rafts throughout the retrograde transport pathway. It is possible that the differential fatty

acid position of Gb3 could affect the relative partitioning of Gb3 within such cholesterol domains. The differential

expression of different Gb3 fatty acid isoforms within lipid rafts or lipid raft subpopulations could provide the basis for

the differential cell sensitivity. Our current studies have found significant differencies in the ability of Gb3 fatty acid

isoforms to form VT1-binding lipid rafts.
4.30.2.5 Gb3 Receptor Mimics as an Approach to the Prevention
of VT1-Induced Pathology

4.30.2.5.1 Probiotic approach
While the rationale of the design of chemical mimics of Gb3 glycolipid has been the major focus in terms of potential

receptor-based therapies for VT-induced disease, an innovative probiotic approach to the development of Gb3 analogs

has proven effective in model systems. LPS oligosaccharides from Neisseria and Hemophilus species express globo-

triaose-like structures, and the genes encoding the glycosyltransferases responsible for the galabiose moiety were

transfected into an appropriate E. coli, expressing a terminal glucose in its LPS.66 Such recombinant bacteria,

expressing ‘Gb3-LPS’, completely protected mice against gastrointestinal VTEC infection. Bacteria transfected to

express globotetraose-LPS were highly effective in neutralizing VT2e.67 This approach has been refined for clinical

trial68 but results are yet to be reported.
4.30.2.5.2 Chemical approaches
Several groups have used creative chemistry to design Gb3 oligosaccharide-based glycomimetics to prevent the

verotoxin B subunit–Gb3 binding and thus protect cells in animals from verotoxin-induced pathology. These

approaches all use a dendrimer format to increase the valency, and hence binding avidity, by taking advantage of

the entropy gained by the multivalent binding format of verotoxin.69
4.30.2.5.2.1 Insoluble matrices

One of the most extensively investigated approaches was to use the Gb3 oligosaccharide chemically coupled to

diatomateous earth, as a mechanism for absorbing verotoxins within the gastrointestinal tract. The multivalency of this

inert insoluble matrix greatly facilitates the binding of the multimeric VT1 and VT2 holotoxins. The Gb3 matrix

(Synsorb-Pk) was shown to be highly effective in removing verotoxins from various preparations prior to addition to

sensitive cells in culture.70 These studies progressed as far as randomized trials to determine whether inclusion of

dietary Synsorb-Pk could protect against the clinical pathology subsequent to gastrointestinal VTEC infection.71 This

was a bold move, but essentially flawed, because the role of free verotoxin within the gastrointestinal tract and the

subsequent systemic verotoxemia is not clearly established. Although verotoxin transcytosis across polarized epithelial

monolayers, potentially mimicking human gastrointestinal mucosal transit, was demonstrated,72,73 the requirement for

the intact organism was implied by the lack of ability to generate systemic pathology following incubation of purified

verotoxins within gastrointestinal loop experiments in target animals.74 In gastrointestinal VTEC infection, no clinical

correlation between free fecal VTand disease severity could be established.75 The attachment of the VTEC organism

itself likely plays a role in the pathology of the disease,76 to either directly or indirectly facilitate the mucosal transit of

the holotoxin. It is likely that the assisted transit of such verotoxin would not be influenced by an alternative receptor

molecule within the gastrointestinal lumen. The clinical trials with Synsorb showed no significant clinical benefit of

Gb3 oligosaccharide versus control Synsorb treatment.77
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4.30.2.5.2.2 Soluble Gb3 mimics

It is generally considered that the most effective way to use a Gb3 mimic would be to prevent the targeting of systemic

verotoxin to the renal glomerular endotheial Gb3. Systemic transport from the site of mucosal transfer to the renal

glomerular endothelial cells has been hypothesized to be mediated via carriage by Gb3-expressing leucocytes.78,79

Such cells are themselves insensitive to verotoxin-induced pathology (due to the fact that Gb3 is not in rafts and

they transit the toxin complex to the lysosome).49 Potentially, therefore, dissociating verotoxin from such carrier

cells might result in the rapid reticuloendothelial system elimination of verotoxin and the prevention of subsequent

renal pathology.

Several groups have used innovative chemistry to generate synthetic Gb3 oligosaccharide-based dendrimers,

capable of reasonable high-affinity verotoxin binding. The two primary groups are those of Bundle in Edmonton,

Canada, and Natori in Tokyo, Japan.

4.30.2.5.2.2.1 Starfish The Bundle group approach has been to design a pentameric array of Gb3 oligosaccharides

in an attempt to match the pentameric distribution of receptor-binding sites within the B subunits of verotoxins seen

in the crystal structure. These studies were designed on simultaneous site 2 and site 1 occupancy and represent a

benchmark in the rationale of the design of carbohydrate receptor mimics. In this procedure, a Gala1-4Galb1-4Glc

trisaccharide was dimerized at the b-Gal C2 and this dimer was pentamerized using a glucose as the central linking

mechanism, to provide a pentameric array of dimers, tethered to match the approximate spatial coordinates of

the binding sites of individual B subunit monomers in the crystal structure. This design, termed ‘starfish’, effectively

bound VT1 but less so to VT2.41 The binding affinity of starfish was a million-fold higher than the monomer

(approximately equivalent to Gb3 glycolipid). A co-crystal structure established that the ‘starfish’ receptor essentially

acted as a sandwich to cross-link adjacent holotoxins via the B subunit pentamer site 2 occupancy. No binding in site1

was observed. Nevertheless, the cross-linking of B subunits together proved an effective mechanism to prevent

holotoxin–target cell Gb3 binding and hence a viable therapeutic candidate. The dimeric unit was subsequently

optimized to promote simultaneous occupancy of site 1 and site 2 in each B subunit monomer. Varying the

spacing between globotriaose dimers allowed this double site binding and increased the binding affinity of

the dimer 50-fold.80 However, this arrangement has not yet been tested in the ‘pentamer-of-dimers’ format. Rather,

the improved dendrimer subsequently reported comprised a pentamer of a thioester-based globotriaose glycosidically

coupled dimer (termed ‘daisy’). Starfish protected mice against co-administered VT1 but not VT2, whereas daisy

protected against both VT1 and VT2 and protected mice from gastrointestinal VTEC infection,81 if given within 24h

of infection. Although not demonstrated, it was speculated that the increased activity of daisy was based on its ability

to bind simultaneously in sites 1 and 2.

Bundle’s group recently described another novel mechanism for the pentameric presentation of receptor mimics

using serum amyloid P.82 This protein is, like VT, a pentamer. Using a hetero-bifunctional cross-linker in place of one

of the globotriaoses within the dimer of the pentavalent starfish, cross-linking to the amyloid protein was achieved,

presumably such that one sugar was coupled to each amyloid monomer. Thus a Gb3 sugar pentamer is displayed on the

amyloid pentamer . This would markedly reduce the freedom of rotation within the sugar complex such that the sugars

will be fixed for optimal VT binding. Enhanced inhibition of VT1–Gb3 binding (1–2 logs) was observed. It will be of

interest to see the in vivo efficacy of this conjugate.

4.30.2.5.2.2.2 Super twig Natori’s group has taken a somewhat less systematic, but highly effective, approach and

generated multimers of Gb3 oligosaccharide via coupling to a carbosilane multivalent matrix.83 These dendrimers

have been termed ‘super twigs’. Several super twigs with different alkyl chain lengths between the Gb3 oligosaccha-

ride moieties and the different numbers of clustered globotriaose units have been synthesized. Initial studies showed

that six globotriaose units in a linear construct (three at each end) or 12 globotriaose units in a tetrameric arrangement

were required for inhibition of VT1– and VT2–Gb3 binding, radiolabeled toxin binding to cells, and cell cytotoxicity

in vitro. Co-administration of the 6-mer with a lethal VT2 injection protected mice and prevented brain lesions

observed in control mice.83 Daily injections also prevented pathology due to gastrointestinal infection with VTEC

organisms. For super twig-treated mice, injected systemic verotoxin was found to be taken up and degraded by the

reticuloendothelial system. Natori’s group subsequently determined that super twig dendrimers comprising

18 globotriaose units in two clusters similar to the hexamer previously described were similarly effective in in vitro

assays of VT1 and VT2 binding/cytotoxicity but were more effective in protection in vivo.84 Increasing the

number of globotriaose units to 36 resulted in the loss of this in vivo protective activity. In vitro binding affinity was

not greatly affected by the increased number of globotriaose residues. The presentation of the carbohydrate moiety
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was shown to be important in that the linear format with the carbohydrates at each end was optimum for in vitro

binding and in vivo protection.

Studies using mutated VT1 B and VT2 B toxins, in which residues important for sites 1, 2, and 3 were individually,

and in some cases in combination, mutated, indicated that the super twig binding was primarily disrupted when

site 3 in VT2 and site 1 together with 2 were disrupted in VT1. This could be of some concern since the importance

of site 3 has not been clearly established. In the co-crystal structure of the VT2e B subunit, binding in this site was not

present35 nor was it detected in the solution structure of the complex.34 In addition, this site contains essentially a

single aromatic amino acid and binding is likely achieved by stacking of sugar rings against the plane of the aromatic

ring. Such binding is unlikely to be specific for Gb3. It is possible therefore that other sugar structures could similarly

interfere. The design of the super twig dendrimers was more empirical than those of Bundle’s group, but nevertheless

distance optimizations to cross-link between subunits within the pentamer play a role in the optimization of the

tethering link for the super twig compounds. In the super twig series, the arrangement of the carbohydrates

is significantly preordained by the trimeric arrangement of the carbosilane globotriaose unit. Thus, multiples of

3 are mandated. Nevertheless, the biological efficacy of the super twig family of dendrimers is greater than that

of the starfish and daisy compounds synthesized by less empirical design. This in itself indicates that there

is still a considerable lack of knowledge as to the exact nature of the Gb3-binding sites and their arrangements

within the holotoxin.

This conclusion is further verified by other studies by Natori’s group showing that the more random arrangement of

globotriaose oligosaccharide units at high density within an acrylamide matrix85 provides dendrimers that are of

superior antitoxin efficacy than either of the more systematic approaches discussed above.

This acrylamide multimer was developed as a means to absorb GI verotoxin.85 This may not be a valid approach to

the prevention of VTEC-induced disease in man as discussed for Synsorb above. The oral administration of the

acrylamide conjugate was found to be effective to protect mice against a fatal gastrointestinal innoculum of VTEC.

However, the intestinal mucosal cells within the murine gastrointestinal tract express Gb3 and are VTsensitive. Thus,

this system is not analagous to the human situation and may provide protection data not valid to man. This also applies

(to a lesser extent, since the mimics were not given orally) to the starfish and super twig protection against murine GI

VTEC infection. There is no a priori reason why the acrylamide-Pk should be better than Synsorb-Pk. Nevertheless,

the use of a similar approach to generate high-density, multivalent Gb3 mimics for systemic protection would likel

be valid. While the acrylamide–globotriaose polymer shows a marked increase in receptor mimic potency and

strengthens the potential of clinical efficacy, alternative matrix polymers should be sought since acrylamide is a

neurotoxin (Lopachin, R. Adv. Exp. Med. Biol. 2005, 561, 21–37) and has carcinogenic activity.86

4.30.2.5.2.2.3 Soluble monomeric Gb3 glycolipid mimics Our approach has been to attempt to use the intact

glycolipid, rather than the Gb3 oligosaccharide as a means to develop a Gb3 mimic to prevent verotoxin receptor

binding. It has been already shown that alteration of the fatty acid chain length or unsaturation affects verotoxin/Gb3

binding,28 but it was also shown that lysoGb3, in which the fatty acid is completely eliminated, is a highly effective

receptor for VT1.87 While the binding determinants are clearly all contained within the Gb3 carbohydrate moiety,24,25

an interface region between the hydrocarbon chains and the carbohydrate responsible for appropriate organization of

the sugar for verotoxin binding has been proposed.88 This organization would involve hydration effects, which would

be affected by partition into (anhydrous) lipid rafts in the membrane. It is clear that VT1 binding to Gb3 glycolipid is

distinct from VT1 binding to lipid-free Gb3 sugar.
38 Our approach was to attempt to mimic to some degree, the effect

of the lipid moiety within the lipid environment of the membrane but in a more compact format to restrict potential
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lateral interactions. This resulted in the design of adamantyl Gb3, in which the fatty acid was replaced with an

a-adamantane frame89 (Figure 3). This structure was surprisingly water soluble and retained receptor activity in terms

of inhibition of verotoxin–Gb3 binding. This induction of water solubility and retention of receptor activity has proved

to be a general method for the construction of soluble GSL mimics.42,90,91 The adamantyl Gb3 was found to inhibit

verotoxin cytopathology in cultured cells via inhibition of toxin cell binding. Efficacy against VT2 was less than that

observed for VT1 but nevertheless protection against VT2 cytotoxicity was observed. In the attempts to demonstrate

the in vivo efficacy of adamantyl Gb3, only the effect on VT2 was examined, since mice, the most convenient system

for in vivo cytopathology, are significantly more susceptible to VT2 than to VT1. Significantly less adamantyl Gb3

should be required to prevent cytopathology. Adamantyl Gb3 effectively inhibited VT2 binding to purified Gb3 in a

receptor enzyme-linked immunosorbent assay (ELISA).92 It was therefore surprising to observe that VT2 cytopatholo-

gy in mice was increased, rather than decreased, in the presence of adamantyl Gb3.
93 Similar results have been

obtained in using lyso-Gb3 as a potential protecting Gb3 mimic in mouse VT1 cytotopathology assays.94 Current

studies have demonstrated that adamantyl Gb3 retains the hydrophobic character of Gb3 despite its water solubility,

which results in membrane permeability. Adamantyl Gb3 can be taken up by cells, perhaps even to augment verotoxin

cytotoxicity by increasing receptor concentration. Thus, a mechanism for the reduction of this cellular uptake

must be solved before adamantyl Gb3 can be considered as a potential mechanism for protection against verotoxin

action in vivo.

There is still significant improvement to the monomeric Gb3 carbohydrate that can be made to increase the efficacy

of Gb3 mimics. While all members of the verotoxin family bind Gb3 and only VT2e binds to Gb4,
22 deacetylation of

the terminal GalNAc residue of Gb4 to give amino-Gb4 , results in a nonphysiological glycolipid that proved the most

effective receptor for all verotoxins.24 Thus, the presence of a free amino group at the 2-position of the terminal sugar

completely changed the binding specificity, such that an additional sugar could be accommodated. This suggests huge

potential in modifying the terminal a-Gal residue to increase binding affinity. In molecular modeling studies with

VT1, amino-Gb4 binding was only consistent with site 1 occupancy, when a new salt bridge with Asp16 in this cleft site

is made.24 This effect is yet to be utilized in any of the Gb3 receptor mimics so far described. Several single amino

substitutions within the carbohydrate of adamantyl Gb3 (at the 2-, 4-, or 6-positions of the a-Gal or the 6-position of the

b-Gal) were made but no increase in VT1 binding efficacy was achieved.36 Rather amino substitution of hydroxyl

groups at the 4- and 6-positions of the terminal Gal residue ablated binding while the terminal 2OH and subterminal

6OH substitutions had minimal effect. These effects of amino substitution were, in part, consistent with either site 1

or site 2 occupancy, but could not be explained by site 3 binding.36 While these studies failed to improve VT binding,

substitution within the globotriaose moiety is an overlooked aspect in the development of Gb3 mimics. Amino-Gb4

binding illustrates the importance of this approach.
4.30.3 Gb3 Mimics Inhibit HIV Infection

Despite the limits of adamantyl Gb3 in terms of protection against verotoxin, adamantyl Gb3 has proved to be an

exciting molecular mimic of Gb3 glycolipid in another pathogenic microbial host binding scenario, that of HIV

infection. Glycolipid binding by the HIV adhesin, gp120, has been demonstrated in several studies.95 Several distinct

GSLs are bound by the V3 loop of gp120 including galactosyl ceramide, sulfogalactosyl ceramide, and GM3 ganglio-

side.96 Gb3 itself is poorly recognized by gp120 but when multimerized via coupling to BSA, effective gp120–Gb3

binding is seen.97 In monolayer insertion studies, Gb3 is also a relatively poor ligand for gp120. However, inclusion of

cholesterol results in dramatic increase in the affinity of Gb3/gp120 interaction.
98 Adamantyl Gb3 proved to be a highly

effective ligand for gp120 in such monolayer studies in the absence of cholesterol. Lipid rafts have been shown to play

an important role in HIV infection,99,100 and it was suggested that adamantyl Gb3 may be a soluble mimic of Gb3 as

presented within such a raft.98 Gb3 had been implicated in HIV infection by the demonstration that addition of Gb3

could reconstitute fusion competence in GSL-depletedHIV-resistant cells,101,102 suggesting a role for Gb3 in HIV host

cell membrane fusion. Our studies have shown that adamantyl Gb3 is an effective inhibitor of HIV infection in culture,

irrespective of HIV strain, co-receptor preference, or drug resistance status.103 In a model system of gp120-mediated

cell membrane fusion, adamantyl Gb3 at a concentration shown to inhibit infection, effectively inhibited cell fusion.

Our finding that cells from Fabry disease patients, in which Gb3 accumulates due to a defect in Gb3 metabolism, are

resistant to HIV infection in vitro104 is consistent with the importance of Gb3 and implies that a little Gb3 may promote

HIV infection whereas excess is inhibitory.

These studies would imply that verotoxin B subunit binding to membrane Gb3 might interfere with HIV infection

and, though of low efficacy, this was found to be the case. CaCO2 cells are of human intestinal origin. These cells
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Figure 4 VT1 B inhibits HIV infection. The infection of CaCO2 cell by HIV-1IIIB was inhibited by �25% in the presence of
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express Gb3 but not the lymphoid HIVreceptor CD4. Nevertheless these cells are infectable by HIVand this infection

is partially prevented by VT1 B. In comparison to the Phe30 mutant VT1 B, which shows a major reduction in Gb3

binding,105 VT1 B reduced the HIV infection by about 25% (Figure 4).
4.30.4 Verotoxin as an Antineoplastic

The concept of glycotherapeutics and verotoxin action extends to the idea of using verotoxin itself as a cancer

therapeutic. This stems from the realization that several tumor systems upregulate Gb3 synthesis,
106–108 and tumor

cell systems in vitro are often hypersensitive to verotoxin compared to the so-called normal cell lines.109 While

verotoxin itself is a cause of renal disease, this is an age-related pathology, and the majority of adults exposed to

gastrointestinal VTEC infection do not develop renal (or other) systemic pathology. Moreover, studies in the baboon

have demonstrated that division of a VT1 dose sufficient to induceHUS, into repeated injections, resulted in total lack

of any observable pathology.46 The idea of using verotoxin as an antineoplastic treatment is further strengthened by

the observation that drug-resistant tumor cell lines were found to be hypersensitive to verotoxin compared to their

drug-sensitive parental counterparts.110 This was found to be result of the fact that the major means for development

of drug resistance, that is, the induction of the multiple drug resistance protein 1 (MDR1) drug pump, results in the

upregulation of Gb3 synthesis in Gb3-expressing cells. Unlike all other steps in GSL synthesis, the first committed

step, to form glucosyl ceramide (the precursor of most GSLs, including Gb3), occurs on the cytosolic surface of the

Golgi membrane. The increased Gb3 was shown to be due to the fact that MDR1 is able to flip glucosyl ceramide from

the cytosolic to the luminal surface of the Golgi apparatus to provide increased substrate for Gb3 synthesis in the cells

containing the necessary glycosyl transferase enzymes.111,112
4.30.4.1 MDR1 Plays a Role in Gb3 Synthesis

Cells expressing low levels of Gb3 when transfected with the MDR1 gene showed a major increase in the synthesis of

globo series glycolipids including Gb3.
111 This increase was reversed in the presence of MDR1 inhibitors, and

prevention of the stimulated glycolipid biosynthesis with a competitive inhibitor of glucosyl ceramide synthase

resulted in the loss of the MDR1 drug-resistant phenotype. MDR1 was shown to be primarily located within Golgi-

associated vesicles and inhibition of MDR1 in many cell lines was shown to result in the selective reduction of neutral

glycolipid biosynthesis.111 In multiple drug-resistant ovarian carcinomas, the marked increase in the concentration of

Gb3,
107 particularly in Gb3 species containing shorter fatty acids, was noted, which correlates with increased retrograde

transport to the ER and increased sensitivity to VT1.65

Interestingly, ganglioside biosynthesis was not affected by MDR1 inhibition, suggesting that gangliosides were

synthesized from a separate glucosyl ceramide pool from the neutral glycolipids. These studies provide new insights
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into the regulation of glycolipid biosynthesis. This concept has been further developed as the basis of a new substrate

reduction approach to the treatment of neutral glycolipid storage diseases.113 MDR1 inhibition lowered Gb3 levels in

some tissues of the Fabry mouse model, without any effect on ganglioside biosynthesis.
4.30.4.2 VT1 Antineoplastic Activity In Vivo

In vivo xenograft studies clearly showed that intratumoral injection of VT1 into Gb3-positive tumors is an effective

means for the elimination of xenografts in vivo.114 Xenografts from glioblastoma cell lines were particularly sensitive

showing 50% size reduction within 24h and elimination within 7–10 days following a single VT1 injection. No

recurrences were observed. Biopsies of primary meningioma cells showed increasing Gb3 content as a function of

increased malignancy, and intracranial malignant meningioma xenografts were sensitive to intratumoral VT1 treat-

ment.115 Verotoxin targets endothelial cells in the pathology of HUS, but targeting of endothelial cells within the

neovasculature of tumors was also observed. Even in Gb3-negative tumors, VT1 binding of the neovasculature was

clearly observed. Indeed, VT1 binding was found as effective a marker of tumor vascularization as the standard von

Willebrand factor 8 staining procedure.116 Thus, VT1 has potentially a triple basis for antineoplastic action – first, in

targeting cytotoxicity toward Gb3-expressing tumors; second, increased susceptibility of multiple drug-resistant

tumors; and third, targeting of tumor blood supply, in addition to the tumor itself. For these reasons, preclinical

studies for a trial to determine the efficacy of VT1 as an antineoplastic in brain tumors are currently underway. While

such trials are at present designed only for intratumoral toxin administration, it could be envisaged that with the

availability of an effective Gb3 receptor mimic to protect against potential renal pathology, VT1 treatment of more

widespread tumors might be a feasible option. The selective binding of verotoxin to tumor neovasculature might also

be used as an imaging tool, for example, using the VTB subunit as an index of tumor vascularization in vivo.

The central role for Gb3 in tumor cell invasiveness was demonstrated by the transfection of epithelial cells

with Gb3 synthase.
117
4.30.5 Conclusions

The receptor function of membrane glycolipids is very complex. The heterogeneity in the lipid component and the

potential organization into (differing?) lipid rafts in cells means that a multitude of organizational differences are

available for a single-membrane GSL, as defined by its carbohydrate sequence. This is difficult, if not impossible, to

mimic in any single chemical entity. Certainly, the contribution of the lipid of Gb3 and its membrane environment

must be considered when defining the molecular nature of the glycolipid-binding site. The approach of presenting the

globotriaose in an optimal multimeric format is a good compromise but room for chemical improvement beyond

the natural sugar exists and has not been addressed. Animal models of HUS are limited and Gb3 mimics restricted to

the gastrointestinal tract are unlikely to prove effective in man. The study of VT–Gb3 binding has impinged on other

fields and continues to provide insight into the physiological function of Gb3.
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4.31.1 Introduction

4.31.1.1 Diseases Caused by Encapsulated Bacteria

Infectious diseases, caused by viral, bacterial and parasitic pathogens, are a major cause of premature death and

disability, causing about one-third of all deaths. Infants and young children in the world’s poorest regions are

particularly at risk, and there are more than 5 million deaths per year in children under the age of 5 from infectious

disease.1–3 Approximately 2 million of these deaths could be prevented by the use of existing vaccines.2 The most

important infectious diseases in the young include acute respiratory infections, diarrhea, andmeningitis, while typhoid

and tuberculosis cause mortality and morbidity among adolescents and adults, and pneumonia is prevalent in the

elderly, both in developed and developing countries. Treatment becomes particularly complex when there is

coinfection with more than one pathogen – tuberculosis and HIV, or multiple lower respiratory tract infections, for

example. Survivors often sustain permanent disabilities that make great demands on families and health systems.

Meningitis, whether caused by Haemophilus influenzae, the meningococcus, or the pneumococcus, may result in

deafness, limb loss, and long-term neurological sequelae2,4 for survivors. Diarrheal diseases are widespread and

debilitating and, even when not fatal, inhibit economic development, and funding agencies increasingly recognize

that improving public health is a prerequisite for economic development.5 Disease prevention through vaccination is,

when possible, usually the most cost-effective option to protect a population from a disease and its consequences.

Some of the most important bacterial pathogens, the mortality and morbidity arising from them, and the current

availability of vaccines are listed in Table 1. Many of the bacteria listed are a normal part of the human flora,

inhabiting the human nasopharynx of most people at some stage in their lives, or are gut organisms, and development

of clinically significant disease is a rare occurrence requiring a complex series of events.17
4.31.1.2 The Role of the Glycocalyx in Virulence and the Role of Antisaccharide
Antibodies in Protection from Disease

Most bacterial pathogens express cell surface glycans, including capsular polysaccharides (CPSs), lipopolysaccharide

(LPS), and other lipid-linked or peptidoglycan-attached glycan chains, which can be referred to collectively as a

‘glycocalyx’. Figure 1 illustrates the capsule of Streptococcus pneumoniae. The glycocalyx appears to have many

functions regulating the interactions of the organism with its environment, and which allow the bacterium to establish

and maintain an infection. In nonimmune serum, complement activation occurs principally through the alternative

pathway, and CPSs play an essential role in protecting the pathogen, by being themselves resistant to complement

deposition, by inhibiting deposition of complement on the cell wall, and by sterically hindering interactions between

cell wall- or teichoic acid-deposited C3b and complement receptors on phagocytic cells.18–20 Studies in Escherichia coli

and Salmonella Typhimurium have shown that long LPS O-chains are the preferential site for C3b deposition, but the

C5b-9 complex subsequently formed is weakly bound, and that no membrane attack complex (MAC) accesses the

bacterial membrane.18,21 In immune serum, antibody binding to cell surface carbohydrates favors use of the classical

complement activation pathway and increases the rate of complement deposition, leading to bacterial lysis through

formation of the C5b-C9 MAC (for H. influenzae type b (Hib) and the meningococcus) or phagocytosis (for the

pneumococcus, where the thick cell wall protects the cell membrane from attack).22–24 While resting neutrophils and

monocytes bind the organisms to which C3b is bound, the Fc regions of ligated antibodies appear to be able to activate

them to ingest and kill it. Thus, although the exact mechanisms remain incompletely understood, antibodies directed

against the glycocalyx are frequently protective against disease, as has been demonstrated by correlations between

antibody concentration and the incidence of disease, through protection against deliberate infection of naı̈ve animals as

a result of the transfer of serum from immunized animals, and by complement-mediated bacterial killing by immune

serum in vitro. The classical example of the proof of the role of anti-CPS antibodies comes from work25,26 on Neisseria

meningitidis group C (MenC), but other examples have been reported.20,27The most compelling data, however, are the

results of clinical efficacy trials with carbohydrate-based vaccines. These have repeatedly demonstrated protection

from disease, and that introduction of glycoconjugate vaccines into mass immunization campaigns virtually eliminates

these diseases. However, a cautionary note is required. The role of CPS as a virulence factor and the protective role of

anti-CPS antibodies have been shown to be more complex in some cases, such as the ‘microencapsulated’ Staphylo-

coccus aureus types 5 and 8. Production of the capsule is under genetic and environmental control, and while

encapsulation promotes infection in some models, and antibodies against the CPS provide protection, in other models

encapsulation reduces virulence.28As ever, it is important to understand the pathogen and the disease process when

designing treatments. CPSs may enhance virulence by other, active mechanisms, including adherence to host cells,

and modulation of early host inflammatory responses may also be important.29



Table 1 Estimated annual number of cases and/or deaths from selected bacterial pathogens: for under-fives unless

indicated otherwisea

Organism
(bacterial) Disease

Mortality and morbidity
estimates Carbohydrate-based vaccine?

Reference for
mortality data

Streptococcus
pneumoniae

Acute

respiratory

infections and

meningitis

>1000000 deaths

1–2 million deaths (plus

many with neurological

damage)

Conjugate vaccines becoming

available. A vaccine for

developing countries a

GAVIb priority

2,6,7

Haemophilus
influenzae
(>90% type b)

Acute

respiratory

infections and

neonatal

meningitis

400000 to 700000 deaths Type b conjugate vaccine

available

8

Neisseria
meningitidis

Meningitis and

bacteraemia

500000 cases: 50000 deaths

(plus c. 60000 left with

neurological damage)

Polysaccharide and Group

C conjugate vaccines

available: tetravalent

conjugate recently licensed

9

Shigella Shigellosis –

diarrhea

164.7 million cases, Conjugate vaccines shown to be

feasible

10

1100000 deaths

Salmonella
enterica serovar

Typhi

Typhoid (all

ages)

21.6 million cases: 216500

deaths (2004 estimate)

Polysaccharide vaccine

available: conjugates in

development

11,12

16 million cases: 600000

deaths (1984 estimate)

Staphylococcus
aureus

Sepsis Important cause of neonatal

death, but clear figures not

available

Vaccine under development,

targeted at hospital-acquired

infections in developed

countries

13

Vibrio cholerae Cholera 184000 cases, 3000 deaths(all

ages)

Conjugate vaccines in

development

2,14

Bordetella pertussis Whooping cough 20–40 million cases, Traditional vaccines available –

glycocalyx not important

15

200000–400000 deaths

Clostridium tetani Tetanus 500000 cases, Vaccines targeted to toxin

neutralization available

16

400000 deaths

Mycobacterium
tuberculosis

Tuberculosis Two billion people infected, BCG vaccine available 2

1.64 million deaths (all ages) c

aData taken from reference 2, unless otherwise indicated.
bGAVI: The Global Alliance for Vaccines and Immunizations.
cData excludes tuberculosis-related deaths in HIV/TB co-infected individuals.

Figure 1 Electron microscope image illustrating the CPS of Streptococcus pneumoniae. The CPS is indicated by the 6 in

the figure. Reproduced from Skov Sørensen, U. B.; Blom, J.; Birch-Andersen, A.; Henrichsen, J. Infect. Immun. 1988, 56,

1890–1896, with permission from American Society for Microbiology.
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4.31.1.3 The Advantages and Limitations of Vaccines Based on Cell Surface
Carbohydrates

Early work by Dochez and Avery on pneumococcal infections demonstrated30 that ‘soluble specific substances’ are

expressed by the bacterium growing in vivo, and while Zinsser and Parker established31 that these materials are

antigenic, they could not demonstrate that they are immunogenic in animal models. The work of Heidelberger and

Avery confirmed the polysaccharide nature of these materials32 and demonstrated that different pneumococcal strains

express structurally distinct capsular polysaccharides.33 Once it became apparent that high molecular weight poly-

saccharides are immunogenic, the development of such vaccines began. The first large-scale trial was in 1945, using a

tetravalent pneumococcal polysaccharide vaccine to protect workers in South African gold mines, and was successful.34

The postwar availability of antibiotics with an almost miraculous ability to cure infections, in a manner that was not

serotype-specific, curtailed research into vaccine development, but by the late 1970s it was clear that ‘antibiotic-cured’

patients might still suffer severe side effects, and vaccine development was reinitiated.35 Indeed, antibiotic treatment

may temporarily exacerbate symptoms, since many of the effects of bacterial infections arise from host responses

triggered by exposure to fragments of lysed cells, such as LPS and lipid A, teichoic acid, and peptidoglycan fragments,

which can lead to shock and to death.

A major problem in the development of vaccines based on cell surface glycans, compared with the use of antibiotics

or bacterial vaccines targeted against cell surface proteins and toxins, is that different strains of the same pathogen

express distinct CPS and LPS structures. In a few fortuitous cases, such asH. influenzae, one serotype of the six known

is responsible for nearly all disease,36 and only strains of Salmonella enterica serovar Typhi expressing the Vi (for

virulence) CPS cause typhoid.37 On the other hand, five of the 12 meningococcal serogroups4 and a large number of

the 90 pneumococcal serotypes cause disease.38 Multiple components are therefore usually required if the vaccine is to

provide a reasonable degree of overall protection. Different patterns of disease-causing strains may require different

vaccines for different environments: endemic meningococcal meningitis in developing countries has traditionally

been caused by Groups B and C, while Group A causes epidemic disease in Africa,4 for example. While the chemical

structure of the CPS is clearly closely related to the virulence of the strain, it is not the only factor, and the most

important disease-causing serotypes can change with time – meningococcal Group A was once common in developed

countries but is now rare, while Group Y has recently became a major cause of infection in the USA39 and GroupW135

caused an outbreak associated with the 2000 Hajj pilgrimage.40 The relative importance of pneumococcal serotypes

varies geographically. As vaccination becomes more common, it is unclear how immunological pressures may change

these patterns. This is not, however, a problem unique to saccharide-based vaccines, and similar problems of

heterogeneity are faced in the design of meningococcal vaccines based on outer-membrane proteins, or the annual

changes required in influenza vaccine formulation.

Another limitation in the potential application of polysaccharide-based vaccines results from molecular mimicry,

where the CPS or LPS repeat units replicate glycan structures found in mammals, and the induction of a protective

antibody response is suppressed by immune tolerance. The best known example of this is the meningococcal Group B

CPS, but other bacteria express capsules with the same repeat unit as hyaluronic acid41 (e.g., Group A Streptococcus) or

the first polymeric precursor of heparin and heparin sulfate biosynthesis (e.g., E. coli K5).42
4.31.2 The Structures of Polysaccharides Used in Vaccine Manufacture

As described in Chapter1.04, polysaccharides from the bacterial cell surface have well-defined repeat units. CPSs and

exopolysaccharides are usually anionic, while LPS O-chains tend to be charge neutral. Heterogeneity in CPS

structures arises due to incomplete O-acetylation of the repeat unit,42 nonenzymatic migration of O-acetyl groups

between adjacent hydroxyl groups,42 or, less commonly, heterogeneity in the glycan backbone. The immunological

consequences of structural heterogeneity are not clear,43 but vaccines containing non-O-acetylated glycans are

effective against meningococcal44 and pneumococcal disease caused by strains expressing O-acetylated CPS, but in

other cases O-acetylation is considered important.45,46 Several meningococcal disease-causing serogroups can express

either O-acetylated or non-O-acetylated polysaccharide capsules,47 and phase variation between the two forms occurs

in Group C organisms.48 The structures of the repeat units of CPSs currently used in vaccine manufacture are shown in

Table 2. It is becoming clear that in Gram-positive organisms the CPSs are covalently attached to peptidoglycan in the

cell wall71 or, in Gram-negative species, through lipid anchors embedded in the membrane.72–74 In the former case,

this results in peptidoglycan and/or teichoic acid impurities in the CPS preparation,70,75 and, in the latter case,



Table 2 Repeating unit structures of important bacterial CPSs involved in vaccine development

Organism Structure

Haemophilus influenzae type b50,51 !3)-b-D-Ribf-(1!1)-D-Rib-ol-(5!P!
Neisseria meningitidis Group A43,52 !6)-a-D-ManpNAc(3OAc)-(1!P!
Neisseria meningitidis Group B53 !8)-a-Neup5Ac-(2!
Neisseria meningitidis Group C43,54 !9)-a-Neup5Ac(7/8OAc)-(2!
Neisseria meningitidis Group W-13543,54 !6)-a-D-Galp-(1!4)-a-Neup5Ac(9OAc)-(2!
Neisseria meningitidis Group Y43,54 !6)-a-D-Glcp-(1!4)-a-Neup5Ac(9OAc)-(2!
Salmonella Typhi Vi55 !4)-a-D-GalpNAcA(3OAc)-(1!
S. pneumoniae type 156 !3)-AAT-a-D-Galp-(1!4)-a-D-GalpA(2/3OAc)-(1!3)-a-D-GalpA-(1!
S. pneumoniae type 257 !4)-b-D-Glcp-(1!3)-[a-D-GlcpA-(1!6)-a-D-Glcp-(1!2)]-a-L-Rhap-(1!3)-a-

L-Rhap-(1!3)-b-L-Rhap-(1!
S. pneumoniae type 358 !3)-b-D-GlcpA-(1!4)-b-D-Glcp-(1!
S. pneumoniae type 459 !3)-b-D-ManpNAc-(1!3)-a-L-FucpNAc-(1!3)-a-D-GalpNAc-(1!4)-a-D-Galp2,3

(S-)Pyr-(1!
S. pneumoniae type 560 !4)-b-D-Glcp-(1!4)-[a-L-PnepNAc-(1!2)-b-D-GlcpA-(1!3)]-a-L-FucpNAc-

(1!3)-b-D-Sugp-(1!
S. pneumoniae type 6B61 !2)-a-D-Galp-(1!3)-a-D-Glcp-(1!3)-a-L-Rhap-(1!4)-D-Rib-ol-(5!P!
S. pneumoniae type 9N62 !4)-a-D-GlcpA-(1!3)-a-D-Glcp-(1!3)-b-D-ManpNAc-(1!4)-b-D-Glcp-(1!4)-

a-D-GlcpNAc-(1!
S. pneumoniae type 9V63 !4)-a-D-GlcpA(2/3OAc)-(1!3)-a-D-Galp-(1!3)-b-D-ManpNAc(4/6OAc)-(1!4)-

b-D-Glcp-(1!4)-a-D-Glcp-(1!
S. pneumoniae type 12F64 !4)-[a-D-Galp-(1!3)]a-L-FucpNAc-(1!3)-b-D-GlcpNAc-(1!4)-[a-D-Glcp-(1!2)-

a-D-Glcp-(1!3)]-b-D-ManpNAcA-(1!
S. pneumoniae type 1465 !4)-b-D-Glcp-(1!6)-[b-D-Galp-(1!4)]-b-D-GlcpNAc-(1!3)-b-D-Galp-(1!
S. pneumoniae type 18C66 !4)-b-D-Glcp-(1!4)-[a-D-Glcp(6OAc)-(1!2)][Gro-(1!P!3)]-b-D-Galp-(1!4)-

a-D-Glcp-(1!3)-b-L-Rhap-(1!
S. pneumoniae type 19F67 !4)-b-D-ManpNAc-(1!4)-a-D-Glcp-(1!2)-a-L-Rhap-(1!P!
S. pneumoniae type 23F68 !4)-b-D-Glcp-(1!4)-[a-L-Rhap-(1!2)][Gro-(2!P!3)]-b-D-Galp-(1!4)-b-L-

Rhap-(1!
Staphylococcus aureus type 569,70 !4)-b-D-ManpNAcA-(1!4)-a-L-FucpNAc(3OAc)-(1!3)-b-D-FucpNAc-(1!
Staphylococcus aureus type 870 !3)-b-D-ManpNAcA(4OAc)-(1!4)-a-L-FucpNAc-(1!3)-a-D-FucpNAc-(1!
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vesicle formation and attachment to hydrophobic surfaces.72,76 Lipopolysaccharides and -oligosaccharides (LPSs and

LOSs) of Gram-negative organisms are noncovalently associated with the outer membrane through the lipophilic and

endotoxic lipid A moiety, the removal of which, or detoxification through delipidation, is generally considered

necessary for the production of LPS- or LOS-derived vaccines. Polysaccharide vaccines are only feasible from high

molecular weight CPSs, while glycoconjugate vaccines constructed from lower molecular mass glycans can be

effective. The first glycoconjugate vaccines were developed against CPS antigens, while ones targeted against LPS

O-chains have proven successful in clinical trials. Attempts to produce glycoconjugate vaccines derived from the short

glycan chains of LOSs from, for example, H. influenzae or the meningococcus are hampered by their high heterogene-

ity,77,78 the lability of key epitopes under the conditions required for isolation and detoxification, by bacterial

structures mimicking mammalian glycolipids, and due to glycan sialylation.

It is known from studies of pneumococcal CPSs that the repeat unit structure controls both immunogenicity and the

resistance to phagocytosis in a reciprocal fashion, which reflects the different fragments of the complement C3

component that deposit on different CPSs, and which interact with either the CR2 receptors on B-cells or the CR3

receptors on polymorphonuclear leukocytes.79
4.31.3 Existing Unconjugated Polysaccharide Vaccines

CPS vaccines against three pathogens are currently licensed, against Salmonella enterica serovar Typhi (the Vi

polysaccharide), against two, three, or four meningococcal serogroups, and against 23 serotypes of Streptococcus

pneumoniae. The characteristics of these vaccines are summarized in Table 3. A polysaccharide vaccine against

H. influenzae type b was used in the US as a short-term measure prior to the introduction of more effective conjugate

vaccines in the late 1980s.80



Table 3 Characteristics of licensed polysaccharide vaccinesa

Vaccine
No. of
serotypes

mg saccharide
per serotype Manufacturer Trade nameb Target population

1 25 Sanofi Pasteur Typhim Vi Travelers to endemic areas

1 25 GSK Typherix Travelers to endemic areas

Salmonella
Typhi Vi37,b

1 25 Finlay Institute,

Cuba

vax-TyVi

1 30 Lanzhou

Institute of

Biological

Products,

China

Mass vaccination in endemic

areas

2d 50 Sanofi Pasteur Imovax Meningo

AþC

Every age group >2 years, and

used for outbreak control

and travelers to high-risk

countries.

2d 50 GSK Mencevax AC

Neisseria
meningitidis 81

4 50 Sanofi Pasteur Menomune

4 50 GSK ACWY Vax or

Mencevax

ACWY

3 50 GSK Mencevax ACW For control of epidemics in

sub-Saharan Africa

23 25 Merck Pneumovax II or

Pneumovax 23

Over 65’s, especially those in

managed care

Streptococcus
pneumoniae82

23 25 Wyeth-Lederle

Pediatric

Vaccines

Pnu-immune Over 65’s, especially those in

managed care

aInformation compiled from a variety of published and internet sources, but principally the website of the World Health
Organization (http://www.who.int).
bTrade names may vary between countries, and commercial agreements may govern marketing of products in different

countries.
cThe typhoid Vi vaccine is being included in combination vaccines with, e.g., hepatitis A vaccine, for protection of travelers.
dProducts discontinued but still licensed.
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4.31.3.1 Typhoid Vaccines Based on the Vi Polysaccharide

The simplest of the CPS vaccines contains 25–30mg of the Vi CPS per 0.5ml human dose as the sole active ingredient

in the presence of an excipient such as lactose.37 Clinical trials in regions with high endemic levels of disease (Nepal,

Vietnam, and South Africa) indicated clinical efficacy of 55–75%, comparable to previously used parenterally

administered killed cell vaccines, but the level of adverse events (such as swelling at the site of injection) was

much lower.83–85 This vaccine was initially produced in developed countries for immunization of travelers, a fact

highlighted by the recent introduction of combinations also containing an inactivated hepatitis A component,86 but

products have been developed in China, India, and Cuba to allow immunization of the general population.87 The

duration of protection is limited and reimmunization at 3-year intervals is recommended.37As clinically significant

typhoid has not generally been considered a problem for the under-fives, the poor immunogenicity of a polysaccharide

vaccine in infants is not a serious limitation. There is, however, considerable interest in the development of a low-cost

glycoconjugate based on the Vi CPS, to provide lifelong protection from a single course of immunizations. The results

of selected clinical trials of CPS vaccines are summarized in Table 4.
4.31.3.2 Meningococcal Polysaccharide Vaccines

Several meningococcal polysaccharide vaccines are available. Tetravalent vaccines containing 50mg each of the Groups

A, C,W-135, and Ypolysaccharides are displacing bivalent (Groups A and C) vaccine in developing countries as disease

http://www.who.int.


Table 4 Selected published clinical trial efficacy estimates for polysaccharide vaccines

Vaccine Where Efficacy in clinical trials a,b,c,d 95% CI a References

Typhoid Vi

CPS

South West China 69% (3–50 years, 19 months follow-up) 28% to 87% 87

South Africa 55% (3 years follow-up) 30% to 71% 85

South Africa 64% (6–91 weeks: children)

Nepal 75% (5–44 years, 17 months follow up) 83

Meningococcal Santa Catarina, Brazil 74% (general population) 53% to 100% 88

CPS 93% (children) 85% to 100% 88

Group C Quebec, Canada 83% (15–20 years, 2 years follow-up) 39% to 96% 89

Group C 75% (10–14 years, 2 years follow-up) �17% to 93% 89

Group C 41 (2–9 years, 2 years follow-up) �106% to 79% 89

Group C Texas, in response to

outbreaks

85% (2–29-years olds) 27% to 97% 90

Group C Texas, in response to

outbreaks

93% (2–5-years old preschool) 16% to 99% 90

Group A Egypt (Alexandria) 89% (schoolchildren 6–15 years, 3 years follow-up) 90

Group A Finland 89% (army recruits, 9 months follow-up) 92

Pneumococcal Metastudy 65% (general elderly population, against IPD e) �49% to 92% 93

CPS 20% (high-risk population, IPD) �188% to 78% 93

No protection against pneumonia 93

Eastern Finland 15% (pneumonia, general population) �43% to 50% 94

59% (pneumonia, high-risk population) 6% to 82% 94

USA 56% (elderly, IPD, whole population) 42% to 67% 95

61% (elderly, IPD, immunocompetent) 47% to 72% 95

21% (elderly, IPD, immunocompromized) �55% to 60% 95

USA 67% (elderly, whole population) 96

77% (elderly, immunocompetent) 96

0% (elderly, immunocompromized) 96

aPublished data rounded to nearest 1%.
bPopulation to which data refer.
cDisease being monitored.
dPeriod over which the population were followed to estimate protection.
eIPD¼ invasive pneumococcal disease.
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due to the latter Groups has become more prevalent,81 while a trivalent A, C, W-135 vaccine is being produced

specifically for epidemic control in sub-Saharan Africa.97 Clinical efficacy data are limited to separate trials on the

Groups A and C components, which are typically between 74% and 91% effective in adults and older children, with

lower efficacy (41%) in two-year-old children.88–93 The effectiveness of the W-135 and Y components has been

predicted from immunogenicity data since disease prevalence has historically been low.4 The meningococcal CPS

vaccines have not generally been used in routine vaccination strategies, but to control outbreaks and epidemics, and

for the protection of individuals in high risk environments, such as students, army recruits, and pilgrims to Saudi

Arabia. Immunization of adolescents with Group C CPS vaccine was used as an adjunct to the introduction of pediatric

Group C glycoconjugate vaccine in the UK (see below). Meningococcal Group A CPS is probably the least stable CPS

used in vaccine manufacture, and products containing it require careful formulation and handling. Immune responses

to the Group A CPS differ somewhat from that to other bacterial polysaccharides, in that it is more immunogenic in

younger children and elicits a weak booster response on revaccination.98 While most disease in industrialized countries

is caused by Group B organisms, especially meningitis in infants,2,99 the serogroup-specific CPS is an (a2–8)-linked
polysialic acid which is weakly immunogenic and unsuitable for inclusion in vaccines. This probably reflects immune

tolerance, as oligosaccharides containing this structure are post-translational modifications on some human proteins,

most notably a fetal neural cell adhesion molecule (NCAM).100
4.31.3.3 Pneumococcal Polysaccharide Vaccines

The current 23-valent pneumococcal CPS vaccine replaced an earlier 14-valent product in the 1980s. The choice of

components was based on an analysis of the prevalence of disease caused by different serotypes (the available data

were principally from the USA), and considerations of immunological cross-reactivity between structurally related

CPSs and polysaccharide stability.101 The vaccine contains 25mg of each serotype, although the ubiquitous presence
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of pneumococcal C-polysaccharide, a teichoic acid, in each of the serotype-specific CPSs means that it too is a major

component although the antibodies elicited are not protective.342 The effectiveness of this vaccine in various

populations against diverse clinical manifestations remains an area of active discussion: a number of recent meta-

analyses of published clinical trials have disagreed over which studies are valid, and the evidence for efficacy is largely

observational rather than based on randomized clinical trials.102 This situation is further complicated as the effective-

ness of the vaccine appears to diminish with age, due to a reduction in antibody avidity rather than quantity,103,104 and

the observation that a proportion of people are genetically incapable of responding to some or all of the serotypes.105

The vaccine is used to prevent pneumonia in the elderly, especially those in managed care facilities, and other high-

risk groups such as those having undergone splenectomy.

Despite the undoubted advantages of glycoconjugate immunogens in most clinical settings, use of polysaccharide

vaccines is likely to continue for the foreseeable future, and novel products of this type may be introduced,106 although

the requirement for high molecular weight limits options. Polysaccharide vaccines are cheap and simple to produce,

are relatively effective in adult populations, and their ability to elicit an antibody response after a single dose has

advantages for outbreak control. On the other hand, the duration of protection is limited and revaccination is required,

with lower antibody levels being elicited.
4.31.4 Immune Responses to Unconjugated Polysaccharides

The effectiveness of a carbohydrate-based vaccine depends upon the quality and quantity of the antibody response it

can elicit, and, in the long term, whether immunological memory is invoked. The key factors are the amount of

antibody, the avidity of the antibodies produced,107 and their type. Other factors such as the usage of different

sequences may also be important indicators of the immune mechanism. The antibody repertoire elicited is hetero-

geneous, with a large number of structurally distinct antibodies with different antigen-binding specificities, avidities,

and isotypes being present, and recognizing different epitopes on the polysaccharide. Different antibody classes and

subclasses differ in their opsonization ability108 and interactions with complement.109 The immune response gener-

ated by polysaccharide vaccines is principally immunoglobulin type M (IgM) and type G (IgG), with some immuno-

globulin type A (IgA).110–113 The IgA component is not thought to contribute to protection. In a guinea pig model, it

was found that 120 IgM molecules bound per pneumococcus significantly increased the rate of clearance from blood,

while 1400 IgG molecules were required for the same effect.22 The IgG present is principally of the IgG2 subtype,

with lesser amount of IgG1 and some IgG4.110–112 The relative amounts of IgG1 and IgG2 each vary with the age of

the vaccinee,114–116 the structure of the polysaccharide,110–111 and genetic factors.117 For example, Men A and Hib

PPR appear to elicit relatively more IgG1 than pneumococcal CPSs.110,111 Elevated infection rates in children with

deficiencies in their immune system suggest that IgG2 and IgG4 are the most important IgG subtypes contributing to

protection from disease in unvaccinated individuals,114 and IgG2, but not IgG1, levels correlate with results from

opsonization assays.118,119 It is possible that protection depends upon the presence of a relatively small proportion of

high-avidity antibodies,107 whose specificity differs from that of the majority.

Bacterial polysaccharides are T cell-independent type 2 (TI-2) immunogens, which are typically high mass poly-

mers (>100kDa) with repeating structures of 5–10nm. The mechanism(s) by which TI-2 immunogens elicit an

immune response was elucidated by Snapper and co-workers;120–123 they are clearly complex and the topic of

continuing research. To summarize their proposals as they apply to a high molecular mass polysaccharide, the CPS

binds to a B-cell expressing membrane-bound immunoglobulin (mIg) with specificity appropriate for the polysaccha-

ride repeat unit, a single glycan chain cross-linking approximately 10–20mIg molecules to form a cluster. This is the

critical process, and leads, through a series of protein phosphorylation steps, to an increase in free (nonchelated)

intracellular calcium. This cell is now primed for antibody secretion, but a second signal is required. The nature of this

second signal remains unclear and is probably different when the immunogen is a purified polysaccharide than is the

case when a whole organism is present. One mechanism to provide the signal is through the complement/complement

receptor system, which could either act directly on the B-cell, through stimulatory cytokines or through co-stimulatory

molecules expressed by other cells of the immune system. A potential alternative mechanism involves toll-like

receptors (TLR), which recognize molecular patterns on the surfaces of pathogens. Recent work showed that IgG,

but not IgM, responses in vivo to a purified pneumococcal CPS vaccine were dependent on a phenol-extractable TLR

type 2 ligand (i.e., an impurity in the vaccine), further highlighting the complexity of the system.124 The second signal

allows the B-cell to mature into a plasma cell that secretes antibodies with the same specificity as the mIg. Without the

direct involvement of T-cells, processes such as avidity maturation, isotype switching, and induction of immunological

memory do not occur. As the TI-2 pathway is not operative in infants under the age of about two years old, they, the

main risk group for many of these diseases, cannot normally be protected with CPS vaccines.
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Thus the specificity of the immune response is determined by the structure of the repeat unit, while the necessity to

create mIg clusters explains why only high molecular weight CPSs are immunogenic. These factors–identity and

molecular size–are the key quality-control tests for CPS vaccines, formalized inWorld Health Organization Guidelines

(now called Recommendations)125,126 and pharmacopeias.127–129 Validated approaches based on NMR spectroscopy

are gradually replacing quantitative compositional analyses (e.g., of hexose, aminosugar, uronic acid, sialic acid,

phosphorus, nitrogen, and O-acetyl groups) to demonstrate identity, composition, and purity,130,131 while molecular

sizing on soft gels is being replaced by high-performance methods and, increasingly, the use of ‘absolute’ measures of

molecular weight such as multiple angle laser light scattering (MALLS).132,133 Protein and nucleic acid contents are

limited, while other major contaminants, such as pneumococcal C-polysaccharide in pneumococcal CPSs have, to date,

been controlled indirectly through compositional limits, but more sophisticated approaches are increasingly available.

Other critical safety parameters applicable to all vaccines, such as sterility and pyrogenicity, are also regulated.127–129
4.31.5 Glycoconjugate Vaccines

The means to improve the quality of the immune response against a polysaccharide – covalent attachment of the poly-

saccharide to a carrier protein – were first described134 by Avery and Goebel in 1931. The practical development of gly-

coconjugate vaccines, however, arose from later work by Anderson,135–139 Jennings,140–142 Hilleman,143 Robbins,144–148

and others, who developed many of the conjugation chemistries in use today. Glycoconjugate vaccines against three

pathogens are currently available, others are seeking licenses, and many more are in development (see below). The

licensed vaccines are against Hib,N. meningitidis (both monovalent Group C and tetravalent Groups A, C, Y, andW-135

vaccines), and against multiple pneumococcal serotypes. The first products to be introduced, in the late 1980s, were

Hib vaccines, and their use in mass pediatric vaccine campaigns in developed countries virtually eliminated Hib

meningitis, which had, until then, been a major cause of death in young children.149,150 In developing countries, Hib is

also an important cause of acute respiratory infections which can be fatal.8 On the basis of this success, vaccination of

all infants worldwide with Hib glycoconjugate vaccines is a WHO target. The outstandingly successful practical proof

of the glycoconjugate vaccine concept (Figure 2) provided a great boost for the development of other products. The

effectiveness of glycoconjugate vaccines in infants, compared with polysaccharides, arises from the different immu-

nological mechanism that is exploited to elicit protective antibodies. Immunological responses to polysaccharide and

glycoconjugate vaccines are compared in Table 5. Unlike polysaccharide vaccines, two or three immunizations are

required in the primary series in infants, usually given during the first six months of life, with a booster in the second

year, while vaccination of adolescents and infants requires only a single dose. Monovalent meningococcal Group C

conjugate vaccines were introduced151 into the UK in the late 1990s as part of the mass pediatric vaccination for infants

and with a ‘catch-up’ campaign for toddlers and teenagers. Tetravalent meningococcal conjugate was licensed for

recipients aged 11 to 55 in the USA in 2005.152 The first heptavalent pneumococcal conjugate was licensed153 in the

USA in 2000, and there is very active work by both large and small vaccine manufacturers to develop similar products,

often with additional serotypes. The development and introduction in developing countries of pneumococcal

glycoconjugate vaccines is one of three high-priority research and development projects supported by the Global

Alliance for Vaccines and Immunizations (GAVI).2

Two other glycoconjugate vaccines are in an advanced state of development. A bivalent product against S. aureus

serotypes 5 and 8, antibiotic-resistant strains of which are increasingly serious causes of hospital-acquired infections

successfully completed one Phase III clinical trial154 but proved less effective in a second. Since the same S. aureus

serotypes cause most mastitis in cattle, there is parallel interest in a veterinary vaccine of the same type.155 A clinical

trial of an ‘orphan’ product against Pseudomonas aeruginosa, which colonizes the lungs of cystic fibrosis patients,

constructed from the LPS O-chains of the eight most prevalent serotypes has also been reported.156

Glycoconjugate vaccines show great structural diversity, and have been constructed from both oligo- and poly-

saccharides, with various carrier proteins and using different conjugation chemistries. This provides unrivaled

opportunities to investigate structure–immunogenicity relationships. Much of our knowledge of the immunological

properties of these vaccines has come from studies comparing different Hib vaccines, which, despite provoking

somewhat different responses, are all clinically effective. Probably the most important consequence, however, was the

realization that a wide range of different structural models can lead to effective vaccines and that polysaccharide–

protein conjugation is a generic methodology for the production of novel bacterial vaccines against pathogens for which

no prophylaxis currently exists. There are three basic types of conjugates, which are known157 as ‘neoglycoproteins’,

‘cross-linked matrices’ or ‘cross-linked networks’, and ‘vesicle-based conjugates’. Cartoon representations of these

three types are shown in Figure 3.
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Neoglycoprotein vaccines arise from attachment of relatively short glycan chains to a carrier protein. As the

oligosaccharides have only one or two reactive groups, little or no cross-linking of the carrier proteins occurs.158 In

the simplest cases, the vaccine molecule is a glycoprotein of about 90kDa mass, containing c. 30% carbohydrate in, on

average, six glycan chains per protein. They are heterogeneous in glycan chain length, the number of chains per carrier

and their sites of attachment. Cross-linked matrix vaccines are produced from high mass polysaccharides randomly

activated at multiple sites and attached to carrier proteins which are themselves linked to multiple glycan chains. This

leads to a network of polysaccharide and protein of very high molecular weight. Vesicle vaccines use endotoxin-

depleted outer-membrane proteins for the attachment of ‘size-reduced’ polysaccharide chains. Other configurations

are conceivable, including attachment of a single glycan chain to a small peptide or lipopeptide carrier,159,160 or

attachment of multiple monofunctionalized proteins to a polysaccharide chain. The principal factor influencing the

choice of conjugation chemistry is the structure of the polysaccharide chain. Table 6 summarizes characteristics of

licensed and near-market glycoconjugate vaccines.
4.31.6 Conjugation Chemistries

The disease target defines which glycan or glycans are appropriate for a potential vaccine. Bacterial polysaccharides

are structurally more diverse than carrier proteins and have a much wider range of reactivity. The conjugation

chemistry is matched, therefore, to the glycan structure and this will define which classes of vaccines are feasible.

http://www.who.int.
www.hpa.org.uk


Table 5 Differences in immunological responses to polysaccharide and glycoconjugate vaccines

Unconjugated polysaccharide vaccines Glycoconjugate vaccines

Are T-cell-independent type 2 (TI-2) immunogens: T-cells

are not directly involved in development of an immune

response

Are T-cell-dependent immunogens: T-cells are directly

involved in the development of an immune response

Elicit mainly IgM and IgG2 antibodies in man Elicit mainly IgG1 and IgG3 antibody isotypes in man

Avidity maturation, isotype switching or induction of

immunological memory do not occur

Avidity maturation, isotype switching and induction of

immunological memory occur

Do not induce antibody responses and are not effective in

infants under the age of 2 years

Are effective in very young infants and so can be used to

protect against diseases which affect infants

A single dose is given, antibodies are elicited after one dose,

and no booster effect occurs with multiple immunizations

Multiple doses of vaccine are given (two or three in the

primary paediatric series). Antibodies not elicited in infants

after first dose, but booster effect seen when multiple

immunizations given

Antibody reponse often found in adults after single dose

Booster vaccinations required – typically every 3–5 years Booster often given about 1 year after end of primary series of

vaccinations, but regular revaccination not required

Do not reduce carriage of nasopharyngeal carriage of relevant

organisms and so cannot protect unvaccinated contacts

Interrupt carriage of the relevant organisms and so reduce

transmission to, and disease among, unvaccinated

individuals (herd protection)

Immunogenicity requires a high molecular weight glycan Immunogenicity does not require a high molecular weight

glycans – short oligosaccharide chains can be used

The specificity of the immune response depends on the

structure of the glycan chain

The specificity of the immune response depends on the

structure of the glycan chain
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4.31.6.1 Total Synthesis of Oligosaccharides Containing a Reactive Group
for Conjugation

Where applicable, total synthesis is the most flexible approach to glycan production for conjugation, and allows

introduction of a wide range of activated groups for attachment to the carrier protein. While widely used in research

and proof-of-principle studies,161–169 only one current glycoconjugate vaccine uses this approach,170 as optimization

of the synthesis may be time-consuming. In this example, the maleimide group terminating the glycan chain reacts

with free thiol introduced onto the activated carrier protein, while research variants have predominantly used squaric

acid or NHS-ester conjugation chemistry. A key finding from this work161 is that remarkably small glycan haptens can

be made immunogenic, and that multiple repeat units are not a necessity. This approach has also been exploited in the

development of glycoconjugate immunotherapeutics against tumors overexpressing certain cell surface glycans,171

which are outside the scope of this chapter. The conjugation of synthetic glycans using thiol chemistry or squaric acid

chemistry is shown in Figures 4 and 5.
4.31.6.2 Conjugation Reactions Subsequent to Periodate Oxidation

Controlled periodate oxidation of Hib poly(ribosylribitolphosphate) (PRP) or meningococcal Group C CPS depoly-

merizes the CPSs to form oligosaccharides with terminal aldehydic groups (Figure 6). In the case of the Hib PRP, the

kinetics of the oxidation leads to the loss of the ribitol C3 as formate. The activated oligosaccharides are attached to

lysine residues on the carrier by reductive amination in the presence of sodium cyanoborohydride, and residual free

aldehyde groups are capped using sodium borohydride, taking care to prevent de-O-acetylation of the meningococcal

Group C CPS. Whilst in the simplest cases this leads to conjugate vaccines of the neoglycoconjugate type, limited

cross-linking of the carrier protein occurs due to the bifunctional nature of the activated oligosaccharide:158 the extent

will depend on factors such as the starting glycan–protein ratio and the yield of the reductive amination reaction.

On the other hand, periodate oxidation of the meningococcal Groups A, Y, and W-135 and the seven pneumococcal

serotypes used in the first-generation pneumococcal conjugate vaccine leads to activation without depolymerization,

multiple activation sites on each glycan chain, and production of cross-linked network conjugate vaccines (Figure 3).

In the case of the Men W-135 and Men Y CPSs, attachment172 occurs through linkage to the Neu5Ac C7 or C8

(Figure 7), while in the case of the Men A and pneumococcal CPSs, periodate oxidation leads to ring opening to form



There may be a linker – often
adipic acid – between the carrier
protein and the oligosaccharide,
or a direct link formed by
reductive amination

Glycan

Glycan with linker
(a)

(b)

(c)

Figure 3 Cartoon representations of the three different types of glycoconjugate vaccines. (a) A neoglycoprotein vaccine

with relatively short glycan chains attached to the carrier protein. As the glycans have only one or two reactive groups,

cross-linking of proteins is nonexistent or uncommon, and will depend on the proportion of glycan chains which are

conjugated (i.e., yield). (b) A cross-linked network vaccine, arising from random activation of a high molecular weight
polysaccharide at multiple sites and conjugation to a carrier protein which can react with several glycan chains.

(c) A conjugate vaccine utilizing ‘size-reduced’ glycan chains attached to a vesicle of outer-membrane proteins. Redrawn

from Ward, J.; Lieberman J. M.; Cochi S. L. Haemophilus influenzae vaccines. In Vaccines; Plotkin, S. A.; Mortimer

E. A. Eds.; Philadelphia, PA: W.B. Saunders and Co., 1994; pp 337–386.
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Table 6 Summary of the characteristics of licensed and some developmental glycoconjugate vaccines

No. of
serotypes Carrier protein mg saccharide Conjugation chemistry Manufacturer Trade name Target population

Haemophilus influenzae type b
Periodate-derived

oligosaccharides

1 CRM197 10 Reductive amination Wyeth HibTiter Mass pediatric immunization

Acid-

depolymerized

oligosaccharides

1 CRM197 10 Active ester chemistry Chiron Vaxem-Hib Mass pediatric immunization

Size-reduced

oligosaccharides

1 Meningococcal

OMPs

10 CDI activation and two

linkers

Merck PedVaxHIB Mass pediatric immunization,

especially in areas of high disease

incidence

High molecular

weight

polysaccharides

1 Tetanus toxoid 10 Cyanogen bromide

activation

Sanofi

Pasteur

Act-Hib Mass pediatric immunization

GSK Hiberix Mass pediatric immunization

Synthetic

oligosaccharides

1 Tetanus toxoid 10 Maleimide reaction with

thiol

CIGB, Cuba QuimiHib Mass pediatric immunization

Neisseria menigitidis
Periodate-derived

oligosaccharides

Group C CRM197 10 Reductive amination Wyeth Meningtec Mass pediatric immunization

Acid-

depolymerized

oligosaccharides

Group C CRM197 10 Active ester chemistry Chiron Menjugate Mass pediatric immunization

Periodate-derived

oligosaccharides

Group C TTx 10 Reductive amination Baxter NeisVac-C Mass pediatric immunization

High molecular

weight

polysaccharides

Groups A,

C,

W135

and Y

Diphtheria

toxoid

4 Not reported Sanofi

Pasteur

Menactra For recipients aged 11 to 55 years

Streptococcus pneumoniae
Periodate-activated

polysaccharide

7 CRM197 2 for most

serotypes: 4

for Type 6B

Reductive amination Wyeth Prevenar Mass pediatric vaccination

Staphylococcus aureus
Polysaccharide

attached to

peptidoglycan

matrix

Types 5

and 8

rEPA 100 per

serotype

Disulfide linkages attached

to glycan through

carboxylate groups

NABI StaphVax High-risk populations – kidney dialysis

patients and people undergoing

elective deep surgery

Salmonella enterica serovar Typhi

Intact

polysaccharides

1 rEPA 25 Disulfide linkages attached

to glycan through

carboxylate groups

Not yet

licensed

For mass vaccination in typhoid-

endemic areas

Pseudomonas aeruginosa
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Figure 4 Conjugation of synthetic glycans related to the Hib CPS, containing a terminal maleimide residue, to activated
carrier protein containing a free thiol. This chemistry is utilized for the production of the first licensed glycoconjugate vaccine

containing synthetic glycan chains, developed by Verez-Bencomo et al.170 In this example, there are approximately eight

activated sites per tetanus toxoid carrier protein.

GlcA(b1-4)Glc(b1-3)GlcA(b1-4)Glc(b1-O(CH2)3NH2 +

OO

CH3O OH3C
pH 6.95, 16 h

GlcA(b1-4)Glc(b1-3)GlcA(b1-4)Glc(b1-O(CH2)3NH

OO

O CH3

+ CRM197, pH 9.55, 48−72 h

GlcA(b1-4)Glc(b1-3)GlcA(b1-4)Glc(b1-O(CH2)3NH

OO

NH-CRM197

Figure 5 Activation of a synthetic tetrasaccharide by reaction with diethylsquarate at neutral pH, and further reaction of

this derivative with CRM197 carrier protein under basic conditions. These mild conditions allow recovery of unreacted

activated glycan. The example given is from the work of Benaissa-Trouw et al.162
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dialdehyde (Figure 8). In the methodology being developed for the production of a meningococcal group A vaccine

r sub-Saharan Africa, higher conjugation yields are obtained by prior activation to the tetanus toxoid carrier protein

ith hydrazine and a water-soluble carbodiimide (Figure 8).173
.31.6.3 Conjugation Reactions Subsequent to Polysaccharide Cleavage at the
Glycosidic Linkage

nother group of approaches aims to create oligosaccharides with a single aldehydic or ketosidic reactive group

ossibly masked as the anomeric centre of a reducing sugar, by cleavage at a glycosidic linkage.Haemophilus influenzae

type b PRP and the four vaccine-relevant meningococcal serogroup CPSs all contain glycosidic linkages susceptible

to dilute acid hydrolysis (Figure 9). Hydrolytic depolymerization leads to reducing oligosaccharides which can be
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adapted for production of a meningococcal Group A vaccine for use in sub-Saharan Africa.337
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activated by reductive amination and addition of a bifunctional linker which, in turn, is used to attach the glycan to

the carrier protein. This approach is used by Chiron in the commercial production of Hib and Men C conjugate

vaccines.174–176 Other groups have reported the use of hydrogen peroxide to depolymerize the Men C CPS,177

ozonolysis under alkaline conditions,178 and electron beam methods to create oligosaccharides with a single reducing

terminus, which can be similarly activated and conjugated.179 Partially de-N-acetylated pneumococcal type 14 CPS

treated with nitrous acid degrades to oligosaccharides with an anhydromannose residue at the ‘reducing terminus’.180

These glycans were attached to a carrier protein by reductive amination. Immunologically important base-labile
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substituents would be destroyed by this procedure, and the nature and substitution pattern of the hexosamine controls

the preferred rearrangements which occur during deamination. Some oligosaccharides will contain structurally

modified residues which arise from rearrangements which do not cleave the glycosidic linkage. The application of

this chemistry is illustrated in Figure 10.
4.31.6.4 Random Activation of Hydroxyl Groups Using Cyanogen Bromide
or Carbonyl Diimidazole

Treatment of polysaccharides with cyanogen bromide, cyanogen bromide analogs such as 1-cyano-4-(dimethylamino)-

pyridinium tetrafluoroborate (CDAP),181 or carbonyl-diimidazole (CDI) in a nonaqueous solvent,182 activates the

hydroxyl group. These intermediates are unstable and trapped by addition of a suitable linker, typically adipic acid

dihydrazide (ADH), 1,4-diaminobutane, or 1,6-diaminohexane.182 This chemistry is illustrated in Figure 11. The

second hydrazide or amino group is attached to the carrier protein by using a water-soluble carbodiimide, or, in the case

of the Merck vaccines based on meningococcal OMP carriers, a second linker is added to allow reaction with thiol

groups present on the activated carrier protein.182 NMR studies of the product of CDI activation of Hib PRP indicate

that there is no significant selectivity in the hydroxyl group activated.183
4.31.6.5 Amidation of Carboxyl Groups with Cystamine Derivatives

The saccharide backbones of the S. Typhi Vi and S. aureus serotypes 5 and 8 CPS are both acid stable, contain few free

hydroxyl groups, and the O-acetyl groups are considered important epitopes, and have therefore been activated for

conjugation to the carrier protein by attachment of thiol-protected cysteamine derivatives to the carboxyl group using

water-soluble carbodiimide.184–186 The carrier protein is also activated by addition of a protected thiol, and a covalent

polysaccharide–protein linkage achieved through formation of a disulfide linkage, as illustrated in Figure 12. An

alternative approach combines untreated polysaccharide with carrier protein previously activated by addition of ADH,

using a water-soluble carbodiimide.186 Similar approaches have been developed to attach LOS chains through the

carboxyl group of the Kdo residue, as illustrated in Figure 13.335
4.31.7 Carrier Proteins

To date, two types of ‘carrier proteins’ have been used in commercial products. The first group are bacterial toxoids

already used as vaccines – tetanus and diphtheria toxoid – and related proteins such as CRM197, a genetically

toxoided variant of diphtheria toxin, or recombinant P. aeruginosa exoprotein A. Some are already licensed for human

use. There are concerns about the potentially excessive use of a small number of highly immunogenic proteins
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(‘epitopic overload’ or ‘carrier overload’), and the role of pre-existing immunity against the carrier protein on the

efficacy of glycoconjugate vaccine is not clear.187–189 The other type of ‘carrier protein’ is the meningococcal outer-

membrane protein complex (OMPC) used by Merck for Hib and developmental pneumococcal conjugates.190

OMPCs are not a single protein, but mixtures of proteins and lipids, as well as trace amounts of LPS, which can act

as adjuvants and/or mitogens to enhance both T-cell-dependent and T-cell-independent pathways in infants. Serolog-

ical comparisons of infants immunized with OMPC-conjugated vaccines or with CRM197- or toxoid-conjugated

analogs shows that the carrier protein influences the quality and kinetics of the immune response.191,192

There is continuing interest in novel carrier proteins (or polypeptides) to satisfy a number of different goals, but

the understanding of what constitutes an effective carrier protein is largely empirical. One goal is to invoke immune

protection complementary to that provided by the antisaccharide antibodies, by using known virulence-factor pro-

teins derived from the same pathogen. Examples of this are the use of genetically toxoided pneumolysin, the protein

toxin from S. pneumoniae which has a role in hearing loss,193 in developmental pneumococcal conjugates,194 or the

alpha C protein for Group B Streptococcus vaccines.195 Where several organisms can create a single clinical outcome

(such as meningitis or otitis media), an appropriate choice of carrier protein offers the possibility of broadening the

range of protection offered.196 Another goal has been to try to direct the immune response toward particular outcomes,

such as the development of immune responses at mucosal surfaces by the use of cholera toxin b subunit as the carrier

protein in vaccines administered intranasally.197,198 It is clear that the choice of carrier protein can direct the detailed

immune response through the differential expression of those cytokines involved in the development of the immune

response.199,200 Another strand has been the use of synthetic peptides containing one or more known universal T-cell

epitopes,159,201 with the intention of developing vaccines which can be completely defined by physicochemical

methods.
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4.31.8 Physicochemical Characterization of Glycoconjugate Vaccines

As a result of the paucity of animal models for many of the relevant diseases, there has been great interest in the

physicochemical characterization of these vaccines,158,202–205 and the use of such methods in routine quality control.

This, the availability of structurally distinct materials with similar functionality and the relative ease with which a

manufacturer is able to control vaccine structure and composition, have supported the development of an understanding

of those factors which control immunogenicity and the implementation of physicochemical methods for quality control.

The aim of physicochemical methods for quality control is not to provide a full characterization of each batch, but to

ensure consistency of key structural factors linked to safety, immunogenicity or efficacy, between production batches,

and, above all, with material used in the clinical trial, the ‘gold standard’ bioassay. Characterization and quality control is

performed on the final product, bulk vaccine, on individual components – the polysaccharide and the carrier protein –

and on key intermediates, such as the activated polysaccharide or activated carrier protein. Pharmacopoeial specifications

may exist for one or both of the components, and WHO Recommendations provide additional guidance.206–208
4.31.8.1 Polysaccharide Identity and Integrity

The structure of the saccharide moiety in the conjugate defines the specificity of the immune response. The

methodology is identical to that used in polysaccharide vaccines (see above) with an increasing emphasis on the use

of instrumental methods such as NMR spectroscopy (Figure 14). The degree of activation of cyanogen bromide-,

CDI-, or cysteamine-treated intermediates can be determined by traditional chemical approaches or quantitative

NMR methods, and in order to indicate whether there are any preferred sites of reaction. Where the activation step is

concomitant with depolymerization, combinations of colorimetric tests,204 size exclusion210 and anion exchange

chromatographic methods,175,210 and NMR spectroscopy174,209 provide information on mean molecular weight and

molecular weight profiles, and the identities of the newly formed end groups (Figure 15). NMR spectroscopy can be

applied to many of the final bulk conjugates to identify structural changes which may have occurred during manufac-

ture, such as de-O-acetylation.211 When characteristic resonances from novel end groups can be identified, the

presence of, and mechanism of, glycan degradation during storage can be determined, complementing information

from changes in molecular weight or increases in free unconjugated saccharide.202,203,211
4.31.8.2 Characterization of the Carrier Protein

Feasible approaches obviously depend on the complexity of the carrier being used, whether a homogeneous, pure,

genetically toxoided protein such as CRM197, chemically toxoided proteins such as tetanus toxoid, or the mixtures of

meningococcal OMPCs. Characterization and routine confirmation of identity and purity is usually by some combina-

tion of immunochemical approaches, mass spectrometry, polyacrylamide gel electrophoresis (PAGE) electrophoresis,

size exclusion chromatography, peptide mapping, circular dichroism, and fluorescence spectroscopy. Chemically or

genetically toxoided carrier proteins require assays to confirm that reversion to toxicity has not occurred, or method

validation performed. When the carrier protein is chemically activated for conjugation, there is a need to determine

the number of activating groups per protein. Circular dichroism and fluorescence spectroscopy have been used to

assess changes in carrier protein integrity and stability during conjugation and storage, although small changes in

protein folding are unlikely to significantly influence conjugate immunogenicity.
4.31.8.3 Analyses Appropriate for Bulk Conjugate

Even the simplest glycoconjugate vaccines are heterogeneous in the length of the glycan chains, and the number and

location of these chains on the peptidic backbone of the carrier. The more complex vaccines are formidable challenges
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for the most powerful instrumental approaches. Optimal glycan chain lengths and polysaccharide–protein ratios will

have been determined during product development,204 and the latter parameter is typically determined by separate

quantitation of the saccharide and peptidic components, using colorimetric, degradative, or chromatographic

approaches, or UVabsorption spectrophotometry. However, in simpler cases, NMR spectroscopy of denatured species

also indicates the ratio of the two moieties.174 The other widely used measure of product consistency is molecular

sizing, often utilizing high-performance matrices, which reports on the degree of cross-linking and on product
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degradation.205,212 Dual monitoring of the elution profile provides addition information, either of polysaccharide–

protein ratio or absolute molecular weights from refractive index and light scattering. Unconjugated ‘free’ saccharide

in the final vaccine reduces conjugate immunogenicity,213 and is often determined at this stage after separation of free

saccharide from the conjugate on the basis of size, hydrophobicity, or using carrier protein-specific monoclonal

antibodies (mAbs).214,215 In some cases, notably Hib and some of the meningococcal conjugates, degradation and

depolymerization of the glycan chains is the principal means by which the vaccines lose immunogenicity202,203 and

free saccharide values must be determined for final fills and factored into specifications for product shelf life. Removal

of by-products generated during conjugation (e.g., from carbodiimide-mediated coupling) should be confirmed

through a limit test.216
4.31.8.4 Analyses Carried Out on Final Fills

Uniquely, carbohydrate-based vaccines are dosed by mass (of saccharide) rather than by arbitrary potency-related

units. The saccharide content in the final vial can determined by traditional chemical approaches, by degradation and

chromatographic analysis (most commonly high-performance anion exchange chromatography (HPAEC)),217–219 or, in

the case of complex polyvalent vaccines such as the pneumococcal conjugates, by quantitative or semiquantitative

immunochemical approaches. Free, unconjugated saccharide and molecular size may be confirmed if the vaccine is

known to have limited stability or the degradation is catalyzed by the adjuvant.220 These analyses obviously become

more difficult with decreasing amounts of material or if it is adsorbed to an aluminum-based adjuvant. Standard

pharmacopoeial requirements for any injectable product such as sterility, final pH, osmolarity, and limit specifications

for pyrogenicity will apply.
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4.31.9 Clinical Efficacy of Glycoconjugate Vaccines

The most extensive clinical trial data have been reported for four Hib conjugate vaccines, which use either diphtheria

toxoid (PRP-D), CRM197 (HbOC), meningococcal outer-membrane proteins (PRP-OMPC), or tetanus toxoid (PRP-T)

as carrier proteins. While HbOC contains oligosaccharide glycan chains, the others have high molecular weight or

‘size-reduced’ polysaccharide chains. Other Hib vaccines have been less widely licensed and efficacy data are not yet

in the public domain. A comparative review of published clinical trials221 concludes that all vaccine were highly

efficacious after two or three doses (typically 90–100%), except for PRP-D, the least immunogenic of the vaccines,

when used in a population with a high level of endemic disease (in this case, Alaskan native children). PRP-OMPC,

which induces high antibody titers after a single dose, or PRP-T given in an accelerated schedule appeared effective in

similar situations. The effectiveness of these vaccines has been amply validated by the almost complete elimination of

invasive Hib disease in those countries which introduced mass pediatric vaccination campaigns.150 The increase in

disease and apparent reduction in vaccination efficacy in the UK, which employs an accelerated regime for primary

vaccination and does not currently include a booster dose in the second year of life, after 1999, indicate that the

situation is more complex than at first seemed apparent,222 and emphasize the importance of herd immunity and the

suppression of bacterial carriage in the overall strategy. These conclusions have been confirmed by studies with

meningococcal223,224 and pneumococcal225 conjugate vaccines. Table 7 summarizes some of the published clinical

trials on glycoconjugate vaccines.

Due to the relatively low incidence of disease and the well-understood relationship between antibody titer and

protection, licensing of meningococcal Group C conjugate vaccines in the UK was based on immunogenicity

(measured through serum bacteriocidal assays). Clinical effectiveness, evaluated in an enhanced postlicensing

surveillance programme, was subsequently estimated to be 97% in teenagers and 92% effective in toddlers with the

year of vaccination240–both groups received a single dose. The postlicensing surveillance confirmed the appropriate-

ness of the serological correlates upon which licensing was based.251 The effectiveness in infants, receiving three

doses of vaccine between the second and fourth months of life, was 93%, but protection was found to be short-lived

and the vaccines appeared to confer little direct protection after the first year of life, and again highlighted the

important role of herd immunity and the importance of ‘catch-up’ campaigns.223,224 Sufficient long-term clinical data

are now accumulating to allow different national vaccination regimes to be compared, which may lead to revised

schedules in some countries.340,341
4.31.9.1 Pneumococcal Vaccine Clinical Trials

The first clinical trial of the efficacy of a 7-valent pneumococcal conjugate vaccine in the USA239 used reduction in

invasive pneumococcal disease (IPD) due to serotypes in the vaccine as the primary end-point, and showed efficacy of

97.4% (95% CI 82.7–99.9%). The low numbers of cases observed prevented full analysis of protection by serotype.

The vaccine was licensed on the basis of these data, and the trials also provided extensive serological data, which has

helped to define protective antibody levels and which are the baseline against which the ‘noninferiority’ of other

pneumococcal conjugate vaccines is likely to be measured. Clinical trials in South Africa,248 the Gambia245 and native

American populations244 indicated somewhat lower protection (Table 7) and lower antibody levels. Pneumococcal

infection, however, presents a broad spectrum of clinical outcomes, particularly in developing countries, and is often

present as a co-infection with other pathogens. The South African256 trial showed lower rates of protection (25%; 95%

CI 4–41%) against radiologically confirmed pneumonia (all serotypes), and reduced mortality from viral pneumonia,

for which pneumococcal infection may be a contributory cause. The Gambian trial,245 utilizing a 9-valent vaccine,

indicated a 16% reduction from overall infant mortality among the vaccinated, supporting the hypothesis that

pneumococcal infections contribute to deaths from a wide variety of causes. On the other hand, the efficacy of

pneumococcal conjugates against acute otitis media (AOM) has been modest.190,243 These vaccines are, unsurprisingly,

less effective in HIV-infected and other immunocompromized populations. Detailed comparisons of the immune

responses to CRM197- and OMPC-conjugated pneumococcal conjugates indicate the same trends in the kinetics of

development of an immune response as observed in Hib conjugate vaccines.252–254

Population studies following the introduction of mass pediatric pneumococcal conjugate vaccination in the USA has

resulted in significant reductions in IPD in unvaccinated individuals, especially the ‘parent’ and ‘grandparent’

generations. Estimates suggest that up to two-thirds of the incidents of diseases which would have required

hospitalization, and which have been prevented by vaccination, occur in unvaccinated individuals.255,256 This is

probably a result of reduced nasopharyngeal carriage by vaccinated children and reduced transmission to adults. These

findings will have considerable impact on assessments of cost–benefit ratios for this expensive vaccine.



Table 7 Selected published clinical trial results on glycoconjugate vaccines

Vaccine Where Efficacy in clinical trials 95% CI References

Hib conjugate Western Gambia 94% (toddlers 1–2 years) 62% to 99% 226

UK 56.7% (infants, 3 doses, reduced natural exposure) 43% to 67.4% 227

USA 86% (infants, 2–18 months, 2 or more doses) 16% to 98% 228

Israel 98.7% (fully immunized, invasive Hib) 229

PRP-D Finland 83% (infants, 3 doses, 5 month follow-up) 26% to 96% 230

94% (infants, 3 þ1, 7–24 months) 83% to 98% 231

PRP-D Alaska 43% (infants, 3 doses, 45 months follow-up) �43% to 78% 232

PRP-D Finland 47% (infants, 1 dose) �52% to 85%

87% (infants, 2 doses) 69% to 96% 233

100% (infants, 3 doses) 88% to 100%

HbOC Finland 89% (infant, 1 dose, 24 months) 26% to 100%

95% (infant, 2 doses, 24 months) 79% to 99% 233

100% (infant, 3 doses, 24 months) 87% to 100%

HbOC Northern

California

26% (infant, 1 dose, 7.5 months)

100% (infant, 2 doses, 7.5 months) 47% to 100% 234

100% (infant, 3 doses, 7.5 months) 68% to 100%

HbOC Southern

California

73.3% (infant, 1 dose) 47% to 88%

90.1% (infant, 2 doses) 68% to 98% 235

92.5% (infant, 3 doses) 69% to 99%

PRP-OMP Arizona (Navajo

and Apache)

100% (infant, 1 doses, <15 months) 67% to 100%

93% (infant, 2 doses) 53% to 98% 236

95% (infant, full course) 72% to 99%

PRP-T Oxford, UK 100% (infant, 3 doses, fast schedule) 80% to 100% 237

95% (infants, 3 doses, fast, longer observation) 74% to 100%

Meningococcal
Group C
conjugate

UK 91.5% (infants, 3 doses) 65% to 98% 238

89.3% (toddlers, 1 dose) 73% to 96%

UK 92.5% (infants) 74% to 98%

90.1% (toddlers) 75% to 96% 239

100% (preschool) 93% to 100%

UK 97% (teenagers) 77% to 99% 240

92% (toddlers) 65% to 98%

Meningococcal
ACWY conjugate

USA Immunogenicity in children 2–10 years (not

efficacy)

241

Pneumococcal
conjugate

Northern

California

97.4% (invasive pneumococcal disease: 4 doses,

infants)

83% to 100% 242

Finland 57% (vaccine-serotype caused otitis media:

infants, 4 doses)

44% to 67% 243

Native Americans-

Navajo and

Apache

76.8% (children, <2 years, no. of doses?) �9% to 95% 244

Pnc-OMPC Finland 56% (otitis media, infants, 4 doses) 44% to 66% 191

Pn-CRM197 9-

valent

The Gambia 37% (infants, 3 doses: 1st incidence of

radiologically confirmed pneumonia – all

serotypes)

27% to 45%

77% (infants, 3 doses: 1st incidence of

radiologically confirmed pneumonia – vaccine

serotypes)

51% to 90% 245

15% (all cause hospital admissions) 7% to 21%

16% (mortality, all causes) 3% to 28%

Soweto, South

Africa

83% (Infants, 3 doses, invasive pneumococcal

disease, non-HIV infected)

39% to 97%

65% (infants, 3 doses, invasive pneumococcal

disease, HIV infected)

24% to 86% 246

(continued)
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25% (infants, 3 doses, radiologically confirmed

alveolar consolidation: non-HIV infected)

4% to 41%

Vi conjugate Vietnam 89.0% (2–5 year-olds, 46 months follow-up) 76% to 97 % 247

Vietnam 91.5% (2–5 years, 27 months follow-up) 77% to 97% 248

Staphylococcus
aureus conjugate

USA – end stage

renal disease

patients

26% (3–54 weeks: episodes of S. aureus
bacteremia).

�24% to 57%

57% (3–40 weeks: episodes of S. aureus
bacteremia) – not significant p¼0.23

10% to 81% 249, 154

Pseudomonas
aeruginosa LPS
conjugate

Cystic fibrosis

patients

Significant reduction in proportion of patients

whose lungs are colonized by P. aeruginosa after

10 years

250

Table 7 (continued)

Vaccine Where Efficacy in clinical trials 95% CI References
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4.31.9.2 Vi Conjugate Vaccine Clinical Trials

Clinical trials of S. Typhi Vi-rEPA conjugate vaccines carried out in Vietnam247,248 showed high levels of protection

both in young (2–4 years) and older (5–11 years) children. The estimates of clinical efficacy, approximately 90%, are

considerably higher than found for Vi CPS vaccines, and protection has been demonstrated to extend for at least

46 months. While these trials were carried out with vaccines of relatively high saccharide content (25 mg per dose),

on the basis of maximal antibody levels at 12 months, lower doses (5 mg saccharide per dose) were more immunogenic

at short time points.257
4.31.9.3 Other Conjugate Vaccines

Clinical trials have been reported for two other glycoconjugate vaccines not intended for inclusion in mass vaccina-

tion campaigns. The bivalent S. aureus vaccine is likely to be administered to high-risk groups, including people

undergoing renal dialysis or, in the future, undergoing planned invasive surgery. A clinical trial154 carried out in renal

dialysis patients, whose immune systems are under great stress, showed modest protection up to 40 weeks, but not

over 12 months (the primary endpoint): a second clinical trial failed to confirm this finding. An octavalent vaccine

constructed from the LPS O-chains from eight P. aeruginosa serotypes is intended to be an ‘orphan vaccine’, with

specialist usage in cystic fibrosis sufferers. Bacterial colonization of their lungs, especially by mucoid strains, has a

major impact on quality of life and mortality in these patients, and the vaccine was shown to be effective in slowing the

rate at which colonization occurs.250
4.31.10 Immune Responses to Glycoconjugate Vaccines

When an efficacious vaccine is already available, large-scale clinical trials for new products (or novel combinations of

existing products) based on placebo-treated control groups (some of whom must contract disease for the result to be

meaningful) cease to be ethically acceptable, and alternative approaches are required.258 These are often comparisons

of the immune response to different products, for which surrogate markers of protection are required. Vaccine trials

enable a large amount of serological information to be collected, which forms the basis for understanding those factors

which indicate that a protective response has been achieved. Comparison of observed antibody levels (total or, more

usually, functional antibody levels defined through serum bacteriocidal or opsonophagocytic assays) with clinical

efficacy may allow a ‘protective antibody response’ to be defined. Long-term protection against Hib, for example,

correlates with a peak antibody concentration of >1mgml–1, or 0.15mgml–1 of antibody maintained at throughout the

immunization programme (measured before the booster dose).259 Similar values, of the order of 0.2–0.4mgml–1 are

proposed for pneumococcal conjugates,260 and 1mgml–1 for the meningococcal Groups A and C CPS9 and Vi CPS

vaccines.84 In contrast, the value cited for the S. aureus type 5 and type 8 bivalent conjugate vaccine is 80mgml–1.249

A number of other factors are also clearly important.261 Antibody avidity, an averaged value for the tightness of binding



Table 8 Surrogate markers of protection for polysaccharide and glycoconjugate vaccines

Vaccine Protective antibody levels References

Typhoid Vi CPS 1mgml�1 anti-Vi IgG 38, 84

Meningococcal CPS Proportion of young adults with rSBAa titer � 8 at 4 weeks post-

vaccination was similar to efficacy estimates for adults

239

>1mgml�1 antibody protective for Groups A and C 81

Pneumococcal CPS 0.25–0.30mg antibody nitrogen ml�1

(equivalent to c. 1.5–1.8mgml�1 antibody) 338

0.2–0.3mg antibody nitrogen ml�1

(equivalent to c. 1.2–1.8mgml�1 antibody) 339

Hib conjugate 1mgml�1–long-term protection 259

(all carrier proteins) 0.15mgml�1–short-term protection 259

0.15 mgml�1 –before booster in 2nd year 259

Meningococcal Group C conjugate rSBAa titer �8 at 4 weeks post vaccination 239

Pneumococcal CRM197 conjugate

against invasive disease

0.2mgml�1 (pooled serotype data from California trial) 260

0.4mgml�1 – Pn19F – California trial 260

Pneumococcal conjugate against

invasive disease

0.35mgml�1 (pooled data from three trials) 208

Vi-rEPA conjugate 3.52 arbitrary ELISA units in serum antibody quantitation 233

Staphylococcus aureus conjugate 80mgml�1 235

arSBA: serum bacteriocidal assay using rabbit complement.
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of a diverse population of bi- or polyvalent antibodies to the antigen, has been found to influence the functional

efficacy of the response.262 Whilst natural colonization of lungs by P. aeruginosa results in a strong anti-LPS antibody

response, the avidity of the vaccine-induced antibodies is about 100-fold higher, and this is considered to be the reason

for the vaccine’s clinical efficacy.263 The avidity of the antibody response depends on the vaccine used (or, more

probably, the carrier protein), with those based on OMPCs generating lower avidity responses.252,264 High avidity is

used as a surrogate marker for the induction of immunological memory, that is, a Tcell-dependent immune response

has been invoked.265 Another measure is the different antibody isotypes, subclasses and idiotypes elicited, which may

have different functional activity with respect to their ability to activate complement and to invoke bacteriocidal and/

or phagocytic responses.266–269 The response to the vaccine depends on the immunogen, the genetic make-up and age

of the recipient,268,270 and their prior exposure to the saccharide or pre-existing immunity to the carrier protein.

Vaccination of infants with Hib-OMPC elicited IgG1 and IgG2 in an approximate ratio of 3:1.268 Anti-Hib IgG1

proved approximately twofold more effective than IgG2 in complement-mediated serum bacteriocidal assays, and

required lower complement concentrations, and in opsonization.269 However, both subclasses were protective in an

infant rat model.269 On the other hand, IgG2 appeared more important for phagocytosis of S. pneumoniae, and, for a

given antibody profile, genetically determined polymorphism of the Fc receptors expressed by neutrophils influences

the efficiency of opsonophagocytosis.271–273 Table 8 summarizes published data on key indicators of vaccine efficacy

which might be used as surrogate correlates of protection.

As noted above, the choice of carrier protein also influences the kinetics of development of the antibody response,

with OMPC-based vaccine inducing antibodies in infants after a single dose.251,252 Compared with toxoid-based

glycoconjugates, there is a weaker booster response after the second immunization and the avidity of the final

antibodies is lower.253,254 Comparative measurements of antibody responses are likely to be key factors in assessing

whether a newproductmeets theFDA’s requirement for licensing, i.e. that it be ‘noninferior’ to the existing product(s).274

While this presents conceptual difficulties when a new product may contain additional serotypes, it also highlights the

need for standardization of serological assays275 and careful removal of antibodies elicited by the vaccine (e.g., due to

contaminants such as C-polysaccharide) but which do not contribute to protection.276
4.31.11 The Molecular Mechanism by which Glycoconjugates Elicit
an Immune Response

The contrasting immunological responses evoked by polysaccharide and glycoconjugate vaccines (Table 3) result

from the utilization of different molecular mechanisms leading to antibody generation. The immunologically naı̈ve



Figure 16 Cartoon representation of the proposed mechanism for generation of T-cell-dependent immunity proposed by
Siber.277The polysaccharide–protein conjugate binds to B-cells expressing sIg with specificity for the glycan chain. The

complex is internalized and the carrier protein digested to peptides, some of which are presented by MHCII, which bind to

T helper cells (TH) bearing specific T-cell receptors. The activated TH cells in turn stimulate B-cell proliferation and

differentiation into antibody-secreting cells. Figure redrawn from Siber, G. R. Science 1994, 265, 1385–1387.
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also respond differently from those individuals, both children and adults, whose immune systems have already been

primed, perhaps through nasopharyngeal carriage. Adults typically exhibit high antibody levels after the first dose of

Hib or meningococcal conjugate vaccine, for example. The proposed mechanism in the immunologically naı̈ve277

involves recognition of the glycan chain by a B-cell expressing mIg with appropriate specificity, and internalization of

the complex (Figure 16). Proteolytic digestion of the carrier protein leads to suitable peptides being displayed at the cell

surface complexed with the type 2major histocompatibility complex (MHCII). The peptide-loadedMHCII complexes

are recognized by T-cells, which provide a variety of signals through direct interactions of cell surface proteins278 and

indirectly through cytokine-mediated signaling processes to induce maturation of the B-cell into an antibody-secreting

plasma cell. The involvement of T-cells activates the processes of avidity maturation, isotype switching, and the

induction of immunological memory. This simple model of glycoconjugate immunogenicity is clearly insufficient to

explain the full biological complexity, since detailed immune responses depend both on the structure of the glycan

hapten279,280 and the carrier protein (see above). Since cross-linking of surface immunoglobulins (sIg’s) is not involved,

glycoconjugate vaccines can be made from small glycan haptens, including LPS core oligosaccharides, synthetic glycans

related to the repeat units of highmolecularweight polysaccharides, and, potentially, glycans fromcell surface glycolipids.
4.31.12 Combination Vaccines

In addition to the development of polyvalent glycoconjugate vaccines, combination vaccines containing glyco-

conjugate components are increasingly common, as a strategy to delivering an increasing number of immunizations

with the minimal numbers of injections.280 Most combinations are based around diphtheria and tetanus toxoids and

acellular pertussis components, and also contain some combination of Hib glycoconjugates, inactivated polio and

hepatitis B immunogens. Inclusion of Hib glycoconjugates with acellular pertussis usually results in a loss of

immunogenicity for the Hib component, but not to an extent that is expected to impact on efficacy.282,283 Meningo-

coccal and pneumococcal glycoconjugates are being combined, but one recent clinical trial showed much reduced

immunogenicity for the Men C component, but not for the pneumococcal components.284 The development of

optimal combinations, and their use in different immunization schedules, is likely to remain an area of active research

for many years to come, and will require an improved understanding of how the components interact immunologically.

Other specialist combinations, such as typhoid Vi and hepatitis A, are likely to be developed for niche markets, such as

travelers and the military.
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4.31.13 Glycoconjugate Vaccines in Development

Apart from those discussed above, a large number of other glycoconjugate vaccines are under development, by

academic groups, by start-up biotechnology companies, and by established vaccine manufacturers. The production,

preclinical, and clinical evaluations of conjugates formed from the CPSs of the serotypes of Group B Streptococcus have

been described.285–293 However, because most Group B streptococcal disease occurs soon after birth, protection will

depend onmaternal antibodies crossing the placenta, and elicited by immunization of the pregnant mother: the ethical

and potential legal implications of this have inhibited initiation of clinical trials.294,295 Conjugate vaccines against

Group A Streptococcus have been constructed using the cell wall polysaccharide, which is based on an L-rhamnan

backbone with b-D-GlcNAc side chains.296,297 Another major group of glycoconjugate vaccines targets diarrheal

diseases containing LPS O-chains from Shigella dysenteriae,298–301 Shigella flexneri,298–306 Shigella sonnei,307,308 Vibrio

cholerae,309–312 and SalmonellaTyphi,313–316 S. Typhimurium, or Salmonella paratyphi.317,318 Similar conjugates utilizing

the LPS O-chains of enterotoxigenc E. coli have also been prepared and tested.319–324 Other glycoconjugate vaccines

in development utilize the detoxified LOS chains of the bacteria such as Moraxella catarrhalis325–330 and nontypeable

H. influenzae,327,332–334 which are common causes of otitis media and lower respiratory tract infections, and

N. meningitidis.334–335 Many of the glycan structures involved contain labile substituents, such as phosphorylated groups.

Preserving protective epitopes during detoxification of the lipid A moiety may prove technically difficult, and, as these

organisms tend to reside on mucosal surfaces, stimulating an appropriate immune response may not be easy. Finally,

academic laboratories have produced a wide variety of conjugate vaccines based on synthetic oligosaccharides. While

only one such vaccine has progressed into clinical trials and been licensed for human use (QuimiHib® against

H. influenzae type b), these conjugates are likely to be valuable reagents to improve our understanding of the detailed

immune responses to glycoconjugate vaccines and in the production of, for example, antiserum or mAbs directed

against specific glycan structures.

Another recent strand is provision of funding for the development of vaccines against ‘Third World diseases’ by

international and philanthropic organizations. For example, a current target is a conjugate vaccine against group

A meningitis for use in sub-Saharan Africa and at a planned price of US$0.40 per dose, being achieved through an

international consortium of public and private sector organizations, technology from the FDA, coordinated by the

Programme for Alternative Technologies in Health (PATH) and with funding from the Gates Foundation.337
4.31.14 Summary and Conclusions

Glycoconjugate vaccines have proven to be the most effective means to generate protective immunity against the

many bacterial pathogens expressing a glycocalyx where anti-glycocalyx antibodies contribute to protection from

infection. They appear to be a generic technology, within which a wide variety of structural types are effective

vaccines. Physicochemical methodology for the characterization of the individual components, activated intermedi-

ates, and final conjugates are well established, and conjugation chemistries exist which are compatible with a wide

variety of polysaccharide and carrier protein structures. These allow control of a range of key parameters effecting

biological activity and enabling immunogenicity to be optimized. The development of novel glycoconjugate vaccines

should therefore be relatively straightforward and predictable. Introduction of new vaccines of this type is more likely

to depend on nonscientific factors, such as resources and price. Glycoconjugate technology may also be used to

provoke antibody responses against other pathogens, including fungi and parasites, although there is limited informa-

tion about their effectiveness and the the role of antibodies in mediating protection is less clearly defined. While the

glycans employed have, to date, derived overwhelmingly from natural sources, use of synthetic glycans could expand,

especially in cases where the structure of the CPS renders activation and conjugation difficult. In my opinion, an

important area for future work will be to improve the understanding of the molecular mechanisms by which an

immune response is generated and those structural factors which control this. The availability of precisely tailored

conjugate structures available from synthetic chemistry will support this work. There is a need to define, for each

individual pathogen, the optimal immunological outcome, which in some cases may require antibody responses at

mucosal surfaces. The prospects for this area of science and for the development of novel vaccines protecting against

bacterial diseases are exciting.
Glossary

GAVI global alliance for vaccines and immunization.

CPS capsular polysaccharide.
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LPS lipopolysaccharide.

MAC membrane attack complex.

Hib Haemophilus influenzae type b.

WHO World Health Organization.

LOS lipo-oligosaccharide.

IPD invasive pneumococcal disease.

NCAM neural cell adhesion molecule.

CDI carbonyl diimidazole.

CDAP 1-cyano-4-(dimethylamino)-pyridinium tetrafluoroborate.

ADH adipic acid dihydrazide.

AOM acute otiits media.

MHCII major histocompatibility complex type II.
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233. Takala, A. K.; Eskola, J.; Peltola, H.; Mäkelä, P. H. Pediatr. Infect. Dis. J. 1989, 8, 297–302.

234. Black, S. B.; Shinefield, H. R. The Kaiser permanente pediatric vaccine study group. Pediatr. Infect. Dis. J. 1992, 11, 610–613.

235. Vadheim, C. M.; Greenberg, D. P.; Eriksen, E.; Hemenway, L.; Christenson, P.; Ward, B.; Mascola, L.; Ward, J. I. Pediatr. Infect. D. J. 1994, 13,

274–280.

236. Santosham, M.; Hill, J.; Wolff, M.; Reid, R.; Lukacs, L.; Ahonkhai, V. Pediatr. Infect. Dis. J. 1991, 10, 113–117.

237. Booy, R.; Hodgson, S.; Carpenter, L.; Mayon-White, R. T.; Slack, M. P.; Macfarlane, J. A.; Haworth, E. A.; Kiddle, M.; Shribman, S.; Roberts,

J. St.C.; Moxon, E. R. Lancet 1994, 344, 362–366.

238. Balmer, P.; Borrow, R.; Miller, E. J. Med. Microbiol. 2002, 51, 717–722.

239. Andrews, N.; Borrow, R.; Miller, E. Clin. Diagn. Lab. Immunol. 2003, 10, 780–786.

240. Ramsay, M. E.; Andrews, N.; Kaczmarski, E. B.; Miller, E. Lancet 2001, 357, 195–196.

241. Pichichero, M.; Casey, J.; Blatter, M.; Rothstein, E.; Ryall, R.; Bybel, M.; Gilmet, G.; Papa, T. Pediatr. Infect. Dis. J. 2005, 24, 57–62.

242. Black, S.; Shinefield, H.; Fireman, B.; Lewis, E.; Ray, P.; Hansen, J. R.; Elvin, L.; Ensor, K. M.; Hackell, J.; Siber, G.; Malinoski, F.; Madore, D.;

Chang, I.; Kohberger, R.; Watson, W.; Austrian, R.; Edwards, K. Northern California Kaiser Permanente Vaccine Study Center Group. Pediatr.

Infect. Dis. J., 19, 187–195 (2000).

243. Eskola, J.; Kilpi, T.; Palmu, A.; Jokinen, J.; Haapakoski, J.; Herva, E.; Takala, A.; Käyhty, H.; Karma, P.; Kohberger, R.; Siber, G.; Mäkelä, P. H.
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4.32.1 Introduction

A number of eukaryotic cell lines, including mammalian, insect, plant, and fungal, are used to produce numerous

recombinant proteins in laboratories and in bioreactors. The capacity of mammalian cells to perform complex post-

translational modifications resulting in improved biological activity and increased circulatory lifetimes in vivo have

made them the system of choice for the commercial production of many therapeutic proteins.1 A major fraction of

these therapeutic proteins, both membrane bound and secreted, are glycosylated. Indeed, glycosylation, a post-

translational modification involving oligosaccharide attachment and modification to the protein, can play a very

important role in the in vivo efficacy of therapeutic proteins.

The two types of glycosylation observed on proteins expressed in eukaryotic systems are N-glycosylation and

O-glycosylation, which are based on the linkage between oligosaccharide and the protein. During O-glycosylation, an

N-acetylgalactosamine residue is linked to the hydroxyl of specific serine or threonine residues through an

O-glycosidic bond.2 This sugar group can then be modified further by addition of sugar groups as the polypeptide
607
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traverses the endoplasmic reticulum (ER) and Golgi compartments. In N-glycosylation, a preformed oligosaccharide

moiety is transferred en bloc from a long-chain isoprenoid lipid (dolichol) onto the specific N-glycosylation site via an

N-glycosidic linkage to the asparagine (Asn) residue of a nascent polypeptide. The N-glycosidic site has Asn-X-Ser/

Thr as the consensus sequence,3 in which X is any amino acid except proline. N-Glycosylation heterogeneity can be

observed at the so-called macro- and microlevel. Macroheterogeneity, that is, variability in the number of potential

sites glycosylated among different molecules of the same protein,4 occurs as a result of the variation in site availability,

enzyme kinetics, and substrate concentrations as the polypeptide is generated in the ER. Alternatively, variations

associated with the glycan-processing reactions that take place following the initial addition step, primarily in the

Golgi apparatus, result in microheterogeneity, that is, the variability in structures of the oligosaccharide attached to

each glycosylation site. The macro- and microheterogeneity of N-glycosylation may depend on cell culture conditions,

the location of the potential glycosylation sites, and the particular expression system used.4 Due to the influence of

N-glycosylation on the physiological and biochemical properties of the glycoprotein including stability, solubility,

biological activity, and in vivo clearance rate,1,5 this heterogeneity in protein glycosylation presents a major challenge

in the development of therapeutic glycoproteins with consistent properties.1 In the following sections, we will focus on

the factors that significantly affect the macro- and microheterogeneity of N-glycans and will describe methods

underway to alter the glycoforms produced for particular host organisms.
4.32.2 N-Glycan Expression in Mammalian Hosts

N-Glycosylation begins with the synthesis of donor lipid-linked oligosaccharides (LLOs), such as Glc3Man9GlcNAc2-

P-P-dolichol (GlcNAc¼N-acetylglucosamine), followed by its en bloc transfer onto an acceptor polypeptide in the

presence of the multi-subunit enzyme, oligosaccharide transferase (OST).
4.32.2.1 Generation of LLOs

4.32.2.1.1 Biosynthesis of dolichol phosphate
The generation of LLOs begins in vivo with the synthesis of a lipid carrier, dolichol (Dol), followed by the

progressive addition of monosaccharides onto a growing chain to form the donor substrate, Glc3Man9GlcNAc2-P-P-

Dol (DLO).6–9 The lipid glycosyl carrier, dolichol, is the longest aliphatic molecule known to be synthesized in

mammalian cells. It is a polyisoprenoid lipid (16–20 isoprene units)9–11 formed as an end product of the prenol

biosynthesis pathway in eukaryotes3,6 and prokaryotes.12 The polyprenol precursor of dolichol is embedded into

the cytoplasmic surface of the ER membrane. Synthesis of the dolichol phosphate (Dol-P) occurs in a multistep

biosynthetic pathway from acetyl CoA as shown in Figure 1.8,9 Dolichol synthesis begins with the elongation

of farnesyl pyrophosphate (FPP), using isopentenyl pyrophosphate (IPP) into dehydrodolichol diphosphate by

cis-prenyl transferase (CPT).13 This polyprenyl-diphosphate is hydrophobic and is embedded in the ER membrane.14

Mammalian dolichol, unlike its prokaryotic counterpart, has a saturated a-isoprene subunit. Finally, the phospha-

tase14–16 and reductase17 activities dephosphorylate and reduce the a-isoprene units13,14,18 to form dolichol with

saturated a-isoprene units. The presence of the saturated a-isoprene unit is important in the recognition of the lipid as

a glycosyl donor.19 In addition, dolichol kinase rephosphorylates free dolichol produced in the pathway.20,21
4.32.2.1.2 Assembly of oligosaccharide moiety onto dolichol phosphate
Once Dol-P is formed, the core structure glycan begins to assemble on the cytosolic side of the ER. A membrane-

associated glycosyl transferase, UDP-N-acetylglucosamine-dolichyl-phosphate N-acetylglucosaminephosphotransfer-

ase, in presence of a soluble cytosolic nucleotide-activated sugar donor, uridine-50-diphospho-N-acetylglucosamine

(UDP-GlcNAc), transfers N-acetylglucosamine-phosphate (GlcNAc-P) to form N-acetylglucosaminyl-diphospho-

dolichol (GlcNAc-P-P-Dol)22 (Figure 1). Subsequently, N-acetylglucosaminyldiphosphodolichol N-acetylgluco-

saminyltransferase followed by GDP-mannose: chitobiosyldiphosphodolichol b-D-mannosyltransferase and several

a-mannosyltransferases sequentially add the second GlcNAc and five mannose residues from UDP-GlcNAc and

guanosine-50-diphosphomannose (GDP-Man) to generate the intermediate, Man5GlcNAc2-P-P-Dol.23 This interme-

diate is then ‘flipped’ across the ER membrane into the lumenal side.23–25 It has been suggested that this ‘flipping’ is

due in part to bilayer instability23,26–28 or catalyzed by a protein flippase29 on the membrane. The instability might be

caused by high local concentrations of polyisoprenols with a phosphate head group such as Dol-P which can decrease

fluidity and disrupt the membrane bilayer. Recently, it has been reported that in yeast, a membrane protein, Rft1, is
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Figure 1 Metabolic pathway for synthesis of DLO donor substrate,Glc3Man9GlcNAc2-P-P-dolichol.
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required for the flipping of a heptasaccharide from the cytoplasmic to the lumenal leaflet.23,25,30,31 On the lumenal side

of the ER, mannosyltransferases and glucosyltransferases sequentially add four more mannose and three glucose

residues using Dol-P-Man and Dol-P-Glc as donor substrates, to form the complete LLO, Glc3Man9GlcNAc2-P-P-

Dol. 6 Finally, the transfer of the oligosaccharide to the growing polypeptide (see Section 4.32.2.2) generates Dol- PP,

which is converted to Dol-P to begin another N-glycosylation cycle.8,9
4.32.2.2 Transfer of the Oligosaccharide Moiety to Nascent Polypeptide

The potential N-glycosylation site of a protein is the asparagine residue in the tripeptide sequon, Asn-X-Ser/Thr,

where X can be any amino acid except for proline.32 Once the LLO is formed, oligosaccharyltransferase (OST)

complex6,31 binds to it and cleaves the phosphoglycosidic bond, GlcNAc-P, to mediate the en bloc transfer of

Glc3Man9GlcNAc2 oligosaccharide onto the nascent polypeptide along with the release of dolichol pyrophosphate

(Dol-P-P)3,6 (Figure 2). Although the composition of OST complex is still subject to debate, the roles, interactions,

and structural characteristics of individual proteins of the complex have been elucidated over the past decade and

many are described in a later section.35–37
4.32.3 N-Glycan Site Occupancy

4.32.3.1 Importance of N-Glycan Site Occupancy

The N-glycan attachment influences many properties of a glycoprotein, including its folding, stability, solubility,

in vivo antigenicity, clearance rate, and biological activity. In addition, oligosaccharide attachments facilitate folding,

mediate receptor–ligand and cell–cell interactions, and play a role in directing intracellular trafficking, providing

resistance to proteolysis, and altering in vivo protein clearance. Several studies have investigated the influence of site

occupancy, including one study examining its effect on the stability, intracellular trafficking, and cell surface

expression of KV1.4, a member of the potassium channel family.38

A commercially important biopharmaceutical drug used to dissolve blood clots, human tissue-type plasminogen

activator (t-PA), has three potential N-glycosylation sites (Asn-117,-184, and-448), each of which is important for its

physiological properties and biological activity. When expressed in mammalian cells, two glycoforms of t-PA are
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Figure 2 OST catalyzes transfer of oligosaccharide, Glc3Man9GlcNAc2, onto an Asn substrate.
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observed: type I (all sites glycosylated) and type II (Asn-184 unglycosylated).39,40 While the presence of complex

oligosaccharides at both Asn-184 and Asn-448 is responsible for fibrin-stimulated enzymatic activity and binding

affinity for lysine,2,40,41 the N-glycan occupancy at Asn-117 is known to affect its clearance from circulation. In the case

of hemagglutinin (HA) of influenza virus, which has six N-glycosylation sites, glycosylation at Asn-81 influenced the

ability of the protein to acquire its native disulfide bonds in order to fold properly and exit the ER.42,43 In some cases,

like that of erythropoietin (EPO), higher site occupancy, coupled to further modifications such as sialylation, serves to

improve the secretion, half-life, and solubility of glycoproteins. Although, nonglycosylated EPO was active in vitro

compared to its glycosylated counterpart in vitro,44–46 removal of three N-glycans on EPO lowered its production level

by 90% and the in vivo biological activity by more than 90%.46 Recent studies have shown that a second-generation

EPO with five N-glycan sites was more effective in vivo than the native form of EPO. This was due to an increased

circulatory half-life of the engineered variant and an increased efficacy and in vivo activity with an increase in the

number of N-glycan attachments.47 Furthermore, elimination of the glycosylation sites from transferrin (Tf) reduced

its secretion level by nearly an order of magnitude48 and unglycosylated Tf underwent rapid aggregation and

precipitation.49

The site occupancy has also been shown to affect physiological properties of glycoproteins. For example, site

occupancy of interferon-gamma (IFN-g) at one of the two N-glycosylation sites, Asn-25, affects the protease resistance

of the protein.50–54 Studies involving site-directed mutagenesis have showed a drastic reduction in the secretion of

IFN-g in insect cells and also in the biological activity in its dimeric form55 with the elimination of the Asn-25

glycosylation site. The attachment of an N-glycan increases the overall stability of ribonuclease A, and lowers its

susceptibility to proteolysis.56 A mutation in tyrosinase that eliminates one N-glycan attachment results in oculocu-

taneous albinism of the skin, eyes, and hair.57 In addition, various studies have revealed the importance of site

occupancy in folding, lysosomal targeting (human tripeptidyl-peptidase I),58 resistance to proteases,59–62 and cell

surface expression and surface stability (human dopamine transporter).63

More recently, a collection of diseases called congenital disorders of glycosylation (CDGs)64–66 have been linked to

site occupancy limitations. These diseases have been found so far to be primarily defects in ability to generate the

complete dolichol-linked oligosaccharide (DLO) substrate, Glc3Man9GlcNAc2-P-P-Dol (CDG-I) or in the
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subsequent processing of protein-bound glycans (CDG-II).64 A number of biochemical steps have been implicated in

CDG-I disorders including 11 different steps in the DLO biosynthesis pathway (CDG-Ia through CDG-Ik) as well as

other unspecified defects in the pathway (CDG-X). Clinical manifestations can vary including childhood mortality,

organ failure, neurological dysfunction, and developmental delays.64–66 The most widely used clinical marker for

CDG-I is the accumulation of abnormal forms of Tf in serum and cerebrospinal fluid. While healthy humans generate

human transferrin (hTf) with two occupied N-glycosylation sites, CDGs patients have increased levels of hTf with

one occupied N-glycosylation site or nonglycosylated hTf 49,64,67 (Figure 3). Interestingly, alcoholics have also been

observed to include similar defects in their transferrin glycosylation.8,68
4.32.3.2 Engineering N-Glycan Site Occupancy

An understanding of the factors that control site occupancy or macroheterogeneity can be useful in controlling

N-glycan site occupancy. In recent years, scientists have worked toward (1) regulating the molecular flux in the

dolichol pathway, (2) understanding and controlling the function, structural organization, and other characteristics of

the proteins in the OSTcomplex, and (3) predicting the best possible residues in and around the acceptor tripeptide

sequon, Asn-X-Ser/Thr, as well as the location of this tripeptide sequon within the protein structure. However,

there are still many elements of the site occupancy process that are not yet understood.
4.32.3.2.1 Control of dolichol phosphate synthesis
The level of Dol-P has been shown to be an important factor affecting N-glycosylation.69–72 There have been several

studies in this regard, which have been presented in numerous reviews.7,14 A summary of the pathway, along with

studies describing its limitations, is presented in the following sections. (For details on biosynthesis of N-glycans, see

Chapter 3.01).
4.32.3.2.1.1 Mevalonate synthesis

The initial steps of the dolichol synthesis pathway involve formation of acetoacetyl-coenzyme A (CoA) from acetyl-

CoA, followed by a condensation reaction which results in formation of b-hydroxy-b-methylglutaryl CoA (HMG-CoA).

Subsequently, HMG-CoA reductase in the presence of reduced nicotinamide adenine dinucleotide phosphate

(NADPH) reduces HMG-CoA to form mevalonate as shown in the pathway in Figure 1. This reduction step plays

a critical role in the early regulation of dolichol synthesis pathway.18 Studies have shown that inhibition of HMG-CoA

reductase decreased the level of dolichol phosphate, N-glycosylation, and inhibited cell growth in SK-MEL-2, a

melanoma cell line, and Ewing’s sarcoma cells.73,74 Similar results were observed in aortic smooth muscle cells,75 rat

liver slices,76 developing sea urchin embryos,77 and human embryonic kidney 293 (HEK-293) cells (J. Jones, S. Krag,

and M. Betenbaugh, unpublished data). Using exogenously supplemented mevalonate with L-cells, dolichol phos-

phate synthesis was observed to be not regulated by the level of intracellular mevalonate but by CPT, another enzyme

in the pathway.74,78
4.32.3.2.1.2 cis-Prenyl transferase

The elongation reaction in de novoDol-P synthesis is catalyzed by CPT. Several studies in the past have suggested the

reaction catalyzed by CPT to be an important regulatory step in the biosynthesis of dolichol (Figure 1).79,80 More

recently, it has been shown that the induction of CPTactivity by bacterial lipopolysaccharide (LPS) increased the rate

of Dol-P and lipid intermediate biosynthesis in proliferating murine B lymphocytes,81 embryonic rat brain,82 and

cyclic AMP-treated JEG-3 choriocarcinoma cells.83 The recent cloning of cDNAs encoding the gene from Arabidopsis

thaliana,84,85 Saccharomyces cerevisiae,86,87 and human cells88,89 has facilitated a better understanding of the importance

of this enzyme for N-glycan site occupancy.90 Indeed, the overexpression of human CPT cDNA was able to
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complement defects in growth, dolichol synthesis, and site occupancy of carboxypeptidase Y (CPY) expressed in yeast

rer2 mutant cells.89 Another group showed that expression of the human CPT gene reverted the temperature

sensitivity of mutant rer2-2 yeast cells deficient in dehydrodolichyl diphosphate (Dedol-P-P) synthase activity.88

Also, the overexpression of the yeast CPT increased dolichol synthesis and protein glycosylation of secreted proteins

from the fungal host, Trichoderma reesei.91 We have shown that overexpression of heterologous CPT increases the levels

of dolichol in mammalian cell lines as well.92
4.32.3.2.1.3 Dolichol kinase

In the final step of the de novo dolichol synthesis pathway, free dolichol is phosphorylated by dolichol kinase to form

Dol-P (Figure 1). Dolichol kinase activity was initially found in sea urchin embryos,93 and its activity has also been

detected in mammalian cells.21,94,95 Dolichol kinase may play a vital role in controlling the level of Dol-P,18 and also in

altering Dol-P levels through recycling of dolichol following the complete dephosphorylation of Dol-P-P. 6,14

The level of intracellular dolichol phosphate clearly affects rate of the N-glycosylation reaction. Several studies

have showed an increase in the rate and level of N-glycosylation in mammalian cell culture when exogenous dolichol

phosphate is added.7,98–101 However, a recent study showed that exogenous Dol-P was incorporated into LLO, but

there was no marked effect on cellular glycosylation levels.102 This may indicate that the effect of exogenous Dol-P on

intracellular levels of lipid intermediates and N-glycosylation may vary with cell and tissue type and the efficiency

with which they are able to incorporate the exogenous Dol-P. The dolichol kinase gene is required in yeast for cell

viability, lipid synthesis, and protein N-glycosylation. Furthermore, a human dolichol kinase has also been found to

complement growth defects, increase Dol-P synthesis, and restore CPY N-glycosylation in a yeast mutant with defect

endogenous dolichol kinase.103
4.32.3.2.2 Control of LLO synthesis

4.32.3.2.2.1 GlcNAc-P-P-Dol, Man-P-Dol, and Glc-P-Dol

Studies suggest that the level of Dol-P influences the rate of formation of GlcNAc-P-P-Dol, Man-P-Dol, and Glc-P-

Dol.71 The three corresponding enzymes involved in the formation of these intermediates, N-acetylglucosaminyl-1-P

transferase (GPT), mannosylphosphoryldolichol (MPD) synthase, and glucosylphosphoryldolichol (GPD) synthase,

utilize the same pool of Dol-P,18,104 and all have similar Km values.18 In addition, biosynthesis of LLO intermediates is

also regulated by feedback mechanisms. Man-P-Dol regulates GPTwhich catalyzes the formation of GlcNAc-P-P-Dol

and the level of GlcNAc-P-P-Dol in turn controls the biosynthesis of Man-P-Dol105,106 as well as inhibits its own

biosynthesis by product inhibition of GPT. Similarly, GlcNAc-GlcNAc-P-P-Dol also inhibits its own biosynthesis by

inhibiting the enzyme responsible for the transfer of GlcNAc from UDP-GlcNAc to GlcNAc-P-P-Dol.107 However, it

has been shown that Glc3Man9GlcNAc2-P-P-Dol does not stimulate feedback inhibition of LLO and LLO inter-

mediates by GPT, MPD synthase, GPD synthase, and GDP-mannose-dependent transferases.104 This study contra-

dicts previous work which proposed that the LLO biosynthesis inhibition was caused by the lack of availability of

acceptor polypeptides and ‘free’ Dol-P as substrates108 and that the accumulation of Glc3Man9GlcNAc2-P-P-Dol

acted as a feedback inhibitor of GPT.101,109
4.32.3.2.2.2 Conversion of Man5GlcNAc2-P-P-Dol to Glc3Man9GlcNAc2-P-P-Dol

During the LLO biosynthesis pathway, Man5GlcNAc2-P-P-Dol is flipped from the cytoplasmic to the lumenal surface

of the ER, and is sequentially catalyzed by lumenal glycosyltransferases to form the final oligosaccharide moiety,

Glc3Man9GlcNAc2-P-P-Dol3,110 (Figure 1). The seven glycosyltransferases that add the four mannose and three

glucose residues, and three enzymes involved in the ‘flipping’ of Man5GlcNAc2-P-P-Dol and the two donor sub-

strates, Man-P-Dol and Glc-P-Dol control the rate of this conversion.14 Man-P-Dol and Glc-P-Dol, which donate the

monosaccharides on the lumenal surface of the ER, are synthesized on the cytoplasmic side and thus their transport

may be yet another rate-determining factor.6 The flipping of molecules to the lumenal leaflet may also be controlled

by a ‘bulk flow’ effect, activated by their constant consumption in every round of N-glycosylation and providing

translocation directionality.14,23 After transferring the oligosaccharide moiety to the protein, the resulting Dol-P and

Dol-P-P return to the cytosolic face of the membrane. This decrease in the concentration of the lipids on the lumenal

surface stimulates the influx of more Man-P-Dol and Glc-P-Dol.14,23 In addition, the availability of sugar nucleotides

also affects the levels of lipid-linked intermediates and the LLO donor substrate and can induce an accumulation of

the truncated LLO donor substrate.111 Many of the genetic disorders causing CDGs contain defects in the pathways
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leading to the synthesis of Glc3Man9GlcNAc2-P-P-Dol from GlcNAc-P-P-Dol. Unfortunately, there is currently little

effective treatment yet for any of the diseases except CDG-Ib, which is treated with mannose supplementation.65

However, as the genes responsible for these enzymatic conversions are identified, the prospects for genetic therapy

and other metabolic interventions will become increasingly possible. Furthermore, as more research is done toward

elucidating the kinetics and enzymology of this DLO pathway, the potential exists that provides a better understand-

ing of the critical steps in the N-glycosylation of proteins.
4.32.3.2.3 Control of oligosaccharyltransfer activity
The transfer of the preformed oligosaccharide moiety (Glc3Man9GlcNAc2) from LLO onto nascent polypeptides as it

is translocated to the lumen of the ER is catalyzed by the action of the OST complex.30,31 The mechanism of this

enzymatic step starts with the scanning of the polypeptide for possible N-glycosylation sites bearing the tripeptide

sequon Asn-X-Ser/Thr and directing it to the OST active site in the proper conformation. This is followed

by positioning the active site of OST complex near the translocon complex, recognizing and moving Dol-P-P-

oligosaccharide into the OST active site112 and finally catalyzing the transfer. Thus the availability and location of

this multi-unit OST complex relative to the nascent polypeptide is yet another possible limitation to N-glycan site

occupancy. Studies in S. cerevisiae have revealed eight membrane-bound subunits of OST (Ost1p, Ost2p, Ost3p/Ost6p,

Ost4p, Ost5p,Wbp1p, Swp1p, and Stt3p)113–118 that exist in three subcomplexes: Wbp1p–Swp1p–Ost2p, Ost1p–

Ost5p, and Stt3p–Ost3p–Ost4p.31,113 It was suggested that interactions between the OST subunits occur through

either their transmembrane domains and/or a region proximal to it.118 It has been found that Ost1, Ost2, Stt3, Wbp1,

and Swp1 are essential for viability in yeast, and deletion of Ost3, Ost5, and Ost6 results in viable cells with significant

underglycosylation.113,116,118 The mammalian OST subunits OST48, ribophorin II, DAD 1, and ribophorin I are

homologous to Wbp1p, Swp1p, Ost2p, and Ost1p, respectively.112,113,117,119,120 Other mammalian homologs like

STT3-A/STT3-B, homologs of yeast Stt3p are expressed in two different isoforms depending on the cell and

tissue type121 (Table 1).

Wbp1p may be involved in recognition and binding to the LLO substrate122 and may be essential for association of

the LLO with other subunits in the OST complex through its ER transmembrane domain.117 Of the other two

subunits of the subcomplex containing Wbp1p, the Ost2p is almost entirely embedded in the ER membrane123 and

Swp1p has three transmembrane domains.113,124 Studies with Ost5p, a 9 kDa protein with two transmembrane

domains,113 have suggested that its absence is not lethal to cells but lowers glycosylation efficiency.125 The smallest

of all the yeast OST subunits, Ost4p, contains only 36 amino acids, most of which are within the ER membrane.

Kim et al. have reported its interaction with the Stt3p and Ost3p via a portion of the transmembrane domain facing the

cytosol.115 The other two subunits in the subcomplex containing Ost4p are Ost3p and Stt3p. Proteins expressed in

mutant yeast strains lacking Ost3p, a 34kDa subunit with many transmembrane domains, displayed underglycosyla-

tion.126 Ost6p, which is highly homologous to Ost3p, is proposed to have the same function.113 Recent studies have

indicated that two different OST isoforms are present in yeast and differ only in the inclusion of Ost6p or Ost3p.127,128

These subunits are not essential for OST activity but alter affinity for different substrates. Furthermore, the Ost4p

subunit facilitates the assembly of Ost6p and Ost3p into the OST complex. Understanding the functional and

structural interactions between each subunit will be invaluable to understanding and regulating N-glycosylation

and site occupancy of glycoproteins.

Of the subunits, Stt3p appears to play a central conserved role in N-glycosylation as it is conserved across

kingdoms.6,113,129–133 Stt3p, an essential protein, is the largest member of OST with 11 transmembrane domains

and contains a binding site responsible for peptide recognition and/or catalysis of the glycosylation process.132,134

The mammalian homolog to Stt3p may be responsible for recognizing the consensus sequence on the nascent
Table 1 Comparison of OST subunits in yeast and mammals

Yeast (S. cerevisiae) subunits Mammalian (H. sapiens) subunits

Ost1p (62kDa) Ribophorin I (66kDa)

Swp1p (30kDa) Ribophorin II (63/64kDa)

Wbp1p (45kDa) Ost48 (48kDa)

Ost2p (15kDa) DAD1 (10kDa)

Stt3p (82kDa) STT3-A and STT3-B

Ost3p/Ost6p N33 and IAP



614 Glycoengineering: Recombinant Glycoproteins
polypeptide.112 Mammalian cells contain two STT3 isoforms, STT3A and STT3B, and the levels of STT3A vary

significantly in different tissues.121 Interestingly, STT3A appears to be highest in tissues such as liver and pancreas

with higher secretion rates as compared to levels in brain, lung, and kidney. Also, STT3B exhibits higher catalytic

activity, but STT3A is more selective toward the proper DLO substrate. Furthermore, the total amount of OST is also

relatively higher in B-cell lines as compared to fibroblasts to indicate that transferase levels vary according to the

processing demands of a specific cell type.
4.32.3.2.4 Acceptor tripeptide sequon
The availability of the consensus sequence, Asn-X-Ser/Thr, where X is any amino acid except for proline, on the

nascent polypeptide chain is necessary for N-glycosylation.32 At times, atypical tripeptide sequons, Asn-X-Cys and

Asn-Gly-Gly-Thr, have also been observed to be N-glycosylated.32,135,136 It has also been shown that the glycosylation

efficiency may be influenced by cysteine residues near the tripeptide sequon.137,138 The variability in occupancy of

the tripeptide sequon with the oligosaccharide, called macroheterogeneity, presents a major challenge for the

biopharmaceutical industry. It may be desirable to eliminate macroheterogenic properties in a product mixture and

produce a pharmaceutical product with consistent site occupancy and quality. The efficiency of oligosaccharide

addition onto the asparagine residue is dependent on the accessibility of the sequon to the active site of OSTcomplex.

The efficiency of oligosaccharide transfer onto the consensus sequence is affected by a number of factors described

below.
4.32.3.2.4.1 The presence of serine or threonine on the hydroxyl amino acid

Studies have revealed that the tripeptide sequon, Asn-X-Thr, is 2–3 times more efficiently glycosylated than Asn-X-

Ser.32,139 An interesting study involving the site-directed mutagenesis of serine to threonine showed a dramatic

increase in the efficiency and cell surface expression of rabies virus glycoprotein (RGP), a protein well known to be

variably glycosylated at one of the glycosylation sites, Asn-37.137 Even in the presence of residues in the X position

believed to be inhibitory to glycosylation, the protein was efficiently glycosylated when threonine, but not serine, was

present in the hydroxy position.140
4.32.3.2.4.2 The amino acid in the X position of the consensus sequence

Using site-directed mutagenesis to study the effect of the amino acid at the X position, variants of RGP protein

containing each of the 20 amino acids in the X position were created next to Asn-37.138 Recently, a bioinformatics

study confirmed that the presence of proline at the X position in the tripeptide sequon does indeed inhibit

N-glycosylation.141 It has been reported that in addition to proline, the presence of tryptophan (Trp), aspartic acid

(Asp), glutamic acid (Glu), and leucine (Leu) at the X-position has led to inefficient glycosylation.142
4.32.3.2.4.3 The location of the sequence on polypeptide chain and its proximity to the C-terminus

Statistical studies indicated that nonglycosylated sequons tend to occur more frequently toward the C-terminus of a

protein.32 The N-glycosylation of the tripeptide sequon of prion protein (PrP) lacking the GPI anchor expressed in

neuronal cells increased as the distance from the C-terminus increased.143 These findings suggest that the utilization

of the tripeptide sequon in PrP is a co-translational event and that the sequon must reach the active site of the OST

complex prior to chain termination.143,144 Alternatively, PrP sequons introduced into membrane dipeptidase (MDP),

another GPI-anchored protein, were N-glycosylated in the same cell type even when they were fewer than 60 residues

from the C-terminus. Another bioinformatics study141 examined the occupancy of N-glycosylation sites of well-

characterized glycoproteins from the protein database and found that a significant proportion of the glycoproteins

studied contained an occupied site within 10 residues of the C-terminus. Thus, the OST complex utilizes the same

sequon in similar positions near the C-terminus in two proteins differently, and N-glycosylation might occur

co-translationally (as previously thought) as well as post-translationally.
4.32.3.2.4.4 Local amino acids flanking the consensus sequence

The transfer of the oligosaccharide by OST complex to the nascent polypeptide requires a hydrogen bond between

the amide group of Asn and the hydroxy group of Ser or Thr in the tripeptide sequon. This makes the side chain more

nucleophilic and is facilitated by a loop in the polypeptide backbone.145 Because of proline’s inhibitory role in the

formation of a loop, it would be unfavorable in the X position of the tripeptide sequon.146 Thus, the residues near the
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sequon, which affect the conformation of the sequon, and hydrogen bonding are important for site occupancy

efficiency.147–149 Studies suggest that residues at the Y position of Asn-X-Ser/Thr-Y also influence the glycosylation

efficiency of a protein.32,146,149 The presence of proline at the Y position abolishes N-glycosylation.32,141 Whereas

cysteine residues in place of the Ser/Thr residues in the tripeptide sequon will allow N-glycosylation, its presence in

the Y position immediately following the sequon is inhibitory to glycosylation due to the possible formation of

disulfide bonds in the polypeptide chain that hinder desirable conformations.137,146 Although studies have also

been done up to 15 and 20 amino acid positions flanking the tripeptide sequons on either side,32,141 no concrete

conclusion regarding their influence on site occupancy has been made.
4.32.3.2.4.5 Conformation of the polypeptide chain near the consensus sequence

The accessibility, and consequently N-glycosylation, of the tripeptide sequon is influenced by conformation of the

local region and especially the presence of disulfide bonds.153,154 Co-translational disulfide bond formation in t-PA

inhibits N-glycosylation at a variably occupied site (Asn-184) on the protein,39 which may be due to steric hindrance

inhibiting the accessibility of the sequon to the OST complex. Statistical analysis of the region flanking the

N-glycosylation sites revealed that there was an increase in probability of finding an aromatic amino acid in close

proximity to the tripeptide sequon. Indeed, glycosylation sites are biased toward turns and bends, where secondary

structure changes, and occupied sites are mostly foundmore frequently on exposed convex surfaces of the polypeptide

structure. This structural characteristic might play a role in the control of site occupancy and evolutionary selection of

possible glycosylation sites.155 Several other studies have contributed to our insights on the conformation around the

tripeptide sequon,32,59,156 but none has claimed any direct influence on site occupancy.
4.32.4 Microheterogeneity: Control of N-Glycan Processing in the
Secretory Compartments

Once the oligosaccharide has been transferred to the polypeptide, its processing begins in the ER. (For details on

N-glycan processing, see Chapter 3.02.) The first few steps in the pathway are conserved among most eukaryotes

including mammals, insects, and yeast. First, the terminal a-1-2-linked glucose is removed by the membrane-bound

ER resident protein, glucosidase I,157,158 which is conserved in most species except trypanosomes.159 This is followed

by the removal of the two remaining glucose residues by a soluble resident enzyme, glucosidase II.34,153,158 Interest-

ingly, a recent study suggested that glucosidase II removes these terminal glucose residues more efficiently from

peptides or human pancreatic ribonuclease with more than one N-glycans than those with zero or one glycan.160

Furthermore, the processing of the terminal glucose residues and a few other residues involves critical signals for

controlling the interaction of proteins with calnexin and calreticulin to mediate the correct folding and processing of

the protein as below (for review, see Refs: 161 and 162).
4.32.4.1 Glycosidases and Lectins in the ER

The ER is a key checkpoint for quality control and assisting proper folding of proteins. This is accomplished with the

help of ER-resident homologous lectins, calnexin (membrane bound) and calreticulin (soluble). Following the

formation of the monoglucosylated oligosaccharide, Glc1Man9GlcNAc2, the glycoprotein enters the ‘calnexin/calre-

ticulin’ cycle during which the ER lectins specifically interact and bind to the glycoprotein.163–166 The cysteines of

calnexin- and calreticulin-bound glycoproteins are able to form a complex with Erp57, a thiol oxidoreductase from

the protein disulfide isomerase (PDI) family, via transient disulfide bonds (Figure 4). This facilitates the glyco-

protein to fold into its native conformation.167–170 Subsequently, two soluble lumenal ER enzymes, glucosidase II and

UDP-glucose:glycoprotein glucosyltransferase (GT), further mediate the interactions of the glycoprotein with cal-

nexin and calreticulin through opposing actions. Glucosidase II removes the remaining glucose residue on the

monoglucosylated glycan structure, thereby dissociating the substrate glycoprotein from the lectins153,171–173 (Figure 4).

If the glycoprotein is improperly folded, GT, which serves as a folding sensor, reglucosylates the glycoprotein to renew

its interaction with calnexin and calreticulin.173–175 This on–off cycle continues until the glycoprotein has acquired its

native conformation, at which point the glycoprotein exits the calnexin/calreticulin cycle and continues along the

secretory pathway. Thus, the interaction between calnexin or calreticulin and its partner proteins with the substrate

glycoprotein assists glycoproteins in increasing their stability and secretion rates.172 Studies have shown that enhanc-

ing calnexin association by adding castanospermine, a glucosidase I inhibitor, alters the secretion rates and promotes
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degradation of glycoproteins like rat hepatic lipase and nicotinic choline receptors.176,177 Furthermore, the interaction

with calnexin may be rate limiting for the folding and secretion of target glycoproteins. Consequently, overexpression

of heterologous calnexin has been shown to increase the processing and yields of complex membrane and secreted

proteins in mammalian and insect cell lines.178,179 However, the binding of calnexin and calreticulin is not required for

generating an enzymatically active final structure for certain proteins such as t-PA.180 As mentioned above, GT

reglucosylates improperly folded glycoprotein to renew its interaction with calnexin and calreticulin. However, after

repeated cycles, if the protein is persistently improperly folded, it is retrotranslocated through the ER membrane into

the cytosol.172,181,182 The protein is then deglycosylated by a cytosolic glycoamidase (peptide-N-glycosidase), ubi-

quitinated, and degraded in the proteasome by ER-associated degradation (ERAD) process182–185 (Figure 4).

Following the removal of all three glucose residues from Glc3Man9GlcNAc2, the ER and Golgi a-1,2-mannosidases

act together to remove four (a1-2)-linked mannose residues from Man9GlcNAc2 to form Man5GlcNAc2. The a-1,2-
mannosidases, essential for processing to complex and hybrid N-glycans in mammalian cells,3,161,186 generate a series

of oligomannose-type N-glycans in the ER and the Golgi. One of the a-1,2-mannosidases, the ER-resident a-1,2-
mannosidase I specifically removes a single mannose residue fromMan9GlcNAc2 to formMan8GlcNAc2 isomer B that

lacks a single terminal (a1-2)-mannose from the middle branch of the N-glycan187,188 (Figure 5). The ER contains

another a-mannosidase (ER a-mannosidase II) which generates the Man8GlcNAc2 isomer C.189,190 Htm1/Mln1 or

EDEM, an ER mannosidase I homolog lacking mannosidase activity, has been implicated as a lectin that can

recognize the Man8GlcNAc2 B-isomer191–193 and target misfolded glycoproteins to ERAD194 (Figure 5). The

elimination of Htm1/Mln 1 in yeast resulted in retardation of glycoprotein degradation,193 while the overexpression

of its mammalian counterpart, EDEM, resulted in the acceleration of ERAD of misfolded glycoproteins but not of

nonglycosylated proteins.195–197 Furthermore, the combined expression of both EDEM and ERMan I accelerated the

degradation of unfolded proteins in mammalian HEK 293 cell lines.198

It has been postulated that ERGIC-53 (ER-Golgi intermediate compartment protein), a homo-oligomeric type I

transmembrane protein with mannose-specific lectin activity, functions as a transport receptor for the export of certain

glycoproteins from ER to the Golgi.153,158,158,158 It accumulates in the ER/Golgi intermediate compartment,158 and

shuttles between the ER/Golgi intermediate compartment and the cis-Golgi.201,202 Another recently identified

homolog of ERGIC-53, the vesicular integral membrane protein 36 (VIP 36),203 is concentrated early in the secretory

pathway.204,205 This is a membrane protein with lectin specificity for oligomannose structure and is believed to

mediate the intracellular transport of glycoproteins through the secretory pathway.206,207 However, its precise role in

glycoprotein sorting and trafficking is not clear.
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4.32.4.2 Glycosidases and Glycosyltransferases in the Golgi

4.32.4.2.1 Trimming of the terminal mannose
Once the oligosaccharide has been trimmed to Man8GlcNAc2, processing diverges between higher eukaryotes and

lower eukaryotes as will be described subsequently for yeast. In mammalian cells, three different Golgi resident

a-1,2-mannosidases termed Golgi a-1,2-mannosidase IA, IB, and IC play a key role to form Man5GlcNAc.208,209

However, the terminal (a1-2)-mannose attached to the middle branch of the N-glycan precursor is relatively resistant

to these Golgi enzymes. In this way, the specificity of ER a-1,2-mannosidase I, which cleaves this particular mannose

residue, is complementary to that of the Golgi mannosidases.187,208,209
4.32.4.2.2 Synthesis of GlcNAcMan5GlcNAc2 intermediate
Following the synthesis of Man5GlcNAc2 intermediate, a single GlcNAc residue is transferred by the action of

N-acetylglucosaminyltransferase I (GnT I) to the Man(a1-3)-branch of Man5GlcNAc2 from UDP-GlcNAc.210

The reaction catalyzed by GnT I is the initial step in the eventual biosynthesis of complex-type N-glycan. At this

point, two enzymes participate in modification of the GlcNAcMan5GlcNAc2. In the case of mammalian cell-expressed

N-glycans, the Asn-linked GlcNAc residue is often modified with an (a1-6)-linked fucose. This fucosylation first takes

place on the GlcNAcMan5GlcNAc2 by the action of the core a-1,6-fucosyltransferase,211,212 which requires the

presence of (b1-2)-linked GlcNAc on the Man(a1-3)-branch of the core Man3GlcNAc2 glycan. Other biantennary

oligosaccharides can serve as substrates for this mammalian core a-1,6-fucosyltransferase.211,213,214 A second modifi-

cation that depends on prior GnT I activity is the action of a-mannosidase II, which cleaves off the remaining (a1-3)-
and a terminal (a1-6)-linked Man residues from the GlcNAcMan5[�Fuc(a1-6)]GlcNAc2 to yield GlcNAcMan3[�Fuc

(a1-6)]GlcNAc2.
215 Mutant Chinese hamster ovary (CHO) and human embryonic kidney HEK293 cell lines have

been used in which GnT I is downregulated in order to express heterologous proteins terminating in Man5-

GlcNAc2.
216,217 The generation of N-glycans with such consistent oligomannose structures can be advantageous for

structural and functional studies of secreted and membrane proteins. In addition, less common processing pathways

have been proposed in which particular a-mannosidases can remove the Man residues initially to yield Man3GlcNAc2

followed by the addition of a GlcNAc residue using GnT I.210,218–221

In mammalian cells, GlcNAcMan3GlcNAc synthesized through either the classical pathway or the alternative

pathway serves as an acceptor for N-acetylglucosaminyltransferase II (GnT II), which adds a second GlcNAc to the

Man(a1-6)-branch to yield biantennary complex-type N-glycans terminating with two (a1-2)-linked GlcNAc residues.

GnT II gene has been cloned from human222 and rat.223 In addition to GnT I and II, three other N-acetylglucosami-

nyltransferases, GnT IV, V, and VI, further add additional GlcNAc to the (a1-3)- or (a1-6)-linked Man to fabricate

multiantennary N-glycans (Figure 6). Alternatively, N-acetylglucosaminyltransferase III (GnT III) adds a bisecting

GlcNAc to the b-linked Man.

The addition of a bisecting GlcNAc serves to inhibit the action of other enzymes including a-1,6-fucosyl-
transferase.221 Umana et al.224 overexpressed GnT III, which is downregulated in CHO cells, and found that the
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bisecting GlcNAc was incorporated into expressed recombinant monoclonal antibodies (mAb’s). Furthermore, the

engineered mAb’s exhibited enhanced antibody-dependent cellular toxicity (ADCC) as a result of a change in the Fc

structural region caused by the alteration of the oligosaccharide structure. This enhanced effector function has

resulted in improved in vivo efficacy for antibodies engineered to include GnT III overexpression. Subsequently,

GnT III overexpression has been combined with a-mannosidase II (Man II) expression in order to overcome the

inhibition ofMan II byGnT III, and generate antibodies containing complex-typeN-glycan attachments.225 Subsequent

studies demonstrated that the positive effect on ADCC was mediated primarily by the absence of an (a1-6)-fucose
attachment on the N-glycan.226 Overexpression of GnT III inhibits the activity of the a-1,6-fucosyltransferase
responsible for the addition of the fucose to the N-glycan. Indeed a hybridoma cell line with reduced a-1,3-
fucosyltransferase expression generated antibodies with higher ADCC than those generated by CHO cells. Subse-

quently, CHO cells have been modified to reduce fucosyltransferase activity as a means of increasing ADCC activity

of mAb’s as much as 100-fold.227 Expression of GnT III and V has also been regulated in CHO cells using a

tetracycline inducible promoter which demonstrated that high levels of expression of either GnT III or GnT V is

toxic to the cells.228
4.32.4.2.3 Addition of galactose and sialic acid
In mammalian cells, terminal GlcNAc residues attached to the (a1-3)- or (a1-6)-linked Man are modified with (b1-4)-
linked Gal by the action of b-1,4-galactosyltransferase (b4GalT). Several different b4GalT’s have been found in

human and mouse in order to perform such galactosylation of N-glycans.229,230 Recent studies revealed that these

b4GalT’s have a different branch specificity with respect to the acceptor.231 Subsequently, N-glycans attached to

glycoproteins produced by human cells are primarily modified with (a2-6)-linked N-acetylneuraminic acid (NeuAc),

while N-glycans attached to glycoproteins produced by other mammalian cells are often modified with both (a2-3)-
and (a2-6)-linked NeuAc. From a standpoint of glycoprotein production for pharmaceutical applications, sialylation

with either (a2-3)- or (a2-6)-linked NeuAc may be sufficient although extensive comparison studies have not yet been

performed. Sialyltransferases are classified into four families based on the linkages the enzymes form: b-galactoside
a-2,3-sialyltransferase (ST3Gal), b-galactoside a-2,6-sialyltransferase (ST6Gal), GalNAc a-2,6-sialyltransferase
(ST6GalNAc), and a-2,8-sialyltransferase (ST8Sia).232,233 Addition of a(2-6)-linked NeuAc to the terminal (b1-4)-
linked Gal attached to GlcNAc on the N-glycan is synthesized by ST6Gal. So far, two different sialyltransferases,

ST6Gal I234 and ST6Gal II,235,236 that can perform this type of sialylation have been cloned from humans. Studies on

the substrate specificity and expression levels of these ST6Gal enzymes suggested that ST6Gal I is the major enzyme

that sialylates (b1-4)-linked Gal in the Gal(b1-4)GlcNAc sequence attached to glycoproteins.235,236 In order to

increase the (a2-6)-sialic linkages in mammalian cell lines, researchers overexpressed ST6Gal in an engineered

CHO cell line and observed that recombinant IFN-g exhibited improved pharmacokinetics compared to the none-

ngineered CHO host.237

In a subsequent study, researchers at Genentech expressed both ST3Gal and b4GalT in CHO cells making

recombinant t-PA.238 Purified t-PA from the modified cells exhibited much greater homogeneity with lower levels

of oligosaccharides terminating in GlcNAc sialylation in greater than 90% of available branches.239 The glycoprotein

with improved sialylation also exhibited a significantly longer average residence time in a rabbit model. Recently, the

overexpression in CHO cells of the CMP-sialic acid transporter responsible for transporting the donor nucleotide,

CMP-Neu5Ac, for sialylation into the Golgi has been shown to increase the level of sialylation of recombinant IFN-g
by up to 16% (NeuAc¼N-acetylneuraminic acid).240 Such increases in sialylation indicate that the bottleneck to

glycosylation in mammalian cells does not always exist at the transferase step and may also exist at the substrate

synthesis and transport steps as is also shown for insect cells below.
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4.32.5 Glycoprotein Expression in Nonmammalian Hosts

Cell lines from insects and plants, and whole plants and yeast, are often used to express glycoproteins. Expression of

therapeutic proteins using these nonmammalian hosts has potential advantages in safety, ease of use, and low-cost

production of heterologous glycoproteins. As eukaryotic hosts, these nonmammalian hosts are capable of performing

post-translational modification, such as N-glycosylation. As shown in Figure 7, mammalian and these nonmammalian

hosts have a common N-glycan processing pathway in the initial few steps. However, the processing pathway in

mammalian, insect, and plant cells diverges after Man5GlcNAc2 is produced, and it branches off at an earlier point in

yeast. As a consequence, these different hosts produce glycoproteins modified with host-specific N-glycans. From the

stand point of production of therapeutic recombinant glycoproteins, it is typically desirable that the products have

human-type N-glycans. One of the common problems in these nonmammalian hosts is the lack of capability of

synthesizing sialylated, N-acetyllactosamine-type glycans. In addition, each nonmammalian host system has addition-

al host-specific problems such as potentially allergenic core (a1-3)-linked fucose attachment in insect and plant cells.

Several studies have addressed these problems as described in the following sections.
4.32.5.1 Insect

4.32.5.1.1 N-Glycosylation in insect cells
Unlike mammalian cell-produced glycoproteins, insect cell-produced glycoproteins such as those expressed by using a

baculovirus expression vector system contain paucimannosidic or oligomannosidic, insect-type, N-glycans (Figure 7).

N-Glycans on human IgG (hIgG) and human serum transferrin (hTF) produced by Trichoplusia niTn-5B1–4 cells have

been shown to contain mostly oligomannosidic and paucimannosidic glycans.241,242 Structural data on N-glycans

expressed in insect cells and biochemical data on the activity of N-glycan processing enzymes and nucleotide sugar

transporters, and availability of nucleotide sugars, have been used to elucidate how N-glycans are processed in insect
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cells. Furthermore, since the complete genomic DNA sequence is available forDrosophila melanogaster, it is possible to

search for putative D. melanogaster orthologs of human N-glycan processing enzymes and related proteins in the

database. This biochemical and genomic information also has provided clues to humanize glycoproteins produced in

insect cells as described in detail in the following sections.
4.32.5.1.1.1 Trimming of glucose and mannose

Shown in Figure 8 is the typical early processing pathway of N-glycans in insect cells. These pathways were eluci-

dated in part by observing the relative abundance of different glycans on hTf expressed using Tn-5B1–4 cells.242

Structural evidence obtained by glycan analysis in this example and many other studies suggests that the

Glc3Man9GlcNAc2 is digested by a-glucosidase I, II, and a-mannosidases in insect cells as in mammalian cells.

Inhibition studies on specific glycosidases also suggest that lepidopteran insect cells express these processing

enzymes.243

Three isomeric forms of the Man8GlcNAc2, isomer A, B, and C, are known as immediate digestion products of

Man9GlcNAc2 by a-1,2-mannosidase in mammalian cells. Of these, isomer B is usually the most abundant species in

glycoproteins expressed in insect cells, such as Tn-5B1–4241,242 and Lymantria dispar Ld652Y.244 This suggests that

lepidopteran insect cells contain an a-1,2-mannosidase that preferentially removes an (a1-2)-linked Man from the

middle branch of Man9GlcNAc2, as a mammalian ER a-1,2-mannosidase I. In addition to this mannosidase,

lepidopteran insect cells contain an a-mannosidase I in the Golgi.245,246 A gene encoding an a-mannosidase I from

Sf9 cells was cloned.247 Its amino acid sequence has 41–56% identity to those of human a-mannosidase IA, IB, and

IC in the Golgi (Table 2), with the greatest similarity to a-mannosidase IC248 in terms of the substrate specificity.209

It is not known whether lepidopteran insects have more than one a-mannosidase I as found in mammalian cells.

The genome of Drosophila contains orthologs of human a-glucosidase I, II, and ER a-mannosidase (Table 2).

Although the presence of these enzymes is expected, genes for these enzymes have not been cloned from lepidopteran

insects.
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Table 2 Insect homologs of human glycosidases involved in the early stages of N-glycan processing. In the case of Drosophila homologs, only proteins with highest homology

against human proteins are shown

Insect

Protein Human Swiss-Prot Acc. No. Species Swiss-Prot Acc. No. Score bitsa E-valuea Identitya,b

a-Glucosidase I384 Q8TCT5 D. melanogaster Q95R68 516 1e-146 302/781 (38%)

a-Glucosidase II Q14697 D. melanogaster Q7KMM4 873 0 439/935 (46%)

ER a-1,2-mannosidase I187,188 Q9UKM7 D. melanogaster Q9VAP8 507 1e-144 288/669 (43%)

a-1,2-Mannosidase IA385 P33908 D. Melanogaster P53624 574 1e-164 269/460 (58%)

S. frugiperda247 O18498 531 1e-149 261/460 (56%)

a-1,2-Mannosidase IB386 O60476 D. melanogaster P53624 597 1e-171 304/638 (47%)

S. frugiperda247 O18498 492 1e-138 258/624 (41%)

a-1,2-Mannosidase IC209 Q9NR34 D. melanogaster P53624 541 1e-154 293/645 (45%)

S. frugiperda247 O18498 461 1e-128 225/463 (48%)

aBLAST search results.
bNumber of identical amino acids/number of amino acids in comparison.
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4.32.5.1.1.2 Synthesis of GlcNAcMan5GlcNAc2 intermediate

Shown inFigure 9 is a typical pathway of the later stage N-glycan processing in insect cells. The numbers in the figure

represent the relative quantity of each glycan, expressed in percentage, to the total glycans on hTf expressed in

Tn-5B1-4 cells. As in mammalian cells, once Man5GlcNAc2 is formed, a single GlcNAc residue is added to the Man

(a1-3)Manb-branch of Man5GlcNAc2 by GnT I. Insect cells such as Sf9, Sf21, Mb0503, and Bm-N cells249,250 contain

substantial levels of GnT I activity.249 Consistent with the biochemical data, a gene encoding an insect ortholog of

human GnT I has been cloned251 (Table 3).

Following the addition of the GlcNAc, two Man residues are removed by a-mannosidase II. The presence of

a-mannosidase II activity was shown in Sf21, Mb0503, and Bm-N cells,252 and a Drosophila a-mannosidase II has

been cloned. Purified a-mannosidase II from a Golgi-likemembrane fraction of Sf21 cells could remove the terminal Man

(a1-3) and Man(a1-6) residues from GlcNAcMan5GlcNAc2,
253 but, like its counterpart from mammalian cells,

a-mannosidase II from insect cells requires a GlcNAc on the Man(a1-3)-branch for its activity.252 Furthermore, glyco-

proteins expressed in insect cells often contain a large amount of the Man1–3GlcNAc[�Fuc(a1-3)/(a1-6)]GlcNAc,

which are downstream products of GlcNAcMan5GlcNAc2, to suggest that Man5GlcNAc2 is converted to GlcNAc-

Man3GlcNAc2 through the GlcNAcMan5GlcNAc2 intermediate. However, this intermediate glycan is typically found

only at very low levels in glycoproteins expressed in insect cell lines such as Tn-5B1-4241,242 and Ld652Y cells.244

Thus, lepidopteran insect cells may have significant levels of a-mannosidase II activity in order to process the

GlcNAcMan5GlcNAc2 efficiently. In addition to a-mannosidase II, a second a-mannosidase, called a-mannosidase

III, has been cloned from Sf9 cells.254 This enzyme, in contrast to a-mannosidase II, can remove the terminal Man

residues from Man5GlcNAc2,
255 but it is not known whether or not this enzyme plays a functional role in vivo, due to

its very low level of expression in insect cells.254
4.32.5.1.1.3 Degradation of the intermediates by N-acetylglucosaminidase and a-mannosidase

Several insect cell lines, such as Sf21, Bm-N, and Mb0503, are known to contain high levels of a b-N-acetylglucosa-
minidase activity. This enzyme removes a terminal (b1-2)-linked GlcNAc residue(s) on N-glycans.256 b-N-Acetylglu-
cosaminidase was found not only in lysates, but also in the culture media of Spodoptera frugiperda, T. ni, Bombyx mori,

and Malacosoma disstria cells.257 Glycan analysis suggested the presence of a similar enzyme activity in Tn-5B1-4241,242

and Ld652Y cells.244 Since GnT II requires a (b1-2)-linked GlcNAc on the Man(a1-3)-branch for its activity,258

removal of this GlcNAc by a b-N-acetylglucosaminidase prevents extension of both the Man(a1-3)- and the



Table 3 Insect homologs of human glycosyltransferases involved in the late stages of N-glycan processing. In the case of Drosophila homologs, only proteins with highest

homology against human proteins are shown

Human
Insect

Protein Swiss-Prot. Acc. No. Species Swiss-Prot. Acc. No. Score bitsa E-valuea Identitya,b

a-Mannosidase II219 Q16706 D. melanogaster387,388 Q24451 761 0 440/1089 (40%)

a-Mannosidase IIx219 P49641 D. melanogaster387,388 Q24451 690 0 406/1021 (39%)

S. frugiperda254 O18497 432 1e-119 242/685 (35%)

GnT I389 P26572 D. melanogaster251 Q9NGK4 447 1e-126 221/410 (53%)

GnT II222 Q10469 D. melanogaster Q95UE9 351 5e-97 161/358 (44%)

GnT III Q09327 D. melanogaster Q95RF3 84 2e-16 84/355 (23%)

GnT IVa Q9UM21 D. melanogaster Q9VUH4 404 1e-112 195/445 (43%)

GnT IVb Q9UQ53 D. melanogaster Q9VUH4 421 1e-117 206/447 (46%)

GnT V Q09328 D. melanogaster None

GnT VIc Q9DGD1 D. melanogaster Q9VUH4 211 1e-54 126/412 (30%)

b4GalT 1 P15291 D. melanogaster Q9XZ05 229 2e-60 105/271 (38%)

T. ni Q6J4T9 256 4e-68 125/272 (45%)

b4GalT 2 O60909 D. melanogaster Q9XZ05 232 8e-61 117/296 (39%)

T. ni Q6J4T9 259 6e-69 121/271 (44%)

b4GalT 3 O60512 D. melanogaster Q9XZ05 226 6e-59 113/275 (41%)

T. ni Q6J4T9 241 2e-63 121/271 (44%)

b4GalT 4 O60513 D. melanogaster Q9XZ05 220 2e-57 114/283 (40%)

T. ni Q6J4T9 238 8e-63 124/284 (43%)

b4GalT 5 O43286 D. melanogaster Q9XZ05 209 8e-54 111/288 (38%)

T. ni Q6J4T9 217 2e-56 100/266 (37%)

b4GalT 6 Q8WZ95 D. melanogaster Q9XZ05 205 7e-53 105/270 (38%)

T. ni Q6J4T9 217 2e-56 106/270 (39%)

ST6Gal I234 P15907 D. melanogaster273 Q9GU23 201 2e-51 107/280 (38%)

ST6Gal II236 Q8IUG7 D. melanogaster273 Q9GU23 215 1e-55 102/246 (41%)

FucT C6 (FucT 8) Q9BYC5 D. melanogaster Q9VYV5 560 1e-159 280/608 (46%)

FucT C3 None D. melanogaster264 Q9VUL9

aBLAST search results.
bNumber of identical amino acids/number of amino acids in comparison.
cA chicken protein.
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Man(a1-6)-branches. Because of its wide distribution in insect cells and its critical role to prevent side-chain

elongation, b-N-acetylglucosaminidase appears to be yet another bottleneck in lepidopteran insect cells for production

of human-type glycoproteins. Recently, multiple investigators identified candidate genes for this b-N-acetylglucosa-
minidase activity in Sf9 and Drosophila.259–261 Mutants of Drosophila lacking a b-N-acetylglucosaminidase gene have

been shown to contain N-glycans containing GlcNAc attachment on the (a1-3)-Man branch. Following removal of the

terminal GlcNAc by a b-N-acetylglucosaminidase, one or two of the terminal a-linked Man residue(s) of Man3-

GlcNAc2 is often hydrolyzed by an unidentified a-mannosidase, resulting in generation of small glycans with fewer

than three Man residues.
4.32.5.1.1.4 GlcNAcT II, III, IV, V, and VI

In mammalian cells, GlcNAcMan3GlcNAc2 serves as an acceptor for GnT II, and it is immediately converted to a

biantennary glycan. However, Sf9, Sf21, Mb0503, and Bm-N cells contain only 1% or less of the GnT II activity of

mammalian cells.249 Similarly, while a gene for GnT II was cloned from D. melanogaster,262,263 only a small fraction

of N-glycans from adult Drosophila bodies contains the product GlcNAc caused by the action of GnT II.264 The lack of

sufficient GnT II activity in insect cells is one of the bottlenecks to using lepidopteran insect cells for production

of N-acetyllactosamine-type glycans with more than two branches. Tri- and tetraantennary N-glycans often occur in

mammalian glycoproteins by the action of GnT IV and GnT V (Figure 6), and the bisecting GlcNAc is catalyzed by

GnT III. Interestingly, the genome ofDrosophila contains orthologs of human GnT III, IV, and VI (Table 2). However,

conflicting studies exist on the presence or absence of multiantennary structures from insect cells.
4.32.5.1.1.5 Galactosylation

The terminal GlcNAc residues are subsequently galactosylated by b4GalT in mammalian cells. However, galactosy-

lated N-glycans are found only rarely in glycoproteins expressed in lepidopteran insect cells. Indeed, the activity of

b4GalT in insect cells, including Sf9, Tn-5B1-4, and Mb0503 cells, was very low.265–268 For instance, Tn-5B1-4 cells

contain only 10% of the GalT activity detected in CHO cells, and Sf9 cells contain no detectable levels of the GalT

activity.268 As shown in Table 3, T. ni269 and D. melanogaster 270 possess proteins orthologous to human b4GalT’s;

however, these insect orthologs do not catalyze efficient transfer of Gal from uridine-50-diphosphogalactose (UDP--

Gal) to acceptor molecules. Instead, the insect enzyme catalyzes the transfer of GalNAc from uridine-5’-diphospho-N-

acetylgalactosamine (UDP-GalNAc) to acceptors more efficiently.269,270 When a soluble form of a S. frugiperda a-
mannosidase I was expressed in Sf9 cells with T. ni ortholog of human b4GalT, N-glycans modified with the terminal

GalNAc but not Gal were synthesized.269 The insufficient level of b4GalT activity is another bottleneck in the

production of human-type N-glycans using lepidopteran insect cells.
4.32.5.1.1.6 Sialylation

An embryo of D. melanogaster at a specific stage of development is known to contain sialylated glycoconjugates,271

which includes (a2-8)-linked polyneuraminic acids.271 Malpighian tubules of larvae of cicada (Philaenus spumarius) are

also known to contain neuraminic acids.272 In agreement with these biochemical evidences, the genome of Drosophila

contains a functional ST6Gal gene.273 However, the activity of a sialyltransferase has yet to be detected in numerous

lepidopteran insect cell lines, such as Sf9,267,274,275 Sf21,275 Tn-5B1-4,274 Mb0503,274 and Ea4 cells,275 even using

highly sensitive detection methods with radiolabeled or fluorescent-labeled CMP-NeuAc as a donor substrate. The

sialyltransferase in D. melanogaster is expressed in a tissue- and stage-specific fashion during embryonic development,

with elevated expression in a subset of cells within the central nervous system. The regulated expression of the ST

gene may explain why many lepidopteran insect cell lines lack significant sialyltransferase activity.
4.32.5.1.1.7 Core fucosylation

N-Glycans containing a terminal (b1-2)-linked GlcNAc on the Man(a1-3)-branch of Man3GlcNAc2 are often modified

by a core a-1,6-fucosyltransferase (FucT C6, also called FucT 8) similar to mammalian cell lines. However, the cell

lines also include a core a-1,3-fucosyltransferase (FucT C3) activity276 that is not typically observed in mammalian cell

lines. For instance, N-glycans modified with Fuc(a1-6) or both Fuc(a1-6) and Fuc(a1-3) at the Asn-linked GlcNAc

were found in endogenous membrane glycoproteins from Mb0503, Sf21, and Bm-N cells.277 Of these, the membrane

glycoproteins fromMb0503 and Sf21 cells contained as much as 30% and 11% of core (a1-3)-fucosylated N-glycans.277

In addition, Tn-5B1-4 cells have been shown to produce heterologous proteins that include core (a1-3)-fucosylated
N-glycans. Human IgG,241 hTf,242 neuropsin,278 and CR3 domain of a latent transforming growth factor-b (TGF-b)
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binding protein-1279 expressed in Tn-5B1–4 cells contained 18%, 6%, 23%, and 42%, respectively, of core (a1-3)-
fucosylated N-glycans. Core (a1-3)-fucosylated N-glycans were observed not only in glycoproteins expressed in

lepidopteran insect cells, but also in adult bodies of fruit flies.264 However, some insect cells do not express as

much core (a1-3)-fucosylated N-glycans as other insect cell lines. For example, hTf expressed in Ld652Y cells

contained no detectable core (a1-3)-fucosylated N-glycans,244 and membrane glycoproteins from B. mori Bm-N cells

contained only 2.5% of core (a1-3)-fucosylated N-glycans.277 From the perspective of glycosylation engineering of

pharmaceutical glycoproteins, core (a1-3)-fucosylation is of particular importance, because several studies suggested

that a core (a1-3)-linked Fuc is a potential epitope that can cause allergenic reactions in human.280–284 Consistent with

the high level of core (a1-3)-fucosylation in Mb0503 cells, this cell line contains high levels of FucT C3 activity.276,285

Interestingly, Sf9 cells, closely related to the above mentioned Sf21 cells, are reported to contain no or only trace levels

of FucT C3 activity.276,285 A gene encoding Drosophila FucT C3 has been cloned;264 however, genes corresponding to

the observed FucT C3 activity in lepidopteran insect cells are yet to be identified.

All insect cell lines mentioned above are capable of core (a1-6)-fucosylation. Membrane glycoproteins from Sf21,

Mb0503, and Bm-N cells contained 24%, 35%, and 32%, respectively, of core (a1-6)-fucosylated N-glycans.285 Human

IgG,241 hTf,242 neuropsin,278 and CR3 domain of a latent TGF-b binding protein-1279 expressed in Tn-5B1–4 cells

contained 66%, 52%, 87%, and 51%, respectively, of core (a1-6)-fucosylated N-glycans. Ld652Y cell-expressed hTf

also contained 50% of core (a1-6)-fucosylated N-glycans.244
4.32.5.1.1.8 Nucleotide sugars

All glycosyltransferases require the respective nucleotide sugars as donor substrates for their action. As shown in

Figure 10, cultured insect cell lines contain substantial levels of UDP-Glc, UDP-Gal, UDP-GlcNAc, UDP-GalNAc

guanosine-50-diphosphofucose (GDP-Fuc), and GDP-Man, as also observed in mammalian CHO cells.274,286 How-

ever, insect cell lines commonly used for protein expression do not contain detectable levels of the essential sialylation

substrate, CMP-NeuAc. CMP-NeuAc is synthesized from UDP-GlcNAc by multiple enzymatic reactions in mamma-

lian cells (Figure 11). A bifunctional enzyme, UDP-GlcNAc 2-epimerase/ManNAc kinase (ManNAc¼N-acetylman-

nosamine), is a key enzyme in the biosynthesis of NeuAc in rat liver.287 This enzyme converts UDP-GlcNAc to

N-acetylmannosamine-6-phosphate (ManNAc-6-P), which is further converted to NeuAc by N-acetylneuraminate-

9-phosphate synthase (SAS) and N-acetylneuraminate-9-phosphate phosphatase. NeuAc is then converted to the

activated form of sialic acid, CMP-NeuAc, by CMP-NeuAc synthase (CMP-SAS). The activity of UDP-GlcNAc

2-epimerase in Sf9 cells is much less than that in rat liver cytosol.288 Furthermore, no significant levels of SAS

activity289 and CMP-SAS activity290 exist in Sf9 cells. Due to the lack of several essential enzymes, insect cells in
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Table 4 Drosophila homologs of human UDP-GlcNAc-2-epimerase/ManNAc kinase, NeuAc-phosphate synthase,
and CMP-NeuAc synthase. Only proteins with highest homology against human proteins are shown

Human
Insect

Protein
Swiss-Prot.
Acc. No. Species

Swiss-Prot.
Acc. No.

Score
bitsa

E-
valuea Identitya,b

UDP-GlcNAc-2-epimerase/

ManNAc kinase390,391
Q9Y223 D. melanogaster None

NeuAc-phosphate synthase289 Q9NR45 D. melanogaster291 Q9VG74 330 3e-90 168/357 (47%)

CMP-NeuAc synthase290 Q8NFW8 D. melanogaster292 Q8IQV0 114 2e-25 61/178 (34%)

aBLAST search results.
bNumber of identical amino acids/number of amino acids in comparison.

Figure 11 The CMP-NeuAc synthesis pathway. The reactions are catalyzed by the following enzymes: 1. UDP-GlcNAc
2-epimerase/ManNAc kinase; 2. SAS; 3. N-acetylneuraminic acid-9-phosphate (NeuAc-9-P) phosphatase; 4. CMP-SAS.
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general are not capable of producing sufficient levels of NeuAc and CMP-NeuAc for sialylation to take place

efficiently.

A recent study from our laboratory and collaborators reported that the Drosophila genome contains a gene for

a functional SAS that is expressed at all stages of fly development, albeit at low levels, as well as in cultured

Schneider 2 (S2) cells.291 The genome of Drosophila also includes a gene for CMP-SAS but the expression of this gene

is regulated, with increased expression in certain embryonic stages and in the adult head.292 Unlike the SAS gene, the

CMP-SAS gene is not expressed in a cultured Drosophila S2 cell line. In addition, the protein is localized to the Golgi

apparatus while the mammalian CMP-SAS homolog is a nuclear-localized enzyme.292 However, the CMP-NeuAc

synthesis pathway is yet to be completed in insects as no gene orthologous to human UDP-GlcNAc-2-epimerase/

ManNAc kinase has been identified in the Drosophila genome (Table 4).
4.32.5.1.1.9 Nucleotide sugar transporter

Since GnT I, GnT II, b4GalT, sialyltransferase (SiaT), and core FucT’s that participate in N-glycan processing

localize in the lumen of the Golgi apparatus, nucleotide sugars utilized by these enzymes must be available in the

Golgi lumen. On the other hand, nucleotide sugars, except for CMP-sialic acid, are synthesized in cytoplasm in

mammalian cells. Mammalian cells possess specific transporters that carry respective nucleotide sugars into the lumen

of the Golgi from cytoplasm. As mentioned earlier, many insect cell lines produce substantial levels of core fucosylated

N-glycans. Therefore, it is suggested that those insect cell lines have GDP-Fuc transporters that transport sufficient

amount of GDP-Fuc into the Golgi for fucosylation to take place. In agreement with the biochemical data, the genome

ofDrosophila contains an ortholog of human GDP-Fuc transporter (Table 5). In addition, aDrosophila gene encoding a

UDP-Gal transporter is known,291,293,294 and it can transport not only UDP-Gal, but also UDP-GalNAc efficiently.293

The amino acid sequence of the insect UDP-Gal transporter has significant similarity to that of human UDP-GlcNAc

transporter (Table 5). However, it dose not transport UDP-GlcNAc.293 Since substantial levels of N-glycans con-

taining the terminal GlcNAc could be produced by expressing either mammalian GnT I, GnT II, or b4GalT in

insect cells (see below), insect cells are expected to possess a UDP-GlcNAc transporter in the Golgi membrane.

However, no insect protein responsible for the transport of UDP-GlcNAc has been identified. Interestingly, the insect

UDP-Gal transporter also has similarity to human CMP-Sia transporter, but it does not transport CMP-Sia,293,294



Table 5 Drosophila homologs of human nucleotide sugar transporters. Only proteins with highest homology against

human proteins are shown

Human
D. melanogaster

Protein Swiss-Prot. Acc. No. Swiss-Prot. Acc. No. Score bitsa E-valuea Identitya,b

GDP-Fuc transporter392 Q96A29 Q9VHT4 327 1e-89 164/316 (51%)

UDP-Gal transporter393 P78381 Q9W4W6291,293,294 306 3e-84 167/323 (51%)

UDP-GlcNAc transporter394 Q9Y2D2 Q9W4W6 288 1e-77 162/335 (48%)

CMP-Sia transporter395 P78382 Q9W4W6 245 6e-65 130/320 (40%)

aBLAST search results.
bNumber of identical amino acids/number of amino acids in comparison.
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unlike its mammalian counterpart. In general, insect cells seem to have several nucleotide sugar transporters although

the CMP-sialic acid transporter has not been identified. Since CMP-sialic acid is synthesized in the Golgi of insect

cells rather than the nucleus as in mammalian cells, a CMP-sialic acid transporter may not be required for endogenous

sialylation processing.292

4.32.5.1.2 Engineering of N-glycosylation pathway
As outlined in the earlier sections, there are many differences in N-glycan-processing pathway between human and

insect cells. As a result, studies have been undertaken to address this difference by expressing the genes responsible

for modifying insect cells so that they can express glycoforms closer to those from humans. Most of the attempts in the

past years have been directed toward the long-term goal of expressing sialylated N-acetyllactosamine-type glycans

since sialylation has considerable effect on in vivo clearance rate of glycoproteins. As summarized inFigure 12, several

approaches can be taken toward this goal. Mammalian genes for, at least, GnT II, b4GalT, ST6Gal I, SAS, and CMP-

SAS need to be expressed in insect cells by some means. Furthermore, inhibition of a b-N-acetylglucosaminidase

or choosing a cell line which does not contain this enzyme activity should be desirable for efficient synthesis of

N-acetyllactosamine-type glycans. Elimination of core (a1-3)-fucosylation by inhibiting FucT C3 or by choosing a cell

line which does not express this enzyme should also be considered, in order to avoid a possible allergenic reaction in

human.
4.32.5.1.2.1 Protection of the intermediate from degradation

The presence of a GlcNAc on the Man(a1-3)-branch is a prerequisite for the biosynthesis of biantennary and more

highly branched N-acetyllactosamine-type glycans, because GlcNAcT II which initiates N-acetyllactosamine-type
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glycan synthesis requires this GlcNAc for its action. Preservation of the GlcNAc on the Man(a1-3)-branch is also

important for the synthesis of core (a1-6)-fucosylated N-glycans often found on mammalian glycoproteins. In order to

preserve the GlcNAc on the Man(a1-3)-branch, the following four strategies can be taken: (1) expression of a high

level of GnT I, (2) expression of a high level of b4GalT, (3) choice of a cell line which does not contain a high level of

b-N-acetylglucosaminidase activity, and (4) addition of an inhibitor against a b-N-acetylglucosaminidase. Expression

of a high level of GnT I can compensate for the loss of the terminal GlcNAc by a b-N-acetylglucosaminidase.295,296

Expression of a high level of b4GalTcould also compete with b-N-acetylglucosaminidase to inhibit the removal of the

GlcNAc attached at theMan(a1-3) branch.242 Alternatively, expression of recombinant glycoproteins in a cell line such

as Estigmene acrea cells, which do not contain a high level of b-N-acetylglucosaminidase activity, yielded a larger

amount of GlcNAc-containing glycans than Sf9 cells.295,297 Addition of an inhibitor against a b-N-acetylglucosamini-

dase resulted in the same effect.298
4.32.5.1.2.2 Galactosylation

As mentioned earlier, at least some insects, such as T. ni269 and D. melanogaster,270 possess orthologs of human

b4GalT’s. However, unlike human b4GalT1, the insect enzymes prefer UDP-GalNAc rather than UDP-Gal as a

donor substrate. This difference in the substrate specificity is attributable to the substitution of a single amino acid in

the UDP-Gal binding site of a b4GalT. Substitution of Tyr-289 in human b4GalT1 to a less bulky amino acid, such as

Ile or Leu, switches the donor substrate specificity of human b4GalT1 to UDP-GalNAc from UDP-Gal.299 Insect

b4GalNAcT’s have either Ile or Leu at the corresponding position (Figure 13). This suggests a possibility that the

donor substrate preference of an insect b4GalNAcT may be switched to UDP-Gal by introducing a point mutation to

an insect b4GalNAcT gene to substitute Ile/Leu by Tyr at that position.

A more versatile strategy which has been taken in a number of studies is expression of a mammalian b4GalT in

insect cells. Expression of a mammalian b4GalT in insect cells using a baculovirus vector under the control of an

immediate early (ie1) promoter yielded an increase in galactosylated glycans on a gp64 viral glycoprotein.300,301

Transgenic cell lines derived from Sf9 (Sfb4GalT)265 and Tn-5B1-4 (Tn5b4GalT)302 that express a mammalian

b4GalT produce galactosylated gp64265,302 and t-PA.265 Expression of a mammalian b4GalT resulted in not only

galactosylation of the existing terminal GlcNAc residue, but also an increase in the glycans containing GlcNAc on the

Man(a1-3)-branch as a result of competition with b-N-acetylglucosaminidase. For example, expression of a mamma-

lian b4GalT in Tn-5B1-4 cells resulted in an increase in galactosylated glycans from 0% to 13%,242 with concomitant

increase in N-glycans containing GlcNAc on the Man(a1-3)-branch from 6.5% to 15.7%.242
Figure 13 Alignment of the amino acid sequences of b4GalT family members showing a region containing Tyr-289 (#) in
human b4GalT1 and corresponding amino acids in others.
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4.32.5.1.2.3 Multiantennary N-acetyllactosamine-type glycans

In the above example, all Gal residues were found exclusively on the Man(a1-3)-branch, and no N-glycans containing

Gal residues on both Man(a1-3)- and Man(a1-6)-branches could be expressed. Similar results were reported for a

transgenic insect cell line, Sfb4GalT.303 These studies suggest that although a previous study indicated the presence

of low but detectable GnT II activity,249 GnT II levels are too low to produce biantennary N-acetyllactosamine-type

glycans. Indeed, a recombinant hTf expressed in Tn-5B1-4 cells contained only 0.7% of glycans with GlcNAc on the

Man(a1-6)-branch.242 Expression of diantennary N-acetyllactosamine-type glycans with Gal attachment was achieved

by co-expressing b4GalT and GnT II using a baculovirus expression vector system, or by expressing GnT II in a

transgenic insect cell line such as Tn5b4GalT.302,304 In one study in our laboratories, Tn5b4GalT cells co-infected

with a recombinant baculovirus containing genes for human GnT II produced a recombinant hTf containing as much

as 50% of the total N-glycans modified to include biantennary fully galactosylated structures.304

Human glycoproteins, for example, erythropoietin (hEPO) and t-PA, often contain tri- and tetraantennary N-

glycans, in addition to biantennary glycans. Furthermore, a bisecting GlcNAc on N-glycans in the Fc domain of

IgG molecules is known to play a positive role in Fc receptor-mediated effector functions such as ADCC.224,225,305–307

However, since insect cell lines do not contain detectable levels of GnT III, IV, and Vactivity, they are not capable of

synthesizing tri- or tetraantennary glycans, nor glycans containing a bisecting GlcNAc. In order to produce a

recombinant glycoprotein having such glycans, additional mammalian genes would likely have to be introduced

into insect cell, in addition to GnT I and II.
4.32.5.1.2.4 Sialylation

Glycoproteins containing sialylated N-glycans were expressed in insect cells by co-expressing b4GalTand SiaTwith a

target recombinant protein using a baculovirus expression vector system.308,309 Transgenic insect cell lines, such as

Sfb4GalT/ST6267 and Tn5b4GalT/ST6,302 could also be used for the same purposes. Another transgenic insect cell

line derived from Sf9 cells expressing mammalian GalT, GnT II, and SiaT is also known to be able to produce a

glycoprotein modified with sialylated N-glycans.303 However, sialylation in these studies required serum-bearing

medium for growth of the cells,310 suggesting that the cells were obtaining essential components from the medium for

sialylation. More recent research indicated that sialylation of proteins by Sfb4GalT/ST6267 could be achieved in the

absence of serum if the serum-free medium was supplemented with fetuin.311 These results suggest the presence of

an NeuAc salvaging pathway in insect cells, since sialylation was eliminated when fetuin was replaced with asialofe-

tuin, and sialylation was very low when fetuin was replaced with NeuAc or ManNAc. The lack of biosynthetic ability

to produce CMP-NeuAc is a key problem in production of therapeutic glycoproteins in insect cells and other

nonmammalian hosts. In order to overcome this limitation, mammalian SAS289 and CMP-SAS290 have been cloned,

and introduced into Sf9 cells. Sf9 cells expressing a human SAS produced a high level of NeuAc, when cells were

cultured in a serum-free medium supplemented with N-acetylmannosamine (ManNAc), a precursor of NeuAc.289

Furthermore, a high level of CMP-NeuAc production could be achieved by co-infecting two different baculoviruses,

each encoding SAS, or CMP-SAS in Sf9 cells with ManNAc supplementation to a culture medium290 (Figure 14).

On the other hand, without ManNAc supplementation, CMP-NeuAc produced in these Sf9 cells was only 1/20 of

that in CHO cells (Figure 14), despite the presence of a substantial amount of UDP-GlcNAc in Sf9 cells (Figure 10).

These results are consistent with the observation that Sf9 cells lack UDP-N-acetylglucosamine 2-epimerase activity

but have high levels of ManNAc kinase activity.288 Furthermore, the supplementation of ManNAc could be super-

seded by expressing UDP-GlcNAc 2-epimerase/ManNAc kinase in combination with SAS and CMP-SAS, with or

without supplementation of less expensive GlcNAc.312 Production of CMP-NeuAc could be further increased by

substituting the wild type UDP-GlcNAc 2-epimerase/ManNAc kinase with a mutant enzyme lacking the regulation

domain that is inhibited by the presence of the CMP-NeuAc product.313
4.32.5.1.2.5 Core (a1-3)-fucosylation
Both endogenous and recombinant glycoproteins expressed in many insect cells frequently contain Fuc(a1-3)-modifica-

tion at the Asn-linked GlcNAc of N-glycans.241,242,277–279 Such a modification with an Fuc residue does not occur in

mammalian cells, and represents an epitope that may potentially cause an allergic reaction in human.280–284,314,315 In

order to avoid this undesirable modification, the FucT C3 responsible for core (a1-3)-fucosylation must be inhibited or

else cell lines lacking this processing capability must be used. Recently, a gene encoding FucT C3 was cloned from

D. melanogaster.264 Although FucT C3 genes have not been cloned from any lepidopteran species, the potential

exists for identifying these enzymes as well. Once the FucT C3 gene is characterized, the gene may be inactivated by

site-directed mutagenesis or RNA inhibition technology. Thus, the potential exists for eliminating or inactivating
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the production of recombinant glycoproteins with (a1-3)-fucosylation. An alternative strategy is to utilize insect cell

lines that lack the core (a1-3)-fucosylation capability. Several studies indicated the absence of core (a1-3)-fucosylated
N-glycans to suggest that FucT C3 activity may be low in Sf9 cells279,295,316 and Ea4 cells.295 More recently,

detailed evaluation of the major N-glycans of a recombinant hTf obtained from gypsy moth cells (Ld652Y) also

indicated absence of core (a1-3)-fucosylated structures.244 These cell lines may be appropriate hosts in which to

encode additional N-glycan processing capabilities as described above, in order to obtain glycoproteins modified with

human-type N-glycans from insect cells.
4.32.5.2 Plant

4.32.5.2.1 N-glycan processing in plant cells
Paucimannosidic glycans and truncated hybrid-type N-glycans are often found in vacuolar glycoproteins and seed

storage glycoproteins, while complex-type and oligomannose N-glycans are found in secretory and cell surface

glycoproteins. Interestingly, the amount of N-glycan processing in plants can vary at different developmental stages

with the ratio of complex-type to oligomannose structures changing as leaves age.317 Studies by Fitchette et al.318 and

others suggested that paucimannosidic glycans attached to vacuolar glycoproteins are produced from more complex

glycans by degradation during transport or within vacuoles.

As in mammalian systems, the precursor glycan, Glc3Man9GlcNAc2, is processed by several enzymes to yield

Man5GlcNAc2. This intermediate glycan is then modified by GnT I and a-mannosidase II. The presence of the

Man5Xyl(Fuc)GlcNAc2 structure in several plant storage glycoproteins and the requirement of a terminal GlcNAc

(b1-2) on the Man(a1-3)-branch for the action of b-1,2-xylosyltransferase and FucT C3 suggest that xylosylation and

fucosylation occur on GlcNAcMan5GlcNAc2. These events presumably occur in the Golgi, as GlcNAcT I is a Golgi-

localized enzyme. Man5Xyl(Fuc)GlcNAc2 is likely to be produced from GlcNAcMan5Xyl(Fuc)GlcNAc2 by the action

of b-N-acetylhexosaminidase during transport or within vacuoles. Additional glycosidase reactions within the vacuoles

can lead to the formation of paucimannosidic N-glycans such as Man3Xyl(Fuc)GlcNAc2.

Plant-type N-glycans modified with (b1-2)-linked xylose and core (a1-3)-linked fucose are known to be immuno-

genic. Indeed, antibodies induced to plant-type N-glycans are cross-reactive with glycoproteins containing core (a1-3)-
fucose from plants as also observed for those from insects.284,319,320 The specificity of these antibodies for plant

N-glycans was further confirmed through their reactivity with the heavy chain of a plant-produced antibody, called a
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plantibody, containing core (a1-3)-fucose and (b1-2)-xylose modification, whereas they do not react with the same

heavy chain containing exclusively oligomannose-type glycans.321 A mAb expressed by transgenic tobacco plants

includes these potentially immunogenic sugars (60% of the total N-glycans) as well as oligomannose-type glycans.322

However, Chargelegue et al. reported that a mAb expressed in leaves of the transgenic tobacco plants is not

immunogenic in BALB/c mouse. This is in contrast to the earlier findings that plant-type N-glycans containing

(b1-2)-linked xylose and core (a1-3)-linked fucose are highly immunogenic to rabbits.323 However, BALB/c mice

might be more tolerant than other species, and responsiveness will be highly dependent on the dosing regimen.

Indeed, in contrast with C57BL/6 mice, rats, rabbits, and goats, BALB/c mice also do not produce antiglycan

antibodies following immunization with plant glycoproteins delivered in Freund’s adjuvant, such as horseradish

peroxidase (HRP).319,320,324

For the case of secretory glycoproteins, GlcNAcMan3GlcNAc2(�Xyl/Fuc) can be further modified by GlcNAcT II,

b-1,3-galactosyltransferase and a-1,4-fucosyltransferase to generate complex-type glycans containing the Lea structure

(Figure 7). Glycoproteins carrying N-glycans containing the terminal Gal(b1-3)[Fuc(a1-4)]GlcNAc (Lea) motif are

abundant in leaves of many plants, but are absent in plants in the Cruciferae family including A. thaliana.318,325 On the

other hand, there are conflicting reports with respect to the occurrence of Lea-containing N-glycans in tobacco plants.

A study by Fitchette et al. reported that Lea-containing N-glycans are abundant in tobacco plants,318 whereas such N-

glycans were not detected in the mouse antibody322,326 and human lactoferrin327 expressed in leaves of transgenic

tobacco plants. However, N-glycans on some antibodies were found to be complex and include terminal GlcNAc

residues on both branches with and without xylose along with oligomannose structures.328 Glycoproteins in plants

typically lack the terminal sialic acid attachment.
4.32.5.2.2 Engineering of N-glycosylation pathway

4.32.5.2.2.1 Elimination of (b1-2)-linked Xyl and core (a1-3)-linked Fuc

The Arabidopsis cglmutant, which lacks GlcNAcT I , is unable to synthesize complex-type N-glycans, and the mutant

plants synthesize oligomannose-type glycans, such as Man5GlcNAc2.
329 Another Arabidopsis mutant, mur1, lacks

L-fucose in the leaves.330 A study by Bonin et al. suggested that the lack of L-fucose in the mur1 mutant is due to a

mutation in a coding region of a gene encoding GDP-b-Man-4,6-dehydratase, a key enzyme in the biosynthesis of

L-fucose.331 The majority of N-glycans on glycoproteins produced in these mutant Arabidopsis plants have been shown

to lack a fucose attachment; however, replacement of L-fucose by other hexoses, possibly L-galactose, were detected in

a small fraction of the glycans.332 Genes encoding A. thaliana core b-1,2-xylosyltransferase (core XylT)333 and FucT

C3190 responsible for generation of immunogenic glycoepitopes have been identified. A recent development involved

a knockout mutant of an A. thaliana plant in which genes for b2XylT and FucT C3 were knocked out.334 This

knockout plant produced endogenous glycoproteins (extracted from leaves) lacking completely antigenic glycan

modifications such as (b1-2)-xylosylation and core (a1-3)-fucosylation. Instead, the plants were found to synthesize

proteins with the complex N-glycan structure GlcNAc2Man3GlcNAc2. The genes were also disrupted in Physcomitrella

patens moss plants secreting recombinant human vascular endothelial growth factor (VEGF) into the culture medium.

N-glycan analysis revealed the absence of the potentially immunogenic fucose and xylose residues.335

Glycosyltransferases such as GlcNAcT I, core XylT, and FucT C3 involved in the late stages of N-glycan processing

reside in the Golgi compartments. If N-glycans could be prevented from transport through the Golgi, then it might be

possible to prevent these Xyl or Fuc modifications. Consequently, the retention signal, K/HDEL (Lys/His-Asp-Glu-

Leu), has been linked to a target antibody or other glycoprotein in order to retain the glycoprotein in the ER, where

N-glycans would be subjected only to a-glucosidase I, II, and a-mannosidase I activities. A Fab fragment expressed in

Arabidopsis with an N-terminal leader peptide and a C-terminal KDEL sequence was indeed retained in ER, whereas

the same Fab fragment devoid of the C-terminal KDEL sequence was efficiently secreted in leaves and roots.336

Ko et al. also added the KDEL sequence at the C-terminus of heavy chain of mAb’s.337 In this study, about 90% of the

total glycan pool contained oligomannose-type glycans in transgenic plants and no fucose or galactose-containing

glycan was found. However, the mAb with Man5–9GlcNAc2 was found to be more rapidly cleared from circulation

in vivo than the mammalian-derived mAb, presumably due to rapid mannose receptor-mediated clearance.338
4.32.5.2.2.2 Addition of (b1-4)-linked galactose to N-glycans

Overexpression of b4GalT in plants has the potential for competing with b2XylT and FucT C3, as a galactosylated

substrate is a poor acceptor substrate for a plant b2XylT339,340 and FucT C3.339,341 A transgenic tobacco plant stably

expressing human b4GalT has been reported.326 In this study, a mouse antibody expressed in leaves of the b4GalT(þ)
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transgenic tobacco plants contained N-acetyllactosamine-type glycans in addition to nongalactosylated, GlcNAc-

terminated complex-type glycans, paucimannosidic glycans, and oligomannose-type glycans. However, xylosylation

and core (a1-3)-fucosylation were found in a majority of complex-type glycans and paucimannosidic glycans in this

study. Several studies using hybrid glycosyltransferases have established that the cytoplasmic tail, transmembrane

domains, and stem regions (i.e., the CTS domains) of several of these enzymes, including those of human b4GalTand

plant core XylT, play a decisive role in their sub-Golgi distribution.342–344 A recent study by Bakker et al. has expressed

a hybrid b4GalT that consists of the N-terminal domain of Arabidopsis core XylTand the catalytic domain of human

b4GalT, in tobacco plants, resulting in a reduction of N-glycans containing (b1-2)-linked xylose and core (a1-3)-linked
fucose from 86% to 26%.345 However, almost of all of the galactose was found in hybrid-type glycans, and no

digalactosylated glycans were detected in this study. The prior addition of a galactose residue to the Man(a1-3)-
branch inhibits any further processing of glycans by other Golgi enzymes, such as the competing Man-II,345

N-acetylglucosaminyltransferase (GnT) II, and GnT-III.258,346,347 In another study, transgenic strains of the plant

moss P. patens were generated in which the b4GalT gene was knocked and the XylT and FucT genes disrupted.348

These plants were also observed to secrete VEGF containing N-glycans lacking the immunogenic Xyl and Fuc

attachments while including attached Gal residues.

4.32.5.2.2.3 Termination with sialic acid

Like the other nonmammalian hosts such as insect cells and yeast, production of sialylated therapeutic proteins in

plants is a challenging task because plants lack most of enzymes required for the biosynthesis of NeuAc and CMP-

sialic acid, and sialyltransferase activity.349,350 Recent examinations have revealed some detectable sialic acid in plants

but the levels were not appreciable, at least in one study.351,352 In another study, a mammalian sialyltransferase was

expressed in a functional form in transgenic Arabidopsis plants as a step toward production of glycoproteins modified

with sialylated N-glycans.353 Future studies will be required to address other components required for the biosynthe-

sis and transport of CMP-sialic acid in plants.354
4.32.5.3 Yeast

4.32.5.3.1 N-Glycan processing in yeast
N-Glycan processing pathways in yeast have been studied extensively through the use of mutants. Yeasts, in general,

include processing by glucosidases I and II and (except Schizosaccharomyces pombe) a-1,2-mannosidase in the ER to

yield Man8GlcNAc2. Subsequent processing of Man8–9GlcNAc2 in the Golgi apparatus, however, deviates from that

observed in higher eukaryotes. In yeast, Man8–9GlcNAc2 is elongated311 by the addition of an (a1-6)-linked Man

residue by the Och1p mannosyltransferase,355,356 and can be further extended by the sequential action of mannan

polymerases to form long (a1-6)-linked backbones containing 50 or more Man residues. The extended mannan

backbone is then decorated with various carbohydrates depending on the yeast species. Saccharomyces cerevisiae and

Pichia pastoris add (a1-2)-Man residues to the outer chain of N-glycans by the actions of Mnn2p and Mnn5p357 as well

as some phosphomannose groups to the mannan backbone by the action of Mnn4p358 and Mnn6p.359 Saccharomyces

cerevisiae uses the Mnn1p to cap these branches with (a1-3)-Man linkages.360 In S. pombe, the branches consist of

(a1-2)-Gal residues capped with (b1-3)-pyruvylated Gal residues. Candida albicans generates (b1-2)-Man containing

branches believed to be involved in virulence. In addition to extended mannan backbones, yeast will generate core

structures containing less than 15 Man residues in which only the initial (a1-6)-Man linkage is present and subse-

quently modified. Saccharomyces cerevisiae was thought to generate N-glycans with only Man extensions in the Golgi.

However, mass spectrometry of a mutant strain revealed an N-acetylhexosamine residue and a yeast gene expressed in

the Golgi apparatus was found to include GnTactivity in vitro.361

4.32.5.3.2 Engineering of N-glycosylation pathway

4.32.5.3.2.1 Inhibition of polymannosylation

The keys to engineering complex glycosylation pathways in yeast rely on the inhibition of polymannosylation along

with the generation of the proper acceptor oligosaccharide. Nakanishi-Shindo et al. observed a loss of (a1-6)-poly-
mannose outer chains of N-glycans in och1, och1-mnn1, and och1-mnn1-alg3 mutants of S. cerevisiae.362 Furthermore,

expression of the ER-targeted Aspergillus saitoi a-1,2-mannosidase, using the ER retention signal HDEL, in mutant

yeast cells with disruptions in three mannosyltranferase genes, och1, mnn1, and mnn4, enabled production of human-

compatible oligomannose-type (Man5GlcNAc2) N-glycans in S. cerevisiae.363 However, the level of the proper acceptor

substrates for humanization was less than 30% of the total N-glycans generated. In order to improve the processing of
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N-glycans in yeast, Choi and co-workers364 screened combinatorial genetic libraries of a-1,2-mannosidase enzymes

fused to fungal type II membrane leaders in a P. pastoris cell line that lacked fungal specific a-1,6-mannosyltransferase

activity (Och1p). While most of the transformants generated low levels of the desired acceptor substrates, a few cell

lines were obtained that included more than 90% processing of N-glycans to the desired Man5GlcNAc2 acceptor.

Furthermore the additional introduction of a UDP-GlcNAc transporter and a GnT I fused to membrane leader

resulted in an engineered P. pastoris strain capable of producing high yields of the hybrid-type N-glycan, GlcNAc-

Man5GlcNAc2.
364 Additional nonhuman glycans containing mannosylphosphate groups were eliminated by genetic

elimination of the relevant genes in P. pastoris.365 Another group was able to generate up to 90% homogenous hybrid

N-glycans in a P. pastoris mutant missing the Och1p enzyme while expressing a-1,2-mannosidase activity retained in

the ER compartment along with GnTI.366 Subsequently, the two mannose residues attached to Man(a1-6)-arm of the

trimannosyl core in GlcNAcMan5GlcNAc2 were removed by expressing a-mannosidase II in an och1 mutant of

P. pastoris.367 Co-expression of a-1,2-mannosidase, GnT I, and GnT II in such a P. pastoris mutant led to production

of a glycoprotein modified with a diantennary complex-type N-glycan terminating with two GlcNAc residues.367

An alternative approach for generating the proper acceptor N-glycan for humanization in yeast is to inhibit the

formation of the Glc3Man9GlcNAc2-P-P-dolichol acceptor that must be subsequently trimmed. Alg3p is the a-1,3-
mannosyltransferase that adds the first (a1-3)-mannose to the (a1-6)-arm of the trimannosyl core to produce Man6-

GlcNAc2-P-P-Dol from Man5GlcNAc2-P-P-Dol in S. cerevisiae368,369 and P. pastoris.370 An alg3 mutant of S. cerevisiae

has been shown to accumulate Man5GlcNAc2-P-P-Dol.371 The lack of Alg3p activity in the S. cerevisiae mutant

prevents the subsequent addition of (a1-6)-mannose to the (a1-6)-arm of the trimannosyl core, and produces truncated

Man5GlcNAc2 structures containing only a(1-2)-mannoses attached to the trimannose core.368,369 As a result, endoH

resistant oligosaccharides are transferred to proteins in the alg3mutant yeast.372,373 This structure has the potential to

be converted to the trimannosyl core by expressing a-1,2-mannosidase as will be described below.
4.32.5.3.2.2 Galactosylation

In mammalian cells, the terminal GlcNAc residues are usually modified with galactose residues by the action of

b4GalT. The transfer of galactose requires a terminal GlcNAc-containing glycoprotein, UDP-galactose, and b4GalT.

Schwientek et al. demonstrated the ability to localize active human b4GalT in the Golgi of S. cerevisiae.374 However,

lectin-binding assays indicated that only a small amount of terminal GlcNAc received a galactose, suggesting that

transfer was not efficient.374 In another study, a Golgi-targeted b4GalTwas expressed in a P. pastoris strain; however,

only incomplete galactosylation was observed.366 In agreement with these reports, Wildt et al. screened a library of

GalT-leader fusions in yeast, but could not achieve complete transfer of galactose in any of the tested constructs.375

This is in contrast to the successful enhancement of galactosylation by expressing mammalian b4GalT in insect

cells242 ,265,300–302 (see Section 4.32.5.1.2.2). These findings suggested limitations in the availability of either one or

both of UDP-Gal and UDP-Gal transporter activity in yeast, although existence of functional UDP-galactose

transporter has been reported in S. cerevisiae.376 In order to overcome these potential limitations, heterologous

UDP-galactose-4-epimerase that catalyzes a reversible conversion between UPD-Glc and UDP-Gal, and a UDP-

Gal transporter were expressed in yeast. In one study by Davidson et al.377 a fusion protein containing UDP-galactose-

4-epimerase from S. pombe, the catalytic domain of human b4GalT I, and a yeast leader sequence to anchor the fusion

protein in the Golgi compartment of the yeast’s secretory pathway, was introduced into an alg3, och1 double mutant of

P. pastoris that produces Man5GlcNAc2.
370 Introduction of this fusion protein into P. pastoris that had been engineered

to express mouse a-1,2-mannosidase, human GlcNAcT I, rat GlcNAcT II, and a Kluyveromyces lactis UDP-GlcNAc

transporter led to production of a protein modified with predominantly diantennary complex-type N-glycans with two

terminal galactose residues.377 This result suggested that (1) yeast contains high levels of UDP-Glc in the Golgi,

(2) the fusion protein was able to mediate the conversion of UDP-Glc to UDP-Gal in the Golgi, and (3) it catalyzed the

transfer of Gal to terminal GlcNAc.377 In another approach, Kainuma et al. has shown that co-expression of a2GalTand

UDP-Gal transporter resulted in efficient galactosylation of N- and O-glycans in S. cerevisiae.378 Li et al. have also

shown that co-expression of UDP-galactose-4-epimerase from S. pombe and a UDP-Gal transporter from D. melano-

gaster along with a UDP-GlcNAc transporter, a-1,2-mannosidase, GnT I, GnT II, a-mannosidase II, and b4GalT I in

P. pastoris enabled them to produce a mAbmodified with highly homogeneous N-glycans that consisted of diantennary

complex-type structures with two terminal Gal residues.379
4.32.5.3.2.3 Sialylation

Similar to the other nonmammalian hosts such as insect and plant cells, yeast do not have machinery required

for sialylation takes place. Yeasts lack (1) the biosynthetic capability to produce the sugar nucleotide precursor,
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CMP-sialic acid, (2) the transporter to transport CMP-sialic acid into the Golgi from cytoplasm, and (3) a sialyltrans-

ferase to transfer sialic acid to the terminal galactose on acceptor N-glycan substrates. Some early studies reported the

recombinant expression of active mammalian a-2,6-sialyltransferases in yeast, yet the enzyme was expressed in either

the ER380,381 or culture medium382 but not in a desirable location, that is, the late Golgi. A recent study addressed

these problems and has shown efficient production of a recombinant EPO with sialylated N-glycans in a mutant

P. pastoris that has been engineered to express K. lactis and mouse UDP-GlcNAc transporters, mouse a-1,2-manno-

sidase, human GnT I, rat GnT II, D. melanogaster a-mannosidase II, S. pombe UDP-Gal-4-epimerase, D. melanogaster

UDP-Gal transporter, human b4GalT I, human UDP-GlcNAc 2-epimerase/ManNAc kinase, human SAS, human

CSAS, mouse CMP–sialic acid transporter, and mouse ST6.383 The above-mentioned recent studies illustrate the

capacity for the artificial in vivo glycoengineering of yeast as has been shown for other expression systems including

mammalian cell lines, insect cells, and plant cells.
Glossary

glycan processing The enzymatic addition and removal of sugar residues on an oligosaccharide (or glycan) as the oligosaccha-

ride is transported through the secretory apparatus.

glycoengineering The genetic modification of a cell line or gene for a target protein such that the resulting glycans on that

protein are different from those that would be produced prior to these modifications.

glycosyltransferase An enzyme that is responsible for adding a sugar to an oligosaccharide chain.

lipid-linked oligosaccharide Themembrane-embedded dolichol structure containing oligosaccharides which are modified and

serve as the substrate for the oligosaccharyltransferase.

macroheterogeneity Variability in the attachment of N-linked oligosaccharides at prospective N-glycan sites on a polypeptide

chain.

microheterogeneity The generation of different oligosaccharide structures during processing of N-glycans as they are trans-

ported through the endoplasmic reticulum and Golgi apparatus.

N-glycosylation The attachment of the Glc3Man9GlcNAc2 oligosaccharide to the amide nitrogen of the asparagine residue of a

nascent protein followed by specific processing of this oligosaccharide.

oligosaccharyltransferase The multi-subunit complex responsible for the transfer of the oligosaccharide, Glc3Man9GlcNAc2,

from the lipid-linked oligosaccharide onto the acceptor Asn residue.

site occupancy The attachment of a glycan at prospective site along the amino acid chain.
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4.33.1 Antibodies as Therapeutic Agents

4.33.1.1 History of Recombinant Therapeutic Antibodies

In the 1980s, the establishment of monoclonal antibody production technology paved the way for the realization of

what was then referred to as ‘missile therapy’ with monoclonal antibodies.1 Unfortunately, the initial high hopes for

this approach as a potential cure for various recalcitrant diseases lessened within a short period of time. The

administration of nonhuman antibodies such as mouse immunoglobulin caused severe host-immune responses,

resulting in the induction of human antibody against the administrated nonhuman antibodies. This human response

against nonhuman antibody (e.g., the human antimouse antibody response, or the HAMA response) promptly

eliminated the medicine that had been administered as a foreign substance from patients before sufficient therapeutic

effects could be brought about.2,3 The initial immune response was directed primarily toward the constant, non-

human regions of the molecule, and this issue continues to be one of the major problems associated with the use of

nonhuman antibodies in the therapeutic treatment of humans. However, subsequent progress has been made in

antibody engineering technology, which has enabled the production of humanized antibodies such as mouse/human

chimeric antibody and complementarity determining region (CDR)-grafted antibody, both of which are of sufficiently

low immunogenicity for clinical applications. Mouse/human chimeric antibody was generated in a straightforward

manner by the replacement of the rodent constant domains with the human constant domains.4–7 As predicted from

the structure of the discrete domain of the IgG structure, the binding specificity was not affected by chimerization, and

the replacement with the Fc fragment of human origin enabled the effector functions of the therapeutic antibody

to be more optimized for human therapy.8 Humanized CDR-grafted antibody was generated by the replacement
643
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of the more restricted regions of the CDR and the flanking framework (FR) regions of the IgG variable domain, which

are responsible for the specificity and affinity of the antibody in terms of binding to antigen.9–11 With the improved

technology, it also became possible to apply fully humanized antibody against a specific antigen in the context of a

recombinant therapeutic approach; recently, mice that produce human antibodies have been developed by the

introduction of regions of the human genome that contain the human IgG coding regions.12–15 Numerous clinical

trials have demonstrated that such humanized antibodies can function as therapeutic agents. Indeed, as regards

pioneering therapeutic antibodies for cancer, mouse/human chimeric anti-CD20 antibody rituximab (Rituxan®) and

CDR-grafted humanized anti-Her2 antibody trastuzumab (Herceptin®) have been of great benefit to patients with

non-Hodgkin’s disease and breast cancer, respectively.16–18 The common features of antibody therapeutics (e.g., high

specificity with respect to an antigen, long-term stability in the bloodstream, and a high degree of clinical efficacy

mediated by effector function) are necessary for the development of molecular-target-based medicines. Antibody-

based therapeutics are expected to become a common medical intervention enabling disease-orientated molecular

target-based therapy. Numerous trials using therapeutic antibodies are currently underway, including more than

300 preclinical and 100 clinical studies; moreover, 17 types of recombinant monoclonal therapeutic antibodies have

already been approved worldwide (Table 1).

A recent white paper published in March 2004 by the United States Department of Health and Human Services

Food and Drug Administration (FDA), ‘Innovation or Stagnation? Challenge and Opportunity on the Critical Path to

New Medical Products’,18a identifies inefficiencies that are thought to have led to stagnation in drug discovery and in

the drug development pipeline; the paper also discusses how such problems can be addressed. Indeed, in contrast to

the medical development seen in the early 1990s, the number of approved newmolecular entities has been decreasing

markedly (i.e., in the early 2000s, the number of such agents was approximately half that in the early 1990s), in spite of

the fact that the pharmaceutical industry has invested double the funds for researching and developing new drugs.19

However, even under the current circumstances, the number of novel biologics approved that have been classified as

therapeutic antibodies has not fallen. Thus, recombinant antibodies have been established in clinics as therapeutic

agents, and together these agents represent a major new class of drugs.
4.33.1.2 Physiological Mechanism of Action of Therapeutic Antibodies

The efficacy of therapeutic antibody is the result of target antigen specificity and biological activities referred to as

antibody effector functions, and which are activated by the formation of immune complexes (Figure 1). Neutralization

of the specific pathogen or of the molecular target causative of aggravated disease is mediated by the antigen-binding

region of the antibody (Fab). Therapeutic antibodies can also mediate the effector functions of antibody-dependent
Table 1 Recombinant therapeutic antibodies on the market USA

Product Company Type Antigen Indication Host Approval

ReoproR Centocor/Lilly Chimera gpIIb/IIIa Thrombosis SP2/0 1994

RituxanR IDEC/Genentech/Roche Chimera CD20 NHL CHO 1997

ZenepaxR Roche Humanized IL-2R Transplantation NS0 1997

RemicadeR Centocor/J&J Chimera TNF-a RA, Chron’s SP2/0 1998

SynagisR MedImmune/Abott Humanized RSV RSV infection NS0 1998

SimulectR Novartis Humanized IL-2R Transplantation SP2/0 1998

HerceptinR Genentech/Roche Humanized Her2 Breast cancer CHO 1998

MylotargR Celltech/AHP Drug conjugate CD33 AML NS0 2000

CampathR ILEX/Schering Humanized CD52 B-CLL CHO 2001

ZevalinR IDEC/Schering 90Y conjugate CD20 NHL CHO 2002

HumiraR Abott/CAT Fully human TNF-a RA CHO 2002

XolairR Genentech/Novartis/Tanox Humanized IgE Allergic asthma CHO 2003

RaptivaR Genentech/Xoma Humanized LFA-1 Psoriasis Hybridoma 2003

BexxarR Corixa/SKB 131I conjugate CD20 NHL CHO 2003

ErbituxR ImClone/BMS/Merck Chimeric EGFR Colon cancer SP2/0 2004

AvastinR Genentech Humanized VEGF Colon cancer CHO 2004

TysabriR Biogen-IDEC/Elan Humanized Integrin a 4b1 MS Mouse

myeloma

2004



Target cell 
(Cancer cell)

Antibody

Fc receptor

Tumor lysis 
by ADCC

Effector cell
(NK cell 

& 
monocyte)

Cytotoxicity

Figure 1 Schematic drawing of antibody-activated cytotoxicity. IgG-antibody-coated tumor cells are efficiently killed by
monocytes or NK cells, which have cell-surface receptors able to bind to the Fc region of IgG molecules. The binding of the

antibody-covered tumor cells to these Fc receptors activates the cytotoxic process.

Therapeutic Antibodies 645
cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and the direct induction of apoptosis via

the constant region of the antibody (Fc).20–23 Among these functions, ADCC in particular is considered to be an

important mechanism of clinically effective antibodies.24 Recently, therapeutic antibodies have been shown to

improve overall survival as well as time to disease progression in a variety of human malignancies such as breast,

colon, and haematological cancers.16–18,25 Genetic analyses of leukocyte receptor (FcgR) polymorphisms, in the case of

both non-Hodgkin’s lymphoma and breast cancer patients, have clearly demonstrated that ADCC is one of the critical

effector functions responsible for the clinical efficacy of these agents.26–30 A superior clinical response of patients

bearing the FcgRIIIa allotype, which has high affinity for humanized anti-CD20 IgG1 rituximab, has been observed,

in contrast to the results obtained with patients bearing the low-affinity allotype.26–29 Breast cancer patients who

responded to humanized anti-Her2 IgG1 trastuzumab with complete or partial remission were found to have a higher

capability to mediate in vitro ADCC when treated with trastuzumab than the nonresponders.30 Thus, the importance

of ADCC in the development of antibody therapies that are clinically effective is now commonly recognized, and

ADCC enhancement technology applicable for clinical applications is expected to play a key role in the development

of next-generation therapeutic antibodies with enhanced clinical efficacy.
4.33.1.3 The Need for Next-Generation Therapeutic Antibodies

Although various antibody therapies are currently recognized as novel drugs that are of great benefit to patients, these

agents also bring up economical issues called ‘economical toxicity’. A common feature of therapeutic antibodies used

for cancer treatment is that in order to achieve antitumor efficacy, high serum concentrations are required, and

continued therapy must be carried out for periods extending over several months. Because treatment cycles require

several grams of therapeutic antibody, a significant amount of drug is consumed at a very high cost. For example, the

administration of a high dose (2–8mgkg–1) of humanized anti-Her2 IgG1 trastuzumab or anti-CD20 IgG1 rituximab

is required to maintain an effective serum concentration of over 10mgml–1,31–33 which is more than 100-fold the

amount required for cytokine treatments such as erythropoietin (EPO) or granulocyte colony-stimulating factor

(G-CSF) therapy. The drug costs alone of one cycle of treatment with therapeutic antibodies can amount to over

10–20 thousand dollars. The world sales of anti-CD20 IgG1 rituximab in 2004 exceeded 2 billion dollars, although the

population of patients suffering from non-Hodgkin’s lymphoma was 60 thousand in the USA. This economic situation

is not viable, and is at risk of collapse. In this context, it is also important to acknowledge the shortcomings of

therapeutic antibodies, especially in terms of their recognition of surface tumor antigens. Thus far, only low in vivo

efficacy of specific antitumor activity has been achieved; to date, numerous clinical trials using such antibodies have

concluded with insufficient results, and new clinical designs using antibodies reformed as carriers of radioactivity or

toxins have been tested for their ability to overcome such insufficiencies.34–37 Moreover, there still remains the need

to improve the efficacy of many antibody therapeutics such that they can be used to achieve not only remission, but

complete recovery from disease; many of the currently approved antibody therapies remain unable to induce more

than remission. Therefore, there are currently numerous ongoing efforts to improve the efficacy of therapeutic

antibodies; such investigations have included the introduction of point mutations into the constant domain of the
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heavy chain38–42 and the co-administration of adjuvants such as CpG,43,44 cytokines such as interleukin 2 (IL-2),45

and granulocyte macrophage colony-stimulating factor (GM-CSF).46 Among these efforts, the modification of

N-linked oligosaccharides attached to the Fc region of the antibody is also attracting recent attention.47
4.33.2 Structure of Recombinant Therapeutic Antibodies

4.33.2.1 Overview

Although five classes of immunoglobulin (IgM, IgD, IgG, IgA, and IgE) are present in mammals, human IgG is

primarily employed as a therapeutic agent due to its long half-life in blood, as well as to the superiority of its effector

functions over those of the other Ig classes. To date, all licensed recombinant therapeutic antibodies have been of the

IgG class. Human IgG is further classified into four subclasses, IgG1, IgG2, IgG3, and IgG4. The human IgG1 isotype

has a molecular weight of 150kDa and is known to efficiently carry out the effector functions CDC and ADCC with a

long serum half-life;48 this subclass is commonly used therapeutically, especially in the context of therapeutic antibody

treatments for cancer, in which high in vivo antibody effector function is necessary for achieving curative results.

The basic structure of the IgG1 molecule consists of two immunoglobulin light chains and two immunoglobulin

heavy chains in covalent and noncovalent association, thus forming three independent protein moieties, which are

connected through a flexible linker designated as the ‘hinge region’ (Figure 2). Two of these moieties, both referred

to as Fab regions, are of identical structure, and each expresses a specific antigen-binding site. The third moiety, the

Fc region, expresses interaction sites for ligands that induce various biological effects. These ligands include three

structurally homologous cellular Fc receptor types (FcgRI, FcgRII, FcgRIII), the C1q component of the complement,

and the neonatal Fc receptor (FcRn).49,50 The light (L) chains possess two such domains: a variable region domain

(VL) and a constant region domain (CL). There are two classes of light chains found in humans, and these are referred

to as k and l. Thus we have Vk, Ck and Vl, Cl domains of light chains. As regards the heavy (H) chains composed of g,
there is a variable domain (VH) followed by the first constant domain (CH1), then the hinge region, and finally two

more constant domains (CH2 and CH3). The inter-heavy chain disulfide bridges are found within the hinge region,

and, between the heavy and light chain, a disulfide bridge is located within the CH1 domain. Sequence analysis at the

protein level of the variable regions defines three regions of high variability between antibodies, and these regions are

referred to as ‘hypervariable regions’ or ‘complementarity-determining regions’ (CDR1 to CDR3). The hypervariable

regions are contained within four regions of more limited variation designated as ‘framework regions’ (FR1–FR4),

which are responsible for making contact with the antigen. The Fc region is a homodimer containing covalent
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Figure 2 Schematic drawing of a typical antibody molecule.
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disulfide-bonded hinge regions, the CH2 domains glycosylated by the covalent attachment of an oligosaccharide at

asparagine 297 (Asn-297), and noncovalently paired CH3 domains (Figure 3).

The effector functions, CDC and ADCC, of IgG1 are mediated via the binding of the Fc region to either the

complement or the FcgR on effector cells such as natural killer (NK) cells and activated macrophages. Although the

evidence accumulated thus far has indicated that the interaction sites on the Fc region for binding to these effector

ligands form the protein portions in the hinge and CH2 regions only,48,51 the generation of the essential Fc tertiary

conformation for binding to these ligands is known to depend on the presence of the oligosaccharides attached to the

CH2 domains. The effector mechanisms mediated via FcgRI, FcgRII, FcgRIII, and C1q are severely compromised or

abrogated in aglycosylated or deglycosylated forms of IgG1.50,52–54 Multiple noncovalent interactions between the

oligosaccharide and the protein exert a reciprocal influence of each on the conformation of the other.
4.33.2.2 Antibody Oligosaccharide Structures

Oligosaccharides of glycoproteins are roughly divided into two types based on the mode of binding to the protein

moiety, the binding of oligosaccharide to an asparagine residue of the protein (N-linked oligosaccharide), and

the binding of oligosaccharide to serine and threonine residues of the protein (O-linked oligosaccharide). Although

the N-linked oligosaccharides vary depending on the protein, they have a basic common trimannosyl core structure

composed of pentasaccharides (Figures 3 and 4). The oligosaccharide terminus that binds to asparagine is the
-Gln-Tyr-Asn297-Ser-Thr-Tyr-Arg-

GlcNAc Fucose

GlcNAc

Man

Man GlcNAc Man

GlcNAc GlcNAc G0F

Gal Gal G1F, G2F

Sialic acid Sialic acid

Figure 4 Major oligosaccharide structures of recombinant therapeutic antibodies. Three glycoforms (G0F with two

GlcNAc residues attached to the fucosylated core structure, G1F with one galactose attached to G0F, and G2F with one

additional galactose attached to G1F) have been characterized as themajor oligosaccharide structures of currently licensed

recombinant therapeutic antibodies.
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Figure 3 Oligosaccharide structure of human IgG1. The N-linked biantennary complex-type oligosaccharide is attached

to the CH2 domain of the Fc region of human IgG1: GlcNAc (open circle), mannose (open square), bisecting GlcNAc (closed

circle), fucose (star), galactose (closed square), sialic acid (triangle).
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reducing end, and the opposite terminus is the nonreducing end. The N-linked oligosaccharides are classified into

three types: the high-mannose type, the complex type, and the hybrid type (Figure 5). The high-mannose type

consists of oligosaccharide structures in which mannose alone binds to the nonreducing end of the core structure. The

complex type consists of oligosaccharide structures in which the nonreducing end of the core structure possesses

more than two N-acetylglucosamines (GlcNAcs) as well as a variable number of galactoses and sialic acids. The hybrid

type includes oligosaccharide structures in which the nonreducing end of the core structure has branches of both of the

high-mannose type and complex type.

Human serum IgG is a glycoprotein with an average of 2.8 N-linked oligosaccharides per IgG molecule; the CH2

domain of the Fc region contains 2.0 of these N-linked oligosaccharides, whereas the hypervariable region of the Fab

contains 0.8.55,56 Therapeutic antibodies are commonly developed as the human IgG1 isotype with two Fc N-linked

oligosaccharides, since the oligosaccharides attached to the Fab regions are not necessary to achieve therapeutic

activity. The oligosaccharide moiety attached to the Fc region of human serum IgG1 is of the biantennary complex

type, and is composed of a trimannosyl core structure in the presence or absence of a core fucose, a bisecting GlcNAc,

and terminal galactoses and sialic acids, giving rise to heterogeneity with a mixture of 30 or more forms of oligosac-

charide.56–58 The oligosaccharides exhibit a paucity of sialylation (<10%).59 IgG1 catabolism differs from that of

common glycoproteins, and remains unaffected by the asialoglycoprotein receptor; instead, IgG1 catabolism takes

place via the unique FcRn, resulting in a long serum half-life (approximately 21 days), regardless of the low level of

sialylation. All therapeutic antibody IgG1s currently licensed on the market are produced in mammalian cell lines such

as Chinese hamster ovary (CHO) cell lines, and mouse NS0 and SP2/0 cell lines (Table 1). Most of the glycoforms of

these antibody products from rodent cells are of the biantennary complex type with core-fucosylated agalactosyl

glycoforms, predominantly G0F and G1F glycoforms, which are comparable to the glycoforms present in human

serum IgG.60,61 A minor population of other glycoforms is also present, that is, the high-mannose type.61 Although

CHO and murine cells are known to add sugar residues that are not found on normal human IgG, for example,

galactose(a1-3)galactose and N-glycolylneuraminic acid structures,62–65 the immunogenicity of these structures has

not posed a practical problem in the development of therapeutic antibodies, which was in the development of EPO

produced by CHO as well. In general, the carbohydrates on glycoprotein are thought to cover its protein portion in

the manner of a cachet. However, the crystal structure of the Fc region of IgG revealed a discreet structure for the

oligosaccharide that is integral to the Fc protein portion and which forms multiple noncovalent interactions with

the CH2 domain.66–68 These complexities, that is, the considerable heterogeneity of the Fc oligosaccharides and the

unique oligosaccharide structure integrated into the protein, have hampered the detailed analysis of the effects of Fc
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oligosaccharides on antibody effector function. It was necessary to achieve a certain level of technological progress to

carry out the functional and oligosaccharide analyses that ultimately revealed the importance of the refined Fc

oligosaccharide structure to antibody effector function.
4.33.2.3 Synthesis of Antibody Oligosaccharides

Proteins are modified by oligosaccharides in the lumen of the endoplasmic reticulum (ER), resulting in the generation

of glycoproteins such as antibodies.69,70 In the biosynthesis of N-linked oligosaccharides (Figure 6), a relatively large

oligosaccharide moiety, the core oligosaccharide, is first transferred to the polypeptide chain that is elongating in the

ER lumen. The core oligosaccharide is formed as follows. Sugar residues composed of the core oligosaccharide are

added in order to a phosphate group of dolichol phosphate (P-Dol), which is a long-chain lipid formed by approxi-

mately 20 a-isoprene units. N-acetylglucosamine is thus transferred to dolichol phosphate, thereby forming GlcNAc-

P-P-Dol, and then one additional GlcNAc is transferred to form GlcNAc-GlcNAc-P-P-Dol. Next, five mannoses

(Mans) are transferred to thereby form Man5GlcNAc2-P-P-Dol and then four Mans and three glucoses (Glcs) are

transferred. Thus, an oligosaccharide precursor, Glc3Man9GlcNAc2-P-P-Dol, designated as the core oligosaccharide, is

formed.

The core oligosaccharide, which consists of 14 sugar residues, is transferred as a single unit to polypeptide regions

known as N-glycosylation sites, that is, asparagine-X-serine/threonine, in the ER lumen. In this transfer reaction,

dolichol pyrophosphate (P-P-Dol) bound to the core oligosaccharide is released and hydrolyzed with pyrophosphatase

to recycle the dolichol phosphate. Trimming of the sugar residues immediately begins after the core oligosaccharide is

transferred to the polypeptide in the ER lumen. Three enzymes (i.e., a-1,2-glucosidase I, a-1,3-glucosidase II, and

a-1,2-mannosidase) first work and eliminate three Glcs and one or twoMans from the transferred core oligosaccharide.

The trimmed oligosaccharide intermediate, GlcMan9GlcNAc2, is recognized and bound by chaperones that aid and

monitor the fidelity of the folding process.71,72 Glycoproteins with the trimmed oligosaccharide are then transferred to
ER

Cis-
Golgi

1

5

9 10

6 7, 8

2 3

4 11, 12

Medial-

Trans-

Golgi

Golgi

Figure 6 Oligosaccharide processing in the ER and the Golgi apparatus. The processing pathway is highly ordered,
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the Golgi apparatus and are further modified at that site. The glycoproteins exported from the ER enter the first of the

Golgi processing compartments, the cis-compartment, which is thought to be continuous with the cis-Golgi network;

they then move to the next compartment, themedial-compartment, which consists of the central cisternae of the stack,

and the glycoproteins finally to the trans-compartment, where glycosylation is completed. The lumen of the trans-

compartment is thought to be continuous with the trans-Golgi network, where glycoproteins are segregated into

transport vesicles and dispatched to their final destinations, that is, the plasma membranes, lysosomes, or secretory

vesicles. Oligosaccharide processing occurs in a corresponding organized sequence in the Golgi stack, with each

cisterna containing its own set of glycoprocessing enzymes. In the cis-compartment, N-acetylglucosamine phos-

photransferase, N-acetylglucosamine 1-phosphodiester a-N-acetylglucosaminidase, and a-mannosidase I are present

and they reduce the number of Man residues on the antibody oligosaccharide to 5. In the medial-compartment,

N-acetylglucosaminyltransferase I (GnTI), a-mannosidase II, N-acetylglucosaminyltransferase II (GnTII), and

a-1,6-fucosyltransferase (FUT8) are present and they act on the trimmed oligosaccharide in turn, that is, GnTI

catalyzes the transfer of the first GlcNAc to the oligosaccharide, thereby forming the complex oligosaccharide, and

a-mannosidase II eliminates two Mans form the oligosaccharide, then GnTII catalyzes the transfer of the

second GlcNAc, finally FUT8 catalyzes the transfer of fucose to the innermost GlcNAc at the reducing end of

the oligosaccharide. In the trans-compartment, galactosyltransferase and sialyltransferse catalyze the transfer of

galactose and sialic acid (e.g., N-acetylneuraminic acid), respectively. Two broad classes of N-linked oligosaccharides,

the complex type and the high-mannose type, can be attached to glycoproteins in mammals, depending on

the protein. The oligosaccharide attached to the Fc region of human serum IgG1 is a complex biantennary

oligosaccharide.56–58
4.33.3 Influence of Antibody Oligosaccharides on Antibody Function

4.33.3.1 Overview

It is emphasized here that the effector activity of recombinant monoclonal antibody IgG1 differs according to the host

cells employed, even though an identical IgG1 gene is introduced into host cells to produce the antibody; the mechan-

ism of this process has been successfully characterized. No significant difference can be observed in the amino acid

sequences of antibodies expressed with the same expression vector. However, the refined oligosaccharide structures of

the Fc oligosaccharides of the resultant antibodies are strictly dependent on the particular type of producing cell,

which in turn greatly affects effector function. The removal of fucose residues from the biantennary complex-type

oligosaccharides attached to the Fc has been found to dramatically enhance the ADCC of the products due to

improved FcgRIIIa binding.73–78 Defucosylation of either anti-CD20 IgG1 rituximab or anti-Her2 IgG1 trastuzumab

enhances ADCC activity to�50–100 times the original level of activity.75,76 Although the nature and importance of Fc

oligosaccharides in influencing antibody effector function have long been recognized, the most important carbohy-

drate structure in terms of the enhancement of ADCC has remained a matter of debate.49,79–85 Some studies have

indicated that a contribution to ADCC is made by either the terminal galactose79,80 or the bisecting GlcNAc82–85 of

the Fc oligosaccharides. However, the effects of these sugar residues on ADCC still need to be reevaluated under

appropriate conditions at a constant level of fucosylation, as the fucose residue attached to the innermost GlcNAc of

the biantennary complex-type oligosaccharides attached to the Fc region has recently been found to play a critical role

in ADCC. For instance, the addition of a bisecting GlcNAc to defucosylated Fc oligosaccharides exerts no additional

effect on ADCC.76 Key studies reported in the literature regarding the influence of antibody oligosaccharides on

antibody function are described below.
4.33.3.2 The Antibody Oligosaccharide Attached to the Fc Region is Essential for
Effector Function

Aglycosylated antibody IgG’s are generated by hybridoma culturing in the presence of tunicamycin, an inhibitor of the

biosynthesis of the core oligosaccharide first transferred to the polypeptide chain. The aglycosylated antibody IgG’s

lose the ability to activate complement and to induce ADCC; however, carbohydrate-deficient antibodies behave as

do normal antibodies with regard to their fine antigen-binding reactivity and protein A binding capacity.52,86 It has

been confirmed that in mouse/human chimeric IgG1s in which the Fc oligosaccharide attachment residue Asn-297 is

changed to either glutamine or histidine by site-directed mutagenesis, both ADCC and CDC are lost.53 Aglycosylated

antibody IgG’s do not bind to the human FcgR, and their C1q binding ability is also completely lost. These results
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clearly demonstrate that the carbohydrate moiety interposed between the CH2 domains of antibody IgG is necessary

in order to maintain the appropriate structure that enables the interaction of the ligands responsible for mediating

effector function. The antibody oligosaccharide attached to the Fc region is essential to realize the effector functions

CDC and ADCC.48,49,87

4.33.3.3 Effector Activity of Antibody IgGs with Atypical Fc Oligosaccharides

The oligosaccharide moiety attached to the Fc region of human serum IgG is known to be of the biantennary complex

type, with the innermost GlcNAc residue heavily fucosylated via an (a1-6) linkage.56–58 Neither the high-mannose

type nor the hybrid type is observed among the Fc oligosaccharides from human IgG. In order to produce antibodies

with these atypical, or ‘unusual’ Fc oligosaccharides, special cell culture techniques are required (e.g., cell cultures

with specific glycosidase inhibitors and/or cultures of glycosyltransferase-deficient mutant cells producing antibody).

The presence of the atypical oligosaccharides does not influence the binding of the antibody to the recognized

antigen. However, the biological activity of these antibodies with such unusual Fc oligosaccharides (including the

serum half-life and the effector functions ADCC and CDC) can vary, depending on the attached oligosaccharides.

4.33.3.3.1 Effector activity of antibody IgGs with high-mannose-type Fc oligosaccharides
Antibody IgG’s carrying Fc oligosaccharides of the high-mannose type were first generated by mouse hybridoma

cultures in the presence of a-1,2-glucosidase I inhibitors such as castanospermine and deoxynojirimycin, and the

biological activity of this type of IgG was measured.81,88 The ADCC of mouse IgG’s bearing Fc oligosaccharides of the

high-mannose type is significantly enhanced, as compared to that of native unmodified IgG’s from the same parent

mouse hybridoma. This enhanced cytotoxicity is mediated by NK cells, but not by monocytes or interferon-activated

polymorphonuclear leukocytes, in an FcgR-dependent manner.81,88 A mutant CHO cell line, Lec1, which is incapable

of processing the high-mannose intermediate via the terminal glycosylation steps, is also available to produce glycopro-

teins of the high-mannose type.89,90 Lec1 is a mutant cell line lacking N-acetylglucosaminyltransferase I (GnTI)

activity, and thus this cell line does not synthesize either the complex or the hybrid type of oligosaccharide.91

Recombinant mouse/human chimeric IgG1s produced by Lec1 cells are attached to a high-mannose-type

Fc oligosaccharide, and these IgG’s have been shown to exhibit enhanced ADCC through the binding for the FcgR
onNK cells. The IgG1s are known to be severely deficient in complement activation, and they exhibit slightly reduced

affinity for FcgRI as well as a reduced serum half-life, although neither the binding of the antibody to the antigen, nor

the affinity for protein A is altered.89,90 The characteristics of CDC deficiency and the reduced serum half-life are

thought to render these IgG’s unsuitable for antibody therapeutics due to the resulting lack of high in vivo efficacy.

4.33.3.3.2 Effector activity of antibody IgGs with hybrid-type Fc oligosaccharides
It is possible to generate two types of antibody bearing hybrid-type oligosaccharides attached to the Fc region: one

hybrid type has core-fucosylated glycoforms, and the other hybrid type has core-nonfucosylated glycoforms. In the

high-mannose-type structure, there is no variation in core fucosylation. The complex type also can be further classified

into two types of core fucosylation.

4.33.3.3.2.1 Fucosylated hybrid-type glycoforms

Antibody IgG’s bearing Fc oligosaccharides with fucosylated hybrid-type glycoforms are generated by mouse hybrid-

oma cultures in the presence of a-mannosidase II inhibitors such as swainsonine.81,92 IgG’s with the fucosylated

hybrid-type oligosaccharides show equivalent ADCC activity to that of antibodies with native unmodified N-linked

oligosaccharides (i.e., the biantennary complex type, with the innermost GlcNAc residue heavily fucosylated via an

(a1-6) linkage, or the core-fucosylated complex type) produced by the same parent hybridoma.81,92 To date, no

significant differences between the two types have been reported.

4.33.3.3.2.2 Nonfucosylated hybrid-type glycoforms

Antibody IgG’s bearing Fc oligosaccharides of the nonfucosylated hybrid type were first generated by mouse

hybridoma cultures in the presence of monensin, an ionophore that strongly binds the primary ion, and the biological

activity of these IgG’s was evaluated.81 Although the precise mechanism for altering the oligosaccharide structure of

glycoproteins by monensin is not yet clear, it is known that glycoproteins with immature oligosaccharide moieties are

secreted (reaching the cell surface and released into the culture medium), most probably due to the monensin-induced

inhibition of intracellular transport between Golgi apparatuses.93 It has been demonstrated that the ADCC activity of

antibody IgG’s with nonfucosylated hybrid-type Fc oligosaccharides is significantly enhanced through the FcgRIIIa,
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as compared to the ADCC activity of the native unmodified core-fucosylated complex-type IgG’s produced by the

same parent mouse hybridoma.81 However, the ADCC enhancement is observed with alteration to the nonfucosylated

hybrid type is not beyond that to the core nonfucosylated complex-type Fc oligosaccharide.

4.33.3.3.3 Effector activity of antibody IgGs with complex-type Fc oligosaccharides
As mentioned above in Section 4.33.2.2, the oligosaccharides attached to the Fc region of human serum IgG are of the

biantennary complex type, and they are composed of a trimannosyl core structure in the presence or absence of a core

fucose, a bisecting GlcNAc, and terminal galactoses and sialic acids, which gives rise to heterogeneity, with a combi-

nation of 30 or more different oligosaccharide forms.56–58 Detailed studies of the effects of each sugar residue derived

from such heterogeneity on the biological activity of IgG’s have been reported in the literature, as discussed below.

4.33.3.3.3.1 Effects of the terminal sialic acid on effector activity

The removal of the terminal non-reducing-end sialic acids of the Fc oligosaccharides of an antibody can be perfor-

med by either digestion with the specific glycosidase or by production with glycoprocessing-deficient mutant host

cells.90,94 The functional activity of desialylated antibodies has been assessed in detail. Removal of the terminal sialic

acid residues of a recombinant mouse/human chimeric IgG1, Campath-1H, by neuraminidase has not been found to

affect any of the IgG1 activities thus far examined, including antigen-binding reactivity, affinity for protein A, half-life

in blood, and the effector functions CDC and ADCC.94 A mutant CHO cell line, Lec2, which is deficient with respect

to sialic acid attachment, has been used to confirm the effects of the terminal sialic acid on antibody activity. Lec2 is a

mutant cell line defective in the transport of CMP-sialic acid, leading to the synthesis of complex-type N-linked

oligosaccharides lacking sialic acids.95 Mouse/human chimeric IgG1s produced by Lec2 are comparable to the wild-

type IgG1s in terms of serum half-life, affinity for FcgRI, and complement-mediated hemolysis.90 These IgG1s are

equal to the wild-type IgG1s in terms of their ability to interact with the individual components of the classical

component activation pathway.90 The terminal non-reducing-end sialic acid of the Fc oligosaccharides does not appear

to affect the biological activity of these antibodies.

4.33.3.3.3.2 Effects of the terminal galactose on effector activity

The influence of the terminal galactose residues on the Fc oligosaccharides in the antibody has long been of

interest, as unexplained physiological phenomena have been observed with the degalactosylation of human serum

IgG.96–98 The association of rheumatoid arthritis (RA) and primary osteoarthritis (OA) with changes in the gly-

cosylation pattern of serum IgG has been evaluated, and the population of agalactosylated IgG G0 forms has

been found to be significantly increased with decreased lymphocytic galactosyltransferase activity in these two

arthritides.96,97 Age-related galactosylation profile alterations of the Fc oligosaccharides of human serum IgG have

also been reported.98 In addition, there have been reports that the removal of the terminal sialic acid and galactose

residues of human IgG through neuraminidase and galactosidase digestion reduces, but does not entirely abolish

CDC, although other biological activities (i.e., antigen-binding reactivity, affinity for protein A, serum half-life, and

ADCC) do not appear to be affected by degalactosylation.94,99 However, conflicting findings have been reported in the

literature. Mouse/human chimeric IgG1s are produced by Lec8, a mutant CHO cell line defective with respect to the

transport of UDP-galactose, which leads to the synthesis of the N-linked complex-type oligosaccharides lacking

galactose residues.95 These mutant IgG1s have been reported to be comparable to the wild-type IgG1s with respect to

their affinity for FcgRI and serum half-life; moreover, the IgG1s from Lec8 are reported to prefer binding to individual

components of the classical component activation pathway and to mannose-binding protein with slightly enhanced

complement-mediated hemolysis.90 In addition, other studies have demonstrated that galactosylated human IgG’s

exhibit more ADCC activity than do degalactosylated IgG’s.79,80,100 However, as described in the following section,

the fucose residue attached to the innermost GlcNAc of the biantennary complex-type oligosaccharide attached to

the Fc is now known to play a critical role in ADCC.73–78 Therefore, the effects of terminal galactose residues on

ADCC should be reevaluated under appropriate conditions and with constant fucosylation levels. Thus far, no

significant differences in ADCC mediated by NK cells have been detected among human IgG1s bearing the Fc

non-core-fucosylated complex type of oligosaccharide with various galatosylation levels.76 Thus, the terminal

galactose of Fc oligosaccharides is not thought to exert a substantial influence on antibody effector function.

4.33.3.3.3.3 Effects of core fucosylation on effector activity

Recently, the importance of core fucosylation of the innermost GlcNAc of the biantennary complex oligosaccharides

attached to the Fc region has been described in detail and is widely recognized. Core fucosylation plays a critical role
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in the ADCC induced by human IgG1.73–78 Generally, the effector activity of recombinant monoclonal antibody IgG1

differs depending on the host cells employed, even though an identical IgG1 gene is introduced into the host cells to

produce the antibody. No significant differences have been observed between the amino acid sequences of antibodies

expressed with the same expression vector. However, detailed analyses of the Fc oligosaccharide structures of the

resultant antibodies have revealed a negative correlation between the fucose content of the Fc oligosaccharides and

the ADCC. In vitro ADCC assay using purified human peripheral blood mononuclear cells (PBMCs) as effector cells

has demonstrated that in low core-fucosylated mouse/human chimeric IgG1s fractionated by lectin affinity chroma-

tography, ADCC is more than 50-fold that exhibited by IgG1s before separation.76 The low expression of FUT8, which

codes for a-1,6-fucosyltransferase, has been observed in host cells capable of producing relatively low levels of core

fucosylation of the antibody; the overexpression of FUT8 leads to an increase in fucosylation and to diminished

ADCC.76 The anti-CD20 IgG1 rituximab generated by FUT8-knockout cells does not contain any fucosylated oligo-

saccharides (Figure 7), and it dramatically enhances ADCC to approximately 100-fold that induced by rituximab,

which is already in clinical use (Figure 8).77 Defucosylation of human IgG’s dramatically enhances their ADCC by

improving FcgRIIIa binding without altering either antigen binding or CDC activity (Figures 9–11).75,77,101 The

fucose attached to the innermost GlcNAc of the biantennary complex oligosaccharides attached to the Fc region

greatly influences the ADCC of antibody IgG.
4.33.3.3.3.4 Effects of bisecting N-acetylglucosamine on effector activity

As regards ADCC, it is now generally known that the most important sugar residue of the Fc oligosaccharides

of human IgG is the fucose residue attached via an (a1-6) linkage to the innermost GlcNAc of N-linked oligosaccha-

rides; however, before this was revealed, some reports had focused on the importance of the bisecting GlcNAc of the

Fc oligosaccharides on ADCC.82–85,102 The oligosaccharide analysis of mouse/human chimeric IgG1 Campath-1H

revealed that the bisecting GlcNAc of the Fc oligosaccharides contributes to the significant ADCC of the IgG1

produced by rat myeloma Y0 cells.82 The exogenous expression of b-1,4-N-acetylglucosaminyltransferase III

(GnTIII ), a glycosyltransferase that catalyzes the formation of bisecting oligosaccharides, in mouse/human chimeric

IgG1 chCE7-producing cells has been reported to induce an increase in the content of bisecting GlcNAc without

altering the core fucosylation of the Fc oligosaccharides, and also with enhancing ADCC.83,84 These reports regarding

tet-regulated GnTIII overexpression also revealed that GnTIII overexpression induces a reduction in the yield of IgG1

with the Fc biantennary complex oligosaccharides, as well as an increase in the yield of bisected hybrid by-products

with reduced ADCC; thus, there appears to be an optimal range of GnTIII overexpression for achieving maximal

ADCC enhancement.83,84 Yet another example would be mouse/human chimeric IgG1 rituximab with altered glyco-

forms produced by CHO cells transformed by the introduction of GnTIII; in this case, the promotion of target cell

killing was achieved at an approximately 10- to 20-fold lower antibody concentration than that observed with the

parent form.85 Actually, a mutant CHO cell line, LEC10, which overexpresses GnTIII103 can be used to generate

mouse/human chimeric anti-CD20 IgG1 bearing a relatively high (70%) bisecting GlcNAc content in the Fc

oligosaccharides, and this IgG1 has been confirmed to exhibit slightly greater ADCC than the heavily core-fucosylated

anti-CD20 rituximab.76 However, with low levels of Fc oligosaccharide core fucosylation, the addition of bisecting

GlcNAc to the Fc defucosylated oligosaccharides has not been found to affect the ADCC of the antibody.76 There is

no correlation between ADCC enhancement and the bisecting GlcNAc content in IgG1s that bear the Fc biantennary

complex type of oligosaccharide with a defucosylated core structure. Thus, as regards ADCC, it has been clearly

demonstrated that the core fucose is the most important sugar residue of the Fc oligosaccharides. Antibody IgG’s

bearing Fc oligosaccharides of the core nonfucosylated complex type appear to have the greatest ADCC activity in the

naturally occurring heterogenous IgG forms in humans.
4.33.4 Application of Defucosylated Therapeutic Antibodies

4.33.4.1 Overview

The success of the current development of recombinant human monoclonal antibody therapeutics has ensured the

flow of new specificities for the treatment of a variety of diseases. On the other hand, there remain clear limitations to

the use of therapeutic antibodies. Improving the in vivo efficacy of therapeutic antibodies continues to be a challenge

in the field of the pharmaceutical research. Recently, the importance of ADCC in designing antibody therapeutics

with clinical efficacy has become clear. Thus, ADCC enhancement technology applicable for clinical applications is
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circle)), and rituximab (triangle). ADCC assay of anti-CD20 was performed as described previously.76,77

1.6

1.2

0.8

0.4

0

2.0

Concentration of antibody (µg ml−1)
10−3 10−2 10−1 1

O
D

 4
15

–
49

0 
nm

10−4

Figure 9 Antigen-binding activity of anti-CD20 rituximab produced by FUT8-knockout cells. Antigen-binding activity

detected by ELISA using Raji microsomes as the antigen: nonfucosylated rituximab produced by FUT8-knockout cells

(Ms704 cells (closed circle), Ms709 cells (open circle)), and rituximab (triangle). Antigen-binding assay of anti-CD20 was
performed as described previously.77

0.001 0.01 0.1 1 10

C
yt

ot
ox

ic
ity

 (
%

)

0

20

40

60

80

100

0.01 0.1 1 10

C
yt

ot
ox

ic
ity

 (
%

)

WIL2-S

0

20

40

60

80

100
Ramos

Concentration of antibody (µg ml−1)

Figure 10 CDC activity of anti-CD20 rituximab produced by FUT8-knockout cells. CDC activity against human

B lymphomas Ramos and WIL2-S using human serum complement in the presence of various anti-CD20 antibody
concentrations: nonfucosylated rituximab produced by FUT8-knockout cells (Ms704 cells (closed circle), Ms709 cells (open

circle)), and rituximab (triangle). CDC assay of anti-CD20 was performed as described previously.77

Therapeutic Antibodies 655



1.6

1.2

0.8

0.4

0

O
D

 4
50

nm

R
itu

xi
m

ab

M
s7

04

M
s7

09

Figure 11 FcgRIIIa-binding activity of anti-CD20 rituximab produced by FUT8-knockout cells. Goat antihuman

IgG1 polyconal antibodies were coated and incubated with equal amounts of anti-CD20s and FcgRIIIa-His fusion
protein. The binding was detected by anti-His-HRP-conjugated antibodies: nonfucosylated rituximab produced by

FUT8-knockout cells (Ms704 cells, Ms709 cells), rituximab. FcgRIIIa-binding assay of anti-CD20 was performed as

described previously.77

656 Therapeutic Antibodies
expected to be a key in developing next-generation therapeutic antibodies. There are currently numerous efforts to

improve the ADCC of therapeutic antibodies, including studies of the modification of N-linked oligosaccharides

attached to the Fc region of the antibody.47 IgG bearing the Fc biantennary complex type of oligosaccharides lacking

core fucosylation is a normal component of natural human serum IgG,56,57 and therefore there is little concern

regarding its intrinsic immunogenicity. Among antibodies with natural Fc N-linked oligosaccharide structures

observed in normal human serum, human IgG1 without fucosylation is thought to have the greatest ADCC activity.

Unfortunately, all antibody therapeutics that are currently licensed on the market are heavily fucosylated, since they

have been produced by mammalian cells such as CHO cell lines or the mouse myeloma cell lines NS0 or SP2/0, which

exhibit relatively high FUT8 expression levels. However, technology has been developed that can be used to control

FUT8 function in antibody-producing cells, and this has rendered it possible to produce therapeutic antibodies with

the desired fucosylation levels.76–78 Gain-of-function techniques such as overexpression of FUT8 gene have led to the

reduction of the ADCC of the antibody products.76 Loss-of-function techniques such as the use of small interfering

RNA (siRNA) and gene knockout of FUT8 have enabled converting antibody-producing cells to produce defuco-

sylated antibody with dramatically enhanced ADCC.77,78 FUT8-knockout cells stably produce completely defucosy-

lated antibodies of a fixed quality, which is of great advantage in the context of providing uniformity to N-linked

glycosylated biopharmaceuticals.77 The newer-generation defucosylated antibodies bind to the FcgRIIIa much more

strongly than did the previous fucosylated form, while the former also maintains both its original antigen binding

activity as well as its CDC.77,78

The achievement of a bioprocess by which cell lines that can be expanded in serum- and protein-free media at

manufacturing levels while still maintaining a glycosylation profile within strict limits has greatly contributed to the

success of the current recombinant antibody therapeutics. The efficacy of an antibody therapeutic is now known to be

critically dependent on the realization of the appropriate posttranslational modifications, and each production cell

offers a different challenge, since post-translational modifications show species, tissue, and site specificity. The

essential post-translational modifications are relevant not only to the potency of the product, but also to its stability

and immunogenicity. In particular, glycosylation has been a focus of recent attention in the biopharmaceutical

industry. Regulatory authorities have also required that a consistent level of glycosylation be maintaind to ensure

glycosylation fidelity and to minimize the content of undesired glycoforms during the manufacturing process; this type

of maintenance is required of recombinant monoclonal antibody therapeutics, irrespective of the system of produc-

tion. In the course of developing next-generation therapeutic antibodies with modifications of the Fc N-linked

oligosaccharides, it will be necessary to design ever more robust systems of therapeutic antibody production that

include a consistent glycoform profile to control the core fucosylation level. The finding that the in vivo efficacy of

antibody therapeutics is related to effector activity, taken together with the finding that effector activity is critically

dependent on the appropriate glycosylation pattern, poses new challenges for the development of next-generation

therapeutic antibodies.



Therapeutic Antibodies 657
4.33.4.2 Defucosylated Antibodies as Next-Generation Therapeutic Antibodies

Human IgG’s have a unique oligosaccharide structure in which multiple, noncovalent interactions between the

oligosaccharides and the protein portion of the CH2 domains result in reciprocal influences of each on the conforma-

tion of the other. Defucosylated forms of human IgG’s with Fc biantennary complex-type oligosaccharides are

observed as a natural component in normal human serum, although the majority of the IgG’s is fucosylated. In

comparison with IgG’s of fucosylated form, defucosylated form exhibits dramatically enhanced ADCC due to the

enhancement of its capacity for FcgRIIIa binding; moreover, defucosylated IgG’s retain its antigen binding capability

as well as CDC, which is thought to be responsible for its important therapeutic advantages. These advantages include

achieving therapeutic efficacy at low doses,75,76 inducing high cellular cytotoxicity against tumor cells that express low

levels of antigen,104 and triggering high effector function in NK cells with the low-affinity FcgRIIIa allotype for the

IgG’s.105 The superior in vivo efficacy of defucosylated antibody has also been demonstrated using a human PBMC-

engrafted mouse model (Figure 12).106 Thus, the application of fucose-negative antibodies is expected be among the

most powerful and elegant approaches to the development of the next-generation of more effective therapeutic

antibodies. Clinical trials using defucosylated antibody therapeutics are currently underway.
4.33.4.3 Defucosylated Antibody Production

FUT8 encodes an a-1,6-fucosyltransferase gene that catalyzes the transfer of fucose from GDP-fucose to the inner-

most GlcNAc in an (a1-6) linkage, and no isoforms have yet been identified.107–110 All antibody therapeutics that are

currently licensed have been produced by mammalian cell cultures utilizing CHO cell lines or mouse NS0 or SP2/0

myeloma cell lines. The FUT8 expression levels of these cells have remained intact, producing heavily fucosylated

recombinant antibody, and resulting in the production of therapeutics with low ADCC. A unique line of rat hybridoma

YB2/0 cells with intrinsically reduced FUT8 activity was first employed to facilitate the control of the core fucosylation

level of the therapeutic antibody product. YB2/0 cells, which are able to produce antibodies with relatively low levels

of fucosylation (30–50%), express a more than 10-fold lower level of FUT8 transcripts than do the CHO cells

commonly used as host cells.76 However, the construction of a robust production process of therapeutic antibody

with a consistent fucosylation level using the novel YB2/0 cell line has been a challenge. The manufacture of

recombinant therapeutic antibody with consistent therapeutic efficacy is a basic requirement for medical suppliers.

A production process in which the fucosylation levels of the products vary depending on the culture conditions may

introduce severe clinical issues, and is therefore unacceptable from a practical standpoint. Thus, an industrially
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Figure 12 Kaplan–Meier survival plot of human PBMC-engrafted mice. Human PBMC-engrafted mice using CCR4-

expressing EL4 cells as tumor cells and anti-CCR4 IgG1s as therapeutic agents were generated as described previously.106

The indicated treatments were administered i.p. on days 1, 3, and 5 after tumor cell inoculation. (a) Mice engrafted with

human PBMCs 4 days before tumor inoculation. (b) Mice lacking the transplanted human PBMCs served as the controls:

defucosylated antitumor IgG1 (Defucosylated IgG1), fucosylated antitumor IgG1 (Fucosylated IgG1). Themean survival time

(MST) of each group was shown in the inset; bar, �SD. Significant differences between experimental groups are indicated
by asterisks (P<0.05) or ns (not significant).
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applicable antibody production process that enables the control of the level of therapeutic antibody fucosylation is

necessary in order to provide therapeutic agents exhibiting both fixed quality and efficacy (e.g., ADCC of the

ingredients). Two methods of stably producing defucosylated therapeutic antibodies have been reported to date.

FUT8-knockout cell lines have been established as ideal host cell lines to give stable yields of completely defucosy-

lated therapeutic antibodies, irrespective of the production system,77 and siRNAs against the FUT8 gene have been

identified as convenient reagents capable of converting the established antibody-producing cells to more desired cell

lines that produce highly defucosylated antibodies with improved ADCC.78 FUT8-knockout CHO/DG44 cells exhibit

a morphology and growth kinetics similar to those of the parent cells, which renders it possible to provide consistently

and completely defucosylated antibodies, even on a large scale in the fed-batch cultures commonly used in the

biopharmaceutical industry today. Here, our clinical trial samples lacking core fucosylation were favorably provided on

a 1000-L scale fed-batch culture. FUT8 siRNA-introduced cells have been shown to be able to produce high-ADCC

antibodies with Fc oligosaccharides comparable to the parent structures, with the exception of the fucose content, and

the 60% defucosylation level of the products consistently lasts until the end of the serum-free fed batch culture. FUT8

siRNA technology is considered to be worthy of development, and has the potential to provide a second generation of

already licensed therapeutic antibodies. It is our hope that defucosylated antibody therapeutics, including rituximab

and trastuzumab with enhanced ADCC, could be provided to patients as next-generation therapeutics and could

thereby greatly contribute to the care of such patients in the near future.
Glossary

ADCC A mechanism (antibody-dependent cellular cytotoxicity) by which target cells, coated with antibody, are destroyed by

specialized killer cells (NK cells and macrophages), which bear receptors for the Fc portion of the coating antibody (Fc receptors).

These receptors allow the killer cells to bind to the antibody-coated target.

antibody Proteins of the immune system that seek out and help destroy antigens. Antibodies are highly specific, that is, each

antibody binds to one particular antigen. It is this trait that renders antibodies effective as therapeutics.

antigen Molecule that provokes an immune response. Any foreign material that is specifically bound by specific antibody or

specific lymphocytes; also used loosely to describe materials used for immunization. Antigens may also be immunogens if they are

able to trigger an immune response, and, if not, they are referred to as haptens.

core structure N-linked oligosaccharides have a basic common trimannosyl structure composed of pentasaccharides, which

forms the core structure. The N-linked oligosaccharides are classified into three types, namely, high-mannose, complex, and

hybrid oligosaccharides.

core fucosylation The innermost GlcNAc residue of the N-linked oligosaccharide core structure is fucosylated. Antibodies

have the core-fucosylated complex type of oligosaccharides.

effector functions The physiologic functions of antibodies in the activation of different mechanisms of the adaptive and innate

immune systems in the response against pathogens and antigens.

Fc Fragment of antibody without antigen-binding sites, generated by cleavage with papain; the Fc fragment contains the

C-terminal domains of the heavy immunoglobulin chains.

FcgR A receptor on a cell surface with specific binding affinity for the Fc portion of an antibody molecule. Fc receptors are

found on many types of cells.

FUT8 a-1,6-Fucosyltransferase that catalyzes the transfer of fucose from GDP-fucose to the innermost GlcNAc of an N-linked

oligosaccharide in an (a1-6) linkage.
monoclonal antibody A monoclonal antibody is characterized by a defined sequence and the structure of its variable regions,

and is able to specifically bind to a single, unique target (or antigen).
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4.34.1 Introduction

Homeostasis of the human body, which is regulated by various physiological systems such as the immune, hemopoi-

etic, endocrine, and central nervous systems, is one of the most important physiological functions. Its imbalance and

breakdown have been considered as one of the causes of several diseases, including immunological discorders.

Because it is expected that the immune system is deeply involved in the maintenance of homeostasis, the substances

having immunomodulating activities have the potential to be beneficial in the recovery from such diseases.

Many plants have long been known to have medicinal effects, and have been used especially in traditional

medicines. Even today, about 75% of the world population still relies on plant, plant extracts, and other tools of

traditional medicines including traditional herbal medicines in basic health need.1 Complementary and alternative

medicines now attract attention worldwide. Among them, kampo (Japanese traditional) medicines, which are herbal

combinations, also occupy a very important position in the modern-day therapy in Japan for the treatment of diseases,

which are difficult to be cured by Western orthodox medicines, through the regulation of homeostasis.1,2

Phytomedicines (plant-derived medicines including traditional herbal medicines) contain not only low molecular

weight substances such as alkaloids, terpenoids, saponins, and flavonoid, but also high molecular weight substances

such as proteins, tannins, and polysaccharides.2,3 Although many biologically active substances with low molecular

weight in medicinal plants have been elucidated, they cannot account for all the clinical effects achieved by herbal

medicines. Polysaccharides such as pectins, pectic polysaccharides, and hemicellulosic polysaccharides have been

found to play important roles for expression of various pharmacological activities.2,4 Similar classes of plant poly-

saccharides are contained in vegetables and fruits; some of these food polysaccharides have been shown to have

pharmacological activities, and may account for the functional properties of foods. Until now, various pharmacological

activities such as immunostimulating activity, antiulcer activity, antimetastasis activity, apoptosis-inducing activity for

cancer cells, antinephritis and antinephrosis activity, hypoglycemic activity, and cholesterol-lowering effect have been

observed for polysaccharides isolated from several plants used as medicinal herbs and food rawmaterials.3,4 Among the

pharmacological activities of plant polysaccharides, immunomodulating activity seems to be most essential because of

the accumulated evidence.

The primary function of the immune system is to protect the host from infectious microbes in its environment.5

Host mechanisms for recognition of microbial structures are constituted of innate immune responses and adaptive

immune responses.5 The innate immune system includes all defense mechanisms comprising soluble proteins and

bioactive small molecules that are either constitutively present in biologic fluids (e.g., complement proteins)6 or that

are released from cells as they are activated (e.g., chemokines, bactericidal peptides).7,8 The adaptive immune system

manifests exquisite specificity for its target antigens by virtue of the antigen-specific receptors expressed on the T- and

B-lymphocytes.5 The antigen-specific receptors of the adaptive response are assembled by mean of somatic rear-

rangement of germline gene elements to form intact T-cell receptor (TCR) and immunoglobulin genes.5,6 The innate

response represents the first line of host defense and the adaptive response becomes prominent several days after

antigen-specific T- and B-cells have undergone clonal expansion.5,6

It has been reported that several plant polysaccharides are involved in modulation of several immune systems,

and affect the complement system, lymphocyte proliferation, antibody production, macrophage function, and intesti-

nal immunity3 (Table 1). To understand the role of plant polysaccharides in the immune systems, this chapter

describes the structures and various immunomodulating activities of plant polysaccharides, and their possible mode of

actions.
4.34.2 Classification of Immunomodulating Plant Polysaccharides

4.34.2.1 Arabinogalactan

The arabinogalactans can be grouped into three major structure types: the arabino-4-galactans (classical type I), the

arabino-3,6-galactans (classical type II), and polysaccharides with arabinogalactan side chains.9 Most of the anti-

complementary arabinogalactans in medicinal herbs are characterized as arabino-3,6-galactans.4 Arabino-3,6-galactans

generally consist of a backbone of (1!3)-linked b-D-Galp residues, some of which are substituted with side chains,

such as (1!6)-linked b-D-Galp chains.9 The side chains are also often branched or terminated with a-L-Araf or b-D-
GlcA.9 Arabino-3,6-galactan chains are also found in the structural region (rhamnogalacturonan I, hairy region,

ramified region) of pectins.4 Arabino-3,6-galactans rather than arabino-4-galactans have several immunomodulating

activities such as anticomplementary activity and intestinal immune system-modulating activity, and are suggested to

be one of the representative immunomodulating substances of plant origin.4



Table 1 Pharmacological active polysaccharides isolated from plant origin (1995–2006)

Plant Polysaccharide name Polysaccharide type Pharmacological activity References

Apple Rhamnogalacturon-II-dimer Suppression on absorption and tissue accumulation of lead

(in vivo, p.o., rat)
170

MHR-A Modified hairy region

(rhamnogalacturonan-I)

Modification of L-929 fibroblast adhesion to polystyrene surface

(in vitro)
171

MHR-B

Atractylodes
lancea

ALR-5IIa-1-1 Arabinogalactan Intestinal immune system modulating activity against murine Peyer’s

patch cells (in vitro)
17,46,98

ALR-a-Bb Rhamnogalacturonan-II

ALR-b Pectic arabinogalactan

Pectic polysaccharide fraction Protective activity against Candida albicans infection (in vivo, p.o.,
mouse)

172

Amorphophallus
konjac

KOS-A Oligosaccharides consisting of Man

and Gal derived from Konjac

polysaccharide

Inhibition of NO production from pancreatic islet treated with

streptozotocin (in vitro)
173

Angelica
acutiloba

AR-3 Crude polysaccharide fraction Preventive effect on erythropoietin-resistant anemia (in vivo, p.o.,
mouse)

174

Astragalus
membranaceus

APS Acidic polysaccharide fraction B-cell mitogenic activity (in vitro)
Macrophage TNF-a and IL-lb production-enhancing activity (in vitro)

115

Biophytum
petersianum

BP1000III.1 Hairy region from pectin fraction

(BP1000III)

Anticomplementary activity (in vitro) 175

Chlorella
pyrenoidosa

AG (1020kDa)

AG (188kDa)

Arabinogalactan (type IV) Stimulation of NO synthesis of macrophages (in vitro) 176,177

Cochlospermum
tinctorium

Acidic polysaccharide fraction Anticomplementary activity (in vitro)
B-cell mitogenic activity (in vitro)

178

Cyamopsis
tetragonoloba

Guar gum Artificially C-glucosylated

galactomannan fraction

Inhibition of NO synthesis from macrophages stimulated by LPS

(in vitro)
179

Artificially sulfated and

C-glucosylated galactomannnan

Echinacea
purpurea

Arabinogalactan-protein

Arabinogalactan-protein

Interaction with human leukocytes (in vitro)
Complement-activating activity (in vitro)

180

16

Arabinogalactan-containing extract Immunological activity (increment of complement properdin,

improvement in overall physical health, vitality, and emotional

health) (in vivo, p.o., human)

181

Flavoparmelia
baltimorensis

PB-2 (1!4,1!3)-a-Glucan-containing

polysaccharide fraction

Induction of long-term potentiation in dentate gyrus (in vivo, p.o., rat) 182

Glinus
oppositifolius

G0A1 Pectin-type polysaccharide Anticomplementary activity (in vitro) 183

G0A2 Pectin-type polysaccharide Stimulation of chemotaxis of macrophages, T-cells, NK cells (in vitro)
Gossypium
herbaceum

Pectin-rich extract Enhancement of complement factor 3 and 4 (C3, C4) in woman

colostrum (in vivo, p.o., human)

184

(continued)

Im
m
u
n
o
m
o
d
u
la
tin

g
A
c
tiv

ity
o
f
P
la
n
t
P
o
ly
s
a
c
c
h
a
rid

e
S
tru

c
tu
re
s

6
6
5



Table 1 (continued)

Plant Polysaccharide name Polysaccharide type Pharmacological activity References

Larix
occidentalis

9kDa arabinogalactan produced

from 37kDa larch wood

arabinogalactan

Arabinogalactan Binding property for asialoglycoprotein receptor (in vitro) 185

Lemon

Grapefruit

Tangerine

Orange

Modified citrus pectin (MCP) pH- and temperature-treated citrus

pectin

Antimetastatic activity on prostate cancer model (MAT-LyLu cells)

(in vivo, p.o., rat)
118

Modified citrus pectin (MCP) pH- and temperature-treated citrus

pectin

Antimetastatic activity on human breast carcinoma cells

(MDA-MB-435), human colon carcinoma cells (LSLiM6)

(in vivo, p.o., nude mouse)

123

Citrus pectin Pectin Protective activity against methotrexate-induced enterocolitis

(in vivo, p.o. rat)
186

Pectin Inhibitory activity on fibroblast growth factor/receptor interaction

(in vitro)
187

POS-I

POS-II

Pectin

Pectic-oligosaccharide

Pectic-oligosaccharide

Neutralizing activity against interaction of Shiga toxin toward colonic

cell (in vitro)
188

POS-I

Pectin

Pectic-oligosaccharide

Apoptosis-inducing activity against human colonic adenocarcinoma cell

line (HT29) (in vitro)
189

POS-II Pectic-oligosaccharide

MCP (GCS-100®) pH- and temperature-treated citrus

pectin (MCP)

Induction of apoptosis of multiple myeloma cells (in vitro) 129

MCP (PectaSol®) pH- and temperature-treated citrus

pectin (MCP)

Increment of prostate-specific antigen doubling time in men with

prostate cancer (in vivo, p.o., human)

128

MCP (PectaSol®) pH- and temperature-treated citrus

pectin (MCP)

Stimulation of urinary excretion of toxic element (As, Cd, Pb)

(in vivo, p.o., human)

190

Lemna minor Lemnan Apiogalacturonanic pectin Oral adjuvant activity (in vivo, p.o., mouse) 191

Maytenus
ilicifolia

Acidic arabino-3,6-galactan Prevention pf ethanol-induced gastric lesion (antiulcer activity)

(in vivo, p.o. rat)
192

Nasturtium seeds
Apple

Galactoxyloglucan

Pectin

Antimutagenic activity against l-nitropyrene-induced mutagenecity

(in vitro)
193

Althea officinalis Rhamnogalacturonan

Panax ginseng Ginsan Acidic polysaccharide fraction Inhibitive activity against B16-F10 melanoma pulmonary metastasis

(in vivo, i.p., mouse)

194

Synergic effect with IL-2 for induction of LAK cells (in vitro)

6
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Panax
notoginseng

PF3112 Heteroglycan Complement-activating activity (in vitro) 195

PBGA12 Heteroglycan Complement-activating activity (in vitro)
IFN-g production-enhancing activity on splenocytes (in vitro)
TNF-a production-enhancing activity on macrophages (in vitro)

PF3111 Heteroglycan IFN-a production-enhancing activity on splenocytes (in vitro)
Plantago major PM II Pectin Preventive effect on systemic Streptococcus pneumoniae infection

(in vivo, i.p., mice)

196

Platycodon
grandiflorum

PG Inulin-type polysaccharide B-cell activation (in vitro, in vivo, i.p., mouse)

iNOS inducing activity (in vitro)
197

Rice bran MGN-3 Arabinoxylan Enhancing activity of NK cell (in vitro, in vivo, p.o., human) 198

Silene vulgaris
(plant cell

culture)

Silenan P1, P2, P3 Pectic polysaccharide Stimulation of phagocytic activity of human peripheral neutrophil/

monocyte (in vitro)
199

Sinelan C1

Sinelan C2

Acidic arabinogalactan

Pectin

Stimulation of lysosomal myeloperoxidase activity against human

peripheral neutrophil/monocyte (in vitro)
Tinospora

cordifolia
RR1 a-D-Glucan consisting of (1!4)-a-D-

Glc backbone with (1!6)-a-D-Glc

branches

Potentiation of NK cells (in vitro)
Tumoricidal activity (in vitro)
Enhancement of Th1 cytokine profile expression (IL-1, IL-6, IL-12,

IL-18, g-IFN) (in vitro)
Complement-activating activity (in vitro)

200

Tripterygium
wilfordii

PSP22 Polysaccharide fraction Weak inhibitive effect on expression of surface adhesion molecules

such as ICAM-1, CD11c, and CD14 of THP-1 cells (in vitro)
201

Vernonia
kotschyana

VK100A2b Pectin Anticomplementary activity (in vitro)
Stimulation of chemotaxis of macrophages, T-cells, NK cells (in vitro)

202

VK100A2a Pectic arabinogalactan Anticomplementary activity (in vitro)
B-cell mitogenic activity (in vitro)
Stimulation of chemotaxis of macrophages, T-cells, NK cells (in vitro)

Viscum album Rhamnogalacturonan fraction Synergic effect on activation of MHC-unrestricted cytotoxicity of

human peripheral blood mononuclear cell populations with IL-2

(in vitro)

203

Rhamnogalacturonan fraction Enhancing activity on human NK and LAK cytotoxicity against human

cytomegalovirus (HCMV)-infected cells (in vitro)
204

Zizyphus jujuba Pectic heteroglycan NK cell activation (in vivo, p.o., mouse) 205

PM II Pectin Anticomplementary activity (in vitro) 43,206

Heteroxylan fraction Anticomplementary activity (in vitro) 207
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Several anticomplementary arabino-3,6-galactans were isolated from roots of Angelica acutiloba,10 berries of Viscum

album,11 seeds of Malva verticillata,12 leaves of Panax ginseng,13 cell culture of Arnica montana,14 leaves of Plantago

major,15 and aerial parts of Echinacea purpucea.16

Arabino-3,6-galactans having intestinal immune system-modulating activity were isolated from rhizomes of Atrac-

tylodes lancea,17 and roots of Astragalus mongholicus.18

Some other anticomplementary pectic arabinogalactans including the rhamnogalacturonan backbone with arabino-

galactan and arabinan side chains have been isolated from medicinal herbs such as the roots of A. acutiloba,19–22 berries

of V. album,11 and the roots of Urtica dioica.23 Their arabinogalactan parts were also characterized as arabino-3,6-galac-

tan.4

The b-glucosyl-Yariv antigen [1,3,5-tri-(4-b-D-glucopyranosyl-oxyphenylazo)-2,4,6-trihydroxybenzene] is known to

react with the (1!3,6)-b-D-galactan moiety of arabino-3,6-galactans to form a red dye.24 This dye binding is very

useful for the analysis of anticomplementary arabino-3,6-galactan in the medicinal herbs, and was first applied to the

detection of the (1!3,6)-b-D-galactan moiety in the anticomplementary pectins and pectic arabinogalactan from

the roots of A. acutiloba25,26 and the leaves of P. ginseng.13
4.34.2.2 Pectin

Pectins are generally known to be composed of linear (1!4)-a-D-galacturonan regions, and ramified regions, which

consist of a rhamnogalacturonan backbone substituted with side chains rich in neutral sugars such as arabinogalactan,

arabinan, galactooligosaccharides, and arabinooligosaccharides.27 Certain active pectins also contain a rhamnogalac-

turonan II (RG-II)-like region,28 which was first found in plant cell wall by Darvill et al.29 This region consists of an

(1!4)-a-D-galacturonooligosaccharide backbone, which is mainly substituted with four different side chains contain-

ing rarely observed component sugars such as 3-deoxy-D-manno-2-octulosonic acid (Kdo), 3-deoxy-D-lyxo-2-heptulo-

saric acid (DHA), 2-Me-Fuc, 2-Me-Xyl, apiose (Api), and aceric acid (AceA).30 Among the structural moiety of pectins,

ramified regions were estimated as the active sites for the anticomplementary activity, mitogenic activity, and immune

complex clearance enhancing activity.31–34

Anticomplementary pectins have been isolated from several medicinal herbs such as the leaves of Artemisia princeps,35

the roots of A. acutiloba,31,36 the roots of Bupleurum falcatum,37,38 the leaves of P. ginseng,39,40 the roots of Glycyrrhiza

uralensis,32,41 the dried aerial parts of Achyrocline satureioides,42 and the leaves of Plantago major.43

Fc-receptor upregulating activity resulting in enhancement of immune complex clearance was observed in the

pectin (bupleuran 2IIb) from the roots of B. falcatum.44 This activity was also observed in RG-II-like polysaccharide,

which is free from other pectic components, from the leaves of P. ginseng.45 The other pectin (bupleuran 2IIc) from the

roots of B. falcatum also showed potent mitogenic activity on murine splenic B cells.34 Certain RG-II-like polysacchar-

ides from At. lance46 and Pa. ginseng also showed the intestinal immune system-modulating activity on murine Peyer’s

patch immunocompetent cells (H. Kiyohara and H. Yamada, unpublished result).
4.34.2.3 Arabinan

Some arabinans such as zizyphus arabinan (2,5-a-arabinofuranan) and BR-5-I (3,5-a-arabinofuranan/(1!4)-a-D-glucan
complex) have been isolated as anticomplementary polysaccharides from the fruits of Zizyphus jujuva and the roots of

B. falcatum, respectively.47,48 The 3,5-a-arabinofuranan structure was also found in the anticomplementary pectic

arabinogalactan (AGIIb-1) from An. acutiloba.21
4.34.2.4 Heteroglycan

Some other acidic heteroglycans also showed potent anticomplementary activity. Such active polysaccharides included

paniculatan [highly branched, partially O-acetylated, acidic mucous polysaccharide composed of (1!2)-linked a-L-Rha
units having branches of 4-OMe-a-D-GlcA-(1!4)-b-D-Gal at position 4 of Rha, and (1!4)-linked a-D-GalA units

having branches of b-D-GlcA at position 3 of GalA], which was isolated from the inner bark ofHydrangea paniculata,47,49

and Plantago mucilageA [highly branched, partially O-acetylated acidic mucous polysaccharide with a main chain

of (1!4)-b-D-xylan having branches consisting of other b-D-Xyl and a-D-GlcA-(1!3)-a-L-Araf and a-D-GalA-(1!3)-

a-L-Araf at position 3 of the main chain] from the seed of Plantago asiatica.47,50 However, glucomannans from several

plant species did not show any significant anticomplementary activity.47
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4.34.2.5 Inulin

Inulin is the storage carbohydrate of Compositae, and consists of linear chains of (1!2)-linked b-D-fructofuranosyl
residues with degrees of polymerization (DPs) up to 100 and terminated by an a-D-Glcp residue. The particulate form

of inulin is known to be a complement activator of alternative pathway as described in Section 4.34.3.1.3. 51
4.34.2.6 b-D-Glucan

Water-insoluble (1!3)-b-D-glucans with (1!6)-b-D-Glc branches have been isolated as antitumor glucans from edible

mushroom such as Lentinus edodes (Berk.) Sing.52 One such b-D-glucan, lentinan, is also known to be a complement

activator.53,54 Lentinan has right-handed triple-helical structure, and acts as a T-cell immune adjuvant.55
4.34.3 Immunomodulating Activity

4.34.3.1 Anticomplementary Activity

4.34.3.1.1 Overview
The complement system is composed of a group of structurally distinct proenzymes present in the blood plasma in an

inactive form. This system is essential for the operation of the innate as well as the adaptive immune defenses.56 The

complement component proteins can be activated through three cascade pathways: the classical pathway, the

alternative pathway, and the antibody-independent lectin pathway (Figure 1).57–59 The activation of the classical

pathway is initiated by the interaction of immune complexes containing immunoglobulin M (IgM) and immunoglob-

ulin G (IgG) antibodies with complement component 1 (C1).59 The alternative pathway is directly activated from

complement component 3 (C3) by microorganisms or some activators such as lipopolysaccharide (LPS) through an

antibody-independent mechanism.59 In addition, an antibody-independent mannan-binding lectin [MBL; lectin

domain of Ra-reactive factor (RaRF)] pathway has also been established as the third activation pathway of comple-

ment systems, and initiated from complement component 4 (C4) bound to RaRF.58,59 In general, the alternative and

MBL pathways contribute to the early natural defense mechanism of the nonimmunized host before production of the

antibody.58,59 When normal human serum is incubated with some complement regulators, and the remaining

complement titer is functionally measured by using hemolysin of antibody-sensitized sheep erythrocytes, the
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Figure 1 Activation steps of the complement system.
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regulating substances for the hemolytic activity of complement are referred to as ‘anticomplementary’ substances.4

Complement activators result in the decrease of hemolysis due to the reduction of complement titer by the activation

of the complement system; complement inhibitors result in the inhibition of hemolysis due to the inhibition of a

certain step in the complement activation cascade by the coexistence of the inhibitors in the assay system. Therefore,

the anticomplementary activity observed in the hemolytic assay includes activation and inhibition of the complement

system.4

Activation of the complement system generates biologically active complement fragments such as C3a and C5a

(where C3a and C5a indicate small fragment of C3 and small fragment of C5, respectively). These released peptide

mediators exert many biological activities such as the increment of local vascular permeability, chemotactic attraction

of leukocytes, immune adherence, and modulation of antibody production.57 Therefore, complement activation

contributes to inflammatory responses in addition to host defense reactions, whereas inhibition of complement

activation in inflammation would be a good therapeutic strategy for treating these diseases. In the activation of the

complement system, a number of biological effects are induced.

Most anticomplementary polysaccharides have been isolated from the hot-water extract of several medicinal herbs

as complement activators.4
4.34.3.1.2 Structure–anticomplementary activity relationship
The anticomplementary polysaccharides, AGIIa and AGIIb-1, have been isolated from the hot-water extract from the

roots of A. acutiloba, and purified by anion-exchange chromatography and gel filtrations.10,19 AGIIa, which was the first

complement-activating arabinogalactan identified in medicinal herbs,10 was a minor constituent and yet possessed the

most potent activity among the polysaccharides from an A. acutiloba extract. AGIIa was characterized to be an arabino-

3,6-galactan by structural analysis, and suggested to consist mainly of a 6-linked galactan structure with 5-linked a-L-
Araf residues and 3-linked Galp residues attached at position 3 of the galactan structure.10 AGIIa activates the

complement system via both the alternative and classical pathways.10 However, arabino-3,6-galactan from larch

wood was found to have no anticomplementary activity.10 This result suggests that a particular arabino-3,6-galactan

structure is necessary for the expression of the anticomplementary activity.

AGIIb-1 is a complex pectic arabinogalactan, and it was the neutral arabinogalactan part, N-I which showed a potent

activity.4,21 N-I has a (1!3)-b-D-galactan backbone with (1!6)-linked b-D-Gal attached as side chains, and the Gal

side chain partially substituted with a-L-Araf or b-D-Gal side chains.21 N-I mainly activated the classical complement

pathway. However, when the a-L-Araf side chains in N-I were removed by exo-a-L-arabinofuranosidase digestion, the

resulting galactan (AF-N-I) activated both classical and alternative pathways (Figure 2).26 This observation suggests

that the Araf side chains prevent the activation of the alternative complement pathway by the (1!3,6)-b-D-galactan
skeleton.

Certain pectins and several heteroglycans were also found to have anticomplementary activity, and the potently active

polysaccharides similarly contained a (1!3,6)-b-D-galactan moiety as neutral sugar side chains as N-I.13,35,41,43,60,61

Therefore, these facts indicate that (1!3,6)-b-D-galactan is a typical unit present in the complement-activating

polysaccharide extracted from medicinal herbs. Since a-L-arabinofuranosidase digestion enhanced or did not change

the anticomplementary activity of some arabino-3,6-galactan-rich polysaccharides, the (1!3,6)-b-D-galactan part

might be essential for the expression of the activity.20,25,31,37

Anticomplementary pectins, AR-2IIa,-2IIb,-2IIc, and-2IId, which were isolated from A. acutiloba, are for more than

90% composed of homogalacturonan regions and for a small amount of ‘ramified’ regions.31 The ‘ramified’ region

consisted of the rhamnogalacturonan core possessing side chains rich in neutral carbohydrate chains which were

directly attached to position 4 of Rha.25,36 A part of the neutral carbohydrate chains was also suggested to be attached

to position 4 of GalA side chain which substituted with position 4 of 2-linked rhamnose moieties in the core. Digestion

of each pectin with endo-a-l,4-poly-D-galacturonase after de-esterification gave the ‘ramified’ region (PG-1a, PG-1b,

PG-1c, and PG-1d from AR-2IIa,-2IIb,-2IIc, and-2IId, respectively) and several (l!4)-linked a-D-oligogalacturonides.31

The ‘ramified’ regions from the respective pectins had more potent complement-activating activities than the

corresponding original pectins, but the oligogalacturonides had weak or negligible activities.31 These facts suggest

that the complement-activating potency of these pectins are expressed mainly by their ‘ramified’ regions.31 The

results, which were observed in complement-activating pectins and pectic polysaccharides from roots of B. falcatum,37

A. acutiloba,22 and G. uralensis,41 seeds of Coix lacryma-jobi,62 leaves of A. princeps60 and P. ginseng,39 also supported

the theory that these ‘ramified’ regions are responsible for expression of the activity. Because cleavage of the

rhamnogalacturonan core in the ramified region of AR-2IIa reduced the activity, and the released neutral oligosac-

charides showed only weak activities, it has been suggested that the potent complement activation by the ramified
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regions may be due to a combination of the rhamnogalacturonan core and the neutral oligosaccharide chains.4,25

Among the neutral oligosaccharides eliminated by base-catalyzed b-elimination from the ramified region of AR-2IIa,

the mixture of (1!6)-linked b-D-galactooligosaccharides bearing rhamnitol or galactitol as a reducing terminal also

showed weak but significant activity.25 Therefore the neutral carbohydrate chains containing (1!6)-linked b-D-Gal

attached to the rhamnogalacturonan core might be the minimum essential structure in the active pectins for the

expression of complement-activating activity (Figure 3).25 Not all pectins have anticomplementary activity; there-

fore, only certain neutral sugar side chains might be responsible for the expression of the activity in the ‘ramified’

region.4 In the pectins from A. acutiloba Kitagawa, the ramified regions were the active sites resulting in activation of

both classical and alternative pathways. However, an inhibition of the alternative pathway by galacturonan region in

the pectins was suggested, due to the difference ofmethyl ester distribution in the galacturonan regions (Figure 3).31,63
4.34.3.1.3 Mode of action of anticomplementary activity
All the active pectic polysaccharides activate both the classical and alternative complement pathways. Other acidic

polysaccharides such as Plantago mucilage A and paniculatan also activate both pathways.47,64

The complement system is also assumed to contribute to the prevention of the development of tumors. Host-

mediated, anti-tumor (1!3)-b-D-glucans have been indicated to activate the alternative pathway.53 One such anti-

tumor water-insoluble 6-branched (1!3)-b-D-glucan, lentinan, which was isolated from an edible mushroom, L. edodes

(Berk.) Sing., activated C3 but not C1, and results in the generation of the corresponding complement fragments, C3b

(large fragment of C3), C5a (small fragment of C5), and factor Ba (small fragment of complement regulator B) by the

activation of the alternative complement pathway.54 It has been postulated that the production of these complement

fragments leads to activation of macrophages through enhancement of the incorporation of the C3b–lentinan complex

into macrophages.53,54 Hence the antitumor effect of lentinan has been suggested to be potentiated by the activation

of the complement system.

The particulate forms of inulin are known to be activators for the alternative pathway of complement (APC) without

affecting classical complement pathway.4,51 Three polymorphic forms are present for the particulate inulin based on
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their water solubility; b-inulin is instantly soluble in water at 23�C, a-inulin is soluble at 37�C with a halftime of 8min,

and g-inulin is insoluble at 37�C.51 g-Inulin has the highest molecular weight (10 000–8500), and shows the most

potent activating activity for APC compared with the other particulate forms of inulin.51 C3 plays several important

roles for specific immune response such as antigen presentation and antibody response, induction of redistribution

of peptide–MHC complexes, promotion of antigen uptake and expression of costimulatory factors.56 It has

been reported that the intraperitoneal injection of g-inulin in mice induced deposition of C3 fragment to antigen-

presenting cells by APC activation, and enhanced the proliferation of antigen-specific T-cells through this C3 fragment

deposition.65 From these results, it has been deduced that g-inulin might be a useful adjuvant for systemic

vaccination.66 Several studies have been performed to establish the effectiveness of g-inulin as vaccine adjuvant

against HPV E7 protein of cervical cancer, HbsAg of hepatitis B virus, whole and live viruses and their hemagglutinin

of influenza virus, carcinoma, melanoma, whole meningcoccus, tetanus toxoid, diphtheria toxoid, etc.66

Activation of the complement system through the classical pathway is initiated by the formation of immune

complexes.57 When IgG-depleted normal human serum was used to measure the complement-activating activity of

pectic polysaccharides (AAFIIb-2 and-IIb-3) from leaves of Artemisia princeps PAMP, the activity was significantly

reduced in comparison to the activity of untreated serum.67 This observation raises the hypothesis that normal human

serum contains antibodies against complement-activating polysaccharides. Because some immunoglobulin receptors

are expressed in B-cells, macrophages, dendritic cells, natural killer (NK) cells, and mast cells,8 this antibody may

play an important role in the expression of immunopharmacological activity via the complement-activating pectic

polysaccharides in medicinal herbs.

Kiyohara et al.68 found that normal human sera and human colostrums contained IgM, IgG, immunoglobulin A (IgA),

and secretory IgA classes of natural antibodies, which react with the complement-activating pectins, pectic polysac-

charides, and arabinogalactans frommedicinal herbs by different degrees. The reacting IgG antibody in normal human

serum recognized the ramified regions of the active pectins as the active sites for the complement-activating activity.

Correlation analysis indicated that a significant and positive correlation was observed between reactivity with the

reacting antibody of the IgG class and the degree of complement-activating activity of the active polysaccharides.68

Sakurai et al.69 have reported that the pectic polysaccharide, bupleuran 2IIc from B. falcatum, was present in the liver

after oral administration to the mice by using antipolysaccharide antibody, and based on this observation they

postulated that bupleuran 2IIc can be absorbed from the digestive system into the blood stream. Because immuno-

globulin receptors are expressed in several immune cells,70 the pectic polysaccharide-reacting natural antibodies are

assumed to contribute to the expression of immunopharmacological activities of the pectic polysaccharides through

the immunoglobulin receptors after absorption. The presence of pectic polysaccharide-reacting natural and secretory

IgA antibody in human colostrums also suggested that the same antibody exists in mucosal sites such as the human
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intestine.71,72 The IgA receptor has been found to be located on microfold (M) cells of Peyer’s patches in the human

intestine, and the receptor contributes to the uptake of antigen–IgA immune complexes into Peyer’s patches.73

Sakurai et al.69 have also reported that bupleuran 2IIc is accumulated in Peyer’s patches after oral administration to

mice. Meanwhile, dimeric IgA has been assumed to contribute to activate the alternative complement pathway to

produce some biologically active complement fragments,74 and complement components such as C3 and C4 which are

known to be produced by the epithelial cells of the intestinal tract.75 It is also speculated that the formation of immune

complexes of pectic polysaccharide-reacting natural IgA antibody with the active pectic polysaccharide in the

intestinal fluid may not only participate in effective incorporation of the active pectic polysaccharides into Peyer’s

patches but also activate complement components in the fluid to result in certain modulations of the intestinal

immune system.68
4.34.3.2 Immune Complex Clearance Activity

4.34.3.2.1 Overview
The engulfment and digestion of microorganisms are assigned to two major cell types which are recognized as

microphages (mainly composed of neutrophils) and macrophages. As a rough generalization, it may be said that

macrophages are at their best in combating bacteria, viruses, and protozoa, which are capable of living in the cells of a

host, and that the neutrophils provide the major defense against pyrogenic bacteria.5 As well as T-cells, macrophages

play a central role in cell-mediated immunity, because they are involved in the initiation of response as antigen-

presenting cells and in the effector phase as inflammatory, tumoricidal, and microbicidal cells, in addition to their

regulatory functions.5

Combination of circulating antigens and antibodies to form immune complexes is a normal phenomenon, and

normally these immune complexes are eliminated by reticuloendothelial system.76 But, if excessive quantities of the

complexes are formed, immune complexes are deposited in several tissues, in which case the complement system is

activated, resulting in anaphylatoxin formation and local inflammations.76 Therefore, it has been considered that this

deposition of immune complexes may be one of the causes of autoimmune diseases. A primary function of mononu-

clear phagocytic cells is to bind immune complexes through Fc and complement receptors, followed by subsequent

endocytosis and degradation. Therefore, the binding of immune complexes to these cells is an important functional

parameter for immune complex clearance, and the enhancing substance for this binding has a possibility to treat

autoimmune diseases.76

Matsumoto et al.77 have developed a photometric microassay method for immune complex binding to macrophages

as a homologous system. Thioglycollate-elicited murine peritoneal macrophages were cultured with or without test

samples. The macrophage monolayer was then washed with phosphate buffered-saline (PBS) and a GAG (glucose

oxidase–antiglucose oxidase complex as a model immune complex) solution was added and incubated at 4�C. After
the incubation, the macrophages were washed with PBS to remove unbound GAG followed by solubilization of bound

GAG to macrophages with the detergent, Nonidet P-40. The immune complexes bound to macrophages were then

measured by the enzyme activity based on colorimetric determination. When the ability of immune complex

clearance through Fc receptor of macrophages was tested by this assay, the pectin-type polysaccharide, bupleuran

2IIb, from B. falcatum was found to have a potent activity.78
4.34.3.2.2 Fc receptor upregulation of macrophages and enhancing activity of immune complex
clearance by bupleuran 2IIb

Pectin-type polysaccharides, bupleuran 2IIb and 2IIc from B. falcatum, remarkably enhanced GAG binding through

Fc receptor of macrophages in a dose-dependent manner (Figure 4).78 When bupleuran 2IIb was administrated to

mice, the immune complex was eliminated from the circulating blood in a dose-dependent manner.79 However,

bupleuran 2IIb did not affect the carbon clearance. These results suggest that bupleuran 2IIb specifically potentiates

the function of macrophage in clearance of immune complex through Fc receptor (FcR, receptor for crystallizable

fragment of immunoglobulin). Bupleuran 2IIb, which is a homogenous polysaccharide, and has a molecular weight of

23000, consists of highly methyl-esterified and less esterified galacturonan regions, a ramified region, and an RG-II-

like region.28,37 The ramified region consists of a rhamnogalacturonan core which is substituted with several neutral

carbohydrate side chains such as arabinofuranosyl, arabinopyranosyl, and galactosyl oligosaccharides or arabinogalac-

tan.33,37 When bupleuran 2IIb was treated with endo-polygalacturonase, the galacturonan segments were degraded.

The resulting enzyme-resistant ramified region, PG-1, showed a potent activity, but the activities of the RG-II region

and oligogalacturonides were weak or negligible.78 These results suggest that the ramified region consisting of a
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rhamnogalacturonan backbone with neutral carbohydrate chains attached is important for the activity. Scatchard

analysis indicated that bupleuran 2IIb enhanced FcR expression on the macrophage cell surface but did not increase

the affinity of the receptors.78 Bupleuran 2IIb-stimulated cells showed enhanced expression of both FcRI and FcRII

mRNA, which were detected as the polymerase chain reaction (PCR) products.78 When macrophages were incubated

with bupleuran 2IIb, a rapid increase of intracellular Ca2þ level was observed by fluorescence image analysis using the

calcium-sensitive dye, Fura-2.80 However, signal transduction through protein kinases C and Awas not involved in the

expression of the activity. These observations suggest that bupleuran 2IIb may bind to the macrophage through the

specific polysaccharide receptor for this ramified region; then this enhances FcR gene expression through signal

transduction due to the increase of intracellular Ca2þ. This may upregulate FcR protein on the macrophage surface to

result in potentiation of immune complex clearance by macrophages (Figure 5).
4.34.3.2.3 Enhancing activity of immune complex clearance by ginseng RG-IIs
The root of P. ginseng C. A. Meyer is a well-known Chinese herb, which is widely used clinically for the treatment of

gastrointestinal (GI) disorders and as a erythropoietic and as a tonic. The roots of P. ginseng are valuable because it takes

4–6 years for their harvest, whereas the leaves of P. ginseng can be harvested every year. The immune complex

clearance-enhancing polysaccharide (GL-4IIb-2) has been isolated from the hot-water extract of the leaves.45,81 GL-

4IIb-2 had a molecular weight of 8000–10000, and was resistant against endo-a-1,4-poly-D-galacturonase digestion.
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GL-4IIb-2 contained about 60% neutral sugars and 34% uronic acid, and consisted of 15 different sugars including the

rarely observed sugars, 2-Me-Fuc, 2-Me-Xyl, Api, DHA, Kdo, and AceA, which are characteristic component sugars

for RG-II.30,45 Although RG-II is generally located in pectin-type polysaccharides as one of the structural units

together with the ramified rhamnogalacturonan region and the galacturonan region, GL-4IIb-2 was free from other

pectic components.30,45 GL-4IIb-2 consisted of typical structural units such as disaccharides of a-L-Rha-(1!5)-Kdo

and b-L-Araf-(1!5)-DHA, 2-Me-Xyl-containing octasaccharide, and 2-Me-Fuc-containing nonasaccharide chains.

These oligosaccharides were attached to the (1!4)-linked a-D-oligogalacturonide core, as observed in sycamore

RG-II.30,45 But GL-4IIb-2 was rich in a-L-Rha-(1!5)-Kdo side chain, and had additional Rha in the 2-Me-Fuc-

containing side chain, with a relatively higher molecular weight as a dimer.45 This is the first time a pharmacological

activity is observed for an RG-II-like structure. GL-4IIb-2 and another RG-II, GL-RIII from the leaves of P. ginseng,

also had a relatively potent interleukin 6 (IL-6) production-enhancing activity of macrophages.82 GL-RIII was mainly

present as an RG-II dimer through cross-linked borate diesters.82 Dissociation of RG-II dimer containing borate

diester in GL-RIII to the monomer by mild acid treatment significantly decreased its IL-6 production-enhancing

activity, whereas re-dimerization of dissociated GL-RIII recovered the enhancing activity.82 These observations

suggest that dimer formation is involved in the expression of the activity.
4.34.3.3 Mitogenic Activity

4.34.3.3.1 Structure and mitogenic activity of pectin-type polysaccharides
Activation of lymphocytes with various stimuli induces cell proliferation (mitogenic activity). Potent mitogenic

activity on murine lymphoid cells was observed for another pectin, bupleuran 2IIc, isolated from the roots of

B. falcatum L.34

Bupleuran 2IIc had a molecular weight of 63000, and consisted for about 86% of galacturonan, in which 70% of the

(1!4)-linked a-D-GalA residues were methyl-esterified and 30% were not. Some of the (1!4)-linked a-D-GalA

residues were branched at position 2 or 3.83 Bupleuran 2IIc also contained some ramified regions which were

composed of a rhamnogalacturonan backbone with several arabino- and galactooligosaccharide side chains attached

to either position 4 of a 2-linked Rha residue or position 4 of a GalA residue as the side chain, which substituted to

position 4 of 2-linked Rha residue in the rhamnogalacturonan backbone (Figure 6).83–85 RG-II-like structures were

also found in bupleuran 2IIc as a minor region.84

When pectin fraction (BR-2) containing bupleuran 2IIc was administrated orally to C3H/HeJ mice for 7 consecutive

days, proliferative responses of the spleen cells were enhanced. This was not observed in the presence of another

B-cell mitogen, LPS.34 Bupleuran 2IIc also showed potent in vitromitogenic activity against lymphocytes frommurine

spleen cells and Peyer’s patch cells of the small intestine, respectively, but citrus pectin did not show the activity for

both lymphocytes.34 Flow cytometric analyses indicate that bupleuran 2IIc increases the population of B-cells but not

of T-cells in spleen.34 Even if the adherent cells such as macrophages or T-cells were depleted from the spleen cells,

the mitogenic activity of bupleuran 2IIc was not changed in comparison with whole spleen cells.34 These results

indicate that bupleuran 2IIc can be characterized as an adherent cell- and T-cell-independent B-cell mitogen.

Bupleuran 2IIc also proliferated the purified B-cells which were prepared by magnetic immune beads from murine

spleen cells, and only certain subpopulations of B-cells were activated by bupleuran 2IIc.86

When bupleuran 2IIc was digested with endo-a-1,4-poly-D-galacturonase, the ramified region and RG-II-like

region could be isolated from the digest by gel filtration on Bio-Gel P-30 in addition to oligogalacturonides. Among

these fragments, only the ramified region gave potent mitogenic activity, suggesting that the ramified region are

involved in the activity.34 To determine the absorption and tissue distribution of the active polysaccharide after oral

administration to animals, anti-bupleuran 2IIc antibody was prepared by using the ramified region, which was

obtained by the endo-polygalacturonase digestion of bupleuran 2IIc as the active structural moiety.85 This antibody

also may be useful for analysis of the mechanism of action and quality control of medicinal herbs. The antigenic

epitopes in the ramified region against anti-bupleuran 2IIc antibody were analyzed by using specific carbohydrases

such as exo-a-L-arabinofuranosidase, rhamnogalacturonase A, exo-b-1,3-D-galactanase, endo-b-1,6-D-galactanase, and
b-D-glucuronidase.85 The antigenic epitope of the ramified region, which consisted of the rhamnogalacturonan

backbone to which branched arabinan and galactan chains were attached, was suggested to be (1!6)-b-D-Gal chains

containing terminal b-D-GlcA and/or 4-O-Me-b-D-GlcA, which were substituted to the (1!3)-b-D-galactan core

(Figure 6).85 Mitogenic activity of the ramified region was reduced in the presence of the anti-bupleuran 2IIc

antibody or its F(ab)02 fragment.34 Mitogenic activity of bupleuran 2IIc was also reduced by the addition of b-D-
GlcA-(1!6)-b-D-Galp-(1!6)-D-Galp or b-D-GlcA-(1!6)-D-Galp, which are a part of the epitopes of anti-bupleuran

2IIc antibody.34 These results suggest that the epitopes in bupleuran 2IIc act as the active sites for the mitogenic
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activity, and that certain receptor molecules, which are able to recognize the epitopes in bupleuran 2IIc, are present on

the surface of B-cells.

Because CD 25þ and sIgMþ are known as cell-surface markers of differentiation of B-cells, murine spleen cells

treated with bupleuran 2IIc for 3days were analyzed to measure the extent of lymphocyte differentiation by flow

cytometry. Bupleuran 2IIc treatment increased the subpopulation of CD25þ and sIgMþ lymphocytes.34 IgG and IgM

secretions by the bupleuran 2IIc increased with cultivating time.86 In the presence of IL-6, which is known to affect

the differentiation of B-cells at the late stage (from activated B-cells to antibody-forming cells) in the B-cell lineage,

the secretions by treatment with bupleuran 2IIc were enhanced.34,86 These results suggest that bupleuran 2IIc

induces maturation of B-cells at least to activated B-cells, and that bupleuran 2IIc also induces immunoglobulin

and IL-6 production from B-cells (Figure 7).

Another mitogenic pectic polysaccharide (GR-2IIc) was isolated from the roots of G. uralensis; GR-2IIc had a

molecular weight of around 160000, and also expressed anticomplementary activity.32,41 Analysis of splenic lympho-

cytes, which were cultured with GR-2IIc, by flow cytometry indicated the increment of surface IgDþ-B cells.87

However, the similar phenomenon could not be observed in the LPS-treated splenic B-cells, and these results

suggested that GR-2IIc is a novel type of B-cell mitogen.87 Endo-a-1,4-poly-D-galacturonase digestion of GR-2IIc

resulted in a ramified region, an RG-II-like fragment, and oligogalacturonides. Only the ramified region showed both

mitogenic and anticomplementary activity similar to bupleuran 2IIc.41 Degradation of the rhamnogalacturonan

backbone in the ramified region of GR-2IIc by lithium degradation significantly decreased both activities, but the

resulting products still remained weakly active.88 Because the synthetic rhamnogalacturono-tetrasaccharide did not

show both activities, it was suggested that the neutral carbohydrate side chains in the ramified region of GR-2IIc

contribute to the activities.88 Fractions containing several sizes of neutral oligosaccharide–alditol derivatives were

separated from the lithium degradation products of the ramified region, and all the fractions were found to possess

weak, but statistically significant mitogenic and anticomplementary activities. When the mitogenic activity of

the ramified region of GR-2IIc was measured in the presence of the resulting oligosaccharide–alditol fractions

from the ramified region, the mitogenic activity was inhibited.88 These results suggest that the oligosaccharide side

chains of the ramified region of GR-2IIc directly contributed to mitogenic and anticomplementary activities, and that

the side chains attached to the rhamnogalacturonan backbone may amplify the activity of the side chains.
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4.34.3.3.2 IL-6-producing activity on murine B-cells by bupleuran 2IIc
When highly purified B-cells from LPS-nonresponsive C3H He/J mice or LPS-responsive C3H/HeN mice were

cultured with or without bupleuran 2IIc, bupleuran 2IIc increased the IgM secretions of purified B-cells from both

types of mice to the same extent.86 These results indicate that the enhancement of IgM secretion by bupleuran 2IIc is

dependent on B-cells but not on T-cells and macrophages. The results also suggest that enhanced IgM production is

not due to contamination of LPS. Because IL-6 is one of the major factors for the terminal differentiation of activated

B-cells into Ig-secreting cells and enhances Ig secretion, IL-6 is possibly involved in the Ig production-enhancing activity

of B-cells by bupleuran 2IIc. The presence of anti-IL-6 neutralizing antibody alone did not affect the spontaneous

secretion of IgM from B-cells; however, the enhancement of IgM secretion by bupleuran 2IIc was reduced in the

presence of anti-IL-6 antibody.86 The results suggest that IL-6 contributes to the enhancement of IgM secretion from

B-cells by bupleuran 2IIc. To find out whether bupleuran 2IIc induces IL-6 secretion from B-cells, highly purified

B-cells from murine spleen were cultured in the presence of bupleuran 2IIc, and the resulting conditioned medium

was analyzed for IL-6 by enzyme-linked immunosorbent assay (ELISA) and bioassay methods. The ELISA result

showed that the IL-6 content in the conditioned medium was increased significantly in a time-dependent manner

compared with the control (Figure 7).86 Bupleuran 2IIc also enhanced transcription of IL-6 mRNA in activated

B-cells, suggesting that IL-6 is newly produced and secreted from B-cells by the stimulation of bupleuran 2IIc.86 This

is the first report that pectin enhances IL-6 secretion in B-cells. Among the structural regions of bupleuran 2IIc, the

ramified region showed potent IL-6 secretion-enhancing activity. These results suggest that the ramified region stimulates

the secretion of IL-6 as the active site, and the resulting IL-6maypartially contribute to the enhancement of IgM secretion

as an autocrine and/or paracrine mechanism.86 The results of flow cytometric analysis indicate that the active site in

bupleuran 2IIc affects the differentiation from immature B-cells to mature and activated B-cells (Figure 7).34 Because

bupleuran 2IIc induces IL-6 synthesis of B-cells, this finding indicates that the newly produced IL-6 affects mature

B-cells and further induces IgG and IgM antibody-forming cells by autocrine and/or paracrine mechanism.

LPS is known to stimulate the Toll-like receptor, TLR4, for further signal transduction,89 and to activate transcrip-

tion factor, nuclear factor kB (NF-kB), for the production of several cytokines. However, bupleuran 2IIc effects no

significant stimulation on TLR4 (T. Matsumoto and H. Yamada, unpublished results).
4.34.3.3.3 Mode of action of mitogenic activity by bupleuran 2IIc
The possible mechanism of bupleuran 2IIc-induced B-cell proliferation was verified by comparison with anti-IgM

antibody, which stimulates B-cell activation by direct cross-linking of surface IgM (sIgM) as B-cell receptor [BCR,

polyclonal T-cell-independent (TI)-2 antigen].90 In proliferating cells, the cell cycle consists of four phases, G0/G1, S,

G2, and M phases, and the cycle is repeated during the process of cell division and cell growth. Cell cycle is known to
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be regulated by a family of cyclins that act as regulatory subunits of cyclin-dependent kinases (CdK’s). Stimulation of

bupleuran 2IIc continuously upregulated the cells entering S and G2/M phases at 48–96h, and these entries were

slower than those by anti-IgM stimulation.91

Although both bupleurun 2IIc and anti-IgM induced similar expression of cell cycle regulatory proteins, cyclin D2,

A, and B1, in B-cells, the cells stimulated with bupleurun 2IIc appeared to sustain expression of these protein for

longer periods of time.91 Stimulation of B-cells with bupleuran 2IIc induced phosphorylation of retinoblastoma

protein, pRB, an important gene product regulating the restriction point R, which is responsible for transition from

the G0/G1 to the S phases of the cell cycle.91 Cross-linking of sIgM on B-cells by anti-IgM also activates B-cells and

induces B-cell proliferation, but does not induce Ig secretion from B-cells.91 Therefore, it is reasonable to assume that

the activation of B-cells by bupleuran 2IIc cannot be solely attributed to cross-linking of BCR. It is feasible that

bupleuran 2IIc and anti-IgM may induce membrane associated interactions by different mechanisms in B-cells. This

result is the first evidence that these regulatory proteins are involved in the action of mitogenic polysaccharide.

A possible signal transduction pathway for cyclin D2 expression by bupleuran 2IIc was studied by using several

metabolic inhibitors.91 Among the structural region of bupleuran 2IIc, the ramified region strongly stimulated cyclin

D2 expression. Phosphorylation of the tyrosine residues of proteins by specific tyrosine kinases is the major process of

the signaling pathway. When murine B-cells were stimulated with the ramified region of bupleuran 2IIc, phosphory-

lation of tyrosine residues of a number of proteins was observed. Cyclin D2 expression by the ramified region was

inhibited by the tyrosine kinase inhibitors, genistein and herbimycin A, and the Src family tyrosine kinase inhibitor,

PP2, suggesting a possible role of tyrosine kinases on the effect of bupleuran 2IIc. The stimulation of cyclin D2

expression by the ramified region was significantly decreased by inhibitors, PI 3-kinase (LY294002 and Wortmannin),

PLCg (U73122), and PKC (H-7).91

When murine B-cells were stimulated with the ramified region, the concentration of intracellular calcium level was

increased.91 Although calcium mobilization can be regulated by the downstream calcium-dependent enzyme, calci-

neurin, the ramified region-induced cyclin D2 expression was markedly reduced by treatment with receptor-operated

calcium entry inhibitor, SK&F 96365, and calcineurin inhibitor, FK506. Both PP 98059 and UO126, highly selective

inhibitors of MEK 1 and MEK 1/2, did not strongly suppress the expression of cyclin D2 after stimulation by the

ramified region.91 When B-cells were stimulated with the ramified region, temporary membrane protein kinase C

(PKC) activity was upregulated.91 These results indicate that the expression of the cyclin D2 gene by the ramified

region of bupleuran 2IIc may be mediated via the activation of PI 3-kinase and PLCg followed by activation of PKC

and calcium mobilization.

Plasma cell membranes contain microdomains, distinct from the bulk plasma membranes, which are frequently

referred to as ‘lipid rafts’.92–94 Lipid rafts are enriched in certain protein species, including glycosylphosphatidylino-

sitol (GPI)-linked proteins, fatty acylated proteins, receptors and cytoskeletons, as well as many proteins known to be

important for signal transduction.92–94 Purified B-cells were incubated with the ramified region of bupleuran 2IIc, and

then the ramified region-bound cells were detected by bupleuran 2IIc-specific antibody using the biotin–avidin

system. The antigenic epitope in the ramified region was detected on the surface of B-cell as capping structure by

fluorescence microscopy, suggesting that the active carbohydrate chain in bupleuran 2IIc binds to the surface receptor

on the B-cells, and the formation of capping suggest clustering of lipid rafts. When B-cell lyzate was incubated with

the ramified region of bupleuran 2IIc, the binding proteins were immunoprecipitated by using anti-bupleuran 2IIc

antibody. Compared to this control, a protein of 90kDa was precipitated by a specific antibody, which was suggested to

be a specific receptor(s) for the ramified region (T. Matsumoto and H. Yamada, unpublished results). When B-cells

were stimulated with the ramified region, several proteins in the isolated lipid rafts from the stimulated B-cells were

tyrosine phosphorylated, suggesting that ‘lipid raft’ is implicated to play a role in intracellular signal transduction by

the ramified region of bupleuran 2IIc (T. Matsumoto and H. Yamada, unpublished results).

These observations suggest that ramified region of bupleuran 2IIc may be recognized by certain receptor molecule(s)

in lipid rafts of B-cells, and that the cell cycle regulatory proteins are induced through activation of several kinases,

resulting in an increase of intracellular calcium and calcineulin for the proliferation of B-cells (Figure 8).
4.34.3.4 Intestinal Immune System-Modulating Activity

4.34.3.4.1 Overview
The inner surface of the intestinal tract possesses a large area of mucosal membranes, which are continuously exposed

to various substances in the intestinal lumen. The gut-associated lymphoreticular tissues (GALTs) are present on the

intestinal mucosal sites, and play an important role in host defense including IgA response in the mucosal immune

system.72 GALTs are composed of lamina propria aggregates, Peyer’s patches, mesenteric lymph nodes, which contain
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lymphocytes.72,95 Peyer’s patch is the important lymphoid organ in the intestine, and is known as inductive sites for

IgA production.72,95 After lymphocytes in Peyer’s patches interact with antigens, they differentiate and mature in the

germinal center of the lymphoid follicles in the patches.72,95 The epithelium overlaying the lymphoid follicles of the

Peyer’s patch contains the specialized pinocytic cells [called the membranous or microford cell (M-cell)]. It is known

that M-cells are able to engulf various substances such as soluble antigen, bacteria and viruses from the intestinal

lumen, and then transport them to underlying lymphoid cells.95

Because herbal medicines and foods containing plant polysaccharides have generally been taken orally, it is assumed

that some active ingredients are transported to the lymphoid tissue where they interact with lymphocytes. Therefore

oral administration of herbal medicine may affect the functions of Peyer’s patch cells. Themature lymphocytes further

migrate to reach systemic circulation through the mesenteric lymph nodes, spleen, and other mucosal sites (Figure 9).95
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Therefore, it is thought that the intestinal immune system not only acts as the defense system in the mucosa but

also regulates the systemic immune system through Peyer’s patches, thus preventing allergic reactions and autoim-

mune diseases.72

When the immunostimulating pectin fraction containing bupleuran 2IIb and 2IIc from B. falcatum (BR-2) was

administrated orally to the mice, the ramified region of bupleuran 2IIc was detected in the T-cell area of follicles in

Peyer’s patches by immunohistochemical staining using antibodies against the ramified region.69 This result suggests

that oral administration of certain immunostimulating polysaccharides affects the gastric mucosal immune system

through Peyer’s patch cells.

Hong et al.96 developed an in vitro and in vivo assay system for intestinal immune system-modulating activity against

Peyer’s patch immunocompetent cells (Figure 10). For in vitro assay, LPS low responder, C3H/HeJ mice were

sacrificed, and Peyer’s patches were carefully dissected from the small intestine. ThenPeyer’s patch cells were cultured

with test samples for 5–6 days at 37�C in a humidified atmosphere of 5% CO2–95% air, and the resulting culture

supernatant was further incubated with a bone marrow cell suspension from the same mice for 6 days under the

same culture conditions used for the culturing of Peyer’s patch cells in order to evaluate the ability for the growth of

bone marrow cells. Proliferation of bone marrow cells was assayed by the Alammar Blue reduction method. For in vivo

assay, the mice were first administrated test samples orally, and the Peyer’s patch cells were cultured without the test

samples to prepare culture supernatant.
4.34.3.4.2 Structure and intestinal immune system-modulating activity of plant polysaccharides
Hong et al.96 have found that a polysaccharide fraction present in the hot-water extract of a Japanese herbal (kampo)

formula, Juzen-taiho-to (Si-quan-da-bu-tang in Chinese, comprising 10 kinds of medicinal plant herbs), shows intestinal

immune system-modulating activity in vitro and in vivo through the activation of T-cells in Peyer’s patches to secrete

hematopoietic growth factors in the conditioned medium of Peyer’s patch cells. Among the component herbs of Juzen-

taiho-to, the rhizomes of A. lancea DC were found to mainly contribute to the expression of potent intestinal immune

system-modulating activity of Juzen-taiho-to.17

The hot-water extract of rhizomes of A. lancea DC was fractionated into an MeOH-soluble fraction, an EtOH-

soluble fraction, and an EtOH-insoluble (crude polysaccharide) fraction. Among these fractions, only the crude

polysaccharide fraction (ALR-5) showed intestinal immune system-modulating activity against Peyer’s patch cells.17

ALR-5 gave three potently active carbohydrate-rich fractions by anion-exchange chromatography, and three active
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polysaccharides (ALR-5IIa-1-1, ALR-a-Bb, and ALR-b) were purified.17,46 The order of activity was revealed to be

ALR-a-BbgALRIIa-1-1>ALR-b. ALR-5IIa-1-1 and ALR-b were eluted as a single peak on gel permeation chroma-

tography (GPC) mode high-performance liquid chromatography (HPLC), and their molecular weights were estimated

to be 120000 and 16000, respectively. ALR-5IIa-1-1 consisted mainly of Ara and Gal (molar ratio, 0.6–0.8:1.0) in

addition to a trace amount of uronic acid (0.9%) and protein (1.1%), suggesting it to be arabinogalactan.17 Glycosidic

linkage analysis and exo-a-L-arabinofuranosidase digestion indicated that ALR-5IIa-1-1 consisted mainly of terminal,

5-linked, and 3,5-branched L-Araf residues, and 3-linked, 4-linked, and 3,6-branched D-Gal residues. ALR-5IIa-1-1

also contained6-linkedGalf residues in minor proportions. Single radial gel diffusion indicated that ALR-5IIa-1-1 showed

a strong reactivity with b-D-glucosyl-Yariv antigen which can bind with arabino-3,6-galactan.17

When the intestinal immune system-modulating activity of ALR-5IIa-1-1 was compared with those of other known

arabinogalactans such as arabinogalactans from Larix and Acacia and arabinan–galactan from soybean, only ALR-5IIa-

1-1 showed the potent activity (Figure 11).97 This result suggests that the particular arabino-3,6-galactan structure is

responsible for expression of the activity.

When ALR-5IIa-1-1 was digested with exo-a-L-arabinofuranosidase followed by digestion with exo-b-1,3-D-galacta-
nase, which can hydrolyze the (1!3)-b-D-galactan backbone, the resulting enzymic digest lost the activity. However,

the arabinofuranosidase digestion of ALR-5IIa-1-1 did not affect the activity.98 When ALR-5IIa-1-1 was digested with

exo-a-L-arabinofuranosidase followed by digestion with endo-b-1,6-D-galactanase, the resulting digest also lost the

activity.97 These results suggest that the (1!3,6)-b-D-galactan moiety in ALR-5IIa-1-1 contributes to the expression

of the activity, and the attachment of side chains to (1!3)-b-D-galactan backbone and the structure of (1!6)-b-D-Gal

side chains are responsible for the activity.97 Structural analysis of the galactan moiety of ALR-5IIa-1-1 was carried out

by using exo-arabinofuranosidase-digested ALR-5IIa-1-1 (AF-ALR-5IIa-1-1). When AF-ALR-5IIa-1-1 was digested

with exo-b-1,3-D-galactanase, several sizes of oligosaccharide chains were detected by high-performance anion-

exchange chromatography equipped with pulsed amperometric detector (HPAEC-PAD) analysis. However, when

AF-ALR-5IIa-1-1 was first digested with endo-b-1,6-D-galactanase followed by exo-b-1,3-D-galactanase digestion,

only Gal and (1!6)-b-D-galactodisaccharide were obtained as major sugars. Because these enzymic digestions

reduced the activity, these results suggest that the structure of endo-b-1,6-D-galactanase-sensitive galactan side chains

are important for the activity.97 Endo-b-1,6-D-galactanase-sensitive side-chain oligosaccharides were analyzed for their

fine chemical structures by component sugar analysis, matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF MS) analysis, enzymic digestions, glycosidic linkage analysis, and nuclear magnetic
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resonance (NMR) analysis. They were determined as (1!6)-linked di- to nono-b-D-galactooligosaccharides.97 These

results suggest that the structure of AF-ALR-5IIa-1-1 was composed of a (1!3)-linked b-D-galactosyl backbone,
to which (1!6)-linked b-D-galactosyl mono- to octasaccharide chains were attached to O6 of galactose residues in

the backbone (Figure 12).97 Among these side chains, the chains longer than trisaccharides were suggested to

be involved in the activity. Although each oligosaccharide on its own showed no activity, when attached to (1!3)-

b-D-galactosyl chains to form a cluster, some cellular receptor molecules might recognize the cluster and induce the

activity (Figure 13).97

Another active polysaccharide, ALR-b, from A. lanceaDC contained large amounts of GalA, Ara, Rha, and Gal with

small amounts of characteristic component sugars of RG-II such as 2-Me-Xyl, 2-Me-Fuc, and Api.17,46 Endo-a-1,4-
poly-D-galacturonase digestion of ALR-b gave a large proportion of ramified region (PG-1), which consists of a

rhamnogalacturonan backbone with side chains rich in neutral sugars, RG-II-like region (PG-2), and galacturonooli-

gosaccharides (PG-3). PG-2 lacked some typical glycosidic linkages compared to those of the known RG-II. Among

these structural fragments, only PG-2 showed potent intestinal immune system-modulating activity, but PG-1 and

PG-3 had no activity. The molecular weight of PG-2 was estimated to be 14 000 and 7800.46

Another active polysaccharide, ALR-a-Bb from A. lancea, showed a similar degree of intestinal immune system-

modulating activity as the arabino-3,6-galactan (ALR-5IIa-1-1).46 The molecular weight of ALR-a-Bb was estimated

to be 2800 by HPLC analysis. ALR-a-Bb consisted of about 29% of neutral sugars and a large proportion of uronic acid.

Component sugar and glycosidic linkage analyses indicated that ALR-a-Bb also comprised unusual component sugars

characteristic for RG-II as well as for PG-2 derived from ALR-b.46 However, contents of GlcA and GalA were

significantly higher than those of PG-2 from ALR-b. ALR-a-Bb and PG-2 from ALR-b expressed similar and

significant intestinal immune system-modulating activity as RG-II (GL-RI) isolated from leaves of P. ginseng

C. A. Meyer, but RG-II obtained from a pharmacologically active pectin (bupleuran 2IIb) of B. falcatum L. had no

activity (H. Kiyohara and H. Yamada, unpublished result). These results suggest that particular RG-II structures are

also responsible for the expression of the activity.
4.34.3.4.3 Mode of action of intestinal immune system-modulating activity by plant
polysaccharides

When Peyer’s patch cells are incubated with pectic arabinogalactan (AM-PS-15) from A. mongholicus having potent

intestinal immune system-modulating activity, expression of several cytokine mRNAs such as interleukin 2 (IL-2),
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interleukin 5 (IL-5), IL-6, and interleukin 12 (IL-12) are upregulated in Peyer’s patch cells (H. Kiyohara and

H. Yamada, unpublished results), and these cytokines may contribute to the stimulation of proliferation of bone

marrow cells in the in vitro assay system. Although murine intestinal immune system-modulating activity was

decreased under stress conditions, oral administration of the polysaccharide fraction (GR-1) from G. uralensis, which

has in vitro intestinal immune system-modulating activity, recovered the function of Peyer’s patch cells to the normal

level in the stress-received mice (H. Kiyohara and H. Yamada, unpublished results).

Because the glycocluster structure was suggested to be important for the expression of the activity,97 trivalent phenyl-

glycocluster based on (1!6)-b-D-galactosyl mono- to disaccharides bearing 4-O-Me-b-GlcA as terminal residue, and

tetravalent peptidyl glycocluster and dendrimer of galactodisaccharides bearing 4-O-Me-b-GlcA as terminal residue,

were synthesized in order to test the activity.99,100 Among them, trivalent phenyl-glycocuster based on di- and

trisaccharides showed a weak but significant intestinal immune system-modulating activity against Peyer’s patch

cells from both young and aged mice (H. Kiyohara et al., unpublished result). This result suggests that the steric

structure of the glycocluster possessing certain active oligosaccharides may be important for expression of the activity.

The fact that natural IgM, IgG, IgA, and secretory IgA class antibodies, which react with immunologically active

pectins, pectic polysaccharides, and arabinogalactans, were found in normal human sera and human colostrum68

suggests that such natural secretory IgA antibodies exist in mucosal sites such as the intestine. A novel IgA receptor

was also found to be located on the luminal side of M-cells of Peyer’s patches in human intestine for effective

incorporation of several antigens.73 These observations suggest that the intestinal immune system-modulating

polysaccharides are incorporated as polysaccharide-IgA antibody immune complexes into Peyer’s patches through

IgA receptor in order to express immunopharmacological activity.
4.34.4 Pharmacokinetics of Bioactive Plant Polysaccharides

Several bioactive plant polysaccharides have been reported to express their pharmacological activities by oral

administration. The facts lead us to consider the possibility that the bioactive polysaccharides may be absorbed in

the GI tract in order to interact with the targeted biological system directly. Pioneering research has been performed

by Otsuka et al.101 on the pharmacokinetics of anticancer peptide–mannan complexes having molecular weight of

60000–95000 when orally administered. When fluorescein isothiocyanate (FITC)-labeled peptide–mannan complex

was administered to fasting rats, and fluorescence intensity and molecular size were analyzed by fluorescence

polarization, the FITC-labeled materials were detected both in the thoracic duct lymph, and portal and aortic blood
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flows. It was also found that the molecular weight of FITC-labeled material in the lymph flow was similar to that of the

administered peptide–mannan complex, whereas the molecular weight in the blood flows seemed to be larger than the

administered FITC-labeled peptide–mannan. The amounts of the accumulated polysaccharide in the lymph and

portal blood were calculated to be about 1.25% and 1.4%, respectively, of the total polysaccharide administered.

Another investigation on the pharmacokinetics of an anticancer a-glucan with a molecular weight over 2.0�106 orally

administered as a 14C-labeled derivative, and isolated from liquid-cultured mycelium of Tricholoma matsutake, has been

performed byMitsuhashi et al.102 This a-glucan was also found to be absorbed in the digestive system, and 14C-labeled

material still remained in the blood stream even at 168h after the administration. The peptide–mannan complex as

well as a-glucan were observed to accumulate in mesenteric lymph nodes and Peyer’s patches as well as in the liver,

spleen, and kidney. Yunoki et al.103 reported the accumulation of antitumor polysaccharide, PSK, derived from the

basidiomycetes Coriolus versicolor, in the liver of mice after oral administration.

There are not many reports on the analysis of pharmacokinetics of plant polysaccharides. In the oral administration

of immunostimulating pectin fraction (BR-2)-containing bupleuran 2IIb and 2IIc from B. falcatum, the pectin has been

suggested to accumulate in mouse liver by detection with a specific antibody against the ramified region of bupleuran

2IIc, which is the active site for expression of the immunostimulating activity.69 It was also suggested that bupleuran 2IIc

accumulated in the T-cell area of follicles in Peyer’s patch; however, no pectin in the plasma, taken from the retro

orbital plexus, could be detected by the specific antibody. Otsuka et al.101 have indicated that peptide–mannan

appeared in aortic blood more than 2h after it was detected in portal blood, suggesting that the peptide–mannan,

which was absorbed in digestive system, was initially incorporated by the phagocytic system of the liver, while the

excess of peptide–mannan which could not be incorporated by the phagocytic system overflowed in the systemic

blood stream. These observations indicate that it is necessary to analyze pharmacokinetics of plant polysaccharides in

both portal blood flow and systemic circulation.

It is generally known that numerous drugs and food ingredients are incorporated from the GI tract through epithelial

enterocytes by passive and active transport systems into both blood capillaries and lymphatic capillaries. The absorbed

materials incorporated to blood capillaries are delivered to the systemic circulation through the portal vein, whereas

the materials incorporated to lymphatic vessel are delivered to systemic circulation through the mesenteric lymph

node and the thoracic duct. It has been recognized that inert nano- and microparticles are incorporated from follicle-

associated epithelial (FAE) cells like M-cell of Peyer’s patches in the intestine.104 M-cells have the active transport

system by phagocytic action for a wide variety of inert material from the gut lumen toward the follicle as the most

characteristic feature, and the incorporated materials can migrate into lymphatic capillaries to reach systemic circula-

tion. In addition to Peyer’s patches, several hundreds of isolated lymphoid follicles (ILFs) have been found to exist in

mammalian intestine, and it was clarified that ILFs also possess M-cells in the follicle-associated epithelium overlying

similar structure as those of Peyer’s patches.104,105 The active incorporation of nanoparticles is dependent on size as

well as the anionic characteristics.104 Because polysaccharides also behave as hydrated-nanoparticles in aqueous

solution, the plant polysaccharides are postulated to incorporate into lymphoid follicles of Peyer’s patches and ILF

by a mechanism similar to the other nanoparticles, resulting in their dissemination to systemic circulation through

mesenteric lymph nodes and thoracic duct. Recently, natural antibodies against pharmacologically active pectic

polysaccharides have been found in the systemic circulation and the GI tract as antibodies of IgM, IgG, IgA, and

secretory IgA classes.68 Mantis et al.73 have indicated the presence of a novel IgA receptor on the apical surfaces of

M-cells of murine Peyer’s patches, and that this receptor mediates the transepithelial transport of secretory IgA-

recognized antigen from intestinal lumen. This fact also assumes that pharmacologically active pectic polysaccharides

are also effectively incorporated into lymphoid follicles as immune complexes to be disseminated into the systemic

circulation through mesenteric lymph node followed by thoracic duct. While Anger et al.106 have indicated that

intracecum injection of oligogalacturonides leads to the excretion of the saccharides in the urine of rats, demonstrating

the absorption of oligogalacturonides from the GI tract. Dongowski and Lorenz107 and Laere et al.108 have suggested

the possibility that pectic polysaccharides may be fermented by the microflora to produce pectic oligosaccharide

fragments such as oligogalacturonides, rhamnogalacturono-, galacto-, or arabinooligosaccharides. It is assumed that

these oligosaccharide fragments may be incorporated in the systemic circulation by a system, different from that for

incorporation of nanoparticles of macromolecular polysaccharides as mentioned above. However, so far there are

no reports that elucidate the mechanism of oligosaccharide transport in the mammalian system. It has been found that

the ATP-binding cassette transporter (ABC transporter), Tog MNAB, participates in the incorporation of oligogalac-

turonides as a new member of carbohydrate uptake transporter-1 family in Erwinia chrysanthemi.109 These observa-

tions point to the possibility that still unknown transporters for oligogalacturonides may exist in the GI tract of

mammalians.
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4.34.5 Receptor for Pharmacological Active Plant Polysaccharides

Dectin-1, complement receptor 3 (CR3), and lactosyl ceramide (CDw17) have been reported as (1!3)-b-D-glucan
receptors on various immunocompetent cells including macrophage, polymorphonuclear leukocytes, dendritic cells,

and NK cells, and are classified as the pattern recognition receptors.110,111 Dectin-1 is a calcium-dependent-type

(C-type)-lectin-like receptor, and has been suggested to recognize (1!3)-linked b-D-glucosyl oligomers having a DP

of 10–11 as the minimum oligosaccharide ligand.112 Toll-like receptor 4 (TLR 4) has been reported to interact with

zymosan; however, it is still unclear whether the receptor can recognize b-glucan itself because zymosan consists of

a-mannan, protein, and lipid in addition to b-D-glucan. Scavenger receptor has also been reported as a b-D-glucan
receptor on macrophages, and suggested to participate in the regulation of the immune system by b-D-glucan.113,114

Although several researchers have attempted to identify receptors of immunocompetent cells for pharmacologically

active plant polysaccharides, no convincing results have been obtained. Shao et al.115 have reported that the acidic

polysaccharide fraction from a Chinese medicinal herb, Astragalus membranaceus, interacts with both splenic macro-

phages and B lymphocytes through TLR4, LPS receptor, and with splenic B lymphocytes through the surface

immunoglobulin receptor. It has also been suggested that the active polysaccharide, which was isolated from a

Chinese medicinal herb, Platycodon grandiflorum, as macrophage nitric oxide (NO) production-enhancing polysaccha-

ride, expresses the activity through binding with soluble CD14 and LPS-binding protein (LBP),116 whereas angelan,

which was obtained from another Chinese medicinal herb, Angelica gigas, as macrophage NO production-enhancing

polysaccharide, has been proposed to express the activity through membrane-bound CD14 of macrophage.117 These

observations postulate that soluble or membrane-bound CD14 may be one of the binding site candidates for plant

polysaccharides. Pienta et al.118 have shown that high pH- and temperature-modified citrus pectin (MCP) inhibit

spontaneous metastasis of prostate cancer cells or B16-F1 melanoma cells through galectin-3, and suggested the

interaction of MCP with this b-D-galactose-recognizing mammalian lectin. Fourteen kinds of galectins have been

identified as b-D-galactoside-binding lectin in several human organs.119 Many plant polysaccharides such as pectins

and arabinogalactans possess b-D-Gal residue as nonreducing terminals of side chains. Therefore, it is postulated that

the galectins may be another candidate of the binding proteins for plant polysaccharides in humans. Tsuji et al.120 and

Pemberton et al.121 have found novel soluble lectins, intelectin-1 and-2, in goblet cells in the intestine. Intelectin-1

recognizes galactofuranosyl residues rather than galactopyranosyl residue.120 Intelectin-1 seems to be expressed

constantly in the intestinal epithelium, whereas intelectin-2 is upregulated by infectious stimulation.121 Several

pathogens possess galactofuranosyl residues in their cell wall polysaccharides (Chapter 1.05),120 and this indicates

that the intelectins play a protective role in the innate immune response to certain infections. Since some plant cell

wall polysaccharides have been found to contain small proportions of terminal and/or 6-linked galactofuranosyl

residues,17,85 they are also assumed to interact with intelectins in the GI tract. The roles of intelectins in various

events in the biological system have not been so well elucidated as the galectins,119 and the elucidation of the function

of these soluble lectins would lead us to understand the participation of these lectins for expression of immunophar-

macological activities of plant polysaccharides.
4.34.6 Other Biological Activities

4.34.6.1 Antimetastasis and Antitumor Activities

There are few reports for direct effect of plant polysaccharides on metastasis and proliferation of tumor cells. It has

been found that chemically modified citrus pectin (MCP; GCS-100®) expresses valuable therapeutic effects on tumor

metastasis and apoptosis in experimental animal models and clinical trials. MCP has been derived from citrus pectin of

peel and pulp of citrus fruits by pH and temperature treatments. Because of b-elimination reaction based on methyl-

esterified GalA in MCP, the galacturonan region of the pectin is broken down, and the pectin is modified into shorter,

nonbranched, and Gal-rich polysaccharide.122 However, the detailed structure of MCP has not yet been reported.

Raz et al. have reported that oral administration (0.1–1.0% in drinking water) of MCP successfully inhibited metastasis

of B16-F1 melanoma (lung metastasis),122 rat prostate adenocarcinoma MAT-LyLu cell (lung metastasis),118 human

breast carcinoma MDA-MB-435123 cell and human prostate carcinoma DU-145 cell (lung and bone metastasis),124 and

human colon carcinoma LSLiM6 cell (liver metastasis)118 in mice or rat. However, the original citrus pectin

potentiated rather than suppressed the metastasis of B16-F1 melanoma.122 The homotypic aggregation of tumor

cells is known to play an important role in the events of the metastatic process.125 MCP was suggested to abolish the

formation of homotypic aggregates of B16-F1 cells which arise by the interaction of adhesive molecules such as

galectin-3 with carbohydrate chains of glycoconjugates on B16-F1 cells.126 It has also been shown that MCP interacts
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with galectin-3, which assists the homotypic aggregation.126 However, the original citrus pectin accelerated the

homotypic aggregation of B16-F1 melanoma cells resulting in an increase of lung colonies of B16-F1 cells in the

experimental model.122 Human breast carcinoma MDA-MB-435 cells were shown to express a high level of galectin-3,

and the lung metastasis of this cell was completely inhibited in the presence of anti-galectin-3 antibody in in vivo

animal experiments.123 These observations suggest that MCP inhibits metastatic tumor cell arrest to target organs by

interfering in the intercellular adhesive interaction through b-galactoside-binding lectin, galectin-3. The prostate-

specific antigen doubling time (PSADT) is a useful indicator to predict disease progression in male prostate cancer.

The 5-year freedom from systemic progression of prostate cancer with a PSADTof longer than 1 year has reported to

be 95%.127 Guess et al.128 analyzed the change in PSADT of male prostate cancer patients, who received MCP

(PectaSol®) together with localized treatments such as radical prostatectomy, radiation, or cryosurgery as the Phase II

pilot study, and found that PSADT increased (130–870%) in 7 of 10 patients after taking MCP for 12 months ( p<0.05

compared to PSADT without treatment with MCP). Chauhan et al.129 have also tested whether MCP (GCS-100®)

induces apoptosis of various multiple myeloma cell lines, which include cell lines resistant to chemotherapeutic agents

such as dexamethasone, melphalan, or doxorubicin in vitro. GCS-100® succeeded in inducing apoptosis associated

with activation of caspase-8 and caspase-3. The treatment of the multiple myeloma cell line (MM1S) with a

combination of dexamethasone and GCS-100® downregulated further the expression of intracellular galectin-3,

which is known as antiapoptic protein, than dexamethasone alone.129 These observations suggest that MCP is a

potential effective agent for cancer therapy.

Antitumor pectic arabinogalactan has been obtained from A. acutiloba Kitagawa.130 The active pectic arabinogalac-

tan consists mainly of a rhamnogalacturonan backbone carrying arabino-4-galactan and 3,5-branched arabinan side

chains. It expressed in vivo antitumor activity against IMC carcinoma, Meth A fibrosarcoma, and MM-46 carcinoma as

well as sarcoma 180 implanted into mice. Because the active pectic arabinogalactan showed only weak complement-

activating activity, it is postulated that complement activation may not associate with the expression of the antitumor

activity of the pectic arabinogalactan.

Tazawa et al.131 also reported that apple pectin showed significant inhibitory activity against colon carcinogenesis

caused by azoxymethane, and its activity was higher than that of citrus pectin. They also showed that oral administra-

tion of apple pectin to rats reduced the content of endogenous prostagrandin E2, which has an immunosuppressive

effect in the mucous membrane of the digestive organ, and suggested that the pectin inhibited the immunosuppres-

sion in the mucous area. However, it is not known whether these effects arose from a particular carbohydrate structure

of the pectin or from short-chain fatty acids (SCFAs) which are profused by metabolism of pectin in the body.
4.34.6.2 Antiulcer Activity of Pectic Polysaccharides

Other biological active immunomodulating pectic polysaccharides have been reported. Oral administration of pectic

polysaccharides, bupleuran 2IIb and 2IIc, from roots of B. falcatum also showed potent antiucler activity against hydro-

chloric acid–ethanol-induced ulcerogenesis in mice.132 Bupleuran 2IIc showed a higher activity than the clinically

used antiulcer drug, sucralfate, at the same dose. The activity of bupleuran 2IIb was a little weaker than bupleuran

2IIc. Although the oral administration of pectin fraction-BR-2 (mainly containing bupleuran 2IIb and 2IIc), at doses of

50–200mgkg–1, dose-dependently prevented the formation of gastric lesions induced by hydrochloric acid/ethanol,

the intraperitoneal and the subcutaneous administrations of BR-2 dose-dependently reduced these gastric lesions as

well.132 Therefore, BR-2 was suggested to express not only a local action but also a systemic action for the stomach. Oral

administration of BR-2 inhibited the ulcerogenesis in a variety of acute experimental ulcer models and a chronic ulcer

model.133 Results of studies on the mechanism of action suggest that the major mechanism of mucosal protection by

BR-2 may be due to its antisecretory activity of gastric acid and pepsin, its increased protective coating, and its radical

scavenging effects, but did not involve endogenous prostaglandins and mucus synthesis.133,134 Although the antiulcer

activity of BR-2 decreased after endo-polygalacturonase digestion, the activity of the homogalacturonan structure of

apple pectin, which contained over 95%GalA, showed no significant activity.132 These results indicate that not only the

galacturonan moiety but also other minor parts such as ramified regions, and RG-II-like regions, and the branched

galacturonan regions may be important for the expression of the antiulcer activity of bupleuran 2IIb and 2IIc.84,132
4.34.7 Carbohydrate Structure-Independent Activity through SCFAs Generated
by Fermentation by the GI Microflora

The humanGI tract including the colon is known to contain about 1015 intestinal bacteria which form the GI microflora.

These bacteria can ferment all the plant cell wall polysaccharides such as pectin, arabinogalactan, etc.135–138 The
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small intestine (duodenum, ileum, and jejunum) contains smaller numbers of intestinal bacteria (103–107g–1) than

the lower GI tract, whereas proximal and distal colon (cecum, colon) comprise huge numbers (1010–1012g–1).139

When plant cell wall polysaccharide fractions from spinach were administrated orally to rats, most of the polysaccha-

rides were degraded in cecum and colon, and metabolized into SCFAs by the intestinal microflora.140,141 Numerous

studies have been performed for clarification of biological activities, nutritional values, immunological activities, and

apoptosis-inducing property of SCFAs.142 Lymphoid follicular organs such as Peyer’s patches and ILF are located in

the small intestine, and play an important role not only as the inductive site of mucosal immune system but also as the

incorporating site of macromolecular compounds such as polysaccharides.95,104 When pectic polysaccharides were

administrated orally, large proportions of the polysaccharides remain in the small intestine,140,141 and these poly-

saccharides may express pharmacological actions depending on their carbohydrate structures. This strongly suggests

that ingested plant polysaccharides reveal pharmacological actions by carbohydrate structure-dependent and/or-

independent (SCFA) mechanisms.

The following deals with the biological activities of plant polysaccharides through SCFAs generated by fermenta-

tion of GI microflora in the proximal and distal part of the colon as a carbohydrate structure-independent mechanism.

Various intestinal bacteria such as Bacteroides sp., Bifidobacerium sp., Clostridium sp., Lactobacillus sp., and Escherichia sp.

were shown to be able to ferment plant cell wall polysaccharides. Arabinogalactan seemed to be broken down more

slowly than pectin because of its highly branching structure.143,144 It is well known that bacterial fermentation of plant

polysaccharides such as pectin, arabinogalactan, and xylan produces SCFAs as 2-carbon to 5-carbon weak acids

including acetate, propionate, butyrate, and valerate.144 Neutral sugars and uronic acids as constituents of hemicellu-

lose (arabinogalactan, xylan) and pectin are thought to be degraded by GI microflora through hexose and/or pentose

shunt via pyruvate as the intermediate, and SCFA is generated from pyruvate in an anaerobic pathway.144 Preiss and

Ashwell145 also have proposed a specific metabolic pathway for galacturonan through the production of unsaturated

galacturonooligosaccharides, and that polygalacturonan is broken down to pyruvate via 2-keto-3-deoxy-D-gluconate as

the intermediate. Sunvold et al.146 suggested that SCFA production ranked from least to greatest in the order:

cellulose<hemicellulosic polysaccharide (pulp material)<pectin (citrus). Englyst et al.144 reported that starch is the

most effective polysaccharide to generate high butyrate concentration in in vitro experiments. However, orally

ingested starch is assumed to break down in the upper GI tract by the action of a-amylase and a-glucosidase, before
these polysaccharides reach to the lower GI tract where most of the fermentation of dietary fiber occurs. Therefore, it

is expected that resistant starch and pectin and hemicellulosic polysaccharides mainly contribute to generate SCFA in

the lower GI tract in vivo. The type of plant polysaccharides can influence the composition of SCFA. It has been

suggested that arabinogalactan produced significantly more butyrate than either pectin or xylan. Soluble pectin is

fermented mainly (80% of total SCFA) to acetate in addition to a small proportion of butyrate.144 Dongowski et al.147

have reported that the degree of methyl esterification of pectin strongly influenced fermentation of pectin to pro-

duce SCFA. With increasing degree of methyl esterification, the fermentation of pectin in the cecum and production

rate of SCFA decreased. Therefore, the production rate and composition of SCFA are considered to be dependent

on the structure and glycosidic makeup of the plant polysaccharides. Oral administration of plant carbohydrates

may express pharmacological activities based on a specific carbohydrate-dependent mechanism next to a more

carbohydrate-independent mechanism via SCFA generated in the colon.
4.34.7.1 Regulation of Apoptosis by SCFAs

The protective effect of dietary fiber on colon cancer has been estimated epidemiologically by the International

Agency for Research on Cancer (IARC) and the Intestinal Microbiology Group in two Scandinavian populations. It has

also been demonstrated that higher intake of total dietary fiber was associated significantly with a lower incidence of

colon cancer.148 It has also been assumed that dietary fiber prevents colonic carcinogenesis through SCFA such as

butyrate, which is produced from plant polysaccharides by fermentation with GI microflora.149

Apoptosis is one of the most important cell control mechanisms regulating maintenance of tissue homeostasis, cell

development, and tumor progression, in addition to the elimination of damaged cells.150 Apoptosis is known to be

regulated by specific proteins involved in the apoptotic cascade pathway such as caspases, Bcl-2 protein family, etc.

The colon comprises unique cell populations in different stages of proliferation and differentiation in an ordered

pattern along the crypt. Mitotic activities are restricted to the cells residing in the proliferative lower crypt zone, and

these cells acquire the typical functions of mature colonocyte with a limited life span during migration to the luminal

surface. Finally, differentiated cells populate the top of the colonic crypt, and are eliminated in accordance with

programmed cell death.149,151,152 Colonic tumorigenesis is considered to occur by abnormality in this process of

colonocytes.153 It has been reported that ingestion of citrus pectin by normal rats increased the apoptic index of upper
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and lower colonocytes of crypts compared to rats who ingested a standard diet containing cellulose (no SCFA-

producing control). The increase seemed to be higher in the upper colonocyte than in the lower colonocyte. Western

blot analysis indicated that activated caspase 1, which is known to promote apoptosis, was upregulated in the upper

colonocyte of crypt but not in the lower colonocyte. In the lower colonocyte of the pectin-fed rat, an upregulation of

poly (ADP-ribose) polymerase, which belongs to the DNA repair enzymes and plays an important role in supporting

the normal cell cycle, was observed. Bcl-2, which is antiapoptotic protein, was maintained at the high level in upper

colonocyte of crypt. When soluble citrus pectin (high methyl-esterified type) or butyrate was ingested or administered

intrarectally to rats, which were treated with dimethylhydrazine as carcinogen, number and size of tumor in colon were

significantly reduced by comparison with the rats ingested with standard diet.154,155 A similar upregulation of caspase 1

in normal rat fed with pectin was also observed in the upper colonocyte of rats, which were treated with pectin or

butyrate together with dimethylhydrazine. These observations suggest that pectin regulates turnover of differentiated

colonocytes in the upper crypt to prevent tumorigenesis of colonocytes through butyrate produced as fermentation

product by the gut microflora. Although it has not been clarified how SCFAs interact with colonocytes for induction of

apoptosis,156 orphan G protein-coupled receptor, GPR41, was found to induce apoptosis of embryonic rat heart-

derived cell line (H9c2 cell) via p53/Bax pathway during ischemia hypoxia/reoxygenation.157 GPR41 has been

screened as a receptor, which can be activated with SCFA, by a ligand fishing strategy.158 These observations postulate

that GPR41 may be involved in the induction of apoptosis by SCFA on colonocytes in the upper crypt.
4.34.7.2 Regulation of Immune System on GI Tract by SCFAs

Hemicellulose from germinated barley foodstuff has been found to attenuate colonic mucosal damage in experimental

enterocolitis of rat and mice induced by dextran sulfate, and that the effect was due to SCFA (especially butyrate),

which was produced by fermentation with colonic microflora.159–161 It has also been reported that butyrate enemas

showed preventive effect on dextran sulfate-induced experimental colitis in rats,162 and that oral or enteric adminis-

tered tablets of butyrate or SCFAenemaswere effective for the treatment ofCrohn’s disease patients in clinical trials.163,164

Transcription factors of the NF-kB/Rel family is known to control expression of a variety of inducible genes involved

in inflammation through the cascade pathway.165 Numbers of genes are induced in the inflamed mucosa such as those

encoding tumor necrosis factor-a (TNF-a), IL-1b, IL-6, IL-8, granulocyte-macrophage colony stimulating factor (GM-

CSF), macrophage colony stimulating factor (M-CSF), monocyte chemoattractant protein-1 (MCP-1), vascular cell

adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1 (ICAM-1), which have been shown to be

regulated by NF-kB.165 Analysis of enterocytes from patients with Crohn’s disease clearly indicated that NF-kB was

activated in biopsy specimens from inflamed mucosa but almost not in uninflamed mucosa.165 NF-kB activation was

observed only in macrophages and in epithelial cells. In vitro experiments have indicated that butyrate inhibited

expression of inflammatory cytokine mRNAs such as TNF-a, IL-6, and IL-1b, and showed downregulation of

transcriptional activity of NF-kB on lamina propria mononuclear cells from patients with Crohn’s disease.166 In vivo

experiments also clarified that butyrate enemas significantly ameliorated the activation of NF-kB on colonocytes in

dextran sulfate-induced enterocolitis of rat.167 It is still not known how SCFAs regulate transcription activity of NF-kB
in enterocytes. Butyrate has been found to inhibit NF-kB transcription in peripheral blood mononuclear cells exposed

to LPS.168 Recently, SCFA receptor, GPR43, has been reported to strongly express in peripheral blood mononuclear

cells in addition to peripheral blood polymorphonuclear cells.168 GPR43 has a stimulative function of peripheral blood

polymorphonuclear cells in uninflammatory conditions by the limited concentration of SCFA, and it is postulated that

the receptor plays an important role for the development of inflammatory bowel diseases. However, it is not known

whether the receptor still has the same function in inflammatory conditions in the presence of high concentration of

SCFA like in the colon where dietary polysaccharides are fermented by microflora. Karaki et al.169 have clarified that

GPR43 is expressed on not only enteroendocrine cells but also on mucosal mast cells in the distal colon of rats.

Therefore, it is postulated that SCFA is involved in immunomodulation of GI tract.
4.34.8 Concluding Remarks

Immunomodulating polysaccharides, obtained from phytomedicines (plant-derived medicines including traditional

herbal medicines) and fruits and vegetables as food materials, have been classified into typical structural types such

as arabino-3,6-b-galactan, rhamnogalacturonan with several neutral sugar side chains (ramified region of pectin), and
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RG-II, depending on the kind of activity. Among them, (1!3,6)-b-D-galactan seems to be a representative immuno-

modulating polysaccharide from plant origin. Because the active plant polysaccharides were suggested to activate

the classical complement pathway through the immune complex with natural antibodies, it is postulated that the

reactivity of the polysaccharide with natural antibodies is important for activation of the complement system.

Although, (1!3,6)-b-D-galactan has also been shown to have intestinal immune system modulating activity, other

active polysaccharides having the arabino-3,6-galactan structure but possessing different active sites have been

reported (H. Kiyohara and H. Yamada, unpublished results). Therefore, further studies on the structure–intestinal

immune system-modulating activity relationship of (1!3,6)-b-D-galactans are required.

In immunomodulating pectins, ramified region and RG-II were shown to be the active structural elements. The

ramified region is involved in several immunomodulating activities such as complement activation, enhancing activity

of immune complex clearance, and proliferating activity of B lymphocytes. Although it is possible that arabinogalactan

moieties present in in the ramified region participate in the intestinal immune system-modulating activity, other possible

structural requirements also should be studied. RG-II was found to have IL-6 production-enhancing activity and immune

complex clearance-enhancing activity on the macrophages, and intestinal immune system-modulating activity. Although

IL-6 production-enhancing activity depended on the dimerization of RG-II, it is not known whether other activities also

require dimerization. RG-II is known to have conserved structures, but has several microheterogeneities, and it is not

known whether all side chains of RG-II or particular side chain(s) are essential for activity. This also needs further

clarification. If the active carbohydrate chains in these active polysaccharides could be elucidated onoligosaccharide level,

it would be possible to synthesize tailor-made active glycoclusters possessing active oligosaccharides.

Certain arabino-3,6-galactans and ramified regions of pectin were observed to show other biological activities such

as anticancer metastasis activity and antiulcer activity. Therefore, it is suggested that immunostimulating activities are

somehow involved in the expression of other activities demonstrated by these polysaccharides.

To elucidate the mechanism of expression of pharmacological activities by polysaccharides, identification of

receptor molecules for active polysaccharides is required. Although several candidate molecules as receptor molecules

have been reported, at least parts of the active polysaccharides were suggested to be incorporated to the cells as the

immune complexes with natural antibodies through the immunoglobulin receptor on the cells. The target genes are

then upregulated by signal transduction pathways through receptor molecule in order to express biological activities.

When the active polysaccharides are administrated orally, immunopharmacological activities may be expressed by

carbohydrate structure-dependent and-independent mechanisms due to the different places of fermentation in GI

tract by GI bacteria. In the carbohydrate structure-dependent mechanism, specific carbohydrate sequences and whole

molecular shapes showing activity are considered to be involved in the activity. SCFAs affect the immune system by a

carbohydrate structure-independent mechanism. Therefore, plant polysaccharides may exhibit immunomodulating

activity through these two mechanisms after oral administration.

When the immunomodulating polysaccharides were administrated orally, the accumulated results also suggest that a

part of the active polysaccharide molecules are absorbed into the body through the intestine, and other active

polysaccharide molecules are incorporated into gut-associated lymphoreticular tissues such as Peyer’s patch via

M-cells. Therefore, it would be necessary to elucidate the mechanism which recognize whole polysaccharide or

oligosaccharide transporters on the M-cells.
Glossary

anticomplementary activity When normal human serum is incubated with some complement regulators, and the remaining

complement titer is functionally measured by using hemolysis of antibody-sensitized sheep erythrocytes, the regulating sub-

stances for hemolytic activity of complement are referred to as anticomplementary substances. Anticomplementary activity

observed in the hemolytic assay includes activation and inhibition of complement system.

immune complex clearance Combination of circulating antigens and antibodies to form immune complexes, and normally

these immune complexes are eliminated by mononuclear phagocytic cells such as macrophages in reticuloendothelial system. If

excessive quantities of the complexes are formed, immune complexes deposit to several tissues, and several local inflammations

occur. Therefore enhancement of immune complex clearance by macrophages has the potential to treat autoimmune diseases.

intestinal immune system The gut-associated lymphoreticular tissues (GALTs) exist on the intestinal mucosal sites, and play

an important role in host defense, including immunoglobulin A (IgA) response in the mucosal immune system. Peyer’s patch is

the important lymphoid organ in the intestine, and is known as inductive site of mucosal immune system for IgA production and

oral tolerance. Herbal medicines and foods including polysaccharides are absorbed or affected in the intestine and may modulate

the gastric mucosal immune system.
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4.35.1 Short History of Studies on Milk Oligosaccharides

Mammalian milk contains from 0% to over 10% of carbohydrate, of which the disaccharide lactose, Gal(b1-4)Glc,

usually but not always constitutes the major part (Gal, D-galactose; Glc, D-glucose). The remainder is composed of a

variety of other sugars, commonly known as milk oligosaccharides.1–5 Almost all of these oligosaccharides have a

lactose unit at their reducing ends and are built by the attachment of N-acetylglucosamine (GlcNAc), galactose,

fucose, and/or sialic acid to lactose.

Detailed studies on milk oligosaccharides began during the 1950s with their isolation and successive structural

characterization. Initially, the main purpose of these studies was to identify a specific bifidobacterium growth factor of

human milk.6 This factor was thought to be a nitrogen-containing sugar, GlcNAc, which was postulated to be required

for the growth of a specific Bifidobacterium bifidum strain, B. Bifidum var. pennsylvanicus.6,7 Although there is still no

unequivocal answer to the question of exactly which oligosaccharides or structures among the human milk oligosac-

charides are responsible for the bifidus factor, Kitaoka et al.8 recently suggested that oligosaccharides containing a

lacto-N-biose I (Gal(b1-3)GlcNAc) unit are involved (see below).

The search for the Bifidus factor led to the isolation and structural characterization of a large variety of human milk

oligosaccharides. For example, by 1958, Malpress and Hytten9 had described 10 neutral oligosaccharides from human

milk and estimated their content to be about 0.6g per 100ml. Since that time, many more milk oligosaccharides have

been characterized in a variety of mammalian species including human and cow.2–5 The details of their structures

are described below.

At one time, it was thought that milk oligosaccharides may have no specific function and that they are produced

neither by specific synthesis nor by degradation of glycolipids.10 Instead, they could be the incidental result of

the high concentration of lactose in human milk, the disaccharide serving as a glycosyl acceptor for the various soluble

glycosyltransferases found in milk. It is now generally accepted that milk oligosaccharides arise as a result of specific

synthesis and that they function both as prebiotics, stimulating the growth of bifidobacteria and perhaps of other

beneficial microorganisms within the infant colon, and as soluble receptor analogs, inhibiting the attachment of

pathogenic bacteria, viruses, and bacterial toxins to colonic epithelial cells.2–5

In this chapter, we describe the chemical structures of human as well as nonhuman milk oligosaccharides and

discuss their biological significance, gastrointestinal digestion/absorption, biosynthesis, putative evolution, and

speculate on their future industrial applications.
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4.35.2 Human Milk Oligosaccharides

Human milk contains about 67gl–1 of lactose which constitutes 84% of the carbohydrate fraction.2,3 The oligosaccha-

ride content of mature human milk is from 12 to 13gl–1, which therefore amounts to about 16% of the carbohydrate

fraction, while that of colostrum is about 21 to 24g l–1.2,3 The oligosaccharides represent the third largest nonaqueous

component of human milk, after lactose and lipid.2

The chemical structures of human milk oligosaccharides have been characterized by numerous workers, especially

Kuhn et al.11–19 and Kobata and Ginsburg,20–22 and also by Montreuil,23 Grimmonprez and Montreiul,24 Yamashita

et al.,25–28 Ginsburg et al.,29 Tachibana et al.,30 Dua et al.,31 Wieruszeski et al.,32 Smith et al.,33 Bruntz et al.,34 Sabharval

et al.,35,36 Gronberg et al.,37,38 Strecker et al.,39,40 Kitagawa et al.,41–43 Haew-Fievre et al.,44 Fievre et al.,45 Guerardel

et al.,46 Kogelberg et al.,47 Chai et al.,48 and other workers;49,50 the structures of at least 92 different oligosaccharides

have been reported to date (Table 1). These oligosaccharides can be divided into 12 groups,44 based on their core

structures, and it can be seen (Figure 1) that they are built by the attachment of L-fucose (Fuc) via a1-2, a1-3, or a1-4
linkages and/or of N-acetylneuraminic acid (Neu5Ac) via a2-3 or a2-6 linkage to Gal, GlcNAc, or Glc residues of these

core structures.

Human milk oligosaccharides, when compared with the milk oligosaccharides of other eutherian species, have

several unique features: (1) Oligosaccharides containing the type I (Gal(b1-3)GlcNAc-R) chain are more dominant

than those of the type II (Gal(b1-4)GlcNAc-R) chain. (2) The proportion of fucosyl oligosaccharides containing H (Fuc

(a1-2)Gal(b1-3)GlcNAc), Lea (Gal(b1-3)[Fuc(a1-4)]GlcNAc, Leb (Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc), or Lex

(Gal(b1-4)[Fuc(a1-3)]GlcNAc) is high. The dominance of type I oligosaccharides may be advantageous with respect

to the formation of bifidus flora in the infant colon,8 while the high content of fucosyl oligosaccharides, especially

those containing the Lea or Fuc(a1-2)Gal(b1-4)Glc(NAc) unit, may be relevant to inhibition of the attachment of

Campylobacter jejuni, one of the most common causes of diarrhea, to the infant’s colonocytes51 (see below). (3) Human

milk oligosaccharides, unlike those of other mammals, contain Neu5Ac as the sole sialic acid. The absence of

N-glycolylneuraminic acid (Neu5Gc) in humans is believed to be due to loss of the CMP-Neu5Ac hydroxylase

responsible for Neu5Gc biosynthesis. This loss is assumed to have occurred about 2.5Ma.52 (4) Oligosaccharides

containing the a-gal epitope (Gal(a1-3)Gal(b1-4)GlcNAc) have not been found among human milk oligosaccharides,

in contrast to those of several other species such as cow,53 sheep,54 goat,55 bears,56–59 and coati.60
4.35.3 Milk Oligosaccharides: Methodological Aspects

Previously, the isolation of milk oligosaccharides had been performed mainly with methods such as paper or thin-

layer chromatography; such methods have more recently been superseded by normal-phase or reverse-phase high-

performance liquid chromatography (HPLC) or affinity chromatography. A novel method for the isolation of milk

oligosaccharides was recently described by Kitagawa et al.41–43 These workers prepared a monoclonal antibody,

denoted MSW113, which recognized the sialyl Lea epitope, a tumor-related carbohydrate epitope, and used it in

affinity chromatography to separate oligosaccharides , containing this unit, from other human milk saccharides. They

had initially established that the acidic human milk oligosaccharides fraction inhibited the antigen–antibody reaction

between the above antigen and MSW113. The human milk oligosaccharides fraction was then subjected to affinity

column chromatography in which this monoclonal antibody was bound to Protein A-Sepharose GL4B as a ligand; the

oligosaccharides containing sialyl Lea were adsorbed by the column and were then eluted by raising the pH of the

eluate. Each of the oligosaccharides in the eluate were purified by HPLC using an amido-silica column. These results

suggest that other minor oligosaccharides could be isolated by affinity chromatography using other monoclonal

antigens or lectins which recognize the various carbohydrate epitopes. It is also worthy of note that Gronberg

et al.37,38 succeeded in isolating several novel minor oligosaccharides by HPLC using triethylamine as an ion pair

reagent.

At present, one usually characterizes oligosaccharide structures by resonance assignments of the reporter groups in

one-dimensional 1H-NMR and two-dimensional NMR such as 1H–13C correlated spectroscopy (1H–13C COSY),

heteronuclear single quantum coherence experiments (HSQC), 1H–1H homonuclear Hartmann–Hahn experiments

(1H–1H HOHAHA), heteronuclear multiple bond correlation experiments (HMBC), etc., with the aid of matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) analysis. It can be expected

that in the near future these methods will be improved for the analysis of smaller samples; for example, characteriza-

tions, based on the database of lectin–glycoconjugate affinity, by frontal affinity chromatography with various lectins.61

To determine the content of individual oligosaccharides in milk, methods for separation of the isomers are required.

At present, most quantitation is performed using reverse-phase or normal-phase HPLC. To improve the sensitivity of



Table 1 Human milk oligosaccharides

No. Oligosaccharide Structure Reference

Neutral oligosaccharides

1 20-FL Fuc(a 1-2)Gal(b 1-4)Glc 11

2 3-FL Gal(b1-4)Glc

Fuc(a1-3)

23

3 b 30 -GL Gal(b 1-3)Gal(b 1-4)Glc 49

4 b 40 -GL Gal(b 1-4)Gal(b 1-4)Glc 50

5 b 60 -GL Gal(b1-6)Gal(b1-4)Glc 25

6 DF-L(LDFT) Fuc(a1-2)Gal(b1-4)Glc

Fuc(a1-3)

15

7 LNT Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc 14

8 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 17

9 LNFP I Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc  12

10 LNFP II Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

13

11 LNFP III Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

20

12 LNFP V Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

29

13 LNDFH I Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

15

14 LNDFH II Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4) Fuc(a1-3)

16

15 LNH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)

21

16 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)

22

17 F-LNH I
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

191

18 F-LNH II

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3) 31

19 F-LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)
Fuc(a1-

22

20 F-para-LNH I Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

35

21 F-para-LNH II Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

34

22 DF-LNH II

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-4)

31

(continued)
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Table 1 (continued)

No. Oligosaccharide Structure Reference

23 DF-LNH I

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3) 191

24 DF-LNnH

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

44

25 DF-para-LNH Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)Fuc(a1-4)

28

26 DF-para-LNnH Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)Fuc(a1-3)

28

27 TF-LNH

Gal(b1-4)GlcGal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-4)

36

28 TF-para-LNH I

Fuc(a1-3)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

39

29 TF-para-LNH II Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)Fuc(a1-3)Fuc(a1-4)

34

30 TF-para-LNnH Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)Fuc(a1-3)Fuc(a1-3)

34

31 F-LNO

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

27

32 F-LNnO

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

27

33 F-iso-LNO

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3) 47

34 DF-LNO I

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3)Fuc(a1-3) 30

35 DF-LNO II

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-4)

Fuc(a1-3) 30

36 DF-LNnO I

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3)Fuc(a1-4) 30

698 Milk Oligosaccharides



Table 1 (continued)

No. Oligosaccharide Structure Reference

37 DF-LNnO II

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3)

Fuc(a1-3)

30

38 DF-iso-LNO I

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-4) 189

39 DF-iso-LNO II

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3) 189

40 TF-LNO

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-4)

Fuc(a1-3)Fuc(a1-3) 30

41 TF-LNnO

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3)Fuc(a1-4)

Fuc(a1-3)

30

42 TF-iso-LNO I

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3) 40

43 TF-iso-LNO II

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)Glc

Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)Fuc(a1-4)

Fuc(a1-4)

47

44 Tetra-F-iso-LNO

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-4)

44

45 Tetra-F-para-LNO

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)Fuc(a1-3)Fuc(a1-4)

44

46 Penta-F-iso-LNO

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-4)

Fuc(a1-4) 44

47 F-LND

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-3) 48

Acidic oligosaccharides

48 30 -SL Neu5Ac(a2-3)Gal(b1-4)Glc 19

49 60 -SL Neu5Ac(a2-6)Gal(b1-4)Glc 18

(continued)
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No. Oligosaccharide Structure Reference

50 F-SL Neu5Ac(a2-3)Gal(b1-4)Glc

Fuc(a1-3)

37

51 LST a Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc 190

52 LST b Neu5Ac(a2-6)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

190

53 LST c Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 17

54 F-LSTa

Fuc(a1-4)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc 32

55 F-LST b Neu5Ac(a2-6)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

32

56 F-LST d

Fuc(a1-3)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 33

57 S-LNH
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)

21

58 S-LNnH I
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)

21

59 S-LNnH II
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

37

60 FS-LNH
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

28

61 FS-LNH I

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Neu5Ac(a2-6)

38

62 FS-LNH II

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3) 38

63 FS-LNH III
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

38

64 FS-LNH IV
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

186

65 FS-LNnH I

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3) 37

66 FS-LNnH II
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)
Fuc(a1-

22

67 DFS-LNH I
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

38

68 DFS-LNH II

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-4)

186
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Table 1 (continued)

No. Oligosaccharide Structure Reference

69 DFS-LNnH

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3) 38

70 FS-LNO
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

43

71 FS-iso-LNO
Gal(b1-4)Glc

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

188

72 DFS-iso-LNO I

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

Fuc(a1-3) 188

73 FS-iso-LNO II

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

Fuc(a1-4) 188

74 DFS-LNO

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

Fuc(a1-3) 188

75 TFS-iso-LNO

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

Fuc(a1-3) 43

76 DS-LNT

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Neu5Ac(a2-6) 24

77 FDS-LNT I

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Neu5Ac(a2-6)

Fuc(a1-4)

42

78 DS-LNT II

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Neu5Ac(a2-6)

Fuc(a1-3)

187

79 DS-LNH I
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

42

80 DS-LNH II

Neu5Ac(a2-6)

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

42

81 DS-LNnH
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

38

82 FDS-LNH I

Neu5Ac(a2-6)

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

26

(continued)
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Table 1 (continued)

No. Oligosaccharide Structure Reference

83 FDS-LNH II

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-3)

Neu5Ac(a2-6)

42

84 FDS-LNH III
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

Fuc(a1-4)

186

85 FDS-LNnH
Gal(b1-4)Glc

Neu5Ac(a2-3/2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3/2-6)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

26

86 TS-LNH

Neu5Ac(a2-6)

Gal(b1-4)Glc
Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)

45

87 -

Neu5Ac(a2-3)Gal(b1-3)GlcNAc

Fuc(a1-4) 41

88 -

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal

Fuc(a1-4) 41

89 FS-novo-LNP I

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-3)Gal(b1-3)

Fuc(a1-3) 38

90 DF-para-LNH

sulfate I Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

6S 46

91 DF-para-LNH

sulfate II

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

6S

Fuc(a1-3)

46

92 TF-para-LNH

sulfate
Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

6S

Fuc(a1-3)Fuc(a1-4)

46

F, fucose; L, lactose; S, sialyl; DF, difucosyl; TF, trifucosyl; DS, disialyl; TS, trisialyl; FS, fucosyl sialyl; DFS, difucosyl sialyl;
TFS, trifucosyl sialyl; FDS, fucosyl disialyl; DGal, digalactosyl; FL, fucosyllactose; GL, galactosyllactose; LDFT, lacto

difucotetraose; LNT, lacto-N-tetraose; LNnT, lacto-N-neotetraose; LNFP, lacto-N-fucopentaose; LNP, lacto-N-pentaose;

LNDFH, lacto-N-difucohexaose; LNH, lacto-N-hexaose; LNnH, lacto-N-neohexaose; LNO, lacto-N-octaose; LNnO, lacto-

N-neooctaose; LND, lacto-N-decaose.
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their detection in HPLC, pre- or postcolumn labeling techniques have been developed and several precolumn

labeling methods have been reported.

In many labeling methods, derivatizations are performed by condensation of an aromatic amine, such as 2-amino-

pyridine, 2-aminobenzamide, or 2-aminobenzoic acid, with the sugar aldehyde at its reducing end using reductive

amination.62,63 These derivatives are easy to separate during HPLC because they cannot form anomeric mixtures as

their reducing ends are blocked. The pyridylamino derivatives are especially useful for separations in reverse-phase

HPLC because they are stable during storage; these derivatives are therefore sometimes used prior to HPLC in the

quantitation of oligosaccharides released from glycoproteins64,65 and also of neutral human milk oligosaccharides.66



Lacto-N-neotetraose

Lacto-N-neohexaose

Lacto-N-tetraose

Lacto-N-hexaose

LactoseGal(b1-4)Glc

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc para-Lacto-N-hexaose

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)
Gal(b1-3)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc para-Lacto-N-neohexaose

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)
Lacto-N-octaose

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)
Lacto-N-neooctaose

Gal(b1-4)Glc
Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)GlcNAc(b1-3)
iso-Lacto-N-octaose

Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

para-Lacto-N-octaose

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-3)GlcNAc(b1-3) Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-3)GlcNAc(b1-3)

Lacto-N-decaose

Figure 1 List of the 12 ‘core’ oligosaccharides found in humanmilk. Reproduced fromHaeuw-Fievre, S.; Wieruszeski, J. M.;

Plancke, T.; Michalski, J. C.; Montreuil, J. Eur. J. Biochem. 1993, 215, 361–371, with kind permission of Springer Science
and Business Media.
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However, the conditions of this derivatization are not very mild; the quantitation must therefore be carefully

performed to avoid the release of sialic acid or fucose. Derivatization with 1-phenyl-3-methyl-5-pyrazolone is

another, milder method available for use prior to the quantification of glycoconjugates67,68 including human milk

oligosaccharides69 during HPLC.
4.35.4 Human Milk Oligosaccharides: Quantitative Aspects

The main features regarding the concentrations of oligosaccharides in human milk are as follows: (1) Colostrum

contains higher concentrations of oligosaccharides than mature milk. (2) The concentrations of neutral oligosaccha-

rides are greater than those of acidic oligosaccharides.70 (3) The most dominant oligosaccharide in colostrum collected

at 4 days post partum and in mature milk is the neutral trisaccharide Fuc(a1-2)Gal(b1-4)Glc (20-fucosyllactose). Fuc(a1-
2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc (lacto-N-fucopentaose I), Fuc(a1-2)Gal(b1-3)[Fuc(a1-4)]GlcNAc(b1-3)Gal

(b1-4)Glc (lacto-N-difucohexaose II), and Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc (lacto-N-tetraose) are also promi-

nent.70–73 (4) Among the acidic oligosaccharides, the contents of Neu5Ac(a2-3)Gal(b1-4)[Fuc(a1-3)]Glc (F-SL),

Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc (LST a), Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-3)Gal(b1-4)Glc

(LST b), and Neu5Ac(a2-3)Gal(b1-3)[Neu5Ac(a2-6)]GlcNAc(b1-3)Gal(b1-4)Glc (DSLNT) are relatively high in

colostrum and decrease during the course of lactation, while those of Neu5Ac(a2-3)Gal(b1-4)Glc (30-SL) and

Neu5Ac(a2–6)Gal(b1-4)Glc (60-SL) are low in colostrum and mature milk.74 However, other reports have described

the contents of LSTc, 60-SL, and DSLNTas being high in colostrum.69,70

In this connection, it should be noted that the published data for oligosaccharide contents do not always agree. This

may be due to differences in the lactation stages of the samples, or differences between secretor or nonsecretor donors,

or to different fractionation procedures used for the samples prior to HPLC, or to different detection systems used in

the HPLC, or the presence or absence of internal standards.



704 Milk Oligosaccharides
4.35.5 Milk Oligosaccharides in Nonhuman Mammals

Prior to about 1980, most studies on the oligosaccharides of nonhuman eutherian mammals were concerned

with bovine colostrum or milk. For example, eight sialyl oligosaccharides had been separated from bovine

colostrum, and their structures determined, during the period 1950s to 1980s.75–77 More recently, milk or

colostrum oligosaccharides of the following species have been studied and characterized, mainly by Messer et al.

and Urashima et al., as listed in Table 2: platypus (monotreme),78–80 echidna (monotreme),78,79,81,82 tammar wallaby

(marsupial),83–87 cow,53,75–77,88–93 buffalo,94 horse,95–97 goat,55,98,99 sheep,54,100 dog,101 Ezobrownbear,56 Japanese black

bear,57,59 polar bear,58 giant panda,102 white-nosed coati,60 mink,103 crabeater seal,104 hooded seal,105 harbour seal,106

bearded seal,107 minke whale,108 beluga,108 bottlenose dolphin,109 elephant,110 rat,111–115 and brown capuchin.116

The concentration of oligosaccharides in milk varies between mammalian species and depends on the time post

partum. For example, bovine colostrum collected immediately post partum contains more than 1gl–1 of oligosacchar-

ides, mainly sialyl oligosaccharides, but the content rapidly decreases at 48h post partum and mature milk contains

only trace amounts.117 By contrast, human mature milk contains 12–13gl–1 of oligosaccharides,2,3 a more than 10-fold

difference between cow and human. The low concentration of oligosaccharides in bovine milk presents a problem

with respect to the production of milk replacers for human infants using mature bovine milk as a starting material.

In future, it may be possible to utilize other substances, with biological effects similar to those of human milk

oligosaccharides, for the formulation of infant formulas (see below).

Although lactose is the dominant saccharide in the milk of many mammalian species, the milk of monotremes and

marsupials contains considerably more oligosaccharides than lactose and the free lactose concentration is low.5,78 Among

eutherians, the milks of several species of the order Carnivora (Ursidae, Phocidae, Procyonidae, and Mustelidae)

contain relatively high ratios of milk oligosaccharides to lactose; in particular, those of Ursidae contain considerably

more oligosaccharides than lactose.56–60,102,103,105–107

Most milk oligosaccharides have a lactose unit at their reducing ends, but a few oligosaccharides in a few species,

including cow and goat, have N-acetyllactosamine (Gal(b1-4)GlcNAc) instead of lactose.90,98 The sialyl oligosacchar-

ides of many species contain Neu5Ac as a sole or dominant sialic acid, but ovine colostrum oligosaccharides

exceptionally contain more Neu5Gc than Neu5Ac.100 Sialyl oligosaccharides containing (a2-3)-linked Neu5Ac resi-

dues are more common than those containing (a2-6)-linked Neu5Ac residues in the milk or colostrum of cow,77

horse,97 sheep,100 minke whale,108 and bottlenose dolphin.109 The oligosaccharides of milk or colostrum of human,69

goat,98 bearded seal,107 and harbour seal,106 however, contain more (a2-6)-linked Neu5Ac than (a2-3)-linked Neu5Ac.

There are also differences between species with respect to the content of fucosyl oligosaccharides in their

milk. Milk of the platypus and echidna (monotremes) is rich in fucosyl oligosaccharides, which are also found in

the milk of three species of bears and of three species of seals.78–81,56–59,105–107 Milk oligosaccharides of the tammar

wallaby and other marsupials do not, however, contain fucose,83–87 and there are very few fucosyl sugars in bovine

colostrum.53,75–77,89–92 It is noteworthy that seal fucosyl oligosaccharides contain H antigen (Fuc(a1-2)Gal) as the only

fucosyl unit,104–107 while most of the higher oligosaccharides of bears contain Lewis x.56–59 The types of linkages

involved in the fucosylation, namely Fuc(a1-2)Gal or, Fuc(a1-3)Glc(NAc), or Fuc(a1-4)GlcNAc, are also very

different between mammalian species.

Oligosaccharides containing the type II chain dominate over those containing the type I chain in the milk of most

species other than human. Many milk oligosaccharides of the platypus,80 bears,56–59 seals,104–107 and some of humans

contain lacto-N-neotetraose (Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc), lacto-N-neohexaose (Gal(b1-4)GlcNAc(b1-3)[Gal

(b1-4)GlcNAc(b1-6)]Gal(b1-4)Glc), or para-lacto-N-neohexaose (Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal

(b1-4)Glc) as well as lactose as core units. On the other hand, the major series of tammar wallaby milk oligosaccharides

consists of a (b1-3)-linked Gal sequence, ranging from tri- to at least octasaccharides;83,84 with the exception of the

trisaccharide Gal(b1-3)Gal(b1-4)Glc, this is a type of structure which has never been found in the milk or colostrum of

other species. In these respects, therefore, eutherian milk oligosaccharides resemble those of monotremes more than

they do those of marsupials.

The species specificity of themilk oligosaccharides residesmainly in the structures of their nonreducing end units. For

example, many seal milk oligosaccharides contain H antigen at their nonreducing ends,104–107 while some of the bear

milk oligosaccharides contain A (GalNAc(a1-3)[Fuc(a1-2)]Gal) or B (Gal(a1-3)[Fuc(a1-2)]Gal) antigens (GalNAc,

N-acetylgalactosamine).56–59 On the other hand, some of the milk oligosaccharides of bears,56–59 the white-nosed

coati,60 mink,103 cow,53 goat,55 and sheep54 contain the a-gal epitope (Gal(a1-3)Gal(b1-4)Glc(NAc)).

A few milk oligosaccharides of some species including dog,101 rat,112,115 human,46 and bearded seal107 contain

sulfate, while those of a few species including cow89,90 and horse97 contain phosphate.



Table 2 Milk oligosaccharides of nonhuman mammals

No. Oligosaccharide Structure Reference

Brown capuchin colostrum
Neutral oligosaccharides

1 3-FL Gal(b1-4)Glc

Fuc(a1-3)

116

2 b30 -GL Gal(b1-3)Gal(b1-4)Glc 116

3 b60 -GL Gal(b1-6)Gal(b1-4)Glc 116

4 novo-LNP I Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcGal(b1-3)

116

5 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

116

Acidic oligosaccharides

6 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 116

Bovine colostrum or milk
Neutral oligosaccharides

1 N-Acetylgalactosaminylglucose GalNAc(b1-4)Glc 91

2 LacNAc Gal(b1-4)GlcNAc 91

3 Lex trisaccharide Gal(b1-4)GlcNAc
Fuc(a1-3)

92

4 a30 -GalNAcL GalNAc(a1-3)Gal(b1-4)Glc 53

5 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 53

6 b30 -GL Gal(b1-3)Gal(b1-4)Glc 92

7 b40 -GL Gal(b1-4)Gal(b1-4)Glc 93

8 b60 -GL Gal(b1-6)Gal(b1-4)Glc 92

9 novo-LNP I
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)

53

10 b30 -GalNAcL GalNAc(b1-3)Gal(b 1-4)Glc 192

Acidic oligosaccharides

11 30 - O-Lac phosphate Gal(b1-4)Glc-3�-PO4 88

12 30 -S Gal Neu5Ac(a2-3)Gal 75

13 30 -SL Neu5Ac(a2-3)Gal(b1-4)Glc 76

14 60 -SL Neu5Ac(a2-6)Gal(b1-4)Glc 75

15 30 -Neu5GcL Neu5Gc(a2-3)Gal(b1-4)Glc 75

16 60 -Neu5GcL Neu5Gc(a2-6)Gal(b1-4)Glc 77

17 60 -SLacNAc Neu5Ac(a2-6)Gal(b1-4)GlcNAc  75

18 60 -Neu5GcLacNAc Neu5Gc(a2-6)Gal(b1-4)GlcNAc  77

19 Neu5Ac(a2-3)Gal(1-3)Gal(1-4)Glc  90

20 DSL Neu5Ac(a2-8)Neu5Ac(a2-3)Gal(b1-4)Glc 75

21 60-SLacNAc-1-O-phosphate Neu5Ac(a2-6)Gal(b1-4)GlcNAc-1-PO4 90

22 60-SLacNAc-6-O-phosphate Neu5Ac(a2-6)Gal(b1-4)GlcNAc-6-PO4 89

Buffalo colostrum
Acidic oligosaccharides

1 DSL Neu5Ac(a2-8)Neu5Ac(a2-3)Gal(b1-4)Glc 94

Equine colostrum
Neutral oligosaccharides

1 b30 -GL Gal(b1-3)Gal(b1-4)Glc 95

2 b60 -GL Gal(b1-6)Gal(b1-4)Glc 95

(continued)
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Table 2 (continued)

No. Oligosaccharide Structure Reference

3 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 96

4 iso-LNnT Gal(b1-4)GlcNAc(b1-6)Gal(b1-4)Glc 96

5 novo-LNP I
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-3)

95

6 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)

96

Acidic oligosaccharides

7 LacNAc-1-O-phosphate Gal(b1-4)GlcNAc-1-PO4 97

8 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 97

Caprine colostrum or milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 55

2 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 55

3 b 30 -GL Gal(b1-3)Gal(b1-4)Glc 55

4 b 60 -GL Gal(b1-6)Gal(b1-4)Glc 55

Acidic oligosaccharides

5 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 98

6 60-SL Neu5Ac(a2-6)Gal(b1-4)Glc 98

7 60-Neu5GcL Neu5Gc(a2-6)Gal(b1-4)Glc 98

8 60-SLacNAc Neu5Ac(a2-6)Gal(b1-4)GlcNAc  98

9 30-S-b60-GL Gal(b1-6)Gal(b1-4)Glc
Neu5Ac(a2-3)

99

10 60-S-b30-GL Gal(b1-3)Gal(b1-4)Glc

Neu5Ac(a2-6)

99

Ovine colostrum
Neutral oligosaccharides

1 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 54

2 b 30 -GL Gal(b1-3)Gal(b1-4)Glc 54

3 b 60 -GL Gal(b1-6)Gal(b1-4)Glc 54

Acidic oligosaccharides

4 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 100

5 60-SL Neu5Ac(a2-6)Gal(b1-4)Glc 100

6 30-Neu5GcL Neu5Gc(a2-3)Gal(b1-4)Glc 100

Ezo brown bear milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 56

2 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 56

3 DF-LNnT Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

56

4 Gal-LNFP III Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc
Fuc(a1-3)

56

5 Tetra-F-LNnH

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

56
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No. Oligosaccharide Structure Reference

6 DF D Gal-LNnH

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)
Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

56

Japanese black bear milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 57

2 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 57

3 3-F-isoglobotriose Gal(a1-3)Gal(b1-4)Glc

Fuc(a1-3)

57

4 B-tetrasaccharide Gal(a1-3)Gal(b1-4)Glc

Fuc(a1-2)

57

5 B-pentasaccharide Gal(a1-3)Gal(b1-4)Glc
  Fuc(a1-2)  Fuc(a1-3)

57

6 Gal-LNFP III Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc
Fuc(a1-3)

57

7 B-heptasaccharide type II

chain

Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-2) Fuc(a1-3)

57

8 DF DGal-LNnT Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3) Fuc(a1-3)

57

9 DF DGal-LNnH

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)
Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

57

10 TF DGal-LNnH a

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

Fuc(a1-2) 57

11 TF DGal-LNnH b

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)Fuc(a1-2)

57

Acidic oligosaccharides

12 30 -SL Neu5Ac(a2-3)Gal(b1-4)Glc 59

13 FS Gal-LNnH

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3) 59

14 DFSGal-LNnH

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)Fuc(a1-2) 59

15 DS-LNnH
Gal(b1-4)GlcNeu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)
59

Polar bear milk
Neutral oligosaccharides

1 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 58

2 20-FL Fuc(a1-2)Gal(b1-4)Glc 58

(continued)
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3 B-tetrasaccharide Gal(a1-3)Gal(b1-4)Glc

Fuc(a1-2)

58

4 3-F-isoglobotriose Gal(a1-3)Gal(b1-4)Glc
Fuc(a1-3)

58

5 A-tetrasaccharide GalNAc(a1-3)Gal(b1-4)Glc

Fuc(a1-2)

58

6 A-pentasaccharide GalNAc(a1-3)Gal(b1-4)Glc
Fuc(a1-2)Fuc(a1-3)

58

7 Gal ilipentasaccharide Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 58

8 B-hexasaccharide-type II

chain

Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-2)

58

9 Gal-LNFP III Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

58

10 DF Gal-LNnT Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3) Fuc(a1-3)

58

11 DGal-LNnH
Gal(b1-4)GlcGal(a1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)
58

12 DF DGal-LNnH

Gal(b1-4)Glc
Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)

Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

58

White-nosed coati milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 60

2 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 60

3 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 60

4 LNFP IV Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 60

5 Gal ilipentasaccharide Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 60

6 F Gal-LNnH
Gal(b1-4)GlcGal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)Gal(a1-3)
Fuc(a1-2) 60

Elephant milk
Neutral oligosaccharides

1 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 110

2 20-FL Fuc(a1-2)Gal(b1-4)Glc 110

3 3-FL Gal(b1-4)Glc
Fuc(a1-3)

110

4 LNT Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc 110

5 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

110

6 LNFP I Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc 110

7 LNDFH I Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

110

Acidic oligosaccharides

8 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 110

9 60-SL Neu5Ac(a2-6)Gal(b1-4)Glc 110

10 LST a Neu5Ac(a2-3)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc 110

11 LST c Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 110
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No. Oligosaccharide Structure Reference

Rat milk
Acidic oligosaccharides

1 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 113

2 30-SL-60-O-sulphate Neu5Ac(a2-3)Gal(b1-4)Glc-6�-SO3 112

3 60-L-O-sulphate Gal(b1-4)Glc-6�-SO3 111

4 b60 galactosyl- myo-inositol Gal(b1-6)-myo-inositol  114

Dog milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 101

Acidic oligosaccharides

2 30-L-O-sulphate Gal(b1-4)Glc-3�-SO3 101

Echidna milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 78,79

2 LDFT

Fuc(a1-3)

Fuc(a1-2)Gal(b1-4)Glc 78,79

Acidic oligosaccharides

3 4-O-Ac-30-SL Neu4,5Ac2(a2-3)Gal(b1-4)Glc 81,82

Platypus milk
Neutral oligosaccharides

1 LDFT

Fuc(a1-3)
Fuc(a1-2)Gal(b1-4)Glc 78,79

2 LNFP III Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

80

3 LNDFH III Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3)

80

4 DF-LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-3) Fuc(a1-3)

80

5 LNDFH I Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc

Fuc(a1-4)

80

6 DF-LNnH

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

80

7 TF-LNnH a

Gal(b1-4)Glc
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)

Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

80

8 TF-LNnH b

Gal(b1-4)Glc
Gal(b1-4)GlcNAc(b1-6)

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

Fuc(a1-3)

Fuc(a1-3)

80

Tammar wallaby milk
Neutral oligosaccharides

1 b30 -GL Gal(b1-3)Gal(b1-4)Glc 83

2 Di-GalL Gal(b1-3)Gal(b1-3)Gal(b1-4)Glc 84

3 Tri-GalL Gal(b1-3)Gal(b1-3)Gal(b1-3)Gal(b1-4)Glc 84

(continued)
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4 Tetra-GalL Gal(b1-3)Gal(b1-3)Gal(b1-3)Gal(b1-3)Gal(b1-4)Glc 84

5 Penta-GalL Gal(b1-3)Gal(b1-3)Gal(b1-3)Gal(b1-3)Gal(b1-3)Gal(b1-4)Glc 84

6 novo-LNT
Gal(b1-4)GlcGlcNAc(b1-6)

Gal(b1-3)
85

7 novo-LNP I
Gal(b1-4)GlcGal(b1-4)GlcNAc(b1-6)

Gal(b1-3)
86

8 Gal-novo-LNP I
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-3)Gal(b1-3)

86

9 Ra or RbRa or Rb

Gal(b1-3) [Gal(b1-3)] nGal(b1-4)Glc

87

10 Ra Ra

Gal(b1-3) [Gal(b1-3)] nGal(b1-4)Glc

87

Ra=Neu5Ac(a2-3/2-6)Gal(b1-4)GlcNAc(b1-6)

Rb=Gal(b1-4)GlcNAc(b1-6)

Beluga milk
Acidic oligosaccharides

1 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 108

Minke whale milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 108

2 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 108

3 A-tetrasaccharide GalNAc(a1-3)Gal(b1-4)Glc

Fuc(a1-2)

108

4 para-LNnH Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 108

Acidic oligosaccharides

5 300 0-S-LNnT Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 108

6 LST c Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 108

7 S-para-LNnH Neu5Ac(a2-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 108

Giant panda milk
Neutral oligosaccharides

1 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 102

2 3-F-isoglobotriose

Fuc(a1-3)
Gal(a1-3)Gal(b1-4)Glc 102

Acidic oligosaccharides

3 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 102

4 60-SL Neu5Ac(a2-6)Gal(b1-4)Glc 102

5 30-S-3-FL Neu5Ac(a2-3)Gal(b1-4)Glc

Fuc(a1-3)

102

Crabeater seal milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 104

Hooded seal milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 105

2 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 105

3 LNFP IV Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 105

4 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-3)

Gal(b1-4)GlcNAc(b1-6) 105
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5 F-LNnH a Gal(b1-4)GlcFuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

105

6 F-LNnH b
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

105

7 DF-LNnH
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

105

8 para-LNnH Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 105

9 F-paraLNnH Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 105

Bearded seal milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 107

2 LNFP IV Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 107

3 DF-LNnH
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

107

Arctic harbour seal milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 106

2 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 106

3 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

106

4 F-LNnH a
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

106

5 F-LNnH b
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

106

6 DF-LNnH
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)

106

Acidic oligosaccharides

7 S-LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

106

8 FS-LNnH
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

106

9 DS-LNnH
Gal(b1-4)Glc

Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-6)
Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

106

Mink milk
Neutral oligosaccharides

1 20-FL Fuc(a1-2)Gal(b1-4)Glc 103

2 Isoglobotriose Gal(a1-3)Gal(b1-4)Glc 103

3 LNnT Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 103

4 LNFP IV Fuc(a1-2)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 103

5 Gal ilipentasaccharide Gal(a1-3)Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc 103

6 LNnH
Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

103

7 F-LNnH
Fuc(a1-2) Gal(b1-4)Glc

Gal(b1-4)GlcNAc(b1-6)
Gal(b1-4)GlcNAc(b1-3)

103

8 FS-LNnH
Gal(b1-4)Glc

Fuc(a1-2)Gal(b1-4)GlcNAc(b1-6)
Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

103

9 FGal-LNnH
Gal(b1-4)Glc

Gal(a1-3)Gal(b1-4)GlcNAc(b1-6)
Neu5Ac(a2-6)Gal(b1-4)GlcNAc(b1-3)

103

(continued)
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Bottlenose dolphin milk
Neutral oligosaccharides

1 Globotriose Gal(a1-4)Gal(b1-4)Glc 109

Acidic oligosaccharides

2 30-SL Neu5Ac(a2-3)Gal(b1-4)Glc 109

3 60-SL Neu5Ac(a2-6)Gal(b1-4)Glc 109

4 GM2 tetrasaccharide Gal(b1-4)Glc
GalNAc(b1-4)
Neu5Ac(a2-3)

109

F, fucose; L, lactose; S, sialyl; DF, difucosyl; TF, trifucosyl; DS, disialyl; TS, trisialyl; FS, fucosyl sialyl; DFS, difucosyl sialyl;
TFS, trifucosyl sialyl; FDS, fucosyl disialyl; DGal, digalactosyl; FL, fucosyllactose; GL, galactosyllactose; LDFT, lacto

difucotetraose; LNT, lacto-N-tetraose; LNnT, lacto-N-neotetraose; LNFP, lacto-N-fucopentaose; LNP, lacto-N-pentaose;

LNDFH, lacto-N-difucohexaose; LNH, lacto-N-hexaose; LNnH, lacto-N-neohexaose; LNO, lacto-N-octaose; LND, lacto-

N-decaose.
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Although the milk of almost all species contains oligosaccharides as well as lactose, that of some pinnipeds

exceptionally contains neither,105,118,119 because of the absence of a-lactalbumin from their lactating mammary

glands120 (see also below).
4.35.6 Gastrointestinal Digestion/Absorption of Lactose and Milk
Oligosaccharides

As already mentioned, the milk of most eutherian mammals contains free lactose as a dominant saccharide.1 When the

young consume their mother’s milk, the lactose is hydrolyzed to galactose and glucose by intestinal lactase (neutral

b-galactosidase, lactose-phlorizin hydrolase), an enzyme which is located in the membrane of the microvilli of the

brush border of the small intestine. The monosaccharide products are transported into the enterocytes by a specific

mechanism, after which the glucose enters the circulation and is used as an energy source while most of the galactose is

converted to glucose in the liver to be used as an energy source as well.

Much less is known about the exact metabolic fate of human milk oligosaccharides. These sugars appear to be

resistant to enzymatic hydrolysis by human brush border intestinal lactase121 and there is evidence that the major part

survives passage through the small intestine and enters the colon where they may function as prebiotics (see below)

and are subject to fermentation by colonic bacteria.122,123 A small fraction of human milk oligosaccharides is absorbed

intact, perhaps by receptor-mediated endocytosis,124 and excreted in the urine.

Even less is known about the fate of milk oligosaccharides in eutherians other than humans. Rat milk contains

significant amounts of sialyllactose in addition to larger amounts of free lactose.113 The sialic acid residue of the

sialyllactose can be removed by a very active small intestinal neuraminidase of infant rats. This neuraminidase is not

located in the brush border, nor is it secreted. It is probably of lysosomal origin and therefore the sialyllactose of rat

milk would have to be transferred into the enterocytes before it can be digested within lysosomes or supranuclear

vacuoles. The most likely mechanism for this transfer is pinocytosis or endocytosis125 and may be linked to the

endocytosis of milk-derived antibodies.

Recent studies suggest that sialic acid can be absorbed even in adult rats. To clarify the effects on brain activity of

feeding free or bound sialic acid to adult rats, their swimming-learning behavior was observed after they had been fed

either sialyllactose or free sialic acid, after which their brain ganglioside composition was analyzed.126 An improve-

ment in behavior was observed and it was found that the content of GM3 (Neu5Ac(a2-3)Gal(b1-4)Glc-Cer) as well as

of total brain gangliosides significantly increased. These results suggest that in these adult rats the sialic acid of

sialyllactose was absorbed and utilized for the formation of brain gangliosides and that as a result the brain activity had

improved. From this observation, it can also be inferred that the sialyllactose of rat milk can be utilized for the

formation of brain gangliosides in infant rats.

Very little is known about the digestion/absorption of milk oligosaccharides in other eutherians. It seems reasonable

to suggest that in animals such as infant bears a significant portion of the oligosaccharides of their mother’s milk could
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be absorbed by the same mechanism as that for sialyllactose in infant rats. This suggestion, however, is purely

speculative; there is clearly a need for further studies in this area.

With respect to marsupials, histochemical studies with specific stains for neutral and acid b-galactosidases
have shown that intestinal lactase is completely absent from the brush border of the villi of the small intestine

of the suckling tammar wallaby, Macropus eugenii, a macropod marsupial. Instead, a very active acid b-galactosidase
is present intracellularly, probably located in the lysosomes and supranuclear vacuoles. This b-galactosidase is

able to digest both lactose and the (b1-3)-linked galactosides that are found in tammar wallaby milk, in contrast

to the neutral brush border lactase of eutherians which splits only lactose. Additional biochemical experi-

ments showed that the neutral lactase is absent also in two other macropod species, the red kangaroo, Macropus

rufus, and the grey kangaroo, Macropus giganteus.127 On the other hand, several acid glycosidases including

b-galactosidase, N-acetylglucosaminidase, a-L-fucosidase, and neuraminidase could readily be detected in tammar

wallaby small intestine.128 These results indicate, therefore, that the oligosaccharides of macropod milk

cannot be hydrolyzed at the microvillous membrane of the small intestine; to be digested, they must first

be transported into the enterocytes where they can then be hydrolyzed to their constituent monosaccharides by

acid glycosidases.

On the other hand, studies done to date suggest that among marsupials the intestinal lactase may be absent

throughout lactation only in macropods. In infant brushtail possums, Trichonus vulpecula,129 and ringtail possums,

Pseudocheirus peregrinus,130 the neutral brush border lactase activity is absent during early lactation, as in macropods,

but becomes evident and increases during the course of lactation, concomitant with an increase in the free lactose and

a decrease in the oligosaccharide content of their mother’s milk.131 Preliminary experiments had suggested that

intestinal lactase activity is present late in lactation in two other nonmacropod marsupial species, viz. the Southern

brown bandicoot, Isoodon obesulus, and the eastern quoll, Dasyurus viverrinus.127

With respect to monotremes (egg-laying mammals), biochemical experiments similar to those done with the tammar

wallaby were carried out with small intestines of two suckling echidnas.132 The results showed that neutral lactase

activity was entirely absent, but various acid glycosidases including b-galactosidase, a-L-fucosidase, and neuramini-

dase could readily be detected.132 These results were consistent with the concept that the oligosaccharides of echidna

milk (mainly sialyl and fucosyllactose) are digested by lysosomal enzymes contained within the enterocytes of the

small intestine, as in macropods.
4.35.7 Biological Significance of Milk Oligosaccharides

As mentioned above, human milk oligosaccharides are resistant to enzymatic hydrolysis by brush border intestinal

lactase121,122 and therefore the major part enters the colon, probably in an intact state. Recent reviews have

discussed the likelihood that human milk oligosaccharides can function to protect the infant from pathogenic

organisms.133–137 This protection may involve two different mechanisms.

1. First, milk oligosaccharides appear to act as prebiotics, stimulating the growth of beneficial organisms such as

bifidobacteria within the infant colon. Themetabolic activity of these organisms reduces the colonic pH, which has

the effect of inhibiting the proliferation of pathogenic organisms such as Shigella flexneri and Escherichia coli.

An intestinal florawith a predominance of bifidobacteria is formed in the colon of breast-fed infants within 1week of

birth; these organisms account for a major part of the colonic flora.138,139 Milk formulas for bottle-fed infants are

sometimes supplemented with sugars, such as lactulose, but not with genuine milk oligosaccharides, to stimulate

the proliferation of intestinal bifidobacteria; nevertheless, it is generally accepted that the stools of bottle-fed

babies usually but not always have a lower content of bifidobacteria than those of breast-fed babies.140,141

For a long time there has been doubt concerning the exact nature of the milk oligosaccharides that are

responsible for stimulating the growth of bifidobacteria. Kitaoka et al.8 recently suggested that sugars containing

a lacto-N-biose I unit, such as lacto-N-tetraose, are implicated. This hypothesis is based on the observation that the

type strain Bifidobacterium longum JCM1217 has a gene, lnpA, which encodes lacto-N-biose phosphorylase (LNBP).

The activity of LNBP was also found in a cell extract of B. bifidum JCM1254. K. Yamamoto et al. (personal

communication) found that when lacto-N-tetraose was added to the growth medium of B. bifidum, lacto-N-biose I

was formed, presumably by the action of lacto-N-biosidase, produced by this strain; the disaccharide was well

incorporated into this organism, supporting the hypothesis of Kitaoka et al.8 Katayama et al.142 isolated a gene

encoding a-1,2-L-fucosidase, in a genomic library of B. bifidum constructed in E. coli. This finding suggested that

B. bifidum strains release fucose from lacto-N-fucopentaose I (Fuc(a1-2)Gal(b1-3)GlcNAc(b1-3)Gal(b1-4)Glc) and

utilize the lacto-N-tetraose formed thereby as their growth-stimulating factor.
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As mentioned above, human milk contains many oligosaccharides which have the type I chain. It is possible that

this human-specific feature may be advantageous with respect to the formation of bifidus flora in the infant colon;

this hypothesis, however, remains to be tested in vivo using lacto-N-tetraose or fucopentaose I.

2. Second, because human milk oligosaccharides are similar in structure to glycoconjugates present on the surface of

gastrointestinal cells, they are likely to act as soluble receptor analogs, competing with pathogenic bacteria,

bacterial toxins, and viruses for attachment to gastrointestinal receptor sites and thus inhibiting their actions.

For human milk oligosaccharides, the following examples have been documented. A trisaccharide unit, Gal(b1-4)
GlcNAc(b1-3)Gal(b, which is found in lacto-N-neotetraose, etc., inhibits the adherence of Streptococcus pneumoniae

to buccal epithelial cells.143 The bacteria that are inhibited from binding to enterocytes by fucosylated oligosac-

charides include C. jejuni, strains of E. coli and their heat-stable toxin, and enteropathogenic E. coli.144–146

Sialylated oligosaccharides, at physiologic concentrations, strongly inhibit the binding of influenza A virus and

S-fimbriated enteropathogenic E. coli to their respective host target cells.147 30-N-Acetylneuraminyllactose or Leb

antigen has a specific affinity to a lectin on the surface of Helicobacter pylori.134

The observation that 20-fucosyllactose inhibits the binding of C. jejuni to H(O) antigen (Fuc(a1-2)Gal(b1-4)
GlcNAc) in the infant colon51 is very noteworthy, because this trisaccharide is the most dominant saccharide, other

than lactose, in human milk.148 Intestinal infection by C. jejuni is one of the most common causes of diarrhea

worldwide and is the primary cause of ascending motor neuron paralysis.149 This trisaccharide has not been found

in bovine milk and could with advantage be incorporated into milk replacers to help control the infant diarrhea

caused by C. jejuni.

For milk oligosaccharides of nonhuman mammals, the following antiadhesions data can be cited. Gal(a1-3)Gal

(b1-4)GlcNAc(b1-3)Gal(b1-4)Glc, which has been found in the milk of the white-nosed coati,60 and mink103 has

been shown to be a possible inhibitor of the binding of toxin A produced by Clostridium difficile.150 Globotriose (Gal

(a1-4)Gal(b1-4)Glc), which is present in bottlenose dolphin colostrum,109 has been suggested to be a possible

inhibitor of the binding of Shigella toxin and Shiga-like toxin produced by pathogenic E. coli.151,152 It is assumed

that Neu5Gc(a2-3)Gal(b1-4)Glc, which has been found in ovine100 and bovine colostrum,75 inhibits the attach-

ment of enterotoxigenic E. coliK99 to the infant’s colon, Neu5Gc(a2-3)Gal being the receptor recognized byE. coli

K99 adhesins.153

Although human milk oligosaccharides are mostly not absorbed by the infant small intestine (see above), a small

fraction nevertheless enters the circulation intact and is excreted in the urine. It has been found that the neutral

oligosaccharide fraction can inhibit the binding of neutrophils to TNF-stimulated endothelium in vitro and also

that the whole milk oligosaccharides fraction enhanced the formation of platelet–neutrophil complexes in in vitro

experiments.154 These results suggest that human milk oligosaccharides may play a physiological role in modulat-

ing cellular adhesion during their passage, via the systemic circulation, from the small intestine to the kidneys.
4.35.8 Biosynthesis and Evolution of Milk Oligosaccharides and Lactose

Lactose is synthesized from UDP-Gal (donor) and glucose (acceptor) by a transgalactosylatation catalyzed by lactose

synthase. This enzyme is a complex consisting of b-1,4-galactosyltransferase I and a-lactalbumin; the latter is a small

soluble milk protein, found only in lactating mammary glands and in milk. Other tissues do not contain a-lactalbumin

but do contain the b-1,4-galactosyltransferase I, which, in the absence of a-lactalbumin, transfers galactose from UDP-

Gal to nonreducing GlcNAc residues in glycoconjugates, to produce N-acetyllactosamine (LacNAc) units. The

presence of a-lactalbumin radically changes the preferred acceptor of b-1,4-galactosyltransferase I from GlcNAc to

Glc.155 The expression of a-lactalbumin within the mammary gland is thus the key to the presence of lactose in

milk. Furthermore, the rate at which lactose is synthesized is controlled by a-lactalbumin. Since the milk oligosac-

charides are synthesized by the actions of several glycosyltransferases on lactose (acceptor), their synthesis, like that of

lactose, cannot occur in the absence of a-lactalbumin. It has been found that a-lactalbumin resembles lysozyme in

its primary, secondary, and tertiary structure and in the arrangement of its gene.156 a-Lactalbumin is found only

in mammals, while lysozyme, which cleaves the bond in peptidoglycans of bacterial cell walls, is found in many tissues

of other vertebrates and in insects; it follows that a-lactalbumin must have evolved from lysozyme, not vice versa.

It is generally believed that this evolution was the result of a duplication of the gene for lysozyme c. Comparisons of

DNA and amino acid sequences of lysozymes c and a-lactalbumins from a variety of species led to the conclusion that

this gene duplication was a very ancient event which occurred prior to the divergence of the ancestors of mammals and

birds, that is, over 300Ma157 or even that of tetrapods and fishes which occurred over 400Ma.158
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Because a-lactalbumin binds calcium, as do some lysozymes,159,160 Nitta and Sugai161 suggested that there may

have been two gene duplications, of which the first, occurring before the divergence of the ancestors of birds and

mammals, was from a conventional lysozyme c to a new type that bound calcium. Subsequently, a duplication of the

gene for a calcium-binding lysozyme, which occurred at the beginning of mammalian evolution – about 200Ma – was

postulated to have given rise to a-lactalbumin. Grobler et al.,162 on the basis of further comparisons which included two

canine lysozymes, argued, however, that the ability to bind calcium is an ancient property of lysozyme that was lost in

some species, and that the a-lactalbumin gene originated long before the evolution of mammals.

Prager and Jolles,163 in a subsequent review, modified the original proposal of Prager and Wilson157 by allowing that

the a-lactalbumin lineage may have originated shortly after the bird–mammal split and stated that ‘‘there is no

consensus as to when and along which lineage a-lactalbumin arose.’’ It has since been pointed out that the ability to

bind calcium ions is unlikely to be an ancient property of lysozyme because insect and fish lysozymes do not bind

calcium (K. Nitta, personal communication).

The proposal that the a-lactalbumin gene arose long before it functioned in mammalian lactose synthesis, if correct,

would imply that this gene remained silent for up to 200My and would therefore raise the awkward question of ‘‘what

caused the persistence of this gene in a state that enabled it to encode a protein that largely retained its original three-

dimensional structure.’’164 It would also raise the possibility that the a-lactalbumin gene might have persisted in other

vertebrates, even though the protein is found only in mammals. However, examination of the recently published

complete genome of the chicken,165 using the search program BLAST, failed to reveal the gene for a-lactalbumin in

the genome of this tetrapod (A. S. Weiss, personal communication). If one were to accept the scenario proposed by

Prager andWilson157 and Grobler et al.,162 one would have to conclude that the gene for a-lactalbumin (or its precursor)

was lost during the evolution of birds despite the fact that it (supposedly) persisted for a long time prior to the

appearance of mammals.

The alternative conclusion is that a-lactalbumin gene originated at some time after the divergence between the

ancestors of birds and mammals. This would, however, still leave a gap of up to 100My before the appearance of

mammals. Oftedal166 has proposed that this difficulty would disappear if one were to adopt his suggestion that certain

glandular secretions of early synapsids (the ancestors of mammals) served to moisten their eggs and that these

secretions contained oligosaccharides, whose synthesis would have required the presence of a-lactalbumin. Early

synapsids have long been extinct, but Oftedal167 has suggested that the eggs of extant monotremes may absorb both

fluids and nutrients from glandular secretions produced during the incubation period. Little is as yet known in this

respect about the platypus, but P. Rismiller (personal communication) has found that the egg in the pouch of the

echidna, a terrestial monotreme, remains dry during the 10-day incubation period and that the echidna’s mammary

glands produce no fluid until after hatching. Oftedal’s proposal must therefore remain speculative.

It had been suggested that the evolution of a-lactalbumin from lysozyme could have occurred via an intermediate

form that possessed both functions, the duplicated gene coding for a bifunctional protein,168 whose amino acid

sequence would thus have contained regions essential for both the new function of a-lactalbumin and the old function

of lysozyme. In 1974, it had in fact been reported that a variant of echidna lysozyme isolated frommilk of the Kangaroo

Island echidna (Tachyglossus aculeatus multiaculeatis) had weak modifier action on bovine galactosyltransferase, promot-

ing the synthesis of lactose.169 This suggested that echidna lysozyme could be an example of such a bifunctional

protein. Subsequent studies, however, were unable to confirm the above observation.170,171

Although a bifunctional protein has not been found, studies have shown that the a-lactalbumins of the two

monotremes are more similar to lysozyme c than are those of other species.171–173 Figure 2 compares the amino acid

sequences of platypus and echidna a-lactalbumins and of bovine lysozyme. The following features deserve attention:

1. The monotreme proteins are unique among a-lactalbumins in that both have a glutamate residue at position 35.

This is very significant because Glu-35 is found in all lysozymes, being one of the two residues which are essential

for their catalytic activity.

2. Platypus and echidna a-lactalbumins both have three residues that are almost always found in lysozymes but never

in any other a-lactalbumin; these are asparagine at 44, alanine at 109, and tryptophan at 113. The equivalent

positions in lysozymes are believed to be involved in the binding of lysozyme to its substrate.

3. The monotreme proteins both resemble all lysozymes in having an additional two residues at position 15 and 16.

The a-lactalbumins of other species all lack these features. In addition, phylogenetic parsimony analyses based on

comparisons of the amino acid sequences of the two monotreme a-lactalbumins with those of three marsupials and 13

eutherian a-lactalbumins and of five lysozymes yielded a bootstrap consensus tree, which showed that the two

monotreme a-lactalbumins are significantly more similar to the lysozymes than are any of the other a-lactalbumins,
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whether marsupial or eutherian.173 Nevertheless, platypus a-lactalbumin was found to have no lysozyme activity even

when tested at high concentrations.172 The main reason for this is probably that in addition to Glu-35 there is another

residue, Asp-53, which is essential for the catalytic activity of lysozyme; this is replaced by Ser-53 in the monotreme

a-lactalbumins. If the monotreme proteins had an aspartic residue at position 53, they could probably be expected to

have some lysozyme activity.

These observations show that neither echidna lysozyme, nor the monotreme a-lactalbumins, are bifunctional

proteins. The monotreme a-lactalbumins can, however, be thought of as proteins which have undergone less change,

compared with other a-lactalbumins, during their evolution from lysozyme via putative bifunctional protein(s).

The biosynthesis of lactose and of milk oligosaccharides presumably began within a mammary gland-like tissue in

the common ancestor of living mammals, by acquisition of a-lactalbumin which had evolved from lysozyme. The

following hypothesis for the evolution of milk oligosaccharides and lactose5 is based on the biological significances

of lactose and milk oligosaccharides and the fact that the milk of living monotremes and marsupials is rich in

oligosaccharides.

We assume that the primitive mammary gland of the first common ancestor of mammals contained a variety of

glycosyltransferases but no a-lactalbumin. Since a-lactalbumin is necessary for the synthesis of lactose, and lactose is

an essential prerequisite for the synthesis of almost all milk oligosaccharides, the fluid secreted by this primitive

mammary gland would have contained neither lactose nor oligosaccharides. When a-lactalbumin first appeared during

its evolution from lysozyme, its content within the lactating mammary glands can be expected to have been low and

the synthesis of lactose would therefore have been relatively slow. Because of the ubiquitous presence of glycosyl-

transferases, almost all of the nascent lactose would have been utilized for the synthesis of oligosaccharides and free

lactose would not have accumulated, its steady-state concentration remaining low. Consequently, the predominant

saccharides in the protolacteal secretions or milk produced by this common ancestor were oligosaccharides and not

free lactose.

Natural selection would have favored the synthesis and secretion of these oligosaccharides because they served as

anti-infection factors, protecting the neonate against pathogenic organisms. At that stage, the neonate would most

likely have been very altricial (small and immature; see Ref.: 166) and vulnerable to infection, as are newborn

marsupials and newly hatched monotremes. As the a-lactalbumin content of the evolving mammary glands increased,

so did the concentration of milk oligosaccharides. It is likely that there was also an increase in the content of

glycosyltransferases within the mammary gland, especially in macropod marsupials. As a result, these oligosaccharides

began to serve a nutritive function as energy sources in addition to their protective function. It is apparent that these

two roles of milk oligosaccharides have been preserved in monotremes and marsupials, with free lactose being

relatively unimportant except in possums and other nonmacropod marsupials during late lactation. In most eutherians,

however, the milk usually contains more lactose than oligosaccharides, indicating that the synthesis of lactose is faster

than that of oligosaccharides, so that lactose accumulates and can be used as an energy source for their young in
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preference to milk oligosaccharides. Thus, in eutherians, the physiological roles of milk sugars diverged, with lactose

as an important energy source and milk oligosaccharides remaining as anti-infection factors.

When free lactose became a significant energy source, the evolution of an efficient machanism for its digestion

would have been favored. The acquisition of this mechanism, that is, small intestinal neutral lactase, must have

occurred prior to or concomitant with the evolution of lactose as an important milk component. Since this

enzyme activity is found late in lactation in the small intestine of nonmacropod infant marsupials, for example,

possums,127,129,130 but not in that of monotremes, it must have been acquired by the common ancestor of marsupials

and eutherians (therians) subsequent to the divergence of monotremes from their common ancestor. In macropod

marsupials, the gene for neutral lactase might have been lost or become silent as a result of negative selection pressure,

resulting from the fact that free lactose is not a significant component of macropod milk at any stage of lactation except

during the first few days post partum.174
4.35.9 Laboratory Synthesis of Milk Oligosaccharides and Milk
Oligosaccharide-Like Compounds

In order to be able to utilize milk oligosaccharides and milk oligosaccharide-like compounds as biofunctional materials

for industry, there have been several attempts at laboratory synthesis. One approach has been reverse synthesis using

glycosidases such as a-L-fucosidase, b-galactosidase, or neuraminidase, while another has been transglycosylation

using glycosyltransferases such as b-1,3-N-acetylglucosaminyltransferase.

Saccharides that are similar to or identical with human milk oligosaccharides have been used as components in

several dietary products to mimick the beneficial effects of human milk oligosaccharides. Specifically, galactooligo-

saccharides have been synthesized from lactose via enzymatic transgalactosylation using b-galactosidases mainly of

bacterial origin (e.g., Bacillus circulans).175 The product consists mainly of Gal(b1-4)Gal(b1-4)Glc, Gal(b1-3)Gal(b1-4)
Glc, and Gal(b1-6)Gal(b1-4)Glc, that is, trisaccharides which have been found in human25,49,50 and bovine93 milk.

Recently, a mixture of unusual (b1-6)-linked galactooligosaccharides has been produced from lactose using B. bifidum;

this mixture, when fed to pigs, significantly reduced the colonic pH and increased the production of short-chain fatty

acids, consistent with the prebiotic effects.176

Murata et al.177 prepared lacto-N-triose II (GlcNAc(b1-3)Gal(b1-4)Glc) by transfer of GlcNAc from UDP-GlcNAc

(donor) to lactose as acceptor, using b-1,3-N-acetylglucosaminyltransferase from bovine serum. They then selectively

synthesized lacto-N-tetraose and lacto-N-neotetraose from lacto-N-triose II as an acceptor and p-nitrophenyl b-D-
galactoside or lactose as a donor by reverse synthesis with b-galactosidase from recombinant B. circulans ATCC31882.

Murata et al.178 also synthesized Fuc(a1-2)Gal(b1-4)GlcNAc, which is a partial unit of milk oligosaccharides, from

p-nitrophenyl a-L-fucopyranoside as a donor and N-acetyllactosamine as an acceptor by reverse synthesis using

a-L-fucosidase from porcine liver. However, the selectivity of the attachment of Fuc to Gal at OH-2 in this reaction

was low, and two other isomers, Fuc(a1-3)Gal(b1-4)GlcNAc and Fuc(a1-6)Gal(b1-4)GlcNAc, were found in the

reaction mixture along with Fuc(a1-2)Gal(b1-4)GlcNAc. On the other hand, Ajisaka et al.179 successfully synthesized

Neu5Ac(a2-3)Gal(b1-4)GlcNAc, which is also a partial unit of milk oligosaccharides, from p-nitrophenyl a-N-acet-
ylneuraminoside as a donor and N-acetyllactosamine as an acceptor by reverse reaction using neuraminidase from

Newcastle disease virus.

Another strategy for the synthesis of milk oligosaccharide-like substances has been that of encoding the genes for

glycosyltransferases, including a-fucosyltransferase, b-galactosyltransferase, and b-N-acetylglucosaminyltransferase

into E. coli and isolating the resulting saccharides from the culture medium, to which sugar nucleotides and acceptor

sugars had been added. Endo et al.180 looked for the b-1,4-galactosyltransferase gene within the genome database of

Helicobacter pylori, and encoded this gene into E. coli. They then isolated N-acetyllactosamine (a normal constituent of

bovine colostrum) from the culture medium to which GlcNAc and UDP-Gal had been added. Koizumi et al.181 also

isolated Lewis x trisaccharide (Gal(b1-4)[Fuc(a1-3)]GlcNAc) from the culture medium of anE. coli strain which contai-

ned the gene coding for a-1,3-fucosyltransferase from H. pylori. Dumon et al.182 obtained the following oligosacchar-

ides by culturing E. coli into which the a-1,3-fucosyltransferase gene ofH. pylori had been encoded: Gal(b1-4)GlcNAc

(b1-3)Gal(b1-4)[Fuc(a1-3)]Glc, Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3)Gal(b1-4)[Fuc(a1-3)]Glc, and Gal(b1-4)GlcNAc

(b1-3)Gal(b1-4)[Fuc(a1-3)]GlcNAc(b1-3)Gal(b1-4)[Fuc(a1-3)]Glc.

There are still, however, problems to be overcome relating to strategies for the synthesis of these oligosaccharides

on an industrial scale; specifically, the yields of the products using glycosidases are very small, and, in methods using

recombinant bacteria, the costs of the sugar nucleotides are still high.
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4.35.10 Utilization of Milk Oligosaccharides: Future Trends

What are the possibilities for the utilization of milk oligosaccharides as tools for biological studies or pharmacological

drugs? Oligosaccharides, which have been separated from milk or colostrum of human and nonhuman mammals and

characterized, can be used as tools to determine the carbohydrate epitopes of receptors for pathogenic bacteria,

viruses, and protozoa. They can also be used to study the carbohydrate recognition ability for various lectins such as

galectin, and also to analyze the carbohydrate specificities for various glycosidases and glycosyltransferases. For

example, it has been suggested that Leishmania major, a pathogenic protozoa, uses galectin-3 and-9 to interact with

the host cells, based on the observation that the oligosaccharides Gal(b1-3)n=1–4Gal(b1-4)Glc from tammar wallaby

milk, and the homologs of the branched unit of Leishmania major surface polysaccharide, have strong affinities to these

galectins.183 These data suggest that galacto oligosaccharides with structures that are similar to those of the above-

described tammar wallaby milk oligosaccharides could be used as inhibitors of the interaction between Leishmania

major and the host cells. By using milk oligosaccharides as tools for such biological studies, one can obtain ideas about

the production of new drugs based on carbohydrates.

It can also be expected that oligosaccharides derived from the colostrum of domestic animals such as cow, goat, and

sheep can be utilized to produce drugs that protect humans and domestic animals from pathogenic microorganisms. It

is likely that complexes of polymers or hydrophobic components with oligosaccharides have a stronger ability to bind

to viruses and bacteria than do the free oligosaccharides, and thus to act as inhibitors of the attachment of these

microorganisms to the host at low concentrations. Tsuchida et al.184 determined the binding ability of the complexes of

a polymer, polystyrene, with bovine sialyllactose (a mixture of 30- and 60-N-acetylneuraminyllactoses), to influenza

virus. Terabayashi et al.185 prepared a compound whose amino group was linked to the OH group of the reducing

residue of 30-sialyllactose; when lauroyl chloride was further bound to this compound, they found that low concentra-

tions inhibited the entry of influenza A virus into Madin–Darby canine kidney (MDCK) cells. These trials demon-

strate that there are possibilities for the utilization of compounds derived from milk oligosaccharides; these can be

regarded as drugs that inhibit the entry of pathogenic microorganisms into host cells.
4.35.11 Concluding Remarks

Novel oligosaccharides will be still found as a result of improvements in methods for structural characterization, using

samples that are smaller than those required at present. Studies on the interaction between milk oligosaccharides and

pathogenic bacteria, viruses, and protozoa are still in their early stages. There are still problems to be overcome in the

synthesis of milk oligosaccharide-like compounds at the industrial level. The industrial isolation of milk oligosaccha-

rides from the colostrum of domestic animals, for their utilization as drugs or biofunctional foodstuffs, is still in its

infancy but may have a great future.
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Glossary

a-lactalbumin A small soluble milk protein, found only in lactating mammary glands and milk, which is essential for the

synthesis of lactose. Lactose is synthesized from UDP-Gal (donor) and glucose (acceptor) by a transgalactosylation catalyzed by

lactose synthase, which is a complex consisting of a-lactalbumin and b-1,4-galactosyltransferase I. a-Lactalbumin is not an

enzyme but resembles the enzyme lysozyme, which cleaves the bond in peptidoglycans of bacterial cell walls, in its primary,

secondary, and tertiary structure and in the arrangement of its gene.

bifidus factor The components which stimulate the growth of bifidobacteria within the human colon, found in food including

milk. The bifidus factor in milk or colostrum is one or more oligosaccharides. It has recently been suggested that oligosaccharides

containing a lacto-N-biose I (Gal(b1-3)GlcNAc) unit are involved.

milk oligosaccharides Mammalian milk or colostrum usually contains a variety of oligosaccharides, most of which have

a lactose unit at their reducing ends. Human milk contains 12 to 13gl–1 of at least 89 oligosaccharides whose structures

have been characterized to date. These can be divided into 12 groups based on their core units, viz. lactose, lacto-N-tetraose,
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lacto-N-neotetraose, lacto-N-hexaose, lacto-N-neohexaose, para-lacto-N-hexaose, para-lacto-N-neohexaose, lacto-N-octaose, lacto-
N-neooctaose, iso-lacto-N-octaose, para-lacto-N-octaose, and lacto-N-decaose. Most humanmilk oligosaccharides are not digested

or absorbed by the small intestine and are believed to act as prebiotics and soluble receptor analogs within the colon, protecting

the infant against pathogenic microorganisms.

intestinal lactase An enzyme which is located in the membrane of the microvilli of the brush border of the eutherian small

intestine. When the young consume their mother’s milk, the lactose is hydrolyzed to galactose and glucose by this enzyme. The

monosaccharide products are transported into the enterocytes by a specific mechanism, after which the glucose enters the

circulation and is used as an energy source while most of the galactose is converted to glucose in the liver to be used as an energy

source as well. This enzyme appears to be absent in macropod marsupials and in monotremes.

receptor analog Milk oligosaccharides are believed to function as soluble receptor analogs, inhibiting the attachment of

pathogenic bacteria, viruses, and bacterial toxins to colonic epithelial cells. For example, 20-fucosyllactose, a dominant milk

oligosaccharide in human milk, inhibits the attachment of Campylobacter jejuni, an organism which is a cause of diarrhea in infants.
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4.36.1 Introduction

Glycans and glycoconjugates are the most abundant and most diverse biopolymers in nature. These carbohydrate

structures are present in plants, seaweeds, microbial cell walls, extracellular polysaccharides, storage polysaccharides

(like starch, galactomannans, inulin, etc.) and all cellular membranes and play critical roles in many physiological as

well as pathological cell reactions. In particular, they are involved in cell–cell recognition processes, such as

� fertilization, embryonic development, cell differentiation;

� blood coagulation;

� immune recognition in both adaptive and innate immunity;

� inflammation;

� pathogen adhesion and infection;

� cancer and metastasis;

� lysosomal diseases;

� neurological diseases;

� transplantation rejection;

� and many others.

The process of adhesion, representing the first step in cell signaling and infectious processes, involves specific

carbohydrate-recognizing proteins on host and/or pathogenic cells.1 Thus, glycans and glycoconjugates such as glyco-

sides, glycolipids, and glycoproteins are the key molecules in most biological processes. They serve as excellent bio-

pharmaceutical targets as reviewed by Gornik and co-workers.2 The complexity and diversity of these glycobiological

phenomena have to be seen in the context of evolutionary processes as described by Varki.3

In many applications, analogs of natural glycoconjugates have already been introduced for pharmaceutical applica-

tions. Sialic acid analogs are successfully used to block the early processes of influenza infections.4,5 Sialic acids are

also key molecules in many other biological recognition processes.6 Thus, the promising effect of anti-influenza has

the potential to be transferred to further sialic acid-dependent interactions. In the area of anticoagulation, heparin and

resulting oligosaccharides (OS) have been used to inactivate protease ‘factors’ in the coagulation cascade.7 In the field of

type 2 diabetes in connection with hypertension and cardiovascular dieseases, carbohydrate-based antidiabetic drugs

such as acarbose have been successfully used.8
725
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Also, the development of vaccines based on carbohydrates has a long history over several decades. Today,

glycoconjugate vaccines against bacterial infections as well as against protozoan parasites have been investigated.

More recently, the potential of anticancer vaccines is discussed. The recent glycan-based vaccine developments have

been reviewed by Vliegenthart.9 Similarly, carbohydrate-based HIV vaccines have been designed and synthesized.10

Selectin antagonists have recently gained new interest, especially as therapeutics in asthma and COPD.11 Further-

more carbohydrate-based antirejection therapies have been developed.12 However, many of these recent develop-

ments need further investigation to proof their safety and efficacy in humans.

As glycans and glycoconjugates are present in all microbial, plant, and animal cells, they are also an important

compound in human nutrition, besides their specific physiologic function. Due to their complex structure, many of

them cannot be digested by the human gastrointestinal tract. However, many intestinal bacteria are able to absorb and

metabolize them. This is the basis for the prebiotic effect of glycans. Only recently it became obvious that the gut flora

is essential for the host and that these microbes take part in host physiology and development. Their significance at

least can be related to the fact that their quantitative presence as well as their genomic input outnumbers the

mammalian host by several orders of magnitude.

Over the last decade, increasing evidence has been accumulated that the gut, covering an area of at least 200 times

that of the skin,13 is the main entry of allergens and pathogens. Consequently, the gut-associated lymphoid tissue

(GALT) resembles the largest part of the immune system at the boarder of the gastrointestinal tract (GIT).

The surface of gastrointestinal cells is covered with a complex coat of glycoconjugates, for example, glycolipids and

glycoproteins. Furthermore associated mucus adds to a species- and location-specific highly dynamic glycosylation

pattern. These glycostructures change during development as well as in disease. There is increasing evidence that gut

flora strongly interacts with these structures and even actively modulates them by interfering with the host’s gene

expression. This in turn has consequences for adhesion of commensal and pathogenic bacteria, as well as that of

allergens. Additionally, cell signaling, transport, and absorption processes are influenced.

A more general approach to support the health is to influence the gastrointestinal microbiota and/or immune system

by dietary glycans with prebiotic effects.

Currently, there are two different concepts to affect the gut flora by diet. The first strategy involves the application

of living microorganisms, preferably isolated from human intestine, called the probiotic concept. The second strategy

encompasses the application of nondigestible food components which are fermented by the gut flora. Accordingly,

supporting the balance of the indigenous flora of the host, this is named prebiotic. Up to date, prebiotic substances are

preferably carbohydrate structures (OS and/or polysaccharides). A mixture of both, prebiotics and probiotics, is

designated as the synbiotic concept.

After a short description of the basic concepts, the focus will be on the prebiotic approach.
4.36.2 Definition of Pro- and Prebiotics

4.36.2.1 Probiotics

The term probiotic, meaning ‘for life’, is derived from the Greek language. It was first used by Lilly and Stillwell in

1965 to describe substances secreted by one microorganism which stimulates the growth of another and thus was

contrasted with the term antibiotic. In 1971, Sperti applied the term to tissue extracts that stimulate microbial growth.

Parker was the first to use the term probiotic in the sense that it is used today. He defined probiotics as organisms and

substances which contribute to intestinal microbial balance. After several revisions of this definition, Havenaar and

colleague formulated the actually valid version: ‘‘A probiotic is a preparation of or a product containing viable, defined

microorganisms in sufficient numbers, which alter the microflora (by implantation or colonization) in a compartment of

the host and by that exert beneficial health effects in this host.’’14 Recently, at an expert consultation meeting arranged

by the WHO and the Food and Agriculture Organization of the United Nations, a similar but more simple definition

was proposed. This defines the term probiotic as ‘‘live micro-organisms which when administered in adequate

amounts confer a health benefit on the host.’’15 The bacterial genera most often used as probiotics are lactobacilli

and bifidobacteria, consumed almost exclusively as fermented dairy products such as yoghurt or freeze-dried

cultures.16,17 The bacteria used preferably should be derived from human intestinal systems.15a
4.36.2.2 Prebiotics

In 1907, Metchnikoff suggested that ‘‘the dependence of the intestinal microbes on the food makes it possible to adopt

measures to modify the flora in our bodies and to replace the harmful microbes by useful microbes.’’15 In pediatric
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medicine, the gut flora of neonates was first investigated by Escherich already more than 120 years ago;17a the work

was continued byMoro, who could also show that a specific diet as treatment of the infection suppresses the pathogens

and positively modulates the gut flora.29 More than 100 years ago, Tissier described for the first time bifidobacteria

being the dominant commensal genus of breast-fed newborns.28

Only in 1995, the term prebiotic was introduced by Gibson and Roberfroid who exchanged ‘pro’ for ‘pre’, which

means before or for. They defined prebiotics as a nondigestible food ingredient that beneficially affects the host by

selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon that have the

potential to improve the hosts’ health, for example, selectively increasing populations of bifidobacteria and/or

lactobacilli.18 This definition more or less overlaps with the definition of dietary fiber (DF), with the exception of

its selectivity for certain species.14 Consequently, there is a need to establish clear criteria for classifying a food

ingredient as a prebiotic. Such classification requires a scientific demonstration to meet the following criteria:

� The ingredient resists gastric acidity, hydrolysis by mammalian enzymes, and gastrointestinal absorption; the best

way to demonstrate nondigestibility is with ileostomized volunteers.19

� The ingredient is fermented by the intestinal microflora. (The main factors responsible for susceptibility of

saccharides to fermentation are chemical structure, composition of monomer units, degree of polymerization

(DP), and possible linear or branched structure, as well as water solubility. Generally, saccharides of short chain

length, unbranched nature, and which are soluble in water are better fermented.)20

� The ingredient selectively stimulates the growth and/or activity of intestinal bacteria associated with health and

wellbeing; as a result, a prebiotic is less available to other groups of bacteria, such as proteolytic bacteria, of which

several are pathogenic.19

Thus, prebiotic fermentation should be directed toward bacteria seen as health promoting, with indigenous

lactobacilli and bifidobacteria currently being the preferred targets, and with special attention to the bifidobacteria

that are considered as the main health-promoting group in the gut microflora. Bifidobacteria dominate the gut

microflora of breast-fed infants and they are thought to play an important role in the improved health and develop-

ment of breast-fed infants as compared to those who are formula fed. As with functional foods or ingredients, the final

demonstration of the fulfillment of these criterions can be achieved only by means of repeated human dietary

intervention studies.21,19 It is thought that all physiologic effects that take place after prebiotic consumption originate

in the altered fermentative functioning of the gastrointestinal ecosystem. The initiation of physiologic change

originating in an altered fermentative capacity of the gut could happen through microbe–microbe interactions,

host–microbe interactions, and/or host–bacterial metabolite interactions, the most important metabolites being the

short-chain fatty acids (SCFAs) acetate, propionate, and butyrate, which are all biologically active compounds.19

Compared with probiotics, prebiotics overcome many of the traditional limitations of introducing food-borne bacteria

into the gastrointestinal tract. First, prebiotics are nonviable food components.22 Because the majority of prebiotics do

not share the problem of probiotic survival upon ingestion by the consumer, indeed by definition they evade the

degrading capabilities of the upper gut and reach the colon intact.43 Thus, prebiotics are carbohydrates which can be

added in much broader range to food products, e.g., dietetic food confectionery and baked forms, fruit drinks, etc.22

Before specific carbohydrates are discussed in detail, it is necessary to describe the nomenclature of OS or

polysaccharides. These biopolymers consist of monosaccharide building blocks, which can be further modified.

They exist as free compounds as well as structures bound to lipids (glycolipids) or proteins (glycoproteins and

proteoglycans). Since 1980, according to IUB–IUPAC terminology, OS are defined as carbohydrates with a DP up

to 10.23 However, as there is no physiological reason for this definition, OS have been variously defined later on

ranging from a DP of 2 up to 20 and more.24,25 Recently, the IUB–IUPAC Joint Commission on Biochemical

Nomenclature stated that the borderline between OS and polysaccharides cannot be drawn strictly. However, the

term OS is commonly used to refer to defined structures as opposed to a polymer of unspecified length.26

Free OS are naturally a constituent of all placental mammals’ milk and can also be found in bacteria, fungi, plants,

etc. With regard to the milk OS, they were under investigation many decades ago, and being described as prebiotics

already in the 1950s.27 This research was stimulated even much more earlier by the finding that breast-fed infants

have a very specific gut flora which is dominated by bifidusbacteria,28,29 which are considered to be one of the most

important beneficial bacteria of the gut. Human milk is a true prebiotic, and its neutral OS are known to be the main

bifidus factor,30 representing the main substrate for these bacteria. Breast milk contains 0.7–1.2g OS, 75–85% neutral

and 15–25% acidic oligosaccharides (AOS),31,25 and thus represent the third largest component. Only in the last decade

it could be demonstrated that human milk oligosaccharides (HMOS) also consist of very complex long-chain

molecules, up to more than 50 monosaccharide units. These polysaccharides are still called OS. The monomers of

HMOS are D-glucose (Glc), D-galactose (Gal), N-acetyl-D-glucosamine (GlcNAc), L-fucose (Fuc), and sialic acid
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(N-acetylneuraminic acid, Neu5Ac). The basic structure of the HMOS is given in Figure 1. With few exceptions, all

core molecules carry lactose at their reducing end. Further variations occur due to activity of several fucosyltrans-

ferases and sialyltransferases resulting in an attachment of Fuc and/or Neu5Ac at different positions of the core

molecule in different linkages (Figure 1). There is evidence from time-of-flight mass spectrometry of >1000 distinct

OS in human milk. A review of HMOS is given by in Ref.:32. Free OS as well as glycol conjugates of human milk

predominantly contribute to the anti-infective effect of breast milk. These structures prevent intestinal attachment of

infectious agents by acting as receptor analogs.33–36

In some, especially nondomestic, animals, larger OS could be detected too. However, their structures are different

to HMOS and are less complex, which can be seen in Figure 2. In addition, the concentration of OS of milk of the

most important domestic mammalian animals is much lower.37 With regard to the anti-infective properties of human

milk, one similar observation has been made with cow’s milk OS.38

Because human intestine lacks enzymes able to hydrolyze b-glycosidic linkages with the exception of lactose, HMOS

as well as animal milk OS are resistant to digestion in the small bowel.39–42 As a consequence, Coppa and colleagues

could detect the full range of HMOS in the feces of breast fed infants.38a This indigestibility is a prerequisite for their

prebiotic effect. However, composition and structure of HMOS cannot be reproduced, and until now large-scale

preparations of animal milk OS are not commercially available. Thus, OS of more simple structures than HMOS have

been used as components in several dietary products to mimic the beneficial effects of HMOS.42–46 Technologically,
(a1-2) (a1-4/3) (a1-2) (a1-3) Fucose

Core3/6)Gal(b1-4)Glc[Gal(b1-3/4)GlcNAc(b1-]n = 0−25

(a2-3/6)(a2-6)(a2-3/6) Neu5Ac

Linkage

Linkage

Figure 1 Basic structure of humanmilk oligosaccharides. The arrowsmark the possible location of the glycosidic linkages
of the respective fucose and sialic acid residues.

Bold = Optionally lacking

Neutral oligosaccharides

[Gal(b1-3/4)GlcNAc(b1-]3/6)Galn(b1-4)Glc

Gal(b1-3/6)Gal(b1-4)Glc

Gal(a1-3)Gal(b1-4)Glc

GalNAc(a1-3)Gal(b1-4)Glc

GalNAc(b1-4)Glc

Acidic oligosaccharides
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Neu5Gc vs. Neu5Ac

Neu5Ac/Neu5Gc
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Goat: 30−60%
Cow: 6−32%
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(a2-3/6)

(a2-8)

(Cow, Sheep, Goat, Maremilk, after Finke, 2000)

Figure 2 Basic structure of milk oligosaccharides of some domestic animal oligosaccharides. After Finke, 2000

[Finke 2000].



Table 1 Prebiotic oligosaccharides of nonmilk origin, their chemical structure and the principal method of their preparation

Trivial name Structure Preparation
Estimated yearly
production t

Galacto-OS [Gal(b1-]n3/4/6)Gal(b1-4)Glc Enzymatic synthesis from lactose 15000

Fructo-OS/Inulin [Fru(b2-]n1)Glc Extraction from natural sources 12000

Enzymatic hydrolysis of natural polymers

Enzymatic synthesis from sucrose

Galacturono-

OS/Pectin

[GalA(a1-]n4)GalA Mainly extracted from citrus fruits and further

hydrolyzed

20000a

Xylo-OS [Xyl(b1-]n4)Xyl Enzymatic hydrolysis of, e.g., corncrob xylan 300

aThe current annual production of citrus pectin is approximately 40 million pounds, however, the raw materials are available
to increase this significantly. (http://www.arserrc.gov/techtrans/Technologies/Value-Bio-based/pectinpva.htm; 30.11.2006;

12.00).
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first, these OS can be extracted from a variety of natural sources (plant, microorganisms); second, they can be

synthesized from monomers and/or small OS; or third, they can be derived from chemo/enzymatic cleavage of natural

polymers.

Today, over 20 different types of nondigestible oligosaccharides (NDO) are on the world market.47 However, the fol-

lowing sections will focus on the most prominent OS (Table 1): fructo-, galacto-, xylo-, and galacturonooligosaccharides.
4.36.3 Fructooligosaccharides

Significant amounts of fructooligosaccharides (FOS) are found in several fruits and vegetables. Their average daily

consumption has been estimated to be between 3 and 11g in Europe and between 1 and 4g in the USA, the most

common sources being wheat, onion, banana, garlic, and leek.48 Chicory inulin and oligofructose are officially

recognized as natural food ingredients in most European countries, and they have a self-affirmed, generally recognized

as safe (GRAS), status in the US. Inulin-type fructans are used as sugar substitutes, as fat replacement (inulin only),

and as a means of providing texture, stabilizing foam, or improving mouth feel in miscellaneous products such as

fermented dairy products, desserts, bakery products, spreads, and infant formulas.19 This class of soluble, fermentable

DF, of low caloric value, has been studied in a series of standard toxicological test systems. The studies have

demonstrated that inulin-type fructans, when administered in the diet at high levels, do not result in mortality,

morbidity, target organ toxicity, reproductive or developmental toxicity, or carcinogenicity. Several in vitro studies have

also shown the absence of mutagenic or genotoxic potential. The only basis for limiting use of such fiber in the

human diet relates to gastrointestinal tolerance. A series of clinical studies has been reported which shows that up

to 20gper day of inulin and/or oligofructose is well tolerated in healthy adults. In infants, concentrations higher than

0.5gper 100ml may produce flatulence, especially when short-chain fructooligosaccharides (scFOS; DP<10) are

administered.48,49

Chemically, inulin-type fructans are a linear polydisperse carbohydrate material consisting mainly, if not exclusively,

of b-2-1-fructosyl-fructose linkages. A starting a-D-glucose moiety can be present but is not necessary. Glucopyranosyl-

(fructofuranosyl)n-1-fructose (GpyFn) and fructopyranosyl-(fructofuranosyl)n-1-fructose (FpyFn) compounds are includ-

ed under that same nomenclature, and they are both a mixture of oligomers and polymers that are best characterized

by the average (DPav) and the maximum (DPmax) DP. The only plants that have so far been used industrially for the

extraction of inulin-type fructans belong to the Compositae family, that is, chicory (Chicorium intybus), Jerusalem

artichoke (Helianthus tuberosus), and dahlia (Dahlia inula), with chicory being the most important source.50 Native

chicory inulin is a nonfractionated inulin extracted from fresh roots that always contains glucose, fructose, sucrose, and

small OS. Because of the b-configuration of the anomeric C2 in its fructose monomers, inulin-type fructans resist

hydrolysis by human small intestinal digestive enzymes, which are specific for a-glycosidic bonds. In addition, there is

evidence that they are not absorbed to any significant extent.17 They have thus been classified as NDO. The inulins of

chicory can consist up to 60 monosaccharide units. Hydrolyses of chicoree fructans to molecules belowDP of 10 results

in inulooligosaccharides, which are called oligofructoses or FOS. However, the latter term is commercial, more used

for OS synthesized by enzymatic transfructosylation starting from sucrose. Nevertheless, these latter short-chain

synthetic molecules (NeosugarTM) are also of the inulin type. For details, the reader is referred to Ref.: 51.

http://www.arserrc.gov/techtrans/Technologies/Value-Bio-based/pectinpva.htm;


Table 2 Small selection of in vitro, in vivo and human studies showing prebiotic effects of FOS

Prebiotic effect Study protocol Reference

In vitro studies
Best growth on (b2-6)-FOS by B. adolescentis In vitro investigation of growth behavior of different

bifidobacterial strains on (b2-6)-linked FOS

131

Stimulatory effect on numbers of the genus

Bifidobacterium by oligofructose and inulin

In vitro investigation of fermentability of oligofructose and inulin

compared to reference carbohydrates by measuring bacterial

end product formation in batch culture

132

Increment of bifidobacteria Determination of the bifidogenic effect of oligofructose in

chemostat cultures of human fecal bacteria

133

Increment of bifidobacteria In vitro investigation of fermentative activities of colonic bacteria

on oligofructose in a three-stage continuous culture model

134

Increase in bifidobacteria from the proximal to

distal colon

Investigation of effects of 2.5g/d native chicory inulin in a

simulator of the human intestinal microbial ecosystem,

inoculated with a pooled fecal sample of three adult volunteers

135

Rise in bifidobacteria with levan and FOS Inoculation of batch cultures with human feces and 0.7

levan-type exopolysaccharides from lactobacilli or levan

from Erwinia herbicola or inulin or FOS or fructose

136

Rise in bifidobacteria and lactobacilli on

oligofructose

In vitro fermentation of oligofructose and other carbohydrates at

a concentration of 1% by using a model of the human colon to

simulate microbial activities of lower gut bacteria; fecal slurry

from a healthy human volunteer

137

In vivo animal studies
Fecal concentration of bifidobacteria

increased

Administration of 40g FOS/kg/d for 4 weeks to rats inoculated

with a human fecal flora

138

Concentration of bifidobacteria increased as

well as their concentration compared to

total anaerobic flora

Administration of 30g FOS/l drinking water for 14d to weaning

mice

139

Rise of bifidobacterial numbers Administration of 2g scFOS for 28d to 40 healthy adult dogs 140

Augmentation of mucosa-associated

bifidobacteria

Investigation of effects of fructans in gnotobiotic rats 59

Increment of bifidobacteria Evaluation of prebiotic effects of FOS in rats 115

Augmentation of lactobacilli in the gut Administration of 0.5% FOS in oral rehydration solution for 3 d to

pigs with induced diarrhea

159

Increment of lactobacilli before infection with

S. enteritidis on FOS diet

Rats fed diet supplemented with 60g/kg cellulose of 60g/kg

FOS; after adaption period of 2 weeks, rats were orally infected

with S. enteritidis

141

More homogenous Lactobacillus population Human microbiota-associated rats fed a diet supplemented with

inulin for 4 weeks

142

Human studies
Augmentation of lactobacilli and

bifidobacteria counts

Trial carried out in 140 infants 1–2 years of age distributed into

two groups after a 1 week antibiotic treatment for acute

bronchitis; administration of >500ml/d of FOS-supplemented

formula (4.5g/l) for 3 weeks

143

Fecal concentrations of bifidobacteria

increased with 10g, or 20g FOS/d

Administration of 0, 2, 5, 10, or 20g FOS/d for 7d to 40 healthy

volunteers

144

Augmentation of faecal concentrations of

bifidobacteria

Eight subjects participated for 45d in the study: for the middle

15d, 15g oligofructose was substituted for 15g sucrose; Four of

these subjects went on to a further period with 15g inulin

160

Increment of fecal bifidobacteria 10 elderly constipated persons received 20–40g inulin/d for 19d 145

Faecal concentrations of bifidobacteria

increased

23 elderly patients received 8g FOS/d for a period of 2 weeks 146

Augmentation of bifidobacteria after 6 and 12

wk

Administration of synbiotic including mixture of FOS to 102

patients for 12 weeks

147

Rise in bifidobacteria 142 consecutive patients with C. difficile-associated diarrhea

received oligofructose for 30d in addition to specific antibiotic

treatment

148

Bifidobacteria counts increased for all doses

tested

40 healthy volunteers divided into Five groups received scFOS

at a dose of 2.5, 5.0, 7.5, or 10.0g/d or placebo for 7d

149

Increment in bifidobacteria most marked in

those volunteers with low starting levels

10 healthy volunteers received 8g/d maltodextrin for 14d

followed by 8g/d inulin for 14d

18
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The mechanism of the bifidogenic effect of inulin and oligofructose is thought to be their selective fermentation by

the bifidobacteria that produce an intracellular inulinase necessary to hydrolyze the (b2-1)-fructosyl-fructose osidic

linkages, either from the nonreducing ends of inulin chain or (by an exo or endo mechanism) from certain sugars in

which the fructose residue occurs at (b2-1)-position.20,50 FOS are probably the most extensively studied prebiotics,

and their ability to selectively stimulate Bifidobacterium spp. within the gut microflora is now well established and has

been confirmed by numerous in vitro and in vivo studies (Table 2).

It has been demonstrated that Escherichia coli, Clostridium perfringens, lactobacilli, Eubacterium spp., and Fusobacter-

ium spp. do not metabolize FOS.20 Additionally, Gibson and Wang showed that Bifidobacterium infantis not only

grew well on FOS but also inhibited E. coli and Cl. perfringens. FOS and inulin have also been shown to

selectively stimulate numbers of bifidobacteria in complex in vitro systems closely mimicking the microbial diversity

of the human gut. Gibson et al. showed that consumption of either FOS or inulin resulted in a significant increase

in numbers of bifidobacteria recovered from stool samples.43 Roberfroid et al. confirmed the bifidogenic nature of

chicory FOS and also observed a concomitant reduction in numbers of Bacteroides.52 Furthermore, it has been

demonstrated that utilization of inulins by bifidobacteria depends on DP of fructooligomeric chains and purity –

bifidobacteria first utilize short FOS, whereas Bacteroides start fermentation of fructans of higher DP.20 Taken

together, in vivo human studies demonstrate that scFOS as well as long-chain fructooligosaccharide (lcFOS) and

inulin are bifidogenic.

As described with HMOS, a study conducted by Naughton and colleagues indicates that fructans interfere with the

adhesion of Salmonella enterica serovar typhimurium and nonpathogenic E. coli in the pig small intestine,53 thus

providing anti-infective properties too.

It is well accepted that breast-fed infants’ protection from infections has to be seen in connection with their bifidus-

dominant gut flora. Indeed, bifidobacteria and lactobacilli have been demonstrated to inhibit pathogens like E. coli,

Campylobacter, and Salmonella spp. with B. infantis and Bifidobacterium longum, both members of the commensal gut-

flora of breast-fed infants, exerting the greatest effect on E. coli. Bifidobacterium species were also reported to exhibit a

protective role against Listeria monocytogenes, Campylobacter jejuni, and Bacteroides vulgatus.15 It is thought that their

metabolic end products, such as acids, may lower the gut pH, in a micro-niche, to levels below those at which

pathogens are able to effectively compete. Also, competitive effects from occupation of normal colonization sites and

competition for nutrients which may be limiting contribute to their protective abilities, as well as neutralization of

actions of microbial toxins by these organisms.54,55 In addition, study results show that bifidobacteria are able to

produce binding inhibitors.56 Reviewing study outcomes, it can be concluded that infants with high numbers of

bifidobacteria resist certain enteric infections very effectively.15,55,57 Moreover, administration of FOS itself results in

lower concentrations of pathogenic bacteria and disease outcomes in animals58–60 as well as in humans.61 When

prevention of infection, in fact diarrhea, failed, measures for rapid recovery, that is rehydration, have to be taken.

Indeed, as described by Hoekstra and colleagues, supplementation of oral rehydration solutions with FOS shortened

the duration of recovery.62

Observations of the effect of prebiotic OS on the human immune system are rare. It was reported that elderly

receiving a prebiotic (fructans of different molecular sizes) experienced significantly higher influenza A antibody titers

as a response to vaccination than patients receiving a placebo.63 Though, in vitro and in vivo studies with animals

indicate potential for FOS in immune stimulation by resulting in higher productions of IgA and anti-inflammatory

immune factors and downregulation of inflammatory substances, respectively.64–67
4.36.4 Galactooligosaccharides

Galactose-containing OS are present in human and cows’ milk. They may also be produced synthetically from

lactose syrup using b-galactosidase, mainly of bacterial origin (e.g., Bacillus circulans),68 and the resulting products

are called (trans)galactooligosaccharides (TOS/GOS). The commercial use of b-galactosidase in food processing

is extensively reviewed elsewhere.69 These OS consist of a chain of galactose molecules, usually with a glucose

molecule at the reducing terminus, varying in chain length (DP 3–8) and linkages (b1-6, b1-3, and b1-4) (seeTable 1).21

GOS are not broken down in the stomach or small intestine and, thus, reach the colon largely intact to be readily

utilized by bifidobacteria and lactobacilli as already has been demonstrated for FOS. They have been shown to

selectively stimulate numbers of bifidobacteria in rats70 and human beings.71 Moreover, Bouhnik et al. showed that the

bifidogenic nature of GOS ingestion persisted over longer periods of time (21 days) while dietary supplementation

continued.72 GOS have been used in human nutrition in significant quantities as active components or as side products

of processed milk or milk products, and no side effects have been reported. Indeed, for an administration up to 0.9g

per 100ml (in combination with 0.1g lcFOS) to infants, no adverse effects of GOS are known.73
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There are indications that GOS also contribute to colonization resistance and thus reduction of pathogenic and

infectious bacteria.71,74–76 Most recently, it could be demonstrated that GOS inhibit adhesion of pathogenic E. coli to

in vitro cell cultures, even better than FOS, inulin, raffinose, or lactulose.77 Also, Tzortzis and co-workers reported an

inhibit in attachment of intestinal pathogens in vitro, presumably by acting as adhesion receptor decoys.78 However,

abundance of data found for FOS is not yet available. Instead, several studies have been conducted successfully using

GOS as the prebiotic component in a synbiotic.79–81 This suggests that these OS may have a different mode of

action compared to that of FOS. As has been demonstrated by Naughton and colleagues, GOS modifies numerous

glycolytic activities such as upregulation of b-galactosidase and a-glycoside activities.53 This mode of action can

improve the fermentation of other prebiotics, leading to SCFA and lactic acid production, which in turn contributes to

antipathogenic environment in the gut (see above).
4.36.5 Galacturonooligosaccharides (Derived from Pectin)

Pectin is an important component of the primary plant cell wall.82 It is present in the highest concentration in the

middle lamella, where it acts as a cementing substance between adjacent cells.82,83 Pectin is a complex polysaccharide

being polymolecular, polydisperse, and heterogenic with respect to chemical composition and structure.83 It consists

of smooth regions of (1-4)-linked a-D-galacturonic acid84 (GalA>90%) residues and of hairy regions, where neutral

sugar side chains are attached to a backbone of rhamnogalacturonan (types I and II). The backbone of rhamnoga-

lacturonan I is made of an alternating sequence of (1-4)-linked a-D-galacturonosyl and (1-2)-linked a-L-rhamnosyl

residues. Branching sites are located on the rhamnose units. In general, half of the rhamnosyl units carry side chains.84

Rhamnogalacturonan II is a complex pectin polysaccharide with a low molecular weight (MW). Its backbone only

contains (1-4)-linked a-D-galacturonosyl residues. The side chains consist of rhamnose and some rare sugars, for

example, aceric acid or D-manno-octulosonic acid.85 Xylogalacturonans were described as well.86 The carboxyl groups

of the GalA can be methyl esterified. The distribution of the methoxyl groups is heterogenous; for example, in apples,

heterogalacturonans are almost 100% esterified, whereas homogalacturonans have an average degree of methoxylation

(DM) of �70%.87 In addition, GalA can be O-acetylated at position O3 and/or O2.88 The different constituents of

pectin have been proposed to be interconnected by calcium ions and ferulic acid cross-linking as well as borate ester

dimerization.89

Pectin is used in the food industry as a natural ingredient due to its ability to form gels at low concentrations and to

increase the viscosity of liquid food. It is also applied as a stabilizer in acid milk products and as a fat mimetic.

Although pectin is commonly present in virtually all plant tissues, apples and citrus fruits are the main sources of

commercial pectin at present. The ability to form gels depends on the molecular size and on the DM, two factors

limiting the potential sources of pectin. Pectin from sugar beet would satisfy all requirements of yield and costs, but

the high acetyl content and relatively small MWof the industrially extracted pectin negatively affect its gelling ability.

Its high sugar content may also render it difficult to reach the GalA content recommended for pectin as food additive

and for pharmaceutical purposes (65% GalA on an ash and moisture-free basis). Apple pomace and citrus peel yield

commercially acceptable pectins, if a raw material of good quality is used. The extracted polysaccharides are

predominantly homogalacturonans and are slightly different and, depending on this, one source or the other is more

suitable for specific applications.

Having always been present in the human diet, pectin is considered as a safe food additive and almost has a ‘healthy’

image. Pectin addition is only defined by good manufacturing practice. No amount limit has been set, except for

amidated pectin, for which an acceptable daily intake of 25mg per kg body weight is established (WHO Food

Additives Series No.50, 2003). Pectin is used in many food products with several purposes, that is, as a gelling

agent, thickener, texturizer, emulsifier, stabilizer, or fat/sugar replacer. The different types of pectins are selected on

the characteristics of the foodstuff (pH, presence of ions and proteins), the desired texture, the process (e.g., heat

treatment), and the expected shelf life.83 The main use of industrial pectin (usually high methylated (HM) type) is as

gelling additive for jams, preserves, and jellies. HM pectin is also added to low-sugar beverages to improve their

mouthfeeling, also preventing the deposition of fruit pulp. Moreover, it is used in the production of candies.90 Other

uses of pectin in the dairy industry and in soy drinks are based on its ability to stabilize proteins, which could

precipitate during heat treatments or acidification.91 In most applications, pectin is added in amounts lower than 1%.

An exception are confectionary jellies, where concentrations of 2–5% may be necessary to achieve the desired

firmness.92 Moreover, DF drinks are on the market in some countries, with fiber concentrations between 3% and

5%.93 However, pectin is consumed above all as natural component of plant cell walls; only minute amounts are eaten
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as food additives. Fruits are the major source for pectin, but their content is low (usually 0.4–1gper 100g).94 A daily

average intake of 2–3g pectin is estimated.

Pectin is a DF. According to a widely accepted definition, DF is the edible part of plants or analogous carbohydrates

that is resistant to digestion and absorption in the human small intestine with complete or partial fermentation in the

large intestine. DF promotes beneficial physiological effects including laxation, and/or blood cholesterol attenuation,

and/or blood glucose attenuation.95 DF is the primary dietary component that increases stool weight. The bulk

provided (fiber itself or increased microbial mass depending on fiber fermentability) is needed for a normal laxation.

The influence of DF on the gastrointestinal microflora is controversially discussed. It is established that the total

number of bacteria is increased, but, in contrast to prebiotics, researchers disagree about changes of the species

composition and of bacterial products and activities.96 Another important feature of fermentable DF is the production

of SCFA, which are partly used by colonocytes as energy source.97 Acetate, propionate, and butyrate in particular were

shown to promote proliferation of normal crypt cells and favor differentiation.98 Pectic substances are largely

fermented in the human colon, but the degradation mechanisms are not well known. Matsuura (1991) found that

an extract of human feces exhibited both pectate lyase and hydrolase activity.99 Some pectic enzymes and

some pectinolytic bacteria from the human intestine have been identified and characterized.100–102 The main

end product of both lyases studied by Jensen and Canale-Parola (1986) was unsaturated tri-GalA.102 Dongowski

et al. detected, besides the main end product tri-GalA, different unsaturated oligo-GalAs but no unsaturated mono-

GalA in fecal cultures.101 GalA is finally used by colonic bacteria as carbon source. The main end product of

its anaerobic fermentation is acetate, besides formate and small amounts of lactate.102 Pectin or its OS have been

shown to have a positive influence on the health of the GIT by directly acting on pathogenic bacteria or by inactivating

their toxic metabolites. Guggenbichler et al. described water-soluble, acidic oligosaccharides (AOS) from carrots

that inhibited bacterial adherence of E. coli to uroepithelial cells.103 The same OS were reported to block adherence

of enterophathogenic microorganisms to human intestinal mucosa in vitro.104 Olano-Martin et al. showed that pectin

and pectic OS were able to neutralize the activity of Shiga-like toxins from E. coli, thus increasing cell survival in a

culture of human colonic cells.105 First indications show that the active ingredients of carrot soup are not just

galacturonooligosaccharides derived from hydrolyses of intact pectin. Moreover, due to the cooking process, a process

of b-elimination occurs, leading to significant amounts of 4,5-unsaturated galacturonooligosaccharides.106 Thus it can

be speculated that unsaturated galacturonooligosaccharides are the biological active substances. A similar discussion

has been held with regard to inhibition of influenza sialidases by unsaturated glucuronic acid derivatives.107

With respect to the controversial theory that pectin can impair mineral absorption, it can be stated that this

assumption has proved to be wrong.108,109

Taking the information given above into consideration, a higher intake of the soluble fiber pectin appears beneficial.

But its gelling properties are limiting the concentrations that can be reached in food, since consumers do not wish

sensoric changes in products due to functional ingredients. A higher pectin amount could be added in aqueous systems

if its viscosity was lower. This can be achieved with a controlled hydrolysis of the polysaccharide. With respect to

SCFA production, partially hydrolyzed pectin would be a useful additive, which could be used in larger amounts so

that higher concentrations of SCFAwould be formed. Investigations of Gulfi et al. 110,111 demonstrated that hydrolyzed

pectins were degraded following the same pattern as the commercial samples. Because partial hydrolysis was shown

not to affect the physiological behavior in vitro, the reduction of molecular size and viscosity is a useful method to

enable the addition of higher amounts of pectin to food. Recently, it has also been demonstrated that pectic OS

increase bifidobacteria and Eubacterium rectale in vitro.112
4.36.6 Xylooligosaccharides

Xylooligosaccharides (XOS) (component of hemicellulose, which is comprised of multiple units of XOS, and is

relatively abundant in cell walls of grains) are mixtures of OS, each containing two to six molecules of xylose with

b1-4 linkages. The XOS are prepared by using enzymes (xylanase produced by Trichoderma koningii) that are suitable

for food processing to hydrolyze xylans (the main chain of xylan is composed of D-xylose, a five-carbon sugar), the

latter of which are one of the main components of DF and are contained in corn (corncob), sugar cane (bagasse), and

the hull of cotton seeds. Because these carbohydrate substances contain b1-4 linkages, they are difficult to hydrolyze

at low pH values. These compounds remain virtually undigested by digestive tract enzymes which render them

susceptible to subsequent fermentation by intestinal bacteria. In Japan, XOS hold FOSHU status for ‘intestinal

regulation’, and effects on bowel habit113 are associated with improvement of gut microbiota, especially the growth of

bifidobacteria which have been demonstrated to ferment XOS in vitro.114–117 Indeed, the bifidogenic nature of XOS

has been also demonstrated in human beings. However, most of these studies are conducted in cooperation with a
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Japanese company (Suntory), and only few of them have been published and made accessible to public. In summary,

although published clinical trials are scarce, XOS can be described as prebiotics with bifidogenic quality, as has been

well documented in animal studies. With regard to a potential supplementation of infant formula with XOS, as has

been done with scGOS and lcFOS, the study conducted by Palframan and colleagues may indicate that XOS might

not be as effective as the established supplementation regime. This in vitro study revealed that FOS hold more

potential for increasing Bifidobacterium species like Bifidobacterium breve and B. infantis, representatives of a healthy

microflora of breast-fed infants, when compared to XOS.114 Only recently an analytical strategy of XOS has been

developed based on calpillary electrophoresis, chromatography, and mass spectrometry. This will contribute to

decipher not only the structure function relation of XOS but also the other prebiotic substances described above.117a
4.36.7 Combinations of OS

4.36.7.1 GOS/FOS

HMOS represent the first NOD a human being can receive, and much health-protective as well as health-promoting

effects are demonstrated for these compounds (see above). For situations in which breastfeeding is not possible, an

infant formula has been developed containing 90% short-chain GOS and 10% long-chain FOS (scGOS/lcFOS,

IMMUNOFORTIS) to mimic functions and molecular size distribution of neutral OS in human milk.49 Only

lcFOS are used to avoid side effects, like flatulence, which are mainly attributed to the scFOS.30 Regarding risks,

these prebiotics have been demonstrated to have no negative influence on infant growth, nitrogen balance, mineral

bioavailability, febrile events, antibiotic use, and day-care absence. A unique case of anaphylactic reaction to inulin

and oligofructose has been reported in one adult, but a risk of allergenic sensitization thus far is not supported by any

pediatric observations nor has it been confirmed in adults.118 Additionally, from the point of view of the Scientific

Committee on Food of the EU, there are no doubts with regard to safety of the mentioned mixture up to a

concentration of 0.8gper 100ml. Multiple placebo-controlled clinical trials have shown the bifidogenic properties

of this mixture, as well as softer, slightly more frequent stools and lower fecal pH in infants (see Table 3). In infants

fed the supplemented formula, fecal acetate concentrations are higher while propionate and pH are lower than in

controls. Overall, the proportion of bifidobacteria and the metabolic profile in prebiotic-fed subjects are more similar

to breast-fed subjects than controls (seeTable 3). Beyond that, improvement of digestive problems, regurgitation, and

colic events have been demonstrated in infants receiving this prebiotic formula.119–121 On top of that, fewer numbers

of clinically relevant pathogens have been detected in fecal samples of infants supplemented with the GOS/FOS

formula when compared to controls.122 This observation is in line with a study performed by Edwards and colleagues,

who infected germ-free rats with fecal bacteria from exclusively breast-fed infants and maintained them on the above-

mentioned infant formula for 8 weeks. Even to a lesser extent than the human samples, rat intestinal samples were

able to inhibit the adhesion of pathogens to mucosal cells.123 More recently, this prebiotic formula was shown to

reduce the incidence of atopic dermatitis in infants at atopic risk. After 6 months, the cumulative incidence, in parallel

to enhanced bifidobacterial counts and softer stools, was significantly improved.124 These results are in agreement

with findings of Bjorksten et al., which suggested that the development of allergies is related to colonization with

bifidobacteria and other microbiota.125 Moreover, animal studies using the murine influenza vaccination model

showed that the administration of GOS/FOS with the diet in a concentration of 10g per kg enhanced systemic

delayed-type hypersensitivity (DTH) responses as well as bifidobacterial counts.126 Further fecal soluble IgA (sIgA)

has been demonstrated to increase in infants fed the prebiotic mixture, thus supporting the immunologic defense

of infants.127 Also, in older formula-fed infants who had not received prebiotic treatment before, solid weaning foods

containing the GOS/FOS mixture enhanced fecal bifidobacterial proportions after weaning compared to a maltodex-

trin-containing control diet.128

More recently, AOS derived from plant pectin are also under investigation. They are added in a concentration of

10–20% compared to neutral OS, to come even closer to the functional composition of humanmilk.129 The structure of

AOS, comprising mainly a chain length of 2–20 monomers, is based on galacturonic acid. Thus, these OS differ

from the structure of AOS found in humanmilk, which are characterized by the content of sialic acid.129 Forty-six term

infants were fed a standard formula supplemented with either maltodextrin as control, or with 0.2g AOS, or with the

latter plus 0.6g neutral OS (GOS/FOS). Although there were no differences in the bifidobacteria counts between the

control and the group supplemented with AOS alone, stool consistency was significantly softer compared with the

control group. AOS were well tolerated as ingredient in infant formula but, as concluded by authors, do not affect

intestinal microecology at the concentration used in this study.129 However, considering the information given in the

section referring to AOS, these OS may hold the capacity to support health in infants.



Table 3 Overview of clinical trials conducted with the prebiotic mixture of GOS/FOS and their general outcomes

References Study design Study outcome

22,150 90 healthy term infants 6–10d of age; supplementation

of test formulas with either 0.4 or 0.8g/dl OS in control

formula maltodextrin was used as placebo;

investigations took place on study days 1 and 28

Significant dose-dependent increase in number of

bifidobacteria for both test formulas

Number of lactobacilli also increased significantly for

both test formulas

Dosage significantly influenced decrease in fecal pH

Significant difference in stool frequency between

control formula with 0.8g/dl OS

Significant dose-dependent influence of both

formulas toward softer stools

Stool consistency of infants fed 0.8g/dl were within

reference range of breast-fed infants

151 19 infants received prebiotic formula with 6g/l OS;

19 infants received probiotic formula (B. animalis);
19 infants received standard formula; 63 breast-fed

infants as reference group; investigations took place at

postnatal days 5 and 10, and weeks 4, 8, 12, and 16

GOS/FOS: highest fecal acetate and lactate ratios and

lowest pH at 16 weeks

Only GOS/FOS supplementation resulted in similar

metabolic activity of the flora as in breast-fed

infants

152 32 healthy term infants fed either with prebiotic formula

containing 0.8g/l OS or control formula with 0.8g/l

maltodextrin; investigations took place on study

days 1 and 28

Significant higher numbers of bifidobacteria on study

day 28

GOS and FOS could be identified in the respective

stool samples

153–155 53 infants fed infant formula with 0.8g/dl OS or control

formula, breast-fed group as reference; investigations

took place after 4 and 6 weeks

Significantly higher proportion of bifidobacteria with

a diversity similar to breastfed infants

Significant increase in total percentage of fecal

lactobacilli with species diversity comparable to

breast-fed infants

Lower pH and increased proportion of acetate and

decreased proportion of propionate

Fermentation profile closer to that observed in

breast-fed group

49,156,122 42 preterm infants were either breast-fed or received

prebiotic formula with 1.0g/dl OS or control formula;

investigations took place after a 28 days feeding period

Number of bifidobacteria in the upper range of

breast-fed group

Stool characteristics close to that of breast-fed infants

Reduced presence of clinically relevant pathogens in

the fecal flora

124 206 infants at risk for atopy received either a hydrolyzed

protein formula supplemented either with 0.8g/dl OS

or maltodextrin as placebo; in a subgroup of 98 infants,

fecal flora was analyzed

Significantly higher numbers of bifidobacteria

No significant differences with regard to lactobacilli

9.8% in the intervention group but 23.1% in the

control group developed atopic dermatitis

157 Evaluation of gut microbiota at the age of 6 months in

32 infants who were either exclusively breast-fed,

formula-fed, nursed by a formula supplemented with

prebiotics (0.8g/dl OS) or breast-fed by mothers who

had been given probiotics

Specific Bifidobacterium microbiota composition of

the breast-fed infants was achieved only in infants

receiving prebiotic supplemented flora

119 199 infants, aged less than 4 months, with infantile colic,

received either the partially hydrolyzed formula

supplemented with 0.8g/dl OS or control formula

supplemented with placebo

On day 7 and 14: less numbers of colic episodes

158 102 healthy formula-fed infants younger than 2 weeks,

received either a prebiotic formula (0.8g/dl OS) or a

standard formula for 12 weeks

In both groups growth was in line with published

growth curves

Significant increase in bifidobacteria after 6 weeks

Softer stools

128 Infants, aged 4–6 months, received weaning products

with added GOS/FOS with a ratio 9:1 (n¼11) or

control weaning products with maltodextrin (n¼9) for

a period of 6 weeks

Significant increase in bifidobacteria

Prebiotics with Special Emphasis on Fructo-, Galacto-, Galacturono-, and Xylooligosaccharides 735



736 Prebiotics with Special Emphasis on Fructo-, Galacto-, Galacturono-, and Xylooligosaccharides
4.36.8 Summary

There is cumulative evidence that prebiotic oligosaccharides promote the development of an intestinal flora which

results in several health promoting effects. The intestinal microbiota is a very complex ecosystem and the health

promoting effect can only be achieved if a balanced stimulation of the different bacteria occurs. First promising data

demonstrate that the combination of different prebiotic oligosaccharides might be able to provide this balanced

stimulation of the entire microbiota. Further research is necessary to evaluate the optimal prebiotic mixture to achieve

an optimal protection of the host by the intestinal microbiota.
Glossary

DF dietary fiber.

DM degree of methylation.

DP degree of polymerization.

DTH delayed-type hypersensitivity.

FOS fructo-oligosaccharides.

Fru fructose.

Gal galactose.

GalA galacturonic acid.

GalNAc N-acetylgalactosamine.

GALT gut-associated lymphoid tissue.

GIT gastrointestinal tract.

Glc glucose.

GlcNAc N-acetylglucosamine.

GOS galacto-oligosaccharides.

HMOS human milk oligosaccharides.

IcFOS long-chain fructo-oligosaccharides.

MW molecular weight.

NDO nondigestible oligosaccharides.

OS oligosaccharides.

SCFA short-chain fatty acids.

scFOS short-chain fructo-oligosaccharides.

scGOS short-chain galactooligosaccharides.

XOS xylooligosaccharides.
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